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Abstract

In a criminal justice system, fingermarks are an important form of trace evidence
used to connect an individual with an object or crime scene. Their use in
investigations is reliant on their successful recovery, however due to the lack of
sensitivity and robustness of current detection methods, a large number of
fingermarks remain undetected. Research has focused on the chemistry of
fingermark samples to help rationalise the performance of detection treatments,
with variation in response shown to be affected by donor and time since deposition.
Previously, bulk chemical analysis techniques or optical methods have been used to
examine the composition of fingermark residues and large scale fingermark
development studies have demonstrated how development performance can vary.
Understanding how variation in the spatial distribution of chemical components
affect development performance has however, been previously difficult to
study. This thesis aims to add new knowledge to this research field, by bringing
together chemical and spatial information through the use of chemical imaging,
revealing the distribution of organic and inorganic material in latent fingermarks and
how this can relate to fingermark development. The findings expand the current
understanding of fingermark chemistry, to explain variation in latent fingermark

detection and identify novel strategies to increase detection capabilities.

A synchrotron light source was utilised to gain a unique view of fingermark residues,
providing exceptional detection limits, spatial resolution and spectral quality to
analyse natural fingermark samples. X-ray fluorescence microscopy (XFM) was
applied to map the natural distribution of inorganic components within fingermark
residue. Endogenous trace metals (Fe, Cu, Zn), diffusible ions (CI-,K*Ca%*), and
exogeneous metals (Ni, Ti) were detected across fourteen fingermark donors.
Further, the incorporation of a multimodal approach using XFM alongside infrared
microspectroscopy (IRM) demonstrated for the first time the colocalization of
endogenous metals within the hydrophilic organic components of fingermark

residue.



XFM was also used to explore the forensic processes of transfer and persistence, by
linking trace metal profiles to contact with metal objects. Fingermarks were taken
before and after brief handling of forensically significant items. The results reveal
increased metal content after contact, and critically, a characteristic pattern of
increased metal content dependent on the object. Persistence studies indicated that
these metals are removed as easily as they are transferred, with a reduction in
elemental contact after hand washing prior to deposition or water immersion post
deposition. Interestingly, particular metals (Ti, Zn, Fe) remain after water immersion,
suggesting potential chemical targets for novel detection methods. Preliminary work
using X-ray absorption near edge structure spectroscopic mapping highlighted the
potential use of this technique to differentiate between different chemical forms of
metals and metal ions in latent fingermarks. It is anticipated that these findings can
now be used to assist the interpretation of the transfer and persistence of fingermark
evidence and direct future work for the advancement of trace metal detection tests

and fingermark development procedures.

The degradation of fingermark residue is known to have a detrimental effect on
development performance. The rate of degradation has been previously explored
with bulk chemical analyses, but little is known about chemical alterations within
specific regions of the fingermark. Attenuated total reflectance (ATR) IRM with a
synchrotron IR source was used to provide spatio-temporal resolution of chemical
changes within fingermark droplets, as a function of time since deposition, under
ambient temperature conditions. Natural fingermark droplets were imaged on the
micron scales at hourly intervals within the first 7 — 13 hours after deposition,
revealing that substantial dehydration occurred within the first 8 hours. Changes to
lipid material was more varied, with the variation in the initial chemical composition
and morphology of the droplet expected to influence the rate of change of the

droplet over time.

The dehydration of fingermark residue was revealed to be the most significant
chemical and physical change seen in the immediate hours following deposition.
Despite this, there remains uncertainty in the volume of water in a fingermark and

its potential rate of dehydration. The strength of the absorption of Terahertz/Far-



infrared (THz/Far-IR) radiation by water vapour molecules was exploited, using
THz/Far-IR gas-phase spectroscopy to measure the volume of water in a fingermark.
Upon heating, water confined in natural fingermarks was evaporated to fill a vacuum
chamber equipped with multipass optics. The amount of water vapour was then
guantified by high-spectral resolution analysis, and fingermarks were observed to
lose approximately 14 — 20 ug of water. The combination of both ATR-FTIR and Far-
IR gas-phase techniques highlights important implications for experimental design in

fingermark research, and operational practices used by law enforcement agencies.
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Chapter 1

Introduction




1.1 Fingermarks as Forensic Evidence

In forensic science, the transfer of trace evidence during the course of criminal
activity can provide vital investigative information that links people, locations and/or
objects. Latent fingermarks are an important type of trace evidence as they are easily
transferred and characteristic to an individual, with the marks left following contact
between the fingertip and a surface frequently utilised for identification purposes.!
The residue left on contact is often invisible to the naked eye, requiring chemical or
physical treatment to enable detection. Despite ongoing research to improve
fingermark visualisation procedures, there remains significant detection challenges

due to the chemical variability of fingermark residue.?

The composition of latent fingermarks is not static, and changes with time, which is
an important consideration given that evidence is not normally collected
immediately following transfer.3> Although experimentally challenging, it is
important to characterise the nature of material that is transferred from a person’s
fingertips to the fingermark and for how long that material persists. Likewise, it is of
immense value to identify how the chemical composition of a latent fingermark is
influenced by physical activities prior to fingermark deposition.>® Chemical
investigation of fingermark residues can assist in improving methods for the visual
enhancement of fingermark samples, as well as improving the fundamental

processes involved in the interpretation of fingermark evidence.

Commonly, investigations into the fingermark recovery process aim to improve the
visualisation of fingermarks for identification purposes. More recently, the activity
level surrounding the transfer of latent fingermarks has become an area of interest
to fingermark researchers. A new approach by de Ronde et al hasredirected
fingermark research to explore the activity leading to fingermark transfer, providing
an objective view on whether the fingermark may be attributed to criminal activity.*
2By conducting fundamental research into processes such as transfer and
persistence, there is potential to exploit the chemical and physical characteristics of
fingermarks to improve their interpretation and evidential value in forensic

investigations.



1.2 Fingermark Composition

Fingermark residue is made primarily of a mixture of secretions from the eccrine and
sebaceous glands, often contaminated with constituents picked up through contact
during daily activity. The exact initial composition can vary, influenced greatly by the
donor, deposition conditions and surface characteristics.’*>* Donor traits such as
age, biological gender, ethnicity, health and personal habits like cosmetic use and
smoking impact the composition of material present on the fingertips and
subsequently deposited in a fingermark.” 22 Meanwhile characteristics such as
deposition time and pressure and the porosity of the substrates surface can impact

the behaviour of residue pertaining to its transfer and persistence.?

1.2.1  Eccrine Components of Fingermark Residue

Eccrine glands are present on the palmar surface of the hands and the fingertips, thus
it is expected their secretions make up a portion of fingermark residue. Eccrine glands
produce sweat, an agqueous mixture containing amino acids, salts and proteins.?42
The composition of eccrine sweat can vary greatly across donors, however there are

common components present.

Quantitative studies have demonstrated a similar amino acid profile within
fingermarks to eccrine sweat, with serine, glycine and alanine found to be the most
abundant amino acid constituents.?> 2627 The total amino acid concentration has
been measured to be somewhere between 0.30 and 2.59 mg/L, with the amino acid
profile shown to be variable between donors.?’28 Proteins and peptides have been
studied in fingermark residue, van Dam et al. reported the use of matrix assisted laser
desorption/ionization mass spectrometry (MALDI MS) to target dermcidin using
immunolabeling, and demonstrated the dotted pore pattern located across the
ridge.”® The method has also been used to detect other protein and peptide
compounds, with Ferguson et al. suggesting the method can be used to determine a

chemical profile to deduce the biological gender of the donor. 1% 30

Eccrine sweat can contain minerals found in the blood, with a number of inorganic

ions including chloride, magnesium, potassium and iron detected within eccrine



residues.’™ 3! Sodium and chloride ions are expected to be present in greatest
concentrations, with variation in sweat composition due to donor, sweat rate and
environmental conditions.?* Early research on eccrine sweat used body perspiration
to establish the basic understanding of fingermark chemistry until Cuthbertson et al.,
under the instruction of the United Kingdom Atomic Weapons Establishment,
reported specifically on latent fingermark residues.3?3* Analysis of the water soluble
components of fingermark residue suggested the presence of metal ions including
chloride, calcium, sodium and potassium, with considerable variation in chloride

content, influenced by donor age.*

The water soluble ion content in fingermark residues can impact on the fingermark
development process, with some detection treatments such as cyanoacrylate fuming
considered to be influenced by the presence of chloride ions.2> Some donors secrete
a higher concentration of metal ions, which when in excess in fingermark residue can
cause corrosion of metal surfaces, leaving behind a visible fingermark.3>-37 Attempts
to exploit the presence of these metal ions for chemical imaging purposes have
demonstrated the distribution of particular metal ions across the fingermark ridges.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) has been used to
successfully image fingermarks, often targeting sodium and potassium as ions of
interest.3®40 Bailey et al. highlighted the use of X-ray photoelectron spectroscopy
(XPS) detecting sodium, calcium, chloride and potassium in natural fingermark
samples and Worley et al. used micro-X-ray fluorescence to image the potassium and
chlorine in fingermarks groomed for increased eccrine content.**? Across these
methods there were noticeable variations in metal ion content between donors,

reinforcing results of previous bulk chemistry studies on fingermark residue.

The water fraction of a fingermark is expected to make up a significant portion by
mass, however there have been many conflicting reports on just how much water is
within a fingermark and its rate of evaporation.*** There are inherent challenges
when attempting to measure the water present within a fingermark due to the small
guantities and variability of material present and influence from the surrounding
environment. Attempts have been made using microbalances to measure the mass

of this material and its change over time with great disparity in the findings.*> 4>


https://www.sciencedirect.com/topics/medicine-and-dentistry/secondary-ion-mass-spectrometry

Keisar et al. calculated the mass of a fingermark to be between 2 — 9 ug, based on
the weight of a smaller subsection of the mark, whilst Croxton measured a mass
range of 0.33 — 29 pg.® 3% The water content is of interest to fingermark researchers
as it is known to have a direct impact on fingermark detection, with dried, aged
fingermarks showing weaker performance when detected with some operational
methods.3> 474 Early reports of significant mass loss in fingermark residue suggested
that 98-99% of initial fingermark mass loss is due to water evaporation, however Kent
et al. has suggested the water fraction makes up less than 20% and Keisar et al. found

significant variation in water content anywhere between 20% and 70% by mass.*3-44

1.2.2  Sebaceous Substituents of Fingermark Residue

The sebaceous glands are accountable for the majority of the water-insoluble
material present within fingermark residue. The glands are present over a greater
proportion of the body compared to eccrine glands, and are usually attached to hair
follicles so are frequently found on the scalp and face.?* Though these glands are not
present on the fingertips sebaceous material is often encountered within fingermark
residue due to habitual contact with other areas of the body.'™ 2> Due to the
transferrable nature of this material the amount of lipids detected within fingermarks
is understood to vary greatly, with additional variation seen due to substrate effects

and environmental exposure.!3 23,26

The sebaceous glands produce an oily mixture of lipids called sebum, which is made
up of squalene, fatty acids, wax esters, and triglycerides. The lipid composition of
latent fingermarks has been studied with chromatographic analysis, with a number
of groups identifying squalene as the most predominant lipophilic compound in
fingermark residue.!314 16 5051 A number of oxidation by-products correlated to
squalene precursors have been characterised, with suggestions their composition
can be used to predict the time since deposition of the mark.>>>* Hydrolysis of sebum
forms a number of fatty acids present in fingermark residues, Archer et al.
investigated fatty acids such as palmitic acid, palmitoleic acid and oleic acid, with
compositional changes after fingermark deposition shown to be affected by lighting

and storage conditions. *°



One of the greatest challenges when analysing the lipid fraction of fingermark residue
is the variation between samples. Sebum chemistry is influenced by donor traits such
as age, biological gender and diet, and due to the multifaceted nature of the transfer
of sebaceous material, the initial composition in fingermark residue can vary
greatly.'> 122122 Frick et al. used gas-chromatography mass spectrometry (GC-MS) to
explore the lipid fraction of fingermarks from over 100 donors.'* The findings
compared the relative concentrations of lipid components including squalene,
cholesterol, fatty acids and wax esters, highlighting the inherent variability of lipid
material deposited in fingermark residue. Variation between donors and within
multiple samples from the same donor makes correlation of donor traits across a
large sample size difficult, the study concludes that the prospect of exploiting this
chemical information for identification purposes cannot be used operationally until

challenges with fingermark sampling protocols are better understood.'314 5>

1.2.3  Other Contaminants Present in Fingermark Residue

Contaminants within fingermark residue present an intriguing alternate target to
extrapolate donor information for a forensic investigation.® Skin debris is valuable as
it can be a source for DNA, dead skin cells are often sloughed from the skin surface
through contact with adhesive or rough surfaces.>®>® A number of drug metabolites
have been identified within fingermark residue, secreted through the body and
transferred from the surface of the hands.”®%% These drugs have been exploited as
chemical targets for chemical imaging, with recent studies aiming to differentiate
between metabolites which have been deposited naturally within fingermark residue

or transferred exogenously.® 63

Material can also be transferred to the fingertip and combined with fingermark
residue through daily activity. Cosmetic and consumer products including
moisturisers, sunscreens, hand sanitisers, make-up and hair products have all been
identified in fingermark residues.” 6467 The presence of these materials can influence
the chemistry of the residue, affecting degradation rates and potentially interfering
with detection processes. However, some exogenous contaminants such as explosive

and gun shot residues have proven useful in providing contextual information about



the donors activity prior to deposition.®®72 Trace metal detection tests target the
metal ions present in these residues and are often applied directly to the hands to
identify recent handling of metal objects including firearms.”>7” Recent work by Xing
et al. has explored the secondary transfer of these contaminants within latent
fingermarks and palmprints on paper substrates.”® The detection of secondary
transfer of metal particles to fingermark residue can provide valuable information at
an identification and activity level, which would be of greater value when interpreting

forensic data.

13 Factors Affecting Fingermark Composition Post Deposition

Following the deposition of a fingermark it is well recognised there are changes which
chemically alter the residue.® > 7 Sears et al. proposed the concept of the “triangle
of interaction”, shown in Figure 1.1, which refers to how the substrate surface, the
surrounding environment and the chemistry of the residue itself can affect the
composition of fingermark residue over time.®° The rate of chemical and physical
changes can impact the persistence of fingermark material and its detectability, but
also have the potential to be used to estimate the time since deposition.8183 Several
studies have attempted to predict the age of a fingermark by investigating the
chemical composition and degradation over time.!> 3 Using chromatographic
analysis the ratio of components, the presence of oxidation products and the change
in chemical profile have all been explored as potential approaches to date fingermark

samples.>>4
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Figure 1.1: Schematic of Sear’s “Triangle of Interaction”, referring to the influence of
fingermark composition, substrate surface and substrate environment on

fingermark residues. ¥

The physical changes in fingermark samples have been observed when detecting
fingermark residues, with aged fingermarks performing differently when treated
with particular enhancement methods including powdering, cyanoacrylate fuming
and lipid sensitive reagents.3> 7. 4% 887 physical changes have also been examined
through the use of optical methods such as microscopy, with the ridge patterns
shrinking as the deposit dries.®8 There are significant challenges when attempting to
predict time since deposition using these approaches, a multitude of factors can
affect the initial starting material as well as the rate of degradation.® > 79 &
Considerations of the effects of the triangle of interaction on fingermark residue
must be taken when conducting fingermark research.8> °© The International
Fingerprint Research Group has guidelines to address the implications of these
effects on fingermark studies, with suggestions on donor pool size, substrate types

and environmental conditions. °!



1.3.1 Fingermark Residue

The rate of degradation of a fingermark is greatly impacted by the initial composition
of the residue. > 7> 92 As discussed previously, fingermark residue is a complex
mixture which can vary between individuals based on a number of factors including
donor characteristics and the donor activity leading to deposition.*® 2% 93 Intradonor
variation refers to the disparities between fingermarks given from the same donor,
influenced by the donors activities as well as deposition pressure, time and angle.**
14,23, 26 The summation of these factors impact the chemistry of fingermark residue

starting material and its subsequent aging process.

Following deposition, residue can interact with components within the fingermark.
Squaleneis a prominent compound within fingermark residue and is expected to play
a protective role for certain fatty acids, providing a pathway for preferential
degradation, delaying the depletion of the remaining fingermark compounds from
initial degradation.>® 7% % The eccrine and sebaceous materials are present as an
emulsion, as such the oxidation and deterioration of material is prolonged compared
to rates for the individual standard compounds.®>’ Since it is a combination of the
material present which can influence the rate of degradation, the initial fingermark
residue has a considerable effect on the degradation process. Attempts have been
made to minimise the variation in starting material for fingermark research, by
instructing donors to wash their hands, limiting activity prior to deposition and
controlling deposition force.** 238098 However, in their review, Girod et al. concluded
that it may be impossible to overcome interdonor variation and is likely that aging
models would need to be prepared on an individual basis to accurately estimate the

time since deposition.3

1.3.2  Substrate Surface

The substrate surface influences the chemistry of the fingermark and its subsequent
enhancement methods. Surfaces are often grouped into porous, non-porous and
semi-porous categories. The absorption and diffusion of residues into the surface
depend on their porosity and smoothness.?® Porous surfaces such as paper and

cardboard absorb a portion of the fingermark which can later be targeted by
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particular detection methods. Eccrine components, such as amino acids, readily
absorb into porous surfaces due to hydrogen bonding with cellulose in the
substrate.’™ 3> Meanwhile lipid material is transferred through adhesive forces,
dependent on the smoothness and temperature of the surface. Almog et al. used a
fluorescent dye and fluorescent microscope to observe the fingermark cross section,
demonstrating how the decrease in porosity of the surface reduces the rate of
absorption of residue.®® Smooth, non-porous surfaces such as glass, metal or plastic
do not exhibit absorption, instead the residue remains in place on the surface of the

substrate until physically removed or chemically degraded. 8% 88

The persistence of fingermark residue directly correlates to the surface substrate.?
100-101 The absorption of fingermark material into a porous surface acts to trap the
residue ensuring the residue can remain for extended periods of time, with
fingermarks several decades old detected using chemical treatments.?”> 192 The
degradation of material is accelerated on non-porous surfaces, with squalene and
cholesterol more susceptible to degradation and the rate of evaporation of water
increased as the material is exposed to the surrounding environment.!> 3}
Fingermark residue can also be chemically altered by the surface, metals such as
aluminium and brass undergo corrosion at the fingermark site.3” 193 Recently,
Chadwick et al. demonstrated the effect of the substrate surface on the success of
fingermark development, revealing that it is more likely a fingermark will be
appropriately developed on a porous surface, with improved development quality on
paper substrates compared to non-porous surfaces.? This result is likely due to the
behaviour of the residue, with the absorption of the fingermark into a porous surface,
where as residues on non-porous surfaces are more likely to be damaged through

handling and environmental exposure prior to development.

1.3.3 Sample Environment

The surrounding environment has significant impact on the degradation of
fingermark residue. Environmental factors such at temperature, humidity, light and
wind all have an effect on the persistence of material.>*” 8 Increases in temperature

can accelerate the evaporation of aqueous material, whilst also speeding up the rate
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of oxidation of lipids, such as squalene and cholesterol and the degradation of amino
acids.®* 194197 Meanwhile the exact temperature a fingermark is stored at can
determine the degradation pathways, with Wolstenholme et al. demonstrating the
degradation of oleic acid to be temperature dependent.'® Exposure to UV light has
proven to have an effect on the rate of degradation of lipid material, with Archer et
al. reporting oxidation by-products in higher abundance for squalene, cholesterol

and fatty acids compared to when stored in the dark.*®

Submersion in water can wash away the aqueous residues within a fingermark,
leaving the lipid material behind. Dorakumbura et al. showed how the rate of
degradation of squalene increased when submersed in water, however
enhancement methods have been used to successfully enhance lipid material which
has been wetted.>> 199111 |ncreased humidity has been known to impact fingermark
development, the presence of water vapour can dissolve water soluble components,
whilst also speeding up lipid oxidation processes.3> 47 112 Storage of fingermark
samples open to airflow have increased exposure to oxygen and ozone, by limiting
this exposure and storing samples in enclosed containers or office cupboards the

oxidation of lipid material can be prolonged.% 113

There are many compounding factors influencing the surrounding environment,
which in an experimental setting can be controlled.®? Unfortunately, in a realistic
scenario information on the environment is unknown and predicting the effects the
environment may have on fingermark degradation is unreasonable. Therefore, it is
important that investigation of environmental effects on fingermark degradation
happen solely on a fundamental level, to assist in the interpretation of fingermark

evidence.

1.4 Fingermark Development

The successful detection of fingermark evidence can be crucial to providing
investigative information to a criminal case. Thus the decision on how to process a
fingermark sample is an important decision made by crime scene investigators.2
There are a number of considerations to take into account when selecting the

appropriate enhancement treatment process.''#11¢ The destructiveness, ease of use,
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cost and required equipment or training are often considered by a department when
selecting a routine treatment method, but factors intrinsic to the substrate can be
crucial to the selection of an appropriate method.? 117119 The background colour,
surrounding environment and the porosity of the surface are important factors to
consider. The schematic shown in Figure 1.2 outlines an example of the decision

process when selecting a fingermark treatment method.

Determine Surface Type

Optical Examination
View under visible and photoluminescent

light for fingermark traces and to determine
surface properties

Porous Surface Non-Porous Surface

| Dry Surface | | Wet Surface | Dry Surface Wet Surface
l l v v v
Luminescent Treatment Lipid Sensitive Treatment
- 1,2 - Indanedione - OilRed O Cyanoacrylate Fuming Dry at Room Temperature Single Metal Deposition
- Ninhydrin - Nile red/blue
A4 A 4 v 4
Physical Developer | | Physical Developer | | Powdering | Post Treatment Stain |

Figure 1.2: Flowchart showing an example of a fingermark development treatment

decision process. 11>-116, 118

1.4.1 Porous Fingermark Development Methods

Eccrine material can be a particularly good chemical target for fingermark
enhancement due to its longevity on porous surfaces. The amino acids present bind
with the cellulose in surfaces like paper and conserve the fingermark pattern,
providing opportunity to detect fingermarks long after deposition.’> % Reagents,
including ninhydrin and 1,2-indanedione have been developed to react with the
amino acids found in fingermark residue to produce a brightly coloured or
luminescent product.'?® The sensitivity of these methods have demonstrated high
quality development across a wide range of donors and different formulations have

been developed for use in a range of jurisdictions.3> 118 121-124

Since its initial serendipitous discovery as a fingermark treatment, ninhydrin (2,2-

dihydroxyindane-1,3-dione) has become the most widely used method for the
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development of fingermarks on white or light coloured porous surfaces.?® 125126
Fingermarks are submersed in a solution of ninhydrin for a few seconds before
heating the substrate to speed up the reaction between ninhydrin and the amino
acids to produce the colour Ruhemann's purple.3> 2’ Dependent on the chemistry of
the amino acids present within the residue the developed mark can appear red to
deep violet in colour.3> Modifications to this method have introduced metal salts as
a post-treatment, in conjunction with cooling of the specimen, to produce a
fluorescent product.?® 128129 This can overcome the difficulties of visualising

ninhydrin treated marks on dark coloured or patterned surfaces.> 28 12°

Significant research was carried out into analogues of ninhydrin to identify a reagent
that would be able to provide both coloured and luminescent fingermarks, without
the need for post-treatments.?% 130 Of the compounds investigated, 1,2-indanedione
has emerged as the most effective treatment to date for targeting amino-acid
components within fingermark residue on coloured or patterned surfaces.1?? 131-132
This reagent is applied similarly to ninhydrin, by typically submersing the fingermark
in a solution for a short period before heating the sample to accelerate the
reaction.3> 118 121 The product formed in this reaction has been termed Joullie’s Pink,
and is a bright, pink coloured product which exhibits fluorescence when excited with
a 505 nm light source and viewed through a 550 nm barrier filter.!'8 This method has
shown superior performance, with Bouzin et al. demonstrating the sensitivity of 1,2-
indanedione, detecting fingermarks aged up to 80 years old, however there are still
particular jurisdictions who are apprehensive to operational use due to the issues
with development environment.102 120,122 There is evidence to suggest that humidity
and temperature can impact the performance of 1,2-indanedione, with areas
encountering high temperature and humidity conditions producing a better quality
fingermark.'?* The introduction of zinc-chloride to the working solution can improve
the stability of the compound in solution, whilst improvement was seen in this
method further work is still being carried out to optimise the method for cooler, low

humidity environments.3> 122

Lipid material is an alternative chemical target for the development of fingermark

residue. This material can be advantageous as a target due to its stability in harsher
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environments, such as water exposure.3 The oily nature of lipid material allows the
hydrophobic residues to remain on a surface, trapping the fingermark even after
submersion in water.!'®> Traditionally, sebaceous secretions have been treated using
physical developer (PD), a method used operationally to develop fingermarks on
wetted surfaces using colloidal silver nitrate to develop a dark grey fingermark.3> 134
The theory behind PD has been debated, with the understanding that it is a complex
mechanism involving a mixture of eccrine and sebaceous secretions.!1% 13>137 Despite
its challenging development process and damaging temperament to discolour
background surfaces, physical development treatment has proved useful in treating
challenging samples, developing fingermark samples up to 90 years old.?” 138 |t has

also provided a basis for the evolution of single and multi-metal deposition methods.

