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Abstract Body fluids like blood and saliva are commonly
encountered during investigations of high volume crimes like
homicides. The identification of the cellular origin and the
composition of the trace can link suspects or victims to a
certain crime scene and provide a probative value for criminal
investigations. To erase all traces from the crime scene,
perpetrators often wash away their traces. Characteristically,
items that show exposed stains like blood are commonly
cleaned or laundered to free them from potential visible left-
overs. Mostly, investigators do not delegate the DNA analysis
of laundered items. However, some studies have already
revealed that items can still be used for DNA analysis even
after they have been laundered. Nonetheless, a systematical
evaluation of laundered blood and saliva traces that provides a
comparison of different established and newly developed
methods for body fluid identification (BFI) is still missing.
Herein, we present the results of a comprehensive study of
laundered blood- and saliva-stained pieces of cloths that were
applied to a broad range of methods for BFI including
conventional approaches as well as molecular mRNA profil-
ing. The study included the evaluation of cellular origin as
well as DNA profiling of blood- and saliva-stained (synthetic
fiber and cotton) pieces of cloths, which have been washed at
various washing temperatures for one or multiple times. Our
experiments demonstrate that, while STR profiling seems to
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be sufficiently sensitive for the individualization of laundered
items, there is a lack of approaches for BFI with the same
sensitivity and specificity allowing to characterize the cellular
origin of challenging, particularly laundered, blood and saliva
samples.
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Introduction

Evidence of blood is commonly encountered during investi-
gations and is often involved in cases of homicide, aggravated
assault or sexual assault. Like blood, saliva is highly associat-
ed with serious and major crime, especially sexual assault
cases [1] and burglary. The identification of the cellular origin
of the biological fluid often has probative value for criminal
investigations. In some cases it can be crucial for the outcome
of the whole trial. Currently, the main methods for body fluid
and tissue identification (BFI) are based on chemical tests or
immunological approaches [2, 3] and can be categorized as
presumptive or confirmatory tests depending on whether their
results are likely—but indefinite—or conclusive [4].

Blood, as well as saliva, is a highly complex mixture of
cells, enzymes, proteins, and inorganic substances [2, 5].
Blood comprises a fluid portion, plasma, and a cellular portion
that consists of erythrocytes (red blood cells), leucocytes
(white blood cells), and thrombocytes (platelets). Most of
the common presumptive tests target hemoglobin (hb), a pro-
tein that is enriched in the cytoplasm of the erythrocytes and is
responsible for oxygen transportation from the respiratory
organs to the remaining tissue and organs of the body. Heme
has the ability to catalyze an oxidation-reduction reaction.
Therefore, common presumptive tests, based on this catalytic

@ Springer


https://doi.org/10.1007/s00414-017-1691-6
mailto:Galina.Kulstein@uniklinik-lm.de
http://crossmark.crossref.org/dialog/?doi=10.1007/s00414-017-1691-6&domain=pdf

68

Int J Legal Med (2018) 132:67-81

reaction, often use hydrogen peroxide as oxidant. The most
commonly applied reductants are phenolphthalein,
leucomalachite green, tetramethylbenzidine (TMB), and
luminol [5].

Saliva is mostly composed of water (> 99%) in the
presence of buccal epithelia cells, enzymes, salts, mucin, and
alpha-amylase (x-amylase), which is responsible for the
breakdown of starch [2]. Because of its abundancy in human
saliva, most of the presumptive tests target x-amylase.
Confirmatory assays for blood and saliva are mainly based
on immunochromatography and allow to differentiate
between human and non-human body fluids. Despite their
sensitivity, caution is required in the interpretation of pre-
sumptive and confirmatory tests since they show a range of
drawbacks, e.g., false positive results with other oxidants like
plant peroxidases [6] or false negative results due to the high-
dose hook effect [7].

Because of the various limitations, new approaches for BFI
have been investigated. Molecular mRNA analysis [8—10],
microRNA (miRNA) approaches [11-16], and DNA methyl-
ation [17, 18] seem to be the most promising tools to over-
come the disadvantages of current techniques. However, there
is no universal technique that can be used or recommended for
BFI to this day.

To fill the lack of a missing comparison of approaches for
BFI, this work aims to compare established methods to recent-
ly developed innovative methods using challenging blood and
saliva samples. Because perpetrators often try to wash away
visible traces of the victim’s blood off their clothes by machine
washing or because victims try to wash away biological
evidence in order to not be reminded of the assault they expe-
rienced, we investigated the potential of BFI methods with
samples that have been laundered under varying conditions.
The comprehensive analysis included, on the one side, com-
monly used enzymatic as well as immunochromatographic
approaches and, on the other side, mRNA profiling. The com-
parison is based on different washing scenarios for blood as
well as for saliva samples: the experimental design included
distinct fabric types, multiple washing steps and considered
the influence of different washing temperatures and storage
periods prior to laundering. Besides RNA extraction, DNA
from traces on fabrics was extracted and analyzed to test to
which extent DNA of blood and saliva donors retains in
different fabrics after laundering and if STR profiling will be
promising.

