JOURNAL OF FORENSIC
SCIENCES

J Forensic Sci, November 2011, Vol. 56, No. 6
doi: 10.1111/j.1556-4029.2011.01870.x
Available online at: onlinelibrary.wiley.com

TECHNICAL NOTE
CRIMINALISTICS

Kelly M. Elkins," Ph.D.
Rapid Presumptive ““Fingerprinting” of

Body Fluids and Materials by ATR FT-IR
Spectroscopy*'’

ABSTRACT: Human body fluids and materials were evaluated using attenuated total reflectance Fourier transform infrared spectroscopy.
Purified proteins, cosmetics, and foodstuffs were also assayed with the method. The results of this study show that the sampled fluids and materials
vary in the fingerprint region and locations of the amide I peaks because of the secondary structure of the composite proteins although the C=0
stretch is always present. The distinct 1016 cm™" peak serves as a signature for semen. The lipid-containing materials (e.g., fingerprints, earwax, tears,
and skin) can also be easily separated from the aqueous materials because of the strong CH; asymmetric stretch of the former. Blood—saliva and
blood—urine mixtures were also successfully differentiated using combinations of peaks. Crime scene investigators employing rapid, portable, or hand-
held infrared spectroscopic instruments may be able to reduce their need for invasive, destructive, and consumptive presumptive test reagents in
evaluating trace evidence.
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The forensics field continues to need presumptive tests for the
routine qualitative identification of encountered substances. Pre-
sumptive tests indicate the presence of a substance or class of
substances but not the quantity of the material or its overall quality
for use in subsequent confirmatory tests. Many techniques have
been established for presumptive forensic evaluation, but as new
instrumentation and techniques are developed, laboratories must
evaluate whether the methods they currently employ remain the
most cost and time efficient as well as the least invasive and
destructive, yet provide reliable and validated methods for use by
our criminal justice system. Since 1999, scientists have been work-
ing to develop handheld instrumentation for the crime scene (1).
This report details the use of a chemical analysis instrument for
onsite preliminary analysis in investigations for biological samples
including blood, earwax, feces, fingernails, fingerprints, hair, nasal
mucus, vaginal mucus, saliva, semen, and urine commonly recov-
ered by crime scene investigators at crime scenes in the presump-
tive testing and partitioning of these samples from look-alike
samples for proper collection and indication of confirmation analy-
ses. Without a reliable and quick presumptive test, evidence may
easily be missed, be misidentified, and risk receiving improper
packaging in the crime scene setting or become compromised prior
to confirmatory testing. Many agencies use the portable UV light
or the alternative light source as preliminary tests for finding and
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presumptively identifying body fluids at the scene prior to further
confirmatory testing in the laboratory. Virkler and Lednev recently
published an excellent review of presumptive and confirmatory
tests for blood, saliva, semen, vaginal fluid, urine, and feces (2),
but there is no previous report of the use of attenuated total reflec-
tance Fourier transform infrared (ATR FT-IR) spectroscopy for this
purpose yet even smaller crime laboratories are equipped with this
instrumentation. The published and established techniques have
weaknesses in terms of time (e.g., thin layer chromatography, high
performance liquid chromatography, electrophoresis) (2), destruc-
tiveness, and carcinogenicity (e.g., chemical reagents) (2-8), speci-
ficity (e.g., UV-Vis, microscopy, and chemical reagents) (2-9), and
cost (e.g., antibody tests and SEM/EDX) (2-4,6,10-17). ATR FT-
IR spectroscopy has significant advantages in that there are no con-
sumable costs or chemical reagents, scan time is very fast, and it is
specific in differentiating biological materials. There is no published
presumptive forensic test for breast milk, tears, or nasal mucus.
Infrared (IR) spectroscopy is an accepted method used to evaluate
evidence such as alcohol, drugs and other white powders and deriva-
tives, inks, fibers, anodization treatment and surface oxides, paints,
and primers (http://www.sigmaaldrich.com/labware/products/sensir-atr-
library.html;  http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct_
frame_top.cgi) (18-20). IR spectroscopy is also used for the
identification of nerve and blister agents, industrial chemicals,
weapons of mass destruction, chemical precursors, common
household and laboratory chemicals, solvents, explosives, and
propellants  (http://www.sigmaaldrich.com/labware/products/sensir-
atr-library.html; http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/direct_
frame_top.cgi) (21-23). In other fields, IR spectroscopy has been
used to examine salivary proteins (24-26), urine (27-29), finger-
prints (30), blood (31-33), hair (34-36), cerumen (37), breast
milk (38,39), vaginal mucus (40), feces (41), tears (42,43), and
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semen (44) biological samples but its use in evaluating and dif-
ferentiating forensic samples has not been reported. ATR FT-IR
spectroscopy is a technique that requires no sample preparation,
little technical expertise to run the instrument and requires only
two drops (10-20 pL) of liquid or a small amount of solid
sample (enough to cover the diamond surface). ATR FT-IR spec-
troscopy is noninvasive and nondestructive as well as rapid in
terms of data acquisition. Depending on the desired spectral res-
olution and how many spectra are to be averaged, ATR FT-IR
spectroscopy requires approximately 10 sec (four scans) to
5 min (128 scans). This report is a conceptual demonstration of
direct ATR FT-IR spectroscopic methods and second-derivative
analysis for the use as a presumptive test of biological evidence
at a crime scene or in the laboratory. It has already been shown
that FT-IR spectroscopy can be applied to a variety of biological
samples. This work will demonstrate that ATR FT-IR spectro-
scopy is a quick, nondestructive method for differentiating
between different types of biological samples, including blood,
earwax, feces, fingernails, fingerprints, hair, nasal mucus, vagi-
nal mucus, saliva, tears, and urine. Initial studies have also been
performed on mixtures of stains and biological samples exposed
to heat. Finally, to the author’s knowledge, this is the first report
of the use of IR spectroscopy to evaluate tears and nasal mucus.