139-140

Alternatively, lipid secretions can be targeted by Oil Red O (ORO), a lipid sensitive dye
adapted from methods in biology where the dye is used for staining lipoproteins.14
Rawiji et al. compared Oil Red O and physical developer, highlighting the simplicity of
the ORO procedure and enhanced development quality on white and thermal
papers.’*2 However, ORO has been reported to only offer superior development
when sebaceous rich deposits are used, with natural and aged samples producing
fingermarks of poorer quality.3> 143144 The methods produce red (ORO) and grey (PD)
coloured fingermarks, meaning brightly coloured or patterned surfaces are

challenging for visual contrast.3* 118

Nile red is a histochemical stain which targets neutral lipids and provides increased
sensitivity and photoluminescent properties to overcome contrast issues.'4>-146 Nile
red has been used to treat fingermarks on wetted porous substances, however there
are concerns over the toxicity of the solvents required for solubilisation.'*> Recent
progress has adapted a safer and more cost effective alternative utilising Nile blue A,
which when dispersed in aqueous solution hydrolyses to form Nile red.**’ Successful
development of latent fingermarks using aqueous Nile blue solution on porous
surfaces has been reported by Frick et al., with the pH lowered using dilute sulfuric
acid demonstrating a brighter fluorescent product due to the increased yield in Nile

red.'’-148 An alternate approach to overcome the immiscibility of Nile red in aqueous
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solutions was reported by de la Hunty et al., where an agueous microemulsion
incorporating Nile red, which is safer and more cost effective than conventional
methods, was prepared, revealing superior development compared to the published

aqueous Nile blue method.33

1.4.2 Non-porous Fingermark Development Methods

Substantial research has focussed on the evolution of development methods for
porous surfaces, comparably non-porous surfaces are often treated with one of two
methods, powdering or superglue fuming. These methods are preferrable in an
operational setting due to their cost effectiveness and ease of use.’® Both methods
provide adequate contrast of the fingermark ridge against the surface however, the
development quality is concomitant to the state of the residue present.3> *% Due to
the nature of a non-porous surface the fingermark is fragile and environmental
exposure or length of time since deposition can be detrimental to development

performance.>#°

Fingermark powdering involves dusting the fingermark with granular micron-sized
particles.*® The adhesion of the powder to the fingermark is dependent on the
particle size and shape, surface chemistry and electrostatic charge, with auto-
adhesion ensuring the build up of particles following the first layer of powder
deposition.?® There are a number of fingermark powders designed to suit a range of
non-porous surface types including coloured, magnetic and fluorescent powders.*®

Once treated, powdered fingermarks can be photographed in-situ or be lifted using

an appropriate medium to provide additional contrast.!8

Cyanoacrylate fuming, or superglue fuming, is a method used to enhance the visibility
and stability of fingermark residue.'#® The fingermark is placed inside a chamber with
cyanoacrylate vapours which polymerise to form a rigid three dimensional matrix of
the fingermark.*® The cyanoacrylate polymer interacts with the bases present within
fingermark residues, with weak bases present in eccrine material shown to promote
polymer growth.?®%151 For this reason wet surfaces are not appropriate for this
treatment, and should be dried to avoid development of the background. Humidity

levels can impact the development processes of cyanoacrylate fuming, operationally
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this is often controlled by humidity and temperature controlled development
chambers.3> 47 152 Following successful cyanoacrylate development coloured and
fluorescent post-treatment stains can be used sequentially to further enhance the

contrast and visibility of the fingermark.>3-154

1.4.3  Other Fingermark Development Methods

The majority of fingermark treatments are applied to either porous or non-porous
surfaces, however there are a number of methods capable of treating fingermarks
across a range of both types of surfaces, one of which is vacuum metal deposition
(VMD). The process is often applied to non-porous and semi-porous substrates, and
has been successful in treating marks on challenging surfaces such as polymer
banknotes or after exposure to harsher environmental conditions.!'® 15>157 yMD
involves the evaporation of gold, which deposits as a thin monolayer across the
fingermark and substrate, the fingermark residue diffuses the gold from its surface,
leaving the top surface of the fingermark exposed.3> Subsequent treatment by zinc
(or previously cadmium) fuming enhances the fingermark ridge, by preferentially
condensing on the exposed gold, providing a nucleation site for the zinc and
producing a light coloured fingermark against a dark background.3> 118 158 QOften
“reverse development” is encountered, meaning the fingermark is treated with zinc
rather than the background, groups have theorised this phenomenon to either the
interaction with inorganic constituents within fingermark residue, particularly if the
fingermark is left to dry out, or to the amount of gold deposited initially.1>8-162
Despite the success of this method, it is not used in all jurisdictions due to

requirements for specialised equipment and an experienced operator.11> 118

Advances in nanotechnology has seen a rise in nanoparticle treatments for
fingermark development.t62163 The size of these particles can be advantageous for
improved development, however safety concerns over their use in powdered form
must be considered, nanoparticles dispersed in solution is one approach taken to
overcome this.'® Single metal deposition (SMD) Il is a method deriving from physical
developer which uses gold nanoparticles in a colloidal solution to preferentially

develop the fingermark ridges.'®> The process involves a two-step procedure: an
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initial gold nanoparticle deposition bath followed by a reinforcement solution where
gold salts undergo in-situ reduction to further enhance the development contrast.0%
165167 This step differentiates the method from its predecessor, multi-metal
deposition, which uses a silver reduction bath. The method is advantageous in its
ability to develop fingermarks across a range of porous and non-porous surfaces,
however like physical developer the exact mechanism of the initial gold deposition

process is still disputed.10% 168

1.4.4 Challenges with Fingermark Development

Despite the wide range of fingermark development methods currently available,
there remains numerous challenges in successfully developing latent fingermarks.
Recently, Chadwick et al. highlighted the variability in sensitivity and selectivity of
current detection methods, stating the substrate and donor play a significant role in
successful fingermark development.? Their work also emphasised that current
operational methods do not detect all available fingermarks and reinforced the need
for research to be conducted to better understand the fundamentals of fingermark

detection.

Sear’s triangle of interaction model was suggested to aid in the decision making
process when selecting an appropriate development procedure.8® However, this
theory can also be used retrospectively to help rationalise the behaviour of
development methods. What is apparent is the significance of fingermark chemistry,
which as discussed previously can be directly affected by the substrate and
surrounding environment.> > In a research context the substrate and environmental
conditions can be controlled and monitored, however, the chemistry of fingermark
residue is multifaceted and more variable.®? Exploring the fundamentals of
fingermark chemistry will improve the overall understanding of fingermark
development, and can improve the detection and interpretation of fingermark

evidence.
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1.5 Analytical Methods Used to Explore Fingermark Chemistry

Improving the understanding of fingermark chemistry can assist in the advancement
of fingermark detection procedures. Currently there are a number of visualisation
methods used operationally with detection mechanisms that are not fully
understood. By expanding the theory behind these techniques their performance can
be better explained, leading to the improvement of methods and the creation of
novel evidence-based techniques. Several studies have investigated fingermark
chemistry using a range of analytical methods.? > 1% Often this has involved direct
measurement of bulk chemical composition of the fingermark sample using
chromatography techniques, which provide a wealth of chemical information, but
destroy the sample and any spatial information in the process. Meanwhile optical
imaging methods, such as microscopy, are often non-destructive and can retain
information on the distribution of material within the sample but are limited in their
chemical specificity. Recent work has aimed to obtain the benefits of chemical
specificity in addition to spatially resolved information by using chemical imaging
methods.* %> 169-170 The use of such methods, which provide spatially resolved
chemical information, has substantial potential to broaden the understanding of

fingermark chemistry.

1.5.1 Chromatography Techniques

Chromatography offers excellent chemical specificity and sensitivity when analysing
fingermark residues and has been applied in several studies to analyse the molecular
composition of fingermark residue. Gas chromatography — mass spectrometry (GC-
MS) is commonly used to identify the volatile compounds present within fingermark
residue.3 22-23,50, 55,84, 92,105,171 By comparing the mass spectra with that of standard
compounds and the national standards database, a number of compounds present
in fingermark residue have been identified.' 16 171-172 | jquid chromatography — mass
spectrometry (LC-MS) is another chromatography technique and was used by de Puit
et al. as an appropriate method to analyse the amino acid fraction of fingermark
residue, identifying full amino acid profiles across a range of donors.?” °2 These
methods can provide a chemical-specific view on the degradation of fingermark

residue, with Dorakumbura et al. identifying a range of oxidation by-products which
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form as a function of time since fingermark deposition.>?> Attempts to use these
chemical profiles as an approach to dating the time since deposition of a fingermark
has been suggested, however a major challenge is the variation in starting material
and the destructive nature of the method.>% 7% 173174 Fyrther work has investigated
the effects of the surrounding environment on fingermark chemistry, as well as
attempts to link the chemical profile of a fingermark to particular donor traits. > 22
Whilst chromatography methods can provide valuable bulk chemical information on
the chemical constituents present, spatially resolved chemical information is not
provided, meaning the information gained is limited to one dimension. It is hoped
that investigation of spatially resolved chemical information may shed key insight on
relationships between donor traits and fingermark composition, donor activity and
fingermark composition, and how the chemistry of fingermarks changes during

ageing.

1.5.2  Microscopy Techniques

Microscopy is used in forensic science to examine the physical properties of
fingermark residue, to visualise untreated fingermarks and investigate substrate
surface properties. Optical microscopy is a non-destructive method, and can be used
to explore the physical properties of the substrate surface and its interactions with
fingermark residues, as well as following fingermark treatment to investigate
development mechanisms.3> 88 99 175177 There are different forms of microscopy
which have been applied to fingermark samples including bright field, dark field,
phase contrast and scanning electron microscopy (SEM), Moret et al. reported a
comparison of their performance, with limitations dependent on the substrate
surface.l’® Dorakumbura et al. recently demonstrated the use of Atomic Force
Microscopy (AFM) to explore physical properties such as the surface adhesion and
topography of fingermark droplets and Popov et al. used the technique to examine
the migration of residue across the surface.l’®'8 AFM has also been used to
investigate the substrate surface topography and its impact on fingermark
development, as well as metal corrosion from fingermark residues.'8-182 Microscopy
is a valuable method capable of retaining spatial information, and has been used to

demonstrate the physical changes of fingermark residue over time, Scruton et al. and
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Thomas et al. have both used optical microscopy to demonstrate how the shape or
fingermark droplets and ridges change over a period of time.?% 175 18 Whilst this
information is important for fingermark research, it provides limited chemical

information in comparison to bulk techniques such as chromatography.

1.5.3  Chemical Imaging Techniques

As an alternative to microscopy techniques and bulk chemical analyses, there is a
suite of chemical imaging methods which can provide correlative chemical and
spatial information.*% 163170 Each method provides a unique perspective to explore
fingermark chemistry, providing a distinct set of capabilities and limitations which
have been highlighted in Table 1.1. By applying a range of chemical imaging methods

there is opportunity to develop a more comprehensive view of fingermark chemistry.
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Table 1.1: Summary of chemical imaging methods

Chemical Imaging Detection Advantages Disadvantages
Technique Method

Infrared Molecular - Potential for - Limited chemical

microspectroscopy | infrared “good” spatial specificity

(IRM) 67, 95,101,184-190 | ahsorption resolution (3 —10 -Requires a specialised
pm) light source
- Moderate (synchrotron or
chemical sensitivity | quantum cascade
- Analysis of natural | laser) to achieve
fingermarks acceptable S/N at best
- Non-destructive possible spatial

resolution
Matrix - assisted Molecular - Good chemical - Limited spatial

laser desorption
ionization mass
spectral imaging

(MALDI-MS]) & 1930

60, 65-66, 108, 191-192

protonation

specificity

- Can distinguish
overlapping
fingermarks based

on chemical profile

resolution (10 um at
best, routinely

~50 um )

- Requires chemical
pre-treatment of
samples

- Experiment often

conducted under

vacuum
Raman Molecular - High spatial - Moderate detection
microspectroscopy | Raman resolution (~500 limits
59,61, 69, 95,193 scattering nm) - Not sensitive to

- Relatively non- water

destructive - Issues with auto-

fluorescence

Laser ablation - Elemental - Good detection - Limited spatial
inductively coupled | ionisation limits (ppb) resolution (10 um)

plasma - mass

- Isotope specificity
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spectrometry

(LA-ICP-MS)1%4

- Redistribution of
mobile ions during

sample preparation

Secondary ions

mass spectrometry

(SlMS) 38-40, 70, 195

Elemental

ionisation

- Good detection
limits (ppm-ppb)
- High spatial
resolution (<100
nm)

- Surface sensitive

- Experiment
conducted under
vacuum

- Surface sensitive
(only reveals top-
atomic layer of a
deposit which can be

several microns thick)

Scanning Electron

Electron beam

- Good spatial

- Some surfaces

Microscopy or X-ray resolution (< 1 um) | require sample pre-
(SEM)3> 88 112,152, spectroscopy | - Good sensitivity treatment
178, 196-198 (typically 0.1 at%) - Experiment
conducted under
vacuum
- Small imaging area
X-ray fluorescence | Elemental - Good spatial - Requires a
microscopy (XFM) | X-ray resolution (1 um or | synchrotron light

42

fluorescence

less)

- Good detection
limits (nM)

- Analysis of natural

fingermarks

source to achieve
optimal resolution and

detection limits

X-ray
photoelectron

spectroscopy (XPS)

199-200

Elemental

photoemission

- High spatial
resolution (<100
nm)

- Good detection
limits (ppm)

- Surface sensitive

- Experiment
conducted under
vacuum

- Surface sensitive
(only reveals top-
atomic layer of a
deposit which can be

several microns thick)
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Recent advances in scientific capabilities have increased accessibility to advanced
analytical methods that provide spatially resolved chemical analyses, such as the
techniques presented in Table 1.1. Each method has benefits with respect to the level
of information it can provide, however, only a handful of techniques offer the
opportunity to analyse natural fingermark samples, without any chemical alteration,
treatments, or solvent extractions prior to measurement. In-situ label free
measurements, when and where possible, can give a more realistic representation
of the chemical species naturally present in fingermark residue. Further the capability
to analyse samples in-situ at ambient temperature and pressure, without the need
for vacuum conditions (which often results in loss of loosely bound elemental
content, or loss of morphology) is important when analysing organic material such a

latent fingermarks.2%!

1.6 Using Synchrotron Light to Explore Fingermark Chemistry

A synchrotron, which is a type of particle accelerator, produces an intense (bright),
broadband light source. The broadband nature of synchrotron light provides access
to a wide range of the electromagnetic spectrum, from the far-infrared to high
energy X-rays.202293 |n practice, scientists can essentially use synchrotron light as an
incredibly bright, “tuneable” light source to couple with various spectroscopic

measurements.

Synchrotron light is generated with an electron beam at facilities which are set up
similarly to that presented in Figure 1.3.294 Using thermionic emission, an electron
gun emits electrons which are accelerated to 99.9997% of the speed of light by the
linear accelerator.?’> The linear accelerator or linac increases the speed of the
electrons through intermittent exposure to a series of oscillating electric
potentials.?® The electrons are then transferred to the booster ring where the
ramping of magnetic fields and radio frequency cavities quickly accelerates the
electron beam to an energy of 3 GeV.2%” The storage ring then converts this electron
beam to synchrotron light using a series of straight sections containing insertion
devices and bending magnets. Insertion devices consist of magnets known as

wigglers and undulators shown in Figure 1.3(a and b); these devices contribute to the
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high flux and brightness between each bending magnet and are named for the action
of the beam through their magnetic field. The bending magnets circulate the beam
around the storage ring, as the electron beam is deflected off the bending magnets
electromagnetic radiation is emitted tangentially to the electron beam, this radiation
is passed through a series of optics to focus and tune the synchrotron light down to

the beamline for experimental use.?%*
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Figure 1.3: Schematic adapted from Wilmott et al. showing the key components of a
synchrotron source including the direction of the electron flow through the insertion

devices of a wiggler (a) and undulator (b). 2%

The synchrotron provides a light source with high brightness and highly collimated
light, which allows experiments to be conducted which would not otherwise be
possible using a conventional benchtop globar source.?° One advantage of this is the
improved detection limits, which are effective in detecting the trace amounts of
material present within a biological sample, such as latent fingermarks.1’% 201,209 Thjs
means that chemical species can be mapped within individual droplets in fingermark
samples, giving an exceptional view of their chemistry. To make meaningful
conclusions about fingermark chemistry it is important to assess a number of
fingermark donors, due to the inherent chemical variability of fingermark residue
discussed throughout this chapter.®* Due to the high brightness of a synchrotron light

source, spectroscopic measurements can be made within a sufficiently quick data
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collection time, achieving acceptable signal to noise ratios (S/N), to facilitate analysis

of sufficient replicates and/or time resolved studies.?%®

1.6.1 Infrared Spectroscopy

The infrared (IR) region of the electromagnetic spectrum runs from 12800 cm™ to 10
cml, a wide range that is often split into the near-IR (12800 cm™ — 4000 cm), mid-
IR (4000 cm™ - 400 cm?) and far-IR (400 cm™ — 10 cm™).?1%-211 |n general, the near-IR
region corresponds to overtones of molecular vibrations, the mid-IR corresponds to
the fundamentals of molecular vibrations, while the Far-IR region typically contains
absorbance bands associated with rotational transitions.?1%-2!! Information can then
be inferred about the chemical species present within a molecule, and/or molecular
structure based upon the absorption specific wavelengths of light. 212 Samples can be
analysed as solids, solutions, neat-liquids, or in the gas phase. As the far-IR region is
typically (but not always) used to analyse rotational modes, the majority of

experiments conducted in the far-IR are gas-phase experiments.?10

For a molecule to absorb IR radiation and be measurable as an IR spectrum it requires
a net dipole as it vibrates or rotates. Figure 1.4 displays the different types of
vibrational transitions which can occur within a molecule when IR radiation is
absorbed, vibrational transitions can occur between any bond with at least two
atoms, meaning larger molecules can have a multitude of transitions occurring
simultaneously. The energy levels of these transitions are quantized, meaning that
there are a restricted number of transitions possible.?!? For gases there are several
rotational energy levels for each vibration, which are characterised by a spectrum of
discrete fine lines. Meanwhile for neat liquids, solutions and solids rotation is
restricted and the close proximity of neighbouring molecules (and therefore
intermolecular bonding) give the vibrational transitions a broader band shape in the
corresponding spectrum. 210 Scientific advances have focused primarily in the mid-
infrared with development of a wide range of instrumentation to measure the
molecular vibrations in this region. Progress in the far-infrared has been slower,

however this region has shown promise for gas and condensed phase experiments.

211,213
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The vast majority of infrared spectra are now routinely collected through the use of
an interferometer and Fourier transform, referred to as Fourier transform infrared
spectroscopy (FTIR). In FTIR a whole single beam spectrum is measured
simultaneously, without the use of a diffraction grating, which offers the advantages
of increased signal to noise ratio and improved data collection times.?'# A key part of
an FTIR spectrometer is the interferometer, where the infrared beam is split at right
angles into a transmitted and reflected beam and directed towards a stationary and
movable mirror, these beams are reflected and then recombined to show
interference. The movement of the mirror can control the degree of this interference
as a function of the beam’s cosine wave, which is detected as an interferogram. Using
Fourier transform calculations the interferogram (recorded in time-domain) is

converted back to a spectrum (frequency domain).?*>
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1.6.1.1 FTIR Microspectroscopy

The advent of FTIR spectroscopy revolutionised analysis of the mid-IR, enabling rapid
collection of a mid-IR spectrum to quickly investigate chemical composition. Further,
FTIR can be coupled with an infrared transmitting microscope to provide chemical
knowledge whilst retaining valuable spatial information.?6-217 Numerous acronyms
exist for the collection of spatially resolved FTIR spectra, with the aid of some form
of microscope optics — this thesis will use the acronym infrared microscopy (IRM)
when referring to the collection of spatially resolved FTIR spectra. In IRM the infrared
beam is focused to a small spot on the sample using apertures and a microscope
objective, with diffraction limited resolution possible.?2>216 When confining the
beam to a sufficiently small size to achieve diffraction limited spatial resolution, high
photon flux (brightness) is essential.?’® Unfortunately, conventional globar sources
used in most benchtop laboratory instruments do not provide sufficient brightness
to achieve diffraction limited resolution and therefore suffer from poor signal to
noise ratio when working at or near the diffraction limit.18% 218220 |n grder to achieve
diffraction limited spatial resolution with spectra displaying acceptable S/N and
collected within an experimentally reasonable time frame, the high brightness of
synchrotron light is often used.184 218220 |n order to facilitate IRM over larger sample
areas there is often the addition of a motorised sample stage, or a multiple pixel array
detector.?!® This allows an IR spectrum to be collected at multiple points across the
sample, which can be combined to generate a chemical map (or image if using an

array detector).

1.6.1.2 ATR-FTIR Spectroscopy

I "

There are several “modes” through which an FTIR spectrum can be recorded,
typically transmittance, reflectance, or attenuated total internal reflectance (ATR).
The selection of measurement mode requires consideration of the desired surface
specificity, and the thickness, smoothness and opacity of the sample.?!> As their
name suggests, transmittance spectra are recorded from measurement of light

intensity that has transmitted through the sample, while reflectance is a

measurement of light scattered or reflected off the surface. Attenuated total
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reflectance (ATR) is an alternative method which provides measurement of an
absorbance spectrum comparable to that collected in transmittance mode, but
without the requirement of a sufficiently thin sample to allow light transmission.?’
An ATR-FTIR measurement takes advantage of light directed at a critical angle,
meeting the interface of two materials with differing refractive indices. The two
materials are a crystal with high refractive index (the ATR crystal) and the sample. At
the point where the angle of incidence is above the critical angle of the crystal and
sample, the IR beam is internally reflected within the crystal, and this phenomenon
is called total internal reflectance.?!” These conditions result in an evanescent wave
on the crystal surface, which when brought into contact with a sample is absorbed

by the IR active molecules and then reflected to the detector. 221222

Most materials used in the ATR crystal must have high refractive index to ensure total
internal reflection, governed by equation 1. Typical materials and their refractive
index include diamond (n=2.42), silicon (n= 3.42) and germanium (n=4.00).2*> At the
point where total internal reflectance occurs an evanescent wave is produce on the
crystal surface, and the oscillating electric field of the evanescent wave can interact
with the oscillating dipole of sample molecules at the crystal surface, enabling

measurement of the ATR-FTIR (spectrum). 2!

Equation 1: The equation for the depth of penetration (dp) of the evanescent wave,

which is defined as the distance where the strength of the electric field decays to

e —1.184, 217,222

dp = depth of penetration

d _ A n; = refractive index of the ATR crystal
r N 0.5 n, = refractive index of the sample
21’1’?11(5{?’12 06— (ﬁ) ) 8 = angle of incidence

A = wavelength of light

The application of ATR with IRM, sometimes referred to as ATR-FTIR
microspectroscopy, has advantages over traditional transmission and reflectance
modes. ATR is applicable over a range of liquid, solid and semi-solid samples,
negating the issues with opacity seen with transmission modes.?'” The sample
preparation required is relatively simple, with the ATR crystal being brought into

contact with the sample, this process can also be non-destructive if care is taken.?'>
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223 An additional advantage of ATR, is that the high refractive index of the crystal
effectively increases the numerical aperture when ATR-FTIR is coupled with
microscopy (ATR-IRM), and therefore, improves the diffraction limited resolution
that can be obtained.?!® Kazarian et al. have made numerous critical advantages in
ATR-IRM methodology, showcasing it as a powerful non-destructive tool for chemical

characterisation in the biological, pharmaceutical and forensic science fields.216: 224-

228

The incorporation of synchrotron IR light for ATR-IRM can provide the best possible
spectral resolution, Miller et al. highlighted its relevance for biological systems
revealing improved signal to noise ratios.?'® Additionally, capabilities are expanded
with the use of a Ge ATR crystal, Chan et al. demonstrated its application, which
provides a high numerical aperture for the microscope, thus improving the imaging
spatial resolution.?'® Vongsvivut et al. combined the two, using a synchrotron
sourced ATR-FTIR microscope fitted with a Ge ATR crystal, to map a range of
biological and environmental samples with sub-micron pixel size.' The brightness
of the synchrotron light source, coupled with the improved resolution of the Ge ATR
set up optimises the microscopy capabilities of IRM, with successful imaging of

individual cells shown in tissue samples.'®*

1.6.1.3 FTIR Spectroscopy in the Gas Phase

To measure a gas or vapour sample using FTIR spectroscopy (e.g. in mid or far
infrared range, to observe rotational modes) a gas cell fitting is added. A gas cell
provides an adequate path length to account for the dilute concentrations of a gas
compared to a solid or liquid sample.?’> The cell is under vacuum prior to introducing
the sample using a series of valves and a pressure gauge, the IR beam is then passed
through appropriate infrared transparent windows into the cell, through the sample
and to the detector. Gas cells can be fitted with a series of mirrors to reflect the beam
inside the cell increasing the path length of the beam which, as per Beer’s law, will
improve the absorbance of low concentration samples.?!® The spectra measured in

the gas phase are characteristically different due to the increased space between gas
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molecules, which allows them to undergo both vibrational and rotational transitions

resulting in an additional spectral features.?%®

The brightness of synchrotron radiation is suited to gas phase studies due it’s the
high spectral resolution capabilities.?’> The high flux improves the S/N at
wavenumbers within the Far-IR and Terahertz (THz) region, enabling studies to be
conducted on condensed phase samples.??° The high S/N in the Far-IR range permits
the evaluation of discrete fine lines indicative of molecular rotational modes, as
observed in molecules such as water, which can be identified in this region without
overlapping of vibrational modes from functional groups such as hydroxyl groups of
carbohydrates or N-H stretching of amino-acids which is experienced in the Mid-IR
region.?'® The setup at the ANSTO Australian Synchrotron THz/Far-IR Spectroscopy
beamline is equipped with two ambient temperature gas cells, one which is used to
study stable gas species, whilst the second can be coupled to a furnace to study short
lived species generated by pyrolysis.?!® By analysing gas samples in the THz/Far-IR
region greater detail is revealed, with vibrational and rotational transitions reported
using these methods within a range of fields including geology, biology, atmospheric

chemistry and astrophysical sciences.?!3

1.6.1.4 Past applications of infrared spectroscopy to study fingermark residues

FTIR spectroscopy has been utilised in fingermark research to demonstrate how
variation in molecular chemistry can be indicative of donor traits such as age and
biological gender and to estimate time since fingermark deposition.t® 101, 190, 226
Commonly fingermark samples have been analysed by IRM methods (either mapping
or imaging), to retain spatial information to better understand the behaviour and
distribution of material within fingermark residues.??® The first reports using IRM for
the analysis of latent fingermarks were reported in 2001 from the Lawrence Berkeley
National Laboratory, where Wilkinson et al. suggested the use of synchrotron
sourced IRM to explore the distribution and changes in fingermark chemistry. 230-231
This was followed by Williams et al. who published the use of traditional globar
232

sourced IRM to image a small section of fingermark ridges in reflectance mode.

