
Magnetic Nanoparticle-Based Surface-Assisted Laser Desorption/
Ionization Mass Spectrometry for Cosmetics Detection in
Contaminated Fingermarks: Magnetic Recovery and Surface
Roughness
Sara A. Al-Sayed, Mohamed O. Amin, and Entesar Al-Hetlani*

Cite This: ACS Omega 2022, 7, 43894−43903 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this work, we propose a matrix-free approach for
the analysis of fingermarks (FMs) contaminated with five cosmetic
products containing different active pharmaceutical ingredients
(APIs) using surface-assisted laser desorption/ionization mass
spectrometry (SALDI-MS). For this purpose, a magnetic SALDI
substrate based on Fe3O4−CeO2 magnetic nanoparticles was
prepared, characterized, and optimized for the analysis of
contaminated FMs without sample pretreatment. Initially,
groomed FM and cosmetic products were separately analyzed,
and their major components were successfully detected. Sub-
sequently, FMs contaminated with Ordinary serum and Skinoren,
Dermovate, Bepanthen, and Eucerin creams were analyzed, and
components of FM and cosmetics were detected. The stability of
the cosmetics in FMs was studied over an interval of 28 days, and all components showed good stability in FM for 4 weeks. Recovery
of contaminated FMs from different surfaces utilizing a few microliters of the magnetic substrate was carried out using a simple
external magnetic field from ceramic, plastic, metal, and glass. Successful retrieval of the API and FM components was achieved with
magnetic recovery, and glass exhibited the best recovery, whereas ceramic tile demonstrated the lowest recovery. This was supported
by atomic force microscopy study, which revealed that the ceramic surface had higher roughness than the other surfaces employed in
this study, which adversely affected the magnetic maneuvering. This proof-of-concept investigation extends the application of
SALDI-MS in forensic analysis of contaminated FMs by exploring cosmetics as exogenous materials and their stability and recovery
from different surfaces.

1. INTRODUCTION
Fingermarks (FMs) remain among the most important and
powerful types of physical evidence in criminal investigations.
The ridge impression of a FM carries physical and chemical
components that can help reveal the identity of the donor or at
least reveal some personal characteristics. Such findings are
powerful in criminal investigations and can aid forensic
investigators in their search for the identity of the perpetrator.1

In particular, the chemical components of FMs have been the
focus of several studies and have been comprehensively
described by several researchers. The chemical components
originate from body secretions (endogenous components) and
contaminants (exogenous components). Specifically, exoge-
nous component analysis has provided exceptionally valuable
insights in criminal investigations by identifying the chemicals
with which perpetrators came into contact before or while
committing criminal acts.2 In this regard, attenuated total
reflection Fourier transform infrared (ATR−FTIR) spectros-
copy has been utilized for the detection of ammonium nitrate,

trinitrotoluene, and trinitrobenzene explosive particles in
FMs,3 whereas Raman spectroscopy has been used to analyze
FMs contaminated with nonsteroidal anti-inflammatory drugs.4

Chromatographic techniques such as ultrahigh-performance
liquid chromatography coupled with mass spectrometry (MS)
have been employed to obtain amino acid profiles from
different donors.5 Illicit drugs such as morphine, 6-acetyl
morphine, and heroin in contaminated FMs have been
detected using matrix-assisted laser desorption/ionization MS
(MALDI-MS).6 Further details on recent developments in the
chemical analysis of FMs can be found in several review
articles.7−9
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Cosmetics products are articles that are used to cleanse,
beautify, enhance, and alter appearances. They can be
categorized into different classes, including decorative products
(makeup), skin care, hair care, soaps, and perfumes.10 They are
applied on the face, skin, or hair and can be transferred onto a
variety of surfaces via day-to-day normal activities, such as
using door handles, kitchenware, and furniture items.11 Similar
to FM evidence, the presence of cosmetic products indicates
proof of physical contact. Over the last few years, cosmetic
trace evidence has attracted much attention in the forensic
community due to its ease of transfer and persistence on
various types of surfaces.12 It has been mainly linked to crimes
of a sexual and violent nature, and some items, such as lipstick,
can be used to send threatening notes and write suicide
letters.11 Recent research has focused on the analysis and
differentiation of traces of different types of decorative
products, such as nail polish,13 lipstick,14 foundation,15

mascara,16 and eyeliner.17 For instance, Chophi et al.18 utilized
ATR−FTIR to discriminate among 73 nail polishes of the
same shade. The same authors also used the aforementioned
technique to discriminate fresh lipstick from different
companies to study the effects of the wear time and the
substrate onto which the lipstick was deposited.19 Further-
more, Raman spectroscopy and partial least squares discrim-
inant analysis were utilized for the analysis of 40 facial creams
from eight brands.20 However, creams, gels, and sera remain
largely unexplored despite their common use by both sexes and
various age groups. Additionally, the transfer of such evidence
through touching and handling can produce FMs that are
contaminated with externally applied products, thereby
enriching the evidential value of the discovery.
Recent advances in surface science have led to the

development of surface-assisted laser desorption/ionization
MS (SALDI-MS), which has risen in popularity over the last
few years in forensic analysis. In comparison to MALDI-MS,
various nanostructured substrates have been engineered and
have replaced conventional organic matrices to enable the
detection of a wide range of small molecules, such as illicit
drugs,6 explosives,21 poisons,22 textile dyes,23 and others.24,25