Materials and methods
Sample collection and preparation

Blood and saliva samples were provided from healthy donors.
All samples were obtained after informed consent and with
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approval of the Medical Ethics Committee at the University
Hospital of Ulm, Germany. Blood has been drained by veni-
puncture. Native saliva was provided in 5 ml tubes after
abstinence from food and drinking for 30 min. For the laundry
experiments, cotton and synthetic pieces of cloths were
prepared (size 13 % 18 cm). The same piece of cloth was
spotted with 20 and 100 pl blood or with 20 and 100 pl of
saliva and dried overnight (saliva and blood were not mixed
on cloths). Distances between 20 and 100 pl volume traces
ranged approximately from 5 to 10 cm. Altogether, six differ-
ent experimental scenarios have been tested per body fluid
(Fig. 1). Blood- and saliva-stained cloths were laundered in
a LG Intellowasher WD-16110FD washing machine (that was
not cleaned before washing) using a standardized washing
program with a duration of 120 min and a spin cycle of
1000 rounds per minute (rpm) either at 40 or at 60 °C by a
first washer (hereinafter termed “washer 1”). A liquid deter-
gent (Denk mit, DM) without phosphatases was added. No
fabric conditioner was used during the washes. Items with
the same temperature and fabrics were washed together (with-
out addition of other garments). After washing, the items were
allowed to air-dry overnight and, dependent on the protocol,
were either processed immediately or washed again under the
same conditions. Laundered items were stored in envelopes
until further processing. The identical samples were used for
presumptive testing as well as for RNA processing. Cut-out
areas for presumptive testing measured approximately
0.25 c¢m?. In addition, cloths for LumiScene Ultra detection
were prepared. Pieces of cloths that were used for LumiScene
Ultra detection were neither subjected to other presumptive
tests nor RNA/DNA profiling. Unwashed synthetic and cotton
pieces of cloths spotted with the same amount of blood or
saliva were included into the analysis and used as positive
controls. Sporadically, controls of unstained areas (that were
supposed to serve as transfer and negative controls, hereinafter
only referred to as “transfer controls”) were added to test for
mutual nucleic acids transfer. Transfer controls were prepared
by multiple cut-outs of distinct areas throughout the entire
washed cloth piece. Positive and transfer controls were treated
like body fluid stained traces and included in all subsequent
analyses including presumptive testing. Except experimental
designs D1 and D2, which were repeated twice, scenarios B,
C, and E were repeated four times. To test whether the model
of washing machine or the type of liquid detergent have an
influence on the results, four replicates of experimental design
A were additionally washed with a Miele washing machine Ed
111-W 5873 by a second researcher (hereinafter named
“washer 2”) with 1000 rpm at 60 °C for 120 min using laun-
dry detergent powder from Persil (Henkel, Diisseldorf). One
further wash was accomplished by the washing machine of
washer 1 in combination with the washing powder of washer
2, Persil. Overall, this resulted in 24 samples for experimental
design A (for 20 and 100 pl volume samples together).
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Fig. 1 Experimental scenarios and conditions of washed items. Each
experimental design was conducted for blood- as well as for saliva-
stained pieces of cloths. Design assignment is given in bold. Dashed

Presumptive testing
Presumptive testing for blood

Hemastix Hemastix (Siemens) is a plastic reagent strip that
reacts in the presence of hb by cleavage of the oxygen molecules
of H,O, and catalyzation of 3,3’,5,5-tetramethylbenzidine that
results in a change of color from colorless to greenish [19]. The
test was accomplished by pressing and rubbing the moistened
filter paper of the test stripe against the washed stains.

Fecal occult blood (FOB) test The FOB test (Diagnostic
Systems, Holzheim) is an immunochromatographic quick test
that selectively recognizes human hb through an antibody-
antigene reaction. For testing, a portion of the washed sample
was cut out and included into the collecting tube provided
with extraction buffer. Four drops of the well-mixed solution
were transferred via dosing cap onto the samples window of
the test cassette. After 10 min of running time and incubation,
the result was recorded.

RSID™-Blood The RSID™-Blood test (Galantos Genetics,
Mainz) is an immunochromatographic assay that uses two
monoclonal mouse antibodies for glycophorin A detection.
Glycophorin A is a red blood cell specific protein that prevents

lines of experimental design indicate experiments with two replicates.
Undashed lines stand for experimental designs that have been repeated
four times

cellular aggregation. For testing, a piece of the washed sample
material was incubated for at least 60 min in the universal
incubation buffer. Afterwards 100 pl of the lysate was pipetted
into the sample window and the result was recorded after
10 min of incubation.

LumiScene Ultra LumiScene Ultra is a highly sensitive
chemical blood search solution that helps to visualize latent
bloodstains at crime scenes, where attempts were made to
remove or wash away blood traces. LumiScene Ultra uses
the peroxidase-like activity of hb to reduce its reductant. The
chemiluminescense emission can be measured during a period
of 15 s with a peak at 525 nm. LumiScene Ultra (Loci
Forensic Products, Nieuw-Vennep) reagent was prepared
according to the recommendation of the manufacturer.

Presumptive testing for saliva

Alternate light source (ALS) An alternate light source (ALS)
is a simple and non-destructive method to visualize the natural
fluorescence of different body fluids [20].

Bandwidths ranging from 365 to 445 (blue light) in com-
bination with yellow or orange filter goggles are commonly
used for the detection of body fluids like semen, saliva, or
urine [21, 22]. The items in our study were examined before
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and after washing using a crime-lite (foster + freeman) with
blue light (wavelength 430470 nm) in combination with
orange googles.

Phadebas® Amylase The Phadebas® Amylase test (Magle
Life Sciences, Lund) is designed to detect «x-amylase, which is
present in human saliva. Four hundred microliters of
Phadebas® solution (that was prepared according to manufac-
turer’s recommendations) and 100 ul of water were added to
each sample. Mixtures were incubated for 30 min at 37 °C. To
stop the reaction, 100 pl of 0.5 M NaOH was added and
samples were centrifuged for 5 min at 13000 rounds per
minute. The presence of x-amylase was indicated by a blue
coloration of the supernatant of the sample.

RSID™-Saliva The RSID™.-Saliva test (Galantos Genetics,
Mainz) detects x-amylase by utilization of two monoclonal
antibodies. For amylase detection, a portion of the washed
stain was cut out and extracted for at least 60 min in the
universal incubation buffer. Afterwards 100 pl of the lysate
was pipetted into the sample window. The result was recorded
after 10 min.

RNA and DNA extraction

Prior to RNA extraction, ambient RNases from all surfaces
and devices used for RNA analysis were removed with
RNaseZap (Merck, Darmstadt). Only RNase-free reagents
and consumables were used.

Extraction was realized by two subsequent extraction pro-
cedures on an automated device. For each extraction half of
the washed or unwashed stains were used. First DNA was
extracted using the Maxwell® 16 RSC Blood DNA Kit
(AS1400) on the Maxwell® 16 RSC platform (Promega,
Mannheim) according to the manufacturer’s recommendation.
DNA was eluted in 60 pl of elution buffer. Subsequently, the
other half of the stain was used to extract RNA following the
manufacturer’s instructions for RNA analysis with the
Maxwell® 16 RSC miRNA Tissue Kit (AS1460, Promega,
Mannheim), which extracts total RNA but enriches shorter
RNAs like miRNAs. Elution volume was 50 pul of RNase-
free water. RNA and DNA extracts were stored at — 20 °C
after extraction.

