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a b s t r a c t   

These past years, the chemical composition of fingermarks have attracted interest of researchers to meet 
multiple objectives like the determination of an individual’s age, gender or lifestyle or the impact of some 
fingermark detection processes, to cite a few. These studies have highlighted the need to investigate the 
consistency of the fingermark composition over time. This research explores the evolution of the secretion 
residue composition of thirteen donors over one year, focusing on the intravariability. The dual use of 
Matrix-Assisted Laser Desorption/Ionisation Mass Spectrometry Imaging (MALDI-MSI) and chemometrics 
provided valuable data regarding the evolution of composition over time as well as the consistency of 
presence of hundreds of compounds. 

© 2022 The Author(s). Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

In the context of fingermark analysis, matrix-assisted laser des
orption ionisation (MALDI) mass spectrometry is undoubtedly the 
most cited technique of the last decade for both profiling fingermark 
composition and imaging of the papillary ridges [1,2]. To date, 
MALDI mass spectrometry was successfully applied to the detection 
of (semi-)exogenous and endogenous compounds present in fin
germarks [1,3–10], the reconstruction of the ridge pattern [7,10–21] 
and the differentiation of individuals [1,11,22,23]. 

Since 2014, MALDI-MSI is recognized as a class C fingermark 
recovery technique by the Home Office [24] and has proven its ap
plicability on research projects and casework but also in sequence 
with other visualisation techniques [1,25,26]. These findings support 
that MALDI-MSI could become an essential asset when it comes to 
the analysis of fingermarks for both imaging and profiling purposes. 

Overall, the development of this method for forensic science, 
especially fingermarks analysis, is promising. In this work, we pro
pose to consider MALDI mass spectrometry as a way to gather fun
damental knowledge regarding the intravariability of composition of 
fingermarks. Intravariability has to do with the modifications and 
changes that occur over time for a given individual, whereas 

intervariability relates to the differences that are monitored between 
individuals. 

Gaining knowledge about the intravariability of the chemical 
composition of the fingermarks could be of valuable information to 
better understand the global composition of fingermarks itself but 
also to help refining the concept of donorship, which consists in 
categorizing donors when it comes to the development of new fin
germarks detection reagents [27,28]. 

In an attempt to provide original and relevant data about the 
intravariability of the fingermark composition, the present study 
aims at investigating the composition of the fingermarks collected 
from thirteen donors over one year, using MALDI mass spectrometry. 
The chemical composition was analysed through several statistical 
treatments to assess the variations that occur during a year, their 
possible cause, as well as the qualitative and quantitative con
sistency. It is expected that this research will provide new funda
mental knowledge about the composition of the fingermarks and 
hence bring a possible line of approach for creating representative 
group of donors for research purposes. 

2. Experimentals 

2.1. Materials 

Acetonitrile (ACN), trifluoroacetic acid (TFA) and ultrapure water 
(H2O) were purchased from Biosolve. 
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α-cyano-4-hydroxycinnamic acid matrix powder (α-CHCA) were 
obtained from Merck / Sigma-Aldrich. 

Superfrost Plus glass microscope slides (75 ×25 x 1 mm) were 
obtained from Thermo Fisher Scientific. 

2.2. Instrumentation 

2.2.1. MALDI-MSI 
The same instrument and parameters were used as in [22]: “All 

the analyses were conducted on a hybrid mass spectrometer MALDI 
Linear Trap Quadrupole (LTQ) Orbitrap XL from Thermo Fisher Sci
entific equipped with a linear trap and coupled to an Orbitrap [29]. 
The ion source was an azote (N2) laser with a wavelength of 337 nm, 
a spot size of 50 × 60 µm and a laser repetition rate of 60 Hz with a 
pulse duration of 3 ns. The instrument was used in positive ioniza
tion mode. The number of laser shots was set to 4 with an energy of 
4 µJ. The analysed masses ranged from 100 to 2000 m/z, hence en
compassing many polar molecules including lipids, amino acids, 
proteins and peptides. The spatial and spectral resolutions were set 
to 100 µm and 60'000, respectively. The plate had a raster move
ment. Automatic gain control and automatic spectra filtering were 
disabled. The Tune Plus window from Thermo Fisher Scientific [29] 
was used to control the instrument and acquire the data. The in
strument was used in imaging mode and set to acquire a square area 
of several mm2 corresponding to 150–200 pixels. By doing so, it was 
possible to gather information over a portion of fingermark (in
cluding several ridges) in an acceptable scanning time, instead of 
considering a single spot which presuppose a homogeneity of 
composition over the whole fingermark.” 

