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Abstract 

The low contrast of developed latent fingermarks on fluorescent and multi-coloured 

substrates remains a significant challenge to their subsequent use in criminal 

investigations. Luminescence based development techniques and light-filtering 

technology can enable background interference to be suppressed or eliminated, 

particularly by utilising the red to near-infrared areas of the spectrum. To this end, 

this thesis describes the application of nanotechnology in combination with 

luminescence to improving the detectability of latent fingermarks on non-porous and 

semi-porous surfaces. The significance of the morphology of nanoparticles on the 

quality of the developed fingermarks is also demonstrated for the first time. 

This work introduces two deep-red to near-infrared luminescent nanostructured 

materials for the development of latent fingermarks. First, an enhanced highly near-

infrared luminescent fingermark dusting powder consisting of surface-modified 

nanosheets of the pigment Egyptian blue was prepared and applied to successfully 

develop latent fingermarks on various semi-porous and non-porous challenging 

substrates using a dry powder dusting technique. The pigment particles were 

modified by coating with a variety of different materials, with 

cetyltrimethylammonium bromide found to be the most effective. Long hydrocarbon 

chain and various functional groups of this cationic surfactant facilitated more 

physical interactions between the surface-modified nanosheets and the components 

within the latent fingermarks residue leading to increase in the adhesion of the 

nanosheets to the secretions.  

Second, an aqueous solution of deep-red to near-infrared luminescent CuInS2/ZnS 

core/shell quantum dots were synthesised in a safe, fast, simple and cost-effective 

technique and used as a working solution for the development of luminescent latent 

fingermarks on various porous and non-porous substrates. Aqueous core/shell 

quantum dots were applied to develop high quality ridge details of the latent 

fingermarks deposited on challenging substrates including multi-coloured and multi-
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patterned polymer banknotes containing fluorescent security features and the 

adhesive side of the fluorescent sticky tapes. 

Moreover, as a proof of concept, effect of the shape of the nanoparticles on their 

sensitivity for detection of latent fingermarks were investigated using luminescent 

CdSe/CdS core/shell nanorods and spherical dots. Results revealed elongated 

nanoparticles attached more to the secretion compared to the spherical ones 

resulted in the development of latent fingermarks in higher detail. Although these 

cadmium-based quantum dots were not intended for operational use due to safety 

concerns, this work for the first time highlighted the significance of the morphology 

of the nanoparticles for future investigations. 

All prepared pigment dusting powders and synthesised quantum dots solutions were 

characterised using various advanced techniques including different types of optical 

and electrical microscopies, ultraviolet to far-infrared spectroscopies and dynamic 

light scattering. 
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1.1 Introduction 

Latent fingermarks discovered in criminal cases have long played an important role 

in identifying individuals owing to their unique patterns. However, this first relies on 

successful visualisation of a latent fingermark. Although there are wide range of 

chemical and physical detection methods available, a considerable number of latent 

fingermarks remain undetected.1-3 This could be as a result of a lack of sensitivity or 

selectivity of the applied methods to small amounts of fingermark residue.4-6 In 

addition, detection of latent fingermarks deposited on dark, multi-coloured or multi-

patterned substrates remains a significant challenge since these substrates decrease 

the contrast between the ridge details and the underlying substrate.7  

An effective solution to this issue is the application of luminescence-based detection 

techniques. Visualisation of latent fingermarks under luminescent conditions 

substantially decreases the background interference, while the contrast between the 

ridge details and the underlying substrate is increased.7 Nanotechnology in 

combination with luminescence is a particularly promising approach to face the 

challenges of the detection of latent fingermarks.8-10 

Nanotechnology has presented noticeable capability in fast and accurate detection 

of fingermarks on diverse and challenging substrates.5,8,9,11 However, current 

proposed methods still suffer from a variety of drawbacks such as toxicity, poor 

bonding between nanoparticles and secretion residue, complicated and control-

demanding procedures as well as background staining.8,12,13 A potential way to tackle 

these issues is by engineering more enhanced, versatile and multifunctional 

luminescent nanostructured materials. Nanostructured material surfaces can be 

modified and functionalised with the desirable molecular group to tune their physical 

and chemical properties. This in turn can increase their affinity to target specific 

components in a fingermark ridge deposit instead of the underlying substrate.12,13 In 

this way, selectivity, sensitivity, resolution and contrast are noticeably enhanced.13 

Effect of diverse morphologies of nanostructured materials on their potential 

application in fingermark detection is another research interest that needs to be 
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studied. This will assist in establishing the framework for the future rational design 

of nanostructured materials for fingermark detection. This thesis includes the 

introduction of two novel luminescent nanoparticle-based techniques applied for 

enhanced visualisation of latent fingermarks, as well as a preliminary investigation 

into the effect of nanoparticle morphology on their adhesion to the fingermark 

secretion to cast light on future possibilities. 

1.2 Forensic significance of latent fingermarks and importance of 
visualisation 

Latent fingermarks are the impressions of friction ridge skin patterns from the 

fingers; including minutiae such as core, sweat pores and ridge bifurcations and 

endings; left after handling an object or touching a surface. This interaction transfers 

skin secretions and any external contaminants from the fingers to the surface.14,15 

The initial use of the fingermarks was for identification based on their characteristic 

patterns.16 According to Hamilton: “The concept of identifying individuals using their 

fingerprints began in Asia, and the spread of the British Empire allowed observation 

and development of the process by civil servants in India who then publicized the 

practice in the United Kingdom”.17 However, it was soon established that they could 

also be valuable trace evidence allowing investigators to link an individual to a 

location or object.16  

Latent fingermarks are the most common trace found in connection with criminal 

cases.13 These fingermarks require treatment to ensure enough contrast between 

the ridges and the substrate is obtained to allow subsequent analysis.18 Establishing 

suitable techniques for the visualisation of latent fingermarks has been of continuing 

interest since their first use in criminal investigations over a century ago.14,19  

Early techniques were discovered empirically, although with increasing 

understanding of fingermark chemistry in the last few decades, there has been a 

move to develop techniques that specifically target the components in the residue.2-

4,9,14,20-23  
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Latent fingermark residue is made of endogenous components and exogenous 

contaminants, though there are still ongoing investigations into their specific 

nature.24-30 The endogenous components are exuded through eccrine and sebaceous 

glands, and are relatively predictable in their broad chemical nature.6,31 Eccrine 

glands are the only type of exocrine gland on the palms of the hands and soles of the 

feet. These glands produce hydrophilic secretions including amino acids (such as 

proteins), inorganic ions (such as Na+, K+, Mg2+, Ca2+, Cl-), urea and ammonia. 

Sebaceous glands are found in hair-covered regions of the body and are in greatest 

density on the face and scalp. These glands release an oily mixture called sebum that 

is exuded through the hair follicle. Sebum contains a variety of glycerides, fatty acids, 

squalene and esters such as wax esters and sterol esters.3-5,7,32 Although sebaceous 

glands are not present on the palms of the hands, habitual touching actions transfer 

sebaceous secretions to the fingertips.8 The fingermark deposit may also contain 

exogenous contaminants from day-to-day activities such as cosmetics, dirt or food.    

Another fundamental factor that should be considered regarding visualisation of a 

latent fingermark is the type of the substrate on which it is deposited. These 

substrates can be classified as porous, semi-porous or non-porous.6,15,31,33-35 Porous 

substrates such as paper, wood and cloth absorb hydrophilic components of the 

fingermark rapidly (in a few minutes). They also slowly absorb hydrophobic 

components (in several hours). Consequently, over time, only a small amount of 

water insoluble material is left on the surface.7,29,30,36-38 On non-porous substrates 

such as glass, plastic, polyethene and metal, both the water soluble and insoluble 

fractions remain on the surface.7,15,39-42 , fingermarks are very fragile in this case as 

they are exposed to the environment or can be physically removed from the surface, 

.7,15 Semi-porous substrates such as painted surfaces and waxed papers absorb 

water-soluble materials of fingermark secretions slowly and leave water insoluble 

materials on the surface for a longer time than porous substrates.6,7,15 

Diverse detection techniques have been introduced to target components present in 

the fingermark secretion based on the type of substrate.7,23,43 Amino acid sensitive 

reagents (e.g. ninhydrin,44 1,2-indandione45 and 1,8-diazafluoren-9-one46), lipophilic 
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stains (e.g. Oil red O,47 Nile blue48 and Nile red49), and physical developer29,30 have all 

been commonly applied for development of latent fingermarks deposited on porous 

surfaces. Dry and wet powdering,43,50 cyanoacrylate (CA) fuming41,51 and vacuum 

metal deposition42,52 on the other hand are common techniques used for detection 

of the latent fingermarks on non-porous substrates. For fingermarks deposited on 

semi-porous substrates, both techniques suggested for porous and non-porous 

substrates could be applied 1,7,53  

Despite various available detection techniques, a considerable number of latent 

fingermarks remain undetected for different reasons such as challenging substrates, 

ageing of the fingermark, or inadequate secretions.33,54-56 Therefore, forensic 

scientists are looking for new methods and technologies to provide alternatives or 

improve current procedures. The key is to find a technique which is safe, simple and 

cost-effective while developing clear ridge details of the latent fingermarks. In recent 

times, innovative methods and materials based on nanotechnology have been an 

attractive additional toolbox to deal with these issues.  silver and gold nanoparticles, 

silica nanoparticles, polymer nanoparticles, metal and metal oxide nanoparticles, 

quantum dots (QDs) and rare earth metal nanoparticles are commonly reported 

nanoparticles for detection of latent fingermarks and are more thoroughly discussed 

in a number of existing literature reviews.3,8,9,11,57,58 

1.3 Visualisation of latent fingermarks by nanoparticles  

Adhesion of particles to the latent fingermark secretion is a traditional, simple and 

commonly applied visualisation technique for latent fingermarks with various 

development powders commercially available.13,31 The problem is that the 

fingermark ridges and valleys are narrow in width (300-500 µm) and the commercial 

powders contain micron-size particles, which may result in overdevelopment and 

lack of clear ridge details.8,59,60 Application of finer particles, especially in the 

nanometre range (less than 100 nm) can lead to improved development with higher 

ridge resolution.8 Smaller size particles also means a higher surface to volume ratio 

and surface energy, corresponding to higher interaction affinity. This results in 

accumulation of a larger number of nanoparticles along the ridges of the latent 
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fingermark.5 All of these aspects result in greater ridge pattern clarity, higher 

resolution and increased contrast.  

Moreover, the high surface to volume ratio of the nanoparticles allows 

functionalisation of their surface using various surfactants. As mentioned before, 

fingermark residue contains well known endogenous components. The surface of the 

nanoparticles can be engineered to target specific components within the residue 

and create better contrast by eliminating the background. Coating nanoparticles with 

lipophilic polymers increases their affinity to interact with lipid components, while 

diverse types of ligands can cause chemical interactions with specific secretion 

components such as amino acids.3,9,32 As illustrated in Figure 1-1, Xu et al.12 showed 

in a comparison study that the type of the ligand can noticeably affect the quality of 

the developed latent fingermarks. Some of the most commonly applied functional 

groups in fingermark detection are thiol, amine, silanol, siloxane, citrate ions, and 

carboxyl and hydroxyl groups.4,61-63  

 
Figure 1-1 Developed latent fingermarks using various ligand-capped ZnS nanoparticles.12 

1.3.1 Development methods 

1.3.1.1 Dry nanopowder 

Powder dusting is the most common method for fingermark detection on non-porous 

substrates and can be applied through both brushing and spraying.7,13,50 A particular 
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advantage to this method is that it can be applied at the crime scene (i.e. on-site 

detection).43  

In powdering, particles physically adhere to the moisture or oily components of the 

secretion residue due to Van der Waals attractions.13,64,65 A key disadvantage of this 

method is a lack of sensitivity and weak adhesion between particles and secretion 

residue. This method is hence less effective for aged fingermarks which have lost 

moisture through evaporation, or had their lipid components changed to harder, less 

sticky waxes due to environmental factors such as heat, light, humidity or 

contamination.6,66-68 These factors can negatively impact the properties of 

fingermark residue with regards to detection techniques, and may also cause 

background staining that reduces contrast between the fingermark and substrate.  

Lipid modified nanopowders can enhance fingermark ridge details detection by 

improving sensitivity, selectivity and adhesion property.69,70 For instance, Huang et 

al.70 prepared silica nanoparticles coated with an amphiphilic polymer using a simple 

and low-cost synthesis method, which rendered hydrophilic silica nanoparticles 

lipophilic. Consequently, brushing them onto fingermark secretions caused 

nanoparticles to adhere to the residue because of lipophilic interactions. This gave 

clear ridge details of both fresh and aged latent fingermarks on glass. 

Although dry powder dusting is a simple and common technique, it has significant 

associated safety issues including the inhalation of airborne particles, especially in 

the case of toxic particles.71 For nanometre-sized particles, this safety issue is 

exacerbated since nanoparticles may enter the human body via both inhalation and 

absorption through the skin.71,72 For this reason, application of nanoparticles to 

latent fingermarks via a solution approach is more desirable.71,72 

1.3.1.2 Nanoparticles in solution 

The first application of colloidal nanoparticles for development of latent fingermarks 

can be assigned to the silver physical developer technique, which was used for the 

first time in 1983 as a post-treatment for vacuum metal deposition to develop latent 
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fingermarks.5,29,30,73-75 In this method, silver metal colloids are formed from the redox 

reaction of Ag+ cations with ferrous ions at low pH (∼1.38), which is maintained using 

a citric acid buffer.5,7,29,30,43,76 Subsequent silver ions are preferentially reduced onto 

existing colloids on the fingermark, which act as catalytic sites. The resulting silver 

layer grows auto-catalytically, resulting in a dark grey fingermark on a pale grey 

background. A cationic surfactant (n-dodecylamine acetate) within the mixture forms 

positively charged micelles around randomly formed silver particles, causing them to 

repel each other. 7,43,73 As a result, the rate of random formation and growth of silver 

nanoparticles in the solution is decreased.  