SALDI-MS is a “dry” and “soft” ionization approach with
minimum and predictable fragmentation patterns of the
targeted analytes, which makes their identification easier.26

We performed a successful preliminary study on the analysis of
cosmetic creams, gels, and sera using SALDI-MS without
sample pretreatment.27 Herein, we expand upon the previous
study by exploring the analysis of cosmetic product traces in
FMs using magnetic nanoparticles (MNPs) as SALDI
substrates. CeO2 NPs displayed a strong absorbance over the
visible and UV regions, a large surface area, and a small
size;24,25 therefore, we believe that incorporation of CeO2 onto
the MNPs can enhance (1) absorption of the laser irradiation,
(2) transfer of the absorbed energy to the analyte, and (3)
ionization efficiency of the analytes. Thus, FMs contaminated
with Ordinary serum and Skinoren, Dermovate, Bepanthen,
and Eucerin creams are analyzed, and components correspond-
ing to the FMs and ingredients in the five products are
successfully detected. Aging on a target plate and magnetic
recovery of the contaminated FMs from four hard non-
absorbing surfaces are performed utilizing Fe3O4−CeO2
MNPs.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. Ferric chloride (FeCl3),

ferrous chloride (FeCl2), cerium(III) nitrate hexahydrate
(Ce(NO3)3·6H2O), ammonium hydroxide, nicotinamide
≥99.5%, and ethanol were purchased from Sigma-Aldrich. All
chemicals were used without further purification. Double-
distilled water was obtained from an Elix Milli-Q water
deionizer and used in all experiments.
Five cosmetic products were purchased from local

pharmacies: Ordinary niacinamide 10% + zinc 1% serum
(10% nicotinamide), Bepanthen cream (5% dexpanthenol),
Dermovate cream (0.05% clobetasol propionate), Eucerin
UreaRepair (10% urea), and Skinoren (20% azelaic acid). The
composition of each product according to the corresponding
leaflet and the chemical structures of the active pharmaceutical
ingredients (APIs) are presented in Table S1.

2.2. Synthesis of Fe3O4−CeO2 MNPs. Fe3O4−CeO2
MNPs were prepared using five mass ratios of Fe3O4/CeO2
(1:6, 1:9, 1:12, 1:15, and 1:18) according to the method
published in ref 28 with some modifications. Fe3O4 MNPs
were synthesized, and their surfaces were decorated with CeO2
NPs. First, 6.00 g of FeCl3 and 1.875 g of FeCl2 were dissolved
in 100 mL of deionized water and vigorously stirred under a N2
atmosphere for 30 min at room temperature. Then, 15 mL of
NH4OH solution was added dropwise to the mixture, which
resulted in the instantaneous formation of a black precipitate,
and the reaction mixture was allowed to mix for 30 min. The
resulting precipitate was collected, washed several times with
distilled water and ethanol, and then dried overnight at 80 °C.
For the fabrication of Fe3O4−CeO2 MNPs, different amounts
of Ce(NO3)3·6H2O (1.2, 1.8, 2.4, 3, and 3.6 g for the ratios
1:6, 1:9, 1:12, 1:15, and 1:18, respectively) were dissolved in
100 mL of DI water, and Fe3O4 NPs were added to the
solution under stirring. Subsequently, NH4OH solution was
introduced dropwise until the pH reached 9.7, and the reaction
was allowed to proceed for 15 min. Finally, the resultant
precipitate was centrifuged, washed with distilled water and
ethanol, and dried overnight at 80 °C.

