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Abstract. GC-MS investigations were carried out to elucidate the aging behavior of
unsaturated fatty acids in fingerprint residues and to identify their degradation prod-
ucts in aged samples. For this purpose, a new sample preparation technique for
fingerprint residues was developed that allows producing N-methyl-N-trimethylsilyl-
trifluoroacetamide (MSTFA) derivatives of the analyzed unsaturated fatty acids and
their degradation products. MSTFA derivatization catalyzed by iodotrimethylsilane
enables the reliable identification of aldehydes and oxoacids as characteristic
MSTFA derivatives in GCMS. The obtained results elucidate the degradation path-
way of unsaturated fatty acids. Our study of aged fingerprint residues reveals that
decanal is the main degradation product of the observed unsaturated fatty acids.

Furthermore, oxoacids with different chain lengths are detected as specific degradation products of the unsat-
urated fatty acids. The detection of the degradation products and their chain length is a simple and effective
method to determine the double bond position in unsaturated compounds. We can show that the hexadecenoic
and octadecenoic acids found in fingerprint residues are not the pervasive fatty acids Δ9-hexadecenoic
(palmitoleic acid) and Δ9-octadecenoic (oleic acid) acid but Δ6-hexadecenoic acid (sapienic acid) and Δ8-
octadecenoic acid. The present study focuses on the structure identification of human sebum-specific unsatu-
rated fatty acids in fingerprint residues based on the identification of their degradation products. These results are
discussed for further investigations andmethod developments for age determination of fingerprints, which is still a
tremendous challenge because of several factors affecting the aging behavior of individual compounds in
fingerprints.
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Introduction

The demand for age determination of latent fingerprints is
high in forensic sciences. The issue has bothered finger-

print experts and forensic scientists severely in the past. First
approaches tried to estimate the age of fingerprints based on
morphologic changes after development of the trace with ad-
hesion powder [1]. Such changes include sharpness of finger-

print ridge details, clarity, continuity, and contrast, recognized
as a loss of Bquality.^ Typical effects are drying, dulling,
narrowing of the papillae, loss of stickiness, loss of continuity,
and a poor reaction to adhesion powder. Interpretation of
quality changes, however, is difficult with this method, as they
may originate from aging or from the formation process.

Age estimation of latent fingerprints is influenced by the
original chemical composition of the fingerprint, the amount of
residue, the chemical composition of the substrate, and envi-
ronmental conditions such as temperature, humidity, air pollu-
tion, or rainfalls [1–3]. Baniuk stated in 1990 the importance of
reconstructing the aging conditions and of considering skin
physiology for a reliable interpretation of the aging behavior.
She also proposed comparative examinations of the secured
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print with the suspect’s print [4]. A number of studies were
reported on the effects of temperature and humidity on the per-
manency of latent prints [2]. In some cases, however, old prints
could be developed with adhesion powder just as fresh prints. It is
clear from these earlier attempts that new techniques are needed
for age determination and analyzing changes in the chemical
composition of residues resulting from the aging process.

Dermatologic studies investigated the chemical composi-
tion of palmar sweat and sebum [5–14], allowing the identifi-
cation of main components of fingerprint residues in early
years [15, 16]. For typical compounds, such as fatty acids,
triglycerides, and wax esters, condensation, evaporation, oxi-
dation, racemization, absorption, and adsorption were reported
as possible aging processes [2].

GC-MS was used in 1999 to identify components of finger-
print residues, including free fatty acids, triglycerides, wax
ester, amino acids, glycerol, cholesterol, and squalene [17],
followed by several studies combining chromatography, mass
spectrometry, and spectroscopic techniques [18–35]. Gender
determination [21], donor classification [21–25], and aging
studies [26–32] were among the major targets of fingerprint
research recently. Francese et al. show in their review article the
power of MALDI mass spectrometry for the manifold analyses
of fingerprints, even after aging [33].

Merkel et al. developed amethod for the age estimation based
on optical detectors such as the chromatic white light sensor [30,
32]. An age determination to within 24 h was found to be
possible in the course of very fast evaporation processes [30].
They additionally studied morphologic changes in fingerprints
after long-term aging and demonstrated a variety of factors that
influence the aging behavior [32]. Muramoto et al. analyzed the
spatial distribution of endogenous lipids in fingerprints by time-
of-flight secondary ion imagingmass spectrometry (TOF-SIMS)
and measured the diffusion of saturated lipids as a function of
time for a new strategy for potential age dating [36].

