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Abstract

The primary aim of this study was to verify the persistence of seminal traces under varying chain-of-custody conditions,
along with determining how different contamination factors, time intervals between collection, and storage methods influ-
ence the detectability of semen in the context of sexual assault cases. This study combined laboratory and field analyses
to simulate real-case scenarios. Three forensic detection tools—Sperm Tracker Lab, Sperm Tracker Spray, and RSID™
tests—were evaluated on multiple substrates (skin, hair, nylon, cotton, and car interiors) and under various contamination
conditions, including the presence of blood, dust, soil, and bodily fluids. Detection techniques included contact-pressure
methods (Sperm Tracker Lab), application on uneven surfaces (Sperm Tracker Spray), fluorescence-based searches with
ALS (alternative light sources), and immunochromatographic testing (RSID™ kits) for sperm-specific proteins. Positive
findings were confirmed via microscopic examination and DNA analysis. All the samples were labelled and stored follow-
ing strict chain-of-custody protocols. Sperm Tracker Spray demonstrated consistent effectiveness, successfully detecting
minimal volumes (1-2 pL) across a wide range of materials. Conversely, ALS showed reduced sensitivity, especially in
the presence of diluted or minimal traces and on textured or dark fabrics. RSID™ kits provided reliable confirmation of
the presence of semen, even when environmental or biological contamination was present. Accurate and thorough docu-
mentation of the chain of custody proved essential for preserving sample authenticity and reducing the risk of error. The
findings underscore the importance of a multidisciplinary forensic approach combining specialized reagents, confirma-
tory immunochromatographic testing, and rigorous adherence to chain-of-custody procedures. This integrated strategy
enhances the reliability of seminal trace detection in investigations of sexual assault. Moreover, verifying trace persistence
under diverse conditions contributes significantly to the evidentiary value of forensic samples in judicial contexts.
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Introduction

In accordance with the guidelines of Italian Forensic Genet-
icists (GE.F.1.), semen detection and the preservation of bio-
logical traces must follow standardized procedures to ensure
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analytical reliability and legal admissibility [1]. The chain
of custody provides a systematic way to document each
stage of evidence handling, from crime scene collection to
laboratory analysis and eventual presentation in court [2].
In sexual assault cases, few forms of physical evidence are
more critical than seminal evidence. When identified and
genetically matched, semen can be a key piece of probative
evidence [2, 3]. Detecting semen poses challenges, includ-
ing suspect attempts to remove or obscure it and natural
degradation from time or atmospheric exposure. Preserving
these traces is paramount to securing valid, reliable forensic
outcomes [3]. Without a trustworthy chain of custody, even
the best forensic techniques can be undermined, risking loss
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or misinterpretation of crucial evidence [4, 5]. In investiga-
tions of sexual assault, detecting even very small amounts
of seminal fluid is crucial [6]. Traditional screening often
uses alternative light sources (ALS), which exploit the natu-
ral fluorescence of dried semen. However, ALS has limita-
tions: Other bodily fluids, cosmetics, and cleaning agents
can show similar fluorescence, causing false positives or
false negatives. Microscopic identification of sperm cells is
labour intensive, especially when sperm are rare or absent
(vasectomy, oligospermia) [7, 8]. Morphological analysis
can be further impeded by fragmented cells or conditions
such as aspermia. Newer technologies include the Sperm
Tracker line, available as a contact-pressure version (Sperm
Tracker Lab®) for flat surfaces or an aerosol version (Sperm
Tracker Spray®) for irregular or large surfaces (vehicles,
skin). Both methods detect acid phosphatase, which is
abundant in seminal fluid [9]. Immunochromatographic
tests (RSID™) confirm semen by detecting semenogelins
with fewer false positives than older acid phosphatase-only
methods do [10]. The chain-of-custody process meticulously
tracks each sample from collection through interpretation;
gaps can make analyses inadmissible. This study aimed to
evaluate the reliability of new detection tools in simulated
scenarios and confirm a rigorous chain-of-custody practices,
aligned with national guidelines, to safeguard seminal trace
probative value. We examine integrated procedures that
optimize forensic analysis in sexual assault cases. Combin-
ing strict ethical standards with advanced detection meth-
ods increases admissibility and decreases errors in sexual
assault case outcomes [11-15]. Overall, these approaches
can substantially improve investigative accuracy, offering
faster detection, minimized contamination, and robust legal
defensibility for forensic evidence [16, 17].