Despite its proven effectiveness on porous and wet substrates, the dark colour of the 

silver deposit means that it is not suited for dark substrates. Moreover, silver 

interacts with alkaline binders within some paper substrates, resulting in 

uncontrolled deposition that can reduce contrast and potentially obscure fingermark 

ridge details.7,49 As a result, an acid prewash is required to remove these components 

before development, weakening the paper.7 The working solution’s short shelf-life 

(less than 2 weeks), complicated development method and the excessive costs 

associated with the reagents are other weaknesses of this method.7 The 

development process may also interfere with subsequent treatments, as the silver 

deposition cannot be reversed.7 

Multi-metal deposition (MMD) method was introduced for the first time in 1989 as a 

fingermark detection technique, using nanoparticles with high sensitivity for both 

fresh and aged fingermarks on porous, semi-porous and non-porous substrates.62 A 

key advantage of this method is that it is applicable for challenging substrates such 

as thermal paper and polystyrene packaging.  

Classic MMD is a modification of the physical developer method and is a two-step 

technique. In the first step, a fingermark is immersed in a colloidal gold solution. The 

solution environment is acidic with a pH range of 2.5-2.8. The fingermark residue is 

positively charged in this pH range because of protonation of the amine groups in 

amino acids and proteins, while citrate ion-capped gold nanoparticles are negatively 
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charged.4 As a result, electrostatic interactions form between positively charged 

fingermark and negatively charged gold nanoparticles. 3,4 In the next step, silver ions 

are reduced in a reduction solution (hydroquinone or Fe2+/Fe3+ redox) into metallic 

silver, and precipitate onto the gold-treated fingermark.1,2,53 Consequently, a dark 

grey or black fingermark appears.  

However, there are some difficulties with this method. First, this technique requires 

preparation of several working solutions and baths (6 in total) as well as a long 

immersion time (2 hours opposed to 20 min for PD).7,53,62 Second, classic MMD is not 

suitable for fingermarks on black or multi-coloured printed substrates.53 Deposition 

of gold nanoparticles on the background can decrease contrast sensitivity, which is 

typically reduced by addition of a few microliters of Tween 20 as a surfactant.62 

Finally, pH needs to be strictly controlled.4,62  

To deal with some of the above-mentioned issues, the single metal deposition (SMD) 

method was designed and developed.53 In the SMD method, gold or zinc oxide is 

precipitated onto gold catalytic sites instead of silver in the MMD method. SMD is 

lower in cost, is a simpler method which needs fewer baths and reagents,36 and is 

also effective across a wide pH range.61 Since this method replaces silver deposition 

with gold or zinc oxide deposition, it can also be applied on black and multi-coloured 

backgrounds. However, the five baths required are still labour intensive and time-

consuming.  

As mentioned previously, nanoparticle surfaces can be functionalised with diverse 

functional groups to achieve more desirable chemical and physical properties 

increasing their affinity for fingermark components and shortening the process of 

development. Taking advantage of this fact, the SMD method was noticeably 

simplified with the synthesis of more enhanced functionalised nanoparticles. Becue 

et al.62 were able to reduce the number of baths from six to three by removing the 

last three enhancement baths using thiolate functionalised gold nanoparticles. A 

large number of modified nanoparticles adhered to the fingermark on diverse porous 

and non-porous substrates and developed fingermark ridges in details with no need 
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of further enhancement. Gao et al.61 later presented a one-step SMD technique by 

applying glucose coated gold nanoparticles for successful detection of latent 

fingermarks in a wide range of pH and without background staining.  

1.4 Luminescent nanoparticles 

As previously indicated, dark, multi-coloured and multi-patterned surfaces are 

challenging substrates for visualisation of fingermarks since they decrease the 

contrast between the ridge details and the underlying substrate. Due to the inherent 

advantages of luminescence in providing improved signal-to-noise, luminescence-

based detection reagents and methods are well established for latent fingermark 

visualisation. For example, luminescent amino acid sensitive reagents 1,8-

diazafluoren-9-one77 and 1,2-indanedione,45 as well as lipid stains such as Nile red49 

and Nile blue,48 have been applied to porous substrates. For non-porous surfaces, 

powdering with luminescent powders as well as treatment with fluorescent dyes 

after CA fuming (like Rhodamine 6G78, or basic yellow 4079) have been proposed.1,7 

However, these methods mostly develop the fingermarks that luminesce within the 

visible part of the spectrum and there are many potentially interfering substrates 

that also fluoresce within this region, which could result in lack of contrast and 

sensitivity of these technique. 

The development of near-infrared (NIR) luminescent latent fingermarks is a 

promising technique to eliminate background interference even further and 

achieve maximum contrast because only a limited number of substrates 

luminesce in this region of the spectrum.80 Despite this advantage, only a 

limited number of NIR methods have been reported to date, largely owing to the 

lack of suitable infrared fluorescent materials.  Some NIR methods have been 

deployed for detection of latent fingermarks including NIR powders,81-84 crystal 

violet,85 and Styryl 11 and STaR 11;86 however, they suffered major practical 

issues such as toxicity, complicated techniques, being used as a post-

treatment rather than a standalone process and lack of contrast. 
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One of the fascinating characteristics of the nanoparticles is their extended optical 

properties. These can be tailored through their composition, size, morphology or 

surface modification to achieve the desired photoluminescence specifications to 

enhance the visibility of latent fingermarks.7-9,87 Some nanoparticles are inherently 

luminescent such as QDs, lanthanide-doped nanoparticles, polymer nanoparticles 

and zinc oxide nanoparticles; while others can be associated with fluorescent agents 

such as silica nanoparticles or metal oxide nanoparticles encapsulated fluorescent 

dyes. In addition, background noise can potentially be reduced by engineered 

nanotechnology such as anti-Stokes photoluminescence of upconversion 

nanoparticles (UCNPs), which luminesce at a lower wavelength when excited in the 

NIR region. In the following sections, the reported luminescence-based 

nanotechnologies applied for enhanced visualisation of latent fingermarks are 

discussed in more detail. 

1.4.1 Inherently luminescent nanoparticles 

Since the first report of luminescent QDs being used as a post-treatment method for 

fingermarks development,88 there have been a number of studies conducted 

regarding the application of a wide range of inherently luminescent nanoparticles for 

the visualisation of latent fingermarks. These include CdS QDs, CdSe QDs, CdTe QDs, 

ZnS QDs, carbon dots, conjugated polymer dots, lanthanide-doped nanoparticles, 

nanodiamonds, ZnO nanoparticles and pigment nanosheets (Figure 1-2 and Table 

1-1). In the following sections, the application of these inherently luminescent 

nanoparticles in the detection of latent fingermarks is thoroughly discussed. 



 

12 

 

 
Figure 1-2 Distribution of the number of publications applied different types of (a) inherently 

luminescent nanoparticles and (b) QDs to the detection of latent fingermarks (based on Table 1-1). 

1.4.1.1 Quantum dots 

QDs are luminescent semiconductor nanocrystals with the smallest dimension less 

than 10 nm. In such a small size, the electrons and electron holes of the nanocrystals 

are confined in at least one of their three dimensions, which means the optical and 

electronic properties of QDs are significantly different from those of the bulk 

materials.89 The photoluminescence emission wavelength of QDs can be tuned by 

changing their size, morphology and composition to achieve the desired emission 

wavelength.64 In addition, QDs typically have large absorption cross-sections and 

narrow emission peaks with high quantum yields and good photostability. QDs have 

a large surface to volume ratio which increases their ability to interact with the 

components within the latent fingermark secretion.90-92  

Cadmium-based quantum dots 

The first study on QDs as a potential treatment for the detection of latent fingermarks 

was reported by Menzel et al.88,93 CA fumed fingermarks on common non-porous 

substrates (such as aluminium foil, a soft drink can and polyethylene zip-lock bag) 

were immersed in CdS/PAMAM (polyamidoamine) dendrimer nanocomposite in 

organic solutions (such as methanol, heptane and hexane) as a post-treatment step. 

The QDs were functionalised with dendrimers to selectively target chemical 

components of latent fingermarks such as fatty acids or triglycerides, rather than the 
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substrate, through amine or carboxylate functional groups.94 In this case, QDs-

treated fingermarks were illuminated at near ultraviolet (UV) by an argon laser 

(about 50 mW) and photographed using a digital camera. A phase-resolved imaging 

system based on photoluminescence lifetime was applied to increase the imaging 

sensitivity.  

Subsequent studies by other researchers also used CdS or CdSe/PAMAM dendrimer 

nanocomposites to develop latent fingermarks.94-97 For example, Jin et al.95 used 

CdS/PAMAM dendrimer QDs to detect CA fumed fingermarks on a variety of non-

porous substrates such as tin foil, aluminium, glass and plastic. The authors claimed 

they were able to produce pictures of higher quality with an easier and less expensive 

photography technique. In this method, the treated marks were illuminated using a 

360 nm emitting UV LED and photographed with a digital camera through yellow and 

blue filters. In studies by Menzel et al.88 and Jin et al.,95 CdS/dendrimers were 

dispersed in methanol, which was mostly applicable for CA fumed fingermarks since 

the solution can easily wash away non-fumed fingermark secretion.  

QDs have been applied both as a dry powder and in a solution to develop latent 

fingermarks (see Table 1-1). In addition to the major health and safety issue of 

nanoparticles being potentially carcinogenic, in particular when applied as a dry 

powder, the problem arising when drying pure QDs is surface oxidation which 

substantially decreases the photoluminescence emission intensity.98 To prevent this 

degradation, the QDs surface needs to be protected to reduce the risk of interaction 

with the oxidative environment.  

Gao et al. 99 approached this by embedding CdTe QDs between layers of 

montmorillonite clay using an ion exchange process. The embedded QDs were then 

brushed over latent fingermarks on both non-porous and semi-porous substrates. 

The treated fingermarks were visualised successfully by illumination at 365 nm and 

photography with a digital camera.  

Coating QDs with SiO2 as a biocompatible inorganic coating is another 

approach.66,100,101 Gao et al.66 produced a fingermark dusting powder containing 
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CdTe/SiO2 core/shell nanoparticles, which were used to treat latent fingermarks on 

non-porous and porous surfaces. When illuminated at 365 nm, the treated 

fingermarks were visualised with clear ridge details. The study also compared the 

synthesised core/shell nanoparticle powder with ninhydrin, a traditional 

fluorescence powder, and silver powder for detection of fingermarks deposited on 

paper. It was shown that CdTe/SiO2 core/shell QDs produced clearer ridge details 

than silver powder, but did not perform as well as ninhydrin.  

Dilag et al.102 used chitosan as a biopolymer to encapsulate CdS QDs and then freeze-

dried them to prepare the CdS QDs powder. CA fumed latent fingermarks on 

aluminium foils were dusted with the QDs powder as a post-treatment step and 

compared with conventional white powder (67.7 % TiO2, 16.2 % heavy kaolin, and 

16.1 % talc) and aluminium powder. The commercial powders demonstrated more 

ridge details due to their smaller sized particles. Algarra et al.65,103,104 instead used 

thiol functionalised mesoporous phosphate hetero-structures to encapsulate CdS, 

CdSe and CdSSe QDs to prepare fingermark dusting powders. These powders were 

then used to successfully develop latent fingermarks on several non-porous and 

porous substrates.  

In several studies, surface modified cadmium-based QDs in solution have been 

applied to develop latent fingermarks.20,105-110 Sametband et al.63 utilised CdSe/ZnS 

core/shell QDs stabilised by octadecaneamine as a lipophilic surfactant to increase 

the lipophilic interaction between the QDs and lipids within the fingermark residue. 

This approach successfully developed charged latent fingermarks on silicon wafers 

and paper strips. Dilag et al.111 prepared CdS/N,N-dimethylacrylamide 

nanocomposites to disperse the QDs in water. Fresh and one-week old latent 

fingermarks deposited on non-porous substrates were immersed in the solution for 

a short time (duration: 5 s to 2 hours). The treated fingermarks were able to be 

recorded using a Polilight (UV light: 350 nm) and a digital camera equipped with red 

or green filters. However, the preparation of the nanocomposites in this study was a 

complicated and time-consuming process and only partially developed fingermarks 

were achieved.  
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Aqueous solutions of thioglycolic acid (TGA) coated CdSe QDs were applied by Wang 

et al.112 to visualise latent fingermarks on the sticky side of adhesive tapes, such as 

different colour insulating tapes and sealing tape. Adhesive tapes are common 

substrates found at crime scenes, but challenging for available visualisation 

techniques which suffer from drawbacks such as background development and 

complicated and application process.43,113,114 The composition of the CdSe and pH of 

the treatment solution were adjusted to achieve high quality latent fingermarks and 

short treatment duration (less than 15 min). CdSe/CdS core/shell nanoparticles were 

further developed to improve the quantum yield by passivating the trap-state defects 

and surface dangling bonds.112,115-118 In a further study on adhesive tapes, Liu et al.119 

prepared aqueous solutions of TGA-coated CdTe QDs luminescing at different 

wavelengths (yellow and green) using size-tuneable characteristic of the QDs, which 

is suitable to get the best distinguishable fingermarks on colourful surfaces.   

Cadmium-free quantum dots 

A drawback of cadmium-based quantum dots is the safety issues associated with 

heavy metals.8 Replacing heavy metal QDs with heavy metal-free QDs such as carbon 

dots,120-132 ZnS and ZnSe dots,12,101,133,134 and polymer dots (including conjugated 

polymer dots135-137 and conjugated polyelectrolyte dots138) is an effective solution to 

these concerns. The graph in Figure 1-4 shows the upward trend of cadmium-based 

QDs replacement with cadmium-free QDs in the detection of latent fingermarks over 

time. In recent years, carbon dots have been mostly used to develop latent 

fingermarks on non-porous and porous substrates.139-142 These were introduced by 

Xu et al. 143 for the first time in 2004. Afterwards, carbon dots were progressively 

synthesised and enhanced using safe, simple and fast methods and applied for 

various applications including fingermark detection (Table 1-1). 144,145 
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Figure 1-3 Number of publications for cadmium-based and cadmium-free QDs per year. 

Jin et al.137 introduced 4-dimethylamino-20-hydroxychalcone nanoparticles as a 

novel aggregation induced emission probe which luminesced at 600-800 nm when 

illuminated by a UV lamp at 365 nm. These nanoparticles successfully developed 

fresh and aged charged fingermarks on aluminium foils, coins and glass slides with 

high sensitivity. Chen et al.146 implanted ninhydrin into ultra-bright NIR luminescent 

polymer dots to produce a dual visual sensor to visualise latent fingermarks on both 

porous and non-porous substrates. These include a number of challenging surfaces 

such as coloured papers, banknotes and personal bank cheques.  

