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ARTICLE INFO ABSTRACT

Keywords: A particularly challenging subject in the investigation of forensic human biological traces is analyzing samples
Mass spectrometry containing mixtures of body fluids from multiple donors. Ideally, researchers want to identify each type of body
Proteomics

fluid present. However, traditional methods, like mRNA and DNA profiling, often struggle with sensitivity,
specificity, and efficiency, especially in complex mixtures. This proof-of-concept study has two primary aims:
first, to classify body fluids within a mixture using discriminatory protein markers, and second, to evaluate the
feasibility of using single amino acid variants (SAAVSs) to trace the source of specific body fluids back to indi-
vidual donors. To achieve this, we employed proteomic analysis via liquid chromatography-tandem mass
spectrometry (LC-MS/MS) in data-independent acquisition (DIA) mode, developing a reliable approach for ac-
curate body fluid classification. Through comprehensive proteomic profiling, we characterized a diverse array of
discriminatory proteins present in peripheral blood, semen, saliva, urine, and vaginal fluid. Using advanced data
analysis techniques, including t-distributed stochastic neighbor embedding (t-SNE), we demonstrated that these
proteins could reliably distinguish between different body fluids, even in mixed samples. Additionally, our
findings reveal that SAAVs within certain proteins, such as those in saliva, hold promise for source attribution in
a forensic context. Challenges, including contamination and limited sample sizes, highlighted the need for strict
quality controls and further large-scale studies. With these improvements, proteomic analysis could greatly
enhance body fluid identification, classification, and source attribution in forensic investigations, improving both
accuracy and reliability in forensic science.

Body fluid classification
Single amino acid variants
Forensic serology

1. Introduction classification is a key component in forensic investigations as the ability

to identify and classify them can be particularly important in cases of

Various types of body fluids may be encountered at a crime scene,
with blood, saliva, vaginal fluid, and semen as the most tested for [1].
Biological stains are a major form of forensic evidence, and various types
of information can be provided by these stains, such as a deoxy-
ribonucleic acid (DNA) profile to attribute individuals as donors of
stains, or a deposition pattern with the purpose of drawing inferences
about the nature and timing of a crime [2-5]. Moreover, body fluid
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sexual assault [3,6-11]. In these cases, associating specific body fluids
with a donor, especially in a mixture is often equally or even more
crucial.

For many years, body fluid identification has been conducted both at
crime scenes and in laboratories using a range of methods. These include
(bio)chemical-based tests, such as Rapid Stain Identification Series as-
says as well as enzyme-linked immunosorbent assays, which exhibit
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limited confirmatory power for body fluid identification and can only be
used presumptively as such [2-4,12]. Also, more advanced techniques
that are based on spectroscopic (e.g., Raman spectroscopy [13-15] and
Fourier transform infrared spectroscopy [16-21]), ribonucleic acid
(RNA) [e.g., 1,5,21-23, epigenetic [e.g., 24-26], or microbial markers
[e.g., 27-34] have been developed. These advanced techniques offer
varying levels of sensitivity, reproducibility, speed, cost, applicability to
body fluid mixtures, and mostly specificity [2,35].

When dealing with a mixture of body fluids from a crime scene,
determining the types of fluids present and their origins is crucial.
Currently, messenger RNA (mRNA) profiling via endpoint reverse
transcription polymerase chain reaction addresses the former, albeit
with limitations of cost, specificity, and relative instability in degraded
samples [3,6,36].

Currently, identifying the origin of each body fluid typically relies on
DNA profiling. However, this approach faces challenges when DNA
typing of mixed body fluids produces mixed profiles, making it difficult
to associate specific fluids to individual donors. In practice, reliable
source attribution of body fluids is only feasible when the mixed DNA
profile indicates a single male and female donor, and the mixture con-
tains sex-specific body fluids that can be identified by performing a
differential extraction [37]. In these cases, linking a donor to a specific
body fluid is possible when considering sex-specific body fluids and the
presumed involvement of a donor of that sex. This method, however,
risks an association fallacy [5,38,39].

A concept to overcome these problems is to both make use of genetic
markers for body fluids and the genetic variation within these markers.
Such an approach was recently suggested by Neis et al. (2024) and
highlighted in the review by Keane et al. (2024) [40,41]. However, this
approach would still rely on the availability of non-degraded tissular
genetic markers, which may not always be available in casework sam-
ples. A promising alternative is a proteomics-based strategy, which can
overcome some of the limitations of mRNA and DNA profiling, espe-
cially in complex mixtures. Over the last few years, proteomics has
provided answers to forensically relevant questions regarding identifi-
cation and classification of type(s) of body fluid(s) in a pristine or
degraded sample, leveraging the fact that not all genes are expressed in
every cell type [42]. It has also demonstrated to be able to individualize
hair shafts [36,43-47], bones [48], and fingermarks [49].

This proteomics-based method utilizes single amino acid variants
(SAAVs) in proteins, which are induced by non-synonymous single
nucleotide polymorphisms (nsSNPs). Because proteins encode genetic
information through these SAAVs, their detection can contribute to
individualization by offering insight into ancestry, disease
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susceptibility, or potentially even identity (Fig. 1). Building on foun-
dational work by Danielson, Legg, McKiernan, Parker, and others [4,12,
36,41,43,45-58], this study explores a proteomics-based approach to
identify body fluids in mixtures, using specific protein markers for ac-
curate classification and the utility of genetically variant peptides
(GVPs) which contain SAAVs within the forensic context of body fluid
source attribution. This approach is particularly valuable when DNA and
mRNA analyses are inconclusive or unavailable. As the field advances, it
may become possible to infer specific SNP alleles within protein-coding
genes that are associated with each body fluid type. The combination of
these proteomically-inferred nsSNPs could ultimately allow for the
construction of a genetic profile, analogous to SNP or short tandem
repeat (STR) genotypes, and usable in calculating random match prob-
abilities (RMPs) [44,59].

Accordingly, this proof-of-concept study aims to both classify body
fluids in mixed samples and detect SAAVs within the body fluid prote-
ome using liquid chromatography tandem mass spectrometry (LC-MS/
MS).

2. Materials and methods
2.1. Sample collection

In this study, biological samples were obtained from a cohort of 14
donors, comprising 7 males and 7 females (Fig. 2). The age range of the
donors fell between 23 and 63 years (mean age, Xayg = 34)
(Supplementary information 1).

Prior to sample collection, informed consent was obtained from all
volunteers through a detailed Informed Consent form and after consul-
tation with a privacy officer of the Netherlands Forensic Institute. The
form outlined the study’s objectives, the intended use and storage of
biological samples and associated data.