Materials and methods

A study protocol detailing the experimental design, volun-
teer recruitment, and data management was submitted to the
local Ethics Committee and approved. All the donors signed
informed consent forms explaining the study’s purpose and
ensuring the anonymity of the biological material, which
was disposed of in accordance with regulations. To detect
biological residues, several forensic tools were employed:

e A Sperm Tracker Lab® (contact method) was applied
to the suspicious fabrics after the reagent was moist-
ened, and the samples were examined under UV light
(365 nm). The blue luminescence indicates acid phos-
phatase activity.

e Sperm Tracker Spray® (aerosol) was prepared by dilut-
ing the reagent in demineralized water and spraying it

@ Springer

onto surfaces. The fluorescence was checked under UV
light both immediately and after 5 min.

e Alternative light sources (LED 445 nm and a Hand-
Scope® xenon lamp with filters) were used with orange
goggles to classify the fluorescence as strong, weak, or
absent.

e RSID™-Sperm kits confirmed positive results by de-
tecting semenogelin, a semen-specific protein. Signal
intensity was rated on a 0-5 scale.

Four scenarios were designed to test sperm detection under
varying conditions, including contamination (dust, blood,
and soil), washing, and delays of up to 72 h. Semen was
deposited on selected surfaces and exposed to these vari-
ables. Chain-of-custody documentation was completed for
each sample, including date, time, donor code, and stor-
age conditions. The samples were transported in sealed,
tamper-evident containers and refrigerated at 4 °C when not
immediately processed. Removable items (e.g., fabric and
seat covers) were bagged and coded. For nonremovable sur-
faces, such as skin or vehicle seats, Sperm Tracker Spray®
was applied onsite to reduce handling. Specifically:

e In the first scenario, which simulated an assault by mul-
tiple perpetrators, semen was applied to the skin (legs,
chest, and arm) and hair to assess STK spray detection.
The areas were cleaned, dried, and treated with 100 pL,
500 pL, or 1 mL of semen. After drying (30 min for
skin, ~1 h for hair), STK Spray was applied. To assess
interference, skin and hair treated with 100 pL of se-
men were contaminated with saliva, blood, or vaginal
secretions. After 30 min of drying, RSID™ Sperm was
applied per the manufacturer’s instructions. Positive re-
sults showed a red test line; controls with contaminants
only were negative.

e The second scenario examined a sexual assault with
vaginal penetration while the victim was clothed, leav-
ing possible seminal traces inside the vaginal canal and
on external garments. We tested Sperm Tracker® (STK
Lab device) on cotton (jeans) and nylon (underwear)
fabric squares (10x10 cm). Each sample was cleaned
with isopropyl alcohol and air-dried for 24 h to elimi-
nate potential residues. A standardized amount of 50 pL
of semen was then pipetted onto each square and dried
for 30 min under controlled conditions. In accordance
with the manufacturer’s guidelines, the STK Lab device
was used to detect seminal fluid in the treated samples.
To explore environmental contamination, some samples
were left unsealed for 48 h, and dust was collected be-
fore RSID™ Sperm testing. Positive controls (semen-
only) validated the test’s sensitivity, whereas negative
controls (dust-only) showed no false positives.
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e The third scenario simulated a vehicle-based sexual as-
sault scenario in which semen may remain on car seats,
seatbelts, and floor mats. All surfaces were first cleaned
of debris, and then 50 pL of semen was applied to each
10x10 cm area and dried under controlled conditions.
The Sperm Tracker STK Lab, calibrated with negative
controls, was used to detect seminal fluid on car seats
and seatbelts under normal and artificial lighting. Floor
mats were tested using STK Spray. Soil contamination
was simulated by uniformly applying 1 gram of agricul-
tural soil over each semen-treated area. After one hour of
drying at room temperature, RSID™ Sperm was used;
positive results appeared where semen was present, with
no false positives on soil-only controls. UV inspections
and microscopic checks corroborated these findings.