Quantification

DNA quantification

DNA extracts were quantified with the PowerQuant® System
(Promega, Mannheim) according to the manufacturer’s
recommendations using 5 pl of extract. The dilution series

for stand curve assessment goes down to 0.0032 ng/ul, so
the assay can detect very small amounts of human DNA. We
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are aware that accuracy of measurements decreases under this
detection limit. Amplification was carried out on the 7500
Real-Time PCR System (Applied Biosystems, Darmstadt).
Data were analyzed with the PowerQuant® Analysis Tool
v1.0.0.0.

RNA quantification

Total RNA quantity was assessed with the QuantiFluor®
RNA System applying the protocol for low RNA yields on
the Quantus™ Fluorometer (Promega, Mannheim).
Measurements were done according to the manufacturer’s
recommendation diluting 2 pl of RNA extract in 100 pl of
1XTE buffer and 98 pl of 1 to 1000 diluted QuantiFluor RNA
dye. According to the manufacturer, the system is able to
measure RNA ranging from 0.1 to 500 ng/ul.

Reverse transcription
Reverse transcription mRNA

cDNA synthesis was performed with the Tetro cDNA
Synthesis Kit (Bioline, Luckenwalde) according to the manu-
facturer’s instructions. Briefly, in the first step 12 ul of RNA
extract was combined with 1 pl of random hexamers (40 M),
1 wl ANTPs (10 mM), 1 pl RNase Inhibitor (10 U/ul), 4 pul
15xRT buffer and 1 pl MMLV Reverse Transcriptase (200 U/
ul) to a final volume of 20 pl.

Reverse transcription was performed on a Biometra
Thermocycler for 10 min at 25 °C and 30 min at 45 °C.
Reaction was terminated by incubation at 85 °C for 5 min.
After cDNA synthesis, samples were stored at — 20 °C.
Reactions were prepared in duplicates. RT- reactions (RNA
extracts including all reagents for cDNA synthesis but
Reverse Transcriptase) were included to test for potential
genomic DNA contamination.

Endpoint PCR and capillary electrophoresis
STR typing

STR typing was performed with the Investigator ESSplex SE
QS (Qiagen, Hilden) according to the manufacturer’s protocol
on a Biometra thermocycler with 29 cycles. An ABI PRISM
3130 Genetic Analyzer was used for product separation and
detection of amplicons. For the capillary electrophoresis 1 pl
of PCR product was added to 12 pl Hi-Di™ formamide and
0.5 pl size standard BTO 550. Reaction plates were sealed and
incubated for 5 min at 92 °C for denaturation. After denatur-
ation, samples were cooled on ice for 5 min. Samples were
injected for 1 s at 1.2 kV using a 4-capillary, 36 cm array with
performance optimized polymer (POP) 7 as a separation ma-
trix. The resulting data were analyzed with the GeneMapper
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ID v3.2. Threshold for heterozygotes was set to 50 relative
fluorescent units (rfu) and for homozygotes to 150 rfu.

mRNA profiling

Endpoint PCR was performed with 4 ul of cDNA synthesis
product in a reaction volume of 25 ul according to
Lindenbergh et al. [23]. In addition to the cDNA synthesis
product each reaction contained 12.5 ul of 2x multiplex
PCR master Mix and 5x of the Primer Mix Tissue-ID.
Based on previous publications and with permission of the
Netherlands Forensic Institute (NFI) the mRNA marker set
of the NFI was adapted for BFI in our laboratory [23-25].
The assay includes 19 markers of which three are supposed
to be detectable in blood samples: Hemoglobin subunit beta
(HBB), Delta-aminolevulinate synthase 2 (ALAS2) and
Cluster of Differentiation 93 (CD93). Two markers are used
for saliva assignment: Histatin 3 (HTN3) and Statherin
(STATH). Two housekeeping genes, Actin beta (ACTB) and
18S ribosomal RNA (18S rRNA), that are ubiquitously
expressed in all body fluids and tissues, are additionally
incorporated into the assay. Amplification was conducted on
a Biometra thermocycler applying following conditions:
15 min at 95 °C, 33 cycles of 20 s at 94 °C, 30 s at 60 °C
and 40 s at 72 °C, followed by an incubation of 45 min at
60 °C.

PCR products were separated and detected with an ABI
PRISM 3130 using Pop 7 polymer. The run was accomplished
with the multi-capillary Dye set for G5, the DS-33 Matrix
Standard kit (Thermo Fisher Scientific, Darmstadt).
GeneScan 500 LIZ dye size standard (Thermo Fisher
Scientific, Darmstadt) was used as internal lane standard. Per
reaction 0.1 ul of lane standard was mixed with 8.9 pl of
formamide. Reaction plates were sealed and incubated for
5 min at 92 °C for denaturation. After denaturation samples
were cooled on ice for 5 min. Samples were injected for 12 s at
1.2 kV. Duplicates of each sample were performed and ana-
lyzed with the GeneMapper ID v3.2. Threshold for peak
calling was 50 rfu.

Data analysis

Statistical analysis was performed with GraphPad Prism 6
(Graphpad Software Inc., La Jolla, CA, USA).

Results

Presumptive testing and mRNA profiling

To make sure that all presumptive tests work properly, positive

controls of blood and saliva were included and tested before
washed samples were subjected to presumptive testing. All

tests showed clear positive results for unwashed 20 and
100 pl volume samples. Because quantification with the
Quantus Fluorometer is generally not human-specific and
therefore not reliable, the highest input of 12 ul for RT reac-
tion was chosen for each sample. To test for potential DNA
contamination, RT- samples were included into the down-
stream analysis. Further, positive controls of blood-stained
pieces of cloths as wells as transfer controls were examined
in the subsequent analyses. All RT- controls were negative and
showed no interpretable RNA profiles, indicating a successful
DNase treatment during RNA extraction.

