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The Use of Raman Spectroscopy
for the Identification of Forensically
Relevant Body Fluid Stains

Raman spectroscopy is fast becoming a popular technique in the forensic science discipline,
and more recently its focus has turned to biological samples. This study reveals the ability of
Raman spectroscopy to identify some forensically relevant body fluids, both individually and
within mixed samples, that can be crucial in some forensic investigations. This study also fur-
ther demonstrates the capabilities of Raman as a means for human blood identification in sim-
ulated crime scene samples to include bloodstains on a variety of fabrics, at varying dilutions,
following laundering, and with the use of various blood-enhancement reagents. The impact of
washing and blood-enhancement reagents reveals the importance of the choice of method and

its bearing on subsequent Raman analysis.

Tyler Schlagetter, Brooke W. Kammrath, and Claire L. Glynn,

unknown stain can aid both in reconstruction and, if it

is a biological stain, identification of an individual. Many
suspected body fluid stains are first presumptively identified
at the scene, then confirmed in a laboratory setting. However,
many of the tests used, both presumptive and confirmatory,
consume the sample in question, preventing further analy-
sis, namely DNA profiling. These methods can also be time-
and labor-intensive, while producing variable results. Raman
spectroscopy has been gaining interest as a new method of
body fluid identification, partly because of its nondestructive
nature. Prior research has demonstrated that Raman spectros-
copy gives a unique spectrum for several body fluids regularly
found at crime scenes, while also preserving the sample for
DNA analysis (1,2).

Many of the presumptive tests for biological stains are
reagent-based, targeting specific components in the body
fluid being tested. These are then followed by a second test
used to confirm the result of the initial test. In blood, the
main component tested for is hemoglobin (3), and if a pre-
sumptive positive is found, the Takayama crystal test can be
performed (3), although “card” methods are being used more
(4). Presumptive testing for semen relies on the presence of

I n forensic investigations, determining the identity of an

seminal acid phosphatases, although these tests can create
false positives because of the presence of acid phosphatases
in other body fluids (5). These presumptive tests are then
checked for the presence of spermatozoa to confirm the pres-
ence of semen. The sperm are stained using techniques such
as Christmas tree staining (6). If the sample is azoospermic,
prostate-specific antigen (PSA) can also be tested for, but
this technique is also nonspecific (7). For saliva, presumptive
tests are mainly color reaction tests checking for the pres-
ence of a-amylase (8). Confirmatory tests for saliva consist
of enzyme-linked immunosorbent assays (ELISAs), targeting
amylase (9) or statherin (10). Presumptive testing for urine is
nonspecific and insensitive (3), but it can prove useful in fo-
rensic investigations because DNA has been recovered from
urine samples (11). Methods are being developed using mes-
senger RNA (mRNA) (12) and micro RNA (miRNA) (13) as
a means of identifying body fluids, both individually and in
mixtures. However, there is still a need for a sensitive and
specific test to identify biological fluids found on evidence.
Raman spectroscopy has several biological uses outside of
forensic science, and it has been used to characterize different
biochemical processes in cells (14,15) and identify bacteria to
the species level (16). It is currently emerging as a technique



in the forensic disciplines because of its
nondestructive nature and reagent-free
sample preparation (17). Raman also
requires minimal amounts of a sample
and receives little interference from
water molecules, separating it from
other forms of vibrational spectroscopy,
specifically infrared (IR) spectroscopy
(18). Portable Raman spectrometers
have further increased the popular-
ity of the technique because it has al-
lowed for testing at a crime scene (19).
Raman spectroscopy has been used in
the forensic sciences to identify a va-
riety of different materials chemically,
including pen inks (20), condom lubri-
cants (21), controlled substances (22),
and fabrics (23). For the analysis of
biological fluids, Raman spectroscopy
has been shown to identify blood (17),
semen (24), and saliva (25). Blood and
semen were analyzed further, and it was
revealed that both could be detected on
several different substrates (26,27). It
was also shown that blood and semen
could be differentiated from each other
in mixtures (28).

This research had several aims. First,
the aim was to confirm the genera-
tion of unique spectra for each of the
individual body fluids using Raman
spectroscopy. Second, the aim was to
determine the ability of the technique
to differentiate between two biologi-
cal fluids in mixed samples. Third, the
study aimed to investigate the effects of
laundering and enhancement reagents
on the Raman spectroscopic signature
of human blood in simulated crime
scene samples. Finally, the study aimed
to investigate the impact of extracting
bloodstains from fabric before Raman
analysis.