Saliva was collected by instructing volunteers to rinse their mouths
thoroughly with water and then spit through a sterile 5 mL pipette tip
into a sterile Protein LoBind tube (Eppendorf, Hamburg, Germany). For
morning urine collection, donors were provided with sterile urine pots
and instructed on mid-stream collection. To obtain vaginal fluid sam-
ples, volunteers utilized a sterile self-sampling device called Evalyn
Brush (Rovers Medical Devices, Oss, The Netherlands). This brush was
weighed before and after sampling so that the weight of the contents
could be determined. The collected sample was then transferred into a
sterile collection tube using plastic tweezers and centrifuged at
maximum speed for 2 min to remove the content from the brush. Pe-
ripheral blood samples were collected following a venepuncture
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Fig. 1. Genetic Implications of Non-Synonymous Single Nucleotide Polymorphisms (nsSNPs). Substitution of a single nucleotide leads to altered codon assignment
and amino acid sequence, exemplified by the conversion from serine (Ser) to arginine (Arg). Detection via proteomic mass spectrometry and de novo sequencing is
possible due to the resulting shifts in peptide mass and fragmentation spectrum, facilitating inference of nsSNPs. This figure was made using the BioRender soft-

ware platform.
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Fig. 2. A simplified depiction of the method workflow. This diagram presents the method employed in this proof-of-concept study, spanning from sample collection
to single-pot, solid-phase-enhanced sample preparation, to liquid chromatography tandem mass spectrometry, and finally to data analysis.

procedure. These samples were collected in K2 ethylenediaminetetra-
acetic acid (EDTA) collection tubes (Becton Dickinson, Plymouth, UK).
Semen samples were obtained through a process of automanipulation.

Donors providing urine or vaginal fluid were advised to refrain from
engaging in sexual intercourse for a minimum of one day before col-
lecting these body fluids. For volunteers providing seminal fluid, it was
recommended to abstain from ejaculation for a period of at least one day
before the sampling. In compliance with protocol, individuals providing
DNA and saliva samples were advised to abstain from food and beverage
consumption for a period of 30 min before the swabbing procedure.
Additionally, they were directed to perform a thorough mouth rinse
with water prior to the commencement of sample collection.

All collected samples were promptly preserved at a temperature of
—25 °C for storage to maintain sample integrity.

2.2. Protein quantification

The protein concentration in the body fluids was assessed using a
Thermo Scientific™ Pierce™ bicinchoninic acid (BCA) assay (Thermo
Fisher Scientific Inc., Waltham, USA): peripheral blood, saliva, semen,
urine, and vaginal fluid samples were diluted 100-fold with Milli-Q
(MQ) water to ensure they fell within the working range of the assay
(20-2000 pg/mL). Additionally, calibration standards ranging from 0 to
2 mg/mL protein were prepared using a solution of 2.0 mg/mL bovine
serum albumin in 0.9 % aqueous sodium chloride containing sodium
azide.

Following sample preparation, 2 mL of a 50:1 Pierce™ BCA Protein
Assay reagent A to reagent B solution was added to 100 pL of each so-
lution and incubated at 37 °C for 30 min. Subsequently, absorption
measurements were taken at 562 nm using a Perkin-Elmer Lambda 35
UV-visible spectrophotometer (PerkinElmer, Inc., Shelton, USA) after
chilling the samples to room temperature.

Following the absorption measurements at 562 nm, the absorbance
intensity of both the samples and the calibration standards were
compared, forming the basis for calculating the protein concentration in
the samples (Supplementary information 2). It should be noted that the

average protein concentration measured for semen (16.8 + 6.47 mg/
mL) was lower than values typically reported in the literature
(35-55 mg/mL) for seminal plasma [60]. This discrepancy may be
attributed to multiple factors, including the use of whole semen rather
than isolated seminal plasma, absence of a matrix-matched internal
control during the BCA assay, and potential matrix effects or sample
variability. Future studies could benefit from incorporating a
semen-specific positive control or additional sample preparation steps
(e.g., centrifugation or desalting) to ensure more accurate protein
quantification.

The obtained averages were subsequently utilized to determine
appropriate ratios for the body fluid mixtures, as detailed in Table 1.
Biological replicates were performed (see sample list in Supplementary
information 3). As some body fluids are more heavily protein-
concentrated, the volume ratios of body fluids in the mixtures were
chosen to maximize the detection of fluid-specific proteins, with both
body fluids contributing equally to the protein content in the mixture
[2]. Although these ratios may differ from real-world forensic samples,
they provide a controlled framework to evaluate the discriminatory
power of the proteomic markers.

Table 1
Mixture ratios (volume) for the formation of body fluid mixtures. Body fluid
mixtures were made utilizing protein content-based body fluid proportions.

Mix ratio Saliva Urine Peripheral Semen Vaginal
(volume) blood fluid
Saliva -
Urine 1.00:
3.63
Peripheral 1.00: 1.00: -
blood 69.0 19.0
Semen 1.00: 1.00: 3.00: 1.00
23.0 6.33
Vaginal fluid 1.00: 1.00: 3.00: 1.00 1.00:
23.0 6.33 1.00
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2.3. Single-pot, solid-phase-enhanced sample preparation

After determining the protein concentration in the various body
fluids, an adjusted single-pot, solid-phase-enhanced sample preparation
(SP3) method according to Hughes et al. (2019) was conducted [61].
Pure body fluids were diluted with a lysis buffer, termed the SP3
reconstitution solution, comprising 50 mM HEPES, pH 8 (Sigma Aldrich,
Saint Louis, USA), 1 % (wt/vol) sodium dodecyl sulphate (Acros Or-
ganics, Geel, Belgium), 1 % (vol/vol) Triton X-100 (Acros Organics,
Geel, Belgium), 1 % (vol/vol) NP-40 (Sigma Aldrich, Saint Louis, USA),
1 % (vol/vol) Tween 20 (Sigma Aldrich, Saint Louis, USA), 1 % (wt/vol)
sodium deoxycholic acid (SDC) (Sigma Aldrich, Saint Louis, USA), 5 mM
EDTA disodium salt (Sigma Aldrich, Saint Louis, USA), 50 mM NaCl
(Sigma Aldrich, Saint Louis, USA), and 1 % (vol/vol) glycerol (Merck
Schuchardt OHG, Hohenbrunn, Germany) in MQ water. This yielded a
100 pL solution containing 50 ug of protein for saliva, urine, and mix-
tures of these body fluids, and 100 pg for peripheral blood, semen,
vaginal fluid, and mixtures containing these body fluids.

The samples underwent sonication for 10 min followed by heat
inactivation at 90 °C for 10 min and centrifugation at 150 x g for 1 min.
Proteins were then cooled to room temperature and reduced by incu-
bation at 50 °C and 1100 rpm for 25 min after adding 5 uL of 100 mM
1,4-dithiothreitol (DTT) (Roche Diagnostics GmbH, Mannheim, Ger-
many). Alkylation was performed by incubating for 20 min at room
temperature in the dark after adding 5 uL of 200 mM iodoacetamide
(IAA) (Sigma Aldrich, Saint Louis, USA). The alkylation reaction was
quenched by adding another 5 uL of 100 mM DTT and incubating for
10 min at room temperature.