Subsequent studies using this method explored the effects of gender, temperature
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and time on the composition of fingermarks from children, with Antoine et al.

comparing to the composition of adult fingermarks. 18 1%

The addition of ATR-FTIR has broadened the application of IR spectroscopy to a wider
number of substrate surfaces and further improves the spatial resolution, which is
important when working with small volumes of complex biological mixtures such as
fingermarks.?'® Girod et al. reported this with ATR yielding improved spectral quality
compared to reflectance mode on aluminium and glass surfaces.'® A number of
studies have demonstrated the use of ATR-FTIR microspectroscopy to identify
contaminants in fingermark residue, and explore fingermark composition.” 233-23>
Ricci et al. placed the fingermark directly on to a ZnSe crystal, using ATR-IRM to show

the lipid and amino acid material present in fingermark residue from 5 donors and

monitoring the changes with time and temperature.*®’

Fritz et al. further explored the use of synchrotron sourced IRM, imaging fingermarks
in reflection mode on polished stainless steel and transmission mode on ZnSe
substrates.’® The study showed the capabilities of working at diffraction limited
spatial resolutions to help differentiate between glandular secretions and skin debris.
In a recent study, Dorakumbura et al. made use of the advances in synchrotron
science using synchrotron sourced ATR-IRM to improve signal to noise ratios and
spatial resolution capabilities to the micron scale. This setup allows the
characterisation of eccrine and sebaceous material within individual droplets in
fingermark residue, giving fingermark researchers an unprecedented view of
fingermark chemistry (specifically the distribution of individual lipid droplets relative

to eccrine material).>®

1.6.2  X-ray Fluorescence Microscopy

X-ray Fluorescence Microscopy (XFM) (or sometimes referred to as XRF) is an
analytical technique used to map the elemental distribution of materials.?3¢
Elemental quantification is possible with benchtop (or even portable hand-held) XRF
spectrometers, however, bright light sources are required to provided sufficient S/N

and sufficient detection limits when analysing small sample areas (e.g., analysis at
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the micron level). For this reason, most XFM measurements are conducted at

synchrotron facilities.?3’

The process of generating an XRF spectrum is similar for both a bulk XRF
measurement or XFM. In general, the sample is bombarded with high energy X-rays
which can excite electrons within the atoms present in the sample as shown in Figure
1.5.238 Specifically, if the energy is great enough to overcome the binding energy of
an inner orbital electron, the electron can be excited to an unoccupied molecular
orbital with higher energy (e.g., the lowest unoccupied molecular orbital, LUMQO), or
it can be ejected from the atom (e.g., the atom is ionised). 21 In both cases, excitation
and ejection of a core electron leaves behind a core-hole, and the atom is in an
excited (unstable) electronic configuration. To return the atom to its stable ground
state, an electron is transferred from a higher energy orbital to fill the vacancy of the
inner orbital. This electron transfer has an inherent energy difference, moving from
a higher energy to a lower energy orbital, the residual energy is emitted as

fluorescence, with a wavelength characteristic of the atom.?3% 239
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Figure 1.5: Schematic showing the process of X-ray Fluorescence.?3% 238

Synchrotron sourced XFM is well suited to study elemental distributions in latent
fingermarks (and biological samples in general), owing to its ability to provide quick
data collection at micron or sub-micron level spatial resolution and nM detection
limits.170,201, 209, 238,240-241 £y rther, XFM offers the capability to analyse samples in-situ
at ambient temperature and pressure, without the need for vacuum conditions.?%V

241 Although a suite of other techniques also offer elemental mapping capabilities,

such as laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS),%%%
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242-244 secondary ions mass spectrometry (SIMS),2452% and X-ray photoelectron

spectroscopy (XPS),*° these techniques are either surface sensitive, require analysis

under vacuum conditions, or can be destructive to the fingermark sample.

1.6.2.1 X-ray Optics and Detectors

In XRF a spectrometer measures the total fluorescence emitted from the sample. The
total spectrum measured consists of a mixture of X-rays characteristic of the atoms
present within the sample, as well as scatter from the incident energy source.?3®
Mathematical fitting algorithms are used to separate spectral components to identify
the intensity of individual fluorescence lines atoms, which can then be converted to

elemental concentration by comparison against standards.?3®

Several options for X-ray detectors exist, including the Maia 384-element detector
array and Vortex silicon drift detectors. The majority of studies undertaken at the
ANSTO Australian Synchrotron utilise the Maia detector, with upgrades to the Vortex
detector currently underway.?*” The Maia detector is designed with a 0.5 mm
diameter aperture which allows the beam to pass through the detector on to the
sample in a backscatter configuration, to allow greater opportunities for sample size
and scanning ranges. The sensor consists of a monolithic silicon planar array, with
384 detector elements, each connecting to independent analogue channels.?*” When
undertaking XFM a full emission spectrum is taken at each point across the sample,
which is used to generate a map of the overall distribution of elemental material.?*8
The Maia detector can be used in event-mode, meaning that the position of the
photon event is tagged with the identity of the detector element used to record it,
to improve the efficiency of data acquisition.?*® This allows the dwell time per pixel
to decrease, allowing users to select the optimal image size and dwell time for the
sample, to capture high definition images whilst retaining adequate spatial
information with real-time elemental deconvolution and image projection.2°%-251
Diffraction limited spatial resolution is rarely achieved in most XFM experiments.
Typically, XFM experiments use a set of X-ray optics to define the spot size, which is
on the order of 1 — 2 um if using a Kirkpatrick—Baez (KB) mirror pair, or on the order

of 50 — 200 nm if using zone plate optics. The KB mirror shape is adjusted by two
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adjustable moments applied to a trapezoidal-shaped mirror. Horizontal and vertical
mirrors are made from silicon with platinum and rhodium strips, the radius of
curvature and ellipticity of these mirrors are controlled independently to focus the
beam.?! Alternatively, a hard X-ray Fresnel zone-plate nanoprobe can be applied in
conjunction with laser interferometer sample position encoding. At the Australian
Synchrotron the nanoprobe can be fitted with two different sized zone plates, which
are optimised for different X-ray energies. This setup is ideal for diffraction-limited
focusing, however it is a less efficient focussing method than KB mirrors, resulting in
substantially less flux within the focussed spot, and therefore higher noise levels. To
compensate, mapping experiments with a zone plate require longer data collection
times to provide adequate S/N, but this often makes the experiment impractical
within a reasonable time frame. The zone plate capability has been decommissioned
for users on the XFM beamline at the ANSTO Australian Synchrotron, with the KB

mirror pair routinely used collectively with the Maia detector.?*’

1.6.2.2 X-ray Absorption Near Edge Structure Spectroscopy

The XFM beamline at the ANSTO Australian Synchrotron also has the capabilities to
perform X-ray absorption near-edge structure (XANES) spectroscopy imaging which
can be used to investigate the chemical state of the elemental material.?*’ It involves
mapping a single element in a sample as a function of the element’s incident energy
across the element’s absorption edge. A 2D map of the elemental profile is
generated, as performed in XFM, however in this case at the completion of the 2D
map the incident energy is changed and the map repeated for the selected energies.
The outcome is a stack of images of the sample across an energy range, this can
provide information on the element’s chemical forms, such as oxidation state and
binding molecules. At this stage the method has been used primarily on biological
samples, demonstrating the distribution of Fe, Cu and Zn within cells and tissue

samples,2>2-2%5

1.6.2.3 Past applications of elemental mapping to study fingermark residues

While a large number of studies have explored the distribution of organic material

within latent fingermarks, using methods such as IRM, MALDI-MSI and Raman
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spectroscopy, there has been less work conducted to investigate the inorganic
material. While naturally there are small amounts of metal ions present in eccrine
secretions, inorganic material is also often transferred to the hands on contact with
firearms or metal objects.”® 2°6 This makes the identification of elemental material in
fingermarks of potential interest to forensic researchers, however research in this
area has been hampered by accessibility to instrumentation with the appropriate
sensitivity, spatial resolution and imaging conditions required for fingermark
samples. Primarily, research using methods such as XPS, TOF-SIMS and LA-ICP-MS
has been used to explore the contaminants present in fingermark residue, or
following fingermark development, to improve ridge quality by increasing the
elemental material present. 70 194 199,257 EFlemental mapping of natural fingermarks
has been limited to surface-sensitive methods where the ridge is detected due to
contrast against a surface, such as that reported by Thandauthapani et al. where TOF-
SIMS was used to image the sodium, potassium and chloride ion distribution in
fingermarks on stainless steel, however this method did require samples to be placed

in a vacuum chamber setup, potentially disrupting the fingermark sample.

XFM provides the opportunity to image the elemental content of fingermarks, with
good sensitivity and in atmospheric conditions, limiting sample damage.?*! Wilkinson
et al. first suggested the use of synchrotron XRF to map the electrolytes present in
children’s fingermarks in 2002, however no further work was reported using the
method until Worley et al. revealed the use a benchtop XRF device to image
fingermark samples.*? 230 Detecting the elemental material in natural fingermarks
was difficult due to the limitations of the benchtop device, detecting only the
chlorine, potassium and sulfur content in a fingermark from one donor, no elemental
content was detected for additional donors, expected to be below the detection
limits of the device.*? Further experiments saw improvements in detectability after
purposely increasing the elemental content on the hands, following application of
lotion and sunscreen as well as contact with food and saliva.*? This suggests the
potential application of the method, if advances in technology provide improved

sensitivity, which could be provided by synchrotron sourced XFM.
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1.7 Exploiting Fingermark Transfer for Forensic Science

There is great value in the investigation of fingermark chemistry for the improvement
of fingermark detection, however it can also be exploited to determine donor specific
information.® The composition of latent fingermarks is known to contain
contaminants, some of which are transferred through donor activity prior to
fingermark deposition. The multifaceted potential of fingermark evidence has
recently been revealed, with fingermarks no longer limited to information used in

identification, but now also in gaining contextual activity level information.®12

Evaluating a fingermark in the context of activities that resulted in the fingermark
deposition itself, or activities undertaken prior to deposition, is a decision left
ultimately to the court.?®® A thorough understanding of transfer mechanisms,
including how physical activities influence subsequent chemical composition of
latent fingermarks, in addition to chemical persistence within latent fingermarks
could therefore aid forensic scientists in assigning evidential values to improve the
interpretation of fingermark evidence in relation to the activity level.?>>2%0 Such
studies have been conducted to explore the transfer mechanisms involved in DNA
and textile fibre trace evidence.”® 261-267 The studies involved experiments where
participants were directly or indirectly brought into contact with an item, with
variables including donor, recipient and extent of contact considered to explore their
effect on transfer processes.?6l 263265 Recently, de Ronde and co-workers have
investigated the deposition of latent fingermarks in an activity level context for a

variety of criminal scenarios.>1?

Metal contaminants have been utilised for the identification of iron on the hands
after handling a metal firearm, with researchers using coloured indicators to reveal
the presence of iron on the suspect’s hands to demonstrate the use of firearms.’¢7”:
256, 268 The detection of secondary transfer of iron in fingermark residue provides
information at both an identification and activity level, which may add value when
interpreting forensic data. Furthering the understanding of transfer mechanisms for
contaminants in fingermark residue can assist in advancing the connection between

the activity level and fingermark evidence.® %263 Bradshaw et al. have recently
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utilised MALDI-MSI to gain contextual information on a donor in operational case
work.19? Using this method metabolites were identified in a fingermark detected
through powdering methods. These metabolites were indicative of drug and alcohol
consumption which was important information for this case. Further work has
explored donor lifestyle information by identifying organic active ingredients from

foods, alcohols and cosmetic products, which can aid in building a suspect profile.®°

The modern direction for fingermark research to provide contextual information is a
growing field. There is a need for more fundamental research to better understand
the materials that are transferred to and persist within fingermarks, with scope to
develop improved and/or targeted strategies to detect contaminants using various
coloured or fluorescent indicators. Whilst analytical methods such as MALDI-MSI can
provide information on the organic contaminants present within fingermark residue,
the application of a wider range of analytical techniques can provide an improved
picture of fingermark contaminants and their potential to provide activity level

information.
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1.8 Aims and Overview

This thesis aims to use synchrotron science to further the understanding of
fingermark chemistry and demonstrate the capabilities of synchrotron sourced X-
rays and IR light to analyse fingermark residues. Advanced analytical instrumentation
will be used to investigate the distribution, transfer and persistence of organic and
inorganic materials within latent fingermarks. The results will assist future research
in the advancement of fingermark visualisation methods to improve the rate of

recovery for criminal investigations.
Therefore, the overall aims of the project will be to:

- Expand the current understanding of fingermark chemistry and how donor
chemical variation can contribute to the inconsistencies seen in fingermark
development performance (Chapter 3)

- Explore the capabilities of synchrotron sourced XFM to reveal the distribution
of elemental material in natural latent fingermarks (Chapter 4);

- Investigate the fundamental forensic processes of transfer and persistence
and how this relates to the chemical composition of fingermark residues
(Chapter 5);

- Use IR spectroscopy to monitor the changes in fingermark residues in the

immediate hours following deposition (Chapter 6);

As per the IFRG guidelines this study will adhere to the requirements suggested for
fingermark research, a full discussion of the experimental considerations is outlined
in Chapter 2, followed by an overview of the experimental methods and
instrumentation used throughout this study. Chapter 3 begins by investigating the
donor variation in fingermark chemistry, with five visualisation techniques chosen to
demonstrate the diversity in response to chemical and physical treatments due to
the chemical differences in fingermark residues. This will also act as a screening
process to ensure an adequate representation of donor chemistries are selected for
subsequent studies to provide an accurate representation of the variation expected

amongst the general population.
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Chapters 4 and 5 explore the use of synchrotron sourced XFM, providing for the first
time micron resolution elemental mapping of the natural inorganic material in latent
fingermarks. This will provide valuable information on the inorganic chemistry of
fingermark residues. When combined in a multi-modal XFM/IRM workflow the
association between inorganic and organic materials in fingermark residues can be
captured, providing an unprecedented view of fingermark chemistry. Further,
Chapter 5 will explore the fundamental processes of transfer and persistence,
aligning directly with the priorities outlined by the recent Research and Innovation
Roadmap reported by the National Institute of Forensic Science (NIFS), which is a
directorate within the Australia New Zealand Policing Advisory Agency (ANZPAA).260
Investigations into the transfer and persistence of metallic material from forensically
significant items will provide valuable information regarding the activity level of the
donor, providing the opportunity to look beyond the identification information, to

gaining crucial contextual information from fingermark evidence.

Chapter 6 will make use of synchrotron sourced IRM for its improved data acquisition
times and spatial resolution to monitor the changes in organic residues. Fingermark
droplets from natural fingermark samples will be monitored in the first 13 hours
following deposition. Eccrine and sebaceous material will be characterised by
spectroscopic marker bands previously identified using this method and changes in
these bands will be measured to visualise the change in morphology and chemical
composition within the droplet. This will demonstrate the rate of change within a
fingermark in the immediate hours after deposition, a time period rarely explored in
previous studies. Additionally the capability of gas phase THz/Far-IR spectroscopy will
be assessed in an attempt to measure the volume of water evaporated from
fingermark residues. This is a challenging experimental concept due to the small
volumes and dynamic material being measured, however the sensitivity of the pure-
rotational water vapour transitions in the Far-IR offers a unique opportunity to

contribute to answering this ambitious scientific endeavour.
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Chapter 2

Sample Collection, Experimental Methods and
Instrumentation
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2.1 Introduction

This chapter outlines the experimental methods used throughout this study. It begins
with a discussion of the experimental considerations made to work with fingermark
samples, including information on fingermark collection procedures and donor
information. The instrumentation used in the subsequent chapters is outlined, with
any adaptions to the generic setup conditions specified within the relevant chapter.
Finally, there is an overview of the fingermark development methods used in chapter

3, including reagent information and preparation methods.

2.2 Experimental Considerations

The inherent variability in fingermark chemistry is a challenge for researchers,
considerations must be made to ensure an achievable level of consistency, which
allows reasonable conclusions to be drawn. The IFRG aims to standardise research
methodology by providing guidelines for developing and testing methods for
fingermark recovery.®® This helps to ensure the operational effectiveness of the
technique, but should also be considered in fundamental studies to ensure an

appropriate representation of the general population.

The IFRG suggests an appropriate number of donors should be used to account for
interdonor chemical variation (5-15), where possible a larger donor pool will provide
a more accurate representation of this. In this study, there were limitations on donor
numbers used due to availability of the instrumentation, compromises were made in
areas such as image size and resolution to ensure an appropriate number of donors
were used to provide significant results. For consistency, all donors were instructed
on the appropriate procedures when depositing samples outlined in section 2.3.
Chemical imaging was undertaken on natural fingermark samples to provide the
most realistic representation of fingermark residue and substrate surface was kept
consistent throughout comparison studies, see relevant chapter for experiment

specific information.

Care was taken to ensure consistency in environmental conditions where possible,

with fingermark samples primarily stored in an office environment under ambient
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lighting in an air-conditioned office space, unless otherwise stated. Due to
unforeseen circumstances of the COVID-19 pandemic, a portion of the chemical
imaging work was conducted remotely and samples were sent by air to the ANSTO —
Australian Synchrotron (Clayton, Victoria). Care was taken during packaging of
samples to ensure the samples remained intact and were labelled to avoid contact

on handling.

Despite the preventative measures taken to limit the variation in fingermark
residues, there is an inevitable level of variability when working with biological
materials. However, by following the recommendations outlined by the IFRG, this
research will be conducted following an appropriate method to allow legitimate

conclusions to be established based on the data presented.

2.3 Fingermark Collection

Fingermark donors were instructed to provide natural fingermarks by lightly pressing
the finger on the substrate surface for ~5 seconds. Natural fingermarks, which have
not been intentionally groomed for increased material, were used throughout this
study unless otherwise stated. Care was taken to ensure that the donor had not
washed their hands, eaten or come into contact with chemicals in the 30 minutes
prior to sample collection to reduce contamination and ensure a natural build-up of

surface secretions.

2.4 Donor Information

In this study 21 donors were selected to participate. An overview of the donor
information is provided in Table 2.1. Due to donor availability not all donors
participated in every study and a specific donor list can be found within each chapter.
Donors provided information on cosmetic use, which refers to the daily use of

products including sunscreen, moisturisers, make-up and hair products.
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Table 2.1: Donor information

Donor No. Age* Biological Gender Cosmetic Use

1 77 Male None Reported
2 27 Female None Reported
3 22 Male None Reported
4 24 Male None Reported
5 41 Male None Reported
6 23 Female Yes
7 55 Male Yes
8 48 Male None Reported
9 26 Female Yes
10 40 Female Yes
11 34 Female None Reported
12 23 Female Yes
13 23 Female Yes
14 36 Male None Reported
15 23 Male Yes
16 23 Female Yes
17 50 Male None Reported
18 32 Male None Reported
19 34 Female Yes
20 23 Female Yes
21 32 Female None Reported

*Age is taken from date of first sample deposited

2.5 Substrate Surface Selection

Substrate surfaces were selected as per the relevant instrumentation and
experimental requirements. Fingermark development within Chapter 3 was carried
out on both porous, Nu World Stone (China) sectioned water-proof paper, and non-
porous surfaces, glass microscope slides (VWR International, Leuven); these surfaces
were selected to be most compatible across multiple development methods used
throughout this experiment. Chapters 4 and 5 outline XFM experiments which were
conducted using silicon nitride slides (Melbourne Centre for Nanofabrication,
Australia) and mylar film (Sietronics Pty Ltd, Australia). These surfaces are best suited
for the instrument set up as they are made of light elements which do not interfere

with the X-ray spectrum collected and are relatively thin which reduces scatter, larger
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scan areas were imaged on mylar film as the size of the silicon nitride window is
limited. Chapter 6 involves ATR-IRM experiments with fingermarks deposited directly
onto the Ge crystal (Bruker Optik GmbH, Ettlingen, Germany), Ge was selected to
allow the highest possible spatial resolution from the ATR set up, variation in this
surface is likely to demonstrate alternate performance in droplet behaviour due to
surface topography, however consideration was taken on the impact of the surface

selection on resolution for fundamental experiments.

2.6 Instrumentation
2.6.1  X-ray Fluorescence Microscopy

Elemental mapping of fingermark residue was conducted on the XFM beamline at
the ANSTO Australian Synchrotron. The instrumental setup follows the method
published by Summers et al,?®® which is routinely used at this beamline.?*” 1 A
Kirkpatrick—-Baez mirror microprobe with a monochromatic incident beam of energy
15.8 keV is focused to a ~1 um spot on the sample (1 um at 1-0, 2 um at 2-0). X-ray
emissions were collected using the low-latency, 384 channel Maia detector in event
mode to improve data acquisition times. The sample was oriented normal to the
incident beam and with the detector positioned in backscatter geometry to allow for
improved sensitivity. The sample was raster scanned through the beam, imaging
parameters are specified below. Calibration of the data against a standard of known
composition, elemental foils (Micromatter, Canada), as well as taking into account
the composition and density of the substrate, the air path between the sample and
the detector and the approximate composition of the sample provided elemental

quantification. For full details of this process please refer to Summers et al.?%°

In the studies described in Chapters 4 and 5, the sample was scanned through the
beam with an effective dwell time of either 0.1 ms per effective step size (image pixel
size) of 1 um, or dwell time 0.7 ms per effective step size (image pixel size) of 2 um.
A three point moving average was used to increase signal-to-noise ratio and enhance
image contrast. For full details of this process, please refer to Summers et al.%° The
XFM spectra collected is analysed using dynamic analysis, an approach reported by

Ryan et al., to resolve the elemental spectral signatures present whilst rejecting
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artefacts due to overlapping elements and detector effects.?’%-272 An example of the
spectra collected is shown in Figure 2.1, with the counts per channel as a function of
X-ray energy shown in green and the fit selected for this data shown in red, with Cl,
K, Ca, Ti, Mn, Fe, Co, Ni, Cu, Zn, Br measured at the K-a emission and Ba, Pb and Bi
measured at the L-a emission. Data was analysed by extracting elemental maps as

TIFF files of per-pixel elemental areal density in ng cm™ and then importing into

Imagel v1.50i.
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Figure 2.1: Example of the XFM emission spectra collected from a natural fingermark
sample, counts per channel as a function of X-ray energy (green) the X-ray spectrum

fit (red) and the estimated background (magenta).
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2.6.2  X-ray Absorption Near Edge Structure Imaging

To investigate the chemical form of Fe in latent fingermarks, a “XANES-stack” of X-
ray fluorescence elemental maps were recorded using the XFM beamline setup
specified in section 2.5.1. 105 incident energies across the Fe K-edge were measured
using the following step sizes: 7050 — 7100 (pre-edge region, 5 eV steps), 7100 — 7106
(pre-edge region, 2eV steps), 7106 — 7140 white line, 0.5 eV steps), 7140 — 7160
(post-edge 2eV steps), 7160 — 7200 (post-edge, 5 eV steps) and 7380 — 7400 (post-
edge, 5 eV steps). Images were collected starting at the highest energy (7400 eV).

This process is similar to those already reported in the literature for Fe, Cu, and Zn.>>%

255

To investigate the chemical form of Fe in latent fingermarks, a “XANES-stack” of X-
ray fluorescence elemental maps were collected as per the method outlined in
section 2.5.2. Spectra were calibrated such that the lowest energy maximum in the
first-derivative spectrum of elemental Fe occurs at 7112.0 eV. In addition to analysis
of micro-XANES spectra from selected regions of interests within the elemental
maps, principal component analysis (PCA) was undertaken for the full XANES-stack,

using Mantis 2.3.02.