Materials and Methods

Spectra of samples of human body fluids and solid materials
including blood, earwax, feces, fingernails, fingerprints, hair, nasal
mucus, vaginal mucus, saliva, tears, and urine were collected with-
out preprocessing by placing the simulated questioned sample
directly on the cleaned diamond crystal surface as a native liquid
or solid. Semen standard was purchased (Lot #705; Seratec, Rich-
mond, CA) and thawed before using in the liquid form as above.
For comparison, simulated forensic evidence samples of the above
human body fluids and materials and comparative cosmetic and
foodstuff materials including barbeque sauce, lotions, Italian and
Catalina dressings, mayonnaise, Vaseline, chocolate, coffee, wine,
cream cheese, ketchup, lipstick, and yogurt were also evaluated on
a square pieces of a new white 100% cotton T-shirt (Hanes) on the
diamond crystal surface. Other simulated samples of saliva and
blood were evaluated on white copier paper. Fresh body fluid sam-
ples were tested and retested for a total of at least three times over
a 2-year period. The locations of the samples were known before
the spectra were collected. Samples were obtained from a healthy,
anonymous donor in accordance with Metro State Human Review
Board, NIJ privacy guidelines, and Helsinki Convention (45).
Lyophilized bovine hemoglobin, bovine albumin, z-amylase from
porcine pancreas were purchased from Sigma (St. Louis, MO) and
used as standard protein samples to compare to the simulated
forensic evidence samples known to contain these proteins.

IR spectra were collected on a Thermo Electron Corporation
Nicolet 380 (Waltham, MA) using an ATR FT-IR spectrophot-
ometer equipped with the OMNIC 2005 software version 7.2a
(Thermo Electron Corporation, Madison, WI). Spectra were
recorded from 4000 to 400 cm™ with a resolution of 4 (a data
spacing of 1.929 cm™) or a resolution of 8 (a data spacing of
0.964 cm’l), signal averaged over 128 scans, and data saved as a
.CSV text file that was imported into Microsoft Excel for further
imaging and second-derivative analysis. The spectrometer was
blanked with air at room temperature for the raw samples or with a
clean piece of the white cotton T-shirt or white copier paper for
the simulated forensic samples, respectively, and cleaned with alco-
hol wipes between samples.
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Citrated sheep blood purchased from Colorado Serum Company
(Denver, CO) was used for comparison with the human blood sam-
ples and for the temperature experiments. For the temperature
study, prior to spectroscopy, the blood, saliva, and 1:1 mixed
blood/saliva simulated evidence samples were dried in clean
10-mL beakers at 21°C (room temperature), 40°C (warm summer
day temperature), and 110-120°C (as indicated) (hot vehicle or low
arson temperature), which were subsequently scraped with a metal
spatula to produce a fine powder. A small amount of the solid sam-
ple was transferred using a new, cut-off plastic pipette and placed
on the instrument sufficient to completely cover the diamond crys-
tal surface and spectra recorded as above.