2.4. SP3 protein clean-up and digestion

Following reduction and alkylation, a sample volume containing
10 pg of protein was diluted to a final volume of 48 uL in SP3 recon-
stitution solution. Sera-Mag SpeedBeads Protein A/G (20 mg/mL in
sodium azide) (Sigma Aldrich, Saint Louis, USA) were washed three
times with 200 uL. MQ water on a magnetic rack and reconstituted in MQ
water to a final concentration of 50 mg/mL. 2 uL of this solution was
pipette-mixed into the sample tubes, resulting in a final volume of 50 pL.
To induce protein binding to the beads, 50 uL ethanol (EtOH) (Avantor
Performance Materials, Gliwice, Poland) was added, followed by gentle
vortexing and incubation at 24 °C, 1000 rpm for 5 min. After incuba-
tion, the tubes were transferred onto a magnetic rack to allow the beads
to migrate to the tube wall, and the unbound supernatant was removed
and discarded. Subsequently, the beads were washed three times by
pipette-mixing with 180 uL 80 % EtOH and discarding the supernatant.
Prior to digestion, 95 pL. 100 mM ammonium bicarbonate (ABC) (Sigma
Aldrich, Saint Louis, USA) and 5 pL 10 % SDC were added. 20 mg of
Pierce MS-Grade Trypsin/Lys-C Protease Mix (Thermo Fisher Scientific,
Waltham, USA) was dissolved in 500 pL. 100 mM ABC, and 10 pL of the
enzyme solution was then pipette-mixed into the sample tubes and
sonicated for 1 min. Incubation occurred overnight at 37 °C, 1000 rpm.

2.5. Peptide purification and concentration

After digestion, the sample tubes were cooled back to room tem-
perature and centrifuged at 16,000 x g for 1 min. The tubes were sub-
sequently transferred onto a magnetic rack, and after the beads settled
onto the tube wall, the supernatant was transferred into a fresh Protein
LoBind tube. The beads were washed once with 30 pL. 100 mM ABC, and
the supernatant was added to the earlier collected supernatant. 10 pL of
20 % trifluoroacetic acid (TFA) (Sigma Aldrich, Saint Louis, USA) was
added to the tubes to precipitate SDC, followed by centrifugation at
12,500 x g for 15 min. The supernatant was subsequently transferred
into a fresh Protein LoBind tube and vacuum-dried for 1.5 h at 45 °C
using Eppendorf Concentrator Plus (Eppendorf, Hamburg, Germany).
The vacuum-dried samples were stored under —25 °C until desalting and
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further analysis.

The vacuum-dried samples were reconstituted by adding 100 pL
0.1 % TFA. Following this, the samples underwent vortexing, a 5-minute
sonication, and centrifugation for 1 min at 650 x g. Subsequently,
desalting of the samples was performed using a StageTip equipped with
two Empore octadecyl C18 47 mm extraction disks (Supelco, Bellefonte,
USA). The StageTip was initially wetted with 100 uL acetonitrile (ACN)
(Sigma Aldrich, Saint Louis, USA), followed by a 10-minute centrifu-
gation at 300 x g. It was then conditioned with 100 pL 0.1 % TFA and
centrifuged for 10 min at 300 x g. Next, the digested sample was loaded
onto the StageTip and centrifuged for 10 min at 300 x g. After reloading
the tryptic digest onto the StageTip, it was centrifuged again for 10 min
at 300 x g. Subsequently, the StageTip was washed with 100 uL 0.1 %
TFA and centrifuged at 300 x g for 10 min. Finally, the peptides were
eluted twice with 50 uL of 70 % ACN in 0.5 % formic acid (FA) (Sigma
Aldrich, Saint Louis, USA), followed by centrifugation for 8 min at
300 x g. Following this, the eluates underwent another round of vac-
uum drying, after which the peptides were resuspended in 25 L of 2 %
ACN in 0.5 % FA.

2.6. LC-MS/MS analysis

1 uL of the peptide mixtures — corresponding to an injected mass of
approximately 0.4 pg of peptide digest for all pure body fluids and
mixtures — were trapped on a 2 cmx 100 um Pepmap C18 column
(Thermo Fisher Scientific, Waltham, USA) and separated on a
30 cmx 75 pm capillary column packed in-house with 1.9 um ReproSil-
Pur C18 beads (Dr. Maisch, Ammerbuch, Germany). This separation was
performed at a flow rate of 275 nL/min using an EASY-nLC 1200
(Thermo Fisher Scientific, Waltham, USA) with a linear gradient of 0 —
40 % ACN in 0.1 % FA over 90 min. The eluate was directly introduced
into the mass spectrometer via nanospray ionization. To ensure instru-
ment performance and monitor carry-over, a HelLa digest (Thermo
Fisher Scientific, Waltham, USA) was used as a system suitability stan-
dard, analysed before, between, and after samples. Reagent blanks
consisted of 4 % ACN with 0.5 % FA, which was run between each
sample to minimize carry-over effects. In cases where additional
cleaning was required, a stronger wash, 75 % ACN, was applied. Data for
proteomics were acquired on an Orbitrap Exploris 480 mass spectrom-
eter (Thermo Fisher Scientific, Waltham, USA) in data-independent
acquisition (DIA) mode. The mass spectrometer operated in positive
mode with Tune version 4.2. Precursors were selected in the quadrupole
with an isolation window specified in Supplementary information 4 and
fragmented with higher-energy collisional dissociation (HCD) using
30 % collision energy. Full MS1 scans were recorded in the range of 175
— 2000 m/z at a resolution of 15,000. MS2 spectra were recorded in
profile mode in the Orbitrap at 15,000 resolution with standard auto-
matic gain control. The maximum injection time was set to automatic.

2.7. Data analysis

2.7.1. Protein identification

The DIA raw files, accessible via ProteomeXchange with identifier
PXD061543, were converted into the Spectronaut file format HTRMS
and then analysed in Spectronaut 18 (v 18.6.231227.55695, Biognosys
AG, Schlieren, Switzerland) with default settings. Theoretical m/z values
for fragment ions and precursors were used in all spectral libraries.
Protein inference, which gave rise to the protein groups, was performed
on the principle of parsimony using the ID picker algorithm as imple-
mented in Spectronaut [62].