Weyermann et al. recorded the aging process of squalene
and cholesterol in fingerprint residues by GC-MS, discovering
a fast degradation of squalene within a few days besides a
slower degradation of cholesterol. They claimed a high intra-
and intervariability of the original chemical composition of
fingerprint residues as the most important challenge in the
age determination of fingerprints. In order to overcome this
problem, they used signal intensity ratios between squalene and
cholesterol to minimize the high variability in fingerprint com-
position [28]. Koenig et al. used this approach with several
newly identified wax esters in fingerprint residues to study
additional compound ratios and their potential use in finger-
print age determination. Using actual cases, they studied the
influence of different enhancement techniques on the initial
composition of fingerprint residues [37].

The influence of different factors on the aging behavior of
lipids in fingerprint residues was a major focus of the work of
Girod et al. [38] They studied the aging behavior of different
target lipids exposed to selected factors by GC-MS. Factors
influencing the aging behavior were distinguished between
those that in actual casework are known (donor, substrate,

enhancement technique) and unknown (deposition moment,
pressure, temperature, lighting). Girod et al. proposed that
reliable aging models have to protect against these unknown
factors as their influence cannot be determined in real case work
samples. By using principal component analysis and univariate
regression, they reported that effects arising from the known
influence factors (donor, substrate, enhancement technique) are
larger than the aging effects itself. Thus, the known influence
factors must be included in reliable aging models for finger-
prints. Based on soft independent modeling of class analogy
analysis (SIMCA) and calculating likelihood ratios, they were
able to estimate the age of five out of eight fingerprints correctly
by blind analysis as soon as the storage conditions during aging
were known. When storage conditions were unknown, the re-
sults were not reliable, showing the significant impact of report-
ed influence factors [38]. Additionally, Girod et al. published
two detailed review articles about composition of fingermark
residue [39] and fingermark age determination, and associated
legal considerations and practical propositions [40].

Although reviews of fingerprint research are of high quality
and very detailed, they reveal a general lack of degradation
product analyses in studies of fingerprint aging [39, 41–43].
But Mountfort et al. should be named as they identified mono
hydroperoxides as degradation products of squalene in solution
and in fingerprints [31]. Based on the findings about fingerprint
aging and dating methodology published in recent literature,
the present study focuses on the identification of degradation
products in fingerprints upon aging, including a detailed anal-
ysis of the structure and identity of prominent fatty acids in
fingerprint residues.

Materials and Methods
Aluminum foil (thickness 15 μm) as substrate for aging exper-
iments was purchased from Carl Roth GmbH, Co. KG,
Karlsruhe, Germany. For sample extraction, dichloromethane
(SupraSolv; Merck Chemicals GmbH, Schwalbach, Germany)
was used. Δ9-Octadecenoic acid (Δ9-C18:1, oleic acid), Δ9-
hexadecenoic acid (Δ9-C16:1, palmitoleic acid), tribenzylamine,
decanal, and iodotrimethylsilane were purchased from Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany. For derivatiza-
tion, N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)
(Macherey-Nagel GmbH, Co. KG, Düren, Germany) and N-
Methyl-N-(trimethyl-D9-silyl)trifluoroacetamide (Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany) were used.
Δ6-Hexadecenoic acid (Δ6-C16:1, sapienic acid), Δ8-
octadecenoic acid (Δ8-C18:1), and 8-oxooctanoic acid were
synthesized by Lipidox (Stockholm, Sweden).

GC-MS analyses were carried out on a 'TRACE GC Ultra'
gas chromatograph attached to a TSQ Quantum XLS triple
quadrupole mass analyzer (Thermo Scientific, Thermo Fisher
Scientific, Inc., Dreieich, Germany) as well as on a gas chro-
matograph 'TRACE 1310' attached to an ITQ 1100GC-ion trap
mass analyzer (Thermo Scientific, Thermo Fisher Scientific,
Inc.), both equipped with electron impact (EI) ion sources. On
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both systems, spectra were recorded in positive-ion mode with
electron energies of 70 eV. Mass spectra were recorded in the
mass range of m/z 45–800.

The GC injectors operated with a split ratio of 1:10 at 250
°C. Helium served as a carrier gas with a flow rate of 1 mL/min.
For separation of the compounds a 'Zebron ZB-5HT Inferno'
GC column (Phenomenex Ltd., Aschaffenburg, Germany, 5%
phenyl-, 95% dimethylpolysiloxane, length: 30 m, i.d..:
0.25 mm, film thickness: 0.25 μm) was used on both instru-
ments. The temperature program was started at 70 °C, increas-
ing up to 300 °C at a heating rate of 10 °C/min, followed by an
isothermal period of 3 min.