2.3. Characterization of Fe3O4−CeO2 MNPs. Surface
elemental analysis of the Fe3O4−CeO2 MNPs was carried out
by X-ray photoelectron spectroscopy (XPS), and the binding
energies were referenced to the C 1s peak at 284.60 eV. X-ray
diffraction (XRD) patterns were obtained using a Bruker D8
advanced diffractometer with a Cu Kα radiation source (λ 1/4
0.1542 nm). UV−vis spectroscopy was employed to study the
optical properties of the obtained material using an Agilent
Cary 5000 Scan UV−vis−near-infrared (UV−vis−NIR)
spectrophotometer. To measure the surface area of the
prepared material, the Brunauer−Emmett−Teller (BET)
method was used, and nitrogen sorption isotherms of the
sample were obtained at −195 °C using a Micromeritics
Gemini VII ASAP 2020 automatic sorptometer (USA).
Magnetic measurements were performed using a Mini
cryogen-free 5 T system (Cryogenics Ltd. London, UK).
The magnetization of the sample was measured using a
vibrating-sample magnetometer (VSM) at room temperature
(295 K) with a sensitivity of 10−6 emu and a maximum
magnetic field strength of 5 T. The morphology and particle
size of the MNPs were captured using an XF-416 camera
(TVIPS, Germany). Samples were dispersed in ethanol and
dropped onto a carbon support film. The roughness of the
surfaces was investigated via atomic force microscopy (AFM)
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with a Nanoscope IV Multimode atomic force scanning probe
microscope using a model VEECO-Nanoscope IV multiple
AFM/SPM.

2.4. Fingermark (FM) and Cosmetic Product Prepara-
tion. Initially, FM and cosmetic product smudges were
analyzed separately as control samples using SALDI-MS;
subsequently, FMs contaminated with the traces of each
cosmetic product were studied. Gloves were used in these
experiments to avoid cross contamination. The FM impres-
sions were collected from a single female donor. The donor
washed her hands thoroughly with soap and water and, after
drying, rubbed her index finger over her forehead a couple of
times to stimulate sebaceous glands and then placed the index
finger directly on the target plate; the resulting FM is referred
to as a groomed FM. Additionally, 5 mg of each product was
weighed and smeared over the target plate and allowed to dry
at room temperature. Similarly, FMs contaminated with
cosmetic products were prepared by following the same
procedure with an additional step of evenly rubbing a small
amount of one of the cosmetic products on the donor’s index

finger before the FM was deposited on the target plate and left
to dry at room temperature prior to analysis.
The effects of aging on the FMs contaminated with

cosmetics that were deposited on the target plate were
analyzed throughout an interval of 28 days. Spectra were
obtained at 0, 1, 2, 3, 7, 14, 21, and 28 days after FM
deposition.

2.5. Magnetic Recovery of Contaminated FMs from
Different Surfaces. The prepared MNPs were employed for
the magnetic recovery of FMs contaminated with cosmetic
products from four different surfaces by magnetic forces. The
effect of the surface on the detection of APIs was mainly
explored. Initially, cosmetics-contaminated FMs were depos-
ited on four surfaces: aluminum (nonmagnetic metal), ceramic,
glass, and plastic. Next, 25 μL of Fe3O4−CeO2 MNP solution
(2 mg/mL) was applied to the contaminated FMs and
maneuvered across each surface using a magnet for
approximately 10 s, as demonstrated by Amin et al.29 The
same steps were repeated to enable the maximum recovery of
the cosmetic product and FM components. Finally, the
substrate was collected using a pipette and deposited on the

Figure 1. Illustration of the proposed methodology and approach for the analysis of cosmetics contaminated FMs.

Figure 2. Characterization of Fe3O4−CeO2 MNP XPS spectra of (a) Fe, (b) Ce, and (c) O; (d) XRD patterns of Fe3O4, CeO2, and Fe3O4−CeO2
MNPs; (e) UV−vis spectra for different ratios of CeO2 on Fe3O4 MNPs; (f) BET isotherm; (g) VSM hysteresis loop for Fe3O4−CeO2 MNPs with
a ratio of 1:15; and (h) TEM image of Fe3O4−CeO2 with a ratio of 1:15 (the inset shows the particle size distribution).
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target plate for analysis. Figure 1 illustrates the proposed
methodology and approach for the analysis of cosmetics
contaminated FMs.

2.6. SALDI-MS Analysis of FMs. SALDI-MS analysis was
performed using a Bruker ultrafleXtreme MALDI-TOF/TOF-
MS system equipped with a Smartbeam-II. The analysis of the
nicotinamide standard solution, FMs, cosmetics, and FMs
contaminated with cosmetic products was performed in
positive ionization mode, and the spectra were acquired
using a random walk raster with a frequency of 2000 Hz over a
mass range of 40−1500 Da, an ion source voltage of 25.0 kV,
and a reflector voltage of 26.6 kV. The instrument was
calibrated prior to the analyses using a ProteoMass Calibrant
(Sigma-Aldrich, Chemie GmbH, Schnelldorf, Germany) mixed
within the normal range, and the data were processed using
Bruker flexAnalysis (Bruker, Germany).
The reproducibility of the analyses was determined by

obtaining 10 spectra for each sample and computing the
average analyte signal intensities and relative standard
deviations (% RSDs).