2.3. Method 

2.3.1. Matrix preparation and deposition 
The matrix preparation and deposition was conducted similarly 

to [22]: “α-CHCA was chosen as the matrix for MALDI-MSI, mostly 

for its successful application in fingermark analysis [30]. Its pre
paration was adapted from the literature: 5 mg/mL of α-CHCA in 
70:30 ACN:H2O and 0.1% TFA [13]. The matrix was deposited on the 
samples by spraycoating using an automatic SunCollect sprayer from 
SunChrom. The spraying coordinates were introduced manually and 
the spray height (i.e., 25.32 mm) as well as the number of layers (i.e., 
10) were set according to the literature [31,32]. The ten layers were 
sprayed as follows: first layer at 10 μL/min, second at 20 μL/min, 
third at 30 μL/min, and from the fourth to the tenth at 40 μL/min. 
Spraying the matrix instead of spotting it results in a better homo
geneity of deposition as well as a better control of the quantity left. 
Therefore, it confers a better reproducibility and standardization of 
the protocol.” 

2.3.2. Fingermark sampling 
In this study, natural fingermarks from thirteen donors were 

collected. The pool of donors was composed of 6 men and 7 women, 
aged from 25 to 59. 

The preparation and the deposition protocols followed the re
commendations published in the literature [27,33–35]. Before pro
viding fingermarks, the donors were asked to act normally and to 
avoid hand washing during the 45 min preceding the fingermark 
collection. A few seconds before the fingermark deposition, the 
hands were gently rubbed together to ensure an even repartition of 
the residue between the fingertips. The donors were then asked to 
leave two natural fingermarks on a glass microscope slide, using two 
different fingers. No further controls were applied. 

The fingermark collection was conducted in the same room for 
the whole study. The temperature in the laboratory was stable, 
varying between 19 and 21 °C. 

Depending on their availability, each donor provided a total of 
22–30 fingermarks between January and December 2020, following 
a strict calendar (Fig. 1). 

Due to the COVID-19 crisis, no deposition session took place 
between the end of March and the beginning of July, explaining why 

Fig. 1. Calendar of fingermark deposition illustrated for 6 donors. The same process was applied to all the 13 donors. The deposition schedule is repeated for months 1–3 and for 
months 4–12. Abbreviations: Mth for months, Wk for week. 
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the number of fingermarks varied slightly between donors, espe
cially for donors 02, 03 and 07. 

All the fingermarks were aged for 24 h before being analysed by 
MALDI-MSI. Two analyses were performed on each fingermark, for a 
total of 44–60 analyses per donor and 714 analyses overall. 

2.3.3. MALDI-MSI stability 
Besides the usual calibration process for the MALDI-MSI instru

ment, the MALDI signal was checked twice a week with a printed 
test strip to ensure that the instrument was able to successfully 
detect compounds present in fingermarks. The test strip was made 
with artificial sweat and sebum solutions derived from Sisco et al.  
[36] and printed using a the Fujifilm Dimatix Materials Printer DMP- 
2850 [37,38]. 

2.3.4. Data processing 
The data collected from the MALDI-MSI analyses were visualized 

using the XCalibur software (Thermo Fisher Scientific; version 3.1) to 
ensure that no problem occurred during the acquisition of the data. 
Then, the files were extracted and exported to an.imzML format [39] 
using ImageQuest software (Thermo Fisher Scientific; version 1.1.0). 

Regarding the spectra analysis, the peak picking and the gen
eration of intensity tables were performed for each donor separately 
using a homemade R-coded tool based on the MALDIquant and 
MALDIquantForeign packages. Peak picking is an approach that al
lows peak detection in one or several spectra. Only the peaks char
acterized by an intensity and width above the minimum values set 
were selected. 

For each sample (i.e., fingermark analysis), the intensity of each 
m/z for each pixel were then gathered into a.csv file. The pixels were 
reduced by the mean for each variable. The resulting data frame was 
eventually saved in a new.csv file, into which each row corresponds 
to a unique sample of the donor of interest. 

The variable selection was computed using R, and was based on 
the percentage of presence of the variable among all his·her samples 
over the year (i.e., no selection, 50%, 75%, 90% and 100%). The 
threshold value was eventually set to 90%. 