Results and Discussion

ATR FT-IR spectra were collected for human blood, earwax
(cerumen), feces, fingernails, fingerprints, hair, nasal mucus, vaginal
mucus, saliva, tears, and urine body fluid samples and materials.
All of the biological materials contain protein but are heteroge-
neous in nature and contain DNA, RNA, saccharides, lipids, and
small molecules. Band assignments were performed using standard
correlation charts and one compiled for proteins and lipids
(Table 1).

Representative ATR FT-IR spectra (percent transmittance [%T]
vs. wavenumber) for sheep blood (line A) and three human blood
samples (lines B-D) are shown in Fig. 1. The samples are repro-
ducible: The peaks are in the same positions and relative stretching
patterns for the three human blood samples. Blood is a highly heter-
ogeneous material that contains hemoglobin (2DN1.pdb), fibrino-
gen, albumin (1BMO.pdb), immunoglobulins, red blood cells, white
blood cells, platelets, plasma, electrolytes, iodine, sulfate, and glu-
cose and other sugars (2). The samples were collected in their natu-
ral form (e.g., liquid) using an air blank (Fig. 1 lines A,B) or dried
on a new, white T-shirt (Fig. 1 lines C,D). The visualization of the
spectral bands was improved by analyzing the raw spectral data in
a graphing program (Microsoft Excel). Figure 1 demonstrates the

TABLE 1—Attenuated total reflectance Fourier transform infrared
spectroscopy correlation chart for proteins (25,27,39).

IR spectoscopic
region (em™h

Secondary structure

200 Skeletal torsion
537-606 Out-of-plane C=0 bending
640-800 Out-of-plane NH bending
725-767 OCN bending + others
1016 Asymmetric O-C—C stretch ester
1229-1301 Amide IIT (CN stretch, NH bend, and CO in-plane bend)
1400 Symmetric CH;
1450 Asymmetric CH;
1456 CH, scissors
1480-1575 Amide II (CN stretch and NH in-plane bend)
1600-1690 Amide I (C=0 stretch)
1624-1642 P sheet
1640-1648 Random coil
1650-1658 o helix
1660-1665 3-10 helix, = helix, type III turn
1665-1685 Turns
>1680 f sheet & f turn
1744 Saturated ester
1951 Fe**
2122 Fe®*
2550-2590 Cys S—H stretch
2856 Methylene C-H stretch
2920 Methyl C-H stretch
3275 O-H stretch
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FIG. 1—Comparison of representative attenuated total reflectance Fou-
rier transform infrared spectra (%T vs. wavenumber from 4000 to
500 cm™) of four blood samples: (A) sheep blood, (B) human blood
(liquid), (C) human blood (dried on white T-shirt), and (D) human blood
(dried on white T-shirt).
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FIG. 2—Comparison of representative attenuated total reflectance Fou-
rier transform infrared spectra (%T vs. wavenumber from 1800 to
600 cm™") of simulated forensic blood and comparative cosmetic and food-
stuffs samples on a new, white T-shirt: (A) human blood, (B) peppermint
lotion, (C) lipstick, (D) wine, (E) ketchup, (F) BBQ sauce, (G) Catalina
dressing, and (H) chocolate.

major peaks for blood as well as the additional fine structure in and
around the peaks and the stretching intensity or broadness in part
owing to concentration effects but also owing to the differing
constituent molecules. The contribution of the proteins in blood
predominates especially peaks of the amide I region (1700-
1600 cm™") and water and hydroxyls in the O-H stretch (3500—
3200 cm™") region. The major peaks are located at 3346.4 cm™
(O-H stretch), 3284.3 cm™" (H-bonded O-H stretch), 1646.9 cm™
(amide I random coil), and 1558.8 cm™' (amines bend). Medium to
weak peaks are located at 2953.6 cm™' (terminal methyl C-H
stretch), 2875.5 cm™! (CH, symmetric stretch), 2646.9 cem™! (S-H
stretch), 1457.1 cm™' (CH, scissors), 1395.3 cm™ (symmetric
CHy), 1244.9 em™! (amide 1), 1162.9 cm™' (C-O, lipid ester), and
981.2 cm™! (C-N-C). The blood protein hemoglobin is o-helical
(2DNI1.pdb), contains an iron cofactor and its heme coenzyme, and
serves as a carrier of oxygen and carbon dioxide; the bonds
between the protein and ligands can be identified using FT-IR spec-
troscopy (32). The weak band at 1112.8 cm™" may be attributed to
Fe?* bound to O,; this was observed at 1107 cm'in a published
study (32). A complete listing of all bands is found in Table 1.
Figures 2—6 contain representative spectra collected on body fluids
and compared with common foodstuffs and cosmetic samples. For
these spectra, samples were applied individually to squares of a new,