2.6.3 Infrared Spectroscopy
2.6.3.1 Synchrotron Sourced ATR-IRM

Synchrotron ATR-IRM experiments were conducted on the Infrared
Microspectroscopy (IRM) beamline at the ANSTO — Australian Synchrotron (Clayton,
Victoria). The FTIR instrument on the IRM beamline consists of a Bruker
Hyperion3000 microscope coupled to a Bruker Vertex V80v FTIR spectrometer, with
a liquid nitrogen cooled narrow-band mercury cadmium telluride (MCT) detector
(Bruker Optik GmbH, Ettlingen, Germany). The MCT detector could be maintained at
liquid nitrogen cooled temperatures for a period of 12 — 14 hours, after which re-
cooling is required. In some occasions, changes to optical alignment and signal
amplitudes may occur after re-cooling the detector due to the nature of the highly

collimated synchrotron-IR beam that makes it sensitive to the vibration of detecting
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element inside the MCT detector during the change of the dewar temperature, this
limits time-course studies to a maximum of 13 hours to avoid the potential
fluctuation of the synchrotron signals after 13 hours. The ATR-FTIR accessory was
equipped with a germanium (Ge) hemispherical crystal (nge = 4.0), which hasa 1 mm
diameter active sensing area. Spectral maps were acquired using a 20x objective
(NA = 0.60; Bruker Optik GmbH, Ettlingen, Germany), with an effective spot size of
1.88 um on the sample surface and a step interval of 1 um between the measurement
points. It was previously determined that this optical configuration yielded a spatial
resolution of ~2.95 um, for chemical images constructed using absorbance intensities
at ~ 2925 cm™ located close to the v(C-H) bands (2800-3000 cm™ and the v(O-H)
stretching band (3000-3500 cm™) used in this study.*® A background spectrum of the
clean Ge-ATR crystal was measured using 256 co-added scans and 8 cm™ spectral
resolution. Each sample spectrum was recorded using 4 co-added scans and 8 cm™
spectral resolution. The experiment was performed under ambient room conditions
without nitrogen purge and with opened purge box, to ensure a natural evaporation
of water in the fingermarks throughout the measurement. All the raw FTIR spectra
were ATR and atmospheric compensation corrected and analysed using Bruker OPUS
v8.0 and CytoSpec 2.00.03 software (CytoSpec Inc., Boston, MA, USA). Images were

further processed with ImagelJ 1.50i software.

2.6.3.2 Terahertz Far-Infrared Spectroscopy

Far-infrared experiments described in Chapter 6 used a furnace to heat a 300 mm
long Qz tube with a 20 mm inner diameter coupled to 10 L glass gas-cell via the gas-
manifold located on a mobile gas-handling vacuum (MGHV) system. The optical
configuration of the spectrometer consisted of a 12.5 mm aperture, a 6 um multilayer
Mylar beam splitter, and a 4.2 K Si bolometer from Infrared Laboratories equipped
with a PE window and a 13 um thick stretched PE film cold filter (< 800 cm™). The
spectra were recorded at 0.01 cm™ spectral resolution, at a scanner speed of 2.5316
cm/s (40 kHz), and the pre-amplifier gain on the Si bolometer was set to 200. Sets of
10 scans were accumulated yielding a signal-to-noise (S/N) ratio of approximately

194.
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The gas-cell is made of borosilicate glass, and with variable path-length gold-coated
optics, M35V, from Infrared Analysis; the cell has a nominal single path-length of 625
mm, and the number of times the light can be bounced off its mirrors can be varied
from 4 up to 56 times in multiples of 4, yielding an optical path-length from 2.5 m to
35 m. For this spectral region, the gas-cell was equipped with PE wedged windows,
and the path-length set to 2.5 m. The gas-cell was placed on the sample compartment
of a Bruker IFS125/HR FT spectrometer. The quartz tube was heated to 70 (+/-0.5)°C

using the furnace while the gas cell was heated to 70 (+/-5)°C using heating tapes.

The complete system consisting of the furnace, MGHV system and gas-cell was first
evacuated to its base pressure (< 1 x 102 mbar). Prior to inserting a sample, the
furnace was isolated from the vacuum and was brought up to atmospheric pressure
and purged with dry Nz(g) from the pressurised boil-off of the N2(8) tanks. The flow
of the purged N2(g) was halted during sample insertion to prevent any H;O in the
fingermarks from being sublimed; then, the furnace was sealed and isolated after
sample insertion while the sample line was evacuated to base-pressure. After the
system (excluding the furnace) was brought back to base pressure, a measured
amount (~ 5 mbar) of the warm gas mixture consisting of H,O(g) mainly from the rod,
fingerprints and the purged Nz(g) was allowed to flow from the furnace into the gas

cell for analysis.

All raw FTIR spectra were measured and analysed using Bruker OPUS v8.0. A
background spectrum was first recorded, and was used to calculate the absorbance
spectrum of each sample. For the background spectra, a cleaned glass rod was
inserted in the quartz tube, and the warm gas mixture consisting mainly of H,O(g)
from the rod and the dry N»(g) was allowed to flow from the furnace into the gas cell

for analysis the gas-cell was filled with 5.01 mbar of Nx(g).

The absorbance spectrum of each sample was first normalised to the pressure when
the background spectrum was recorded (5.01 mbar) before the background
absorbance was subtracted from the sample absorbance to yield the true absorbance
of H,0 coming from the fingermark samples only (sample = H,O droplets and

fingerprints).

48



2.6.3.3 Benchtop FTIR Microspectroscopy with Thermal IR Source

Multimodal studies in Chapter 4 included the use of the offline FTIR microscope
available at the IRM beamline at the ANSTO Australian Synchrotron. The procedure
follows the method outlined by Dorakumbura et al. to image fingermark samples in
transmission mode using a Bruker Hyperion 3000 FTIR microscope with a liquid
nitrogen cooled 64 x 64 Focal Plane Array (FPA) detector and a matching 15x
objective and condenser (NA = 0.40), coupled to a Bruker Vertex 70 FTIR
spectrometer with an internal Globar™ IR source (Bruker Optik, Ettlingen,
Germany).®® The sample chamber was purged with dry nitrogen prior to scanning to
reduce spectral contribution of atmospheric water vapour and CO». FPA-FTIR images
were acquired within a 4000 - 800 cm™ spectral region. The FPA consists of a 64 x
64 pixel array, where the physical pixel size is 40 um. At 15 x magnification the
effective pixel size is 2.67um. In this study, the FPA data were collected with 2 x 2
pixel binning of the 64 x 64 pixel array to yield a final pixel size of 5.3 um per
spectrum. For each FTIR image, high-quality FTIR spectral images were collected at 8
cm™ resolution, with 32 coadded scans, Blackman-Harris 3-Term apodization, Power-
Spectrum phase correction, and a zero-filling factor of 2 using OPUS 7.2 imaging
software (Bruker). Background measurements were taken prior to sample spectral
images by focusing on a clean surface area of the substrate without the fingermark.
All spectra were analysed using OPUS v8.0 software and CytoSpec 2.00.03 software.

Images were further processed with Imagel 1.50i software.

2.6.4 Optical Microscopy

Optical images were collected using an optical stereomicroscope (Leica MZ7.5, Leica
Microsystems Pty Ltd, NSW, Australia) at the IRM beamline at the ANSTO Australian

Synchrotron.

2.7 Fingermark Development

In chapter 3, fingermark samples were taken from a number of donors to explore
their donor chemistry using a range of development procedures. The following

section outlines the details of each development procedure including reagent
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information, solution preparation and development methodology. After a minimum
of 24 hours split fingermark samples were separated and treated with one of the

following development methods.

2.7.1 1,2 -Indanedione

1,2-Indanedione is a chemical treatment commonly used to develop fingermarks on
porous surfaces such as paper. The method used in this study is adapted from the
National Centre for Forensic Studies (NCFS), with the use of petroleum spirits used

as the carrier solvent due to chemical availability.*'8

Reagents and equipment: Reagents were sourced from the following suppliers: 1,2-
indanedione (Reddy Chemtech); ethyl acetate (UNIVAR APS); glacial acetic acid (Ajax
Finechem); absolute ethanol and anhydrous zinc chloride (Sigma Aldrich); and carrier
solvent petroleum spirits bp 40-60 (VWR Chemicals). Reagents were used as received

and of analytical grade unless otherwise stated.

Solution preparation: The stock solutions were prepared by dissolving indanedione
(2.3 g) in ethyl acetate (480 mL) and adding acetic acid (20 mL). The zinc chloride
stock solution was prepared by dissolving zinc chloride (8 g) in ethanol (200 mL). The
working solution (IND-Zn) combines the indanedione stock solution (130 mL) with
the carrier solvent, petroleum spirits (870 mL) and adding the zinc chloride (4mL)

stock solution.

Sample development: The samples were developed by submerging in the working
solution (~200 mL) in a glass tray for 5 — 10 seconds, the sample was then air dried
and stored in an envelope in a laboratory cupboard to age overnight. Samples were
not treated in a heat press to accelerate development in this study, as per the
method suggested by NCFS, due to the nature of the substrate; this paper can be
damaged when applying heat and adequate development is shown after leaving the

fingermarks to age overnight in an enclosed space.
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2.7.2 Powdering

Samples on non-porous surfaces were treated using magnetic black powder. This
powder was selected due to availability, ease of use and cleanliness in the laboratory

space. Samples were treated as per training by the Western Australian Police Force.

Reagents and equipment: Magnetic black powder was sourced from (Criminal
Research Products, Southport NC) and dusted using a magnetic brush (Sirchie,

Youngsville NC).

Sample development: Fingermarks were treated with black magnetic powder by
picking up the powder with a magnetic brush and swirling the powder in a circular
motion across the fingermark sample. Excess powder was removed from the sample

by tapping the edge of the glass side against the lab bench.

2.7.3 Cyanoacrylate Fuming

Cyanoacrylate fuming was conducted with a custom built chamber, which was not
temperature or humidity controlled. The available laboratory conditions have
demonstrated appropriate development on non-porous surfaces following the

procedure outlined below.?”3

Reagents and equipment: Loctite 401 (60 % w/w ethyl-2-cyanoacrylate; Bunnings
Warehouse) was used as superglue and the chamber was built from a sealed

terrarium glass container (lkea Socker Greenhouse, 35cm x 45 cm x 22 cm).

Sample development: The sample was placed inside the terrarium. A small piece of
aluminium foil (Capri Heavy Duty Catering Foil, China) was folded to contain the
superglue (~1.5g) which was placed in the centre of the samples and the chamber
was sealed with tape for 2 hours for fuming. Following development the chamber
was opened and the samples removed and placed inside a laboratory cupboard to

cure overnight.
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2.7.4 Acid Nile Blue

Acid Nile blue was used as a post cyanoacrylate treatment to provide improved
contrast against the surface by producing a fluorescent fingermark. The procedure

was developed in house as per the procedure below.

Reagents and equipment: Reagents were sourced from the following suppliers: Nile
Blue A (Sigma-Aldrich, USA) and sulfuric acid (Ajax Finechem). Reagents were used as

received and of analytical grade unless otherwise stated.

Solution preparation: The acid Nile blue working solution was prepared following
the method developed by Crocker.'*8 Nile Blue A (0.005 g, 6.8 umol) was dissolved in
sulfuric acid (100 mL, 0.3 M) and heated to 95 °C for 1 hour with constant stirring.
The solution was cooled to room temperature and stored in an aluminium wrapped

Schott bottle in a laboratory cupboard to avoid photo degradation.

Sample development: At least 24 hours after superglue fuming fingermarks were
treated using acid Nile blue. The samples were developed by submersing in the
working solution (100 mL) in a glass tray for 20 minutes with intermittent swirling of
the solution across the samples. The samples were rinsed with deionised water, air

dried, photographed and stored in a laboratory cupboard to avoid light exposure.

2.7.5 Single Metal Deposition Il

SMD Il was used to treat fingermarks on porous surfaces, the method was initially
reported by Bécue and Moret and has been adapted for an Australian context by

Newland et g/. 109, 165

Reagents and equipment: Reagents were sourced from the following suppliers: citric
acid monohydrate; hydroxylamine hydrochloride; L-aspartic acid; gold (lll) chloride
trihydrate; trisodium citrate dihydrate; Tween 20; and sodium hydroxide (Sigma-
Aldrich, USA); Reagents were used as received and of analytical grade unless

otherwise stated.

Solution Preparation: SMD Il development requires two solution baths, the first

involves a gold nanoparticle colloidal solution and the second a solution of gold salts
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dissolved in deionised water. Both solutions were prepared using the stock solutions

described in Table 2.2.

Table 2.2: SMD Il stock solution preparation

Stock Solution Preparation

A Tetrachloroauric acid trihydrate (0.5 g) dissolved in deionised
water (5 mL)

B Trisodium citrate dihydrate (1.70 g) dissolved in deionised water
(85 mL)

C Sodium hydroxide (0.120 g) and L-aspartic acid (0.380 g) dissolved
in deionised water (25 mL)

D Citric acid monohydrate (31.5 g) dissolved in deionised water (150
mL)

E Hydroxylamine hydrochloride (1.0 g) dissolved in deionised water
(50 mL)

The SMD Il gold nanoparticle solution was prepared by adding solution A (1 mL) to
deionised (DI) water (460 mL) and heating to boiling point under constant stirring.
Solution B (42 mL) and solution C (420 uL) were combined and quickly added to the
boiling solution. The solution was heated under constant stirring until a colour
change was observed to produce a deep red coloured solution. The solution was
cooled, diluted with deionised water to a final volume (2.5 L) and the surfactant,
Tween 20 (2.5 mL) was added under stirring. The solution was stored at 4 °C in a

polypropylene container in a refrigerator.

The gold salt solution is prepared immediately prior to use in the development
procedure by combining solution A (200 uL) and solution E (200 plL) and adding to

deionised water (200 mL).

Sample development: The SMD Il gold nanoparticle stock solution (300 mL) was
removed from the refrigerator and left to warm to room temperature. To lower the
pH of the gold nanoparticle solution, Solution D (9 mL) was added. Prior to
development, fingermark samples were rinsed by submerging in deionised water for
3-5 minutes. The samples were then transferred to the gold nanoparticle solution
bath and submersed for 20 minutes under constant orbital shaking on a PathTech

Basic Orbital Mixer set at approximately 50 RPM. The samples were rinsed in
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deionised water for 3-5 minutes and then transferred to a second glass dish,
containing a freshly prepared gold salt solution. Again the samples were submersed
for 20 minutes under constant orbital shaking at approximately 50 RPM. Finally, the
samples were rinsed in deionised water again for 3-5 minutes before being left to dry

on paper towels at room temperature.

2.8 Photography of Developed Fingermarks

Developed fingermark samples were digitally recorded using a Nikon D300 camera
on manual exposure mode fitted with a 60 mm lens and mounted at 35 cm above
the sample using a Firenze Mini Repro stand. Photographs were taken under
optimised conditions for each development method to best visualise each set of
fingermarks, these details are outlined in Table 2.3. Samples requiring illumination
utilised dual incandescent light globes mounted on either side of the camera or a

Rofin Polilight© PL500 (Rofin, Australia) set to the specified light wavelength.

Table 2.3: Camera settings optimised to each detection method

Detection Camera Shutter

Lighting . Aperture ISO
Treatment Filter Speed
1,2-Indanedione 505 nm light 550 nm 2 sec f/11 200
Powdering 2 incandescent  None 1/15 sec f/11 200
globes
Superglue Fuming 4 incandescent None 1/15 sec f/11 200
globes
Acid Nile Blue 505 nm light 550 nm 6 sec f/11 200
SMD I 2 incandescent  None 1/15 sec f/11 200
globes

Digital images were recorded to a desktop computer using Nikon Camera Control Pro
(version 2.31.0) and saved according to the date photographed and sample number.
Where required images were enhanced using Adobe Photoshop CC to improve the
visibility of fingermark ridge detail. Enhancement details are described in Table 2.4,
all enhancement was kept consistent across all samples and each development

treatment.
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Table 2.4: Photography enhancement conditions

Brightness Contrast Exposure Gamma Correction

Technique Filter
1,2-Indanedione None
Powdering B&W
Superglue Fuming B&W
Acid Nile Blue None
SMD Il B&W

None
20
75

100
30

None
40
50
50
70

None
+0.30
None
None
+1.00

None
0.80
None
None
0.40

2.9 Fingermark Grading

To assess development performance following photographic enhancement the

fingermarks were graded following the system used by Fritz and Frick which is

adapted from the United Kingdom Home Office Police Scientific Branch.?7427>

Outlined in Table 2.5 the grading system assesses the fingermark contrast against the

background and quality of ridge detail on a scale of 0-4. The use of a grading system

is subjective to human observation and bias, however is appropriate in this study as

it is relative to donor performance.
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Table 2.5: Fingermark grading scheme

Grading Friction Ridge Detail Contrast of Ridge Photographic
Detail Example

0 No Development No Contrast

1 Signs of contact but Poor Contrast

less than 1/3 of
continuous fingermark

ridge.

2 1/3 to 2/3 of Moderate Contrast
continuous fingermark
ridge.

3 More than 2/3 of Good Contrast

continuous fingermark
ridge but not a
“perfect” fingermark

4 Full development; Very Good Contrast
whole fingermark
continuous ridges
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2.10 Statistical Analysis

In chapter 5 Graphpad Prism v9.2.0 was utilised for data visualisation and statistical
analysis. Average elemental areal density for each fingermark donor is presented as
scatter plots. Statistical testing was used to identify differences in elemental profile
between the median group intensities using a non-parametric Wilcoxon matched
pairs test for all donors (n = 7). This type of test was selected to consider the unique
elemental profile of each donor, accounting only for the change in profile due to the
transfer from contact with metal surfaces. Significance was defined at the 95 %

confidence limit (p < 0.05).

2.11 Human Ethics Approval

This research involved the collection of samples from human participants, which
required low risk ethics approval by the Curtin University Human Research Ethics
Committee. Ethics approval (HRE2018-0476) was granted on the 20th of July 2018.
Requirements of this approval include the participants access to an information
sheet, which outlines the purpose of the study, participant rights and contact
information if the participant wishes to enquire further or withdraw their
involvement. If willing to volunteer the participant will provide formal consent by
signing the provided consent form. An example of the information sheet and consent
form can be seen in the Appendix. By abiding by the conditions provided by the ethics

committee the privacy and safety of the donors involved is ensured.

57



Chapter 3

Exploring Donor Fingermark Chemistry
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3.1 Introduction

Despite a multitude of current operational detection techniques a significant number
of fingermarks remain undetected, as recently demonstrated by Chadwick et al.2 The
reasons for this are multidimensional, due in large part to the complex chemistry of
fingermark residue. The influence of the donor, substrate and surrounding
environment each impact the resulting residue, making treatment conditions for
each sample highly variable. It is therefore important when conducting fingermark

research to take into account how these factors can influence the study.

The IFRG Guidelines suggest procedures to consider when conducting fingermark
research to limit the effects of external factors on the experiment.?’® Whilst substrate
surfaces and environmental conditions such as light exposure, temperature and
humidity can be controlled, donor variation is inevitable. Differences in chemical
composition between donors as well as between multiple depositions from the same
donor have been highlighted in a number of studies as mentioned in section 1.2.
Girod et al. and Frick et al. both utilised GC-MS to demonstrate the differences in the
bulk chemistry of fingermark residue, identifying a range of different compounds as
well as variations in the ratio of commonly occurring compounds.'* °2 Girod et al.
went a step further and grouped 25 donors based on their chemical composition into
“poor” and “rich” lipid donor groups.®? Poor donors were found to contain a lower
volume of total lipid material as well as lower volumes of individual classifying
compounds. Meanwhile rich donors had a more diverse range of lipid compounds

and increased volumes.

A similar concept has been adapted to classifying fingermarks following
development. A number of studies have demonstrated the variation in fingermark
development due to differences in donor chemistry.®® 277 In theory using a maximum
number of donors can provide a more realistic view of the general population,
however in experimental scenarios there are limitations on the size of a donor pool.*°
To overcome the constraints on donor numbers, Sears et al. recommend that testing
be conducted prior to the main study to assess the development traits of the donor

pool.8% A larger range of potential donors should be evaluated to find those who
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provide varying development levels. By including a number of “good”, “medium” and
“poor” donors there is an expectation that there will be a reasonable representation

of the range of fingermark chemistry encountered in the general population.

This chapter involves a preliminary assessment of the fingermark donor pool who
were selected for chemical imaging studies in the subsequent experimental chapters.
Classifying the donor pool based on their development performance from a number
of visualisation techniques ensures that subsequent work will include a range of
donors representative of the expected chemical variation of fingermark residue. A
number of fingermark treatments (summarised in Table 3.1) were selected to target
a range of components in fingermark residue to thoroughly explore the chemistry of
the donor pool. These reagents were chosen based on their frequency of use
operationally, ease of use and access to appropriate reagents and facilities.
Considerations were made to ensure the use of both lipid and eccrine sensitive
reagents to allow for comparison in donor chemistry as well as treatment methods
which would physically target a combination of the material deposited on the
surface. Surface compatibility was also considered to ensure both porous and non-

porous substrates were explored.

Table 3.1: Summary of fingermark development treatments used in this study

Detection Treatment Residue Target Surface
1,2-Indanedione/zinc chloride Amino Acids Porous

Powdering Physical Adhesion Non-Porous
Superglue Fuming Basic (eccrine) material Non-Porous

Acid Nile Blue Lipids Porous/Non-Porous
Single Metal Deposition I Combination of material*  Porous/Non-Porous

* Development mechanism research ongoing

1,2-indanedione/zinc chloride was selected for its sensitivity to a number of amino
acid compounds in fingermark residue which react to produce a bright pink
fluorescent fingermark.1?> 131132 Amino acids are typically abundant in eccrine
material, making this reagent suitable to target eccrine rich deposits on porous

surfaces. Globally the optimal conditions for 1,2-indanedione have been debated due
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to the influence of the working environment (temperature, humidity), however
within an Australian context this technique has demonstrated superior development

and is used successfully to develop fingermarks, commonly on paper surfaces. 121122

124

Powdering and cyanoacrylate (superglue) fuming were selected as they are
commonly used operational methods.3> 18 Fingermark powdering occurs through a
physical adhesion between the powder and the fingermark residue, where the
particles are preferentially deposited on the mark through a combination of adhesion
to grease in the residue as well as electrostatic charge and surface chemistry of the
powder.*® This method allows the detection of the bulk fingermark residue, meaning
it is sensitive to a wider range of donor material regardless of their fingermark

chemistry.

Often fingermarks are treated by superglue fuming, to visualise the mark and to
increase the stability of the residue for further treatment. The process is used
operationally due to its simplicity and capability to simultaneously develop a large
number of items.?> 118 The development mechanism is base initiated, with weak
bases present in eccrine sweat capable of initiating cyanoacrylate polymerisation.3>
150-151 |ncreased levels of humidity can improve the performance of superglue
fuming, with temperature and humidity controlled chambers often used

operationally. 47 112,150

An advantage of the superglue fuming method is not only to develop the fingermark,
but to allow for sequential treatment with post-treatment stains. In this study
superglue fuming was followed by the lipid sensitive treatment acid Nile blue to
produce a fluorescent fingermark.1® The advantages of selecting this treatment were
two-fold, to improve the contrast of the fingermark as well as targeting the lipid
components of the residue. Acid Nile blue is a method adapted from aqueous Nile
blue to improve the sensitivity of the method, by increasing the yield of Nile red, the
fluorescent product.'*’” The treatment though yet to be used operationally has
demonstrated promising results, often used directly on porous substrates however,
when used as a post treatment stain acid Nile blue is capable of providing improved
contrast on non-porous surfaces.?’3
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Finally single metal deposition (SMD) Il was selected as an emerging method
currently being studied at Curtin University.8¢ 199 165 The method uses a two step
procedure which involves the deposition of gold nanoparticles in a solution bath
followed by the in-situ reduction of gold in a reinforcement bath to improve
fingermark contrast.’®> 167 The treatment is based on previous metal deposition
methods such as physical developer and multi-metal deposition.'3° Despite ongoing
research into the treatment mechanism there is still some debate over the chemical
target within a fingermark. This treatment thus provides an opportunity to look at
fingermark residue with an emerging development method and explore its behaviour

across a number of donors with differing fingermark chemistry.10% 165

By combining the results of the development using these selected visualisation
techniques a broad understanding of the chemistry of the donor pool is gained. The
aim is to ensure a donor pool with the appropriate representation of the general
population as per recommendations by Sears et al. will be used in subsequent

chemical imaging studies throughout this thesis.®°

3.2 Methodology
3.2.1 Fingermark Deposition

Two sets of split fingermarks were collected from 13 donors, split fingermarks
(samples which can be split in half) were used in this study to limit intradonor
variation. Donors were first instructed to rub their hands together to try and evenly
distribute exogenous material across both hands. Fingermarks from the three middle
fingers of the left hand were placed over the centre of two glass microscope slides
(VWR International, Leuven) and fingermarks from the three middle fingers of the
right hand were placed over the centre of a dotted line on sectioned water-proof
paper (Nu World Stone, China), see diagram in Figure 3.1. One set of natural,
uncharged fingermarks were collected following ordinary activity, ensuring the donor
had not washed their hands, eaten or been in contact with chemicals for 30 minutes
prior. Directly after the collection of uncharged marks, one set of charged
fingermarks were collected, referring to fingermarks groomed for increased lipid

content. Donors were asked to rub their face/head/neck with their hands prior to
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rubbing their hands together and depositing fingermarks. The fingermarks were
collected by placing the middle three fingers on the substrate for approximately 5
seconds. In this study pressure was not monitored, however donors were instructed
about the deposition process and asked to use a light pressure when placing their
fingers on the substrate. Fingermarks were stored in an enclosed box on an office
shelf with limited airflow and light exposure for a minimum of 24 hours before

development.
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Glass Substrate Paper Substrate

Figure 3.1: Diagram showing set up for deposition substrates.