The chemometric analysis and all the charts were performed 
replacing the intensity values of zero with the minimum intensity 
value detected in the donor’s associated data frame and using 
median normalization followed by logarithm transformation. 

The charts corresponding to all donors are available as supple
mentary data. 

3. Results 

3.1. Impact of the time of the day on the fingermark composition 

3.1.1. Trends observed within a day and between days 
In order to investigate the changes of composition of a given 

donor’s fingermarks during a day, heatmap has been calculated 
using fingermarks that were deposited the same day (i.e., first month 
of the deposition agenda). The most remarkable trends among the 
thirteen donors are illustrated in Fig. 2. For readers not accustomed 
to heatmaps, some interpretation hints are provided: each column 
corresponds to an analysed fingermark and each row to a specific m/ 
z; the color of each cell, ranging from dark blue to dark red, char
acterizes the intensity of the m/z values in the analysed fingermarks 
(i.e., higher the intensity, darker the red; lower the intensity, darker 
the blue); the top and left hierarchical cluster trees regroup finger
marks/depositions and m/z, respectively. These are discussed further 
in the results, below. 

From Fig. 2, it can be observed that the m/z that are system
atically present in all the fingermarks collected over a three week 
timeframe present somewhat some variations of intensity. The 
majority of the donors (i.e., 10 out of 13) present patterns similar to 

donors 08. For these donors, the clustered fingermarks are re
grouped by the day of deposition rather than by the time of the day 
(i.e., morning vs afternoon). Donor 01 is the only one presenting a 
major intensity variation for one day. Donor 2 is the only one whose 
clustering is more important between AM and PM rather than be
tween days. These observations mean that the variations of com
position tend to be slightly more important between the days of 
deposition rather than within a given day, as showed with donor 05. 
Overall, there is no m/z values that are over- or under-represented 
specifically for fingermarks deposited in the morning and in the 
afternoon. 

The over-representation that can sometimes be observed for 
some fingermarks and some donors (i.e., darker red areas) is often 
specific to one day (e.g., DON 01) or to one fingermark. No re
producible trend has been observed otherwise. The same statement 
can be made for the under-representation of m/z (i.e., darker blue 
areas). 

3.2. Evolution of the composition over the year 

For each donor, heatmaps were calculated for all the fingermarks 
left during a 1-year-timeframe, in order to visualize if relevant 
clusters could be identified (Fig. 3). 

For 77% of the donors (10 out of 13), the months are intertwined 
(see DON 04 and 12 in Fig. 3). Donor 03 is the only exception for 
whom the fingermarks are well separated according to their month 
of deposition. Donor 10 is the only one with a low mixing in its 
month clusters. The results for donors 02 and 07 (supplementary 
data) are less interpretable as they deposited fingermarks for three 
to four months only, due to the COVID-19 crisis. 

Overall, the composition of the fingermarks provided by the 13 
donors is quite consistent over the months and the year. Except for 
one or two months for which less fingermarks were collected, no 
cluster is specific to one month. Moreover there are no over- or 
under-representation of m/z specific to a whole month in the heat
maps (darker red and blue areas, respectively), even for donor 03. 

These results highlight the links of the chemical composition of 
the fingermark residue over the months. 

Also, months that are spaced in time (i.e., January vs July, 
February vs November) are closely linked in the heatmaps, therefore 
emphasizing that seasons have little impact on the composition of 
the fingermark residue. Visually, some m/z values are clearly over- or 
under-represented throughout the year, although they are not spe
cifically in accordance with month or season changes. Overall, these 
preliminary observations indicate that a fraction of the secretion 
residue remains relatively constant over a year for a given donor. 

These results are strengthened by the PCA and heatmap de
picting a classification of the fingermarks of all the thirteen donors 
combined according to their month of deposition (Fig. 4). These 
charts were built on 90% of the m/z values present in all the analysed 
fingermarks. As expected, consecutive months are always over
lapped and the PCA clearly displays this continuity with a bottom-up 
succession of months (e.g., January, February at the bottom of the 
PCA, March, May, July in the middle and August, September, October, 
November, December at the top). Although, the heatmap emphasizes 
the interconnection between all the months confirming that seasons 
have a limited impact on the fingermark composition. This impact is 
reflected with a constant evolution throughout the months with the 
bottom-up effect showed in Fig. 4. 

Moreover, this result, as well as the mixing of the months in the 
clusters of the heatmap (Fig. 4) indicate that the observed results are 
not due to a batch effect that could occurred during the analysis and 
remain genuine and reliable. 