Blood

Unexpectedly, after laundering at 40 °C (Fig. 2b) and even at
60 °C (Fig. 2c) a visual examination of the cloths revealed that
blood traces were still present on cotton. This was observed
for washed cotton cloths of washer 1, but not for cotton cloths
that were washed at 60 °C by washer 2 (Fig. 2d) or on syn-
thetic fiber after laundering at 40 °C (Fig. 2f). As expected,
after laundering immunochromatographic detection by either
the FOB or the RSID™-Blood test showed negative results
for all samples independent of the experimental design, type
of fabric or sample volume (see Table 1). Yet, Hemastix re-
sults were positive for all samples, except for the cohort of
experimental design A that was washed by washer 2. These
four replicates did not react with Hemastix. Additionally, also
71% (5/7) of the transfer control samples exhibited positive
Hemastix results. Specific LumiScence Ultra reaction was still
visible on cloths after washing at 40 and 60 °C. Like the
positive control, samples reacted instantly with the
LumiScene Ultra and showed a blue luminescence that
persisted for over 1 min. However, it was noticed that fluores-
cence intensity diminished with increasing washing tempera-
ture. Interestingly, LumiScene Ultra reaction on 40 °C washed
cloths was not limited to blood-spotted areas, but spread
throughout the entire cloth (Fig. 3).

RNA quantities were assessed with the QuantiFluor®
RNA System. Controls of 20 and 100 pl blood on cotton
and synthetic fiber were quantified before washing. The
means of unwashed controls on cotton were 2100 pg/ul and
5000 pg/ul for 20 and 100 pl volume samples, respectively.
RNA amounts of samples on synthetic fiber resulted in a mean
of 2700 pg/ul for 20 ul volume samples and 7100 pg/ul for
100 pl of blood. Overall, RNA quantification after laundering
was successful in 82% of the samples. The remaining samples
(especially samples from experimental design A) showed
RNA amounts below the detection limit (below blank).

The mRNA assay includes three markers that are used for
blood detection: HBB, ALAS2 and CD93. In addition, both
housekeeping genes (ACTB and 18S rRNA) were evaluated
for each sample. Positive controls on both cotton and synthetic
material (20 pul as well as 100 pl blood samples) showed the
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Fig. 2 Unwashed blood stains
after trace generation with 100 pl
of blood on cotton (a) and
synthetic fiber (e). Blood residues
after washing at 40 °C (b and f)
and 60 °C by washer 1 (¢) and

~N

washer 2 (d)
: 100 pl blood stain 100 pl blood stain
100 pl blood stain

unwa;’hed on cotton washed at 40°C by washed at 60°C by

washer 1 washer 1

N N [

100 pl blood stain 100 pl blood stain 100 pl blood stain
washed at 60°C by unwashed on washed at 40°C by

washer 2 synthetic fiber washer 1

presence of all three blood-specific markers with high peaks
(500-8500 relative fluorescence units (rfu)). After washing,
blood-specific detection was successful in only 9% (4/56) of
all analyzed blood samples. RNA profiles were generated
mainly for 100 pl volume samples on cotton that have been
washed at 40 °C (experimental design B; Table 3). Peaks were
observed for HBB, ACTB and 18S rRNA (supplementary
figure 1). Nonetheless, detectable signals decreased compared
to control samples and ranged between 100 and 3000 rfu. For
samples taken from double-washed cloths or from items that
have been washed at 60 °C (experimental designs A, D1, D2
and E), no blood-specific targets were found. For the evalua-
tion of transfer scenarios, transfer controls were subjected to
RNA profiling, too. All transfer controls revealed no interpret-
able profiles. Therefore, we conclude that transfer scenarios of
blood that happened during the laundering experiments were
not measurable on RNA level.

Saliva
Prior to laundering, the localization and visualization of saliva

traces was possible with an ALS at a wavelength of 430—
470 nm and orange goggles. This observation was made for

traces on synthetic fiber as well as on cotton and is in concor-
dance to previously published statements [22]. However, the
fluorescence was weak and hardly visible (Fig. 4, 1a-d). Traces
on both fibers lost their fluorescence after laundering at 40 °C
(Fig. 4, 2a-d). After laundering, presumptive testing with the
Phadebas® Amylase test was graded positive for traces on
cotton and synthetic pieces of cloths that have been washed
at 40 °C as well as for cloths stored at room temperature for a
period of 30 days before washing. Detection of saliva on items
washed at 60 °C for one or two times was not possible any-
more (Table 2). No positive results were observed for transfer
controls. The immunochromatographic detection of x-amylase
with the RSID™-Saliva test exhibited sporadically positive
results for experimental design E only: «-amylase was detect-
ed in all 100 ul volume samples and in the moiety of 20 ul
volume samples (Table 2).

Mean RNA yields of saliva control samples on cotton were
1400 pg/ul for 20 pl and 3900 pg/ul for 100 ul volume sam-
ples. The means of unwashed controls placed on synthetic
fiber resulted in 2800 pg/pl and 3700 pg/ul for 20 and
100 pl volume samples, respectively. As expected, after wash-
ing RNA yields reduced in all experimental designs.
Measurable RNA was recorded for 75% of all quantified

Table1  Overview of presumptive test results of washed blood stains. Amounts of replicates of experimental designs B, C, and E were 4. Eight replicates
(4 by washer 1 and 4 by washer 2) were conducted for experimental design A. Experimental design D was duplicated for cotton and synthetic fiber

Experimental design A B C D1 + D2 E

Volume [pl] 20 100 20 100 20 100 20 100 20 100
Hemastix 4/8 4/8 4/4 4/4 4/4 4/4 22 22 4/4 4/4
FOB 0/8 0/8 0/4 0/4 0/4 0/4 0/2 0/2 0/4 0/4
RSID 0/8 0/8 0/4 0/4 0/4 0/4 0/2 072 0/4 0/4
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Fig. 3 Blood detection on cotton

Unwashed 40°C 60°C

pieces of cloths before and after
washing at 40 and 60 °C with
LumiScene Ultra (areas of
luminescence are outlined)

samples. Subsequent RNA profiling failed in all samples (in-
cluding transfer controls) irrespective of washing temperature
or fabric type for saliva-specific as well as for housekeeping
markers.

DNA quantification and STR profiling

STR profiling was graded according to the German data-
base guidelines meaning that profiles were evaluated as (i)
reportable to the database, (ii) informative, but not report-
able to the database and (iii) not informative. A profile is
reportable when three of the five main loci (SE33, D21S11,
vWA, THO1 and FGA) and altogether five out of eight loci
(additionally D3S1358, D8S1179 and D18S51) can be des-
ignated. If this is not the case, the profile is still informative
and can be used to assign or exclude a person of interest
but is not applicable for an incorporation into the database.
A profile is not informative at all when not enough alleles
were typed and even an assignment or exclusion to a
suspected person is not feasible anymore.