1.4.1.2 Lanthanide doped nanoparticles 

The characteristic luminescence of rare earth metal (particularly lanthanide) 

compounds have attracted great attention in the forensic sciences since Menzel et 

al.147 used a europium-ninhydrin complex to detect latent fingermarks. In actuality, 

Menzel148 had already inadvertently used terbium compounds in their studies on a 

phosphorescing dusting powder. Lanthanide complexes have since been used in 

various studies for the detection of latent fingermarks (see Table 1-2). Among 

lanthanide ions, europium III (Eu3+) has been commonly used because of its large 
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Stokes shift between the absorption peak in the UV range and the emission peak in 

the red area.149 

The narrow emission wavelength and long excited-state lifetime of trivalent 

lanthanides (of milliseconds order), in combination with time-resolved imaging 

techniques, facilitates the visualisation of fingermarks on fluorescent substrates that 

would be highly challenging using other techniques.3,149 However, lanthanide ion-

doped materials usually have a low luminescence quantum efficiency because of 

their weak absorption associated with parity-forbidden f-f transitions.149,150 A 

possible approach to improve the luminescence quantum efficiency of lanthanide-

doped materials is through the antenna effect, in which complexes of lanthanide with 

sensitising ligands result in higher photoluminescence emission and longer afterglow 

due to intramolecular energy transfer phenomena.150-152  

One issue that has been observed with pure lanthanide/sensitiser complexes is 

photobleaching of luminescence-sensitising ligands under UV excitation.150,151 In 

2005, Menzel et al.151 applied amino-functionalised, silane-capped europium oxide 

nanoparticles in aqueous solution to detect latent fingermarks. Fingermarks on 

photocopier paper were immersed in a working suspension and incubated at  

70-80 °C for 30 minutes. The treated marks were then excited at a short UV 

wavelength (200-300 nm) and photographed with a digital camera through a red 

filter. However, the quality of the developed fingermark was low. This technique also 

had other drawbacks including an inability to effectively detect old fingermarks and 

latent fingermarks deposited on wet substrates, as well as being a complex, 

expensive and time-consuming process. 

Another approach that has been attempted to increase photo resistance and 

chemical stability of the lanthanides was doping them on various nanoparticles such 

as aluminium,153,154 yttrium,155-158 zirconium,159,160 tungsten161 or titanium162-165 

oxides. Sharma et al.154,166 doped strontium aluminate (SrAl2O4) with Eu2+ and Dy3+ 

to prepare a nanophosphor powder with long-lasting afterglow (2 weeks) in a simple, 

inexpensive and rapid approach. Fresh and 3-day old latent fingermarks deposited 
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on challenging fluorescent, colourful and shiny non-porous, porous and semi-porous 

substrates were developed with a dry powdering technique using the nanophosphor 

powder. The results demonstrated high sensitivity and elimination of background 

interference. However, safety issues are associated with scattering and inhalation of 

dried nanoparticles, which remains a concern when utilising this method. Sm3+- 

doped yttrium aluminate nanophosphors (YAlO3:Sm3+) also presented enhanced 

latent fingermark development.167 Recently, in 2019, Basavaraj et al.162 doped TiO2 

nanoparticles with Ce3+ cations in a safe water-based one-pot technique to prepare 

UV-fluorescent nanopowders. Using the synthesised powder, highly luminescent 

fingermarks were developed on non-porous substrates.  

Silica has been used as another matrix for loading rare earth containing phosphors 

due to its mesoporous structure and high loading capacity.168-170 Liu et al.152 utilised 

the characteristic of SiO2 nanocomposites to trap a Eu3+/1,10-phenanthroline (metal 

ions/sensitizer) complex within xerogels with nano-sized cavities and achieved strong 

and stable fluorescence. The prepared doped xerogel powder was mixed with 

magnetic powder and applied to latent fingermarks on various shiny, colourful and 

organic substrates (green leaves) using a magnetic applicator. Fresh and old latent 

fingermarks illuminated with short-wavelength UV fluoresced in the red region of the 

spectrum.  Using the same approach, Saif et al.171-173 applied non-toxic 

Ln3+:Y2Zr2O7/SiO2, Eu3+:Y2Ti2O7/SiO2 and Eu3+:La2Ti2O7/SiO2 nanophosphor powders 

to successfully develop phosphorescent latent fingermarks on porous, semi-porous 

and non-porous substrates.  

Basavaraj et al.168 doped cadmium silicate mesoporous nanopowders with Tb3+ or 

Eu3+ to visualise highly red and green luminescent fingermarks (eccrine sections) on 

various porous and non-porous substrates with excellent ridge details. The same 

group associated Eu3+, M+ (where M is Li, Na, K) with core/shell SiO2/Y2O3 composites 

to synthesise strongly red luminescent nanopowders. The powders were applied on 

latent fingermarks deposited on a wide range of monochrome, multi-coloured and 

intensely fluorescent backgrounds and high quality developed latent fingermarks 
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(including overlapped marks) with detectable level III ridge detail (sweat pores) 

achieved.169 

Ryu et al.150 embedded a lanthanide/sensitiser complex within the interlayer space 

of smectite clay to protect them from thermal, chemical and mechanical interaction 

with the external environment and retain their photoluminescence characteristics. 

The luminescent nanohybrids were produced with both synthetic and natural clays 

and their sensitivity as a detection treatment was investigated. Latent fingermarks 

on glass slides were dry powdered, illuminated at long UV wavelength (312 nm) and 

monitored using a video spectral comparator. The powders based on the synthetic 

clay matrix developed marks with higher contrast and sensitivity than those based 

on a natural clay matrix due to less luminescence quenching.150  

1.4.1.3 Miscellaneous nanoparticles  

Although QDs- and lanthanide-based nanoparticles have been the most attractive 

luminescent nanoparticles applied to the detection of latent fingermarks, there are 

studies employing other types of naturally fluorescent nanoparticles for 

visualisation.72,174-179 

Zinc oxide is a semiconductor with a wide band gap which luminesces in the visible 

range of the spectrum due to Zn interstitial defects, oxygen vacancy defects and 

antisite defects when illuminated with long-wavelength UV light.60,174 Nanopowders 

containing ZnO have been used for the development of latent fingermarks on dark 

non-porous and semi-porous substrates due to their white colour which 

outperformed white commercial powders.57,180  

In 2008, Choi et al.3 visualised latent fingermarks on non-porous surfaces using 

fluorescent micrometer-sized ZnO particles with flower-like nanostructures. Dry and 

wet powdered 3-week old split fingermarks on polyethylene were compared. The 

treated marks were illuminated with long-wavelength UV light (350 nm) and 

photographed through a 570 nm long-pass filter. The results illustrated less 

background development and more distinguishable ridge details than with 
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conventional small particle reagent (wet powdering) techniques. However, the 

synthesised powder developed latent fingermarks with lower brightness when 

compared to commercial fluorescent powders like Black Emerald and Blitz Green. In 

2018, Guzman et al.175 prepared 10-30 nm ZnO nanoparticles in water at 60 ˚C and 

used them to visualise UV illuminated latent fingermarks deposited on aluminium 

and steel, and this powder was shown to outperform commercial powders.8 

Most recently in 2020, Jung et al.72 synthesised poly(vinylpyrrolidone)-coated 

nanodiamonds as a biocompatible fingermark dusting powder which luminesces in 

the deep-red to NIR region between 650 nm and 900 nm (λmax=650 nm) when excited 

at 530 nm. Using this powder, charged fingermarks were developed with clear ridge 

details on different porous and non-porous substrates.  
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Table 1-1 Summary of research studies examining inherently luminescent nanoparticles for the detection of latent fingermarks; NIP: no information provided 

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development method Illumination light Ref. 

2010 CdTe QDs adhesive side of blue tape charged 5 solution UV 119 
2011 CdTe QDs polymer, painted wood, glass, leather charged NIP powder UV 99 

2011 CdTe QDs 
glass slide, painted polymer materials, transparent polypropylene, 
marble, aluminium foil, black ceramic, black rubber  

charged 4 solution UV 20 

2012 CdTe QDs 
glass slide, polymer materials, aluminium foil, black ceramic, black 
rubber, paper charged NIP powder UV 66 

2013 CdTe QDs transparent tape, stainless steel, aluminium foil, yellow adhesive tape charged 1 solution UV 105 

2013 CdTe QDs 
yellow tape, black tape, scotch tape, tinfoil, aluminium alloy, stainless 
steel 

charged 10 solution UV 109 

2015 CdTe QDs glass, aluminium, plastic film, plastic strip, blue rubber, white ceramic, 
agate 

charged NIP powder UV 100 

2017 CdTe QDs black tape, glass slide charged NIP powder UV 181 

2017 CdTe QDs aluminium foil natural 1 solution UV 107 

2019 CdTe QDs 
glass slide, black plastic, ceramic, black paper, banknote, patterned 
paper, leather charged NIP powder 

fluorescence 
microscopy 

182 

2000 CdS QDs aluminium foil NIP NIP 
solution (CA fumed and 
unfumed) 

UV 88 

2000 CdS QDs aluminium foil NIP NIP solution (CA fumed and 
unfumed) 

UV 94 

2008 CdS QDs tin foil, aluminium, glass, plastic charged 5 solution (CA fumed) UV 95 

2009 CdS QDs aluminium foil charged NIP 
powder (CA fumed and 
unfumed) blue 102 

2011 CdS QDs 
plastic bag, plastic tweezers, steel tweezers, tile, pencil, glass, wall 
adornment 

NIP NIP powder UV/blue  65 

2013 CdS QDs aluminium foil, glass slide charged NIP powder/solution UV 111 

2015 CdS QDs 
glass slide, yellow paper, transparent polymer film, paper money, 
aluminium foil 

natural 1 powder UV 101 

2009 CdSe QDs 
black electrical tape, yellow electrical tape, blue electrical tape, yellow 
sealing tape charged 5 solution UV 112 
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Table 1-1 Summary of research studies examining inherently luminescent nanoparticles for the detection of latent fingermarks; NIP: no information provided, continued 

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination 

light 
Ref. 

2013 CdSe QDs 
magnetic band and front of a credit card, handle of methacrylate tweezers 
(polymeric), the screen of a mobile telephone (glass substrate), crystal glass, 
aluminium foil, steel tweezers 

NIP NIP powder UV/blue 103 

2014 CdSe QDs credit card, the surface of a mobile telephone, tweezers, printed banknote NIP 2 powder UV 104 

2014 CdSe QDs 
black electrical tape, yellow electrical tape, blue electrical tape, yellow sealing 
tape 

charged 5 solution UV 110 

2014 carbon dots filter paper NIP 1 powder UV 124 

2015 carbon dots glass slides, polymers, papers, soft drink bottle foil and metal surfaces NIP NIP powder UV/blue /green 125 

2015 carbon dots aluminium foil charged 1 solution UV 129 

2016 carbon dots 
glass, ceramic tile, marble of different surface textures, zinc sheet, stainless 
steel ruler, copper sheet, coin, iron sheet, and aluminium foil, plastic card 

charged NIP powder UV 126 

2017 carbon dots glass, aluminium foil, plastic bag, drug packing, leather NIP 8 powder UV/blue/green 120 

2017 carbon dots aluminium foil, magazine cover, glass, textured marble, mica sheet NIP NIP powder UV 122 

2017 carbon dots glass, aluminium foil, plastic bag, drug packing, leather natural 8 powder blue 120 

2017 carbon dots glass sheet, aluminium foil, leather, plastic pieces charged 1 solution UV 130 

2017 carbon dots glass slide NIP 1 solution UV 131 

2017 carbon dots filter paper, black paper NIP NIP powder UV 121 

2018 carbon dots aluminium foil, glass, plastic, steel, paper, ceramic charged 5 solution UV 123 

2018 carbon dots silicon wafer charged 1 powder UV 127 

2018 carbon dots glass slide NIP 1 powder UV 128 

2018 carbon dots glass slide charged/natural 1 solution UV 132 

2018 carbon dots banknote NIP NIP solution UV 183 

2018 carbon dots silicon wafer, patterned coin, glass sheet, copper sheet, rough plastic board charged NIP powder/solution UV 184 

2018 carbon dots glasses, ceramic tiles, artificial leathers, multi-coloured plastics, aluminium 
alloys, coins, Chinese paper money 

charged 1 powder UV 185 
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Table 1-1 Summary of research studies examining inherently luminescent nanoparticles for the detection of latent fingermarks; NIP: no information provided, continued 

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development method 

Illumination 
light 

Ref. 

2019 carbon dots litmus paper, resin tabletop, glass, and orange plastic ruler charged 1 powder UV 139 

2019 carbon dots tweezers, plastic bag of a local supermarket NIP 1 powder UV 140 

2019 carbon dots 
glass, aluminium foil, optical mouse, paper, metallic alloy, porcelain, 
compact desk, plastic ware, wood, lucid plastic, currency 

charged 12 powder UV 141 

2019 carbon dots smartphone screen, euro banknote, magnetic band, metallic surface of a 
credit card 

NIP 1 powder UV 142 

2008 ZnS QDs aluminium, glass, polymethylpentene plastic natural NIP solution UV 134 

2014 ZnS QDs aluminium foil, glass, compact discs, black plastic bags natural 1 solution UV 12 

2015 polymer dots glass slide, aluminium foil, iron spoon, and plastic petri dish charged NIP solution UV 135 

2015 
polyelectrolytes 
dots 

glass slide charged/natural 1 solution UV 138 

2016 polymer dots 
glass, aluminium foil, plastic bag, acrylic sheet, printing paper, coloured 
paper charged NIP solution blue 146 

2005 lanthanide: Eu copier paper NIP NIP solution UV 151 

2008 lanthanide: Eu 
aluminium foils, glass, plastic petri dish, polyethylene yellow bag, powder 
free latex examination glove, coloured paper, freshly cut green leaf 

eccrine  1 
powder (CA fumed and 
unfumed) 

UV 152 

2009 lanthanide: Eu aluminium foil, glass, porcelain, plastic, leather, fabric, paper, wood NIP 1 
powder (CA fumed and 
unfumed) 

UV 153 

2013 
lanthanide: Eu, Tb, 
Sm, Dy, Pr glass slide, aluminium foil, highly scratched compact disc plastic bag NIP 1 powder UV 172 

2013 lanthanide: Eu, Dy 

writing paper, fluorescent paper, stainless steel plate, compact disk, credit 
card, aluminium foil, optical mouse, electrical switch, glass slide, sunmica, 
soft drink can, display screen of the cell phone, PET bottle, Indian 
currency note 

NIP NIP powder UV 166 

2014 lanthanide: Eu glass slide NIP 1 powder UV 150 

2015 lanthanide: Eu glass slide, aluminium foil, highly scratched compact disc coloured plastic 
bag, coloured paper, freshly cut green leaf 

eccrine NIP powder UV 171 

2015 
lanthanide: Eu, Ce, 
Tb 

glass, ceramic tile, aluminium alloy, polymer materials, painted wood, 
Chinese paper money, printing paper 

charged 1 powder UV 158 
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Table 1-1 Summary of research studies examining inherently luminescent nanoparticles for the detection of latent fingermarks; NIP: no information provided, continued 

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination 

light 
Ref. 