Materials and Methods

Sample Collection

All body fluid samples used in this
study were collected after Institutional
Review Board (IRB) approval and with
the informed consent of the volunteers.
Venous blood was collected from the
volunteers by a registered phlebotomist.
Saliva, semen, and urine were collected
by the volunteers themselves using sam-
ple collection kits. After the volunteers
collected and returned the samples, the
kits were stored at 4 °C.
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Figure 1: Average Raman spectra of blood (blue), saliva (purple), semen (green), and urine (red).
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Figure 2: Raman spectral subtraction results for blood on white cotton.

Individual and Mixed
Body Fluid Preparation
First, 10 pL of each body fluid sample
to be analyzed was placed either di-
rectly onto an aluminum foil-covered
glass microscope slide or onto a piece of
a fabric substrate that was taped to such
a substrate. All four body fluids were
tested on black cotton and white cot-
ton, with blood being further analyzed
on white polyester, black polyester, and
denim.

All possible two-component mixtures
of the four body fluids were tested, for

a total of six different mixtures. Four
samples of each mixture were prepared:
two samples with the fluids in equal
ratios, and one sample of a 1:3 ratio for
each fluid in the mixture (that is, 5 uL
of blood in 15 pL of semen, and the re-
verse). Body fluids were mixed before
being placed onto the slide. All samples
were allowed to dry overnight.

Laundering and Blood-
Enhancement Reagents
For the testing involving the blood en-
hancement reagents, 150 puL of blood
was placed in triplicate on six swatches
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Figure 3: The average Raman spectra of the dried dilution series of blood stains, including whole
blood (blue), 1:10 dilution (purple), 1:102 dilution (red), 1:10° dilution (green), 1:10* dilution

(pink), and 1:10° dilution (navy blue)..
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Figure 4: Raman spectral subtraction results for an unwashed bloodstain on white cotton treated

with luminol.

of white cotton fabric and allowed to dry.
The swatches were then analyzed using
Raman spectroscopy. Afterwards, half of
the swatches were washed in a hot water
cycle of a washing machine without de-
tergent for 26 min. Those swatches were
reanalyzed using Raman spectrsocopy.
Following this, one unwashed and one
washed swatch were treated with one of
three blood enhancement reagents: leuco
crystal violet (LCV), Coomassie blue, or
luminol. After drying overnight, these
samples were once more analyzed using

Raman spectroscopy.

Extraction of Stains from Fabric

The evaluation of the extraction method
involved the testing of six volumes of
blood (10, 50, 100, 150, 200, and 250 uL)
on five substrates (white cotton, black
cotton, white polyester, black polyester,
and denim). After drying, the stains
were cut from the fabric and placed into
a centrifuge tube. Deionized water was
added to the tube based on the size of
the stain, and the tube was shaken until

the fabric was completely wet. The fabric
was then placed into a spin basket, and
the tube was centrifuged at 14,000 rpm
(20,817 rcf) for approximately 2 min. For
the 200- and 250-uL volumes, the stains
were cut in half, prepared in separate
tubes, and recombined after being cen-
trifuged. Two dilutions, 1:10 and 1:100,
were also tested, and were prepared in
the same manner on all five substrates.
The stains treated with the enhancing
reagents were extracted in the same
manner. Then 10 puL of all the resulting
samples was placed on microscope slides
as described above.

Raman Spectroscopy Analysis

All samples were analyzed using a DXR
Raman microscope (Thermo Scientific)
equipped with a 10X objective and
Thermo Scientific OMNIC software.
A 780-nm laser was used, and kept at
a constant power of 10 mW. The spec-
trometer aperture was a 50-pm slit and
a 400-line/mm grating was used.

Five spectra were collected from dif-
ferent areas of each sample, with each
analysis consisting of five 20-s expo-
sures. Areas of neat substrate were also
analyzed to collect spectra representa-
tive of the fabrics used

Data Analysis

The five runs from a single sample were
then averaged using the OMNIC soft-
ware to create the sample average. Any
spectra requiring baseline corrections
were manually corrected, also using the
software. Spectral subtractions were per-
formed by exporting to GRAMS/AI 7.01
and using that software for the subtrac-
tion. The extracted samples were com-
pared to a library reference created in
OMNIC, using a correlation algorithm
that gave “match” scores.

