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Abstract 
The time-consuming analysis of sexual assault evidence creates a challenging bottleneck in 

forensic investigations. Common techniques for semen analysis result in sample destruction, 

and there are currently no confirmatory techniques for the preparation-free or in situ analysis 

of semen. In all, there is a crucial requirement for the development of faster direct analytical 

techniques. In this study, the first use of ambient ionisation mass spectrometry for the forensic 

analysis of human semen has been demonstrated. Sheath-flow probe electrospray ionisation 

mass spectrometry (sfPESI-MS) was applied to the analysis of semen for the purpose of rapid 

body fluid identification, in addition to determining the effects of sample age on detection. 

Fresh and aged semen were readily detected from numerous surfaces, with a preparation-free 

analysis time of <10 seconds. The technique was also applied to the analysis of different types 

of condom, demonstrating the ability to detect differences in sheath and lubricant compositions, 

essential evidence in sexual assault investigations. This demonstrates the potential to both 

indicate prophylactic use and ascertain information regarding the condom used. 
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1. Introduction 
Over 150,000 sexual assaults are recorded by the police in England and Wales each year 

(159,740 during 2018),[1] though this is believed to be only ~15% of actual incidents.[2] 

During the investigation of a sexual assault, biological evidence, particularly semen, is of great 



importance. The detection of semen at a crime scene, or on the victim’s body, can provide 

essential information in both corroborating a victim’s allegations, along with identifying the 

perpetrator through DNA analysis, often crucial for conviction. However, the rapid and reliable 

identification of suspected semen stains is not necessarily a straightforward process. 

Various tests have been developed for the identification of semen, though the most popular 

and widely used is the acid phosphatase (AP) test. The enzyme acid phosphatase is produced 

by the prostate gland and as a result is present in particularly high concentrations in seminal 

fluid,[3] thus has become the obvious target for semen presumptive tests. Acid phosphatase 

catalyses the hydrolysis of organic phosphates, resulting in the formation of a product that will 

produce a coloured precipitate upon reacting with a diazonium salt, such as Brentamine Fast 

Blue A.[4] Unfortunately, many presumptive tests are non-specific, potentially reacting (false)-

positively with other materials,[3] and are, typically, destructive. Confirmatory tests for semen 

have been developed, such as the rapid stain identification (RSID) test for semen. This lateral 

flow immunochromatographic test strip detects the presence of human semenogelin, a protein 

produced in the seminal vesicles and thus abundant in semen.[5] However, RSID tests are 

single-use test strips that are also destructive to the sample, requiring sample extraction and 

application directly to the test strip itself. There is a need for the development of preparation-

free, in situ semen analysis techniques. Furthermore, chemical analysis in the context of a 

sexual assault investigation is not limited to biological material. In recent years, the potential 

chemical information that can be obtained from condoms and sexual lubricants has become 

apparent, highlighting the need for analytical techniques which enable the detection of residues 

from prophylactics. 

Ambient ionisation mass spectrometry enables the rapid, in situ analysis of samples in their 

native state, without the need for time-consuming and destructive sample preparation. 

Although mass spectrometry has been previously utilized in semen analysis, primarily for 

clinical metabolomics purposes, these studies typically utilize time-consuming, destructive and 

laboratory-confined techniques, such as gas and liquid chromatography mass 

spectrometry.[6]–[11] Despite the obvious advantages of ambient ionisation techniques, and 

the previous successful application of MS to direct biofluid analysis,[12]–[14] they have not 

yet been utilized in the analysis of semen. 

Sheath-flow probe electrospray ionisation mass spectrometry (sfPESI-MS) is an ambient 

ionisation mass spectrometry technique developed by Hiraoka, et al.[15], [16] In brief, the 

sfPESI probe simply consists of a needle housed within a plastic solvent-filled sheath (Figure 



1). The base of the probe is briefly touched to the sample surface where analyte extraction 

occurs, before the application of a high voltage in front of the mass spectrometer inlet to induce 

electrospray ionisation. The probe is cheap to construct and enables the material to be sampled, 

ionized and analysed in less than ten seconds. The cheap construction of the probe means that 

it could be produced as a single-use consumable, eliminating concerns of cross-contamination. 

Previous research has demonstrated the effectiveness of sfPESI-MS in the analysis of 

biological materials,[17] but it has not yet been applied to the analysis of seminal fluid. This 

paper demonstrates the first application of ambient ionisation mass spectrometry to the forensic 

analysis of human semen.  