2015 lanthanide: Tb glass slide hands were in gloves 
for several minutes 

NIP powder UV 186 

2016 lanthanide: Sm aluminium foil, glass, plastic, freshly cut green leaf charged 1 powder UV 167 

2016 
lanthanide: Eu, 
Tb glass slide NIP NIP powder UV 155 

2016 lanthanide: Tb glass, aluminium foil, polythene bag, knife handle, freshly cut green leaf eccrine NIP powder UV 187 

2016 lanthanide: Eu glass slide, aluminium foil, highly scratched compact disc coloured plastic bag eccrine NIP powder UV 173 

2016 
lanthanide: Eu, 
Dy 

glass, aluminium foil, yellow foil chocolate wrapper, soft drink can, PET bottle, 
compact disk, computer mouse, coloured paper NIP 3 powder UV 154 

2017 lanthanide: Eu glass, aluminium foil, compact disc, stainless steel, plastic tube NIP 1 powder UV 160 

2017 lanthanide: Eu 
glass slide, ceramic floor tile, paper cup, metallic surfaces, coin, goggles, marbles with 
composite patterns, currency note, debit card, magazines cover 

charged 1 powder UV 188 

2017 lanthanide: Eu 
glass slide, ceramic floor tile, paper cup, metallic surfaces, coin, goggles, marbles with 
composite patterns, currency note, debit card, magazines cover 

charged NIP powder UV 169 

2017 lanthanide: Dy 
glass, stainless steel, aluminium foil, mobile screen, laptop screen, calling bell, paper 
bar codes, pet bottle, coins eccrine 1 powder UV 168 

2017 
lanthanide: Eu, 
Tb 

glass slide, aluminium foil, glass bottle, mobile screen, teacup, spatula, currency note, 
magazine cover, stainless steel, textured marble, ceramic tile, plastic cover, currency 
note, paper, painted wood 

NIP 1 powder UV 189 

2017 lanthanide: Eu  compact disc, stainless steel, credit card, glass, aluminium foil, plastic eccrine 1 powder UV 190 

2017 
lanthanide: Eu, 
Tb 

slide glass, compact disk, stainless steel cup charged NIP powder UV 191 

2017 lanthanide: Eu, 
Dy 

plastic petri dish, aluminium foil, coin, banknote eccrine 1 powder UV 192 

2018 lanthanide: Eu aluminium foil, glass, pellet dye set, ceramic cup, coin, granite, mica sheet, prism charged NIP powder UV 156 

2018 lanthanide: Eu aluminium foil, mobile screen, glass bottle, metal scale, wooden block, stainless steel charged 1 powder UV 193 

2018 lanthanide: Sm aluminium foil, and plastic bag, papers and green leaf NIP 1 powder UV 194 

2018 lanthanide: Eu 
aluminium foil, magazine cover, debit card, metal scale, compact disc, glass, 
aluminium foil, cello tape, goggle 

eccrine NIP powder UV 170 
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Table 1-1 Summary of research studies examining inherently luminescent nanoparticles for the detection of latent fingermarks; NIP: no information provided, continued 

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination 

light 
Ref. 

2018 lanthanide: Eu metal scale, aluminium foil, blade, stapler, playing cards, magazine covers, currency 
note 

charged NIP powder UV 195 

2019 lanthanide: Ce aluminium foil, coin, Pepsi charged NIP powder UV 162 

2019 
lanthanide: Ce, 
La 

transparent glass, plastic sheets, aluminium alloys, ceramic tiles, painted wood, 
artificial leather, coated paper charged 1 powder UV 196 

2019 lanthanide: Pr 
paper cup, plastic sheet, aluminium foil, metal scale, stamp pad, marble, tablespoon, 
ceramic tile, granite, stapler 

eccrine 1 powder UV 163 

2019 lanthanide: Eu stainless steel, flooring, silicon, plastic, ceramic tiles NIP NIP powder UV 197 

2019 lanthanide: Pr glass sheet, aluminium foil, wool fabric NIP NIP powder UV 198 

2019 lanthanide: Eu 
mouse, metallic scale, scissor, soft drink can, stainless steel spoon, spray bottle, bar 
code on chemical bottle 

NIP NIP powder UV 164 

2019 lanthanide: Tb metal, wood, plastic, fibre eccrine 1 powder UV 199 

2019 lanthanide: Sm 
soft drink can, spray bottle, goggle, TV remote, aluminium foil, magazine covers, 
debit card 

NIP NIP powder normal light 200 

2019 lanthanide: Eu 
metal spatula, glass bottle, plastic paper, magazine cover, textured marble, metal 
scale, green apple, banana, tomato, brinjal eccrine 1 powder UV 159 

2020 lanthanide: Tb 
glass, aluminium foil, compact disc, stainless steel, plastic, black paper, tree leaf, pink-
blue note colour paper, green note colour paper 

NIP NIP powder UV 161 

2020 lanthanide: Pr aluminium foil, currency note, aluminium foil, magazine cover, playing card eccrine NIP powder UV 201 

2020 lanthanide: Eu, 
Yb 

glass, plastic, aluminium foil, compact disc charged 1 powder UV 165 

2008 
ZnO 
nanoparticles 

polyethylene, aluminium foil, glass charged 1 solution UV 174 

2018 
ZnO 
nanoparticles 

steel, aluminium NIP NIP NIP UV 175 

2020 nanodiamonds aluminium foil, ceramic, cover glass, money, paper, plastic petri dish, wood charged 3 powder blue/green 72 

2019 polymer 
nanoparticles 

glass, aluminium foil, spoon, soft drink label charged 1 solution (CA 
fumed) 

UV 176 
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Table 1-1 Summary of research studies examining inherently luminescent nanoparticles for the detection of latent fingermarks; NIP: no information provided, continued 

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination 

light 
Ref. 

2019 polystyrene 
nanoparticles 

glass slide charged NIP solution blue 177 

2015 
Cu7S4 
nanocomposites  

cell phones, USB disks, marble floors, clear sticky tape charged NIP solution UV 178 



  

27 

 

1.4.2 Nanoparticles combined with fluorescent agents 

The combination of a luminescent agent and a nanoparticle, such as hybrid 

organic/inorganic nanoparticles, is another class of robust and fluorescent reagents 

for the detection of latent fingermarks (see Table 1-2).4 

1.4.2.1 Silica nanoparticles 

Due to their controllable size and optical transparency, biocompatible mesoporous 

silica nanoparticles are suitable matrix materials to convey organic fluorescent dyes, 

increase their physicochemical stability and prevent photodegradation.202-205 

Theaker et al.206,207 conducted extensive studies concerning the development of 

latent fingermarks using separately doped nanoparticles with several fluorescent 

dyes including Rhodamine 6G, Rhodamine B, crystal violet, ethidium bromide and 

sodium fluorescein. Successfully developed fingermarks luminescing in various 

colours were developed.  

Moret et al.208 compared natural latent fingermarks on non-porous substrates 

developed with functionalised dye-doped silica nanoparticles against one-step 

luminescent CA and achieved almost similar quality of developed fingermarks using 

both techniques. Most recently, a similar comprehensive study was conducted by Lee 

et al.209 to compare dye-doped silica nanoparticles and CA followed by luminescent 

dye staining methods. 1724 natural latent fingermarks were developed in this study. 

As a general result, superior fingermarks development on various substrates were 

resulted using the CA method followed by dye staining. However, more consistency 

was observed with donor variation on the same substrate when the nanoparticle 

technique was applied. Huang et al.70 and Kim et al.210 enhanced adhesion of 

fluorescent dye-doped silica nanoparticles to the polar and non-polar components 

within the latent fingermark residue by coating the nanoparticles with 4-

(chloromethyl) phenyltrichlorosilane and polyvinylpyrrolidone as amphiphilic 

surfactants.  

Zhang et al.202 synthesised ultra-bright emissive oligomers (oligofluorene) 

conjugated silica nanoparticles with 97 % quantum yield and applied them for 
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successful development of bright latent fingermarks on non-porous substrates. In 

2018, Alsolmy et al.211 conducted a comprehensive investigation on fluorescein 

isothiocyanate-encapsulated silica nanoparticle synthetic techniques using different 

precursors and compared the effect of nanoparticle composition on the developed 

latent fingermarks on various non-porous substrates. Combination of silica 

nanoparticles with carbon through coating and doping techniques leads to the 

creation of non-toxic luminescent reagents which have been applied successfully for 

the detection of latent fingermarks.184,212 In a recent study, Zheng et al.213 used 

fluorescent silicon nanocrystals and loaded them into silica nanoparticles with a size 

of 30 nm, achieving high quantum yield (up to 70.6 %). Prepared fluorescent 

nanoparticles were applied using the powder dusting method on latent fingermarks 

deposited on non-porous substrates including glass, wood, stainless steel and a 

polyethylene film. The treated fingermarks were illuminated at 365 nm and 

photographed, with high quality minutiae including terminations, bifurcations, 

islands, and cores achieved.          

1.4.2.2 Metal oxide nanoparticles 

Metal oxide nanoparticles can also be associated with fluorescent agents and used 

for the development of latent fingermarks.39,67,80,214 Choi et al.39 reported 

preparation of a novel powder luminescing intensively at 650–700 nm. To prepare 

the powder, a new highly luminescent synthesised dye (perylene diimide compound) 

was absorbed onto titanium dioxide nanoparticles and applied for the development 

of latent fingermarks on non-porous substrates. Compared to commercial magnetic 

fluorescent powders (Black Emerald and Blitz Green), the synthesised powder 

presented weaker fluorescent fingermarks and less background interference.   

Dye-doped particles conjugated with antibodies have been applied in several studies 

for targeting sweat components within latent fingermarks.214-219 Hazarika et al.216-218 

provided luminescence images of latent fingermarks containing 

tetrahydrocannabinol (a component of marijuana), cotinine (a metabolite of 

nicotine), morphine (a metabolite of heroin) and benzoylecgonine (a metabolite of 

cocaine) using antibody-conjugated magnetic particles. Leggett et al.215 conjugated 
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Alexa Fluor 546 and Alexa Fluor 488 to anti-cotinine gold nanoparticles to detect 

orally ingested drugs in the sweat deposited in latent fingermarks. Fluorophore Red 

610-labelled gold nanoparticles conjugated with anti-L-amino acid antibodies were 

used by Spindler et al.220 to increase chemical interaction between nanoparticles and 

amino acids within the fingermark residue, enhancing selectivity and sensitivity. 
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Table 1-2 Summary of research studies examining nanoparticles combined with fluorescent agents for the detection of latent fingermarks; NIP: no information provided  

Year 
Luminescent nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination light Ref. 

nanoparticle luminescent agent 

2005 SiO2 carbon glass 
charged/ 
natural 

3 powder 
violet/blue/green/445 
nm laser 

212 

2008 SiO2 
crystal violate and 
Rhodamine 6G 

glass slide 
charged/ 
natural 

2 solution UV 206 

2009 SiO2 
fluorescein, fluorescein 
isothiocyanate, and WA6 
dye 

glass slide, polystyrene petri dish, aluminium foil, 
common white paper, white area of paper currency 

charged 1 powder/solution blue 203 

2011 SiO2 Rhodamine 6G 
aluminium foil, glass, porcelain, painted wood, 
plastic, leather, writing paper, envelope, fabric NIP 1 

powder (CA 
fumed/unfumed) UV 204 

2014 SiO2 Rhodamine 6G  aluminium foil natural 1 solution cyan 4 

2016 SiO2 pigment Red 254 glass, polystyrene NIP 1 powder UV 210 

2016 SiO2 Rhodamine 6G 
aluminium foils, black polyethylene, transparent 
polypropylene, glass 

natural 3 solution cyan 208 

2017 SiO2 oligofluorene  
stainless steel, plastic (polycarbonate), yellow tape 
for packaging, glass (cover glass) 

charged 1 powder UV 202 

2018 SiO2 
fluorescein 
isothiocyanate glass slides, aluminium foil, polystyrene petri dishes charged 2 solution violet 211 

2019 SiO2 
ruthenium complex 
RuBpy 

aluminium foil, transparent and green 
polypropylene sheets 

natural 3 solution blue 221 

2019  SiO2 

natural pigments 
(curcumin, blue and 
purple anthocyanin and 
carotene) 

metal can, glossy wallpaper, borosilicate measuring 
cylinder, plastic multi-coloured bottle, patterned 
porcelain mug, multi-coloured plastic bag, multi-
coloured paper box, patterned leather, fluorescent 
paper 

charged 4 powder blue 205 

2020 SiO2 safranine beaker, silicon wafer, sheet copper, coin, paper box charged 1 powder UV 222 

2019 SiO2 
silicon (siloxane 
fluorescent small 
molecule) 

glass, wood, stainless steel, polyethylene film charged 1 powder UV 213 

2007 gold  Alexa Fluor 488 or Alexa 
Fluor 547 

glass slides natural 1 solution blue/green 215 
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Table 1-2 Summary of research studies examining nanoparticles combined with fluorescent agents for the detection of latent fingermarks; NIP: no information provided, 
continued 

Year 
Luminescent nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination light Ref. 

nanoparticle nanoparticle 

2008 gold ZnO transparent polypropylene, black polyethylene bags, 
black polystyrene used for packaging, and aluminium foil 

NIP 3 solution UV 223 

2007 TiO2  
perylene diimide 
dye 

glass slides, polyethylene bags, painted wood (from 
dismantled furniture) 

charged 1 powder cyan 39 

2009 ZnO /TiO2 Styryl 8 and Styryl 
9M dye  

soft drink label charged 2 powder orange 80 

2012 Al2O3 Styryl 11 dye 
glass slides, Fanta soft drink can, resin-laminated 
medium density fibreboard, polyethylene zip-lock bags 

charged/ 
natural 

5 powder green 67 

2016 Fe3O4 diacetylene paper, aluminium foil charged NIP powder fluorescence microscopy 214 
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1.4.3 Engineered luminescent nanotechnology  

As the next generation of imaging techniques with the aim to suppress background 

fluorescence and increase sensitivity, forensic scientists have benefitted from 

upconversion luminescent nanoparticles (see Table 1-3).58,224-226 Upconversion is an 

anti-Stokes process in which the sequential absorption of two or more low-energy 

photons leads to high-energy luminescent emission. In this promising technique, 

UCNPs-treated latent fingermarks luminesce at a shorter wavelength (short NIR, 

visible or UV) than the wavelength they are illuminated with (NIR region of the 

spectrum). Singh et al.226 utilised Er3+/Yb3+ co-doped Gd2O3 nanocrystalline phosphor 

for the first time in 2009 to develop latent fingermarks in two different colours (red 

and green).  