100

©
@
'

9.4
1317.2
1161,
/

% Transmittance

-
=)
4

1054.2

55 P
1800 1500 1200
Wavenumber (cm")

FIG. 3—Comparison of representative attenuated total reflectance Fou-
rier transform infrared spectra (%T vs. wavenumber from 1800 to
600 em™) of simulated forensic urine and comparative cosmetic and food-
stuffs samples on a new, white T-shirt: (A) human urine, (B) apple juice,
(C) Italian Dressing, and (D) coffee.
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FIG. 4—Comparison of representative attenuated total reflectance Fou-
rier transform infrared spectra (%T vs. wavenumber from 1800 to
600 em™) of simulated forensic vaginal mucus and comparative cosmetic
and foodstuffs samples on a new, white T-shirt: (A) human vaginal mucus,
(B) yogurt, (C) Oil of Olay, (D) cream cheese, (E) mayonnaise, and (F)
Vaseline.

white T-shirt to create simulated forensic samples. Figure 2 shows
the results of experiments with human blood, peppermint lotion, lip-
stick, wine, ketchup, BBQ sauce, Catalina dressing, and chocolate
(Fig. 2 lines A-H, respectively). Blood (A) can easily be distin-
guished from the other materials by its large bands at 1646.9 and
1504.4 cm_l, among others. For example, the 1733.3 and
907.9 cm™! bands differentiate chocolate (H) and the three
sharp 1500 cm™" region bands (1558.8, 1540.3, and 1507 cm™") and
988.1 cm™! peak differentiate Catalina dressing (G) (as well as the
2927.6 cm™! CH; asymmetric stretch, not shown). Figure 2 shows
that blood can be clearly differentiated from the comparative cosmet-
ics and foodstuffs in the amide I region and the fingerprint region.
Figure 3 shows the representative ATR FT-IR spectra of urine
(A) as compared to similar-looking materials including apple juice
(B), Italian dressing (C), and coffee (D). Urine contains nitrogenous
waste including urea and uric acid in addition to B-vitamins, elec-
trolytes (including sodium, chloride and potassium ions, sulfate,
and calcium phosphate), trace amounts of protein (including amy-
lase, hemoglobin, myoglobin, and Tamm-Horsfall glycoprotein),
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FIG. 5—Comparison of representative attenuated total reflectance Fou-
rier transform infrared spectra (%T vs. wavenumber from 1800 to
600 cm™") of human simulated forensic body fluids and materials samples
on a new, white T-shirt: (A) tears, (B) semen, (C) feces, (D) nasal mucus,
and (E) fingernails.
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FIG. 6—Comparison of representative attenuated total reflectance Fou-
rier transform infrared spectra (%T vs. wavenumber from 3500 to
500 em™) of human simulated forensic body fluids and materials samples
on a new, white T-shirt: (A) hair, (B) fingerprints, (C) cerumen, (D) saliva,
and (E) skin.

and organic compounds (including bilirubin, creatinine, citric acid,
cortisol, dopamine, epinephrine, glucose, homovanillic acid,
ketones, porphyrins, red blood cells, and vanillylmandelic acid),
and it has been evaluated by IR spectroscopy in previous studies
(2,46). The major vibrational bands for urine include the following:
O-H stretching: 33355 cm™'; H-bonded O-H stretching:
3301.7 cm™ ' CH; asymmetric stretch: 2918.9 cem b CH, symmet-
ric stretch: 2875.5 cm™'; amide f turn: 1669.5 cm™'; amide 1 o
helix: 1653.0 cm™'; amide I random coil: 1646.9 cm™; amide 1
band f sheet: 1636 cm™'; amide II band (C-N stretch and N-H in-
plane bend): 1540.3 cm™'; asymmetric CH; bending: 1436.8 cm™";
CH, scissors: 1457.0 em™h; symmetric CH; bending: 1398.2 em ™l
amide III (C-N stretch, N-H bend, and C=0O in-plane bend):
1282.5 cm™"; C-0, lipid ester: 1161.8 cm™'; C-O-P-O—C diester
stretch: 1054.2 cm™'; asymmetric O—C—C stretch ester: 1031.2 em™

C-N-C: 1000.9 cm™'; and OH carboxylic acid: 984.0 cm™ ! An
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earlier report using near IR spectroscopy to quantify compounds
in urine samples focused on the bands at 2152 and 2195 cm™
(47). These peaks are observed (2157.1 and 2197.6 cm™') but
are very weak as compared with other spectral regions.