3. RESULTS AND DISCUSSION
3.1. Characterization of the Fe3O4−CeO2 MNPs.

Initially, the surface elemental composition and oxidation
states of Fe, Ce, and O of the Fe3O4−CeO2 MNPs were
investigated via XPS. Figure 2a−c presents the XPS spectra of
Fe, Ce, and O. In Figure 2a, the binding energies (BEs) at
710.8 and 724.0 eV correspond to Fe 2p3/2 and Fe 2p1/2,
respectively, which are characteristic of Fe3O4.

30 The two main
peaks were deconvolved into six peaks at 712.2 and 714.2 eV,
which correspond to Fe 2p3/2; 725.4 and 727.6 eV, which are
assigned to Fe 2p1/2; and two satellite peaks at 719.4 and 732.3
eV. Additionally, the BEs at 882.7, 889.1, and 898.7 eV can be
ascribed to Ce 3d5/2, and those at 901.3, 907.8, and 917.0 eV
are assigned to Ce 3d3/2, which corresponds to the Ce4+
state,31 whereas the BEs at 884.1 and 902.4 eV, which
correspond to Ce 3d5/2 and Ce 3d3/2, respectively, are
attributed to the valence state of Ce3+,32 as shown in Figure
2b. Finally, the O 1s spectrum in Figure 2c was deconvolved
into three peaks: 529.9 eV, which can be ascribed to O2−,33

and 530.7 and 532.9 eV, which are related to loosely bound
oxygen, hydroxyl groups, or water adsorbed in the vacant sites
of the lattice and on the surface.32

Figure 2d shows the XRD patterns of the synthesized
Fe3O4−CeO2 samples and pristine Fe3O4 NPs. The diffraction
peaks for CeO2 at 2θ = 28.5, 33.0, 47.4, 56.3, 59.0, 69.4, 76.7,
and 79.0° are indexed to the (111), (200), (220), (311),

(222), (400), (331), and (420) reflection planes, respectively.
The characteristic diffraction peaks of CeO2 NPs with face-
centered cubic lattice structures are consistent with the
corresponding Joint Committee on Powder Diffraction
Standards data [JCPDS card (04-0593)].34 The Fe3O4
diffraction peaks at 2θ = 30.2, 35.5, 43.2, 57.1, and 62.7°
correspond to the lattice planes (220), (311), (400), (511),
and (440), respectively, which is consistent with the
corresponding JCPDS card (01-088-0315), which indicates
the formation of the face-centered cubic lattice structure of
Fe3O4.

35 XRD patterns of the synthesized Fe3O4−CeO2 MNPs
(Figure 2d) show a diffraction peak of Fe3O4 at 2θ = 35.5° for
Fe3O4−CeO2 ratios of 1:6 and 1:9, which disappears at higher
CeO2 concentrations; this could be due to the presence of a
high loading of CeO2 NPs in comparison to Fe3O4 NPs.
Strong UV absorbance of SALDI-MS substrates generally

enhances the ionization and desorption of the analyte;36

therefore, the prepared Fe3O4−CeO2 MNPs were further
characterized via UV−vis spectroscopy to investigate their
optical properties. The initial assessment involved the analysis
of pristine Fe3O4 and CeO2 NPs, as demonstrated in Figure S1.
CeO2 NP absorption bands were observed in the visible and
UV regions at 207 and 303 nm, respectively, with a maximum
absorption at λmax = 303 nm for Ce4+ in CeO2,

37 and
continuous absorption in the visible range is one of the
characteristic features of iron oxide NPs.38 The UV absorption
spectra of Fe3O4−CeO2 MNPs at different CeO2 ratios, as
presented in Figure 2e, exhibited strong absorbance over the
visible and UV regions, which indicates a mixed behavior of
both Fe3O4 and CeO2 NPs. Furthermore, as the amount of
CeO2 that was added to Fe3O4 increased, the maximum
absorption of the magnetic substrate increased at λmax = 303
nm, reaching a maximum at a 1:15 ratio, and then the
absorbance signal slightly decreased.
The size and porosity of the SALDI substrate play major

roles in the desorption/ionization efficiency and detection;39

thus, the surface area, pore size, and pore volume were
determined for the fabricated substrate using N2 adsorption−
desorption, and the results are summarized in Table S2. Figure
2f presents the adsorption isotherms for all prepared
substrates, which indicate that each prepared material
exhibited a type IVa isotherm and H1 hysteresis loop,
suggesting the presence of uniform mesopores in Fe3O4−
CeO2 MNPs.40 A small decrease in the surface area was
observed as the ratio of CeO2 increased, indicating that the
surface area was not drastically influenced. The magnetic
properties of the prepared Fe3O4−CeO2 substrate were studied

Figure 3. (a) Signal intensities in the SALDI-MS analysis of nicotinamide standard solution using different CeO2 ratios and (b) extinction
coefficient values calculated at different Fe3O4/CeO2 ratios.
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via VSM at 295 K, as shown in Figure 2g. The magnetic
hysteresis loop demonstrated the superparamagnetic behavior
(zero coercivity value) of the prepared substrate, with a
saturation magnetization (Ms) of 3.02 emu/g.