Seasonal changes, physiological changes, emotions, diet and 
lifestyle habits do have an impact on the composition of finger
marks. However, overall, some consistency in the fingermark 
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composition along the year has been emphasized for each of the 
thirteen donors of this study. 

To investigate more in depth the variations that occur over 
months and year, boxplots of the intensity of 6 m/z equally dis
tributed from the 25% variables with the most stable interquartile 
range over the year were generated. The most remarkable trends are 
depicted in Fig. 5. 

For more than 85% (11 donors out of 13), the variations are si
milar to the ones observed in Fig. 5. Two exceptions can be pointed 
out in supplementary data for donors 07 and 09. In these two cases, 
there is an unexpected variation of one compound for the month of 
September (month09). Regarding the class of compounds stable 
throughout the year, approximately one third to half of them can be 
characterized as triglycerides in the human metabolome database  
[40]. Such compounds can be either from endogenous or (semi-) 
exogenous origin. 

Overall, for a same m/z, some intensity variations occur 
throughout the months, sometimes higher for some isolated months 
(i.e., longer boxplot for DON05 m/z 1296.08), but these variations 
remain small when comparing m/z between them. Moreover, they 
do not highlight any pattern that could be specific to a seasonal 
evolution. 

Below the 25% of variables with the most stable interquartile 
range, wider variations are observed (data not shown), meaning that 

a small fraction of the secretion residue remains quantitatively 
consistent throughout the months. 

Overall, the results emphasize a qualitative stability as well as a 
quantitative consistency of the secretion residue throughout the 
year for at least one quarter of the detected m/z. 

3.3. Consistency of the composition over the year 

To further investigate the consistency of composition of the fin
germark residue, the number of detected m/z values was determined 
for each donor of this study, and further selected according to their 
percentage of presence among the fingermarks (see Figs. 6 and 7). 
The peak picking process was performed individually for the thir
teen donors. 

Overall, without any prior selection, an average of 971 m/z were 
extracted after the peak picking process for all the donors. Moreover, 
96% of these m/z features are present in at least 50% of the finger
marks collected from all the donors over the year. Between 45% and 
26% of all the detected m/z are also present in the composition of 
90% and 100% of the fingermarks collected, respectively. 

The consistency of composition observed over the year is also 
reproducible between the thirteen donors, as the percentage of the 
m/z retained between each selection is similar for everyone (Fig. 6). 

Fig. 2. Heatmaps corresponding to four donors (i.e., 01, 02, 05 and 08), built on 90% of the m/z values present in all the fingermarks provided by a given donor and showing the 
difference in composition between morning (AM) and afternoon (PM) and between days of deposition. m/z are represented in the left hierarchical clustering. 
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The same conclusions can be drawn from Fig. 7, depicting the 
consistency of composition of the fingermarks collected during the 
first month (including the morning and afternoon deposition ses
sions). A new peak picking process was applied on these fingermarks 
to determine the number of m/z detected during one month. The 
number of variables detected is almost equal that those presented in  
Fig. 6. Therefore, it supports the consistency of the chemical com
position of the fingermarks along the year. 

Overall, these results emphasize, that for each donor, it may be 
possible to build a set of m/z values that are representative of the 
composition of their fingermark residue (Figs. 6 and 7). 

In Fig. 8, a common peak picking for all the donors was con
sidered, meaning that the m/z detected are present in at least 30% of 
all the fingermarks among all the donors at a specific percentage, 
due to the arbitrary cut-off set in the peak-picking R code. This 
process allows determining which fraction of the m/z values is 
common to the thirteen donors. 

Regarding a qualitative aspect, the number of common m/z de
tected is usually smaller than for each single individual but remains 
close to the values presented in Fig. 6. 

When it comes to quantitative aspects, according to Girod et al.  
[27], it is expected to observe an intensity variation that is lower for 
the intravariability than for the intervariability for some variables. 

The exploration of the intervariability was not a purpose in this 
study, but will be investigated in further research. 

Overall, considering the m/z consistent for the thirteen donors, 
34% of the detected m/z values are present common to the thirteen 
donors over a one-year timespan. In other words, a hundred of m/z 
are present in all the fingermarks provided by the 13 donors com
bined. 

4. Discussion 

4.1. Variation of composition between individuals and over varying 
timespans 

The results presented in this study highlight that a fraction of the 
chemical composition of the fingermark tend to be consistent 
throughout the year qualitatively but also quantitatively to some 
extent. 