The settings for DIA data analysis in Spectronaut included peak
detection with precision iRT, a correction factor of 1, enabled interfer-
ence correction on the MS2 level, and disabled cross-run normalization.
During the search, one fixed modification was specified, which was
carbamidomethylation of cysteine, along with two variable modifica-
tions: acetylation at the protein N-terminus and oxidation of
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methionine. The maximum allowable number of variable modifications
was set to 5. Trypsin was chosen as the enzyme, with a maximum
allowance of 2 missed cleavages. Additionally, the minimal and
maximal peptide length were established at 7 and 52, respectively [63,
64]. The minimal and maximal fragment (m/z) were set at 200 and
3000 m/z, respectively. Peptides were identified via automated data-
base searching of the generated data using Spectronaut against the
human UniProt database (v release-2023_02, The UniProt Consortium,
Geneva, Switzerland). While certain authors propose that a solitary
specific peptide suffices for protein identification [65], others advocate
for a “two-peptide rule” [66], while still others advocate for a
three-peptide requirement [67]. To mitigate the false positive rate, in
this study, a protein was deemed identified if it attained a protein con-
fidence level of > 99.0 % with at least three different protein-specific
peptides, each exhibiting a confidence level of > 99.0 %. Additionally,
peptide and protein identifications were accepted if they achieved a
false discovery rate of less than 1.0 %.

2.7.2. Body fluid classification

After identifying the proteins, further data analysis was performed
using Python 3.10 and the Numpy [68] scikit-learn [69] and pandas
libraries [70]. Data visualization was done using the matplotlib [71],
plotly [72] and seaborn libraries [73]. First, a t-distributed stochastic
neighbor embedding (t-SNE) was conducted to gauge the discriminatory
capacity of the dataset. A nonlinear t-SNE was favored over a linear
principal component analysis (PCA), primarily due to the intricate and
nonlinear relationships typically observed between proteins and body
fluids in proteomic data [74]. t-SNE analysis was performed using the
following default settings: perplexity set to 30.0, learning rate auto,
number of iterations 1000, Euclidean distance metric, output dimen-
sionality 2, random state 42.0, early exaggeration 12.0, and PCA
initialization.

To get an idea of how the proteome can be utilized for classifying
body fluids, the proteins with the highest discriminatory power between
all body fluids in pure samples were pinpointed using the Gini impurity
value. The Gini impurity quantifies the likelihood of misclassifying a
randomly selected element from a set if it were labelled randomly and
independently, based on the distribution of labels within the set (Eq. 1).
It achieves its minimum value of zero when all instances within the node
belong to a single target category. In this case, this entails that the value
would be minimum for a protein that only occurs in one type of body
fluid and not in others. Afterwards, the top 10 proteins with lowest Gini
impurity, highest relative occurrence in a certain body fluid, and highest
abundance for each body fluid, respectively, were collated. Addition-
ally, the occurrence of these proteins in mixtures containing the
respective body fluid was documented.

k

> op? m

i=1

Gini(D) =1 —

Eq. 1. The Gini equation. The Gini equation considers a dataset D
that contains samples from k classes. The probability of the samples
belonging to class i at a given node can be denoted as p;. Then, the Gini
impurity of D can be defined.

Due to the limited sample size, it was not feasible to employ a mul-
tilabel classification model for classifying the encountered body fluids
within the mixtures. Alternatively, proteins exhibiting the highest
discriminatory power (i.e., Gini impurity equal to zero) were compared
to those identified in the mixtures, following the application of the one,
two, and three-peptide rule. These rules were selected for comparison
due to the possibility that peptides from a highly abundant protein in
one body fluid may suppress peptides from less abundant proteins
(possessing high discriminatory power) of another body fluid within the
mixture. Subsequently, the two body fluids with the highest relative
occurrence of identified discriminatory proteins in the mixture were
designated as the ’predicted’ body fluids. For this approach, it was
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assumed that the mixture indeed contained two distinct body fluids.
Recall (Eq. 2), precision (Eq. 3), support, and an Fl-score (Eq. 4) were
computed for this method.

True positive
True positive + False negative

Recall = (2

Eq. 2. The equation for the recall (sensitivity). Recall measures
the proportion of true positive predictions among all actual positive
instances in the dataset.

True positive

3
True positive + False positive 3

Precision =

Eq. 3. The equation for the precision. Precision measures the
proportion of true positive predictions among all positive predictions
made by the model.

2 X Precision x Recall

Flscore = 4
score Precision + Recall Q)

Eq. 4. The general form for the F1 score. The Fl-score is the har-
monic mean of precision and recall.

2.7.3. Source attribution of body fluids

SAAVs were identified by querying a custom-built database that in-
tegrates variant data from the variant viewer accessible via UniProt.
Only variants associated with proteins exhibiting a Gini impurity score
of zero were included in the database, as outlined in Supplementary
information 5. The search settings were similar to those outlined in 2.7.1
Protein identification. There are practical chemical constraints on the
effective number of usable genetically variant peptides (GVPs) for
source attribution. Firstly, certain variants share identical or similar
masses, such as I - L, K — Q, and vice versa. Secondly, chemical mod-
ifications or variants with equivalent mass shifts to genetic variants must
be excluded. These include N — D (deamidation), Q — E (deamidation),
M - F (oxidation), P — I or L (oxidation), C — S (oxidation) and K - R
(formylation) [48,54,75-77]. After the database search was performed,
SAAVs identified in the mixtures were compared to those identified in
the pure body fluids in the respective body fluid class. The individual
providing the pure body fluid with the highest similarity of variants to
those in the mixture was designated as the donor, allowing for an ac-
curacy assessment. Subsequently, the allele frequencies in a European
population from dbSNP (National Center for Biotechnology Information,
Bethesda, USA) of the nsSNPs corresponding to SAAVs with the lowest
Gini impurity score were collated to give an indication of the power of
discrimination [78].

3. Results and discussion
3.1. Protein identification

In total, 39,540 different peptides were identified across all pure
samples. Following a database search utilizing these peptides and
applying the "three-peptide rule", 3856 different proteins were identi-
fied [67]. The distribution of identified proteins per body fluid is
depicted in Fig. 3. The numbers presented in this figure do not account
for the possibility that the presence of specific proteins in a particular
unmixed body fluid might be attributed to traces of another body fluid.
For instance, considering the presence of traces of semen or vaginal fluid
in urine, and vice versa, could lead to such occurrences, which could also
be observed in forensic samples.