e The fourth scenario addressed a male-on-male sexual
assault, where the perpetrator allegedly forced oral acts.
Trace semen may be deposited on the mouth, surround-
ing skin, or other exposed areas. To investigate the de-
tection of different skin types, volunteers (or artificial
surfaces) were deliberately contaminated with 100 puL
of semen on the face, hand, and neck. Each region was
first wiped with a sterile cloth, and after semen applica-
tion, it was allowed to dry. Sperm Spray (STR Spray)
was then nebulized over the treated zones. A visible blue
colour developed within minutes, indicating the pres-
ence of sperm antigens. To assess how storage might af-
fect detection, the samples were kept at room tempera-
ture (approximately 25 °C) for 24, 48, or 72 h. After
each interval, a portion of the dried semen was mixed
in RSID™ Sperm buffer and applied to the test cassette.

Results

In the first scenario, a blue colour indicating sperm antigens
appeared within 5-10 min. On the skin, 100 pL yielded
a faint but visible reaction, increasing in intensity with
increasing volume. On hair, 100 pL produced weak sig-
nals requiring close inspection, whereas 500 pL and 1 mL
yielded progressively clearer results, with the latter visible
to the naked eye (Fig. 1). Despite the added substances,
RSID™ consistently confirmed the presence of semen.
Saliva caused minimal interference, yielding clear test lines
on both the skin and the hair. Blood and vaginal secretions
slightly reduced the line intensity, especially on the skin, but
did not prevent detection. STK Spray enabled rapid on-site
screening, whereas RSID™ Sperm ensured reliable confir-
mation even under complex conditions (Fig. 2).

In the second scenario, the cotton squares showed 100%
detection, with a strong link between the semen volume and
the device response. In contrast, the nylon readings were

Results of STK Spray Use on Skin and Hair
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Fig. 1 Fluorescence intensity detected on skin and hair after the appli-
cation of various amounts of semen, following the use of STK Spray
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Fig. 2 Intensity of positive bands (including controls) of the RSID-
semen test after the application of seminal fluid and biological con-
taminants on areas of skin and hair

more variable, likely because its synthetic fibres have lower
permeability (Fig. 3). Applying light pressure improved
the detection rates of nylon, reflecting how real-world
wear might facilitate contact between semen and fabric
fibres. Despite dust exposure, RSID™ Sperm consistently
detected semen. Thus, the porous nature of cotton enhances
the test results, but the use of nylon requires extra care
or pressure. In both cases, combining Sperm Tracker and
RSID™ Sperm offers reliable evidence of seminal traces
on common garments. Jeans treated with semen alone
yielded a strong test line (band intensity 4/5). Ambient dust
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Sensitivity of Sperm Tracker STK Lab on Different Fabrics
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Fig. 3 Sensitivity of the STK Tracker device in detecting seminal
traces on fabrics such as cotton and nylon in each of the repetitions

contamination decreased the intensity to 3/5, and packag-
ing dust further reduced it to 2/5. Women’s underwear pro-
duced comparable results (4/5, 3/5, 2/5). Although the line
grew fainter with more dust, there were no false negatives,
demonstrating RSID™ Sperm’s resilience against particu-
late contaminants (Fig. 4).

In the third scenario, approximately 95% sensitivity was
achieved on synthetic seat fabric, with a slightly lower rate
(85%) on seatbelts. This difference could be due to seatbelt
materials having smoother surfaces, reducing fluid adher-
ence and colour intensity. The STK Spray nebulized prod-
uct was applied to the dried semen areas, after which the
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Fig. 4 Intensity of the positive band (including controls) of the RSID-
Semen tests after the application of seminal fluid and environmental
contaminants (dust particles) on fabrics of different types
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colour changes were observed after 30 min. Under chal-
lenging lighting conditions, STK Spray had a 90% detec-
tion rate. Overall, both the Sperm Tracker and STK Spray
effectively identified semen on car seats, seatbelts, and floor
mats, even with soil contamination, demonstrating strong
forensic value in vehicle assault cases. Soil-contaminated
synthetic car seat covers exhibited 95% sensitivity, with 4
of 5 repeats producing a positive result; the single nega-
tive result likely stemmed from uneven semen distribution.
Polyester seatbelts, however, showed lower sensitivity (2 of
5 positives) and returned false negatives in 3 trials, reflect-
ing how smoother surfaces hinder fluid retention. Carpeted
floor mats scored 3 of 5 positives, with two false negatives
linked to soil interference. While detection remained gener-
ally reliable, soil contamination increased the risk of non-
uniform results (Figs. 5 and 6).