Subtle differences for differentiating these samples can be
observed in the fingerprint region shown. For example, peaks at
1753.6 and 818.8 cm™! are observed with the Italian dressing (D)
but not urine. The apple juice (B) has a stronger 800.4 cm™" peak
than the urine sample. The coffee (D) sample lacks the 699.1 cm™
peak observed in the other samples.

Figure 4 shows the representative ATR FT-IR spectra of vaginal
mucus (A) as compared to appropriate comparative materials
including yogurt (B), Oil of Olay (C), cream cheese (D), mayon-
naise (E), and Vaseline (F). Vaginal secretions are composed
of bacteria and fungi as well as prostaglandins, immunoglobulins,
glucose, galactose, fucose, chloride, N-acetylglucosamine, N-acetyl-
galactosamine, sialic acid, acid phosphatase, lactic acid, citric acid,
acetic acid, urea, a peptidase, epithelial cells, pyridine, squalene,
and a L-fucosidase protein (2). The major vibrational bands for vag-
inal mucus include the following: H-bonded O-H stretching:
3188.9 cm™'; C=C CH stretch: 3079.9 cm™; terminal methyl C—H
stretch: 2936.2 cm™'; CH, symmetric stretch: 2859.1 cm™'; S-H
stretch: 2654.7 cm™'; amide I random coil: 1647.2 cm™"; amide 1
band 5 sheet: 1643.3 cm™'; amide 11 band (C—N stretch and N-H
in-plane bend): 1540.7 cm ™l CH, scissors: 1457.1 em ™l symmet-
ric CH; bending: 1395.4 cm™'; asymmetric stretch of PO; groups:
1289.2 cm™'; amide III (C-N stretch, N-H bend, and C=0 in-plane
bend): 1238.4 cm™'; C-O, lipid ester: 1150.4 cm™'; C-OH glyco-
protein: 1079.8 cem ™ asymmetric O—C—C stretch ester: 1018.3 cem™
and OH carboxylic acid: 921.6 cm™". The peaks appear to be at
the same locations as those IR spectra reported by another
group (40).

The following peaks are unique to the comparative samples as
compared to the vaginal mucus: yogurt (B): peaks at 1052.0 and
1030.4 cm™"; Oil of Olay (C): peaks at 1053.3 and 1031.6 cm™;
cream cheese (D): double peaks at 1558.8 and 1540.4 cm ™! and a
peak at 1743.4 cm™'; mayonnaise (E): a peak at 1743.4 cm™'; and
Vaseline (F): peak at 719.3 cm™".