Contamination by polyethylene glycol (PEG), (-CH2-CH»-O-),, was
detected in the mass spectra of 21 out of 70 pure and mixed samples,
evidenced by the observed + 44 Da repeat (Supplementary Information
6). Possible sources of this contamination include PEG leaching from the
plastic Eppendorf tubes or collection pots used or the inadvertent use of
highly polymerized forms of Triton X-100, NP-40, or Tween-20 during
the SP3 sample preparation. The latter explanation is considered the
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Number of identified proteins per body fluid

Vaginal fluid (n=3)

Semen (n=7)
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Number of identified proteins

Fig. 3. A box plot of the number of proteins identified in body fluids. This box
plot depicts the number of proteins identified in five different body fluids with n
samples: peripheral blood (red), semen (dark blue), saliva (light blue), urine
(yellow), and vaginal fluid (green). A protein was marked as identified if at
least 3 different peptides were identified.

most probable, given that the same Eppendorf tubes were used for all
samples. This contamination may have led to the suppression of signals
from certain (low abundant) peptides. Consequently, it was hypothe-
sized that contaminated samples would result in the identification of
fewer proteins overall. As a result, the decision was made to refrain from
filtering out proteins based on signal intensity. This decision assumed
that the likelihood of identifying lower abundant proteins in all samples
from the same body fluid would be low. Consequently, the probability of
these lower abundant proteins emerging as proteins with high discrim-
inatory power was also deemed low, implying that these proteins would
not significantly contribute to the identification of body fluids in the
final analysis.

3.2. Identification of discriminatory proteins

The analysis of peripheral blood identified a set of 17 proteins with a
Gini impurity score of 0 (Table 2), indicating their significant discrim-
inatory capability in distinguishing this body fluid. For saliva, urine,
seminal fluid, and vaginal fluid, the corresponding numbers of proteins
with a Gini impurity score of 0 were 75, 79, 282, and 352, respectively.
This indicates their significant discriminatory capability in distinguish-
ing the corresponding body fluid.

For peripheral blood these proteins exhibited varying relative oc-
currences in pure samples of peripheral blood with eukaryotic translation
initiation factor 4B being present in most (55.6 %) pure blood samples.
Interestingly, the occurrence of these proteins in mixtures containing
peripheral blood was variable, with most proteins being absent in a
majority of the samples. However, with the exception of eukaryotic
translation initiation factor 4B, these proteins showed minimal occurrence
in mixtures that did not contain peripheral blood, suggesting their
specificity to this fluid in this experiment.

For saliva, eight of the discriminatory proteins consistently exhibited
a relative occurrence of 1 in pure saliva samples, underscoring their
strong association with this body fluid. While their presence in mixtures
containing saliva varied, certain proteins, such as carbonic anhydrase 6,
protein LEG1 homolog, deleted in malignant brain tumours 1 protein, and
lactoperoxidase, were consistently present in all mixtures containing
saliva and absent in those without, highlighting their specificity in this
research.

In the case of urine, most discriminatory proteins exhibited high
occurrences in pure urine samples. Notably, their occurrence in mixtures
containing urine varied, with certain proteins showing notable presence,
such as matrix remodelling-associated protein 8, osteopontin, and cubilin.
Moreover, the discriminatory proteins’ occurrence in mixtures not
containing urine was minimal, emphasizing their specificity to this body
fluid in this study.

For seminal fluid, 18 of these proteins, including 10 highlighted in
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Table 2, displayed a relative occurrence of 1 in pure seminal fluid
samples, indicating their exclusive association with this bodily fluid.
Notably, all these proteins exhibited minimal occurrence in mixtures
lacking seminal fluid, while being predominantly present in mixtures
containing semen.

Finally, for vaginal fluid, 92 of the discriminatory proteins consis-
tently exhibited a relative occurrence of 1 in pure vaginal fluid samples,
indicating their exclusive association with this bodily fluid. Although
their presence in vaginal fluid-containing mixtures varied, certain pro-
teins, such as 15-hydroxyprostaglandin dehydrogenase [NAD(+)], and
short-chain dehydrogenase/reductase family 9 C member 7, were notably
prevalent. Moreover, most of these displayed minimal occurrence in
mixtures lacking vaginal fluid, highlighting their specificity to this
particular body fluid in this study.

These findings underscore the discriminatory potential of specific
proteins in classifying and distinguishing different body fluids in pure
and mixed samples.

In this study we successfully identified several widely recognized
proteins employed for proteomics-based body fluid classification,
including semenogelin 1 and semenogelin 2 for semen, cystatin-SA and
alpha-amylase 1 for saliva, and hemoglobin subunit beta, hemoglobin sub-
unit alpha 1, and hemoglobin subunit alpha 2 for peripheral blood [2,
55-58,79,80,81]. However, these proteins did not rank among those
demonstrating the highest discriminatory power in our analysis. This
could be explained by the fact that these high-abundance proteins, while
identifiable, are present in trace concentrations in other body fluids,
making them less discriminatory from a qualitative perspective.
Therefore, reliance on the presence of a single protein for body fluid
classification is discouraged. Consequently, in the subsequent para-
graphs, a combination of markers will consistently be employed for body
fluid classification.

3.3. Body fluid classification in body fluid mixtures

The t-SNE projection below separates the pure body fluids into quite
distinct clusters quite effectively (Fig. 4). Each cluster represents a
specific body fluid type, as labelled in the figure (saliva, blood, urine,
semen, vaginal fluid). This visual separation suggests that the t-SNE
dimensionality reduction has overall successfully captured key differ-
ences and similarities between the body fluid samples. This indicates
body fluid classification of pure body fluids is possible using a
proteomics-based methodology. The clustering of a single (female) urine
sample with blood samples may be attributed to the presence of traces of
blood in the urine, possibly due to menstruation. Moreover, one saliva
sample was observed to cluster near the vaginal fluid cluster. Given the
limited number of samples in this proof-of-concept study, it remains
unclear whether this borderline positioning represents a true misclas-
sification or simply reflects natural biological variability. Future studies
with larger sample sizes will be necessary to determine the reproduc-
ibility of this observation. Nonetheless, this finding underscores the
potential for overlapping proteomic profiles among certain body fluids,
which should be considered when interpreting classification outcomes.

After demonstrating the discriminatory potential of proteins from
five distinct body fluids using t-SNE, a body fluid prediction was per-
formed for 32 body fluid mixtures. Overall, 75 % of the mixtures were
accurately classified when requiring at least one peptide for protein
identification. Misclassification, amounting to 9 %, occurred due to
random guesses, when only identifying proteins were found for one or
no body fluid. Adhering to the two and three peptide rule, an accurate
classification of 65.6 % was achieved. The two-peptide rule resulted in a
12.5 % misclassification rate, while the three-peptide rule had a 15.6 %
misclassification rate due to random guessing. Fully leveraging the
proteomic data, including Gini impurity scores higher than 0, through
the implementation of a multilabel classification model, could signifi-
cantly mitigate these misclassification rates. However, achieving this
would necessitate a larger sample size. In properly classified mixtures,
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Table 2
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The ten most discriminating proteins per pure body fluid. The presentation includes the top ten most discriminating proteins per pure body fluid, ranked by their Gini
impurity scores. It further details their relative occurrence in pure samples of the corresponding body fluid, their occurrence in mixtures containing the corresponding
body fluid, and their occurrence in mixtures not containing the corresponding body fluid. The proteins are organized based on their Gini impurity scores, followed by

their occurrence in pure body fluid samples.