Blood stains

After co-extraction, DNA was quantified with the
PowerQuant system. For blood, the unwashed cotton controls
resulted for 20 pl stains in a mean DNA amount of 970 pg/ul
and for 100 pl in 9850 pg/ul. Unwashed controls of synthetic
cloths contained 1430 pg/ul and 8210 pg/ul for 20 and 100 pl
stains, respectively. DNA quantification results of blood-
stained cloths are summarized in Fig. 5.

DNA amounts in cotton decreased after washing at 40
and 60 °C with higher temperature leading to greater loss.
This was observed for 20 pl as well as 100 pl volume sam-
ples (Fig. 5—A + B). Comparably, DNA amounts of 20 and
100 pl samples on synthetic fiber decreased after washing at
40 °C (Fig. 5—C). The comparison of cotton and synthetic
fibers washed at 40 °C shows that cotton seems to retain
DNA better than synthetic fibers since DNA amounts of
cotton samples were higher for both sample volumes.

To test whether an increased amount of washing proce-
dures will result in a decrease of DNA amounts, samples were
washed twice with the application of the same washing

Fig. 4 Light source detection
(areas are outlined) of saliva
traces on synthetic and cotton
fibers at 430-470 nm wavelength
with orange googles of (Al + C1)
20 ul saliva traces and (B1 + D1) 1
100 pl saliva traces. Loss of
fluorescence after washing at
40 °C of (A2 + C2) 20 pl saliva

traces and (B2 + D2) 100 pl saliva
traces
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Table 2

Overview of presumptive test results of washed saliva stains. Amounts of replicates of experimental designs B, C and E were 4. Eight

replicates (4 by washer 1 and 4 by washer 2) were conducted for experimental design A. Experimental design D was duplicated for cotton and synthetic

fiber. Amounts in brackets indicate weak positive test result

Experimental design A B C D1 + D2 E

Volume [pl] 20 100 20 100 20 100 20 100 20 100
Phadebas® 0/8 1/8 (3/4) (4/4) (4/4) (4/4) 0/2 0/2 (4/4) (4/4)
RSID™ 0/8 0/8 0/4 0/4 0/4 0/4 0/2 0/2 (2/4) (4/4)

conditions. DNA amounts of both fabric types decreased after
the double washing procedure (Fig. 5—D1 + D2).

Further, the results indicate that storage time has no signif-
icant influence on DNA amounts (Fig. 5—E). To test whether
the type of washing machine or the type of washing detergent
had an influence on DNA retention after washing, an addition-
al wash was performed with a more modern washing machine
and a branded powder detergent (by washer 2). The quantifi-
cation results show that the combination of a newer washing
machine and a non-liquid detergent leads to decreased DNA
amounts for 20 and 100 pl volume samples (Fig. 6). To find
out whether the washing machine or the washing detergent
caused the reduction, washer 1 additionally conducted a wash
with his washing machine in combination with the detergent
of washer 2. The wash resulted in lower DNA yields com-
pared to the prior wash of washer 1. However, DNA concen-
trations were still higher than those of washer 2.

Altogether, 91.1% of all samples yielded DNA profiles that
were qualitatively good enough to be reported to the database
(Table 3). Reportable profiles were analyzed independent of

Fig. 5 Overview of DNA 80007
quantification results (pg/pl) of all 2750
experimental designs for 20 and

100 pl volume samples of blood. 2500
Line indicates median.
Experimental design A: cotton
washed at 60 °C, B: cotton
washed at 40 °C, C: synthetic
fiber washed at 40 °C, D1: cotton
washed twice at 60 °C, D2:
synthetic fiber washed twice at
40 °C, E: cotton washed at 60 °C
after 30 days of storage
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the experimental design, meaning that neither fabric type nor
washing temperature seem to have an impact on STR profiling
outcome. However, it was observed that STR profiles of
100 pul volume samples showed a better performance in all
experimental designs.

Overall samples of washer 2 yielded lower DNA amounts
and showed more allelic drop-outs than samples of washer 1.
Nevertheless, all 100 pl volume traces washed by washer 2
resulted in full and reportable profiles, whereas 20 pl samples
were informative but not reportable. Also, all blood-stained
cotton samples that were washed at 60 °C of the second cohort
of washer 1 showed reportable profiles (except one 20 pl
volume sample that was informative, but not reportable).
Because of the similar results, we decided to summarize all
samples of washer 1 and washer 2 for further evaluation.

To test the possibility of transfer of blood from stained to
unstained sections of the cloths, we also evaluated STR typing
of transfer controls. Transfer controls were taken from washed
cloths where no blood was applied before washing. During the
experiment, seven control samples were conducted.

—e —ego—
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Fig. 6 Comparison of DNA a b
amounts in pg/pl after washing of 3501 3501
blood-stained cotton cloths at *
60 °C by washer 1 and washer 2. 300 3007 *
a 20 pl and b 100 pl volume
samples. Line at median 2501 2501
Z 200 2 200
= 2
£ 1504 * < 1504
a a
100 100+ ¢
50 . 50 .
L]

washer 1

STR profiling of transfer samples resulted in 28.6% (2/7) re-
portable, 28.6% (2/7) informative, but not reportable and
42.9% (3/7) not informative profiles. Reportable profiles were
mainly generated from controls that have been taken from
cotton cloths. Most of the alleles matched the profiles of the
blood donors of the experiments. Allelic drop-ins with un-
known origin were also observed.

Saliva stains

Compared to blood, saliva samples yielded lower DNA
amounts. Unwashed controls for 20 pl and 100 pl traces
on cotton contained mean values of 430 pg/pul and
3460 pg/ul, respectively.

washer 2 washer 1+Persil

washer 1 washer 2 washer 1+Persil

During DNA quantification of the positive controls, it was
noticed that the DNA quantities extracted from the saliva
samples of the two individuals (that donated saliva for the
experiments) varied strongly. We hypothesize that the
outliners that were observed during the study (especially in
the scenarios B and E including 100 pl volume traces) resulted
from those inter-individual DNA differences. Generally, it is
known that saliva samples of different individuals show vari-
able cell composition and amounts of cells, which results in
distinct DNA amounts after extraction.