28

Finally, the morphology and average particle size of the
synthesized MNPs were determined using transmission
electron microscopy (TEM), as illustrated in Figure 2h. The
prepared MNPs were hemisphere-shaped, and their average
particle size was approximately 4.3 nm (inset in Figure 2h).
Since particles of small size provide good desorption/
ionization, these findings imply that Fe3O4−CeO2 MNPs can
be a good candidate for SALDI analysis.

3.2. Effect of the Loading Amount of CeO2 NPs on
the SALDI Performance. In this work, CeO2 NPs at various
ratios on a magnetic substrate were prepared, and their effect
on the performance of SALDI-MS was investigated to identify
the optimum composition of the prepared substrate. There-
fore, a standard solution of nicotinamide, which is an API in
one of the cosmetics used in this study, namely, niacinamide
10% + zinc 1% serum, was employed as the model analyte, and
its SALDI signal intensity was measured using 1:6, 1:9, 1:12,
1:15, and 1:18 Fe3O4−CeO2 MNPs. As illustrated in Figure 3a,
the signal intensity of the detected analyte increased gradually
upon the addition of CeO2 NPs and stabilized at ratios of 1:9
and 1:12, and the highest signal intensity was recorded at 1:15
ratio, which then declined at 1:18 Fe3O4−CeO2 MNPs. The
optimum SALDI-MS signal that was obtained is consistent
with the UV−vis absorbance (Figure 2e), where a 1:15 ratio of
Fe3O4−CeO2 showed the highest absorption of the well-
defined peak at 303 nm compared to other ratios of the
Fe3O4−CeO2 magnetic substrate. In SALDI-MS, laser photons

are absorbed by the substrate prior to their transfer to the
analyte to promote the ionization and desorption of the
analyte. Large surface area, good UV absorption, and low
thermal conductivity are considered driving factors in
ionization and desorption processes. A large surface area is
desirable for the adsorption and retention of the analyte
molecules, and it also contributes to laser beam refraction.41

Furthermore, a large extinction coefficient (k) in the UV
region is required for efficient absorption of the laser beam by
the substrate;42 thus, the UV extinction coefficients of the
prepared substrates were calculated using the equations below
and are displayed as functions of the Fe3O4/CeO2 ratio in
Figure 3b.

= × A
d

2.303
(1)

=k
4 (2)

where α is the absorption coefficient (a.u.), A is the absorbance
(a.u.), d is the sample thickness (cm), and λ is the wavelength
(nm).43,44

The highest extinction coefficient was obtained using 1:15
Fe3O4−CeO2, which reflects how strongly the substrate
absorbs radiation at a specific wavelength.42

3.3. SALDI-MS Analysis of FM and Cosmetic Products
Using Fe3O4−CeO2 MNPs. FM comprises a complex mixture
of endogenous organic (such as amino acids, proteins, fatty
acids, wax esters, cholesterol, vitamins, and enzymes) and
inorganic ions (Na, Ca, K, and Cl) that are secreted by eccrine
glands and sebaceous glands with a minor contribution from