Body fluid Protein Gini Occurrence in
impurity . . . . .
pure samples of this  mixtures containing mixtures not containing
BF this BF this BF
Seminal fluid Cysteine-rich secretory protein 1 0 7/7 11/14 0/18
Laminin subunit alpha—5 0 7/7 11/14 0/18
ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 1 0 7/7 8/14 0/18
72 kDa type IV collagenase 0 7/7 11/14 0/18
Limbic system-associated membrane protein 0 7/7 10/14 0/18
Matrilin—2 0 7/7 11/14 0/18
A disintegrin and metalloproteinase with 0 7/7 10/14 0/18
thrombospondin motifs 1
Carboxypeptidase Z 0 7/7 10/14 0/18
Phospholipid hydroperoxide glutathione peroxidase 0 7/7 10/14 0/18
GPX4
Ras-related protein Rab—3B 0 7/7 9/14 0/18
Saliva Carbonic anhydrase 6 0 7/7 14/14 0/18
Protein LEG1 homolog 0 7/7 14/14 0/18
Deleted in malignant brain tumours 1 protein 0 7/7 14/14 0/18
Lactoperoxidase 0 7/7 14/14 0/18
BPI fold-containing family A member 2 0 7/7 13/14 0/18
Keratin, type I cuticular Ha6 0 7/7 11/14 0/18
Chitinase—3-like protein 2 0 7/7 9/14 0/18
Liver carboxylesterase 1 0 7/7 9/14 0/18
Mucin—7 0 6/7 13/14 0/18
Cystatin-D 0 6/7 12/14 0/18
Peripheral Eukaryotic translation initiation factor 4B 0 5/9 3/14 1/18
blood
SEC14-like protein 4 0 4/9 0/14 0/18
Pregnancy zone protein 0 3/9 4/14 0/18
Hepatocyte growth factor activator 0 3/9 1/14 0/18
Immunoglobulin lambda-like polypeptide 5 0 2/9 1/14 0/18
Apolipoprotein C-I 0 2/9 2/14 0/18
Acylphosphatase—1 0 2/9 0/14 0/18
Adiponectin 0 2/9 0/14 0/18
UV excision repair protein RAD23 homolog A 0 2/9 0/14 0/18
Tubulin-specific chaperone A 0 2/9 1/14 0/18
Vaginal fluid Cysteine-rich C-terminal protein 1 0 3/3 3/8 0/24
15-hydroxyprostaglandin dehydrogenase [NAD(+)] 0 3/3 5/8 0/24
Short-chain dehydrogenase/reductase family 9 C 0 3/3 5/8 1/24
member 7
Serine/threonine-protein kinase RIO3 0 3/3 2/8 0/24
Serine/threonine-protein phosphatase 4 catalytic 0 3/3 2/8 0/24
subunit
Protein FAM83A 0 3/3 2/8 1/24
Glycogen [starch] synthase, liver 0 3/3 5/8 0/24
Syntaxin-binding protein 5 0 3/3 0/8 0/24
Translocon-associated protein subunit alpha 0 3/3 5/8 1/24
Heterogeneous nuclear ribonucleoprotein D-like 0 3/3 0/8 0/24
Urine Osteopontin 0 8/11 8/14 0/18
Cubilin 0 8/11 8/14 0/18
Low-density lipoprotein receptor-related protein 2 0 8/11 6/14 0/18
Roundabout homolog 4 0 8/11 2/14 0/18
Endosialin 0 8/11 3/14 0/18
Vasorin 0 7/11 5/14 0/18
Mannan-binding lectin serine protease 2 0 7/11 7/14 0/18
Matrix remodelling-associated protein 8 0 7/11 9/14 0/18
Urokinase-type plasminogen activator 0 7/11 7/14 0/18
Angiopoietin-related protein 2 0 7/11 2/14 0/18

there were no instances of random guesses.

When mandating at least one peptide for protein identification, an
average sample precision of 87.5 % was attained (Fig. 5). Interestingly,
implementing the two and three peptide rule led to a reduced average
sample precision of 82.8 %, suggesting a preference for utilizing more
identifying proteins over fewer, yet more certain, identifying proteins.
Comparable trends were observed for the recall score, with saliva
exhibiting an exceptionally high recall rate of 100 %. When balancing
recall and precision by means of the Fl-score, consistent patterns
emerged: blood, semen, and saliva displayed the highest F1-score when

considering at least one peptide sufficient for identification, while urine
and vaginal fluid favoured the requirement of at least two different
peptides.

Upon further investigation of the misclassified mixtures, a clear
pattern was identified: blood was the body fluid most often not detected,
occurring in 71.4 % of the cases. This was followed by semen, which was
undetected in 21.4 % of the cases, and urine, which was undetected in
7.1 % of the cases. One of the main reasons for blood not being detected,
could be because many of the proteins found in blood are also present in
other body fluids. This significant overlap of proteins can make it
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t-SNE projection of pure samples

Body fluid
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Fig. 4. A t-SNE projection of the pure samples. This scatterplot depicts the
results of applying the t-distributed Stochastic Neighbour Embedding (t-SNE)
algorithm to the generated proteomic dataset containing pure samples of pe-
ripheral blood (red), semen (dark blue), saliva (light blue), urine (yellow), and
vaginal fluid (green).
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difficult to distinguish blood, leading to it being either undetected or
misclassified [82].

It should be noted that the protein concentration of semen measured
in this study (16.8 + 6.47 mg/mL) was considerably lower than typical
literature values for seminal plasma (35-55 mg/mL) [60]. While several
potential causes were addressed in the Materials & Methods section, this
underestimation may have influenced mixture classification. Specif-
ically, an underestimation of semen protein concentration would lead to
a higher volume of semen being added to the mixtures to achieve equal
total protein content. As a result, semen may be overrepresented in the
mixtures relative to its true forensic occurrence, potentially biasing the
body fluid classification toward detection of semen. Although the
approach was designed to equalize protein contributions from each
fluid, this nuance should be considered when interpreting the mixture
classification outcomes, especially in cases involving semen.