Sample Preparation

Y Fingerprint residues 30 Fingerprint donors (14 female, 16
male) placed their fingertips on pieces of aluminum foil,
preceded by so-called fingerprint grooming [26]. For the
grooming procedure, donors wiped their fingertips over their
forehead, nose, chin, and scalp. Based on the results of the
questionnaire, 15 donors use skin care products for either
face or hands regularly. During the aging process, the sam-
ples were stored in open petri dishes on the lab bench.
Conditions regarding temperature, humidity, light, and air
exchange were not controlled in order to resemble realistic
conditions on a crime scene. As the lab is air-conditioned,
the room temperature was 20 °C (±1 °C). Samples were
exposed to light during daytime and to darkness during night
tomimic typical light exposure. Samples were analyzed after
0, 1, 2, 5, 7, 9, 12, and 14 d of aging. A total of 240
fingerprints were measured.

For extraction of compounds from fingerprint samples, each
piece of aluminum foil was folded with tweezers and placed in
a glass vial. Samples were extracted twice with 200 μL dichlo-
romethane. Afterwards, the solvent was evaporated under a
nitrogen flux of 20 mL/min. For analysis, fingerprint residues
were dissolved in 30 μL dichloromethane, 4 μL internal stan-
dard tribenzylamine (50 ng/μL in dichloromethane), and
6 μLN-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA,
containing 1.5 ng/μL iodotrimethylsilane as catalyst). For
structure identification, samples were derivatized with
6 μL N-methyl-N-(trimethyl-D9-silyl)trifluoroacetamide
(MSTFA-D9, containing 1.5 ng/μL iodotrimethylsilane as cat-
alyst). Closed glass vials containing the reaction mixtures were
stored in a laboratory sand bath at 70 °C for 10 min to ensure
complete derivatization. Afterwards, these samples were ana-
lyzed by GC-MS without any further preparation. Detailed
illustration of the applied derivatization method is provided in
the Supporting Information S1.

Y Reference material of unsaturated fatty acids For aging
experiments using references of Δ6-hexadecenoic acid, Δ8-
octadecenoic acid, Δ9-octadecenoic acid, and Δ9-

hexadecenoic acid, stock solutions of 10 μg/μL in dichloro-
methane were prepared; 1:100 dilutions in dichloromethane
yielded samples with concentrations of 100 ng/μL. Pieces of
aluminum foil (1.5 × 1.5 cm) were coated with 5 μL of each
solution. During the aging process, the samples were stored
in open petri dishes on the lab bench. After aging, samples
were extracted twice with 200 μL dichloromethane.
Afterwards, the solvent was evaporated under a nitrogen
flux of 20 mL/min. Residues were dissolved in 30 μL di-
chloromethane, 4 μL internal standard tribenzylamine
(50 ng/μL in dichloromethane), and 6 μL MSTFA (contain-
ing 1.5 ng/μL iodotrimethylsilane as catalyst). Samples were
analyzed after 0 and five d of aging to obtain data from fresh
and aged samples.

Y Reference material of decanal and 8-oxooctanoic acid For
GC-MS analysis, decanal and 8-oxooctanoic acid were dis-
solved in dichloromethane to obtain stock solutions of
100 ng/μL. 30 μL of tenfold dilutions were mixed with
6 μL MSTFA (containing 1.5 ng/μL iodotrimethylsilane as
catalyst) and 4 μL internal standard tribenzylamine (50 ng/μL
in dichloromethane). Vials were placed in a laboratory sand
bath at 70 °C for 10 min to ensure complete derivatization.
Samples were analyzed by GC-MS without aging procedure.

Results
Degradation of Monoenoic Fatty Acids
in Fingerprint Samples

Figure 1 shows the total ion chromatograms of a fresh and a 14
d old fingerprint sample for comparison. Hexadecenoic acid
(retention time (RT): 13.74 min.) and octadecenoic acid (RT:
15.43min.), both showing high signal intensities in the total ion
chromatograms of fresh fingerprint samples, were found to
degrade significantly within 14 days.