Lanthanide-doped rare earth fluorides225,227-229 and oxides230-232 are common UCNPs 

which have been used for latent fingermark development. In 2011, Ma et al.233 

reported an application of the anti-Stokes method with lanthanide-doped rare earth 

fluoride for detecting latent fingermarks on challenging multi-coloured and 

fluorescent non-porous substrates, including Australian polymer banknotes. In this 

and the following study in 2012,157 NaYF4:Er,Yb and YVO4:Er,Yb micrometre-sized 

particles were applied as a dry powder, suspension in aqueous media and CA post-

treatment. To remove background interference, treated latent fingermarks were 

illuminated at 980 nm using a laser and recorded through an infrared blocking filter 

(short-pass 700 nm filter).  

In 2011, Liu et al.234 introduced lanthanide-doped rare earth fluoride nanocrystals 

(NaYF4:Yb,Er) which were stabilised with oleic acid and used with the multi-colour 

upconversion technique to develop blue, green and red treated latent fingermarks. 

Wang et al.235 later used an optimised solvothermal method based on reaction time, 

temperature and composition to synthesise uniform and highly photoluminescent 

NaYF4:Yb,Er nanocrystals and applied them for detection of latent fingermarks on 

single-colour, multi-colour and strongly fluorescent, smooth substrates utilising the 

upconversion method. 
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A combination of the upconversion imaging method and molecular recognition was 

a novel approach used by Wang et al.18 to substantially increase the sensitivity of 

detection. NaYF4:Yb,Er UCNPs conjugated with lysozyme-binding and cocaine-

binding aptamers were used to target lysozyme as a polypeptide component in 

human sweat, a common endogenous component in fingermark residue, and cocaine 

exogenous contamination. Commercially available marble surfaces (such as kitchen 

benchtops etc.) were used as substrates because they exhibit strong purple 

autofluorescence when illuminated with long-wavelength UV light (365 nm). Treated 

latent fingermarks were illuminated at 980 nm and photographed with a digital 

camera.18  

In previous studies, UCNPs-treated latent fingermarks luminesced in the visible or UV 

region of the spectrum. Recently, Nd3+-sensitised UCNPs were designed which emit 

in the deep red and NIR region (696 and 980 nm) when excited at a NIR wavelength 

(808 nm) and facilitate dual-channel imaging.236 The UCNPs are made of a NaYbF4:Tm 

core and two layers of NaYF4:Yb and NaNdF4:Yb. These engineered structures 

enhanced the photoluminescence intensity through efficient energy transport and 

elimination of cross-relaxation. Latent fingermarks and blood fingermarks deposited 

on paper labels of soft drink cans and polyethylene bags were immersed in the 

working solution. The treated fingermarks were then illuminated at 808 nm and 

imaged using collecting and analysing upconversion and Stokes emission signals. 

Inorganic/organic hybrid nanostructures (NaGd0.78Er0.02Yb0.2F4-Eu(DBM)3Phen) are 

another recently developed dual-mode phosphor with high quantum yield used for 

latent fingermark detection using UV and NIR excitations.72,179,236-238 
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Table 1-3 Summary of research studies examining engineered luminescent nanotechnology for the detection of latent fingermarks; NIP: no information provided  

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination 

light 
Ref. 

2009 lanthanide: Gd, 
Er, Yb 

glass plate, metal surface, fresh leaf NIP NIP powder 976 nm 226 

2011 lanthanide: Er, Yb 
glass slides, polyethylene bags, polystyrene/acrylic telephone handsets, polyester 
playing cards, polystyrene petri dishes, soft drink labels, aluminium foil, ceramic 
plates, beer cans, glossy paper, electrical tape (PVC), Australian polymer banknotes 

charged 6 
powder (CA fumed 
and 
unfumed)/solution 

980 nm 233 

2012 lanthanide: Er, Yb 
glass slides, polyethylene bags, plastic soft drink labels, soft drink cans, glossy 
magazine paper, adhesive tapes, clear tape with plastic backing, black cloth tape, 
yellow cloth tape, PVC duct tape, Australian polymer banknotes 

charged 2 powder/solution 980 nm 157 

2014 lanthanide: Yb, Er marble, glass slide, petri dish, coin charged 10 solution 980 nm 18 

2014 lanthanide: Er, Yb glass slide NIP 1 powder 980 nm 230 

2014 
lanthanide: Er, Yb, 
La glass slide NIP 1 powder 980 nm 231 

2015 
lanthanide: Er, Yb, 
La 

glass slide, Indian one hundred rupee note, playing card, glossy paper, plywood charged 2 powder 980 nm 224 

2015 lanthanide: Yb, Er 
transparent glass, white ceramic tiles, black marble, marbles with complex patterns, 
note papers, Chinese paper money, plastic plates charged 1 powder 980 nm 235 

2015 lanthanide: Yb, Er 
glass, marble, alumina alloys, wood floor, ceramic tiles aluminium alloy sheets, 
stainless steel sheets, aluminium foils, plastic cards, floor leathers, ceramic tiles, 
wood floor, painted woo train ticket, printing paper, magazine cover, note paper 

charged 1 powder 980 nm 227 

2015 
lanthanide: Yb, Er, 
Ce 

compact disc, aluminium foil, glass slide, photocopy paper, hard paper, banknotes charged 6 powder (CA fumed) 980 nm 225 

2016 lanthanide: Nd, 
Yb, Tm, Nd 

soft-drink labels, polyethylene bags charged NIP solution 980 nm 236 

2016 
lanthanide: Yb, Er, 
Tm, Ho 

plastic plates charged 1 solution 980 nm 228 

2016 lanthanide: Gd, 
Ho, Yb 

transparent biological glass plate, aluminium foil, plastic bottle, book cover, 
plywood surfaces 

charged 1 powder/solution 980 nm 232 

2017 
lanthanide: Eu, 
Gd, Er, Yb 

glass slides, aluminium foil NIP NIP powder 980 nm 237 

2017 
lanthanide: Yb, 
Ho 

glass, plastic petri dish, Korean 500 won coin eccrine 1 powder 980 nm 229 
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Table 1-3 Summary of research studies examining engineered luminescent nanotechnology for the detection of latent fingermarks; NIP: no information provided, 
continued 

Year 
Luminescent 
nanoparticle 

Substrate Secretion 
No of 

donors 
Development 

method 
Illumination 

light 
Ref. 

2018 
lanthanide: Eu, 
Sm 

glass, foil, tile, plastic NIP NIP solution 980 nm 239 

2019 
lanthanide: Er, Yb, 
Gd, Eu, Tb 

glass petri dish, plastic petri dish, plastic sealed bag, aluminium alloy, ceramic tile, 
mouse knife, wrench, wood charged 1 powder 980 nm 240 

2019 
lanthanide: Tm, 
Yb 

soft drink can, paper, silicon charged 1 powder 976 nm 241 

2019 
lanthanide: Lu, 
Yb, Tm, Er glass, galvanized steel sheet, polystyrene, ceramic, aluminium plat charged 2 powder 980 nm 242 

2020 
lanthanide: Yb, 
Tm 

glass slide, VIP card, IC card, foam board, A4 paper, school calendar lanthanide: charged NIP 
powder (I2 fuming 
after powdering) 

980 nm 243 
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1.5 Practical concerns 

It has previously been mentioned that application of colloidal nanoparticles for the 

detection of latent fingermarks is preferable to powdering due to higher selectivity 

and sensitivity and lower safety concerns, as demonstrated in Figure 1-4-a. Despite 

this, to date only around 32 % of reported approaches have used this method, and 

approaches using powdering remain predominant.  

Variability in donor characteristics (such as age, sex, physical condition and personal 

habits), deposition conditions (such as the pressure of the fingertips against the 

surface and the contact duration) and the substrates are some of the challenges 

facing fingermark detection research, as outlined in several studies.33,244-246 To deal 

with these challenges, the International Fingerprint Research Group (IFRG) published 

a guideline thoroughly describing the best practical approach to validate novel and 

improved fingermarks detection methods.247 However, to date, a significant number 

of the nanoparticle literature has not been investigated according to IFRG guidelines, 

either because they predated the guideline or they were published by the groups 

outside of the forensic science with limited awareness of fingermark detection 

practices overall.  

The IFRG guidelines have been only mentioned in 7 % of the studies after its first 

version published in 2014.247 For example, according to IFRG guidelines, all details of 

the collection of fingermarks should be thoroughly explained in the report. However, 

a large percentage of the studies did not even mention fundamental details such as 

the number of donors (38 %) and type of the secretion (29 %) (Figure 1-4-b and c). 

As another example, IFRG guidelines recommend natural (uncharged) fingermarks 

for validation of novel detection techniques, however, 49 % of the studies used only 

charged fingermarks (Figure 1-4-c).  

There is a need for fingermark detection research to be conducted in a way that 

provides appropriate data. Regarding the nanoparticle-based fingermark detection 

research, one reason for inappropriate data collection could be that a considerable 

proportion of the studies have been carried out by groups with strong nanoparticle 
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and weak forensic backgrounds. On the other hand, one of the challenges is for 

forensic scientists to understand the complexities of nanoparticle synthesis. 

Therefore, the most reasonable approach could be that forensic researchers work in 

close collaboration with nanoparticle experts, specifically in case of the detection of 

fingermarks.8  

 
Figure 1-4 Distribution of the number of publications that used different (a) development methods, 

(b) number of donors and (c) types of secretions (based on Table 1-1, Table 1-2 and Table 1-3). 

1.6 Aims and Overview 

The focus of this thesis is to investigate and develop new detection reagents and 

methods based on nanotechnology to enhance visualisation of latent fingermarks. 

Therefore, overall aims were established as per the following:  

 Design and characterisation of engineered nanostructured materials with high 

capacity for detection of latent fingermarks;  

 Investigation of the sensitivity and selectivity of the designed nanostructured 

materials on latent fingermarks on various substrates;  

 Investigation of the effect of principal characteristics of nanoparticles on 

visualisation quality. 

The intention of this project was to be carried out using the IFRG guidelines to 

provide guidance for the experimental design regarding the approach to collecting 

and developing latent fingermarks. This approach, which is thoroughly outlined in 

Chapter 2, is common to all experimental chapters (Chapters 3, 4 and 5). Chapter 2 

also includes the common methodologies used for the characterisation of 

nanoparticles. 
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In Chapters 3 and 4, enhanced Egyptian blue nanosheets and CuInS2/ZnS QDs 

solution are introduced as two non-toxic, deep-red NIR luminescent nanoparticles to 

deal with challenging dark, multi-coloured and multi-patterned substrates which 

typically pose major problems when attempting to visualise latent fingermarks.  

Chapter 5 is a proof of concept study to demonstrate that the nanoparticle 

morphology as a fundamental characteristic is important for their capability of 

development of latent fingermarks.  
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Chapter 2 Experimental methods 
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2.1 Introduction 

This chapter presents a variety of different instrumental approaches used to 

characterise the nanoparticles and develop latent fingermarks common to all 

chapters. Common techniques for the collection and development of the fingermarks 

used in the following chapters are also discussed here. Any variations to these 

methods are highlighted in the relevant chapters. 

2.2 Characterisation 

2.2.1 Scanning electron microscopy 

In a scanning electron microscope (SEM), the surface of the sample is scanned by a 

beam of electrons. These electrons interact with the atoms within the specimen and 

lose energy, either through the excitation and replacement of another electron 

(secondary electron) or elastic scattering (backscattered electron). These secondary 

and backscattered electrons are collected by related detectors and images are 

produced from the sample. These images can be produced based on the topography 

of the sample when using secondary electrons or difference in the compositions 

when using backscattered electrons.248  

A ZEISS SEM (EVO 40XVP, Carl Zeiss AG, Germany) was used for investigating the 

morphology and size of the Egyptian blue (EB) particles in Chapter 3. Data were 

collected from secondary electron emissions. The SEM was equipped with a tungsten 

filament, variable pressure secondary electron (VPSE) detector, System Control 

SmartSEM™** GUI, and Inca software. Acceleration voltages of 15 and 20 kV, a spot 

size of 300 nm, and working distances (WD) of 8.5, 9.0 and 9.5 mm were applied for 

imaging. An Oxford Instruments energy dispersive x-ray spectroscopy (EDS) system 

with silicon detector was used to collect spectra for elemental detection. 

A high vacuum CamScan SEM (CS 3200 LV, CamScan Electron Optics Ltd, UK) with a 

tungsten filament was used for both investigating the morphology and size of the EB 

particles and imaging the developed fingermarks. Data were collected from 

backscattered electron emissions using a Robinson backscattered electron detector 
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and analysed with SEM operating CamScan Helios software (version v.5.2.26). An 

acceleration voltage of 25 kV, spot size of 6.22 nm, and WD of 33.98 mm were applied 

for imaging.  