Figure 4. SALDI-MS analysis of control FM and Ordinary serum (as representative cosmetic products) samples obtained using Fe3O4−CeO2
MNPs: (a) spectrum of the groomed FM, (b) enlargement of a from m/z 100−500, (c) enlargement of a from m/z 550−800, and (d) the
Ordinary serum spectrum m/z between 100 and 1400. The inset shows m/z 529−1058, which corresponds to poly(ethylene oxide).
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apocrine sweat. Other constituents of skin surface residues,
such as carboxylic acids and short-chain alcohols, can also be
found in FMs.8,45 Furthermore, a countless number of
materials from external sources can end up on the fingertips
from daily tasks; these include pharmaceuticals, food stuff, and
cosmetics, among others. Thus, in this study, FMs contami-
nated with cosmetic products were investigated using SALDI-
MS to analyze their potential to provide forensically relevant
information. Initially, FM and cosmetic product smudges were
analyzed separately as control samples using SALDI-MS and
the optimized Fe3O4−CeO2 MNPs. First, mass spectra were
obtained for the groomed FMs and the Ordinary serum
(Figure 4a−d) and Skinoren, Dermovate, Bepanthen, and
Eucerin creams (Figure S2a−d). The obtained ions and their
corresponding m/z, average intensity, and % RSD values for
the cosmetic products are presented in Tables S3 and S4.
Through the chemical analysis of FMs, several endogenous
components were detected, such as amino acids, fatty acids
(FAs), diglycerides, triglycerol, squalene, and protonated and
potassiated ions of cholesterol, as shown in Figure 4a−c; these
substances were previously reported in FMs in several
articles.46−48 Additionally, a prominent contribution of
dimethyldioctadecylammonium ions was observed in the
spectrum of the FM at m/z 494.56, 522.59, and 550.63,
which have been previously detected as exogenous contami-
nants of FMs (Figure 4a).49Figure 4d presents the positive ion
mass spectrum of the Ordinary serum in which APIs were
clearly observed in various forms, namely, [niacinamide]•+,
[niacinamide + H]+, [niacinamide + 2H]+, [niacinamide +
Na]+, and [niacinamide + K]+ at m/z 122.01, 123.04, 124.04,
145.06, and 161.05, respectively. Furthermore, additional
ingredients were also detected in different forms, including
pentylene glycol and dimethyl isosorbide (Table S4).
Interestingly, the molecular mass distribution of polyethylene
oxide was observed over a range of m/z 529−1058 with a
repeating unit of 44.03 Da, which corresponds to the ethylene
oxide monomer.50 Other spectra of the cosmetics are shown in
the Supporting Information, and the detected ingredients are
summarized in Table S4. Figure S2a shows the mass spectrum
of Skinoren cream, which confirmed the successful detection of
the API azelaic acid in sodiated and potassiated adducts at m/z
211.09 and 227.06, respectively. Additional peaks were also
observed at m/z 311.29 and 381.29, which can be assigned to
hexadecyl 2-ethylhexanoate and glycerol monostearate, re-
spectively. The positive-ion mass spectrum of Dermovate
cream (Figure S2b) showed peaks for the API clobetasol
propionate at m/z 466.19 and 468.20, which correspond to
radical and deprotonated ions of the API. Moreover, excipients
present in the cream were also detected, including stearyl
alcohol, glyceryl monostearate, and cetosteryl alcohol. The
mass spectrum of Bepanthen cream confirmed the detection of
dexpanthenol (API) in three forms, namely, protonated,
sodiated, and potassiated ions at m/z 206.13, 228.12, and
244.09, respectively, as depicted in Figure S2c. Finally, the
spectrum of Eucerin cream, which is displayed in Figure S2d,
shows peaks at m/z 83.02, 98.99, 115.03, 128.01, and 131.01,
which correspond to the APIs and other ingredients in the
cream and were assigned to [urea + Na]+, [urea + K]+,
[glycerin + Na]+, [glycerin + K]+, and [alanine + K]+,
respectively. More importantly, a peak at m/z 143.09 was
observed, which can be attributed to the fragment of carnitine
[carnitine-H2O]+; carnitine was previously detected using mass
spectrometry.51

3.4. SALDI-MS Analysis and Aging Study of FMs
Contaminated with Cosmetic Products. FM physical
features can be used to identify an individual by comparing
the ridge characteristics between a FM from the crime scene
and a FM from the perpetrator. However, if the features are
not clear enough for physical comparison, chemical analysis
can be conducted to identify characteristics of the donor. This
can provide further information in cases related to sexual and
violent assaults. Few studies have been conducted using
SALDI-MS for the chemical analysis of exogenous components
of FMs, such as drugs of abuse, pharmaceutical drugs, and
explosives, as illustrated in Table S5. Different techniques used
in the analysis of cosmetics, instruments employed, sensitivity,
cost and time, cosmetics products analyzed, and limitations are
provided in Table S6. In this regard, SALDI-MS was employed
in the analysis of cosmetics-contaminated FMs. Ordinary
serum and Skinoren, Dermovate, Bepanthen, and Eucerin
creams were used to produce contaminated FMs, which were
then deposited on a target plate and subjected to SALDI-MS
analysis. Figure 5a (bottom spectrum) shows the representa-

tive mass spectrum of a fresh FM contaminated with Ordinary
niacinamide serum, which confirmed the successful detection
of endogenous components of the FM, including histidine,
threonine, squalene, cholesterol, and FA (20:1), in addition to
exogenous components from the serum, such as niacinamide,
pentylene glycol, and dimethyl isosorbide. Similarly, both
endogenous components of the FMs and exogenous
substances from the cream/serum (as described in Section