In general, unsaturated fatty acids with the same aliphatic
chain length but different double bond positions cannot be
differentiated by chromatographic separation or mass spec-
trometry. Mass spectra of Δ8-octadecenoic acid and Δ9-
octadecenoic acid (TMS derivatives of reference materials)
exhibit no significant differences. These isomeric unsaturated
fatty acids thus cannot be differentiated by interpreting the
corresponding EI mass spectra in fingerprints.

Total ion chromatograms (as shown in Figure 1) and corre-
spondingmass spectra of aged latent fingerprint residues reveal
the formation of some short chain degradation products at
lower retention times. These degradation products were iden-
tified as aldehydes, carboxylic acids, and oxoacids based on
characteristic fragment ions after suitable derivatization with
MSTFA [44] (Supporting Information S1) and GC-MS analy-
sis. Furthermore, after aging under the influence of light in the
laboratory, decanal formed a high abundant signal in the total
ion chromatograms of aged fingerprint samples (RT:
10.10 min., Figure 1).
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For detection of lowly abundant aliphatic aldehydes, it is
essential to use iodotrimethylsilan as a catalyst for MSTFA
derivatization [45]. Without such derivatization, mass spectra
of aliphatic aldehydes have a very low signal-to-noise ratio and
cannot be interpreted unambiguously.

The reaction of decanal with MSTFA, as of all aldehydes,
does not form mono-TMS derivatives, but MSTFA derivatives
(Figure 2). The highest observable mass in the EI mass spec-
t r u m o f 2 , 2 , 2 - t r i f l u o r o - N - m e t h y l - N - { 1 -
[(trimethylsilyl)oxy]decyl}acetamide (M = 355 Da) of finger-
print samples is m/z 340, corresponding to the [M-15]+ ion
(Figure 2). This peak is formed by a characteristic α-cleavage
of a methyl group from a TMS-group, as expected. The frag-
ment ions at m/z 228, 184, 134 and 110 are characteristic for
spectra of aliphatic aldehydes, derivatized with MSTFA [44].
Reference material of decanal was analyzed by GC-MS under
the same parameters as used for analysis of the latent finger-
print residues, to confirm the proposed structures (see
Supporting Information Figure S2a). The structures were addi-
tionally verified by derivatization with deuteratedMSTFA (see
Supporting Information Figure S1e). Comparing mass spectra
ofMSTFA-H9- andMSTFA-D9-derivatized samples provided

important information about the structures of the compounds
and of their fragment ions [46]. The advantage of this method is
a direct allocation of TMS and DMS (dimethylsilyl) groups.
This approach facilitates structure elucidation of unknown
compounds and provides reliable identification of structures
(D9-spectra are provided in the Supporting Information
Figure S1e–S1g).

Besides decanal, the oxoacids 6-oxohexanoic acid (RT after
derivatization: 10.62 min, Figure 1) and 8-oxooctanoic acid
(RT after derivatization: 12.54 min, Figure 1) were identified in
aged fingerprint samples. Mass spectra of the two MSTFA-
derivatized compounds were obtained from a fingerprint sam-
ple and are presented in Figures 3 and 4. MSTFA-specific
fragment ions were obtained in both spectra, identical to signals
in the decanal spectrum (m/z 228, 110, 134, 184). Based on
these signals, the compounds can be immediately identified as
aldehydes or oxoacids. Several fragment ions include the fatty
acid and thus indicate its chain length (m/z 246, 259, 275, and
386 in the case of 6-oxohexanoic acid; m/z 274, 287, 303, and
414 in the case of 8-oxooctanoic acid). Identification of these
compounds and proposed structures of the fragment ions were
verified by MSTFA-D9 derivatization (D9-spectra are

Figure 1. Total ion chromatograms of a fresh fingerprint sample (top) and a 14-d-old fingerprint sample (bottom). Aging conditions:
20 °C room temperature and light influence from a regular day-night cycle. Samples were derivatized with MSTFA before GC-MS
analysis. Trimethylsilyl (TMS) and MSTFA derivatives were detected

Figure 2. Mass spectrum of 2,2,2-trifluoro-N-methyl-N-{1-[(trimethylsilyl)oxy]decyl}acetamide obtained from a fingerprint sample
with proposed structures of the presented fragments
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provided in the Supporting Information Figure S1f and S1g).
Additionally, the reference material of 8-oxooctanoic acid
was analyzed by GC-MS to confirm the proposed structures
(spectrum is provided in the Supporting Information
Figure S2b).