3.4. Source attribution of body fluids

Source attribution of body fluids was exclusively undertaken for
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mixtures containing saliva (n = 11). This selection was based on the
accurate classification of saliva for all 11 mixtures containing saliva. In
the 7 pure saliva samples and 11 mixtures in total 288 SAAVs were
identified, excluding those attributable to chemical modifications or
indistinguishable from other SAAVs via mass spectrometry
(Supplementary information 7). Comparing the SAAVs found in saliva-
specific proteins within the mixtures to those in the 7 pure saliva sam-
ples revealed that 71.4 % of the saliva in the mixtures could be correctly
attributed to the corresponding pure sample from the same individual.
No discernible trend was observed in the misclassified samples. How-
ever, it is important to note that comparing lists of (un)identified SAAVs
may not yield comprehensive insights, as not all peptides were identified
in every sample. This variability could stem from factors such as sample
preparation (e.g., incomplete digestion or peptide loss during extrac-
tion), instrumental constraints (e.g., high limit of detection for low-
abundance peptides or variations in ionization efficiency), and data
analysis considerations and is coherent with other proteomic studies
[83,84]. Furthermore, source attribution within a closed dataset may
not adequately represent source attribution within the wider popula-
tion. However, in many cases the activity and not the actors will be
disputed, for which this will not be an issue.

What would be more useful is to calculate a likelihood ratio (LR)
expressing the strength of evidence for the origin of the saliva, using the
random match probability (RMP) of the complete set of SAAVs. How-
ever, several limitations currently prevent this. First, the statistical
relationship between SAAV-based RMPs and those derived from single-

Table 3
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nucleotide polymorphisms (SNPs) — for which population allele fre-
quencies are well characterized — is not yet well established. Addition-
ally, it is unknown whether the donors were homozygous or
heterozygous at each locus, which influences LR calculations. In sce-
narios without monoallelic expression, heterozygous individuals may
produce both protein variants, resulting in bi-allelic expression [85]. In
Table 3, we present an overview of the most discriminating SAAVs —
those uniquely present in one individual’s pure saliva sample and
consistently detected in mixtures from the same donor — along with their
associated nsSNPs and allele frequencies, which serve as a rough proxy
for SAAV frequency. Assuming independence between variants, multi-
plying these frequencies yields a relatively low RMP for this specific
case, underscoring the potential of SAAVs for forensic source attribu-
tion. This shows the high potential of SAAVs for source attribution of
body fluids in mixtures.

However, many of the observed SAAVs, for example those listed in
Table 3, were rare, which limits their current forensic utility in proba-
bilistic models. To enable LR-based approaches in future casework, it
will be essential to focus on genetically variant peptides (GVPs) with
higher minor allele frequencies. Common variants are statistically more
robust, more likely to be reproducible across different datasets, and
crucially, allow for the use of population-based frequency databases.
These are fundamental requirements for calculating reliable likelihood
ratios and moving toward operational forensic implementation. Future
research should aim to refine peptide filtering strategies, expand pop-
ulation proteomic references, and determine the reproducibility and

Examples of single amino acid variants identified in proteins with a Gini impurity score of zero. This table collates the protein, single amino acid variant and cor-
responding non synonymous single nucleotide polymorphism with variant ID. The nsSNP frequency for a European population is also listed. Green indicates the
presence of the variant and red the absence of the variant in the pure and mixed samples.
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inheritance patterns of commonly observed SAAVs.
4. Limitations

4.1. Body fluid classification

An important limitation of the applied method for body fluid clas-
sification is that it likely provides a more optimistic view than reality, as
the variability in the data may be lower than expected in the broader
population. Furthermore, because the proteins identified in the mixed
samples come from the same individuals as the proteins in the pure
samples, the diversity of the dataset is constrained, potentially leading to
an overestimation of the recall. Additionally, the mixture ratio was
configured such that roughly half of the proteins originated from each of
the two body fluids in the mixture, a composition that does not
comprehensively mirror all real-world forensic scenarios. Moreover, the
method assumes that the mixture comprises only two body fluids and is
limited to a closed set of five body fluids for selection, potentially
leading to inflated recall rates for all classes. This means that the results
may not be fully representative of more complex scenarios where there
is greater variability in the samples and a larger number of possible body
fluids present.

As with any analytical method, both DIA (Data-Independent Acqui-
sition) and DDA (Data-Dependent Acquisition) come with their respec-
tive advantages and disadvantages [86]. One of the key strengths of DIA
compared to DDA is its greater dynamic range, which allows for the
detection of both high- and low-abundance peptides within a single run.
This leads to improved consistency and reproducibility, which is espe-
cially beneficial when analysing complex biological samples, such as
mixtures of body fluids. However, within a forensic context, DIA pre-
sents quite a few limitations. While its consistent acquisition, targets all
precursor ions within a specified mass range and provides broad
coverage, this less selective approach can introduce ambiguity, partic-
ularly in complex samples. This makes data analysis and interpretation
much more challenging. A significant limitation of DIA is its use of a
wider precursor isolation window compared to DDA. This increases the
likelihood of contaminant peptides being coeluted and cofragmented
with target peptides. We encountered this issue in our own dataset,
where contaminant signals interfered with confident identification. It’s
important to note that while DDA provides more targeted and confident
identifications, the broader and less selective nature of DIA can increase
ambiguity and the number of false positives. This is an important
concern in forensic contexts where accuracy and reliability are crucial.

It is important to consider these limitations when interpreting the
findings and when considering the future use of the method in broader
forensic contexts.

4.2. Source attribution of body fluids

Since in its early stages, this application of forensic proteomics will
bring forth several critical considerations compared to the ‘gold stan-
dards’ of DNA and mRNA analysis. The data that we present are based
on samples limited in number and composition, so there is no clear view
yet on some of the analytical characteristics (such as robustness, sensi-
tivity and reproducibility) that are needed for acceptance and ultimately
validation of the method. Additionally, our understanding of the exact
changes of SAAVs over time in and ex vivo and forensic value remains
limited, a pivotal factor for its forensic applicability. Moreover, the
specificity of the method has yet to be thoroughly evaluated, to alleviate
concerns regarding the potential for false-positive results. Furthermore,
the absence of an established ethical and legal framework further
complicates the adoption of forensic proteomics in practice as a com-
plementary option for DNA and mRNA profiling. However, due to the
robustness of the protein backbone we believe there could be scenarios
in the future where protein based information especially regarding
inference of SAAVs could complement information obtained from DNA
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and mRNA analysis.
5. Future recommendations
5.1. Body fluid classification