Figure 5 shows the representative ATR FT IR spectra of human
body fluids and materials including tears (A), semen (B), feces (C),
nasal mucus (D), and fingernails (E). Tears consist of proteins
including slgA, lactoferrin, tear-specific pre-albumin, serum albu-
min, protein G, and the antimicrobial agent lysozyme, in addition
to lipids (e.g., wax, cholesterol, and phospholipids) and mucins
(42). Semen contains a heterogeneous list of compounds and ions
including acid phosphatase, prostate-specific antigen, citric acid,
inositol, calcium, zinc, magnesium, fructose, ascorbic acid, prosta-
glandins, L-carnitine, fructose, neutral o-glucosidase, choline, sper-
mine, seminogelin, urea, ascorbic acid, immunoglobulins, sperm
cells, and albumin, which makes up about one-third of the protein
content (which is higher than that of plasma) (2,48). Fecal matter
consists of colon cells, lipids, and indigestible polysaccharides as
well as other metabolic wastes. Nasal mucus contains proteins and
glycoprotein and bacterial cells (49,50). A comparison of the spec-
tra and peaks listed in Table 1 indicate that the c. 3300 cm™" peak
is present for all of these materials except feces. Tears, semen, and
nasal mucus do not exhibit a ¢. 3000 cm™" peak. The ¢. 2900 cm™!
peak is observed in the spectra of tears and mucus. The 2856 cm ™
peak is observed from the tears, feces, and fingernails. The
C=0/ester peak is observed in the spectra of the nasal mucus,
tears, and feces, and the C=O COOH peak is observed in the nasal
mucus. These materials, with the exception of semen, all exhibit
the amide I f turn, amide I o-helix, amines bend, and amide II
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band. The conjugated dienes peak is found in the feces and nasal
mucus spectra. The amide I region random coil is exhibited by the
nasal mucus, tears, and fingernails. The CH, scissors stretch is
exhibited by the nasal mucus, feces, and fingernails. The CH in-
plane bend is exhibited by all of these spectra except the semen
and fingernails, and the amide III stretch is not found in the semen
and nasal mucus spectra. All of the materials exhibit the amide I f8
sheet and the OH carboxylic acid stretches. The largest differences
are in the fingerprint region shown in the figure. In other studies,
semen was found to produce FT-IR spectroscopic bands at 1087,
966, 1657, 1547, 1450, 1400, 1236, 1087, and 1740 cm™" (44) and
tears were found to have bands at 1242, 1546, 1735, and
2852 ¢cm™! (43). Feces were found to exhibit bands at 2310, 2270,
1818, 1778, 1734, and 1187 nm in absorbance spectra (41).

Figure 6 shows the representative ATR FT-IR spectra of human
body fluids and materials including hair (A), fingerprints (B), ceru-
men (C), saliva (D), and skin (E). Hair is composed of the proteins
collagen (a coiled coil) and keratin, which has a f turn secondary
structure with small amounts of f sheet (51). Earwax (cerumen)
consists of lipids including long-chain saturated and unsaturated
fatty acids, alcohols, wax esters and cholesterol, squalene, and
triglycerides; sugars including galactosamine and galactose; and
protein material including amino acids, keratin, and desquamated
keratinocytes (52,53). Saliva is a very dilute solution (99% water)
but contains a complex mixture of aqueous proteins including aqu-
aporin, peroxidases, immunoglobulins, lysozyme, the glycoprotein
osteonectin, an acidic proline-rich protein, histidine-rich proteins,
such as histatins, cystatins, statherin, mucins, partially degraded
proteins, and the o-amylase enzyme for digestion of sugars as well
as buccal epithelial cells, bacteria, sodium, potassium, calcium,
magnesium, phosphate, thiocyanate and bicarbonate salts, urea and
ammonia, glucose sugars, and the cortisol lipid (2,54). The saliva
protein o-amylase consists of o and f structures as well as loops
and turns (1SMD.pdb).

A comparison of the spectra in Fig. 6 and the peaks listed in
Table 1 indicate that the c¢. 3300 cm™ peak is present for all of
these materials except cerumen. Cerumen, fingerprints, and saliva
do not exhibit a ¢. 3000 cm™" peak. All of these materials exhibit
the ¢. 2900 cm™ peak. The 2856 em™! peak is observed from the
cerumen and skin. The C=0O/ester peak is observed in the spectra of
the fingerprints and cerumen, and the C=0 carboxylic acid peak is
observed in the cerumen spectrum. These materials, with the excep-
tion of saliva, all exhibit the amide I f turn, while only the skin does
not exhibit the amide I o-helix. The fingerprints and cerumen spectra
exhibit the amide I random coil. All of the materials except the fin-
gerprints exhibit the amide T f§ sheet. All of the spectra except for
that of skin exhibit the amines bend. All of the materials shown in
this figure exhibit the amide II band, but the conjugated dienes peak
is not found in the materials shown here. The CH, scissors stretch is
exhibited by the fingerprints, cerumen, and hair. The CH in-plane
bend is exhibited by all the hair and fingerprints, and the amide III
stretch is not found in the cerumen and saliva spectra. The OH car-
boxylic acid stretches are not seen in the saliva and skin spectra but
are observed in the other spectra.