The discussed target compounds were analyzed in the 240
fingerprint samples of different ages to prove reproducibility of
obtained results and to monitor the signal intensities for fatty
acids and identified degradation products. Table 1 presents the
number of samples at each analyzed age that exhibit significant
signal intensities for discussed target compounds. At 0 d aging,
no degradation products could be detected, but fatty acids were
analyzed in most of the samples. In two samples, the total
signal intensity was too low for reliable detection of any target
compounds. At 1 d aging, the degradation products can be
detected in addition to the fatty acids. With increasing age,
signal intensities for degradation products increase, whereas

signal intensities for the fatty acids decrease. For aged finger-
print residues, the number of samples containing detectable
amounts of the fatty acids decrease significantly. Reasons can
be poor quality of the original fingerprint sample or rapid
degradation of the compounds. After 14 d aging, only in four
fingerprint samples out of 30 analyzed samples, the fatty acids
are detectable by using the reported method. Degradation prod-
ucts can still be analyzed in 14 samples. The quantitative
decrease and, respectively, increase of compound signal inten-
sities in course of aging is affected massively by a number of
influence factors. Thus, the illustration of time-dependent ag-
ing curves for individual compounds is not significant without
consideration of relevant influence factors.

After identification of the degradation products in aged
fingerprints and the proof of reproducibility, we determined
the course of the corresponding reaction during fingerprint
aging. As already mentioned, unsaturated fatty acids, as main

Figure 3. Mass spectrum of trimethylsilyl-6-[methyl(trifluoroacetyl)amino]-6-[(trimethylsilyl)oxy]hexanoate from a fingerprint sample
with proposed structures of the presented fragment ions

Figure 4. Mass spectrum of trimethylsilyl-8-[methyl(trifluoroacetyl)amino]-8-[(trimethylsilyl)oxy]octanoate from fingerprint sample
with proposed structures of the presented fragment ions
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components of fresh fingerprint residues, degrade in the course
of the aging of fingerprints. According to the known autoxida-
tion process [47] of unsaturated compounds, it is assumed that
the identified aldehydes and oxoacids in aged fingerprints are
the products of an autoxidation process of the unsaturated fatty
acids. For this reason, nonanal and 9-oxononanoic acid were
expected as autoxidation products of the supposed Δ9-
octadecenoic acid. Accordingly, heptanal and 9-oxononanoic
acid were expected as autoxidation products of Δ9-
hexadecenoic acid. Instead, decanal, 8-oxooctanoic acid, and
6-oxohexanoic acid were detected as the main degradation
compound in aged fingerprint residues (Figure 1), indicating
that the supposed double bond positions in the detected unsat-
urated fatty acids are wrong.

For confirmation of this observation, aging experiments
with reference material of unsaturated fatty acids were carried
out to elucidate their aging behavior and to explain the origin of
the detected compounds in fingerprint residues. Decanal was
found as a degradation product of Δ6-hexadecenoic acid and
Δ8-octadecenoic acid in aged reference material (Figure 5a, b).
6-Oxohexanoic acid was found in the aged sample of Δ6-

hexadecenoic acid (Figure 5a) and 8-oxooctanoic acid was
found in the aged sample of Δ8-octadecenoic acid
(Figure 5b). These three compounds were detected in high
concentrations in aged fingerprint samples (Figure 5a, b, red
marked TIC m/z 45–800). These results justify the assumption
that the original fatty acids in fingerprint residues are Δ6-
hexadecenoic acid and Δ8-octadecenoic acid, rather than Δ9-
hexadecenoic acid and Δ9-octadecenoic acid, as stated in some
literature [17, 28]. (For the proof of the absence of degradation
products in the non-aged unsaturated fatty acid sample from
reference material see the Supplementary Figure S3a in the
Supporting Information.)

The degradation products of the ubiquitous Δ9-
hexadecenoic acid aged reference material were identified as
heptanal and 9-oxononanoic acid by GC-MS (Figure 6a). In
aged samples of the ubiquitous Δ9-octadecenoic acid, nonanal
and 9-oxononanoic acid were detected (Figure 6b). In aged
fingerprints, traces of nonanal were detected, indicating the
presence of small amounts of Δ9-octadecenoic acid in fresh
fingerprint residues. Δ9-Octadecenoic acid cannot be separated
from Δ8-octadecenoic acid as both acids have the same

Table 1. Number of Samples at Each Analyzed Age of Fingerprint Samples that Exhibit Significant Signal Intensities for Discussed Target Compounds. For Each
Fingerprint Age, 30 Samples Were Analyzed. The Percentage of Samples with Detectable Amounts is Specified in Parentheses