Regarding the variations observed, no external factors like the 
seasons or the time of day seem to impact this consistency as shown 
in Figs. 2 to 5. The gender of the donors does not explain these 
variations either. 

One hypothesis is that changes in the composition of fingermarks 
might be explained by some physiological modifications like stress 

Fig. 3. Heatmap of four donors built on 90% of the m/z values present in every fingermark for each donor and showing the different months of the year when the fingermarks were 
deposited. m/z are represented with the left hierarchical clustering. 
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levels, emotions, alimentation, lifestyle, habits or pathologies that 
can affect the composition of sweat [41–43]. Indeed, it is long time 
proven that concentrations of metabolites present in the human 
sweat are controlled by metabolic processes and evolve regularly 
depending on many factors like diet or activity levels [43–48]. The 
fact that natural fingermarks were collected in this study means that 
the donors were allowed to naturally touch their face and other 

parts of their body before depositing fingermarks. As a result, se
baceous- or apocrine-originating components may be present on the 
fingertips and induce some variability compared to sebum-rich or 
eccrine-rich fingermarks [2,49,50]. Overall, various factors can in
duce non-linear changes in the fingermark composition. These fac
tors tend to explain why no specific pattern could be identified based 
on weeks, months or seasons. 

Fig. 4. PCA (on the left) and heatmap (on the right) built on 90% of the m/z values present in all the fingermarks provided by the 13 donors and classified according to their month 
of deposition. 

Fig. 5. Boxplots of 6 m/z from the top 25% variables with most stable interquartile range for each donor separately. Each colour corresponds to a month of deposition of the 
corresponding analysed fingermarks. 
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Despite these changes, consistency was observed along the 
weeks and the year (Figs. 7 and 8). These results highlight the pre
sence of 25–45% of the m/z detected for the fingermarks of each 
donor. Also, up to 34% of these m/z are common to all the donors 
throughout the year, which emphasizes the importance of en
dogenous and (semi-)exogenous compounds into the consistency of 
composition of the fingermarks. 

Overall, there is an undeniable qualitative consistency over the 
year for each donor. There is also a certain signal stability as see in  
Fig. 5 but only for a certain fraction of the detected m/z, emphasizing 
the fact that there are some variations in terms of intensity that are 

occurring monthly. This statement is in accordance with the results 
published by Chadwick et al. [28] and based on the observation of 
processed fingermarks. An attempt to characterize the 25% most 
systematically present m/z was carried out by using the HMDB da
tabase. Most of these compounds were lipids, followed by metabo
lites, benzoids, and amino acids fragments. Overall, these results 
emphasize the possibility to create representative group of donors as 
already highlighted by Girod et al. [27] and further suggest that the 
chemical composition of fingermarks could be of valuable interest in 
the development and optimisation of new detection reagents (e.g., 
targeting specific compounds). 

Fig. 6. Number of m/z (variables) present in the fingermarks of the 13 donors over a one-year timespan according to their ratio of presence among the analysed fingermarks 
(coloured labels). For example, light green bars indicate the number of m/z (compounds) that have been detected in 75% of the analysed fingermarks. 

Fig. 7. Summary of the number of m/z (variables) present in the fingermarks of the 13 donors over a one-month timespan according to their percentage of stability among the 
analysed fingermarks (colour labels). For example, light green bars indicate the number of m/z (compounds) that have been detected in 75% of the analysed fingermarks. 
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4.2. Impact and outcomes for the forensic and the medical fields 

This study has demonstrated that there is a significant percen
tage of m/z values that can be specific to the fingermarks provided by 
one donor or common to several individuals. Metaphorically, this 
may be considered as a molecular signature. For each individual, it is 
possible to isolate hundreds of m/z whose presence is verified in the 
majority of his·her fingermarks along the year. If one considers these 
compounds as representative of the individual (incl. its lifestyle and 
metabolism), therefore, two types of molecular signature can be 
drawn: an individual one, specific to a donor and his·her finger
marks; and a collective one, composed of m/z variables that are 
detected in the fingermarks of a pool of donors. 

For the forensic field, these results offer original scientific 
knowledge about the intravariability of composition of fingermarks 
collected from several donors over a one-year timespan. It also offers 
outcomes for the researchers involved in the development of fin
germark detection techniques. Indeed, in this field, it is often asked 
to characterize the capacity of donors to provide fingermarks re
acting more or less with a specific detection technique, and classified 
according to their donorship (e.g., good, average or bad donor) [27]. 
Using the concept of collective molecular signature, it may be pos
sible to form representative groups of donors whose fingermarks 
would react in a comparable manner to fingermark detection tech
niques, which is still a challenge today [22,27,34,35,51]. 