The largest differences are in the fingerprint region as shown in
the figure. In a previous study, a peak at 1044 cm™" was found to
be most useful for detecting levels of oxidation of the hair (35) and
keratin was found to have peaks at 1650, 1620, and c. 1550 cm™"
(36). The lowest peak intensity can be attributed to short peptides,
which explains the weak intensity of fingerprints (27). Previously,
fingerprints were found to exhibit the following IR spectroscopic
peaks: 2920, 2856, 1744, 1656, 1552, 1456, 1248, and 1016 cm ™",
congruent with the results shown here (30).
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FIG. 7—Comparison of representative attenuated total reflectance Fou-
rier transform infrared spectra (%T vs. wavenumber): (A) from 3000 to
2800 em™ and (B) 2200-2000 em™ for three human simulated forensic
samples on a new, white T-shirt: (A) urine, (B) blood, and (C) human urine
added to human blood (dried on white T-shirt).

Figure 7A,B show the comparison of representative ATR FT-IR
spectra of three samples on a new, white T-shirt including urine
(A), blood (B), and human urine added to human blood (C) for
%T versus wavenumber from 3000 to 2800 cm™' and 2200 to
2000 cm™", respectively. The blood/urine mixture spectrum exhib-
its approximately averaged features observed in the blood and urine
samples alone. Figure 7A shows that urine (A) has weak unique
peaks at 2942 and 2847 cm™'. The mixture (C) exhibits both peaks.
The peaks in the urine (A) spectra are out of phase with those of
blood (B) from c. 2350 to 2300 cm™" (data not shown). The mix-
ture (C) exhibits the blood-like peaks in this region. Figure 7B
shows that blood (B) has a unique weak peak at 2027 cm™!, which
the mixture (C) also exhibits. Urine (A) has a unique weak peak at
2004 cm™!, which the mixture (C) also exhibits.

Additional experiments were performed on sheep’s blood and
human saliva to determine the effects of heat on the ATR FT-IR
spectra. Figure 8 shows the results of this study: Fig. 8A contains
the original ATR FT-IR spectra plotted as %T versus wavenumber
from 4000 to 400 cm™" and Fig. 8B contains the second derivative
of %T plots of these spectra in the 1800-1600 cm™! region for the
heated samples (dried at room temperature, 21°C, and 120°C).
There were no discernable spectral differences between human
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FIG. 8—Attenuated total reflectance Fourier transform infrared spectra
of blood and saliva dried at room temperature (21°C) and in an oven
(120°C) and 1:1 mixture of blood and saliva dried in an oven (110°C): (A)

raw %T spectra from 3500 to 500 cm™, (B) second derivative of %T plots
in the amide I region from 1800 to 1600 cm™".

(previous figures) and sheep’s blood. Upon comparison of the
spectra of blood or saliva dried at room temperature or at a high
temperature, it is evident that the spectra have not been altered by
the heat although the intensity of the spectra has been diminished
by the heating, most likely owing to protein degradation. By com-
paring the raw data and second-derivative plots, similarities and
differences can clearly be observed in this region as the second-
derivative plots more clearly show the weak peaks. High sensitiv-
ity to small variations in protein secondary structure (Table 1),
molecular geometry, and hydrogen bonding makes the amide I
region uniquely useful for analyzing otherwise similar protein
structures in the second-derivative plot. Primary differences
between the blood and saliva second-derivative plots are observed
at 1649, 1652, 1654, 1670, 1684, and 1686 cm™'. The 1:1 mixture
of blood/saliva by volume has unique features (e.g., 1315, 1175,
and 669 cm™! peaks) derived from the blood, but not saliva, spec-
tra. The second-derivative spectrum for the mixture also differs
from that observed in either the blood or the saliva spectra taken
alone; the peak shape differences are especially noticeable in the
second-derivative plot. The peaks in the blood samples are also
more intense than those from saliva. In conclusion, although the
ATR FT-IR spectra of blood and saliva dried at the two tempera-
tures (21°C and 120°C) do not differ in the frequencies of the
exhibited peaks, these spectra can reveal a complex mixture as in
Fig. 7. The mixture also exhibits peaks from both spectra.
Comparative protein standards (Fig. 94), o-amylase (1SMD.pdb),
albumin (1BMO.pdb), and hemoglobin (2DN1.pdb) proteins are
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spectra from 4000 to 400 cm™, (B) second derivative of %T plots in the
amide I region from 1700 to 1600 cm™".