 

2. Materials and Methods 
 

2.1  sfPESI Probe and Sampling Procedure 
The sheath-flow probe electrospray ionisation probe was composed of a 20 µl gel-loading 

tip (epT.I.P.S, Eppendorf, Hamburg, Germany) with a 0.12 mm o.d stainless steel acupuncture 

needle (Seirin, Shizuoka, Japan) inserted. The needle protruded from the base of the sheath by 

approximately 0.1 mm and was held in place by a silicone septum at the top of the gel-loading 

tip. The sheath was filled with a water/ethanol solution (50:50 v/v) containing 0.1 µg/mL 

caffeine. 99.5% ethanol was purchased from Sigma-Aldrich (Gillingham, UK) and HPLC 

grade water was purchased from VWR (Lutterworth, UK).  

When sampling, the base of the probe was touched to the surface of the sample for 5 

seconds to enable analyte extraction, during which time the probe was held at ground potential. 

After extraction, the probe was position in front of the mass spectrometer inlet, approximately 

2 mm above and in front of the inlet. A high voltage of 2.4 kV was applied to the needle using 

a 2.5 kV photomultiplier power supply (Brandenburg, 476R model) to induce electrospray. 

 



 

Figure 1. sfPESI schematic. A solvent-filled sheath holding a needle is briefly touched to the sample 
surface for analyte extraction. The probe is raised in front of the MS inlet and a high voltage is applied 
to induce electrospray for rapid mass spectra. 

 

In this study, the sfPESI probe was coupled with a Waters Synapt mass spectrometer and 

applied to the analysis of human semen and condoms to demonstrate a new technique for the 

direct analysis of sexual assault evidence. In the analysis of semen, an anonymized, pooled 

semen sample (purchased from BioIVT) was applied in 5 µL aliquots to glass slides, cotton 

fabric and swatches of Durex Featherlite condom (applied to the inside surface of the condom). 

Samples were either analysed immediately or stored under ambient conditions for ageing 

purposes. sfPESI-MS was directly applied to fresh and aged semen on a range of surfaces to 

assess the ability of the technique in semen detection. Compound identification was achieved 

using tandem mass spectrometry to induce ion fragmentation before comparison with online 

fragment ion databases.[18] 

 

2.2  Mass Spectrometry 
 

The sfPESI probe was coupled with a Waters Synapt high definition mass spectrometer. 

Experiments were performed in positive ion mode under the following conditions: sampling 

cone voltage 20 V, extraction cone voltage 3 V, source temperature 120 °C, transfer collision 

energy of 3 V and trap collision energy varied between 5 and 20 V. Protonated caffeine was 

used as a lock mass throughout sample analyses. Data were acquired and analysed using 

MassLynx version 4.1 software. 

 

3. Results and Discussion 



 

3.1  Semen Analysis 
 

Amino acids were found to be the most abundant compounds detected in semen by this 

technique, particularly proline, histidine, arginine and glutamine, which were detected as 

[M+H]+ and [M+Na]+ ions. In addition to these amino acids, spermine, choline, pyroglutamic 

acid, 3-hydroxysuberic acid, and glycerophosphocholine were also detected. A full list of 

compounds detected and identified, along with characteristic fragment ions, can be found in 

Table 1. It is important to note that in complex mixtures such as biological fluids, it is possible 

that multiple isobaric compounds are present at a given m/z ratio, potentially complicating 

MS/MS spectra and making analyte identification difficult. Some compounds were not 

sufficiently abundant to isolate for tandem MS experiments, thus fragmentation could not be 

achieved for a number of ions of interest. For example, fragmentation ions could not be 

observed for components of interest detected at m/z 60, 120 and 131, however based on 

previous research these most likely correspond to protonated triethylamine,[11] 

homoserine[11] and either citraconic acid or glutaconic acid[8] respectively, all of which are 

known components in seminal fluid. 

 

Table 1. Fragmentation data for compounds of interest detected in human semen by sfPESI-MS/MS. 