To address the limitations and build upon our findings, several av-
enues for future research are suggested. First, conducting larger-scale
studies to validate the findings and assess the reproducibility of
proteomic-based body fluid classification methods across diverse sample
populations. Second, optimising sample preparation and implementing
rigorous quality control measures to mitigate contamination and ensure
the reliability of proteomic data. This approach ensures the maximiza-
tion of information obtained from the sample, allowing for the devel-
opment of a targeted strategy, such as Single Reaction Monitoring
(SRM), to enhance the sensitivity and detection of SAAVs. Third,
developing advanced classification algorithms, such as machine
learning models, to improve the accuracy of body fluid classification,
especially in the context of mixed samples. These models could make use
of the full proteome including quantitative data. Additionally, although
McKiernan et al. (2021) and Zaarour et al. (2025) conducted valuable
work on body fluid classification in mixed (forensic casework) samples,
and Davidovics et al. (2022) conducted research on the sensitivity of
vaginal fluid in semen and vice verse, establishing the limits of detection
of body fluids within other body fluids is imperative to examine whether
the method is applicable in real-world forensic scenarios [56,57,87].
Fourth, establishing ethical and legal frameworks for the integration of
proteomic analysis into forensic investigations, addressing privacy
concerns and ensuring compliance with existing regulations: although
proteomic data share many privacy concerns with DNA profiling,
additional ethical considerations may arise due to the potential for
revealing additional sensitive health-related information. An established
ethical framework for proteomics should therefore address both privacy
and data security, ensuring that proteomic profiles are handled with the
same rigor as DNA data while acknowledging the unique aspects of
protein expression. Furthermore, future studies could incorporate other
forensically relevant body fluids like sweat, tears, cerebrospinal fluid,
and stool. Expanding the inclusion of various cell types helps mitigate
the occurrence of "out-of-distribution" instances, a term in artificial in-
telligence denoting data points diverging notably from the training data
distribution, thus reducing false positive rates. Finally, working towards
standardization of protocols and methodologies for proteomic analysis
in forensic laboratories to facilitate comparison and reproducibility of
results.

5.2. Source attribution of body fluids

Concerning source attribution of body fluids, future research into its
forensic applicability is imperative. Initially, the stability of single
amino acid variants over time requires examination, as it could impact
the validity of proteomic source attribution. Explicitly evaluating the
impact of aging and degradation on protein and SAAV stability and the
reliability for body fluid classification and source attribution by
analyzing samples stored under conditions that simulate real forensic
scenarios is recommended. For example, examining fresh and long-term
aged samples could provide valuable insights into the time frame over
which proteomic markers remain reliable for both body fluid classifi-
cation and source attribution. Second, investigation into whether the
formation of single amino acid variants is exclusively attributed to single
nucleotide polymorphisms or if they could arise post-transcriptionally is
warranted in order to understand whether it would be able to attribute a
proteomic profile using DNA as reference. As this is a proof-of-concept
study, validation of the identified SAAVs through comparison with
DNA-based genotypes or other forms of proteomic validation (e.g.,
chromatographic retention time) was not performed. Future studies
could incorporate such validation strategies, including genomic
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confirmation, as described in the research by Parker et al. (2016), Mason
et al. (2018) and Parker et al. (2021) [44,48,54]. Thirdly, it is essential
to ascertain the impact of the formation of single nucleotide poly-
morphisms in the DNA over time on the reliability of source attribution
utilizing single amino acid variants. Fourth, determining whether the
random match probability of single amino acid variants is equal to that
of single nucleotide polymorphisms is essential when dealing with an
open set of suspects. Fifth, it is crucial to ascertain the forensic
discriminatory value of single amino acid variants and the impact of
homozygosity and heterozygosity on the source attribution of body
fluids using mass spectrometry based proteomics. Lastly, future studies
should prioritize SAAVs with higher minor allele frequencies to enable
robust and probabilistic interpretation in forensic applications.

By addressing these recommendations, future research can advance
the application of proteomic analysis in forensic science, enhancing the
accuracy and reliability of body fluid classification and source attribu-
tion in criminal investigations.

6. Conclusion

This study aimed to explore the potential of proteomic analysis in
forensic investigations for identifying, classifying, and source attrib-
uting body fluids. Employing liquid chromatography tandem mass
spectrometry in data-independent acquisition mode, we characterized a
wide array of proteins present in various body fluids, including pe-
ripheral blood, semen, saliva, urine, and vaginal fluid. Through t-
distributed stochastic neighbour embedding analysis, we demonstrated
the discriminatory power of proteins from these body fluids, allowing
for effective classification of body fluids. Our findings indicate that
utilizing a proteomic-based approach can yield high precision and recall
rates in classifying body fluids from mixed samples. However, we
observed a decrease in precision when applying stricter criteria for
protein identification, emphasizing the trade-off between precision and
inclusivity in forensic proteomics. Furthermore, the misclassification
rates were notably high, especially for blood. This issue could poten-
tially be addressed by employing a multilabel classification model after
increasing the sample size, making full use of the obtained proteomic
data.

In this study, the potential of utilizing single amino acid variants for
body fluid source attribution is demonstrated. A total of 294 single
amino acid variants were identified across the samples, all exhibiting
forensic discriminatory power. However, the exact forensic discrimi-
natory power remains unknown and validation is needed.

Despite the promising preliminary results, several challenges and
limitations were identified. Contamination by polyethylene glycol in
mass spectra highlights the need for stringent quality control measures
in sample preparation. Additionally, the small sample size limited the
application of multilabel classification models, likely affecting the ac-
curacy of body fluid classification. Notably, due to the limited sample
size and thus not being able to apply a multilabel classification model,
we were unable to fully utilize data — and thus to fully assess the clas-
sification power — indicating for example proteins present exclusively in
two body fluids and absent in others, which still possess significant
discriminatory power. Additionally, the representativeness of both
classification and source attribution to the broader population could be
subject to questioning, rendering the representativeness of this proof-of-
concept study unknown.

All in all, this proof-of-concept study has shown the potential of mass
spectrometry-based proteomics for body fluid classification and body
fluid source attribution leveraging single amino acid variants. This
approach proves valuable in scenarios where RNA and DNA analyses
prove impractical or impossible.

Human research ethics

The conducted study is a participant-based experiment, indicating
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that ethical considerations are of primary importance. These ethical
considerations have been taken into account in all aspects of this
research. First, physical harm, psychological, social, and legal harm
were also considered prior to the design of this study. Moreover,
participation to this study was completely voluntarily: all participants
were able to withdraw from, or leave, the study at any point without the
feeling of obligation and without giving a reason. Participation to this
study did only occur if the participant was fully informed about the
study that was going to be conducted and if they had given their consent
beforehand. If consent was given, personal data were collected and
handled securely and with the utmost respect to the participants
complying with the regulations as specified in the “EU General Data
Protection Regulation 2016/679” (2016). Besides, the data of the people
participating in this study were stored anonymously throughout the
entire study, as defined in article 4 (1) of the “EU General Data Pro-
tection Regulation 2016/679” (2016). The right of the participants to
request deletion of their personal data were enabled through data
pseudonymization. Moreover, all personal information of the partici-
pant that was not relevant for the results of this study was not available
to scientific staff not involved in the experiments. Furthermore, it is
important to emphasize a conflict of interest was and should be avoided
at all times. This occurs when the study is performed for academic,
financial, or personal purposes rather than to benefit the participant of
interest. This also means that any data obtained with this study were and
will not be shared with others unless the participants have given explicit
consent for this. At last, during this study steps were taken to avoid (self-
)plagiarism and misconduct.
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