used to confirm protein differences as the standards are known to
differ in secondary structure and contain o/f3, o, and o secondary
structure, respectively. Figure 94 is a plot of the raw data in
the form of %T versus wavenumber from 4000 to 400 cm™" for
o-amylase, hemoglobin, and albumin. Secondary structure was com-
puted from the published Protein Databank files (given above). All
three proteins exhibit significant stretching in the amide I region, as
expected. Hemoglobin and albumin are components of blood and
amylase, and o-amylase is a saliva component (2). The amylase
spectrum differs significantly from the other two proteins in the
1500 to 400 cm™" fingerprint region (e.g., strong 1032, 899, and
874 cm™' peaks), the shape of the O—H stretch region, and a peak at
2899 cm™'. The 1109 cm™" peak corresponding to oxygen binding
to the hemoglobin is characteristic of that protein. As predicted, they
differ in the amide I region as did the body fluid samples as demon-
strated by the second derivative of %T plots (Fig. 9B) in the 1700 to
1600 cm™" regions. Additionally, the Sigma-Aldrich library IR urea
spectrum  (http://www.sigmaaldrich.com/labware/products/sensir-atr-
library.html) was compared to that of urine, but most of the charac-
teristic peaks are inseparable from those because of the protein
although the two peaks at 3347 and 3262 em™! are faintly visible.
Similarly, peaks from cholesterol, lipids, and starch were also indis-
tinguishable from the overwhelmingly protein-like spectra. A recent
publication (27) reported the use of principal component analysis to
deconvolute the spectra and determine the source of each stretching
or bending vibration, especially secondary structure, in proteins. Red
paint and inks paint are known to have significantly different IR
spectra especially in the O-H stretch and fingerprint regions as com-
pared to proteins (19,20).
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Conclusion

In this study, ATR FT-IR spectroscopy was evaluated in the
detection of body fluids and materials including blood, cerumen,
feces, fingernails, fingerprints, hair, nasal mucus, vaginal mucus,
saliva, semen, and urine. Samples were tested in their natural liquid
or solid form and as a “simulated” forensic sample by application
to a square of a new, white T-shirt or white copier paper. The
materials were added to a white T-shirt or white paper in a manner
to simulate forensic evidence but that did not chemically alter the
materials. Predictive accuracy was equally good with the appropri-
ate air, paper, or T-shirt blank and under wet or dry conditions.
Although IR spectroscopy had previously been used to examine
most of these samples individually, this is the first exploration of
using IR spectroscopy for presumptive testing for forensic purposes
and the first presumptive test for tears and nasal mucus.

The data shown here demonstrate that ATR FT-IR spectroscopy
shows promise in differentiating body fluid and materials samples
using the unique peaks and stretching exhibited by the materials,
especially in the fingerprint region by the unique composition of
proteins but also by the presence or absence of methyl and ethyl
stretches produced by lipids. In the ATR FT-spectroscopic experi-
ments, the biological samples differ in the frequencies of the amide
I peaks because of the secondary structure of the composite pro-
teins (o or f3 or coil or a mixture thereof), although the C=0 stretch
is always present (it shifts in wavenumber depending upon the bio-
molecule composition). Differences are also present in the finger-
print region <1500 cm™ in the raw spectra and in peak shape
because of composition differences. The distinct 1016 cm™! peak
serves as a signature for semen, although combinations of peaks
can be used to differentiate other body fluids. The lipid-containing
materials (e.g., fingerprints, earwax, tears, and skin) can also be
easily separated from the aqueous materials owing to the strong
CH; asymmetric stretch of the former.

An additional study was conducted using blood and saliva to test
the effect of temperature and drying; the temperatures investigated
were found to have no effect on the spectra. Sample mixtures of
blood and urine and blood and saliva were also investigated. The
mixture spectra can be differentiated from the spectra containing
only the individual samples; the new spectrum is a composite of
the two components.

The use of ATR FT-IR spectroscopy for this purpose is a
novel, rapid, noninvasive, nondestructive, presumptive test for
body fluids and materials samples. This study demonstrates the
ability of ATR FT-IR spectroscopy with access to appropriate
software and library for searching and second-derivative analysis
to reveal the presence of specific biological materials via a unique
“fingerprint” and presumptively classify them. The method does
not require preprocessing or pretreating the samples and reduces
the need for expensive consumables, time-consuming presumptive
tests, invasive, potentially destructive and consumptive presump-
tive test reagents, preserve important trace evidence and retain the
integrity of the DNA for future testing. This study could be
extended to include an analysis of sweat, breast milk, and sperm
cells and a diverse set of substrates and environmental conditions.
A database library would also need constructed prior to full field
implementation.
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