Age / d Hexadecenoic acid Octadecenoic acid Oxohexanoic acid Oxooxooctanoic acid Decanal

0 29 (97%) 29 (97%) 0 (0%) 0 (0%) 0 (0%)
1 22 (73%) 22 (73%) 22 (73%) 22 (73%) 22 (73%)
2 19 (63%) 19 (63%) 19 (63%) 19 (63%) 19 (63%)
5 14 (47%) 14 (47%) 29 (97%) 29 (97%) 29 (97%)
7 11 (37%) 13 (43%) 18 (60%) 28 (93%) 28 (93%)
9 8 (27%) 8 (27%) 17 (57%) 24 (80%) 24 (80%)
12 5 (17%) 5 (17%) 20 (67%) 28 (93%) 28 (93%)
14 4 (13%) 4 (13%) 14 (47%) 13 (43%) 14 (47%)

a

b

Figure 5. (a)Extracted ion chromatograms forΔ6-hexadecenoic acid (first row) and their corresponding degradation products from
reference material after 5 d aging (third row) are presented (black). The second row presents the total ion chromatogram of an aged
fingerprint sample (red). (b) Extracted ion chromatograms for Δ8-octadecenoic acid (first row) and their corresponding degradation
products from reference material after 5 d aging (third row) are presented (black). The second row presents the total ion chromato-
gram of an aged fingerprint sample (red)
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retention time under the conditions used. It is assumed that
these small amounts of Δ9-octadecenoic acid as well as Δ9-
hexadecenoic acid may originate from environmental contam-
inants (e.g., skin care products).

In addition to the degradation products of unsaturated fatty
acids, the oxidation products of the aldehyde decanal and the
oxoacids were identified by GC-MS. The oxidation of decanal
yielded the monocarboxylic acid decanoic acid (TMS deriva-
tive RT: 7.69 min, Figure 1). Oxidation products of the
oxoacids were determined as the corresponding dicarboxylic
acids hexanedioic acid (TMS derivative RT: 8.33 min,
Figure 1) and octanedioic acid (TMS derivative RT:
10.50 min, Figure 1). Compounds were identified by GC-MS
and data base search (spectra are provided in the Supporting
Information Figure S4a–c).

Discussion
Literature claims that Δ9-hexadecenoic acid and Δ9-
octadecenoic acid are two compounds with high concentration
in fingerprint residues [17, 28]. Identification of the unsaturated
fatty acids in fingerprint residues by GC-MS and database
search, however, often leads to misinterpretation. Comparing
mass spectra of Δ8- and Δ9-octadecenoic acid, typically no
differences are observed between the two. The double bond
position of unsaturated fatty acids thus cannot be determined
by EI mass spectra. Derivatization and analysis of their degra-
dation products instead provide for a reliable identification of
structures.

For Δ9-octadecenoic acid as well as for Δ9-hexadecenoic
acid, decanal was not expected as a degradation product, as
their double bond positions suggest nonanal as a degradation
product of Δ9-octadecenoic acid and heptanal as a degradation
product of Δ9-hexadecenoic acid. The fact that decanal was
actually detected suggests that the hexadecenoic and the
octadecenoic acid in fingerprint residues are in fact not the
ubiquitous acids Δ9-hexadecenoic acid and Δ9-octadecenoic

acid but the isomeric compounds Δ6-hexadecenoic acid and
Δ8-octadecenoic acid. Δ6-Hexadecenoic acid is known as a
human sebum-specific fatty acid, and Michalski et al. expected
it to be present in fingerprint residue [20]. It constitutes more
than 25% of the entire human sebum composition [48].

Destaillats et al. describe several Δ6-monounsaturated fatty
acids in human hair and nail samples [48], which are generated
by the enzyme Δ6-desaturase [49]. In a so-called Bsebaceous
type^ reaction, Δ6-desaturase converts hexadecanoic acid into
Δ6-hexadecenoic acid via desaturation [49]. It can be assumed
that octadecanoic acid undergoes the same enzymatic reaction
with Δ8-desaturase to form Δ8-octadecenoic acid, but no ref-
erence was found to prove the activity of Δ8-desaturase in
human sebum. Counted from the position distal to the carboxyl
carbon atom (ω-site), both unsaturated fatty acids exhibit the
same double bond position. Δ6-Hexadecenoic acid can there-
fore be named asω-10-hexadecenoic acid andΔ8-octadecenoic
as ω-10-octadecenoic acid.