In the fourth scenario, the face, with higher sebum pro-
duction, showed a quicker and more intense reaction,
whereas the hand and neck were clearly positive, although
with slightly reduced colour intensity. STR Spray also dem-
onstrated high sensitivity for very small semen volumes (1-2
pL) (Fig. 7). After ambient contamination within 10—15 min,
a red test line confirmed the presence of sperm-associated
protein. These results underscore the effectiveness of STR
Spray for detecting semen on male victims’ skin, including
areas involved in oral sexual assault, and highlight the sta-
bility of seminal proteins over several days. Male-on-male
assault samples stored at 25 °C for varying durations showed
decreasing test-line intensity over time. At 24 h, the face,
hand, and neck all tested strongly positive. By 48 h, the lines
weakened slightly but were still clearly positive. At 72 h,
detection decreased markedly, with the face and neck often
showing faint or borderline lines; hand samples remained

Sensitivity of Sperm Tracker STK Lab on Car Surfaces
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Fig. 5 Sensitivity of the STK Tracker device in detecting seminal
traces on surfaces of different types, such as sponges, polyesters, and
fibrous material, in each of the repetitions performed
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Results of RSID™ Semen Test Repetitions
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Fig.6 RSID test results in each repetition after the application of semi-
nal fluid and an environmental contaminant (soil) on surfaces of dif-
ferent types

Analysis of STR Spray Sensitivity on Body Areas

98
X o6}
Frl
=
.‘§ Face (Avg: 98%)
$ 94+ —#— Hand (Avg: 92%)
> —#— Neck (Avg: 90%)
s
%)
E_‘ 92
%)

90

Test 1 Test 2 Test 3

Test Sessions

Fig. 7 Sensitivity of the STK Spray device in detecting seminal traces
on areas of skin (face, hand, and neck) in each of the repetitions
performed

faintly positive. Thus, beyond 48 h at room temperature, the
test reliability decreases significantly (Fig. 8).

Overall, RSID™ Sperm effectively detected semen on
skin, hair, fabrics, and car materials, even with contami-
nants such as saliva, blood, vaginal secretions, dust, or soil.
Although the intensity can decrease under adverse condi-
tions, actual false negatives were uncommon, especially
when surfaces allowed better fluid absorption. Prolonged
storage at room temperature further diminished line vis-
ibility, emphasizing the importance of timely collection and
analysis. Investigators should also note that consistent sam-
pling, thorough documentation, and immediate preservation
help maintain trace integrity throughout the forensic pro-
cess. Nonetheless, RSID™ Sperm remains a valuable tool
for investigations of sexual assault, offering robust results
that support reliable forensic conclusions.
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Fig. 8 Intensity of the positive band of the RSID tests on skin areas
(hand, face, and neck) containing seminal fluid exposed to suboptimal
temperatures for periods of 24, 48, and 72 h