For ZEISS SEM, samples were prepared by dispersing the particles in deionised water 

and sonicating them for approximately 2 min. Subsequently, these suspensions were 

spin-coated on a glass slide at 3000 rpm for 2 min. Afterwards, samples were carbon-

coated to increase conductivity. To prepare the samples for CamScan SEM, powders 

were sprinkled over a carbon-coated substrate. To increase conductivity, the 

fingermarks were deposited on germanium disks and the substrates mounted on the 

SEM sample stubs. 

2.2.2 Transmission electron microscopy 

A transmission electron microscope (TEM) was used to investigate the shape and size 

of quantum dots (QDs) synthesised in this thesis. In TEM, a high voltage beam of 

electrons produced by an electron gun strikes the specimen in a finely focused state. 

Depending on the thickness and electron transparency of the specimen, only a 

portion of the electrons are transmitted through the specimen. Based on the density 

of the transmitted electrons, an image of the specimen is generated on a stage in 

different shades. This image is magnified and focused onto an imaging device such 

as a digital camera.248 In this work, a JEOL TEM (JEM-2100, JEOL, Japan) with a 

tungsten filament running at an accelerating voltage of 120 keV was used. TEM 

specimens were prepared by depositing one drop of the QDs solution on carbon-

coated copper grids.  

2.2.3 Atomic force microscopy 

An atomic force microscope (AFM) is a form of scanning probe microscope based on 

the interaction between a sharp probe and the sample surface to image topography 

at the nanometre-scale. This can be used to evaluate materials’ properties such as 

friction, conductivity, viscoelasticity and electrical and magnetic forces.249-251 In an 

AFM, a sharp tip attached to a flexible spring-like microcantilever raster scans over 

the surface of the sample. The motion in 3 dimensions (x, y, and z directions) is 
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facilitated by a piezoelectric scanner controlling either the cantilever or the sample. 

Depending on the nature of the tip motion, there are three imaging set-ups including 

contact mode, non-contact mode and tapping mode. Tapping mode was selected in 

this work, since it enables working under ambient conditions and imaging of delicate 

and loosely held samples like nanoparticles252,253 through reduced lateral and normal 

forces.251,254,255 In tapping mode, the piezo scanner rapidly vibrates the cantilever up 

and down at, or near, its resonance frequency and makes the tip intermittently tap 

the surface. Therefore, once the tip comes close to the surface, their interactions 

through atomic forces such as Van der Waals forces, dipole-dipole interactions and 

electrostatic forces affect the amplitude of the cantilever's oscillation. The 

magnitude of deflections is subsequently recorded by a laser beam deflection 

system. The reflected laser beam of the end of the cantilever is collected by a position 

detector and, through a z feedback mechanism, the piezoelectric scanner is adjusted 

to maintain a constant oscillation amplitude. An image of the topography is achieved 

by plotting the z motion as a function of the tip horizontal position (x and y).248,249,256 

Phase and height imaging of EB particles in Chapter 3 were carried out using an AFM 

(Alpha 300 SAR+, WITec, Germany) in intermittent contact mode (or tapping mode), 

f0=320 kHz, k=42 N/m, using an NCHV-A probe (aluminium coating on cantilever 

backside). The experiment was conducted under ambient conditions (20-23 °C and 

35-40 % relative humidity). AFM imaging of both the coated and uncoated particles 

was performed under the same instrumental settings and conditions. Data were 

analysed using Gwyddion 2.45 (WITec, Germany) software. For sample preparation, 

particles were dispersed in deionised water and sonicated for about 1 minute before 

being spun coated onto freshly cleaved mica substrates at 1500 rpm for 1.5 min. 

2.2.4 Optical microscopy 

Shape and size of the pigments investigated in Chapter 3 were studied by two optical 

microscopes, a Leica compound microscope (Leitz Diaplan, Germany) and a Nikon 

microscope (Labophot-2, Nikon Instruments Inc., Japan). Nikon microscope was 

equipped with Nikon CF optical system, a Kohler illumination system (6 V/20 W 

halogen-bulb light), three objectives (E Plan 4/0.1 160/-, 10/0.25 LWD, and 40/0.65 
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160/0.17), CFWN 10x/20 eyepieces, Abbe 1.25 bright field condenser and a variable 

illuminator control potentiometer. Leica microscopes were used in transmission 

mode and were equipped with four objectives (2.5/0.08 PL 160/-, 10/0.30 PL 

Fluotar*160/-, 25/0.60 PL Fluotar *160/0.17 and 40/0.70 PL Fluotar *160/0.17), Leitz 

Periplan GF12.5x/20M eyepieces, Leica DFC480 camera and halogen bulbs (12 V/100 

W). 

For sample preparation, a drop of Refractive Index (RI) oil (1.5500±0.0005 Series, 

Cargille Laboratories, USA) with a small amount of the powder was mixed on a glass 

slide, covered with a microscope coverglass (circular, No.1, ProSciTech, Knittel, 

Germany) and tapped with a tweezer to disperse the particles. 

2.2.5 Dynamic light scattering 

Dynamic light scattering (DLS) is a common technique to measure the size and zeta 

potential of small particles.257-259 A DLS instrument (Zetasizer Nano ZS, Malvern 

Panalytical, UK) equipped with a 633 nm (red) laser was employed for measuring the 

zeta potential of the prepared EB particles in Chapter 3 using a Capillary Zeta Cell 

(DTS 1060). To measure the zeta potential, the electrophoresis process is used to 

measure the electrophoretic mobility of the particles.259 An electron field is 

generated between two electrodes positioned in the cell. Under the influence of the 

applied electron field, charged particles dispersed in liquid migrate towards the 

electrodes of opposite charge, with different velocities depending on the type and 

magnitude of their charge as well as opposing viscous forces. This velocity is called 

electrophoretic mobility and is measured using the Laser Doppler Velocimetry (LDV) 

technique.259 A laser beam passes through the particles and is scattered by moving 

particles. The scattered beam is collected by a detector and the characteristic 

frequencies in it, including fluctuating intensity signal, are extracted by a digital signal 

processor. The rate of fluctuation is relative to electrophoretic mobility. The zeta 

potential is then calculated using the Henry equation(Equation 2-1).259 
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Equation 2-1 

𝑈 =
2 × 𝜀 × 𝑧 × 𝑓(𝐾𝑎)

3 × 𝜂
 

 z: zeta potential 
UE: electrophoretic mobility 
ε: dielectric constant 
η: viscosity 
ƒ (Ka): Henry’s function (1.5 for aqueous media) 

For sample preparation, low concentrated suspensions of the powders in Milli-Q 

water (18.2 MΩ) were sonicated (UP400S, Hielscher, Germany) for less than 30 s 

(power output: 400 W and working frequency: 24 kHz). For each suspension, the 

surface charges of three subsamples were measured. Five replicates were measured 

per subsample, resulting in a total of 15 replicates per suspension. 

2.2.6 Ultraviolet-visible spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy is widely used to collect absorption spectra 

and calculate the concentration of nanoparticles solutions.116,260-262 The radiated light 

is absorbed by the sample and its intensity decreases. Absorbance can be calculated 

following Equation 2-2. The concentration of the nanoparticles solution can then be 

calculated based on the Beer-Lambert law (Equation 2-3). 

Equation 2-2 

𝐴 = − log
𝐼

𝐼
 

A: absorbance 
I0: the initial intensity of light 
I: the intensity of transmitted light 

Equation 2-3 

𝐴 = 𝜀 × 𝑏 × 𝑐 

A: absorbance 
ε: absorptivity coefficient 
b: pathlength 
c: concentration 

Absorption spectra of the pigments investigated in Chapter 3 were collected using a 

CRAIC UV-Vis-NIR microspectrophotometer (QDI 2010, CRAIC Technologies, 

California) in absorbance mode over a range of 300-800 nm (averaging 50 scans, 

resolution factor=2, light source: xenon lamp aperture size 8 µm x 8 µm (size 4), 36x 

reflecting objective). CRAIC MSP software was used for analysing the data. Samples 

were loaded onto the microscope stage as dry powders with no further preparation.   
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Absorption spectra of the QDs investigated in Chapter 4 and Chapter 5 were collected 

using a Perkin Elmer UV-Vis spectrometer (Lambda 35, Perkin Elmer, USA) over 

wavelength range of 190-1000 nm. The instrument was equipped with deuterium 

and tungsten halogen lamps and a Seya Namokia monochromator. PerkinElmer UV 

WinLab software (version 6.0.2.0723) was used for analysing the data. Starna Type 

21 Standard Rectangular cells with a polytetrafluoroethylene stopper were used as 

sample cells (10 mm pathlength).  

2.2.7 Fluorescence spectroscopy 

Photoluminescence (PL) spectra of the pigments investigated in Chapter 3 were 

collected in the solid-state using an Edinburgh UV-Vis-NIR spectrometer (FLS980, 

Edinburgh Instruments, UK) equipped with 450 W ozone-free xenon arc lamp and a 

Hamamatsu R5509-42 detector. The spectral range of this spectrometer is from the 

deep-UV at 200 nm to the infrared (IR) at 1700 nm. 5 mm in diameter nuclear 

magnetic resonance (NMR) glass sample tubes (Sigma-Aldrich Pty., USA) were used 

to hold the powders inside the sample chamber. Fluorescence lifetime was measured 

from the slope of the emission decay graph (Equation 2-4).  

Equation 2-4 

𝐹(𝑡) = 𝐹 × 𝑒-  

F (t): intensity at time t 
F0: intensity at time t = 0 
t: time after the absorption 
τ: the fluorescence lifetime  

Luminescent characteristics of the QDs investigated in Chapter 4 and Chapter 5 were 

studied using a Cary Eclipse spectrophotometer (Agilent Technologies Inc., USA) 

equipped with two Czerny-Turner monochromators and a 15 W xenon flash lamp, 

Schwartzchild collection optics and two photomultiplier detection tubes. The 

spectrometer has a spectral range from 190 nm to NIR at 900 nm with an accuracy 

of ±1.0 nm. The data were analysed with Cary Eclipse Scan Application software 

(version 1.2 (147)). Starna Type 23 Standard Rectangular cells with a 

polytetrafluoroethylene stopper were used as sample cells (10 mm pathlength). 
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2.2.8 Infrared spectroscopy 

Attenuated total reflectance Fourier transform infrared (FTIR-ATR) spectroscopy was 

used to collecting mid-infrared (MIR) and far-infrared (FIR) absorption spectra to 

study the chemical bonding of the pigments investigated in Chapter 3 and the QDs 

investigated in Chapter 4. The absorption peaks acquired by IR spectroscopy are in 

accordance with the frequencies of bond vibrations such as stretching and bending. 

Since each molecule has a unique chemical structure and chemical bond 

combination, the IR spectrum can be considered as a ‘fingerprint’ for different 

substances.248  

The peak intensities of the absorption spectra were also studied to compare the 

particle size of the pigments investigated in Chapter 3. Several studies previously 

reported that with a decrease in the particle size, the peak intensity increased.263-266 

In ATR, an absorption spectrum is obtained using reflected IR radiation collected after 

several internal reflections occur between the interface of the sample and the crystal 

with high RI relative to the sample (evanescent wave). In this case, the beam extends 

only a small distance (0.5-2 μm) into the sample. Therefore, the more contact area 

gives a better signal due to decreased background (Equation 2-5).263 Smaller particles 

could be compacted more tightly and fill the voids between them to increase this 

contact area and therefore increase absorption.263 

Equation 2-5 

𝑑𝑝 =
𝜆

2𝜋 sin 𝜃 − (𝑛 𝑛⁄ )
 

dp: penetration depth of the IR light 
λ: wavelength of the IR light 
θ: the angle of incidence of the IR light 
n2: average RI of the sample 
n1: the internal reflection element  

Two FTIR spectrometers were used to study chemical bonding in this study. The first 

instrument was a Nicolet spectrometer (Nicolet iS50, ThermoFisher Scientific, USA) 

with a single-bounce ATR module (diamond crystal with RI nDiamond=2.4 and depth of 

penetration of 1.66 µm (at 45˚, 1000cm-1)), tungsten-halogen white light source, KBr 



 

47 

 

beamsplitter, and deuterated triglycine sulfate (DTGS) detector. Spectra were 

recorded over the range of 4000-400 cm-1 with 512 and 64 accumulated scans per 

sample for the QDs solutions and the pigments, respectively. The spectral resolution 

was 4 cm-1 and scan velocity was 0.4747 cm/s. For solid-state samples (powder), the 

spectrometers were equipped with a pressure arm that was used to maintain a 

constant contact force between the sample and the diamond sampling crystal. For 

liquid samples, one drop of the sample was placed on the diamond sampling crystal. 

The second instrument was a Bruker spectrometer (IFS 125/HR, Bruker, USA) with an 

ATR module (diamond crystal) located at the Australian synchrotron (Clayton, 

Victoria); part of Australia's Nuclear Science and Technology Organisation (ANSTO). 

For collecting MIR spectra (4500-400 cm-1), a Globar source, KBr beamsplitter and 

MCTm (medium band) detector were used. For collecting FIR spectra (1000-0 cm-1), 

the synchrotron source, a Mylar multilayer beamsplitter and Si Bolo Ch1 detector 

were used. Each sample was run four times (128 scans per run) and averaged (512 

accumulated scans per sample). Spectra were recorded with 4 cm-1 spectral 

resolution and 40 kHz scanner velocity. 

OPUS software (version 7.0 Build: 7, 0, 129 20111219) was used to analyse the data.  

2.3 Collection of latent fingermarks 

Fingermark collection was conducted in accordance with the Curtin University 

Human Research Ethics Committee (Approval Number HRE2016-0252). In this 

regard, a participant information sheet and a consent form were provided to donors 

before fingermark collection (see Appendix A).  

Substrates, including glass slides (25 mm × 75 mm × 1 mm, precleaned, LabServ), 

germanium disks (in-house germanium substrate), circulated and uncirculated 

Australian polymer banknotes, gloss white and patterned ceramic tiles (unknown 

manufacturer) and yellow aluminium soft drink cans (Solo, Australia) were washed 

thoroughly with detergent, rinsed with acetone and deionised water several times 

and allowed to air dry before deposition of fingermarks. Other substrates including 
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fluorescent and transparent sticky tapes (Scotch, Australia), black and blue adhesive 

insulating tapes (Nitto Denko, Japan) aluminium foil (Capri brand heavy duty catering 

foil) and zip-lock bags (Bullseye clear polyethylene bags) were used in their newly 

purchased state without further treatment.  