In the present study, we could show that analysis of autox-
idation products of unsaturated fatty acids is an effective and
simple method for determination of double bond positions of
unsaturated fatty acids, using the MSTFA derivatization tech-
nique and low resolution mass spectrometry.

For the degradation of both Δ6-hexadecenoic acid and Δ8-
octadecenoic acid, decanal is expected and detected as a deg-
radation product. Additionally, the aging of Δ6-hexadecenoic
acid yields 6-oxohexanoic acid, and the aging of Δ8-
octadecenoic acid yields 8-oxooctanoic acid, both detected in
aged fingerprint residues. The high signal intensity of decanal,
compared with the intensities of 6-oxohexanoic acid and 8-
oxooctanoic acid in aged fingerprint samples, indicate the
formation of decanal from both fatty acids and probably from
additional unsaturated lipids. The unsaturated fatty acids are
detected as initial compounds in non-aged fingerprint samples.
After 5 d aging, in 47% of the analyzed fingerprint samples the
unsaturated fatty acids are still detectable. Within 14 d aging
after deposition, the unsaturated fatty acids can be detected in
only 13% of the analyzed samples. In general, it can be stated

Figure 6. (a) Extracted ion chromatograms forΔ9-hexadecenoic acid (first row) and their corresponding degradation products from
reference material after 5 d aging (second row) are presented. (b) Extracted ion chromatograms for Δ9-octadecenoic acid (first row)
and their corresponding degradation products from reference material after 5 d aging (second row) are presented

S. Pleik et al.: Aging Studies of Fingerprint Residues 1571



that the discussed fatty acids are not detectable in aged finger-
print residues after 14 d aging in most of the analyzed samples.
Only in very rich samples, the fatty acids can still be detected
after 14 d aging by the reported method.

Elucidation of the aging process of unsaturated fatty acid
reference samples is in accordance with the degradation prod-
ucts found in aged fingerprint samples. The determined type of
reaction also clarifies why no degradation products of squalene
can be detected by GC-MS. Squalene is the main compound of
fresh fingerprint residues, degrading completely within a few
days. Assuming that every double bond of this highly unsatu-
rated hydrocarbon compound is cleaved, only low molecular
weight volatile compounds are formed, which cannot be detect-
ed by GC-MS after liquid extraction of aged fingerprint residues.

Aging experiments performed with reference material of the
concerned fatty acids confirmed the identification of Δ6-
hexadecenoic acid and Δ8-octadecenoic acid and degradation
products in fingerprint residues after derivatization with deu-
terated MSTFA. Finally, the double bond positions of the
unsaturated fatty acids in fingerprints were determined.
Position analysis of double bonds in aliphatic structures is
always a challenge. The results show that oxidation by atmo-
spheric oxygen or other suitable oxidants can be used for
analysis.

The described catalyzed MSTFA derivatization method in
combination with GC-MS analysis is particularly suitable for
the sensitive detection of unsaturated fatty acids and related
compounds. Derivatization does not only improve the chro-
matographic performance but also enhances the identification
of these compounds. Without catalyzed MSTFA derivatiza-
tion, neither the aldehydes nor the oxoacids could be detected
and identified in aged fingerprint samples. Due to poor chro-
matographic performance, aldehydes could not be detected in
the TIC diagrams with sufficient intensities. Mass spectra of
non-derivatized even-numbered oxoacids and those of odd-
numbered saturated fatty acids do not differ in low resolution
mass spectrometry because CH2–CH3 and CH=O have the
same nominal mass. Thus, these compounds are difficult to
distinguish without MSTFA derivatization.

Odd-numbered saturated fatty acids are actually found in
fingerprint spectra as lipids from skincare products. It might
also be conceivable that in addition to the observed oxidation
process, odd-numbered fatty acids indicate microbial degrada-
tion of long chain fatty acids [50]. In order to consider micro-
bial action in fingerprint residues, it should be mentioned that
the breakdown of triglycerides and wax esters may result in the
production of free fatty acids in aged fingerprint samples. But
as most of the bacteria need special conditions to be active, this
aging process can be neglected for fingerprint aging.
Nevertheless, unsaturated lipids like triglycerides and wax
esters provide additional targets for the discussed degradation
process. It should be considered that detected aldehydes can
also result from the oxidation of unsaturated triglycerides and
wax esters. Thus, the amount of these lipids has a direct impact
on the amount of aldehydes that can be detected in aged
fingerprints residues. Therefore, the identified oxoacids 6-

oxohexanoic and 8-oxooctanoic acid are best suited as potential
aging markers in fingerprint residues as they originate only
from free fatty acid oxidation.