3.2.2 Donor Information

13 donors were available to take part in this study, donor information can be seen in
Table 3.2. After a minimum of 24 hours the fingermark samples were split and each
treated with one of the selected development methods outlined in Table 3.1. Full

descriptions of development procedures are summarised in section 2.6.
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Table 3.2: Details of the donors used in this study

Donor No. Age Biological Gender Cosmetic Use
1 77 Male None Reported
3 22 Male None Reported
4 24 Male None Reported
6 23 Female Yes
12 23 Female Yes
13 23 Female Yes
14 36 Male None Reported
15 23 Male Yes
16 23 Female Yes
17 50 Male None Reported
18 32 Male None Reported
19 34 Female Yes
20 23 Female Yes

3.3 Results & Discussion

In this study a range of fingermark development methods were utilised to explore
the behaviour of the selected donor pool. The donors provided a set of uncharged
and charged split fingermarks which were developed using superglue fuming
followed by acid Nile blue, magnetic black powder, SMD Il and 1,2-indanedione/zinc
chloride. The results presented here summarise the findings with an overview of the
fingermark grading as per the system used by Fritz and Frick, adapted from the
scheme used by the UK Home Office Centre for Applied Science and Technology

(CAST) described in section 2.8.274%7>

The IFRG guidelines outline considerations to be made when conducting fingermark
research.?’® Whilst the guidelines are aimed at research exploring novel or modified
development methods, fundamental studies, such as that presented here, should
aim to consider these guidelines where possible. A summary of the experimental
considerations for this study can be found in section 2.2. The surfaces selected were
optimised to be compatible across the scope of the development methods, with glass
slides (VWR International, Leuven) selected as the non-porous surface and water-

proof paper made from a calcium carbonate and polyethylene blend (Nu World
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Stone, China) selected as the porous surface. Both uncharged and charged
fingermarks were utilised in this study to demonstrate the effects of intentionally

grooming fingermarks for increased lipid content on these development methods.

3.3.1 Comparison of Development Performance for Charged and Uncharged

Fingermarks

Table 3.3 and 3.4 present an overview of the fingermark gradings for each
development method for uncharged (Table 3.3) and charged (Table 3.4) fingermarks
across the donor set. The variation in grading is notable and suggests at first glance
that an appropriate representation of realistic interdonor variation is evident within
the donor pool. Donors were classified as good, poor or mid level developers,
separately for charged and uncharged samples. Classification was based upon a total
sum of their grades across all development methods (Sum of grades: 0 < Poor £ 10 <
Mid < 15 < Good). Comparing the data in Table 3.3 and 3.4 it is clear that there is
improved grading of charged fingermarks, with no fingermarks graded O for the
charged prints, compared to 9 uncharged samples. There is also a rise in the number
of donors classified as “good” following the charging of fingermarks, rising from 3
good uncharged donors to 7 good charged donors. Looking at a representative
sample (Donor 19) in Figure 3.2, an increase in the development of marks for all 5
detection treatments is shown, suggesting an increase in material present within the
sample detectable by each of the treatments. This reinforces the differences in
performance when fingermarks are groomed, and supports the recommendation by
the IFRG guidelines to utilise uncharged fingermarks as a more realistic sample when

possible.
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D19 - Uncharged

D19 - Charged

Figure 3.2: Representative donor (donor 19) showing an increase in material from
uncharged (top) to charged (bottom) fingermarks developed with superglue fuming
(a), post treated with acid Nile blue (b), black powder (c), SMD Il (d) and 1,2-

indanedione (e).
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Table 3.3: Summary of grading for uncharged fingermarks

Donor Superglue Nile Blue* Powdering SMD Il Indanedione  Class
1 0 0 1 1 3 Poor
3 4 3 3 4 4 Good
4 3 3 4 2 3 Good
6 3 0 4 3 3 Mid
12 2 1 3 4 3 Mid
13 3 3 2 2 4 Mid
14 3 1 3 3 3 Mid
15 3 3 4 3 3 Good
16 0 0 1 1 2 Poor
17 3 3 3 2 3 Mid
18 1 0 1 1 1 Poor
19 0 0 1 0 1 Poor
20 2 2 3 2 3 Mid
Table 3.4: Summary of grading for charged fingermarks
Donor Superglue Nile Blue* Powdering SMD Il Indanedione  Class
1 2 3 3 2 3 Mid
3 3 3 3 4 4 Good
4 3 4 3 2 3 Good
6 3 4 3 2 3 Good
12 3 3 3 4 4 Good
13 2 3 2 3 3 Mid
14 3 4 4 3 4 Good
15 3 4 3 4 4 Good
16 2 3 2 1 1 Poor
17 2 2 3 1 3 Mid
18 1 4 3 1 1 Poor
19 3 4 3 1 2 Mid
20 4 4 3 2 3 Good

* Nile Blue refers to acid Nile blue which was processed subsequently to superglue

fuming
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The fingermark grading data is presented as number of fingermarks per grade in the
graph in Figure 3.3 to directly compare the development methods for both charged
and uncharged marks. Though this study had not aimed to compare development
methods, by looking at these values it can suggest the chemical nature of the
fingermark samples provided. For example, when looking at the performance of acid
Nile blue there is a large difference in grading when comparing the charged and
uncharged marks, with 7:0 grade 4 marks and 0:5 grade 0 marks for charged and
uncharged marks respectively. The increase in grade following the increase of lipid
material indicates this method relies on the presence of lipid material to develop a
mark. Acid Nile blue is a modified method based on aqueous Nile blue, a method
proposed by Frick et al. which targets lipid material. It is not unexpected that the
method demonstrates similar characteristics, showing improved development for

fingermarks groomed for increased lipid material.
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Figure 3.3: Graph displaying the sum of grades for each development method for uncharged and charged fingermarks.
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1,2-Indanedione/zinc chloride is the most consistent method across both uncharged
and charged samples. This method is a sensitive amino acid reagent, targeting the
eccrine component of the fingermark. Eccrine material would be expected to appear
within both charged and uncharged sets of marks as it is present on the fingertips as

secretions from the eccrine glands.®°

3.3.2 Understanding Donor Chemistry and Classifying Donor Performance

It was apparent that a number of donors performed better across all treatments.
Comparing donors 3 and 18 in Figure 3.4 and 3.5 there is a clear difference in their
overall development. It is expected that the “good donors”, those that appeared to
consistently provide high quality development across each treatment, are expected
to have richer chemistry, depositing a natural mixture of lipid and eccrine material
which can be targeted by each of the development treatments. In contrast, donors,
such as that represented by donor 18, can be considered “poor donors”, as it appears
they deposit less residue overall. Improvement in these “poor donors” appeared with
grooming, with all “poor donor” charged marks showing increased performance with
acid Nile blue, however it is important to consider the uncharged natural fingermark

as the realistic sample.
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Figure 3.4: Representative “poor” donor (donor 18) uncharged (top) and charged
(bottom) fingermarks developed with superglue fuming (a), post treated with acid

Nile blue (b), black powder (c), SMD Il (d) and 1,2-indanedione (e).
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D3 - Uncharged

D3 - Charged

Figure 3.5: Representative “good” donor (donor 3) uncharged (top) and charged
(bottom) fingermarks developed with superglue fuming (a), post treated with acid

Nile blue (b), black powder (c), SMD Il (d) and 1,2-indanedione (e).

A number of donors were graded between these groups of good and poor donors,
these samples are interesting to explore the chemistry of the marks. Within this
group of samples 1,2-indanedione/zinc chloride provided more consistent
development, suggesting that eccrine material appears to be abundant within
fingermark residue across these donors. The lipid material appeared more variable,
with Figure 3.6 showing the development of donor 6, one of these mid-performing
donors who appeared to provide high quality development with each treatment
except for acid Nile blue. This indicates that this donor may naturally deposit eccrine
material with a limited amount of lipid material. Comparing the uncharged mark to
the charged sample it is obvious the contact with lipid rich areas of the body alter the
chemistry of fingermark residue. The charged mark appears to have a substantial

increase in lipid material, providing a developed mark graded 4 compared to the
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uncharged mark graded 0 when treated with acid Nile blue. This emphasises how
contact with other parts of the body to groom a fingermark with sebaceous material
increases the lipid content on the fingers, reinforcing the concept that habitual
touching of the face or other parts of the body throughout the day can change the
chemistry of the fingermark deposited, leading to intradonor variation.?’® This adds
to the complexity of fingermark chemistry, suggesting that the lipid material is likely

to be more convoluted than the eccrine counterpart.

D6 - Uncharged

D6 - Charged

Figure 3.6: Representative “mid” donor (donor 6) uncharged (top) and charged
(bottom) fingermarks developed with superglue fuming (a), post treated with acid

Nile blue (b), black powder (c), SMD Il (d) and 1,2-indanedione (e).

The remaining development methods, superglue fuming, black powder and SMD |l
didn’t provide any additional information about the chemistry of the selected
donors. Black powder and superglue fuming appeared to perform similarly,
developing marks from most mid-good donors. These methods performed poorly for

weaker donors as there was less material to adhere to. SMD Il comparably

73



demonstrated inferior performance, with lack of contrast between the substrate
appearing to have substantial effect on the grading of the mark. This is a newly
developed technique and is still undergoing research to exhibit its potential as a

viable method.

34 Conclusions

This chapter demonstrates the characteristics of the selected donor pool, showcasing
the inherent variability of fingermark development. The 13 donors selected provide
an appropriate range of development performance, believed to be representative of
a larger population. Using 5 fingermark visualisation methods, 1,2-indanedione/zinc
chloride, powdering, SMD Il and superglue fuming followed by post-treatment
staining with acid Nile blue, the fingermarks were graded and compared to classify
the donor’s performance. An improvement was seen in development following the
grooming of fingermarks for increased lipid material, reinforcing that uncharged
fingermarks are a more realistic example of fingermarks found as evidence and
should be used where possible to provide a more accurate sample of fingermark
residue. The classification of poor, mid and good donor groups within the selected
pool provides the necessary grouping to ensure an appropriate sample set for
chemical imaging studies presented in the subsequent experimental chapters in this
thesis. It was important to ensure the succeeding chapters included a range of donors
within each of these classifications, to provide a realistic example of the variation
expected within fingermark residue. This would allow deeper and more authentic
conclusions to be made regarding fingermark chemistry, by encompassing a broad

range of the potential chemistries across the population.
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Chapter 4

Using Synchrotron XFM to Reveal and Characterise Elemental
Distribution in Latent Fingermarks, and to Further Understand
Inter-Donor Variation

Portions of this chapter have been published in the following articles:

Rhiannon E. Boseley, Buddhika N. Dorakumbura, Daryl L. Howard, Martin D. de
Jonge, Mark J. Tobin, Jitraporn Vongsvivut, Tracey T. M. Ho, Wilhelm van Bronswijk,
Mark J. Hackett, and Simon W. Lewis. Revealing the Elemental Distribution within
Latent Fingermarks Using Synchrotron Sourced X-ray Fluorescence Microscopy.
Analytical Chemistry 2019 91 (16), 10622-10630

DOI: 10.1021/acs.analchem.9b01843

Rhiannon Boseley, Daryl Howard, Jitraporn Vongsvivut, Mark Hackett, Simon Lewis.
Leaving a mark on forensic science: how spectroscopic techniques have revealed
new insights in fingerprint chemistry. Spectroscopy Europe, 2022 22

DOI: https://doi.org/10.1255/sew.2022.a8
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4.1 Introduction

Understanding the chemical composition and distribution of fingermark residue may
help explain the variation in response to latent fingermark visualisation methods.
Such knowledge can then be used to direct research to improve current techniques
and identify new detection strategies. The majority of research in the literature
describes investigation of organic components of fingermark residue, leaving the
elemental distribution less well understood. The chemistry of latent fingermark
residue heavily impacts the ability to detect and visualise latent fingermarks; by
expanding research into the analysis of the inorganic material within fingermark

residues, the gaps in fingermark chemistry can begin to be filled.?

Fingermarks are a mixture of the natural secretions from the glands present in the
skin and any surface contaminants present. The natural secretion is made up of a
combination of components originating from the eccrine and sebaceous glands, and
while one type of secretion may predominate, there can be no purely eccrine or
purely sebaceous deposit.>> Eccrine secretions (sweat) contain a variety of
hydrophilic organic and inorganic materials such as amino acids, proteins, ions (CI-,
K*, Na*, Mg?*) and trace metals (Fe, Cu, Zn), and these components have the potential
to be transferred when depositing latent fingermarks. 2> 178 A better knowledge of
elemental distribution within latent fingermarks is important to increase the
understanding of the effects ions and transition metals may have on the underlying

chemistry of current methods of detection.

For example, the amino acid reagent 1,2-indanedione uses the addition of a low
concentration solution of zinc chloride as a Lewis acid catalyst to improve
the detection response in conditions of low humidity.'232% Spindler et al. suggests
that the trace metals present within commercial paper could contribute to this
reaction, implying that the zinc content in fingermark residue could also
influence this development.’** Researchers have previously exploited the
presence of metals in fingermark residue for detection, using heightened
temperatures to accelerate metal corrosion to develop marks on metallic
surfaces.36-37. 103, 273 Exogenous metals have also been targeted directly on the

hands through the use of trace metal detection
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tests (TMDT) following the handling of metal items such as firearms.”37> 280 The
reactivity of elemental species suggests that they may affect fingermark
development, and this reinforces the need to better understand the presence and
distribution of these ions within fingermark residue. In addition to understanding the
elemental distribution within fingermarks, the distribution of specific elements in
relation to organic components of the fingermark is also of specific interest. Indeed,
it is the interaction between metal ions and organic molecules that can have
pronounced effects on detection methods.3> 116 124 Despite the importance of
knowing elemental distribution in relation to the distribution of organic molecules in

fingermarks, studies into the topic have been limited.

Several studies have used direct chemical imaging methods, such as MALDI-MSI, % 3%
41,65,108 Raman microscopy,®> 12 and FTIR microspectroscopy 67 101 18 to investigate
spatial distribution of organic constituents, but few studies have investigated the
distribution of inorganic constituents in fingermarks,*? and prior to this thesis, no
study had investigated both organic and inorganic constituents in natural
fingermarks under atmospheric conditions. The relative scarcity of literature aiming
to understand the elemental distribution likely reflects the previous unavailability of

direct elemental mapping techniques,3840, 199-200

A number of alternative techniques offer elemental mapping capabilities, as outlined
in Chapter 1 (Section 1.5.3). Some of these methods, such as LA-ICP-MS, SIMS and
XPS are surface sensitive, often require analysis under vacuum conditions and can be
destructive to the fingermark, limiting their application for the analysis of fingermark
samples, 3841, 70, 194, 199-200, 244, 257 | A_|CP-MS and SIMS offer superior detection limits
(in the PPM — PPB range) however with respect to spatial resolution, the state-of-
the-art LA-ICP-MS can achieve 1 um, but more routinely is typically limited to 10’s of
microns 195 209, 242244 \Whijle SIMS and XPS can routinely provide high spatial
resolution, the measurement is limited to the sample surface (i.e., surface sensitivity
on the order of tens of nm’s).19> 199, 245246 Therefore, for samples such as fingermarks
that are a 3 dimensional structure (e.g., comprised of organic droplets several
microns thick), the high surface sensitivity of SIMS and XPS is less suited to detect

elements internal to the surface (e.g., within an eccrine droplet).

77



In contrast to XPS, and SIMS; XFM is capable of analysis at ambient pressure (vacuum
not required). Advances in brightness of third generation synchrotron light sources
and upgrades in detector technology and electronics now make rapid, direct
elemental mapping possible.r’® XFM is therefore, well suited to study elemental
distributions in latent fingermarks, owing to its ability to provide quick data collection
at micron or sub-micron level spatial resolution, and nM detection limits.20% 209, 240
These advances have thrust XFM using synchrotron light sources into a wide-range
of scientific areas to map trace elemental content, including material sciences,?8! life
sciences,?%% 282283 gnd cultural heritage studies.?842%> Previous research has
demonstrated the use of XFM imaging of sebaceous fingermarks to provide critical
information on elemental distribution; however, the instrumentation available in
that study did not have the sensitivity required to detect trace metals at micron
spatial resolution, which is especially important if attempting to study association
between inorganic and organic components.*? The brightness of synchrotron
sourced X-rays typically provides an improvement in spatial resolution and detection
limits of at least an order of magnitude compared to non-synchrotron benchtop X-

ray fluorescence instruments.286-287

In this work, IRM was used in combination with XFM to characterize the location of
organic and inorganic constituents in fingermark residue to better understand the
chemical complexity of natural fingermarks and how it may impact methods of
fingermark detection. This chapter consists of three distinct studies. In Study 1, the
capabilities of XFM were investigated as a technique for analysing fingermark
residues, imaging for the first time the natural distribution of elemental material at
sub-micron resolution. Study 2 reveals the variation of inorganic components in
fingermark residue across a set of donors, with suggestion that the observed
variation is a combination of endogenous and exogenous metals transferred to, and
distributed within, latent fingermarks. Lastly, Study 3 involves the development of a
multi-modal XFM/IRM workflow, which was applied to reveal the association
between organic and inorganic components; specifically, endogenous elemental
components were located in the eccrine material, while a broader distribution of

exogenous metals was observed.
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4.2 Methodology

4.2.1 Fingermark Deposition

Fingermarks were collected from fourteen donors; information on each of the donors
can be found in Table 4.1. The donors gave natural deposits by gently pressing their
index finger down for 5-10 seconds on silicon nitride slides (Melbourne Centre for
Nanofabrication, Australia), Ultralene Thin Film (SPEX Sample Prep, USA) and Mylar,
6um (Sietronics, Australia). Fingermarks were imaged using XFM as described in
section 2.5.1. Multimodal studies were conducted using benchtop thermal source
FTIR microscopy and optical microscopy (instrumental information is outlined in

sections 2.5.3.3 and 2.5.4).

Table 4.1: Details of the donors used in this study

Donor No. Age Biological Gender Cosmetic Use
1 77 Male None Reported
3 22 Male None Reported
6 23 Female Yes
10 40 Female Yes
12 23 Female Yes
13 23 Female Yes
14 36 Male None Reported
15 23 Male Yes
16 23 Female Yes
17 50 Male None Reported
18 32 Male None Reported
19 34 Female Yes
20 23 Female Yes
21 32 Female None Reported
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4.3 Results and Discussion

This study used XFM to characterize the elemental distribution within latent
fingermarks, at ~2 um spatial resolution, to address specific research questions: what
is the spatial distribution of inorganic components within natural fingermarks (4.3.1);
how might the elemental content and distribution change between fingermark
donors (4.3.2); are exogenous sources of metals and ions readily transferred to
fingermarks (e.g., inorganic components of cosmetics) (4.3.2); and which elements

co-localise with eccrine or sebaceous material (4.3.3).

4.3.1 XFM Reveals the Inorganic Distribution in Natural Fingermarks

XFM elemental mapping was used to determine the distribution, and variation in the
distribution, of inorganic ions and metals in a series of natural fingermarks deposited
by fourteen donors. A representative example of XFM elemental maps from a natural
fingermark from one donor (donor 6) is presented in Figure 4.1. In general, the
elemental distribution across the sample was found to follow the ridge pattern detail
of a latent fingermark, as can be seen in Figure 4.1. Numerous ions and metals were
detected in the fingermarks, and these are characterized in Table 4.2. Many of the
ions and metals that were detected are likely to be endogenous diffusible ions
excreted through the eccrine glands as sweat (for example, CI~, K*, Ca?*). In contrast,
several exogenous metals were detected (Bi, Ni, Ti), which most likely originate from
exogenous sources such as contact with metal alloys or cosmetics.’™ 3% 70 Other
metals that were detected (Fe, Cu, Zn) may originate from endogenous or exogenous
sources. Fe, Cu and Zn are all metals present within the body through dietary intake,
they play an important role in cell and brain function, with involvement in numerous
protein and enzyme pathways.?882%0 These metals have been measured in human
sweat samples and so it is not unexpected that they would be detected at trace levels
in fingermark samples.?®? Alternatively, exogenous sources of these metals could
include cosmetic products, food residues and through contact with metallic objects,
which may potentially be exploited for forensic purposes, such as the presence of
gun shot residues or illicit substances.® Perhaps not unexpectedly, elements

associated with topical skin applications (cosmetics, sun protectants) were identified
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in the fingermarks from multiple donors. Titanium and zinc oxides are often added
as ingredients to cosmetics to provide sun protection by physically reflecting UV
radiation.?®>23> A number of other inorganic substances are added to cosmetic
products as colourants including zinc oxide, titanium dioxide, iron oxides, bismuth
oxychloride and copper.?** These products are frequently applied using the hands,
leaving traces on the fingers, and deposited in fingermark residues; a number of
studies have explored the organic components of these substances deposited in
fingermark samples.” 2°>-2% The inclusion of these exogenous substances adds to the
complexity of fingermark chemistry, but also has the potential to be exploited to

indicate donor traits.

18000 7.l €000

1700 250

LRI A

Figure 4.1: Large area XFM scan of natural fingermark from donor 6, deposited on

Ultralene Thin Film. Concentration scale bar (ng cm™).
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Table 4.2: Components detected in latent fingermarks using XFM and their likely

endogenous/exogenous source

Inorganic Component Source Potential Origin
cr Endogenous Sweat
K* Endogenous Sweat
Ca** Endogenous Sweat
Ti Exogenous Cosmetics
Bi Exogenous Cosmetics
Fe Endogenous/Exogenous Cosmetics/Sweat
Ni Exogenous Currency
Cu Endogenous/ exogenous Currency/Sweat
Zn Endogenous/ exogenous  Cosmetics/Sweat

4.3.2 Sources of Variation in Elemental Content of Latent Fingermarks:

Interdonor Variability

Research has previously demonstrated that a high level of interdonor variability
exists with respect to organic composition and distribution within fingermarks.% 92
%, 98 Despite the well characterized heterogeneity in organic composition of
fingermarks, the variability in inorganic composition has been less studied due to the
previous unavailability of suitable techniques. The capability of XFM for rapid, micron
level spatial resolution elemental mapping was used in this study (for the first time)
to assess interdonor variability in elemental composition and distribution within
natural fingermarks. The variation in inorganic material within fingermark residue
across multiple donors (fourteen separate donors) revealed by XFM is presented in
Figure 4.2. It should be noted that donors 6 and 20 were known cosmetic users and
demonstrated much higher levels of zinc and titanium in comparison to other donors.
As can be seen in Figure 4.2, using Zn as an example, high interdonor variability was

observed.

This study also compared intradonor variability, referring to the variability between

deposits from the same individual. Samples were taken at two time points

82



throughout the same day from each donor, as shown in Figure 4.3. The differences
between each sample increases the complexity of fingermark residue as seen
through variation in the amount of metallic material deposited. Intradonor variability
has proven to be a challenge when sampling fingermarks, particularly for research
purposes, and demonstrates the necessity of research protocols, such as the
International Fingerprint Research Group guidelines, to account for the variation in

fingermark residue and provide more consistent and reliable research conditions.®?

Zn is expected to be secreted from eccrine pores, and therefore, endogenous Zn is
expected to be found in natural fingermarks.® Figure 4.2 clearly demonstrates,
however, that the fingermarks obtained from users of cosmetics contain
substantially larger amounts of Zn than non- or light cosmetic users. This suggests
exogenous Zn, found in cosmetics, may be a large source of the observed interdonor
variation. This is supported by specific metal colocalizations in the fingermarks from
donor 6, a known heavy cosmetic user (Figure 4.4). Specifically, regions of high Zn
content were found to colocalize with high Ti content. Ti is not an endogenous metal
in fingermarks and, therefore, can only be sourced from an exogenous source, such
as cosmetics.2?22% Interestingly, although Ti and Zn were found to colocalize in the
fingermarks of cosmetic users, Fe did not show the same level of hot spot
colocalization. Strong colocalization of ions Ca?*, CI-, and K* with metals Cu and Zn
were also observed in natural fingermarks (Figure 4.5). Closer examination of the ion
distribution revealed that the CI- and K* deposits have distinct star shaped
morphology, which likely indicates the presence of crystalline material within the
fingermark residue.3> Similar findings were reported by Dorakumbura et al. where
Raman spectroscopy showed small salt crystals at the centre of an eccrine droplet.®®
The presence of sodium chloride deposited in eccrine sweat has also been suggested
as a potential reactive species in fingermark residue, as a possible target for metal
deposition methods and in cyanoacrylate polymerization.3> 116 Since chloride
appears to be deposited across a fingermark ridge, this research reinforces the

potential for chloride ions to be interacting with these development techniques.
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Figure 4.2: Typical results for zinc distribution within natural fingermarks collected from
fourteen donors on silicon nitride slides (D1,6,10 17-21) and mylar (D3, 12-16). Concentration

scale bar (ng cm™).
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Figure 4.3: Typical results for zinc distribution within natural fingermarks collected from

fourteen donors on mylar on two separate occasions (deposit 1 left, deposit 2 right).

Concentration scale bar (ng cm™).
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Figure 4.4: Iron, titanium, and zinc distribution within a natural fingermark from donor 6
deposited on silicon nitride and imaged using XFM. Composite image (right) demonstrates
the colocalization of these metals within the fingermark matrix. Concentration scale bar

(ng cm™).

Figure 4.5: Calcium, chlorine, copper, potassium, and zinc distribution within a natural
fingermark from donor 6 deposited on silicon nitride and imaged using XFM. Composite
image (right) demonstrates the colocalization of these metals within the fingermark matrix;
box outlined in the composite image displays area of crystal-like structures (a) seen in

particular donors, likely to be salt crystals. Concentration scale bar (ng cm™).
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4.3.3 Combining XFM and IRM to co-locate the Organic and Inorganic Materials

in Latent Fingermarks

The previous section explored the use of XFM elemental mapping to investigate the
distribution of inorganic material in latent fingermarks. Whilst this information is
valuable to understanding fingermark chemistry, there is great potential in
combining this data in a multimodal approach, in particular to associate the
distribution of inorganic with organic material. Here the co-localization of eccrine and
sebaceous material is presented with inorganic elements, by combining data from
the IRM and XFM beamlines. The combination of these methods has proven valuable
in biomedical studies, with Miller et al. and Summers et al. demonstrating the success
of multi-modal imaging to identify the elemental distribution and protein structures
in brain tissue from the same sample.?%® 22729 The instrumentation available at
synchrotron facilities provides the opportunity to image the distribution of organic
and inorganic material in the same fingermark sample. This will offer a unique view
of fingermark chemistry, and for the first time relate the distribution of elements to
the organic components in natural fingermarks. This can help to understand the
association of these materials and their influence on the chemical changes in

fingermark residue and their response to chemical development treatments.