Finally, the consistency of the composition of the fingermarks 
over the year also open doors in the investigative field of forensic 
science. It is reasonable to assume that the chemical composition of 
fingermarks could help differentiating donors based on the mole
cular signature [22]. Further data treatments are currently con
ducted in that regard. 

The results of this research could also be extrapolated to the bio
medical field. Indeed, the changes in composition highlighted for each 
donor open up prospects for the use of fingerprints for diagnostic 
purposes. Further research investigating more in depth the cause of the 
changes observed in the fingermark composition could help estab
lishing links between a molecular signature (restricted or not) and a 
pathology of interest [41,43], as it has been seen that there is a con
sistency of composition during the year. One can suppose that ab
normal changes in this composition could help detecting pathologies. 

5. Conclusion 

The aim of this study was to investigate the intravariability of the 
composition of fingermarks among a pool of thirteen donors com
posed of men and women of varying ages, over one year, and using 
MALDI-MSI. 

Overall, a qualitative and quantitative degree of consistency was 
observed for each donor. On average, 25–45% of the detected com
ponents (m/z) are found in all the fingermarks left by a given in
dividual over the year. 

Also, the results showed no evidence of the impact of seasonal 
change or the time of the day the fingermarks were deposited, on 
the composition of the papillary residue. Other factors are more 
likely at the origin of these variations, such as physiological changes, 
emotions, and health or lifestyle habits. 

When considering the compounds detected among all the do
nors, up to 34% of the m/z detected are common to all the deposited 
fingermarks. 

These findings are of valuable interest for many fields. In forensic 
science, besides gaining additional fundamental knowledge about 
the composition of the papillary residue, this could help defining 
pools of donors for fingermark detection reagents research. In bio
medicine, links could be established between fingermark composi
tion and pathologies, providing hence original and non-invasive 
detection protocols. 

Finally, further research is currently ongoing to determine if the 
set of m/z specific to the fingermarks left by a donor could help 
differentiating individuals, therefore bringing relevant information 
in an investigative context. 

CRediT authorship contribution statement 

Marie Gorka: Conceptualization, Methodology, Software, 
Validation, Formal analysis, Investigation, Data curation, Writing – 
original draft, Writing – review & editing, Visualization. Aurélien 
Thomas: Conceptualization, Resources, Writing – review & editing, 
Supervision, Project administration, Funding acquisition. Andy 
Bécue: Conceptualization, Resources, Writing – review & editing, 
Supervision, Project administration, Funding acquisition. 

Fig. 8. Number of m/z (compounds) present in a systematic manner in the collected fingermarks of all the donors (intervariability) vs the average number of m/z (compounds) 
detected for each specific donor (intravariability) and the minimum value of m/z detected among the intravariability. 

M. Gorka, A. Thomas and A. Bécue Forensic Science International 338 (2022) 111380 

8 



Conflicts of interest 

There are no conflicts to declare. 

Acknowledgments 

The authors acknowledge financial support from the Swiss 
National Science Foundation (#205121_182180).  

Appendix A. Supporting information 

Supplementary data associated with this article can be found in 
the online version at doi:10.1016/j.forsciint.2022.111380. 

References 

[1] S. Francese, R. Bradshaw, N. Denison, An update on MALDI mass spectrometry 
based technology for the analysis of fingermarks – stepping into operational 
deployment, Analyst (2017), https://doi.org/10.1039/c7an00569e 

[2] A. Bécue, H. Eldridge and C. Champod, Fingermarks and Other Body Impressions - 
A review (August 2016-June 2019), 2019. 