Identification m/z Formula Fragment Ions 

Choline 104.1 C5H14NO 45, 58, 60, 86, 104 

Proline 116.1 C5H10NO2 70, 116 

Dihydrothymine 129.1 C5H9N2O2 69, 73, 84, 112, 129 

Pyroglutamic acid 130.1 C5H8NO3 44, 56, 84, 130 

Leucine 132.1 C6H14NO2 44, 86, 132 

Glutamine 147.1 C5H11N2O3 56, 84, 101, 130, 147 

Histidine 156.1 C6H10N3O2 56, 83, 93, 110, 156 

Carnitine 162.1 C7H16NO3 60, 85, 102, 103, 120 

Arginine 175.1 C6H15N4O2 60, 70, 112, 116, 130, 158, 

175 

3-Hydroxysuberic acid 191.1 C8H15O5 67, 109, 155, 173, 191 

Spermine 203.1 C10H27N4 58, 72, 84, 112, 129, 203 



Glycerophosphocholine 258.1 C8H21NO6P 60, 86, 104, 125, 166, 184, 

258 

 

A number of compounds were detected that are of particular relevance in the 

identification of semen, such as spermine. Spermine was detected as the [M+H]+ ion m/z 203 

and its identity confirmed by the characteristic fragment ions m/z 58, 72, 84, 112, 129 (Figure 

S1). This biogenic amine is particularly abundant in semen and responsible for the 

characteristic odour of this body fluid. 

Another abundant, and pertinent, compound found in semen, was choline, detected at 

m/z 104 and identified based on characteristic fragment ions at m/z 45, 58 and 60 (Figure S1). 

Choline is an essential nutrient known to be abundant in seminal fluid and has previously been 

the target of forensic presumptive tests for semen. The Florence Iodine test detects choline by 

utilising an iodine-based reagent to produce brown choline periodide crystals, the amount of 

which is related to the concentration of choline.[19] Although compounds such as spermine 

and choline have been previously detected in other body fluids, the reported concentration has 

been relatively low in comparison to semen. Thus, the presence and relative abundance of these 

compounds, as detected by sfPESI-MS, could be used to rapidly confirm the presence of semen. 

The simultaneous detection of multiple components present in semen provides specificity far 

greater than standard presumptive tests can achieve, typically detecting only one component. 

Although these analytes have been detected in other bodily fluids, components such as 

spermine and choline are more abundant in semen, and previous analysis of body fluids by 

sfPESI has demonstrated different body fluids produce distinct mass spectra.[17] Urine was 

dominated by urea and creatinine, blood displayed strong signals for glucose/fructose, along 

with sodiated lipids, whereas saliva exhibited a complex mixture of low abundance acids. The 

distinct mass spectra obtained from these forensically-relevant body fluids highlights the 

specificity of this technique for the differentiation of semen from other biological fluids. 

From a forensic perspective, in situ semen analysis requires the ability to apply the 

technique to samples that may be present on various substrate materials. In this study, both 

fresh and aged semen was sampled from cotton fabric, condom material, and glass. Sampling 

from fabric and condoms was performed to assess the ability to detect semen on two materials 

likely to be encountered during sexual assault casework, and glass was used to enable 

consistent and reliable analysis and ageing on a non-contaminated, non-porous surface. Fresh 

semen could be readily sampled and detected on all three surfaces assessed (Figure S2), with 



minimal differences observed in the overall profile of the most abundant components (i.e. the 

series of amino acids). Some differences were observed in the ratio of particular components. 

For instance, in the case of semen sampled from a glass surface, choline was observed at a 

greater intensity than all other components, whereas on the condom and fabric substrates, 

arginine was the most abundant compound detected. This is likely due to differences in surface 

porosity and surface interactions affecting the extent to which different chemical components 

are directly extracted from the sample. 

The analysis of samples from highly contaminated surfaces by ambient ionisation MS 

can often cause problems with ion suppression due to the abundance of background 

contaminants and interferents. This could be particularly problematic in the case of sampling 

directly from prophylactic evidence types, which are coated with lubricants and other additives. 

When sfPESI was applied to semen samples on condoms, however, this issue was not 

encountered. The application of the sfPESI probe directly to the condom, afforded a mass 

spectrum that was dominated by prominent ions detected at m/z 130 and 239 (Figure S3). 

However, when the probe was applied to fresh or dried semen on condom material, the sfPESI 

technique was capable of only detecting components originating from the semen sample, 

experiencing no background interference from the condom or lubricant. This is because the 

fine tip of the sfPESI probe could be used to target a specified area of approximately 1 mm2 

(i.e. the body fluid stain only), thus allowing analyte extraction primarily from the semen stain 

itself. This demonstrates the power of the sfPESI probe in sampling target analytes even in the 

presence of a highly contaminated or complex background surface. 

 



 

Figure 2. Mass spectra of semen sampled from a glass slide, aged over a period of 40 days. 