When conducting experiments across multiple analytical instruments, a number of
considerations need to be made involving substrate surface and image timing. The
sample was deposited on silicon nitride slides as they were appropriate for all
imaging methods; alternatively Mylar, which was used in some XFM studies
presented in this thesis, was too rough to conduct infrared transmission experiments.
Transmission mode was selected using a focal plane array detector, to provide a
larger scale imaging area, as a wider field of view was required to allow for matching
physical attributes within the sample during analysis. After an initial optical image
was taken, the sample was imaged using the thermal source benchtop IR microscope,
to measure the organic distribution across the sample. Subsequently, the elemental
material was imaged on the XFM beamline, as the inorganic material is expected to

be more stable over time.
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Here, for the first time, synchrotron sourced XFM, used in combination with IRM, has
been used to demonstrate the distribution of the elemental components within
fingermark residue relative to organic material. Figure 4.6 shows the same sample
imaged on the optical microscope, IRM and XFM. The results indicate that the
inorganic material, represented by zinc in Figure 4.6c, and the organic, both eccrine
and lipid material (Figure 4.6d and 4.6e), identified by integrating across the O-H
stretching band (3000-3500 cm™) and C-H stretching region (2800 — 3000 cm?)
respectively, co-locate across the sample, with bright spots matching across the
images. These hot spots appear to correlate with droplets within the optical image,
suggesting that areas detected by XFM to have increased elemental content are likely
to be endogenous, and secreted through the eccrine or sebaceous glands. In this
case, the elemental material appeared to collocate similarly within both eccrine and
sebaceous materials, however at this resolution it is difficult to distinguish due to the

imaging requirements to image the fingermark on a large scale.

a) Sample Overview Image b) Optical Image

c) XFM - Zn

ou.

Figure 4.6: A natural fingermark deposited from donor 6 on silicon nitride imaged
with an optical microscope sample overview (a) and imaging area (b), XFM zinc
distribution (c) and FTIR-FPA imaging with false colour image generated by
integrating over the O-H stretching band (3000-3500 cm™) for water representative

of eccrine material (d) and the C-H stretching band for lipid material (2800-3000 cm
‘) (e).
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Previous work by Dorakumbura et al. explored the distribution of organic
components at the microscale using synchrotron sourced ATR-IRM and Raman
spectroscopy, demonstrating that eccrine and sebaceous material exist in an
emulsion like residue.®® This meant that it is not unexpected that eccrine and
sebaceous material were found to have similar distribution at the macro-scale,
however on the micron and sub-micron scale there can be distinct differences in their
distributions. The experiment was repeated at increased spatial resolution by
decreasing the imaging area to account for the limitations of the instrument. Figure
4.7 displays a FTIR false-colour distribution of eccrine material (Figure 4.7b) overlaid
on the bright field image (Figure 4.7a). The false-colour FTIR image was generated
using a spectroscopic marker band (3000 — 3500 cm™) presented in Figure 4.7d,
which corresponds to the O-H stretching vibration, characteristic of eccrine
components, water, lactic acid or urea.®® Figure 4.7c reveals the elemental
distribution in the same natural fingermark that was analysed with IRM, and
demonstrates the presence of chlorine, potassium, calcium, copper and zinc. The
similarity in location and morphology allows co-localisation of elemental distribution
with eccrine components within the fingermark residue. Based on the observed co-
localisation it is apparent that the eccrine material of natural fingermarks is enriched
in inorganic components; this pattern of colocalization was observed across two
additional donors (Figure 4.8). Fingermark regions enriched in sebaceous material

were not found to be enriched with inorganic material (e.g., Ca, Cl, Cu, K, and Zn).
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Figure 4.7: Natural fingermark from Donor 1, deposited on a silicon nitride slide.

Bright field optical image of the area investigated with FTIR-FPA imaging (a) with

false colour image generated by integrating over the O—H stretching band for the

eccrine material (3000 - 3500 cm™) (b) FTIR spectra of eccrine material obtained using

the conventional FTIR spectroscopy (d) and the corresponding elemental distribution

maps imaged using XFM (c). XFM concentration scale bar (ng cm).
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Figure 4.8: Natural fingermark from Donor 20 (top) and Donor 21 (bottom), deposited
on a silicon nitride slide. Bright field optical image of the area investigated with FTIR-
FPA imaging (a) with false colour image generated by integrating over the O—-H
stretching band for the eccrine material (3000 - 3500 cm™) (b) FTIR spectra of eccrine
material obtained using the conventional FTIR spectroscopy (d) and the corresponding
elemental distribution maps imaged using XFM (c). XFM concentration scale bar (ng
cm™).
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Metal ions have previously been established to have an impact on the ability of
detection reagents to recover and successfully visualise latent fingermarks, with a
number of studies specifically focussing on the interactions of metal ions with organic
components of fingermarks and the detection reagents.3> 116 124 Amino acid (eccrine
material) detection reagents 1,2-indanedione and ninhydrin, are both known to
interact with metal salts.!'® 124 Researchers have shown that the addition of zinc
chloride to the 1,2-indanedione working solution improves the colour and
luminescence of the detected fingermark, and it is also well established that the
addition of zinc and nickel salts as a post treatment for ninhydrin alter the colour of
the developed fingermark.'® 124 |n this study, the observation of Zn co-localised with
eccrine material may explain in part the variation in detection of latent fingermarks
using 1,2-indanedione and ninhydrin. Specifically, the enrichment in Zn that is
observed in cosmetic users provides a new avenue to investigate, specifically, to
identify if the fingermarks of cosmetic users are more readily detected by 1,2-

indanedione and ninhydrin methods, on the basis of their Zn enrichment.

4.4 Conclusions

This study has demonstrated the capabilities for direct elemental mapping
techniques, such as XFM, to study the trace elements present within latent
fingermarks. Using this capability, this research begins to explore the elemental
distribution within fingermark residue to begin to better understand the effects
these ions have on the underlying chemistry of current methods of detection.
Specifically, this work demonstrates that the distribution of endogenous inorganic
components within latent fingermarks are localised to eccrine organic material. Such
an observation suggests that variation in metal ion content may account for variation
in the ability to detect latent fingermarks, especially reagents targeting eccrine
material and in which metal ion chemistry is known to affect the detection chemistry.
Further, the presence of exogenous material in particular donors reinforces the

influence of daily activities, such as cosmetic use, on fingermark chemistry.

Due to the necessity of a synchrotron facility to undertake the measurements

described in this study, routine application for forensic testing is unlikely. However,
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direct application of the techniques presented in this study to select forensic cases is
achievable. Possibly of greater value is the knowledge gained relating to greater
understanding of the chemical complexity of latent fingermarks, which this and
future studies will provide. Such insight may provide the necessary founding for the
development of new, routinely applicable methods to detect latent fingermarks or

identify chemical traits within the fingermark (e.g., presence of cosmetics).

These findings highlight only a fraction of the potential studies for which XFM and
direct elemental mapping can be applied to study the chemistry of fingermarks.
Classical analytical techniques such as LC-MS and GC-MS, and more recently mapping
techniques such as FTIR and Raman microscopy, have been invaluable in increasing
understanding of the organic chemical composition of latent fingermarks and how it
affects detection methods. On the basis of this study, it is anticipated that direct
elemental mapping can play a similar role to reveal the complexities through which
metal ions influence fingermark chemistry, and subsequently improve detection

capability.

93



Chapter 5

The Transfer And Persistence Of Metals In Latent Fingermarks

Portions of this chapter have been published in the following articles:

Rhiannon E. Boseley, Buddhika N. Dorakumbura, Daryl L. Howard, Martin D. de Jonge,
Mark J. Tobin, Jitraporn Vongsvivut, Tracey T. M. Ho, Wilhelm van Bronswijk, Mark J.
Hackett, and Simon W. Lewis. Revealing the Elemental Distribution within Latent
Fingermarks Using Synchrotron Sourced X-ray Fluorescence Microscopy. Analytical
Chemistry 2019 91 (16), 10622-10630

DOI: 10.1021/acs.analchem.9b01843

Rhiannon E. Boseley, Daryl L. Howard, Mark J. Hackett, and Simon W. Lewis. The
transfer and persistence of metals in latent fingermarks. Analyst 2022 147(3), 387-
397 DOI:_https://doi.org/10.1039/D1AN01951A
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5.1 Introduction

During the course of criminal activity the transfer of trace evidence creates a link
between people, locations and/or objects, subsequently these traces can provide
crucial investigative information. There is an increasing interest in studying the
transfer and persistence of trace evidence, and the consequences that may have on
the interpretation of that evidence at the activity level.% 56 261, 265266 Thare gre many
factors that affect the degree of material transfer, including the source material, the
recipient surface, as well as the strength and length of contact.®® 2°° Latent
fingermarks are an important type of trace evidence as they are easily transferred
and can identify an individual using the ridge patterns. The composition of latent
fingermarks is dynamic, known to change over time, which is discussed in detail in
section 1.3. Since evidence is not normally collected immediately following transfer,
the persistence of fingermark residues needs to be considered.?? Investigating these
processes to demonstrate how fingermark composition is impacted by the donor’s
activity prior to deposition and the persistence of fingermark material will assist with

the interpretation of fingermark evidence.®®

The primary focus of forensic fingermark examiners is the identification of an
individual from a recovered fingermark. % 3% The court is responsible for deciding
how to the interpret fingermark evidence, providing context on the activity that leads
to the transfer of fingermark residue.?® To assist the court with their interpretation
a robust understanding of transfer and persistence mechanisms is needed, to assist
forensic scientists in assigning evidential values for how these processes relate to
fingermark chemistry.?>® Research has recently been conducted to explore the
transfer mechanisms involved in DNA and textile fibre trace evidence.>® 261267 These
studies explored how variables including type of contact, donor, recipient and
contact duration can effect transfer processes.?6% 263-265 A similar approach has been
taken by de Ronde et al. to investigate a variety of criminal activities leading to
fingermark deposition.>!? Here, work is presented to expand on these studies
through the investigation of transfer and persistence of inorganic material (e.g.,

metal ions), in latent fingermarks.

95



Cosmetics, illicit substances and gunshot residues all contain metal ions, which can
be detected in fingermark residue through the use of coloured or fluorescent
indicators.”® 73-75 78 256, 301 However, such methods do not offer high elemental
specificity, and it is challenging to identify if non-specific and generic presence of
metal ions can be linked to a particular physical activity, or if “false-positives” could
occur from endogenous biological metal ions naturally secreted through the
fingertips. Through detailed understanding of the specific metal ions that are
transferred to and persist within fingermarks, there may be scope to develop
improved and / or targeted strategies to detect metal ions using various coloured or

fluorescent indicators.

In chapter 4, XFM was used to demonstrate that a range of metal ions can be
detected in fingermark residue. In this study, work using XFM elemental mapping is
expanded to characterise the transfer and persistence of metals in fingermarks,
following contact with metal objects of forensic interest. Further, X-ray absorption
near edge structure (XANES) spectroscopic mapping has been used to help reveal the
chemical form of metals that are transferred, which is critical information to enable

future development of forensic detection strategies.

5.2 Methodology
5.2.1 Fingermark Deposition

Fingermarks were collected from eight donors, donor information can be found in
Table 5.1. Samples were imaged using the XFM beamline, full instrumental details

can be found in section 2.5.1 and XANES information in section 2.5.2.
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Table 5.1: Details of the donors used in this study

Donor No. Age Biological Gender Cosmetic Use Scatter Plot Colour

3 22 Male None Reported °
6 23 Female Yes

12 23 Female Yes o
13 23 Female Yes o
14 36 Male None Reported °
15 23 Male Yes o
16 23 Female Yes

18 32 Male None Reported n/a

5.2.1.1 Preliminary Study — Investigation of transfer of exogenous material from

Australian currency

Prior to deposition Donor 18 was instructed to wash his hands to remove existing
exogenous material, one hand was brought into contact with Australian silver-
coloured coins, with gentle rubbing, whilst the other was not. Fingermark
impressions were taken from both hands on silicon nitride slides (Melbourne Centre

for Nanofabrication, Australia) and imaged using XFM.

5.2.1.2 Further studies into metal transfer from forensic objects

Seven donors (3, 6, 12-16) gave six deposits, 2 natural marks, 3 marks following
contact with forensically significant items, and 1 mark after hand washing. Donors
were instructed to gently press their finger down for 5-10 seconds on Mylar, 6um

(Sietronics, Australia).

For deposits 2 and 3, donors were instructed to hold a gun barrel (Gecado Air Rifle
Mod 30 -pitted, WA Police) in their left hand and cartridge case (REM 223, WA Police)
in their right hand for 30 seconds, fingermarks were then taken from each hand.
Deposit 5 was taken after 30 second contact with a party sparkler (Artwrap, China),
the hands were then washed with soap (Kimberly-Clark, Roswell GA) and water, air
dried and using the same finger, deposit 6 was taken. Deposits 1 and 4 were natural

marks deposited prior to contact with samples.
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5.2.1.3 Investigation of Daily Persistence of Exogenous Material

Donor 6 was selected as a known cosmetic user, to provide fingermarks throughout
the day. Donor 6 conducted their regular morning routine, including applying a range
of cosmetic items, a fingermark was taken on Mylar, 6um (Sietronics, Australia) 15
minutes after this process. The hands were then washed with soap (Kimberly-Clark,
Roswell GA) and water at least once between each subsequent deposition at time

points 1, 2, 3, 6 and 10 hours from the initial deposition.

5.2.1.4 Investigation of Elemental Displacement or Redistribution Following

Immersion of Latent Fingermarks in Water

Fingermarks were collected from eight donors (Donors 1, 6,10, 17, 18, 19, 20 and 21)
on silicon nitride slides and imaged using XFM. The samples were then covered with

deionized water for 30 minutes. The samples were dried and reimaged using XFM.

5.2.2 Image Analysis and Statistical Analysis

XFM elemental maps were exported as tiff images and analysed using Imagel (1.5i).
The average elemental areal density was calculated across the entire scan area, for
the following elements: Cl, K, Mn, Fe, Co, Ni, Cu, Zn, Br, Ba, Pb and Bi. The average
elemental areal density from each donor is presented as scatter plots generated
using Graphpad Prism v9.2.0. Statistical testing was used to identify differences
between the median group intensities for the following experimental group
comparisons (natural vs barrel, natural vs cartridge, barrel vs cartridge) and (natural
vs sparkler, natural vs sparkler and washed, sparkler vs sparkler and washed) using a
non-parametric Wilcoxon matched pairs test for all 7 donors (n = 7). Significance was

defined at the 95 % confidence limit (p < 0.05).

5.3 Results & Discussion

The physical activities a person engages in can influence the elemental composition
of their fingermarks. Understanding how different physical activities manifest in
altered elemental composition of fingermarks is therefore important knowledge in a

forensic context. In addition to direct association between physical activities and the
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subsequent elemental composition of fingermarks, understanding the persistence of
trace elements can suggest a potential timeline for fingermark deposition. This study
has utilised synchrotron sourced XFM to investigate the transfer and persistence of
elemental material from forensically significant items to a latent fingermark deposit.
In addition, XANES-mapping has been used to identify the different chemical forms

of Fe that may be found in latent fingermarks.

5.3.1 Sources of Variation in Elemental Content of Latent Fingermarks: Metal-

contact Contamination

Following on from studies in Chapter 4 looking at the inter-donor variation in
elemental content and distribution within fingermarks, investigations were
conducted to reveal how contact with metal surfaces would transfer material from
the surface to the fingertips and then be deposited in a fingermark. Some donors
analysed in Chapter 4 showed that Ni and Cu, major components of metal alloys,
were sometimes found in high concentration and co-localised. This was hypothesised
to reflect donor contact with metal surfaces, such as coins. The hypothesis was tested
using contact between fingertips and Australian currency, specifically silver coins
which comprise of 75% Cu and 25% Ni, as a case study. Donor 18 was instructed to
wash their hands and then bring one hand into contact with silver-coloured coins,
with gentle rubbing, while the other hand remained free of coin-contact. Latent
fingermarks were taken from both hands for direct comparison to demonstrate the
transfer of metals from the coin to the fingermark. The impression from the finger
that had been in contact with the coin displayed higher levels of Cu and Ni, as shown
in Figure 5.1. Not unexpectedly, the distribution of Cu and Ni was heterogeneous,
with highly localised regions, resembling particles, displaying a co-localised
enrichment of Cu and Ni (Figure 5.1). The approximate size of the Cu and Ni enriched
particles ranged from 4 x 8 um?to 50 x 55 um?. The areal density of Cu and Ni (ng
cm™) was measured by drawing a region of interest around these hotspots to give a
Cu / Ni ratio of 2.67, which is similar to that of Australian currency (Table 5.2). These
results strongly suggest that the Cu and Ni in this fingermark originated from contact
with the metal coin. By extension, this finding indicates that handling of Australian

currency, or other metal surfaces may result in routine transfer of metals to
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fingermark residue and be present within a latent fingermark. This inspired further

experiments looking at what other forensically significant items could transfer

elemental material to the fingermark following handling.

No Coin Coin 300
; 1 0
&
Ni Ni
No Coin Coin 250
Loy : |
» {
=
.
.
2 -
Cu Cu 500 ym

Figure 5.1: Copper and nickel distribution in a fingermark deposited from Donor 18

on silicon nitride and imaged using XFM. Natural deposit (left) and fingermark from

hand in contact with Australian currency (right). Concentration Scale Bar (ng cm™).

Table 5.2: Average copper and nickel areal density measured from the particulate

hotspots as shown in Figure 5.1 and the ratio of these metals in an Australian silver

coloured coin.

Metal Composition

No Contact Cu 42.5 ng cm?
Ni 36.3 ng cm-?
Cu/Ni 1.17

Coin Contact Cu 284 ng cm™?
Ni 106 ng cm™
Cu/Ni 2.67

Coin Cu/Ni 3.00
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5.3.2 Elemental Composition of Latent Fingermarks before and after Handling

a Gun Barrel or Ammunition Cartridge

In this study, how the elemental content of latent fingermarks is influenced through
handling metallic objects (gun barrel and ammunition cartridge) was investigated.
XFM elemental maps were simultaneously recorded for Cl, K, Mn, Fe, Co, Ni, Cu, Zn,
Br, Ba, Pb, and Bi, with a representative example presented in Figure 5.2 (not all
elements were detectable in all fingermarks). It can be visibly seen in Figure 5.2 that
following contact with the gun barrel there is a drastic increase in the trace amounts
of Fe and Pb present. In general, the Fe and Pb appear to be diffusely localised along
the ridge pattern of the fingermark however, a heterogeneous distribution of what
appears to be small, particulate Fe and Pb hotspots can also be observed, potentially

revealing small particles of gun shot residue (Figure 5.2).

Statistical analysis using a non-parametric Wilcoxon matched pairs test compared
the elemental content of n = 7 fingermarks and confirmed that the increase in Fe and
Pb after handling a gun barrel is significant. Interestingly, most metals displayed
substantial variation in content between donors (as seen in Figure 5.3). It is possible
that one source of the variation in elemental content observed between donors after
handling a gun barrel cartridge is due to heterogeneity in the gun barrel.3%> Another
source of the elemental variation could be explained by variation in the organic
components in the natural fingermarks, allowing greater retention of elements from
the metal gun barrel on the individual’s fingertips. Future studies are required to
investigate these potential sources of variation. In Chapter 4 multi-modal IRM and
XFM were used in workflows to co-localise organic and inorganic fingermark
constituents. Future studies are now planned, using multimodal IRM and XFM, to
determine if variation in an individual’s organic fingermark composition influences
the retention of metal ions following metal-object handling. Nonetheless,
irrespective of the heterogenous response in Mn, Co, and Bi, the results of this study
have shown a consistent, and reproducible increase in Fe and Pb content in latent

fingermarks following handling of a gun barrel.
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Figure 5.2: Elemental maps of fingermarks taken from a representative donor
following regular activity (left), handling a gun barrel for 30 seconds (middle) and

handling an ammunition cartridge case (right).
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Figure 5.3: Scatter plots of the average elemental areal density calculated from
fingermark samples taken following regular activity, handling a gun barrel for 30
seconds and handling an ammunition cartridge case for 30 seconds. Plots marked *
indicate P-value <0.05 from Wilcoxon matched-pairs signed rank test. Each donor is

represented by an individual colour outlined in Table 5.1.



A representative example of elemental maps of a latent fingermark obtained before
and after handling an ammunition cartridge are also presented in Figure 5.2. Not
surprisingly, an increase in metal ions can be observed as a result of handling the
ammunition cartridge. It is important to note however, that different metal ions are
enriched in the fingermark after handling the ammunition cartridge (Cu, Zn)
compared to the gun barrel (Fe, Pb). There is also a difference in the distribution of
Cu and Zn (after handling the ammunition cartridge), compared to Fe and Pb (after
handling the gun barrel). Specifically, the distribution of Cu and Zn appears to reflect
a more homogenous localisation across the fingermark ridges with a complete
absence of the particulate hotspots that were observed for Fe and Pb after touching
the gun barrel residue. This increase in Cu and Zn in the fingermarks after handling
the ammunition cartridge was confirmed through statistical analysis from n = 7

different fingermarks (Figure 5.3).

Iron K-Edge X-ray absorption near edge structure (XANES) spectroscopic mapping
was used to differentiate between chemical forms of iron deposited in a fingermark
after handling a gun barrel. As a preliminary study four samples which had been
deposited following contact with a gun barrel were selected for XANES iron analysis.
XANES mapping of fingermarks taken from donor 12 shown in Figure 5.4 identified
two chemically different forms of Fe were present in a fingermark taken after
handling a gun barrel. A localised particulate hotspot of Fe appears brightly in the
total Fe map (Figure 5.4a). Principal component analysis (PCA) of the XANES data
showed that the PC1 scores image (Figure 5.4b) largely reflected the total Fe map,
and therefore likely reflects data variance associated with total Fe content. However,
the PC2 scores image (Figure 5.4c) highlighted a specific Fe hotspot, located between
the ridge detail (blue arrow, Figure 5.4c) that contained a distinct difference in data
variance compared to surrounding Fe hotspots. The representative PC loadings are
presented in Figure 5.4d, highlighting the specific X-ray energies contribution scores
plots and identifying that PC2 is specifically reflecting data variation at the white line
feature. Based on the PC score images, average XANES spectra (Figure 5.4e) were
generated from specific regions of interest (Figure 5.4f), which highlights the Fe

particle located between the ridges (blue arrow, Figure 5.4c) is metallic Fe, while the
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remaining Fe hotspots show spectra consistent with ferric iron (Fe3*), as indicated by
the maximum of the pre-edge feature (1s — 3d transition), centred at 7114.5 eV.3%
Without being exactly sure of the origin of the two different chemical forms of Fe,
the results infer that the metallic Fe present is likely a solid steel particle taken
directly from the surface of the gun barrel, whilst the Fe dispersed across the
fingermark ridge is expected to be an iron oxide, present on the surface due to steel
pitting.304-30> Additional donors revealed Fe distribution characteristic of ferric ion,
no further metallicion particles were detected across the imaged regions. Figure 5.5d
shows representative spectra from each of the 4 samples imaged as well as the two
spectra identified from donor 12 in Figure 5.4. PCA analysis of the additional samples
did not show variance across the sample, with the same Fe distribution identified in

the total Fe image (Figure 5.5a) as in PC1 and PC2 from donor 15 (Figure 5.5 b-c).
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Figure 5.4: XANES mapping of a fingermark taken after handling of a gun barrel
reveals transfer of two different chemical forms of Fe. (a) Total Fe map taken at
7.4keV showing deposition of Fe along fingermark ridges, but also one Fe hotspot
adjacent to a ridge (blue arrow), (b-d) principal component analysis was used to
identify differences in the chemical form of Fe, with the image of PC1 scores closely
reflecting total Fe distribution (b), while the PC2 scores image highlights that the Fe
particle located adjacent to the ridge (blue arrow) displays a distinctly different
pattern of spectral variance (c). The specific variables contributing most to the
sources of variance described by PC1 and 2 are shown in the PC loadings (d). Analysis
of normalised XANES spectra (e) taken from regions of interest (f), support the
existence of different chemical forms of Fe across the fingermark. Specifically, the hot
particle adjacent to the ridge presents a spectrum (blue trace in panel e) resembling
elemental Fe, while the other traces resemble Fe3* (1s — 3d pre-edge maxima at

7114.5 eV).
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Figure 5.5: XANES mapping of a fingermark taken after handling of a gun barrel
demonstrated only donor 12 had two forms of iron identified. (a) Total Fe map taken
at 7.4keV showing deposition of Fe along fingermark ridges (b-c) principal component
analysis was used to identify differences in the chemical form of Fe, here the image
of PC1 and PC2 scores closely reflect total Fe distribution (b). Analysis of normalised
XANES spectra (d) taken from representative regions of interest from the 4 samples
measured from donors 3,12,13 and 15, with donor 12 showing the two forms of Fe

identified in Figure 5.4.