Donors, both male and female aged between 20-50 years, were asked not to wash 

their hands for at least half an hour prior to fingermark collection. For collecting 

charged fingermarks, donors were asked to rub the tips of their fingers across the 

nose and forehead to transfer sebaceous components to the fingermark secretion. 

For collecting natural fingermarks, donors were asked not to wash their hands or 

touch chemicals for at least 30 min prior to fingermark donation. All fingertips were 

rubbed together before fingermark deposition to uniformly distribute skin 

secretions. Fingermark samples were collected by having donors touch the 

substrates and hold their fingers on them for approximately 4 s. 

Fingermark depletion series to assess the sensitivity of the method were prepared 

by asking donors to press the same fingers sequentially (up to 6 times) without any 

delay between each deposition on the substrate to produce a series of increasingly 

weaker secretion residues (Figure 2-1-a). 

Split fingermarks were used in comparative testing. To collect split fingermarks, two 

substrates were attached side by side and three middle fingers were used for 

deposition (Figure 2-1-b). The International Fingerprint Research Group (IFRG) 

guidelines were followed in terms of the number of donors, collection of fingermarks, 

and the split-mark approach.247  



 

49 

 

 

Figure 2-1 Schematic of (a) depletion series and (b) split fingermarks from three middle fingers. 

All fingermark samples were stored in an office environment away from the sunlight 

without any light protection. The temperature (20-23 °C) and relative humidity (28-

67 %) were monitored using a Digitech QP-6013 data logger throughout storage.  

Permission was granted by the Reserve Bank of Australia to conduct the described 

experiments on the banknotes, including cutting notes where necessary. 

2.4 Treatment of latent fingermarks 

2.4.1 Development with powder dusting 

Powder dusting in Chapter 3 was applied using soft brushes including single-use 

disposable fibreglass (TheBreeze, USA) and natural camel hair brushes (Model 

Master, 3/8”, USA) to prevent damage to the fingermarks caused by too stiff brushes 

as reported previously.82,267 A swirling movement of the brush was used when 

applying the powders. 
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2.4.2 Development with a working solution 

For the development of latent fingermarks, one bath containing the working solution 

and one bath containing deionised water were prepared. The collected latent 

fingermarks were immersed in the QDs working solutions investigated in Chapter 4 

and Chapter 5. Where applicable, the working solution was gently orbitally shaken 

(less than 40 rpm) on a PathTech Basic Orbital Mixer for various durations. The 

developed fingermarks were then rinsed and shaken in the deionised water bath to 

remove excess QDs adhering to the substrate. Figure 2-2 shows a schematic of the 

development procedure. Finally, the developed fingermarks were dried in an oven 

(ZRD-A5055, Zhicheng®, China) at 30 °C for a maximum of 10 min.  

 
Figure 2-2 Schematic of development of latent fingermarks using nanoparticles working solution. 

2.5 Photography of developed fingermarks 

Developed latent fingermarks were photographed in a dark room using a digital 

camera. Two digital cameras were used; a Nikon camera (D300, Nikon, Japan) and a 

Canon camera (EOS 40D, Canon, Japan). The Nikon camera was equipped with an AF-

S Micro NIKKOR 60 mm lens and a Tamron 62 mm Skylight 1A filter. The Canon 

camera was modified to photograph in the IR region. As part of the modification, the 

camera’s internal IR blocking filter, which normally reduces the natural sensitivity of 

charge-coupled device (CCD) and complementary metal oxide semiconductor 

(CMOS) sensor to IR radiation, was removed. The camera was equipped with a Canon 

EFS 18-55 mm lens.   

Both cameras were installed on a Firenze mini repro stand in a darkened room for 

the respective imaging. The aperture and shutter speed for each photo were chosen 

to enhance the contrast and visibility of the developed fingermarks and are provided 
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under each figure. The cameras were connected to a desktop computer running 

Nikon Camera Control Pro 2 software (version 2.8.0) to use the live view and remote-

control functions of the camera. 

Developed fingermarks on various substrates were illuminated with either a white 

light LED square array (Camera Electronics, North Perth, Australia) or a forensic light 

source (Polilight PL500, Rofin, Australia). The Polilight is able to produce various 

wavelength output bands (Figure 2-3). 

 
Figure 2-3 Forensic Rofin Polilight (left) and the output bands of the lamps (right).268 

Where applicable, the images of fingermarks were processed and the brightness and 

contrast were adjusted using Adobe Photoshop CC (version 14.1.2×64) to enhance 

ridge details. However, the same modifications were applied to the fingermarks for 

comparison studies to maintain consistency. 
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Chapter 3 Near-infrared luminescent dusting powder for the 
detection of latent fingermarks: surface modified 
Egyptian blue nanosheets 

 

 

 

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

Sorour Shahbazi, John V. Goodpaster, Gregory D. Smith, Thomas Becker, Simon W. Lewis, Preparation, 
characterization, and application of a lipophilic coated exfoliated Egyptian blue for near-infrared 
luminescent latent fingermark detection. Forensic Chemistry, 2020. 18: p. 100208.  
DOI: https://doi.org/10.1016/j.forc.2019.100208    
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3.1 Introduction 

Powder dusting is the most frequently used method for latent fingermark detection 

on non-porous substrates.43,67 An important consideration when selecting a 

fingermark dusting powder concerns the optical properties of the substrate, with 

photoluminescent powders being advantageous when dealing with dark, multi-

coloured or patterned substrates. Luminescence increases the contrast between 

latent fingermarks ridges and the underlying substrate by moving the means of 

detection outside of the ambient illumination.7,166 

A wide range of photoluminescent powders are commercially available, with most 

exhibiting fluorescence within the visible part of the spectrum (400-700 nm). 

However, many potentially interfering substances also fluoresce within this region 

and could contribute to background interference, including printing inks and optical 

brighteners.86,269,270 Near-infrared (NIR) region (700–1000 nm) luminescent materials 

have the potential to improve the visualisation of fingermarks since very few 

substrates luminesce strongly in this range of the spectrum.80,86,137 Despite this 

advantage, only a limited number of NIR luminescent powders have been reported, 

such as fpNATURAL 1.80,83,85,86 

A recent addition to the previously reported powders is Egyptian blue (EB, 

cuprorivaite, CaCuSi4O10).81,84 It has been used for decorative purposes since ancient 

times and is still commercially available as an artist’s pigment today.271 EB strongly 

luminesces at 910 nm when excited with visible light (λmax=630 nm).272-275 Art 

conservation scientists have utilised this property to identify the pigment’s use on 

antiquities via NIR photography since about 1990.276 EB is a very durable pigment 

that is largely insensitive to oxygen, pH and temperature, although its chemical 

reactivity is not completely understood.84,277 The pigment is also inexpensive and 

non-toxic, which makes the powder very suitable for latent fingermark detection on 

a wide range of substrates without background interference. 

EB has been successfully applied to detecting latent fingermarks on diverse non-

porous multi-coloured substrates.81,84 It was found that the large particle size of 
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commercial pigment powder (approximately 50 μm) caused weak adhesion between 

the powder particles and the fingermark secretions, and therefore, the particle size 

had to be reduced through milling. The particle size of the commercial pigment 

material was reduced to approximately 5 μm after 30 min of micronising with 

corundum grinding pellets.84 However, gradual surface wear of the corundum pellets 

was reported, which leads to significant corundum contamination over long grinding 

periods and a resulting dilution of the luminescent material.84 Contemporaneous 

with this work, King et al.81 reported a similar approach using EB as a fingermark 

powder, although utilising a different excitation band in the NIR (λex=780 nm) to avoid 

issues of interferences with the NIR luminescent dyes that appear to be used for 

United Kingdom polymer banknotes. 

Johnson-McDaniel et al.277 reported a method in which the multi-layered structure 

of EB crystals was delaminated under very simple experimental conditions and EB 

nanosheets were produced. In this method, the pigment was stirred in hot water 

(approximately 80 °C) to exfoliate the copper silicate layers. They also studied the 

physical and photophysical characteristics of the nanosheets for their potential 

applications in materials science. The strong luminescence was retained even in this 

nanoscale form. 

One major issue with the powder dusting method is a potential lack of selectivity and 

sensitivity because of inherently weak adhesion between the inorganic particles and 

organic residues.68,278 To increase sensitivity, selectivity and adhesion, lipid-modified 

powders have previously been developed to enhance latent fingermark 

detection.69,70 Sodhi et al.69 extracted natural hydrophobic constituents from bean 

seeds to coat aluminium oxide nanoparticles and increase their interaction with the 

oily components of the latent fingermarks. Using these modified nanoparticles, the 

latent fingermarks on various substrates were developed successfully. In another 

study, Huang et al.70 prepared amphiphilic silica nanoparticles to successfully develop 

charged latent fingermarks from 10 donors deposited on glass slides.  
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This work presents different approaches to decrease the size of EB particles using 

micronisation and exfoliation, to enhance the developed latent fingermark ridge 

details. A range of surfactants containing long hydrocarbon chains and different 

functional groups were applied to coat the particles to enhance adhesion to the 

latent fingermark secretion. Properties of uncoated and lipophilic coated powders 

were determined using advanced materials characterisation techniques including 

scanning electron microscopy and atomic force microscopy as well as luminescence 

and infrared (IR) spectroscopy. The prepared powders were compared for their 

ability to reveal latent fingermarks on a range of substrates including highly 

patterned, multi-coloured Australian polymer banknotes which have strongly 

luminescent features in the visible range. 

3.2 Experiment 

3.2.1 Chemicals 

EB pigment investigated included commercially available samples; Kremer 

(Catalogue No. 10060, Kremer Pigmente Inc., Germany) and Rublev Colours (CAS No. 

10279-60-4, Series No. 7, Natural Pigments Inc., USA) and non-commercial sample 

(O’Connell 1973 EB powder). The O’Connell 1973 sample was produced by A. 

O’Connell as a student of the Cooperstown Graduate Program in the Conservation of 

Historic and Artistic Works (Buffalo State College). Cetyltrimethylammonium 

bromide (CTAB, Sigma-Aldrich Pty. Ltd., 99 %), palmitic acid (PA, Sigma-Aldrich Pty. 

Ltd., ≥99 %), and n-dodecylamine acetate (n-DA, Optimum Technology, Australia) 

were employed as lipophilic coatings. fpNATURAL® 1 (Pathtech, Foster+Freeman, 

Australia) and Blitz Red® (BR, Criminal Research Products, LLC) powders were used 

as commercially available fluorescent fingermark powders for comparison.  

3.2.2 Decreasing Egyptian blue pigment size 

3.2.2.1 Micronisation of Egyptian blue powder 

Micronised Egyptian blue (MEB) pigment was prepared as described by Errington et 

al.84 using a micronising mill (McCrone, USA); however, agate grinding elements 

(McCrone, USA) were used instead of corundum to minimize possible contamination 
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from erosion of the corundum elements as reported by Errington et al.84 First, less 

than 3 g of EB powder was mixed with 5 mL of ethanol. A 125 mL capacity 

polypropylene slotted-lid jar was filled with the prepared slurry and agate elements, 

then placed into the micronising mill and vibrated for an hour. Once micronising was 

completed, the mixture was poured into a container and left to dry in a fumehood 

under ambient conditions (20-26 °C and 23-72 % relative humidity). 

3.2.2.2 Exfoliation of Egyptian blue powder 

Exfoliated Egyptian blue (EEB) powder was prepared using a modified version of the 

method reported by Johnson-McDaniel et al.277 3 g of EB pigment and 90 mL of 

deionised water were stirred using a glass-coated magnet in a round-bottom flask for 

11 days at 85 °C. The EEB particles were isolated using a centrifuge (5000 rpm for 3 

min), and the supernatant was decanted. EEB particles were left to dry overnight 

under ambient conditions or in an oven (ZRD-A5055, Zhicheng®, China) at 30 °C. 

Coating of EEB powder 

To coat the EEB particles, 1 g of CTAB powder was added to the mixture of EB and 

water inside the round-bottom flask before stirring. After coating, excess CTAB was 

removed by rinsing the EEB particles three times with deionised water and 

centrifuging as described above. 

All fingermark dusting powders were stored in an oven at 30 °C to minimise the 

possible agglomeration due to humidity. 

3.2.3 Characterisation 

Photoluminescence (PL) characteristics of the dusting powders were characterised 

using Edinburgh and CRAIC ultraviolet-visible-NIR (UV-Vis-NIR) spectrometers. 

Chemical bonding was analysed with Nicolet and Bruker Fourier transform infrared 

(FTIR) spectrometers. The zeta potential of the powders was measured by Malvern 

dynamic light scattering (DLS). The size, shape and phase of the powders were 

studied using Leica and Nikon optical microscopes, ZEISS scanning electron 
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microscope (SEM) and WITec atomic force microscope (AFM). See Chapter 2, Section 

2.2 for more instrumental and sample preparation details. 

3.2.4 Collection and visualisation of latent fingermarks 

Natural and charged latent fingermarks were deposited on ceramic tiles, glass slides, 

glass petri dishes, aluminium drink cans, white tiles and circulated Australian 

banknotes and developed using powder dusting technique.267 Developed 

fingermarks were illuminated by a Polilight and photographed with the Canon and 

Nikon cameras. The Canon camera was equipped with an RM90 IR long-pass filter, 

which cuts off transmission of radiation shorter than approximately 900 nm. The 

Nikon camera was fitted with a Schott OG550 1 % 529 nm orange filter. See Chapter 

2, Sections 2.3, 2.4 and 2.5 for details regarding collection, treatment and 

photography of the latent fingermarks. 