 

In the development of techniques for body fluid analysis in criminal investigations, 

biological samples may be encountered weeks, months or even years after deposition. It is 

therefore essential to confirm the capability of new techniques in the detection of aged samples. 

The chemical profile of human semen after a period of 40 days remained largely unchanged 

(Figure 2). Almost all of the identified components, particularly choline, histidine, arginine and 

spermine, were still readily detected after 40 days of ageing. This demonstrates the possibility 

of confirming the presence of semen at least 40 days after deposition. The abundance of 

characteristic compounds remaining in the aged sample and slow degradation or loss of these 

compounds suggests the technique may be capable of identification of even older samples, 

though further investigations would be required to confirm this. However, in the analysis of 

aged semen on fabric, the spectrum was dominated by ions originating from the solvent and 

background (Figure S4). Although analytes originating from the semen could be detected, such 

as choline, glutamine, arginine and spermine, the response was weak and in some cases no 

analyte ions were observed, only background ions. This demonstrates the effect of different 



matrices on the effectiveness of sfPESI-MS. The relative standard deviation of the method was 

approximately 20% (based on the abundance of major ions throughout repeat analyses, n=6). 

Despite the perseverance of components prevalent in the semen samples, several changes were 

observed, over time as the samples were exposed to the ambient environment. As illustrated in 

Figure 2, by the 40-day timepoint, many of the low abundance components have been reduced 

or, in some cases, completely lost. The relative intensity of the most abundant components also 

altered over time, with choline, initially the most abundant ion detected, decreasing, and 

arginine later becoming the most abundant component. In summary, sfPESI-MS was 

demonstrated to be a powerful new technique in semen analysis. However, in the context of a 

forensic investigation, it is possible that semen may be associated with evidence such as 

condoms and sexual lubricants, which can also provide useful chemical information. 

 

3.2  Condom Analysis 

As offenders become more knowledgeable about DNA evidence and how biological 

material can be used to link perpetrators to crime scenes, the use of condoms in sexual assaults 

has increased.[20] In the absence of biological evidence such as semen, trace evidence of 

condoms or sexual lubricants may be essential physical evidence in indicating the sequence of 

events, corroborating the statement of the victim, and demonstrating a degree of premeditation. 

Previous research has indicated that it may be possible to differentiate between condom 

brands based on the chemical composition of the condom and lubricants. Musah, et al utilized 

Direct Analysis in Real Time mass spectrometry (DART-MS) to directly analyse condoms, 

demonstrating the possibility of detecting components specific to certain types and brand of 

condom.[21] Similarly, DART-MS has also been used in the analysis of sexual lubricants, 

demonstrating the chemical differences between 33 different lubricants.[22] Other mass 

spectrometric techniques have also been applied to the analysis of condoms and lubricants. 

Bradshaw et al applied MALDI-MSI to the mapping of condom lubricants in fingermarks, 

demonstrating the ability to detect lubricants in fingerprints weeks after deposition and 

differentiate between lubricants from different condom brands.[23][24] Furthermore, van 

Helmond et al demonstrated the classification of condom lubricants in treated fingerprints 

using DESI-MS.[25] Furthermore, chemometric strategies have been developed capable of 

differentiating between condom brands based on their chemical profiles.[26], [27] In light of 

this, it is therefore important to demonstrate that any techniques developed for the direct 



analysis of suspected semen, would also be capable of detecting components pertinent to 

condoms and lubricants, in order to develop a technique more widely applicable to sexual 

assault evidence analysis. 

In this study, a series of eight condom types (full details can be found Table S1 in the 

supplementary information) were subjected to direct analysis by the sfPESI probe for the 

purpose of confirming that condom-specific components could be detected and to ascertain the 

chemical differences between different condom brands. Each condom produced a unique mass 

spectral profile (Figure 3), though a number of analogous components could be detected in 

multiple samples. 



 

Figure 3. Mass spectra of condom brands acquired using sheath-flow probe electrospray ionisation 
mass spectrometry. 



A prominent ion detected at m/z 130 could be detected in the majority of condom samples. 

Based on MS/MS experiments producing fragments at m/z 57 and 74, this was identified as the 

[M+H]+ ion of octylamine, a component frequently encountered in the analysis of condoms. 