Results and Discussion
Identification of

Individual and Mixed Body Fluids
The individual body fluids tested were
differentiated from each other, with the
body fluid average spectra shown in
Figure 1. Three of the four body fluid
spectra contained peaks that were not
present in the other fluids, as shown in
Table I. Saliva could not be identified
by its Raman spectra because there was



only one peak (at 1349 cm™) detected in
the four different saliva samples. This
peak was also found in the spectra of
urine and semen. This result is not in
agreement with previously published
research (25). Identification of a mate-
rial by one peak alone is not acceptable,
thus classification of this body fluid by
Raman spectroscopy is not possible.
Consequently, saliva was removed from
further data analyses. It was noted that
although the urine samples gave char-
acteristic spectra, there was a larger
amount of variability within samples
than with the other body fluids.

Eight of the nine mixture samples,
made from three concentrations of the
two body fluid components (blood-
semen, blood—urine, and semen-urine),
were identifiable. Identification was
made by the presence of the character-
istic peaks for each body fluid (Table I).
For the blood-semen mixtures at 1:1 and
1:3 ratios, both components were identi-
fied although semen’s major peaks were
masked by the blood spectra, however
the minor peaks were present. Semen
was not identified in the blood-semen
mixture at the 3:1 dilution. For the
blood-urine mixture at all concentra-
tion, both components were identified.
Similar to the blood-semen mixtures,
urine’s major peaks were masked by the
blood spectra; however, the minor peaks
were visible. Both components of the se-
men-urine mixture were identified from
the mixture spectra at all three dilutions.
It is important to note that these iden-
tifications took place under ideal labo-
ratory conditions, and the identities of
the components in the mixtures were
known. For identification of unknown
samples, the creation of a thorough da-
tabase would be required.

The Impact of Fabric Substrate
The substrate testing revealed that
semen and urine were not identified on
black cotton or white cotton. The signals
from the substrates were too strong for
the signals of the body fluids to be de-
tected, resulting in indeterminate results
of spectral subtraction. Furthermore,
none of the mixtures were identified
on either of the substrates tested for the
same reasons.

Blood was tested on five different sub-
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Table I: Major or significant peaks for the identification of individual body fluids

1621 cm™’ 1666 cm! 1349 cm™! 1998 cm-!
1578 cm™! 1621 cm™! 1349 cm™’ 1984 cm™!
1561 cm™! 1616 cm™’ 1750 cm™!
1450 cm™! 1448 cm™! 1699 cm™’
1372 cm™! 1349 cm™’ 1672 cm™’
1339 cm™! 1326 cm™’ 1658 cm™!
1226 cm™! 1243 cm™! 1622 cm™’
Hgg ?:1‘?'1 1233 cm! 1562 cm!
1003 cm™! 1178 cm™! 1490 cm™’
754 cm™! 1003 cm™’ 1452 cm™!
377 cm™! 984 cm! 1381 cm™’
344 cm 957 cm! 1348 cm™!
876 cm™! 1326 cm™’

849 cm™! 1209 cm™!

830 cm™! 1136 cm™’

762 cm™! 1124 cm™!

716 cm™! 1110 cm™’

641 cm™! 1087 cm™!

625 cm! 1002 cm™’

538 cm’! 866 cm™!

497 cm™! 809 cm!

431 cm™’ 786 cm™!

379 cm™! 729 cm™!

669 cm!

624 cm™!

594 ¢cm-!

527 ¢cm’!

452 cm™!

390 cm™!

strates, and was identified on two: white
cotton (Figure 2) and white polyester.
The darker dyes in the denim, black cot-
ton, and black polyester created a large
amount of fluorescence and interference
that masked the blood signal. The sig-
nal retrieved using spectral subtraction
on the two lighter substrates was rather
weak, but possessed several of the major
peaks associated with venous blood.

The Impact of Diluted Blood

The Raman analysis of the wet and dry
dilution series revealed that blood di-
luted beyond a 1:100 ratio could not be
detected, and the diluted blood could be

detected only when dry (Figure 3). With
each successive dilution, the peaks in the
spectra became less intense and began to
lose their characteristic shape. Only the
neat blood sample was detected while
wet, and the signal had significantly
more noise than the dried samples.