In general, we report a fast degradation of unsaturated fatty
acids in fingerprint residues, but upon closer examination we
observed different aging curves associated with changing in-
fluences. A very fast degradation can be explained by poor
initial composition or by particular aging conditions. In some
cases, target compounds cannot be detected because of the poor
quality of the analyzed fingerprint. Protective substances, such
as skin care products, may explain slower degradation of some
samples. As we already know from literature, the initial com-
position of fingerprints, substrate material, and storage condi-
tions affect the aging behavior enormously.

For this reason, the rapid degradation of discussed fatty
acids within 14 d after deposition in most of the analyzed aged
fingerprint samples disagree with some results from literature.
Mong et al. reported significant degradation of unsaturated
fatty acids after 60 d of exposure to air [17]. In this study,
fingerprint residues were deposited on filter paper for aging
studies, touched twice by the donors to enrich sebaceous ma-
terial, and stored packed in foil and protected from light. These
circumstances explain the slow degradation of unsaturated fatty
acids compared with our results, as our samples were deposited
on aluminum foil and were stored without any protection to
light and air.

Archer et al. discussed time-dependent changes in the lipid
composition of fingerprint residue in order to estimate the age
of fingerprints. Their analyses revealed an increase of signal
intensities of saturated and unsaturated fatty acids in aged
fingerprint samples within 20 d after deposition [26]. They
hypothesized these results were a result of microbial degrada-
tion of triglycerides and wax esters producing free fatty acids.
Their fingerprint residues were deposited on filter paper and
samples were stored in covered boxes placed in an incubator at
25 °C. These storage conditions are the reason for the lack of
oxidation processes in their fingerprint samples as the target
compounds were protected from air. Reported conditions seem
to favor microbial degradation of fingerprint ingredients and
thus result in the increase of signal intensities of fatty acids
instead of a decrease, as we reported in this study.

But we should consider the possibility of different degrada-
tion processes occurring simultaneously in fingerprint residues.
In this study, no aging curves of discussed target compounds
are presented because influencing factors on observed degra-
dation process should be further investigated. Girod et al.
proposed providing fingerprint aging models based on known
influence factors to be able to interpret results from aged
samples unambiguously. Their study is a promising approach
to overcome the strong influences of a variety of factors on the
aging behavior of fingerprints. Our study gives essential new
information on the chemical composition of aged fingerprint
residues. The most important and crucial advantage of our
findings is the relative signal intensity value based on the aging
of one single and unique fingerprint ingredient which is inde-
pendent from initial fingerprint composition and absolute
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amounts. Ratios between the sebum-specific unsaturated fatty
acid and its natural oxidation product provide a relative value
based on the individual degradation of one single and unique
compound in fingerprint residues.

Compared with the approach of Girod et al. [38], which uses
signal intensities of multiple initial compounds for age estima-
tion of fingerprints, we are able to generate a relative aging
value based on the degradation of one single initial compound.
Identified fatty acid degradation products are powerful markers
in aged fingerprint residues and important for the development
of a reliable method for age estimation of fingerprints. For
application in crime scene investigations, a number of factors
influence the aging behavior of individual compounds and
must be considered. As already known from literature, the
initial compositions of fingerprint residues have a substantial
impact on the aging process of target compounds. Aging con-
ditions, including temperature, humidity, air exchange, etc., are
additional unknown factors that affect the aging enormously.
Currently, time-dependent aging curves of discussed target
compounds are not significant for age determination of finger-
prints in case works as long as the mentioned influence factors
are not considered.

Keeping the discussed limitations in mind, the results pre-
sented here are promising for the development of a robust
analytical method for age estimation of fingerprints based on
detection of natural oxidation products. Δ6-Hexadecenoic acid,
Δ8-octadecenoic acid, and their natural degradation products
are important targets for age estimation of latent fingerprints
since they are unique human sebum-specific compounds [51].
The initial unsaturated fatty acids degrade quickly in the course
of aging and are not detectable anymore after 14 d aging in
most of the analyzed samples. Identification of the discussed
degradation products provides the generation of relative aging
values based on the degradation of single and unique initial
fingerprint ingredients, for the first time, and is of significance
for age estimation of fingerprints. Thus, degradation studies of
related unsaturated lipids in fingerprint residues will be a
subject for further investigations.
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