Also detected in many of the samples were the m/z 327, 355 and 371 ions, corresponding to 

protonated caprylic triglyceride, caprylic/capric triglyceride and the polydimethylsiloxane 

PDMS5, all known components in lubricants, such as those used on condoms.[28] A series of 

ions detected at m/z 89, 133, 177, 239, 327 and 371 were prominent in the Amor Lemon and 

Pasante Warming brands, ions commonly associated with polyethylene glycol oligomers.[29], 

[30] 

Despite these similarities, a number of constituents were detected more specific to the type 

of condom analysed. The Kamyra S.1 condom exhibited a particularly distinctive mass 

spectrum in comparison to the other brands, exhibiting a characteristic distribution of ions 

different by 44 mass units. This pattern, previously detected in the analysis of condoms and 

lubricants,[31] has been identified as a polyethylene glycol (PEG) series, observed in a trend 

of [M+Na]+ ions at m/z 173, 217, 261, 305, 349, 393, 437, 481, 525 and 569, and [M+K]+ ions 

at m/z 233, 277, 321, 365, 409, 453, 497, 541 and 585.[32] The Kamyra condom was also 

advertised as containing a spermicide, specifically nonoxynol-9, one of the most widely used 

active ingredients in spermicidal products (though now controlled by some countries due to 

health concerns). This component typically appears as a distribution of ions observed at m/z 

397, 441, 485, 529, 573, 617, 661, 705, and 749.[21] In this study, only small peaks were 

detected at m/z 397 and 441, respectively, corresponding to the N4 and N5 nonoxynol-9 

components. Those at a higher mass could not be detected, potentially due to ion suppression 

caused by the prominent PEG ions dominating the mass spectrum.  

The Pasante Cooling condom is specifically designed to induce a ‘cooling effect’ on the 

user. These effects are often achieved by the addition of mint-associated compound such as 

menthol, carvone or other similar substances to the lubricants applied to the sheath. In this 

study, an ion was detected at m/z 155, which likely corresponds to the [M+H]+ ion of menthone, 

a component frequently used in mint flavourings. Furthermore, ions were also detected at m/z 

81 and 137. Both of these are often associated with the presence of terpenes such as menthone, 

with m/z 81 being a common monoterpene fragment and m/z 137 attributed to the loss of water 

from the protonated monoterpene.[33] 

One latex-free brand was used in this study. The Skyn Original condom primarily differed 

from its latex counterparts in the presence of an abundant ion at m/z 158. Based on MS/MS 



experiments producing fragment ions at m/z 57 and 102, this has been identified as the [M+H]+ 

form of N,N-dibutylformamide. This compound was also detected in the lubricant-free Rilaco 

Joy brand, along with ions at m/z 102 and 130, pertaining to protonated N,N-methylmorpholine 

and octylamine respectively. All of these are chemicals known to be found in condoms.[27] 

The Pasante warming and Amor lemon-flavoured condoms produced similar mass spectra. 

Interestingly, components specific to these condom types that may have been used to produce 

the lemon flavour and warming effect could not be detected. For instance, methyl salicylate 

and menthol are often used in sexual lubricants to produce warming effects,[34] but these 

components were not observed. However, without access to the ingredients used in the 

condoms, it is difficult to confirm which chemicals may have been used during production. 

 

4. Conclusions 
In conclusion, sheath-flow probe electrospray ionisation mass spectrometry has been 

applied to the direct analysis of evidence relevant to sexual assault investigations, necessitating 

no sample preparation and enabling sample analysis in less than 10 seconds. For the first time, 

ambient ionisation was applied to the forensic analysis of semen, demonstrating the capability 

of detecting the presence of both fresh and dried semen (up to 40 days in age) from surfaces of 

various materials and porosities. A range of metabolites could be detected and, by coupling the 

sfPESI probe with tandem mass spectrometry, confirmatory compound identification could be 

achieved. Not only was it possible to detect components that could be used to confirm the 

presence of semen, such as spermine and choline, but also study chemical changes occurring 

in semen over time. Finally, the probe was readily applied to the analysis of different condom 

brands, demonstrating the possibility of detecting components that could be used to indicate 

condom use by a perpetrator, as well as differentiating between condom brands based on 

differences in the chemical composition of both the condom sheath and the lubricants used. 

The sfPESI probes used in this work are cheap, disposable items that can easily be used to 

sample in the field or be transported to the lab for rapid analysis with sample run times of <10 

seconds, confirming the presence of semen on contaminated sample surfaces. This study has 

demonstrated a powerful new technique for the analysis of semen and other sexual assault 

evidence to facilitate faster and more efficient forensic analysis.  
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