Figure 5. (a) SALDI-MS spectra of fresh and 28 day-old FMs that are
contaminated with Ordinary serum. (b) Effect of aging on cosmetic
product-contaminated FMs over 28 days expressed as the percent
remaining of the APIs of each cosmetic product.
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3.3) were observed in the mass spectra of all FMs that were
contaminated by cosmetic products, as depicted in Figure
S3a−d. These findings suggest that the direct detection of
several endogenous and exogenous components of FMs is
possible without sample pretreatment.
As an additional form of FM analysis, the time since

deposition (TSD) can be assessed, which can help
investigators estimate when a crime occurred and determine
if a FM is relevant to the crime being investigated. However,
evaluating the TSDs of FMs in crime scenes is challenging due
to the influence of several variables, such as environmental
conditions and the presence of exogenous substances, which
can affect the kinetic degradation of the FMs. Thus, as a
preliminary study, we investigated the effect of time on the
stability of the APIs in contaminated FMs. For this purpose, an
aging study was carried out under ambient conditions, where
FMs contaminated with Ordinary serum (Figure 5a) and
Skinoren, Dermovate, Bepanthen, and Eucerin creams (Figure
S4a−d) were exposed to light, room temperature, and
humidity, and the percent remaining over an interval of 28
days for each API was calculated, as shown in Figure 5b.
Although the APIs exhibited various degrees of degradation,
their detection was successful even 28 days after deposition.
For the Ordinary serum, the remaining percentage of
nicotinamide significantly dropped to less than 40% after 1
day of deposition, then gradually decreased with time, and
finally reached 7.6% after 28 days. Moreover, for Bepanthen
cream, dexpanthenol showed limited stability, where the
percent remaining was 41% after 1 day, which decreased
sharply from the second day and stabilized at approximately
10% of the original signal. Furthermore, clobetasol propionate
in Dermovate exhibited good stability over time, where the
percent remaining slowly decreased throughout the first 3 days
and then plateaued at approximately 20% after 28 days. In
contrast, Eucerin cream, which contains urea as the API,
showed a large drop of 50% after 1 day and then stabilized after
14 days. Finally, the azelaic acid signal declined to 50% after 3
days and eventually reached 12% of the original signal. These
findings prove the ability to detect traces of FMs contaminated
with cosmetic products even 28 days after deposition with
exposure to environmental conditions, which reflects the
potential of SALDI-MS for investigating the stability of
exogenous materials in FMs. Nevertheless, in the future, we
believe that further analyses should be performed for longer
periods of time and that more variables that might affect the
kinetics of exogenous and endogenous materials in FMs should
be evaluated. These variables include the races and ages of the
donors and environmental parameters such as temperature,
humidity, and exposure to light.

3.5. Magnetic Recovery of FMs Contaminated with
Cosmetic Products from Different Surfaces. FMs can be
deposited on a variety of surfaces due to normal daily activities;
they can be in the form of complete or partial prints, empty
areas, or just marks. The collection of FMs from different
surfaces for analysis can be challenging; currently, the use of
adhesive tapes is the most popular way to recover FMs; yet in
some cases, they can interfere with the analysis.52 Thus, we
propose the magnetic recovery of FMs contaminated with
cosmetic products as a simple approach for obtaining
information from FMs on surfaces that are immobile or not
convenient for instrumental analysis. Four nonporous hard
surfaces, namely, ceramic tile, aluminum (nonmagnetic metal),
glass, and plastic, were investigated by depositing FMs

contaminated with Ordinary serum and Skinoren, Dermovate,
Bepanthen, and Eucerin creams. The unique feature of this
approach is the dual functionality of the MNPs: in addition to
being the source of actuation, they provide a solid support for
analyte adsorption.53 The magnetic recovery of the FMs
contaminated with cosmetic products was carried out, as
described in Section 2.5. The FM components that were
recovered from all surfaces showed m/z peaks corresponding
to histidine, threonine, squalene, and cholesterol. The mass
spectra of FMs contaminated with Ordinary serum that were
recovered from ceramic, plastic, metal, and glass are shown in
Figure 6a, while FMs that were contaminated with other
creams are shown in Figures S5−S9. The SALDI-MS signal
intensity of each API in the contaminated FMs that were
recovered from the aforementioned surfaces is shown in Figure
6b.
Interestingly, the ceramic tile exhibited the lowest recovery

signal for the majority of the cosmetic products, while glass
produced good results for most of the products. Overall, it was
observed that Dermovate cream (clobetasol propionate) was
the hardest to recover using magnetic forces on all surfaces,
whereas Bepanthen (dexapenthanol) and Eucerin (urea)
exhibited good recovery.
The clobetasol propionate signal was stable for plastic and