In summary, the results of this study strongly suggest that the metals present in
latent fingermarks can assist in connecting an individual to a particular object or class
of objects, providing vital activity level information to a forensic case. Specifically, the
results show that fingermarks become enriched in Fe and Pb after handling a gun
barrel, while becoming enriched in Cu and Zn after handling an ammunition
cartridge. The elemental composition of these metal objects can attribute to this
differential enrichment. Ammunition cases are commonly made of brass, a

combination of Cu and Zn whilst Fe is present in rust on the steel barrel and Pb
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residue from bullet and primer mixtures is commonly found as gun shot residue.3%>
304,306 |n addition, XANES-mapping has helped identify that at least two chemical
forms of Fe may be present in latent fingermarks after handling a gun barrel, namely
metallic Fe particles, and ferric iron (Fe3*). These two chemical forms of Fe help
explain the Fe distribution observed in the fingermarks, with localised particulate
hotspots identified as metallic Fe, and the more diffuse Fe localised to ridges
identified as Fe3*. These results, therefore, provide strong evidence that analytical
developments can help identify the presence of specific metal ions in latent
fingermarks deposited at crime scenes may have specific forensic value in linking

fingermarks to a past physical activity.

5.3.3 Transfer and Persistence of Elemental Contaminants from Party Sparklers

and the Effect on Subsequent Deposition in Latent Fingermarks

To examine the persistence of exogenous metals and metals ions on the hands this
experiment explored how hand washing, following the handling of objects,
influences the profile of metal ions in latent fingermarks. Specifically, transfer and
persistence of trace elements within latent fingermarks were investigated following

contact with a party sparkler and subsequent hand washing.

Increased presence of certain elements in latent fingermarks can be observed
following contact with unlit party sparklers (Figure 5.6). Specifically, an increase in
Fe, Co, Ni, Br, and Ba is observable across the ridge pattern detail of fingermarks, and
statistical analysis of n=7 donors confirmed these visual increases were significant
(Figure 5.7). Interestingly, some donors showed an increase in Mn and Zn content,
however this was not seen consistently and as already described is likely due to
inconsistent retention of these metals associated with variation in organic residue
present on the fingertips. Party sparklers have been the focus of recent forensic
research due to their use in improvised explosive devices (IED). Work by D’Uva et al.
has studied the elemental profile of these sparklers, using inductively coupled
plasma-mass spectrometry (ICP-MS) to demonstrate the elemental profile of sparkler
residue can indicate their potential source.3” The results shown here are consistent

with this work, suggesting that barium which is found in highest concentration in
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party sparklers, is easily transferred to the fingertips and deposited in fingermarks

after handling.

To explore the persistence of party sparkler material on fingertips and how this may
affect elemental composition of subsequent fingermarks, fingermarks were also
recorded after hand-washing. In Figure 5.6 and Figure 5.7 it is noticeable that Ba, Br,
Co, and Zn all significantly decreased in concentration after hand washing (noting
that the decrease in Zn is most likely removable endogenous Zn). Statistical analysis
confirmed these visual observations were significant (Figure 5.7). This finding
suggests these elements are easily transferred, but also easily removed from the
hands. Detection of an elevated profile of these metal ions in a latent fingermark may
therefore indicate relatively recent handling of materials containing this elemental

profile. Of interest, Ni and Br content were increased.
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Figure 5.6: Elemental maps of fingermarks taken from a representative donor

following regular activity (left), handling a party sparkler for 30 seconds (middle) and

handling a party sparkler for 30 seconds followed by washing hands (right).
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Figure 5.7: Scatter plots of the average elemental areal density calculated from

fingermark samples taken following regular activity, handling a party sparkler for 30

seconds, or handling a party sparkler for 30 seconds and then washing the hands.

Plots marked * indicate P-value <0.05 from Wilcoxon matched-pairs signed rank test.

Each donor is represented by an individual colour outlined in Table 5.1.
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5.3.4 Persistence of Elemental Content of Natural Fingermarks: Daily Activity

This persistence of elemental material was considered further, to investigate how
exogenous material can change throughout the length of a day. Donor 6, a known
cosmetic user, deposited fingermarks at various time points throughout the day, with
regular hand washing. In the results presented in Figure 5.8 the zinc content appears
to be consistent throughout the day, with slight variation, likely due to deposition
pressure which was not controlled in this experiment. This was consistent across all
metals deposited by this donor. The exogenous metals present are believed to be
heavily attributed to their cosmetic use, however this would suggest a larger amount
deposited following make up application. Habitual touching of the face could provide
enough contact for the transfer of these metals, or the long-term use of these
cosmetics may have led to build up on the surface of the skin of the hydrophobic
components of these materials. This provides data which could be concerning for the
health of these individuals who are heavy cosmetic users, but also indicates a
potential chemical target, detecting these cosmetic residues to assist in identifying
individual’s behaviour. This should be noted when exploring the use of TMDT’s, as
donors who have increased elemental content in their fingermarks due to cosmetic
residue may provide false positives to these tests. A wider range of donors with
differing cosmetic use should be compared in a wide scale study to determine the

effects of cosmetics on TMDT's.
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Figure 5.8: Zinc distribution within a natural fingermark from donor 6 deposited on

Mylar and imaged using XFM. Fingermarks taken at 6 time points throughout the day
after daily cosmetic application (15 minutes, 1 hr, 2 hr, 3 hr, 6 hr, 10 hr. Concentration

scale bar (ng cm™).
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5.3.5 Persistence of Elemental Content of Natural Fingermarks: Effect of Water

Immersion

The composition of a fingermark is not static; chemical and physical changes are
influenced by environmental factors such as temperature, humidity and light
exposure. In a true forensic context fingermarks may be exposed to a variety of
factors, such as water immersion (either from exposure to the environment or
criminal efforts to clean contaminated surfaces). It is therefore important to
understand how exposure of fingermarks to water immersion affects the persistence
of elemental content and distribution within the fingermark. Such knowledge may
help explain the success or failure of different detection methods in varying

conditions or be used to develop improved detection methods for certain scenarios.

Figure 5.9 shows Cl, K, Ca, and Cu were almost completely removed from the
fingermark following water immersion. Water immersion substantially reduced the
concentration but did not completely remove Zn from the fingermark. Interestingly,
although a large proportion of Zn was removed from the fingermark during water
immersion, the relative distribution of Zn after water immersion remained similar to
that observed before water immersion. The levels of Fe and Ti in the fingermark were

not visibly observed to change as a consequence of water immersion.

The removal of chloride ions through water immersion suggests that this ion cannot
be targeted with water dispersive techniques. However, under certain circumstances
fingermarks may be enriched in metals such as Zn and Fe or contain metals such as
Bi and Ti as a result of cosmetic use. Most currently available fingermark detection
methods are centred on an interaction or reaction between detection reagents and
organic components of fingermarks. This current study not only reveals the
possibility that metal ions in the fingermark may influence the chemical interactions
between reagent and organic fingermark components, but also highlights that the
metal ions themselves could be used as targets. This study revealed that even after
immersion in water, a process that removes much of the water soluble eccrine
material (which is targeted by current detection methods), metals ions of Fe, Ti, and

Zn can remain. In particular, Fe and Ti appeared largely unaltered by water
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immersion. Although it is likely that the presence of these metals at the
concentrations observed in this study is from exogenous sources, the results highlight
the potential to develop metal sensing settings. Such detection methods could
include fluorescent or colour metal binding compounds, such as TMDT’s currently

used to detect the handling of metal objects.

In addition to acting as targets for fingermark detection protocols, these findings on
exogenous metal transfer indicate the potential to give information on donor traits,
specifically cosmetic use. Although direct elemental mapping technigues themselves,
such as XFM, are unlikely to ever become a routine fingermark detection technique,
the ability to reveal elemental content and distribution within a fingermark can
provide important identification information on donor behaviour, such as contact
with exogenous metals prior to fingermark deposition. In forensic cases of high
importance, under certain circumstances largely governed by the surface
fingermarks are deposited on, XFM analyses of latent fingermarks may provide

valuable information on donor traits.
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Figure 5.9: Water immersion experiments showing the removal of metals from

fingermarks deposited by Donor 6, original fingermarks (left) rinsed fingermarks
visualised on the same colour scale as the original fingermarks (middle) rinsed

fingermarks on a maximum colour scale (right).
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5.4 Conclusions

This study has used XFM to highlight the extent to which exogenous inorganic
material may be transferred from objects onto a person’s fingermarks. The results
highlight that brief handling of metallic objects (gun barrel, ammunition cartridge) or
inorganic material (party sparkler) results in robust transfer of metal ions or metallic
fragments to an individual’s hands, which are subsequently deposited in fingermarks.
The ease of transfer of exogenous metals suggested by this study reinforces the
complexity of fingermark chemistry, implying that variation in fingermark

composition can be influenced by the activity level of the donor.

Interestingly, a brief period of hand washing appeared to successfully prevent the
appearance of certain metal ions or metallic fragments in subsequent fingermarks.
This finding may have important implications for future applications of forensic
methods to detect metal ions or metallic particles, as this current study suggests their
appearance in latent fingermarks likely indicates recent handling of metallic objects
or inorganic compounds. Such information may be important to law enforcement
agencies when trying to establish a timeline of events, in a similar fashion to textile
fibre persistence. Pounds and Smalldon 398 309310 Fyrther the persistence of inorganic
cosmetic residues on the hands of a donor throughout the day was explored, with 6
fingermarks taken on separate occasions on the same day. Elemental mapping
demonstrated a consistent heightened level of metals and metal ions across multiple
deposits, suggesting that increased elemental material might be indicative of a
donor’s behaviour. This cosmetic inorganic material was also seen to remain post
water immersion, presenting a possibility of using metal ion sensing compounds as a
new, niche opportunity to detect latent fingermarks exposed to environmental

factors such as water exposure, in circumstances where traditional approaches fail.

This study has also highlighted the potential for future method development using X-
ray techniques, specifically XANES spectroscopy, in order to differentiate between
different chemical forms of metals and metal ions found in latent fingermarks. The
knowledge of the chemical form of a metal ion is likely crucial information to guide

the development of improved detection strategies. Lastly, it is unlikely that
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synchrotron XFM will find routine use in the field of forensic science for fingermark
detection, however, the method could yield valuable information in select cases of
high importance. More importantly, this study has identified a “profile” of metal ions
that are transferred into latent fingermarks following specific physical activities,
which can now form the basis for rationale design of targeted detection strategies

(e.g. coloured or fluorescent metal ion sensors).
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Chapter 6

Monitoring the Chemical Changes in Fingermark Residue Over
Time using Synchrotron Infrared Spectroscopy

Portions of this chapter have been published in the following article:

Rhiannon E. Boseley, Jitraporn Vongsvivut, Mark J. Hackett, and Simon W. Lewis.
Monitoring the chemical changes in fingermark residue over time using synchrotron
infrared spectroscopy. Analyst, 2022 147 (5), 799-810

DOI: https://doi.org/10.1039/D1AN02293H
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6.1 Introduction

Degradation of fingermark residue has a major impact on the successful forensic
detection of latent fingermarks.? Following deposition there are changes in
morphology and the chemistry of fingermark residue due to interaction with the
surface, the sample environment, and the fingermark residue itself.2° The above
factors can impact fingermark chemistry at variable rates, hindering successful
fingermark development.8 Whilst the surface and sample environment are
conditions which can be controlled and monitored, the chemistry of fingermark
residue is multifaceted and more variable and therefore is an area of interest for

fingermark researchers.

Fingermark residue is a combination of secretions from the eccrine and sebaceous
glands, with additional contaminants picked up through contact during daily
activity.> ® 2> The eccrine and sebaceous secretions often exist as a series or network
of “droplets” within the fingermark, sometimes resembling an oil-in-water (or water-
in-oil) emulsion.®> Once deposited, this residue is not static with a potential to move
across a surface, and undergo chemical and physical changes. Sebaceous material is
an oily mixture of lipids, which are known to degrade over time, and studies have
attempted to correlate this rate of degradation to time since fingermark
deposition.” >3 %6 However, as the lipids may originate from different sources, such
as sebaceous glands or from physical contact with certain parts of the body, there
can be large variation in the initial lipid content and composition, which makes age
prediction of fingermarks challenging.> 7 The eccrine substituents are an aqueous
mixture containing amino acids, salts and proteins. The water content undergoes
evaporation as one of the first signs of degradation, which can be a main driver

towards altering the physical and chemical properties of the remaining residue.*> 8%

177, 183

The water content in fingermarks decreases as a function of time since deposition,
yet, fundamental knowledge, such as the exact amount of water contained in a
fingermark is not well known. The intrinsic difficulties in measuring the volumes of

water in a fingermark are due to the small amount of material deposited which can
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vary as a function of its environment, influenced by variables such as temperature
and humidity. It is well understood that the water content has a direct impact on
fingermark detection, with dried, aged fingermarks showing weaker performance
when detected with some operational methods.3> 4749 160 Dye to the impact of
dehydration on the development process it is expected that the water content makes
up a significant portion by mass of a fresh fingermark. Studies have debated the
fraction of water in a fingermark and tried to investigate the rate of evaporation, with
many concluding a wide range in values due to the inherent variability in material
deposited.**-*> Keisar et al. and Croxton both reported the use of microbalances to
measure the total mass of fingermark residues and its variation over time, suggesting
a total mass within 0.33 — 29 ug.** %6 The rate of evaporation was also suggested by
Bright et al. who investigated fingermarks under vacuum conditions, however these
methods have relied on the total change in the mass of a fingermark and do not
provide information on chemical-specific changes, the values also vary greatly

between donors, requiring large data sets to provide a more precise measure.*4

An alternative approach has been to explore the chemical alteration within
fingermark residue, by directly measuring the chemical constituents present at
different time points since deposition, using techniques such as GC-MS and LC-MS.>
13,50, 52-54, 96 \Whilst each of these methods can provide valuable bulk chemical
information on the degradation process, spatially resolved chemical information is
not provided. A method or methods which can determine both chemical specificity
and spatial information can provide a better overall picture of fingermark residue as

it ages.!13

Recent advances in scientific capabilities have utilised methods such as AFM, ATR-
IRM, and as presented in chapters 4 and 5, XFM to bring together spatial and
chemical-specific information on fingermark residue.®> 1’° There are a number of
advantages to these methods, particularly the capability to image fingermarks
without any chemical alteration, treatments, or solvent extractions prior to
measurement. In-situ label-free measurements, provide a more realistic depiction of
the chemical species naturally present in fingermark residue, and when coupled with

microscopy they can localise chemical information to specific structural features of
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fingermarks (e.g. ridge patterns, or individual droplets). Specific examples include a
study by Ricci et al., using ATR-IRM to study time-course chemical changes as
fingermarks were heated from room temperature to 80 °C, collecting data at a spatial
resolution of 50 um, which allowed visualisation of the chemical changes along
fingermark ridge details.’®” In a further study, Ricci et al., again used ATR-IRM to
identify specific chemical components associated with cosmetics at discrete
locations within the fingermark.” In recent studies, synchrotron-sourced ATR-IRM
was used to identify the distribution of eccrine and sebaceous components present
within a single droplet.®> The application of these methods provides the opportunity
to further understand the degradation of fingermark residue, by directly imaging the
chemical and morphological changes of the eccrine and sebaceous material within a

natural fingermark as a function of time since deposition.

In this study, the high photon flux (“brightness”) of the synchrotron-IR beam coupled
with synchrotron ATR-FTIR, were exploited to enable collection of diffraction-limited
ATR-IRM data with sufficient signal to noise ratio (S/N), within an experimentally
realistic time frame.?'8 According to previous investigations, the spatial resolution of
the synchrotron ATR-IRM technique measured using the same acquisition
parameters was 2.95 um at 2925 cm, 184 which is in good agreement with the

original studies in this field.2%6-2

Although the ATR-IRM technique is well suited to study chemical composition in
highly localised regions of the fingermark, due to the surface sensitivity of the
measurement, it is less well suited to determine absolute water content in a
fingermark. The high brightness and high collimation of synchrotron radiation in the
Terahertz/Far-infrared (THz/Far-IR) region is capable of collecting high spectral
resolution data with sufficient sensitivity to observe and record the pure-rotational
water vapour transitions. High spectral resolution THz/Far-IR spectroscopy therefore
provides an intriguing opportunity to estimate the total water content in fingermark
residues by heating the sample and evaporating the water into the gas phase for high
spectral resolution analysis. Taken together, the results from synchrotron-sourced
ATR-IRM and THz/Far-IR gas-phase spectroscopy provide new insights into the

chemical changes that occur within fingermarks as a function of time since
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deposition, as well as an estimate of the total initial water content contained within

a fingermark.

6.2 Methodology

6.2.1 Fingermark Deposition: Synchrotron ATR-IRM

Fingermarks for the IRM study were deposited directly onto the ATR germanium (Ge)
hemispherical crystal by lightly pressing the centre of the fingertip on the centre of
the crystal for 5 seconds (See Figure 6.1). Natural fingermarks were collected from
12 donors, donor information is provided in Table 6.1. Fingermark droplets were
mapped every ~hour for a period of 7-13 hours using the IRM as described in section

2.5.3.1.

Figure 6.1: (a) Macro-ATR cantilever fitted with the 1 mm Ge crystal, fingermark is
deposited onto centre of crystal and (b) the optical microscope image of the

corresponding fingermark on the Ge crystal.
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Table 6.1: Details of the donors used in this study

Donor Age Gender Cosmetic Use
1 77 Male None reported
2 27 Female None reported
3 22 Male None reported
4 24 Male None reported
5 41 Male None reported
6 23 Female Yes
7 55 Male Yes
8 48 Male None reported
9 26 Female Yes
10 40 Female Yes
11 34 Female None reported
12 23 Female None reported

6.2.2 Fingermark Deposition: Synchrotron THz/Far-IR Spectroscopy

Fingermarks were studied using the Far-IR Spectrometer as per the method
described in section 2.5.3.2. Fingermarks for this study were collected on a standard
200 mm long 5 mm in diameter chemistry glass rod, from donors 7 and 10 (see Table
6.1 for donor information). The glass rod was first cleaned with isopropanol and left
to warm to room temperature prior to sample deposition. Then, the fingermarks
were deposited by rolling the fingertips across a glass rod back and forth for 5
seconds. Three types of fingermarks were collected, and are outlined in Table 6.2;
these types were decided based on the varying amounts of water that could be

yielded.
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Table 6.2: THz/Far-IR fingermark sample types

Sample Type Sample Preparation

Natural Donor was instructed to go about their daily activities for
30 minutes, no washing of the hands in this time.

Air Donor was instructed not to touch anything for 30
minutes, hands were open to atmosphere

Gloves Donor was instructed not to touch anything for 20 minutes

then wore nitrile gloves for 10 minutes

In order to quantify the amount of water detected in the donor fingermarks, a
calibration curve was generated from carefully measured volumes of deionised water
(0.25 L, 0.5 uL, 0.875 pL, 1.25 uL, and 1.5 plL). The water was deposited in the middle

of the glass rod using a 0.1 — 2.5 pL pipette.
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6.3 Results and Discussion

6.3.1 The Chemical and Morphological Changes in Eccrine and Lipid Material
within Natural Latent Fingermarks in the first 13 hours following

Deposition.

In this study, the chemical and morphological changes of individual droplets within
natural fingermarks were measured in the first 7 - 13 hours following sample
deposition using synchrotron ATR-IRM. Specifically, spectroscopic marker bands of
eccrine and sebaceous material were monitored (eccrine marker: O-H stretching
(3000-3500 cm™), sebaceous marker: C-H stretching of lipids (2800-3000 cm™)), as

per previous studies.®

Twelve donors provided fingermark samples in which droplets containing eccrine and
lipid material could be identified. Across each sample, it was noticeable that the
fingermarks deposited by different donors showed diverse morphology and varied
composition of lipid and eccrine material, which were consistent with past work.®>
Figure 6.2 shows a representative sample of a fingermark droplet provided by donor
1. This particular sample appears to be a central eccrine droplet surrounded with lipid
material. Across a period of 7 hours, there is a noticeable change in lipid and eccrine
concentration, based on the C-H stretching (2800-3000 cm™) and O-H stretching
(3000-3500 cm™) bands, previously reported to be indicative of these substituents.®
This sample shows an exponential decrease in the signal attributed to the eccrine
material, based on the average intensity of the O-H stretching peak integrated across
the droplet area. This trend can be further observed when looking directly at the
spectra extracted from the images (Figure 6.3), where the peak intensity of the O-H
stretching peak (3000-3500 cm?), and the O-H bending peak (1540-1700 cm™) can
be clearly seen to decrease as the time since deposition increases. In contrast, the
opposite trend is seen for sebaceous material, with a clear increase in peak intensity

for the C-H stretching (2800-3000 cm™) band (Figure 6.3).
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Figure 6.2: Representative example of time-course (7 hour) changes in lipid and H,O
content during air-drying of a natural fingermark, as revealed by ATR-FTIR mapping
approach (a). False colour ATR-FTIR maps were generated by integrating over the v(C-
H) stretching bands (2800-3000 cm™) as a marker of lipid material (top row) and v(O-
H) stretching bands of H,0 (3000-3500 cm™) as a marker for eccrine material (middle
row). Overlay images are displayed in the bottom row. Scale bar 20 um. The relative
changes in lipid and H,0 content as a function of air-drying time can also be visualised
as the normalised average band area calculated across the entire droplet (b).

Representative sample corresponds to Donor 1 (D1).

129



a. Loors | 1b. - 0015 | 1 hr Water 0.2
i | 4 hr Water
! | 7.5 hr Water
L 0.05 1 root
E 1 hr Lipids
i , 4hr Lipids 015
L0025 | r 0.005 ! — 7.5 hr Lipids >
' ! o
w
' S
‘ . ‘ ‘ 0 . Lo 01 8
3000 2050 2900 2850 2800 ' 1750 1700 3
_____________________________ 2
F 0.05
/\ f’-lf_\-“\_ T I B T - 0
3500 3000 2500 2000 1500 1000

Wavelength (cm)

Figure 6.3: Representative examples of ATR-FTIR spectra collected from a natural
fingermark after 1 hour, 4 hours, and 7.5 hours of air-drying period (from the same
dataset presented in Figure 6.2, donor 1). Representative spectra are presented from
image regions enriched in lipid material or water (using H,O content as a marker of
eccrine components). The most pronounced changes in lipid concentration are
highlighted in (a) v(C-H) stretching band (2800-3000 cm™) and (b) v(C=0) stretching
band (1715-1750 cm).

To help put into context the inter-donor variance that was observed across 12
donors, intra-donor variance was examined (Figure 6.4). Intra-donor variance was
examined across 3 droplets within the same fingermark (Figure 6.4a). The time-
course chemical changes within the three droplets displayed a marked degree of
similarity (Figure 6.4b), indicating relatively small intra-donor variation with respect
to time-course changes. Although the response as a function of time was similar
across all three droplets, intra-droplet variation is evident, as can be seen in the plot
of an average droplet spectrum with the line thickness weighted to the standard
deviation (Figure 6.4c, average and standard deviation calculated from 147 spectra
within the droplet). For comparison the average spectrum from the 12 donors in this

study, also weighted to the standard deviation is presented (Figure 6.4d).
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Figure 6.4: 3 droplets mapped within the same fingermark from Donor 6, droplets
marked in the false colour ATR-FTIR map generated by integrating over v(O-H)
stretching bands of H,0 (3000-3500 cm™) (a), the relative changes in H20 content as
a function of air-drying time for each droplet is visualised as the normalised average
band area calculated across the entire droplet (b). Intra-droplet variation is evident,
as can be seen in the plot of an average droplet spectrum with the line thickness
weighted to the standard deviation calculated from 147 spectra within droplet 3 as
identified in A (c) and the average spectrum from the 12 donors in this study,

weighted to the standard deviation (d).

A decrease in water content was observed across 10 donors over time, as
represented in Figure 6.5, with the water content appearing to plateau after
approximately 8 hours. As eccrine material is an aqueous mixture, the reduction in
water content can be attributed to evaporation. This expands on recent work by
Keisar et al., which explored the evaporation of water within the first few minutes
post fingermark deposition.** Although demonstration that water evaporates from a
fingermark is not particularly surprising, a key observation from these results has
been the evidence that water can continue to evaporate from a fingermark sample

at room temperature for at least 8 hours. Please note this study was conducted at

131



ambient temperature and humidity in an air-conditioned laboratory, the nitrogen
purge was switched off and the purge box opened to replicate a natural evaporation
of water in the fingermark throughout the measurement. Temperature and humidity
data was reported for 11 donors and is presented in Figure 6.6. These factors
remained fairly consistent throughout the measurement and no trend was evident
when comparing the rate of dehydration to temperature and humidity changes in

this study.
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Figure 6.5: Time-dependent changes in H,0 content (as a marker of eccrine material) and lipid content during air-drying of natural fingermarks
was measured for 12 individual fingermarks (donors 1 — 12), using the same ATR-FTIR approach. As expected, a strong time-dependent decrease
in H,0 content was observed in donors 1-10 (cyan), with exceptions observed in donors 11 and 12. The H.O content was measured as the
integrated area across v(O-H) absorbance bands (3000 — 3500 cm™), and lipid content (red) was measured across v(C-H) absorbance bands (2800

— 3000 cm™). The average band area was calculated across the entire fingermark droplet.