After laundering, cotton pieces of cloths that were
washed at 40 °C showed reduced DNA amounts for 20
and 100 ul volume samples (Fig. 7—B). Washing at
60 °C resulted in even more reduced median amounts, at
least for 20 ul volume samples (Fig. 7—A). Unwashed

Table3  Overview of mRNA and STR profiling results for distinct experimental designs of blood-stained cloths. * Washes of washer 1 and washer 2
were summarized. Amounts in brackets indicate unsteady detection with one reaction resulting in a positive and one reaction in a negative result
Experimental Sample RNA RNA analysis DNA analysis
design volume quantification
[ud] range [pg/ul] mRNA DNA STR profiling
quantification
median
[pg/ul]
HBB ALAS2 CD93 ACTB 18S Reportable Informative, Not
rRNA not reportable  informative
A* 20 0-900 0/12  0/12 0/12 0/12 0/12 3 7/12 4/12 1/12
100 0-1000 0/12  0/12 012 012 0/12 11.8 12/12 - -
B 20 1100-1700 1/8  0/4 04 0/4 (4/4) 280 4/4 - -
100 4200-5200 38 0/4 04 2/4 4/4 2240 4/4 - -
C 20 0-20 04 0/4 04 0/4 2/4) 30 4/4 - -
100 100-500 (1/4) 0/4 04 0/4 3/4) 120 4/4 - -
D1 20 200-700 02 02 02 02 02 3 22 - -
100 600-900 02 02 02 02 (172) 40 22 - -
D2 20 300-500 02 072 02 02 0/2 2 2/2 - -
100 300-400 02 072 02 02 172) 20 22 - -
E 20 13002200 04 0/4 04 0/4 0/4 40 4/4 - -
100 3800-6000 04 0/4 04  0/4 4/4) 300 4/4 - -
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Fig. 7 Overview of DNA 100
quantification results (pg/pl) of all
experimental designs for 20 and
100 pl volume samples of saliva.
Line indicates median.
Experimental design A: cotton
washed at 60 °C, B: cotton
washed at 40 °C, C: synthetic
fiber washed at 40 °C, D1: cotton 60

80

washed twice at 60 °C, D2: =
synthetic fiber washed twice at f‘
40 °C, E: cotton washed at 60 °C Z
after 30 days of storage 40+

204

. —.—
[ i [
: s . .
- —a— [ i L
L 20l 100 ul, ,20l 100 pl , 204l 100 pl ,, 20 pl 100 pl, , 20 pl 100 pl, | 20 pl 100 pl,

controls of synthetic fiber resulted in mean DNA concen-
trations of 540 pg/ul for 20 pl stains and 3880 pg/ul for
100 pl stains. Manufacturers usually recommend launder-
ing synthetic fibers at 40 °C, this is why we did not
include any other washing temperatures into our experi-
mental design. Washing of synthetic fibers at 40 °C re-
sulted in decreased DNA yields for both, 20 and 100 ul
samples. Compared to cotton traces that were washed at
40 °C and in contrast to the results of blood stained
cloths, synthetic DNA retention rates were higher.

Double washing of cotton and synthetic cloths reduced the
DNA amounts further for both volumes (Fig. 7—D1+D2).

The influence of the storage interval of 30 days on sali-
va traces in cotton showed that after laundering at 60 °C,
DNA amounts increased for both volumes compared to
samples that have been stored only overnight before wash-
ing (Fig. 7—E). The quantification results of the additional
washing procedure by washer 2 indicated that DNA
amounts of saliva samples decreased for 20 and 100 pl
volume samples (Fig. 8a+b).

In total, reportable profiles were typed for 25 of 48 (52.1%)
saliva traces. Eighty percent of the reportable profiles resulted
from 100 pl volume samples. Informative profiles were gen-
erated by 20 pl as well as 100 pl volume samples. Altogether,
16 of 48 (33.3%) samples contained enough information for
inclusion or exclusion of suspects. Only 14.6% yielded no
informative profiles. Those profiles contained only data from
20 pl volume samples (Table 4). Differences were observed
between samples that have been washed by washer 1 and
washer 2. Informative profiles of 20 ul samples (of washer
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1) were obtained in 75%, while 20 pl volume samples of
washer 2 were only informative in 25%. Also, 100 pl volume
samples of washer 2 exhibited qualitatively inferior STR pro-
files, where 75% resulted in informative, but not reportable
profiles. In comparison, after washing by washer 1 all samples
resulted in full, reportable profiles. Six transfer control sam-
ples were conducted during the experiments with saliva traces.
Although up to 13 drop-in alleles were observed in one con-
trol, none of the samples resulted in reportable or informative
profiles.

Discussion

The present study investigated the potential of convention-
al and novel methods for BFI of blood- and saliva-spotted
pieces of cloths that have been laundered under varying
conditions. Besides, the applicability of STR profiling of
laundered samples was assessed. The examination com-
prised six different washing scenarios for two distinct
fabrics (cotton and synthetic fiber). Small numbers of
published empirical studies have already demonstrated
that STR profiling of laundered blood- and saliva-
stained items is feasible [26, 27] and investigated the
possibilities of secondary transfer during laundering
[28]. However, none of the studies have, to our knowl-
edge, conducted a comprehensive comparison of BFI
methods including RNA profiling of differentially laundered
items so far.
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Fig. 8 Comparison of DNA a b
amounts in pg/l after washing of 157 15
saliva-stained cotton cloths at *
60 °C by washer 1 and washer 2. .
a 20 pland b 100 pl volume 3 10 S 10-
samples. Line at median =) ) .
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Conventional BFI
Blood traces

Visualization and localization of crime scene related traces is a
major challenge in forensic sciences. Generally, bloodstains
occur frequently at crime scenes and can in principle be
detected with the naked eye. Unfortunately, exposure to water
or cleaning reagents dilute the blood until it cannot be detected
by the naked eye anymore. In a recent publication, Edler et al.
stated that it is possible to observe macroscopical residues of
blood on cotton fibers after washing at different washing
temperatures [27]. In our study, we were also able to detect
blood stains macroscopically after laundering of cotton cloths
at 40 °C and also at 60 °C by washer 1 (Fig. 2). Further, we
agree with Edler et al. that fabric type and density have an
effect on the retention of blood and that blood does not adhere
well to smooth fabrics like polyester, because we could not

observe blood residues on synthetic fiber. Contrary to our
findings, Kamphausen et al. did not see any blood leftovers
after washing 1.5 ml blood stains neither by hand nor by
machine [28].