[3] K. Kaplan-Sandquist, M.A. LeBeau, M.L. Miller, Chemical analysis of pharma
ceuticals and explosives in fingermarks using matrix-assisted laser desorption 
ionization/time-of-flight mass spectrometry, Forensic Sci. Int. 235 (2014) 68–77, 
https://doi.org/10.1016/j.forsciint.2013.11.016 

[4] K.A. Kaplan-Sandquist, M.A. LeBeau, M.L. Miller, Evaluation of four fingerprint 
development methods for touch chemistry using matrix-assisted laser deso
rption ionization/time-of-flight mass spectrometry, J. Forensic Sci. 60 (3) (2015) 
611–618, https://doi.org/10.1111/1556-4029.12718 

[5] M.J. Bailey, R. Bradshaw, S. Francese, T.L. Salter, C. Costa, M. Ismail, P.W. R, 
I. Bosman, K. Wolff, M. de Puit, Rapid detection of cocaine, benzoylecgonine and 
methylecgonine in fingerprints using surface mass spectrometry, Analyst 140 
(18) (2015) 6254–6259, https://doi.org/10.1039/c5an00112a 

[6] G. Groeneveld, M. de Puit, S. Bleay, R. Bradshaw, S. Francese, Detection and 
mapping of illicit drugs and their metabolites in fingermarks by MALDI MS and 
compatibility with forensic techniques, Sci. Rep. 5 (2015) 1–13, https://doi.org/ 
10.1038/srep11716 

[7] S. Francese, R. Bradshaw, B. Flinders, C. Mitchell, S. Bleay, L. Cicero, M.R. Clench, 
Curcumin: a multipurpose matrix for MALDI mass spectrometry imaging ap
plications, Anal. Chem. 85 (10) (2013) 5240–5248, https://doi.org/10.1021/ 
ac4007396 

[8] C. Costa, M. Jang, J. de Jesus, R.T. Steven, C.J. Nikula, E. Elia, J. Bunch, A.T. Bellew, 
J.F. Watts, S. Hinder, M.J. Bailey, Imaging mass spectrometry: a new way to 
distinguish dermal contact from administration of cocaine, using a single fin
gerprint, Analyst (2021), https://doi.org/10.1039/d1an00232e 

[9] R. Bradshaw, W. Rao, R. Wolstenholme, M.R. Clench, S. Bleay, S. Francese, 
Separation of overlapping fingermarks by matrix assisted laser desorption io
nisation mass spectrometry imaging, Forensic Sci. Int. 222 (1–3) (2012) 318–326, 
https://doi.org/10.1016/j.forsciint.2012.07.009 

[10] M.J. Bailey, N.J. Bright, R.S. Croxton, S. Francese, L.S. Ferguson, S. Hinder, 
S. Jickells, B.J. Jones, B.N. Jones, S.G. Kazarian, J.J. Ojeda, R.P. Webb, 
R. Wolstenholme, S. Bleay, Chemical characterization of latent fingerprints by 
matrix-assisted laser desorption ionization, time-of-flight secondary ion mass 
spectrometry, mega electron volt secondary mass spectrometry, gas chromato
graphy/mass spectrometry, X-ray photoelectron spectroscopy, and attenuated 
total reflection Fourier transform infrared spectroscopic imaging: an inter
comparison, Anal. Chem. 84 (20) (2012) 8514–8523, https://doi.org/10.1021/ 
ac302441y 

[11] L. Ferguson, F. Wulfert, R. Wolstenholme, J.M. Fonville, M.R. Clench, V.A. Carolan, 
S. Francese, Direct detection of peptides and small proteins in fingermarks and 
determination of sex by MALDI mass spectrometry profiling, Analyst 137 (20) 
(2012) 4686–4692, https://doi.org/10.1039/c2an36074h 

[12] N. Lauzon, M. Dufresne, V. Chauhan, P. Chaurand, Development of laser deso
rption imaging mass spectrometry methods to investigate the molecular com
position of latent fingermarks, J. Am. Soc. Mass Spectrom. 26 (6) (2015) 878–886, 
https://doi.org/10.1007/s13361-015-1123-0 

[13] R. Wolstenholme, R. Bradshaw, M.R. Clench, S. Francese, Study of latent finger
marks by matrix-assisted laser desorption/ionisation mass spectrometry ima
ging of endogenous lipids, Rapid Commun. Mass Spectrom. 23 (19) (2009) 
3031–3039, https://doi.org/10.1002/rcm.4218 

[14] R. Bradshaw, A. Cressein, S. Francese, Technical note: A rapid methodology for 
the analysis of latent fingermarks by MALDI MS imaging, HTX Imaging 32 (2013) 
062013. 