133



50 4 50 50 50 - .
D1 D2 D3 D4 — Temperature (°C)
— 451 45 45 45 4
_F Humidity (%)
G 40 40 40 404
=35
o E 35| 5 35 35 1
25
£ T 5 30 30 30
[T
o .=
= I
E T 25 25 25 25 4
me
20 4 20 20 20
15 15 15 15
1.00 200 200 400 500 6.00 7.00 118 300 5.00 7.00 942 1125 117 2.00 4.83 5.65 850 1.03 247 2.00 530 670 913
50 50 - 50 50
D5 D5 D7 D8
.45 45 45 | 45
~ R
T .40 40 40 40
=3
L g 35 35 4 35 4 35
55
I
5530 30 | 30 4 0
a .=
EER 25 25 | 25
E e
20 20 | 20 20
15 15 15 15
1.03 292 490 6.83 867 1112 1295 1.02 292 490 5.83 267 1112 1205 0.42 2.35 422 6.03 8.03 097 262 430 6.03 8.58 1020
50 50 50 50
D9 D10 D11 D12
451 45 45 45
~ R
g = 40 4 40 40 40
FEEE 35 35 35
23 No Temperature or Humidity Data Recorded
O L 30 20 P y 20 30
T o
Q.=
E T 254 25 25 25
=g
20 20 20 20
15 15 15 15
113 2.97 553 737 9.15 1110 113 315 525 7.05 1.08 317 522 7.38 10.20 1.05 337 570 862 10.95 1332

Hours since Deposition

Hours since Deposition

Hours since Deposition

Hours since Deposition

Figure 6.6: Temperature and relative humidity data recorded within the laboratory space for the same period as the ATR-FTIR data reported in

Figure 6.5. Evaporation rate does not appear to relate to the temperature and humidity changes measured in this study.
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In addition, the lipid concentration and distribution were observed to be more varied
with greater disparity seen across donors compared to the eccrine material. The
sample shown in Figure 6.2 demonstrates a relative increase in lipid material, this
was consistent with 5 donors, whilst the remaining 7 donors decreased in overall lipid
concentration. The discrepancies could be justified by the increase in concentration
of the residual lipid content, and also the redistribution of lipid material that led to
an increase in contact areas between the lipid material and the Ge crystal as a result
of the water evaporation. Interestingly, a distinct pattern of changes in lipid
composition was observed. The C-H stretching peaks (2800-3000 cm™) showed a
gradual increase over the 8 hour period, suggesting an increase in lipid concentration.
However, the C=0 stretching region (1715-1750 cm™) decreased in the first 4 hours
and then increased between 4 to 8 hours. These results could indicate initial

degradation of lipid material before the potential oxidation of these compounds.

The oxidation of sebaceous lipids, such as squalene, cholesterol and unsaturated
fatty acids, has previously been reported in studies aiming to predict fingermark
age.1® 53 311 Many of the oxidation by-products formed are quite volatile and will
promote further chemical alteration of the residue.” 312 Factors influencing the
starting material in fingermark residue have been shown to have a major impact on
the rate of degradation of these components, making it impossible to identify
universal trends.> 7° The findings reported here reinforce the challenges of
calculating time since deposition, with significant variation appearing within the
morphology and lipid composition of single droplets in fresh natural fingermarks.
These studies focused on the first 13 hours since deposition, further work should be
done to explore a longer time period to investigate whether further morphological
and chemical changes can be observed on the macro scale with this method over

longer time periods.

Noticeably, Donor 12 was an anomaly, with the O-H peak intensity increasing over
the first 8 hours (Figure 6.5). To investigate further, measurements were repeated
with this donor by taking triplicate fingermark samples (Figure 6.7). The two repeat
measurements behaved more consistently with the rest of the data for eccrine

material, displaying a time-dependent decrease in the O-H peak, which can be

135



ascribed as water content in the eccrine material (Figure 6.7). The variation in
response from donor 12 can be attributed to the high lipid content present in the
initial fingermark and the large size of the droplet. The droplet imaged in replicate 1
appeared to cover the entire imaged area, meaning the droplet size was > 80 x 80
um?2, whereas replicates 2 and 3 were smaller, fitting within a 75 x 75 pm? imaged
area. It is understood that the morphological size of the original drop would appear
to change the rate of evaporation of water within the sample. It is possible
evaporation occurred outside the immediate imaged area, and thereby is not
considered within the results. Amongst the triplicate samples from the single donor
it was apparent that the lipid material also did not behave consistently, with two
replicate measurements showing an increase and one a decrease in lipid material.
These results did not appear to be related to droplet size or distribution adjacent to
eccrine material, although previous work has demonstrated an increase in lipid
degradation when fingermarks were stored in an aqueous environment.®> On a
longer time scale, it is possible that the sebaceous material distributed amongst the
aqueous material within a fingermark could influence the rate of degradation. This
emphasises how unpredictable the rate of change of a fingermark is, even within the
same donor, suggesting it near impossible to use the chemistry of the fingermark to

predict the time of deposition without knowing the initial chemistry of the residue.
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Figure 6.7: Analysis of intra-donor variance in triplicate fingermarks from donor 12.
(a) False colour ATR-FTIR maps were generated by integrating over the v(C-H)
stretching bands (2800-3000 cm™) as a marker of lipid material (top row) and v(O-H)
stretching bands of H,O (3000-3500 cm™) as a marker for eccrine material (middle
row). Overlay images are displayed in the bottom row. (b) The relative changes in lipid
and H;O contents as a function of air-drying time can also be visualised as the

normalised average band area calculated across the entire droplet. Scale bar 20 um.

This study is the first to report the use of chemical imaging techniques to
demonstrate how fingermark chemistry changes at ambient temperature in the
immediate hours following deposition, and has important implications for fingermark
research. Specifically, the International Fingerprint Research Group (IFRG) provides
guidelines when conducting fingermark research and recommends the use of
fingermarks, which are left to age for a minimum of 24 hours before development.®!
These guidelines have largely been developed from operational observations, and
this current study therefore provides valuable experimental data to support the
guidelines. The results shown here provide context for why fresh fingermarks should

not be used for research into latent fingermark detection techniques, demonstrating
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the changes in residue chemistry, specifically the evaporation of water content that
can occur within the first 8 hours following deposition. By leaving fingermarks for 24
hours, researchers can provide a more realistic representation of what would be
encountered in casework as it is unlikely for fingermarks to be collected within the
hours immediately following transfer of material. It should be noted that this study
was carried out on a germanium crystal substrate surface, it is likely that the rate of
change in droplet morphology and chemistry is impacted by surface topography, this
fundamental study demonstrates the potential change on a non-porous surface,
variation in the rates of change on alternative surfaces, particularly porous and semi-
porous surfaces, is expected and needs to be explored further. Whilst this study
focused primarily on the first 13 hours following deposition, further work should be
conducted to see whether additional changes can be seen in the morphology and
chemical composition of the droplet for a longer time frame. Indeed, earlier work by
Ricci et al., has highlighted that upon heating, chemical changes do indeed occur in
latent fingermarks across extended time periods, and there is substantial scope to
further use ATR-IRM to investigate chemical changes to fingermarks under a variety

of conditions of forensic interest.18”

6.3.2 Measuring the Volume of Water Lost through Evaporation of Latent

Fingermarks

The results from the IRM work demonstrated that eccrine material in a fingermark
showed a substantial change in the first hours since deposition, thus impacting the
chemical composition and the morphology of the mark as it ages. Whilst eccrine
sweat is made up of 99% water, water is estimated to comprise anywhere between
20-70% of the total fingermark residue, varying significantly between donors based
on a range of factors.**** There are a number of challenges in measuring the volume
of material deposited in fingermark residue, with the inherent variability and
influence from the surrounding environment, making it difficult to standardise an
analytical approach. Recent work has utilised a quartz crystal microbalance (QCM) to
determine the amount of water lost through evaporation from a fingermark sample.®

43 The results demonstrated that the majority of water content was evaporated in
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the first few minutes following deposition, however the results shown here suggest

there is a longer time period of evaporation.*®

High-spectral resolution gas-phase THz/Far-IR spectroscopy was used to estimate the
total volume of water contained in a fingermark. Fingermarks were heated to 70 °C,
and the water content measured in the gas phase using a gas cell with 2.5 m optical
path difference. The water content was determined using a linear calibration,
developed from the rotational spectrum of water; a portion of the rotational
spectrum void of strong and overlapping peaks was selected, in particular a peak
located at 202.69 cm™ was chosen (see Figure 6.8). A plot of the absorbance
intensities with respect to volume of H,O deposited on the glass rod showed a linear
relationship with an R? value of 0.9932. This linear relationship was then used to
predict the volume of water in the fingermark sample, outlined in Figure 6.9. Of the
three sets of fingermarks taken the natural fingermarks had the lowest water
content, between 14-20 ug (volume of water converted to mass of water, assuming
a density of 1 g/mL). Two further samples were taken, fingermarks deposited after
the hands were left in the air for 30 minutes, minimising contact with a surface and
fingermarks deposited after wearing nitrile gloves for 10 minutes. These samples
demonstrated increased water content, 60-79 pg and 77-101 ug respectively. The
increase in water content could possibly be attributed to the loss of material on the
surface of the hands in natural daily behaviour, by minimising contact with a surface
the eccrine material is left to build up on the fingertip, potentially increasing the
material deposited in this study. Wearing gloves can increase the amount of eccrine
material produced by increasing the perspiration rate from the hands, and therefore

the increase in water content calculated from these samples is not unexpected.?®
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Figure 6.9: (a) The volume of water contained in a latent fingermark was quantified
from the calibration curve (black dots, R? = 0.9932) using the rovibrational transition
of H20 at 202.69 cm™. (b) The volume of water was calculated for natural fingermarks
(n =4), fingermarks with hands left in the air for 30 minutes (n = 4), and fingermarks
after wearing gloves for 10 minutes (n = 5). Volume shown for each data point in
panel A, is for a set of 10 fingermarks deposited onto a sample substrate. The volume
of water for each sample was therefore, divided by 10, to give an average water

volume per fingermark (as shown in panel B). Error bars in A, and B are equal to 20.
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The literature contains few reports concerning the determination of the mass of a
fingermark, which are often conflicting with respect to the volume of water present
in fingermark residue.® %3 4> This is most likely due to the challenge of working on the
microscale with material so sensitive to change and influence from the surrounding
environment. The measurements recorded in this study are higher than that
reported by Keisar et al., with their total fingermark mass calculated to be between
2 -9 pg.”® Their approach measured a 0.2 cm? area of the fingermark (~ 1/10%" of the
full fingermark surface area) using a QCM, with the entire mass calculated using the
Sauerbrey equation, not taking into account the inherent variability across a
fingermark.*? Bleay et al. report studies which measured a fingermark mass across a
range of 0.33 and 29.00 pg, with large discrepancies not unexpected as the water
content is anticipated to vary significantly between samples.® The results shown here
for natural fingermarks appear to lie at the upper range of this mass, suggesting the
water content could comprise 40 — 70% of the total fingermark mass at the time of
deposition, a figure which aligns with recently proposed values in literature.*® Further
work should consider the correlative use of high-spectral resolution gas-phase
THz/Far-IR spectroscopy alongside microbalance measurements, using an increased
number of donors to improve the accuracy of this method and provide
complementary data to assist in the determination of the volume of water lost

through evaporation of fingermark samples.

6.4 Conclusions

This study has reinforced the complexity of fingermark chemistry using synchrotron
FTIR spectroscopy in both mid-IR and THz/Far-IR spectral ranges. Single droplets
within natural fingermarks from 12 donors were imaged using the synchrotron ATR-
IRM technique. The variation in the initial chemical composition and morphology has
demonstrated a significant impact on the rate of change of the droplet over time,
highlighting the inherently complex nature of this biological material. Broadly, there
is a noticeable change within the fingermark sample in the immediate hours
following deposition, with a decrease in water content seen within the first 8 hours.
The lipid material is more multifaceted, with samples shown to both increase and

decrease in lipid concentration following deposition due to the degradation and
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redistribution of lipid material. The results challenge the suggestion that one can
simply predict the age since deposition of a fingermark. The variability of interdonor
and intradonor fingermark chemistry corroborates the unpredictable nature of the
rate of change of fingermark residue, particularly without knowledge of the initial
material present. Imaging this change in the first few hours explicitly shows how
dynamic fingermark residue is, which must be considered in both operational and

research contexts.

To determine the extent of change in water content, high-spectral resolution gas-
phase THz/Far-IR spectroscopy was used to quantify the amount of water that could
be evaporated from a fingermark sample. The intensity of the rotational transitions
of water vapour were measured to determine the approximate loss of water ranging
between 14 to 101 pg for natural fingermarks and those which had been groomed
for increased water content. The results appear to be within the same range as those
recently reported for natural fingermarks;® 46 however, given the highly variable
nature of fingermark material further work should be conducted with a wider range
of donors to provide a more developed understanding of the potential of this method

to measure water within fingermark residue.
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Chapter 7

Conclusions and Recommendations for Future Work
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7.1 Conclusions

This thesis aimed to improve the fundamental understanding of fingermark
chemistry by exploring the distribution of organic and inorganic species in fingermark
residue. There are a number of development methods used operationally to detect
latent fingermarks, however the majority of fingermarks are never successfully
recovered from crime scenes and used in criminal investigations.? The detection of
latent fingermarks relies on a range of chemical or physical treatments, which
generally target the chemical differences between the fingermark residue and the
substrate. Current methods can be hindered by variation due to issues with
sensitivity, selectivity and lack of robustness. In recent years forensic research has
aimed to improve current techniques and develop new evidence-based detection
methods. The work presented throughout this thesis adds to the fundamental
understanding of fingermark residue to underpin future work to improve fingermark

recovery.

Chemical variability is intrinsic to working with biological samples such as
fingermarks. Each sample is influenced by interdonor and intradonor variation,
contributing to the inevitable challenge of trying to replicate consistent samples.
Further the effects of the “triangle of interaction”, referring to the impact of the
surface, surrounding environment and chemistry of the residue itself, can impact the
degradation of the fingermark samples over time.®° The IFRG guidelines assist
researchers by suggesting procedures which should be followed to provide reliable
and accountable results.®* Though these guidelines are directed towards fingermark
research into the development of new visualisation methods, the principles are
important to consider when exploring the residue itself, and were referred to

throughout the design of this study.

Chapter 3 contains an investigation into the chemistry of fingermarks provided by
the donor pool used throughout this thesis. Fingermark development using a range
of lipid and amino acid sensitive reagents, as well as physical treatments was
conducted to compare the performance of these donors and reveal the variation in

their residue chemistry. Amongst 13 donors selected for this study a substantial
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variation in development performance was seen. Donors were categorised as poor,
mid or good donors, a method used previously by fingermark researchers.2% %092 Of
the 13 donors, four were classified as poor, six as mid and three as good, based on
their overall performance of uncharged fingermarks. This meant that there was an
appropriate range of donor chemistry amongst the donor pool selected and would
be a suitable representation of the greater population for subsequent studies.
Development of charged fingermarks saw an improvement in performance across
the selected treatments, particularly acid Nile blue, as a post cyanoacrylate fuming
stain, suggesting the increased lipid content provided by grooming fingermarks does
not provide an accurate example of natural fingermark secretions and were omitted

from use throughout subsequent studies.

Amongst the “mid” classified fingermark donors there was an interesting level of
variation in the development performance from particular treatments. This was likely
to be the result of varying fingermark chemistry, specifically from the residue
composition or from the total volume of material deposited. Previous research has
focused on fingermark chemistry by either using fingermark development
treatments as a visual tool, or by analysis of the bulk chemistry of the residue to
identify the total composition of the mark.>® 14 9293 277 Thjs thesis combined
chemical-specific and spatial information through the use of chemical imaging
methods to explore how fingermark chemistry can vary between donor groups, and

impact their recovery.

7.1.1 Using Chemical Imaging Methods to Explore the Distribution of Elemental

Material

The majority of published literature studying the chemical composition of fingermark
residue has focused on the organic material, using bulk methods to extract and
identify individual compounds present and monitor the changes over time. Less is
understood about the inorganic material which, in part, is due to the previous lack of
advanced instrumentation with the required sensitivity and spatial resolution to
explore the natural elemental content in fingermark samples. Chapter 4

demonstrates for the first time that synchrotron sourced XFM can be used to study
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the trace elements present within natural fingermarks with micron spatial resolution.
A range of endogenous and exogenous metals and metal ions were mapped across
fingermarks from fourteen donors showing substantial variability between donors.
These results can help to explain the variation in detectability, particularly in
treatments where metal ion chemistry is known to impact development
performance. Interestingly, donors who were heavy cosmetic users had increased
elemental content, suggesting that donor behaviour can impact the inorganic
composition. These results inspired work presented in Chapter 5, exploring the
fundamentals of transfer and persistence, which aligns with the NIFS Research and
Innovation Roadmap, which lists the development of latent fingermarks and the
transfer, persistence and frequency of trace evidence as research priorities.?®°
Research in these areas is the key to constructing a more robust data set and
expanding the knowledge base of these fundamental forensic science processes,

which can improve the interpretation of trace evidence.

Chapter 4 also summarises the outcomes of multimodal studies combining
information from XFM, IRM and optical microscopy, demonstrating that on the
macro-scale hotspots within the elemental maps correlate to the organic residues.
On a smaller scale, within individual eccrine droplets there is evidence that elemental
material secreted primarily through the eccrine glands is responsible for the
endogenous inorganic components within latent fingermarks. This observation helps
to explain variation in fingermark development, particularly reagents targeting
eccrine material and in which metal ion chemistry is known to affect the detection

reagents.

In Chapter 5 further work was conducted at the XFM beamline to investigate the
process of transfer by imaging the exogenous inorganic material transferred to a
person’s hands and deposited in their fingermarks. The results indicate that even
after brief handling of metal objects there is sufficient transfer of metals and metal
ions which can be detected using XFM. The handling of a metal gun barrel increased
the iron and lead content deposited in fingermark samples, whilst contact with a
cartridge case increased the zinc and copper content, and party sparklers increased

the barium content in fingermarks from all seven donors. The ease of transfer of
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exogenous metals to fingermark samples reinforces the complexity of fingermark
residue, with the indication that donor activity prior to fingermark deposition can
greatly impact the chemistry of the residue deposited. Further, the persistence of
these metals were explored, with a brief period of hand washing shown to remove
elemental material from the hands and from subsequent fingermarks. Chapter 5 also
includes an investigation of the persistence of metals in fingermarks exposed to
aqueous environments, indicating that endogenous metals, found within the
aqueous organic material, are easily removed from a fingermark after water
submersion. This provides important forensic information when attempting to
establish a timeline of events, suggesting that metal ions present within fingermark
samples, may be indicative of recent handling of metal objects and no exposure to

an aqueous environment.

7.1.2 Morphological and Chemical Changes in Fingermarks over time

In Chapter 6, the bright synchrotron IR-beam was used to measure the chemical and
morphological changes in individual droplets from natural fingermarks. Using ATR-
IRM fingermark residues were mapped for the first 7 - 13 hours following fingermark
deposition, and spectroscopic marker bands of eccrine and sebaceous material were
monitored. The results visually demonstrate the evaporation of water across all
donors, with a consistent decrease in the O-H stretching band noticeable within the
first 8 hours. This finding has important context for fingermark researchers, providing
empirical data to reinforce the recommendations by the IFRG on the use of aged
fingermarks. Fingermarks should be aged prior to development to provide a more
realistic example of fingermark residue, as it is rare, operationally, that a fingermark
will be recovered within the first 8 hours. The sebaceous material presented as more
complex, with greater variation in the concentration of lipid material over time,
characterised by the C-H stretching band. The inconsistencies in the rate of change
in lipid material across the twelve donors reinforces the challenges of trying to
predict fingermark age, particularly without knowledge of the initial residues

deposited.
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The change in water content within fingermark residue is an important factor
affecting fingermark chemistry in the initial stages after deposition. Despite this,
studies continue to debate the volume of water present in fingermark residues due
to challenges with current instrumental capabilities to measure such small volumes
of the dynamic material. Access to the THz/Far-IR spectroscopy beamline offered the
opportunity to measure the total water content in fingermark residues by exploiting
the sensitivity of the Far-IR region to pure-rotational water vapour transitions. In
Chapter 6, by evaporating the water from a fingermark sample into the gas phase,
the amount of water lost from fingermark material was measured to range between
14 to 101 pg for natural and charged fingermarks. This value lies within the range of
recent work using quartz crystal microbalances to measure the change in mass of a
fingermark, suggesting Far-IR spectroscopy as a potential tool to contribute to better
understanding the water content in fingermark residues.® 4¢ Further work is
underway to expand the donor set used in this study to gain a broader view of the
variation in water content in natural fingermarks, used in conjunction with

supplementary analytical methods.

7.1.3 Comparing Analytical Data to Results of Fingermark Development

Much of the research conducted to date analysing the chemistry of fingermark
residues is to help inform the understanding of the performance of latent fingermark
treatments. Treatment performance is known to vary between donors and with time
since deposition, with greater difficulties in successful development of older
fingermarks. This has been explored using larger donor sets in the hope of connecting
particular donor traits to explain this variation.®® 2’7 By comparison this thesis looks
at an individual level, to see whether the chemistry of the residue influences the
performance of development methods. In chapter 3 the donor pool used throughout
this study was investigated to ensure an appropriate range of donors was used to
represent the variation expected across the general population. Whilst this work was
important to be done prior to chemical imaging, retrospectively the results of
fingermark development can be considered and related back to the chemical imaging

data.
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Table 7.1 outlines the development class of uncharged fingermarks taken from
donors who participated in chemical imaging studies and their corresponding results
from XFM and IRM studies, summarised as visibility of inorganic material and visible
changes in water and lipid material over time. Despite the use of 1,2-indanedione
(which is known to interact with certain metal ions) within the selected donor set,
there is no obvious correlation between elemental material and fingermark
development, with both good and poor donors demonstrating visible ridge detail
when imaged using XFM.3> 116: 124 |t js expected there may have been intradonor
variation between the samples taken on two separate occasions. Future work should
consider repeat experiments with samples taken from each hand, one for chemical
imaging and one for fingermark development, to limit the effect of intradonor
variation. An interesting result is that 2 donors classified as “poor” due to low
development performance showed visible elemental ridge detail, suggesting XFM
may be capable of detecting the inorganic material deposited in fingermarks where
chemical visualisation of the organic material is not possible. Specific targeting of the
elemental material, in this case zinc, may provide future research direction to

improve development performance and the advancement of detection methods.
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Table 7.1: Summary of development class for uncharged fingermarks and

corresponding chemical imaging information

Donor Development XFM - Visible .
. . IRM - Water IRM - Lipids
Code Class Ridge Detail
1 Poor Yes Decrease Increase
16 Poor No
18 Poor No
19 Poor Yes
6 Mid Yes Decrease Decrease
12 Mid Yes Increase Decrease
13 Mid No
14 Mid Yes
17 Mid No
20 Mid Yes
3 Good Yes Decrease Increase
4 Good Decrease Increase
15 Good No

The number of donors within the initial testing pool available for IR imaging was
limited to five, however within this group variation was seen in the changes in water
and lipid material within the first 13 hours following deposition. Although fingermark
development was conducted at least 24 hours after deposition, as per the IFRG
guidelines, the behaviour of the organic material within the first few hours is likely to
have consequences for the residual fingermark and its subsequent development.®?
Within this data set there was no apparent trend relating the chemical changes in
fingermark residue seen in the infrared data to fingermark development
performance. The changes imaged through synchrotron IRM are on the microscale,
imaging the chemical changes within individual droplets. Whilst it is expected that
the trends seen in relation to dehydration rates within the first 8 hours following
deposition are similar on the macro scale, further work investigating this across an
entire fingermark may provide a more appropriate view of how these chemical
changes link to fingermark performance. A challenge with undertaking such
experiments are the time limitations in fingermark imaging. The chemical changes
imaged in Chapter 6 occurred within the first 7-13 hours which was measured by

imaging the fingermark sample at a rate of hours, however large area scans, such as
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the data presented in the multimodal studies in Chapter 4, take a number of hours
to collect therefore limiting the number of scans which can be taken immediately
following deposition. Future work should look at the long-term chemical changes in
a large scale fingermark study, with concurrent samples taken and detected using
development methods. Ongoing advances in instrument technology may provide the
opportunity for future studies to investigate the changes occurring within the

immediate hours following deposition.

In principle, it would be expected that chemical differences in fingermark residues
should directly relate to the performance of fingermark development techniques,
particularly those which rely on chemical-specific interactions. The findings
presented here did not present any apparent trends connecting the results of
fingermark development with the elemental and organic imaging data. The most
logical explanation would be due to intradonor variability, with fingermark samples
used in this study taken on separate occasions. Future work should be conducted
using split fingermarks to allow chemical development and chemical imaging to be
performed on samples taken from the same deposition to provide a more conclusive
view of the connection between fingermark composition and
development performance. There is also space to further the understanding of
the composition of fingermark residues through the use of bulk analysis, to

determine how varied the chemical composition is on an individual level.

7.2 Summary

In summary this thesis demonstrates the potential of synchrotron-sourced
spectroscopic and chemical imaging methods for fundamental research into the
chemistry of fingermark residues. By using a combination of advanced analytical
instrumentation, paired with synchrotron sourced X-rays and IR light, the
understanding of the organic and inorganic materials present in a fingermark has
been broadened. Despite the methods being unlikely to be used operationally, they
have provided a unique view of fingermark chemistry, measuring fingermark residues
with greater detection limits, spatial resolutions and spectral quality than

comparable benchtop methods. The results presented here provide insight for future
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studies to expand the understanding of current fingermark visualisation methods and
lay the groundwork to developing novel evidence-based techniques to improve the

recovery of fingermark samples for criminal investigations.
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