In cases where macroscopical examination fails to visualize
blood on laundered items, chemiluminescence-based ap-
proaches like LumiScene Ultra can be used to detect latent
blood traces. LumiScene Ultra is known to be one of the most
sensitive methods for localization of latent blood traces.
Referring to Radacher et al., LumiScene Ultra is even more
sensitive than BlueStar® and LumiScene and should prefera-
bly be used for crime scene investigations [29]. In our study,
application of LumiScene Ultra for blood detection resulted in
a chemiluminescent reaction for 40 and 60 °C washed items;
again only for cloths that have been washed by washer 1. This
finding supports the results of Adair et al. [30] and Edler et al.
[27] who also observed a chemiluminescence in the vast
majority of their laundered samples. However, Edler et al.

Table4 Overview of mRNA and STR profiling results for distinct experimental designs of saliva-stained cloths. * Washes of washer 1 and washer 2

were summarized

Experimental Sample RNA quantification RNA analysis DNA analysis
design volume [ul] range [pg/ul]
mRNA DNA quantification STR profiling
median [pg/ul]
STATH HTN3 ACTB 18S Reportable Informative, Not
rRNA not reportable  informative
A* 20 0-900 0/8 0/8 0/8 0/8 0.4 - 4/8 4/8
100 0800-2000 0/8 0/8 0/8 0/8 3 5/8 3/8 -
B 20 0-60 0/4 0/4 0/4 0/4 1 - 4/4 -
100 0-500 0/4 0/4 0/4 0/4 5 3/4 1/4 -
C 20 0 0/4 0/4 0/4 0/4 5 2/4 1/4 1/4
100 0-300 0/4 0/4 0/4 0/4 34 4/4 - -
D1 20 0 0/2 0/2 0/2 0/2 1 - 12 12
100 670-710 0/2 0/2 0/2 0/2 4 2/2 - -
D2 20 100-110 072 0/2 02 02 9 22 - -
100 100-700 02 0/2 02 0/2 11 22 - -
E 20 40-100 0/4 0/4 0/4 0/4 2 1/4 2/4 1/4
100 40-1000 0/4 0/4 0/4 0/4 16 4/4 - -
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noticed the most intense reaction at 60 °C compared to 95°
and 30 °C [27]. In our study, the intensity of chemilumines-
cence decreased with increasing washing temperature.

During presumptive testing, striking differences have been
observed between the enzymatic and chemical tests and
immunochromatographic applications. The Hemastix test,
which is one of the most common and simplest tests for hb
detection, showed positive reactions in all samples that have
been washed by washer 1. Compared to the Hemastix test, the
FOB test did not react with laundered blood traces. The
RSID™.-Blood test showed positive reactions only sporadi-
cally. The reason for this might be that immunological assays
are generally known to be less sensitive than enzymatic or
chemical tests. The lowest limit of detection of the RSID™-
Blood e.g. is much higher than the detection limit of
Hemastix, ranging between 0.02 [31] and 0.05 pl blood [7].
This finding is concordant to Mushtaq et al. who compared
four presumptive tests after hand-washing of blood-stained
fabrics. Of the four tested approaches—Kastle-Meyer test,
leucomalachite green, tetramethylbenzidine and Hemastix—
the latter showed the highest sensitivity. Positive results were
obtained for six different detergents on 12 investigated fabric
types [32].

Despite its high sensitivity, the results of Hemastix and
LumiScene Ultra should be treated with caution, because it
is known that the presence of strong oxidants, such as
chlorine-containing detergents or peroxidases e.g. from plants
can cause false positive results [33-35].

Saliva traces

Since the Phadebas® test shows the highest sensitivity with
a detection limit of 1000 nl [36], this method is immensely
distributed in forensic case work. In our study, the Phadebas®
test also exhibited the highest sensitivity compared to
immunochromatographical approaches. Laundered saliva-
stained cloths reacted in 50% of the samples with the
Phadebas® reagent. Unfortunately, the Phadebas® test, which
detects amylase, is not capable of differentiating between
salivary amylases and amylases from other sources e.g.
pancreatic or urinary amylases. Therefore, the application of
Phadebas® can result in false positive reactions and should be
interpreted with caution [34, 36].

Although the RSID™-Saliva test has a detection limit of
10 nl [36], detection failed in all laundered samples.

RNA profiling

In our study, HBB has been shown to be the most sensitive
blood mRNA marker and was still detectable after laundering.
HBB is a globin that makes up hemoglobin in red blood cells.
Other studies already demonstrated that HBB is very sensitive
and detected HBB in a minimum volume of 0.001 ul blood
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[24, 37-39]. The increased sensitivity compared to other
blood specific mRNAs might result from the high abundance
of erythrocytes in blood cells, which are around 700 times
more abundant than leukocytes. Even though erythrocytes
do not contain cellular DNA or mRNA themselves, their pre-
cursors, termed reticulocytes, contain mRNA and make up
1% of red blood cells [24].

Compared to the blood mRNA markers, none of the saliva
specific mRNA candidates (STATH and HTN3) were detected
in saliva stains after laundering. STATH encodes a calcium
regulator in saliva [40] and HTN3 encodes a histidine rich
protein involved in the non-immune host defense in the oral
cavity [41, 42]. Generally, both markers show specific expres-
sion for saliva, are equally sensitive [24] and have a similar
sensitivity to conventional BFI methods like the RSID™-
Saliva test [43]. Failed detection of saliva specific mRNAs
in laundered samples might occur because both markers are
predominantly expressed in human parotid and sublingual-
submandibular (salivary) glands [9]. Also, it is known that
mRNAs that are abundant in fresh saliva are more prone to
fast degradation by extracellular RNases [34]. Further, envi-
ronmental studies showed that both markers exhibit an in-
creased sensitivity to hydrolytic damage [44, 45]. In 2009,
Zubakov et al. demonstrated that the detection limit of
blood-specific mRNA markers in their study was lower than
that of saliva-specific markers and suggested that cellular or-
igin might be a considerable factor influencing RNA stability
[46]. We agree with this observation, and suggest that blood is
more resistant to laundering compared to saliva.

Even though laundering experiments have already been
presented by van den Berge et al. [47], they were not able to
detect RNA in blood and saliva stains of laundered items. This
may be because they did not set up a systematical study cov-
ering different experimental scenarios.