[15] G.B. Yagnik, A.R. Korte, Y.J. Lee, Multiplex mass spectrometry imaging for latent 
fingerprints, J. Mass Spectrom. 48 (1) (2013) 100–104, https://doi.org/10.1002/ 
jms.3134 

[16] B.L. Walton, G.F. Verbeck, Soft-landing ion mobility of silver clusters for small- 
molecule matrix-assisted laser desorption ionization mass spectrometry and 
imaging of latent fingerprints, Anal. Chem. 86 (16) (2014) 8114–8120, https://doi. 
org/10.1021/ac5010822 

[17] T. Guinan, D.C. Vedova, H. Kobus, H.N. Voelcker, Mass spectrometry imaging of 
fingerprint sweat on nanostructured silicon, Chem. Commun. 51 (2015) 
6088–6091, https://doi.org/10.1039/C4CC08762C10.1039/c4cc08762c 

[18] H.-W. Tang, W. Lu, C.-M. Che, K.-M. Ng, Gold nanoparticles and imaging mass 
spectrometry: double imaging of latent fingerprints, Anal. Chem. 82 (5) (2010) 
1589–1593. 

[19] L. Ferguson, R. Bradshaw, R. Wolstenholme, M. Clench, S. Francese, Two-step 
matrix application for the enhancement and imaging of latent fingermarks, Anal. 
Methods 83 (14) (2011) 5585–5591, https://doi.org/10.1021/ac200619f 

[20] R. Bradshaw, S. Bleay, R. Wolstenholme, M.R. Clench, S. Francese, Towards the 
integration of matrix assisted laser desorption ionisation mass spectrometry 
imaging into the current fingermark examination workflow, Forensic Sci. Int. 
232 (1–3) (2013) 111–124, https://doi.org/10.1016/j.forsciint.2013.07.013 

[21] L. Ferguson, S. Creasey, R. Wolstenholme, M.R. Clench, S. Francese, Efficiency of 
the dry-wet method for the MALDI-MSI analysis of latent fingermarks, J. Mass 
Spectrom. 48 (6) (2013) 677–684, https://doi.org/10.1002/jms.3216 

[22] M. Gorka, M. Augsburger, A. Thomas, A. Bécue, Molecular composition of fin
germarks: Assessment of the intra- and inter-variability in a small group of 
donors using MALDI-MSI, Forensic Chem. 12 (2019) 99–106, https://doi.org/10. 
1016/j.forc.2018.12.002 

[23] C. Heaton, C.S. Bury, E. Patel, R. Bradshaw, F. Wulfert, R.M. Heeren, L. Cole, 
L. Marchant, N. Denison, R. McColm, S. Francese, Investigating sex determination 
through MALDI MS analysis of peptides and proteins in natural fingermarks 
through comprehensive statistical modelling, Forensic Chem. (2020), https://doi. 
org/10.1016/j.forc.2020.100271 

[24] Home Office, Fingermark visualisation manual, 2014. 
[25] R. Bradshaw, N. Denison, S. Francese, Implementation of MALDI MS profiling and 

imaging methods for the analysis of real crime scene fingermarks, Analyst 142 
(9) (2017) 1581–1590, https://doi.org/10.1039/c7an00218a 

[26] R. Bradshaw, G. Wilson, N. Denison, S. Francese, Application of MALDI MS 
imaging after sequential processing of latent fingermarks, Forensic Sci. Int. 319 
(2021), https://doi.org/10.1016/j.forsciint.2020.110643 

[27] A. Girod, C. Weyermann, Lipid composition of fingermark residue and donor 
classification using GC/MS, Forensic Sci. Int. 238 (2014) 68–82, https://doi.org/ 
10.1016/j.forsciint.2014.02.020 

[28] S. Chadwick, S. Moret, N. Jayashanka, C. Lennard, X. Spindler, C. Roux, 
Investigation of some of the factors influencing fingermark detection, Forensic 
Sci. Int. 289 (2018) 381–389, https://doi.org/10.1016/j.forsciint.2018.06.014 

[29] N. a. listed, LTQ Orbitrap XL Hardware Manual, Thermo Fish. Sci. (2008). 
[30] A. Bécue, Emerging fields in fingermarks (meta)detection - a critical review, 

Anal. Methods 8 (45) (2016) 7983–8003, https://doi.org/10.1039/C6AY02496C10. 
1039/c6ay02496c 

[31] N. Sun, A. Ly, S. Meding, M. Witting, S.M. Hauck, M. Ueffing, P. Schmitt-Kopplin, 
M. Aichler, A. Walch, High-resolution metabolite imaging of light and dark 
treated retina using MALDI-FTICR mass spectrometry, Proteomics 14 (7–8) 
(2014) 913–923, https://doi.org/10.1002/pmic.201300407 
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