metal and slightly decreased for both glass and ceramic tile.
The azelaic acid recovery was the highest from glass, followed
by plastic and metal, and the lowest signal was recorded for the
ceramic tile, which could be due to the highly hydrophobic
nature of the cream and its limited miscibility with the MNP
suspension used for recovery (similar behavior was obtained
using methanol and acetonitrile). The recovery of niacinamide
from the Ordinary serum followed a similar trend as that of
clobetasol propionate. The detected signal was high from both
the glass and metal surfaces and was lowest from the plastic
and ceramic surfaces. The Ordinary serum-contaminated FMs
dispersed immediately after the addition of the substrate on
the plastic and ceramic surfaces and were slightly difficult to
recover. The signal drastically decreased for the Skinoren
(azelaic acid) and Dermovate (clobetasol propionate) creams
from ceramic, which could have been due to the high
roughness of the ceramic surface. Finally, the recovery signals
of the aqua-rich moisturizers Bepanthen (dexpanthenol) and
Eucerin (urea) were the highest from glass, followed by metal,
ceramic, and plastic.
The obtained recovery results exhibited great variations

among the products and types of surfaces that were used.
Movements of droplets of a liquid that contains MNP substrate
for recovery over FM-contaminated impressions deposited on
a surface are influenced by several factors, such as the
roughness of the surface, the friction between the MNPs and
the surface, the adhesion of the MNPs to the surface, the
surface tension, and the applied magnetic forces.53 In this
respect, we investigated the surface roughness, as the surfaces
vary in terms of smoothness and adhesion can result from the
sticky nature of the cosmetics and the presence of polymers
and waxes. AFM was employed to obtain information about
the roughness of the surfaces employed in this study to
evaluate the recovery behavior of the cosmetics in FMs. The
3D topographies (3 μm × 3 μm) of the surfaces are presented
in Figure 6c−f, and the average roughness (Ra) for each surface
was determined as the average roughness among all points
along the length of the line investigated in the middle of the
obtained AFM images. A mountain-like morphology with deep
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valleys on the surface was observed for the ceramic and plastic
surfaces, with Ra = 6.47 and 5.68 nm, respectively. In contrast,
aluminum and glass in Figure 6e−f showed mountain and
valley-like structures with smoother profiles. This was
supported by the Ra values, which were significantly smaller
than those of the ceramic and plastic, namely, Ra = 3.08 nm for
aluminum and Ra = 1.81 nm for glass. Based on the AFM
findings, differences in roughness could explain the lower
magnetic recoveries of the contaminated FMs from the
ceramic and plastic surfaces than from the aluminum and

glass surfaces. Roughness can increase the hydrophobicity of a
surface,54 which can limit the movement of magnetic
hydrophilic droplets and the magnetic strength, in addition
to causing particle adhesion over the ceramic and plastic
surfaces.

4. CONCLUSIONS
In this study, a thorough investigation into the chemical
analysis, stability, and recovery of cosmetic-contaminated FM
evidence was performed using mass spectrometry. A new
SALDI-MS magnetic substrate was prepared, characterized,
and optimized for the analysis of contaminated FMs. Initially,
different ratios of CeO2 on the surfaces of Fe3O4 MNPs were
synthesized using a chemical coprecipitation method, and the
characterization results revealed that the obtained MNPs were
spherical with good UV absorbance and surface area.
Subsequently, the prepared MNPs were used as SALDI-MS
substrates to analyze a nicotinamide standard solution, which
proved that 1:15 Fe3O4−CeO2 was the optimum substrate in
terms of signal intensity. Thereafter, control samples of FMs
and five cosmetic products were analyzed separately to identify
the major species present in FMs that were contaminated with
the five cosmetic products. In both scenarios, FM components
such as histidine, threonine, FA (20:1), FA (20:2), squalene,
and cholesterol, as well as the APIs and other ingredients in the
cosmetic products, were successfully detected. The stability of
the cosmetic-contaminated FMs on the target plate varied due
to the degradation behaviors of the cosmetic products’ APIs;
nonetheless, all APIs were detected even 28 days after
deposition. Finally, magnetic recovery of cosmetics-contami-
nated FMs on four surfaces, namely, ceramic tile, aluminum
(nonmagnetic metal), glass, and plastic, was carried out by
maneuvering the magnetic substrate over the contaminated
FM impressions. All APIs were detected on the hydrophobic
and hydrophilic surfaces, and the recovery of each cosmetic
product was greatly influenced by the texture of the cosmetic
product, its composition, and the roughness of the surface.
This work demonstrates the effective recovery of contaminated
FM evidence for chemical analysis and its stability over time.
Further development will involve functionalization of the
magnetic substrate with hydrophobic and hydrophilic coatings
to improve the magnetic recovery efficiency.
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