The Impact of Laundering

and Blood-Enhancement Reagents
The results of the washing and subse-
quent enhancement of blood stains re-
vealed that laundered blood stains do not
produce a Raman signal strong enough
to be detected, and the further enhance-
ment of the blood stains, while giving
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presumptive positives for the laundered
samples, do not aid in recovering the
Raman signal. All the initial stains pro-
duced spectra consistent with venous
blood after spectral subtraction was
used to remove the underlying fabric.
All laundered samples did not produce
any signals consistent with the venous
blood reference spectrum. This result
is consistent with the dilution results
because anything less than 1:100 would
not have produced a detectable Raman
spectrum. Post-enhancement, only the
unwashed samples treated with lumi-
nol returned Raman spectra consistent
with the venous blood reference (Figure
4). Any laundered samples or samples
treated with the LCV or Coomassie blue
possessed too much interference or too
weak of a blood signal to allow for de-
tection. The samples extracted from the
unwashed blood stains treated with LCV
and luminol were shown to have spectra
consistent with venous blood, allowing
for the identification of more samples
than the subtraction method.

The Impact of Extracting Bloodstains
from Fabric Before Analysis

The extraction method proved to be
moderately successful, in that the ve-
nous blood library reference spectrum
was provided by the correlation library
search as the first match for 87 of the 90
neat blood samples that were tested on
all five substrates at all six volumes. Of
the three samples not identified, each
had something other than venous blood
as the highest match, and two had blood
as the second most likely substance. Fur-
thermore, two of the three false nega-
tives occurred in samples extracted from
black polyester, and the third in a sample
from denim. Thus, the misidentification
by the library may have been caused by
the substrates they were extracted from,
because it was noted under the micro-
scope that small fibers of the fabrics had
passed through the spin basket and were
present in the sample. These fibers may
have introduced some interference, lead-
ing to the incorrect identifications. In
addition, the hit quality itself was quite
poor for all 90 spectra, with hit quali-
ties ranging from 29.32 to 44.68. The
low match scores likely resulted from
the decreased intensity of peaks caused

by the inherent dilution required for the
extraction to occur.

Conclusions

This research highlights the potential of
Raman spectroscopy for body fluid iden-
tification, and further demonstrates the
importance of taking into consideration
the impact certain crime scene variables
have on the ability of the method to cor-
rectly identify body fluids. This research
has shown that Raman spectroscopy is
capable of the nondestructive identi-
fication of some forensically relevant
body fluids both individually, and in
mixed samples, prepared in laboratory
conditions. In forensic investigations,
however, body fluids are rarely found in
pristine conditions and it is crucial that
the method is tested on simulated crime
scene samples. Body fluids are typically
recovered on various substrates, such
as clothing, where the body fluids may
be diluted or the fabric washed or laun-
dered. This study revealed the impact
that various fabric substrates and certain
colored substrates have on the ability of
Raman to correctly identify certain body
fluids. [AUTHORS: Sense OK in the
preceding sentence?] Evidence items
that are suspected to have latent blood-
stains are typically sprayed with a pre-
sumptive blood-enhancement reagent.
This study tested Raman’s sensitivity by
assessing diluted blood samples, reveal-
ing blood dilutions up to 1:100 to be de-
tectable using Raman spectroscopy. All
samples tested after laundering were
not detectable, suggesting the blood
had been diluted greater than 1:100 in
the laundering process. The application
of commonly used presumptive blood-
enhancement reagents revealed lumi-
nol to have no impact on the ability of
Raman to correctly identify unwashed
blood samples. This is important in-
formation to understand when deter-
mining an analytical scheme for the
analysis of a suspected body fluid both
ata crime scene and in the forensic labo-
ratory. Furthermore, it was also shown
that although extracting the body fluids
from the substrates may be an alterna-
tive to spectral subtraction, additional
research is needed to find a method to
obtain more robust signals for library
searching or another method for com-

parison and subsequent identification.
The use of Raman spectroscopy for body
fluid identification is indeed a hot topic
and keen area of research and it is cru-
cial that the research, such as the study
discussed in this article, addresses the
real-world applications of the method.
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