Discussion

The multiscenario experimental design of this study offers
insight into how environmental and biological variables
influence the reliability of semen detection tools. Rather
than drawing definitive conclusions, the data suggest pat-
terns that warrant further investigation. The layered meth-
odological approach—ALS screening followed by targeted
AP-based Sperm Tracker techniques and RSID™ confir-
mation—appears to reduce false negatives and improve
the localization of semen traces [18-22]. However, the per-
formance of ALS is variable, with fluorescence frequently
affected by dyes, cosmetics, and fluids, an issue widely noted
in the literature and deserving of more systematic study [23].
These findings further indicate that complex contaminants
such as blood and faecal matter can weaken fluorescence or
colorimetric reactions [24], raising questions about threshold
sensitivity in real forensic settings where multiple victims
or contributors may be present [25, 26]. Although RSID™
demonstrated strong robustness in this study, the mecha-
nisms underlying its resilience in mixed-fluid environments
should be explored in greater depth, particularly given the
biochemical variability of body fluids [27]. Another element
emerging from the results is the impact of environmental
degradation on DNA recovery. Partial profiles were primar-
ily linked to exposure conditions rather than interference
from detection reagents [8, 28]. This underscores the impor-
tance of evaluating how different substrates, temperatures,
and humidity levels alter both chemical and genetic trace
stability. Systematic testing under controlled extreme envi-
ronments may help refine best-practice protocols. Additional
areas that merit further investigation include the performance
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of Sperm Tracker Spray® on highly fibrous or high-pile
materials, the role of advanced lighting systems or imaging
analysis in reducing operator-dependent variability, and the
potential for cross-reactivity in complex biological mixtures
with possible contribution from several individuals [29, 30].
Expanding research into new biomarkers—particularly for
cases involving aspermia or vasectomy—may also broaden
the applicability of immunochromatographic testing. Over-
all, the study highlights several strengths of the current
detection workflow but also reveals domains where empiri-
cal data remain limited. These observations reinforce the
need for continued experimentation to determine detection
thresholds, substrate-specific behaviours, and environmental
impacts on both chemical and genetic evidence integrity [31,
32]. A more extensive dataset could clarify how technology—
protocol integration influences investigative efficiency and
evidentiary reliability in sexual assault cases [33, 34].

Conclusions

This study highlights how integrating advanced detection
reagents (Sperm Tracker Spray, Sperm Tracker Lab) with
confirmatory tests (RSID™) substantially strengthens foren-
sic investigations in sexual assault cases. Owing to rigorous
sample preservation under chain-of-custody procedures and
the use of specialized detection methods, forensic teams can
identify and confirm even minimal or partially degraded semen
traces on difficult surfaces. Key findings include the following:

e High Sensitivity: Sperm Tracker Spray detects very
small volumes (1-2 pL) of a variety of absorbent and
nonabsorbent materials, maintaining efficacy even after
mild washing or contamination attempts.

e Adaptability to Various Scenarios: The contact (Lab)
and aerosol (Spray) methods complement each other,
enabling the analysis of both removable fabrics and
fixed or curved surfaces.

e Essential Chain of Custody: Labelling, documentation,
and secure storage ensure that evidence is admissible in
court and preserve scientific integrity.

e Resistance to Contaminants: Although blood and faecal
matter can impede or weaken fluorescent signals, a sec-
ond application of Spray and RSID™ confirmation often
reveals hidden semen.

e Minimal Impact on DNA: The use of Sperm Tracker had
no significant negative effect on subsequent STR analy-
sis for suspect identification.

On the basis of these findings, a “layered” approach is

recommended: initial rapid screening with ALS, targeted
use of Sperm Tracker (Spray or Lab) in suspicious areas,
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confirmation with RSID™ kits, and possible microscopic or
genetic analysis if specific suspect identification is needed
[11, 36-39]. The synergy of these methods, supported by
strict adherence to chain-of-custody protocols, enables
the collection of scientifically solid and reliable evidence
in sexual assault cases [11, 37—40]. Future studies may
expand on these conclusions by testing additional surfaces
(synthetic leathers, painted walls, and high-pile carpets),
exploring advanced digital image analysis techniques, and
developing new chemical markers for vasectomy or asper-
mia cases [44, 45]. These perspectives align with recent
research exploring alternative molecular markers to enhance
fluid differentiation, supporting the continuous refinement
of forensic identification strategies [46]. Nevertheless, the
evidence presented here indicates a significant improvement
in detection rates and probative reliability over older screen-
ing methods. Unconditional adherence to chain-of-custody
protocols and the use of high-sensitivity testing constitute a
decisive combination for successful forensic outcomes.

Key points

1. Spermatozoa detection is consistently maintained
across the simulated custodial degradation scenarios.

2. GE.F.IL.- standardized protocols optimize biomolecular
trace integrity and forensic yield.

3. Integration of forensic procedures within multidisci-
plinary sexual assault pathways reinforces evidentiary
robustness.

4. The results substantiate the medico-legal reliability of
seminal fluid analysis for judicial admissibility.
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