The differences in mRNA detection of blood samples in
both studies may also result from the distinct RNA data inter-
pretation approaches. The NFI applies the “x = n/2” rule as
described in [24] analyzing 4 replicates. In this experimental
design—as BFI input was known—our interpretation is only
based on the evaluation of two replicates. Samples were
assigned to a certain body fluid as soon as at least one specific
marker was observed.

Despite the concerns about the low stability of RNA, the
long-term persistence of RNA molecules under certain cir-
cumstances and scenarios has been shown in various studies
for environmentally challenged [45] or aged samples [23, 48].
With this study, we also showed that RNA is robust enough to
survive laundry at 40 °C. However, because RNA profiling
was limited in our study, the possibility of analyzing laundered
samples with other approaches should be considered. Besides
RNA profiling, BFI research also focuses on DNA methyla-
tion [17, 18], proteomic-based identification of body fluids
[49, 50] and miRNA detection [11-13, 15]. Also, first results
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of NGS-based solutions for mRNA detection are available
[51, 52]. Applying high coverage analysis in combination
with yielded targeting of so-called transcript stable regions
(STaRs) may result in a more specific amplification of highly
degraded transcripts [53]. Further, it is hypothesized that
miRNAs might be more suitable for the analysis of challeng-
ing and degraded forensic samples due to their small (18 to 24
nucleotides) size and the stabilizing effect of Argonaute pro-
teins [54, 55].

DNA yields and STR typing

Altogether, our findings are concordant with results of previ-
ous research studies, which showed that DNA profiling of
laundered blood stains is possible [27, 28]. Like
Kamphausen et al., we could show that results differed be-
tween distinct cell types [28]. Recovered DNA amounts from
single-donor washed blood stains ranged from 0 to 2700 pg/
pl. DNA concentrations of saliva-stained cloths after launder-
ing were between 0 and 82 pg/ul. Ninety-eight percent of the
blood stains resulted in reportable or informative DNA pro-
files matching the blood donors. In contrast, reportable and
informative profiles of saliva stains were analyzed in 85% of
all samples. Overall, saliva stains showed lower DNA
amounts than blood stains, and consequently, a lower proba-
bility of typing full profiles (blood 91%; saliva 52%).

Some studies have already shown that transfer of blood
particles from one item to another is possible, either by direct
[56] or indirect transfer [57]. Moreover, Goray et al. showed
that transfer scenarios occur more likely with wet blood
stains [58]. In their examination, Kamphausen et al. proved
that secondary transfer also occurs in a wet environment dur-
inglaundering [28]. Receiving cloths contained full or partial
profiles in almost 80% of the samples. Our findings support
this observation. However, in our study, transfer controls
employed in the blood experiments resulted in 57% report-
able or informative profiles. The difference of the transfer
rates may be explained by the limited sample amounts in
our study. Because the study focuses on BFI, only transfer
controls wererated as transfer scenarios. Concerning transfer
of saliva scenarios, our findings are concordant with
Kamphausen et al. [28]. Transfer of DNA was not observed
in saliva laundering scenarios. Saliva samples are generally
known to produce less complete profiles after transfer [50,
59].

To identify potential correlations of washing parameters
and outcome of DNA analysis, multiple variables were adjust-
ed during washing procedures: distinct washing machines,
detergents and washing temperatures were included into the
analysis. Like Andrews et al. [26], we observed higher DNA
yields from cotton cloths washed at 40 °C compared to items
washed at 60 °C for blood samples. Also, prolongation of
storage time between deposition of traces and washing

procedure seems to slightly improve DNA yields of blood as
well as of saliva samples. This might be attributed to the ef-
fect, which has already been described for seminal fluid stains.
The lag period can enhance the resistance of cellular material
to the washing procedure, allowing the cells to be trapped
deep in the fabric instead of being deposited on the surface
[60]. This observation might be important since lag periods
between offense and police investigation are possible and can
range from hours to years.

Kamphausen et al. postulated that STR profiling of laun-
dered samples is successful independent of the washing pro-
cedure (hand or machine) or the addition of detergent [28].
Here, we could show that despite the STR profiling success
the washing detergent seems to have an influence on overall
yields. DNA amounts reduced when a powder detergent was
used for both washing machine types of washer 1 and 2.
However, we agree with Edler et al. [27] that washing tem-
perature does not seem to have significant influence on
cleaning results.

Dependent on the brand, laundry detergents have different
chemical compositions. Typically, detergents consist mainly
of surfactants, water softener, bleaching agents, washing alka-
lis and enzymes like proteases, amylases, lipases or celluloses.
In addition, some include fragrances, brighteners and stabi-
lizers. In a comparison of 6 different detergents, Mushtaq
et al. concluded that Ariel removes stains most effectively.
However, their argumentation was based on results of pre-
sumptive testing, not on DNA analysis [32]. Like Persil, also
Ariel is a powder detergent. Still, further experiments are
required to ascertain whether powdery detergents remove
stains more efficiently than liquid detergents do.

Conclusion

In the comparison of conventional and innovative methods for
BFI of laundered blood and saliva traces, we could show for
the first time that mRNA of the blood-specific marker HBB is
robust enough to survive a laundering process of 2 h at 40 °C
including a washing detergent. Compared to blood traces,
RNA detection of saliva-specific markers failed for laundered
saliva-stained cloths. Likewise, conventional tests showed
limitations for both body fluids. Immunochromatographic as-
says failed to detect blood as well as saliva in all samples.
Generally, enzymatic and chemical assays proved to be the
most suitable applications for BFI in laundered sample.
However, caution is needed in the interpretation, because both
are known to have disadvantages like the lack of specificity
and sample consumption. Compared to RNA profiling, those
approaches are simple, cost-effective and can be performed
very quickly. RNA profiling is more elaborate and cost-inten-
sive. Interpretation of RNA profiles requires practice and
long-term experience. Therefore, at this stage, we conclude
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that innovative approaches for BFI cannot replace current
methods for BFI, but rather supplement them. A combination
of conventional and innovative methods for BFI may be a
good alternative approach for the analysis of challenging case
work samples. Experts could not only benefit from increasing
probative value of synergized applications but also enhance
their expertise in promising technologies. Even though the
breakthrough solution for BFT is still not established yet, the
sampling of laundered blood and saliva stains is still worth-
while, because the majority of laundered samples (98% of
blood and 85% of saliva traces) can be used for individuali-
zation and incorporation of profiles into national databases.
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