3.3 Results and discussions 

3.3.1 Characterisation of Egyptian blue pigment  

First, characteristics of unmodified EB powders were studied. Three sources of EB 

powders (commercial Kremer and Rublev and non-commercial O’Connell 1973) were 

studied to establish what (if any) variation there was. EB powder was previously 

characterised in several studies.279-282  

Figure 3-1-a1-c1 provides the physical appearance of the powders in macro scale. As 

expected, all exhibited strong luminescence at long wavelengths (more than 900 nm) 

when illuminated at 590 nm and photographed through an IR long-pass filter (Figure 

3-1-a2-c2).84,272-274 Figure 3-1-d shows typical microscopic characteristics of EB 

particles, with sizes in the range of tens of micrometres and irregular shapes.  
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Figure 3-1 Photographs of (a) Kremer, (b) Rublev and (c) O’Connell 1973 EB pigments under (a1-c1) 

ambient lighting (LT29i Sony camera, f-stop: f/2.4, exposure time: 1/100 s) and (a2-c2) illumination at 
590 nm (Canon camera through IR long-pass filter, f-stop: f/11, exposure time: 2 s). (d) Image of 
Kremer EB particles captured by Leica optical microscope. Images were acquired from different 

areas to show size and shape distribution. 
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Luminescence spectra were obtained for the three samples of pigment (Figure 3-2-a 

and b), with all showing essentially identical absorption and PL spectra. There are 

minor differences between the excitation spectra of the O’Connell 1973 powder 

compared to the other two commercial powders that is more likely due to minor 

impurities in its crystallographic structure or additives since it was not a commercially 

prepared powder. As per absorption spectra in Figure 3-2-b, maximum absorption 

occurs at 627 nm for all three pigments and according to Figure 3-2-a, luminescence 

takes place in the range of 800-1200 nm (λmax=916 nm) when excited at 630 nm. 

These PL characteristics are consistent with previous studies.84,272-274 According to 

Pozza et al.273 luminosity of cuprorivaite is due to light absorption and electronic 

transitions in the Cu2+ ion as a first-row transition-metal ion. The inset in Figure 3-2-

b illustrates electron energy levels for Cu2+ ions.  

Figure 3-3 shows long excited-state lifetimes (τ) for the pigments (146 µs, 158 µs and 

120 µs, see Chapter 2, Section 2.2.7, Equation 2-4). A quicker decay was observed for 

the Rublev powder that could be as a result of some minor additions in the powder. 

These lifetimes are in the microsecond range and significantly longer than the typical 

fluorescent lifetime of an organic fluorophore, which is approximately 10 ns.283 

Although not investigated in this work, the long fluorescent lifetime of EB renders it 

an excellent candidate for fluorescence lifetime imaging or time-resolved imaging, 

which could be suitable for elimination of fluorescent backgrounds.284 
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Figure 3-2 (a) Luminescence excitation (solid lines, λem=916 nm) and emission (dashed lines, λex=630 

nm) and (b) absorption spectra of Kremer, Rublev and O’Connell 1973 EB pigments. Spectra were 
normalised to unity and have been offset for clarity. Inset in (b) shows the conduction and valence 

bands for Cu2+ cations.273  
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Figure 3-3 PL decay graphs of Kremer, Rublev and O’Connell 1973 EB pigments. Table shows 

measured fluorescent lifetimes based on the PL decay curves. 

PL spectra of Kremer EB pigment were compared with fpNATURAL® 1 powder, which 

is a commercial organic/leaf extract-based NIR-luminescent fingermark powder 

(Figure 3-4). The emission peak for fpNATURAL® 1 (λex=580nm) is just outside the 

visible region at 730 nm, while the emission peak for EB pigment is at 916 nm.  

Figure 3-5 shows EB and fpNATURAL® 1 powder under ambient lighting and 

illuminated at different wavelengths using the Polilight. The illuminated powders 

were photographed through the IR long-pass filter (900 nm cut-on, see Section 3.2.4). 

At longer wavelengths (≥ 450 nm), EB powder appeared noticeably brighter than 

fpNATURAL® 1 powder. The longer emission wavelength of EB powder, combined 

with its strong luminescence quantum yield,274 should facilitate more elimination of 

challenging multi-coloured and multi-patterned substrates leading to improved 

contrast in development of latent fingermarks compared to fpNATURAL® 1.  
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Figure 3-4 Luminescence excitation (solid lines) and emission (dashed lines) spectra of Kremer EB 

pigment and commercial fpNATURAL® 1 powder. Spectra were normalised to unity. (Line 1) λem=916 
nm and λex=630 nm. (Line 2) λem=730 nm and λex=580 nm. 

 
Figure 3-5 Photographs of (a) EB and (b) fpNATURAL® 1 photographed with a Canon camera under 
(a1 and b1) ambient lighting (f-stop: f/9, exposure time: 1/320 s) and illumination at (a2 and b2) 620 

nm, (a3 and b3) 555 nm, (a4 and b4) 505 nm, (a5 and b5) 450 nm, (a6 and b6) 350 nm (IR long-pass 
filter, f-stop: f/5.6, exposure time: 1.6 s). 
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The three samples of pigment (Kremer, Rublev and O’Connell 1973) were also 

studied using mid-infrared (MIR) spectroscopy (Figure 3-6). The spectra of the three 

pigments were very similar except for a minor peak at 789 cm-1 that is absent in the 

spectrum for Kremer EB pigment.  

As per previous reports, EB is made of several layers of tetrasilicates and CuO4 

squares separated by Cu2+ ions. The chemical structure of EB is shown as an inset in 

Figure 3-6-a.84,285-287 Peaks between 1230 cm-1 and 420 cm-1 have been reported in 

several studies for EB powder,279-282 which can be assigned to symmetrical and 

asymmetrical Si-O-Si stretching (Table in Figure 3-6).  

Far-infrared (FIR) spectra of Kremer, Rublev and O’Connell 1973 EB pigments were 

collected using a Bruker spectrometer (synchrotron source). As shown in Figure 3-7 

similar spectra were obtained for the three pigments, which can be considered as a 

characteristic FIR spectrum for EB pigment and were consistent with previous 

reports.288,289 Peaks at 520 cm-1 and 479 cm-1 can be assigned to Cu-O 

stretching.290,291 The peak at 479 cm-1 can also be assigned to O-Si-O bending 

vibrations.292,293 Peaks located within the wavenumbers of 360-300 cm-1 can be 

assigned to calcium oxide.294  
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Figure 3-6 (a) MIR spectra of Kremer, Rublev and O’Connell 1973 pigments. (b) Spectra in narrower 

ranges of wavenumbers. Data were collected using a Nicolet FTIR spectrometer. Table shows the 
vibrational frequencies observed in MIR spectra. Inset in (a) shows the chemical structure of EB.287 
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Figure 3-7 FIR spectra of Kremer, Rublev and O’Connell 1973 pigments. Data were collected with a 

synchrotron source Bruker FTIR spectrometer. 

An SEM image and an elemental spectrum collected by energy dispersive 

spectroscopy (EDS) from Kremer EB particles are shown in Figure 3-8. As expected, 

the elemental spectrum indicates the presence of Cu, Si, Ca and O elements. 
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Figure 3-8 (a1 and b1) SEM images of EB particles indicating the place of collection of (a2 and b2) EDS 

spectra.  
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3.3.2 Micronised Egyptian blue powder 

The first experiment for visualisation of a latent fingermark using EB by Errington et 

al. 82 offered proof of concept that although the EB powder would adhere to the 

fingermark residue, it was obviously overdeveloped and lacked clear ridge details. 

Furthermore, when the excess powder was brushed off the fingermark, almost all 

luminescence was lost.  

The issue appeared to be related to the size of the EB particles, which would affect 

their ability to adhere cleanly to the delicate ridges. Therefore, to make the EB 

powder suitable for the fingermarks development, the size of the particles should be 

decreased. As reported by Errington et al.,84 30 min micronising of EB powder 

reduced the size of the particles from approximately 40 µm to 5 µm, which 

consequently increased adhesion of the particles to the latent fingermark secretion 

and improved the quality of developed fingermarks.  

This section presents a more in-depth study into the application of MEB powder for 

the development of latent fingermarks using a wider range of substrates, including 

challenging multi-coloured ones, and increased number of fingermarks. MEB-

developed fingermarks were also compared to fpNATURAL® 1 as an NIR-luminescent 

commercial fingermark dusting powder. 
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3.3.2.1 Characterisation of micronised Egyptian blue 

Figure 3-9-a and b illustrates that the colour of the pigment changed from dark blue 

to light blue and its luminosity decreased after micronisation. According to previous 

studies, the size of EB particles affects the pigment’s shade of blue.277,295 Larger 

clusters of rectangular blue crystals consist of Cu2+ cations linked by silicate 

tetrahedra produce a darker blue colour of EB pigment and smaller clusters produce 

the lighter blue colour. However, despite this decrease compared to the original EB, 

the MEB still luminesces more strongly in NIR region compared to fpNATURAL® 1 

powder (Figure 3-9-c).  

 
Figure 3-9 Photographs of (a) EB, (b) MEB and (c) fpNATURAL® 1 photographed with a Canon camera 
under (a1-c1) ambient lighting (f-stop: f/9, exposure time: 1/320 s) and (a2-c2) illumination at 620 nm 

(IR long-pass filter, f-stop: f/5.6, exposure time: 1.6 s). 

Figure 3-10 shows that the decrease in the size of EB particles, after micronisation, 

did not affect the wavelength ranges of PL emission and excitation spectra. Also, the 

fluorescent lifetime estimation in Figure 3-11 revealed no considerable changes in 

the fluorescent lifetime (146 µs). 
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Figure 3-10 Luminescence excitation (solid lines) and emission (dashed lines) spectra of EB and MEB 
powders. Spectra were normalised to unity and have been offset for clarity. (Line 1) λem=916 nm and 

λex=630 nm. (Line 2) λem=950 nm and λex=630 nm.  

 
Figure 3-11 PL decay graphs of EB and MEB powders. Table shows measured fluorescent lifetimes 

based on the PL decay curves. 
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3.3.2.2 Performance of micronised Egyptian blue for the detection of latent 

fingermarks 

As a preliminary investigation, fresh charged fingermarks on a yellow aluminium 

drink can were dusted with MEB. Figure 3-12 illustrates that the developed 

fingermarks were highly luminescent in the NIR region and fingermark ridge details 

including perspiration pores were clearly detectable. As per Figure 3-12-b2 and c2, 

strong luminosity in the NIR region in combination with a visible light filter facilitated 

a noticeable reduction in the background interference. This result compares well to 

those reported by Errington et al.84  Some patterns of the substrate were still visible 

under illumination. The reason could be the different surface characteristics in these 

areas such as the porosity of the ink used for patterns. Therefore, there is less 

amount of fingermark residue on these parts. This leads to adhesion of a smaller 

number of particles and then luminosity of the developed fingermarks decreased in 

these areas compared to the rest of the mark.  

 
Figure 3-12 Fresh charged fingermarks from a female donor deposited on an aluminium drink can, 
treated with MEB and photographed with Canon camera under (a, b1 and c1) ambient lighting (f-

stop: f/11, exposure time: 1/1000 s) and (b2 and c2) illumination at white light band using a Polilight 
(IR long-pass filter, f-stop: f/11, exposure time: 30 s). 
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For further investigation, five depletions of natural fingermarks from two donors 

were collected on white tiles, aged for one week and dusted with MEB powder. The 

treated fingermarks were illuminated at 590 nm using the Polilight and 

photographed through the IR long-pass filter. Figure 3-13 illustrates the results. With 

ageing, the fingermarks rapidly lose moisture through evaporation, and their lipid 

components may change to harder, less sticky waxes because of chemical changes 

such as oxidation and degradation. 2,4,5,55,67,68 However, as shown in Figure 3-13, high-

quality ridge details of the fingermarks were visualised for all depletions. As 

expected, luminosity of the fingermarks decreased in the fifth depletions comparing 

to the first depletions because there were less moisture and oily components and 

therefore fewer particles adhered to the fingermark. 

 
Figure 3-13 five depletions of 1-week old natural latent fingermarks from 2 donors (one female and 

one male) deposited on the white tiles, treated with MEB and photographed with Canon camera 
(λex=590 nm, IR long-pass filter, f-stop: f/11, exposure time: 30 s). Brightness was increased by 100 % 

using Photoshop. 
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In the next step, the capability of MEB powder to develop latent fingermarks on 

different substrates was investigated. These results were compared with fingermarks 

visualised with fpNATURAL® 1 powder. It should be noted that to the best of our 

knowledge, fpNATURAL® 1 powder was the only available commercial NIR-

luminescent fingermark powder at the time of this study.* 

Fresh charged and natural fingermarks on ceramic tiles were treated with MEB and 

fpNATURAL® 1 powders. Treated marks were excited at white light band, 650 nm and 

590 nm. As shown in Figure 3-14 both powders developed fingermarks, however, 

MEB demonstrated much brighter marks. For both powders, the best contrast was 

achieved with 590 nm illumination (Figure 3-14-a4-d4). According to the excitation 

spectra of MEB and fpNATURAL® 1 powders in Figure 3-4, 590 nm excitation is very 

close to the excitation peaks for both powders. Illumination at this wavelength 

decreased the background interference noticeably. 

 

 

 

 

 

 

 

 

*Shortly after, fpNATURAL® 2, a formulation based on EB became commercially available, however, 
we were not able to source any to compare our powders with. 
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Figure 3-14 Fresh (a and b) charged and (c and d) natural latent fingermarks from a male donor 
deposited on the ceramic tiles, treated with (a and c) MEB and (b and d) fpNATURAL® 1 and 

photographed with Canon camera under (a1-d1) ambient lighting (f-stop: f/11, exposure time: 
1/1000 s) and illumination at (a2-d2) white light band, (a3-d3) 650 nm and (a4-d4)  590 nm (IR long-

pass filter, f-stop: f/11, exposure times: (a2-d2) 5 s, (a3-d4) 30 s). 
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To find the optimum illumination wavelength, fresh charged split fingermarks on 

glass slides were treated with MEB and fpNATURAL® 1 powders and illuminated at 

different wavelengths from 350 nm to 650 nm and at white light band. As shown in 

Figure 3-15, consistent with previous results (Figure 3-14), MEB powder developed 

much brighter fingermarks compared to fpNATURAL® 1 powder.  

For the side treated with MEB, maximum brightness along with darker background 

was achieved at 590 nm and 620 nm illumination. The brightness of fpNATURAL® 1-

developed fingermarks was increased using Photoshop software and are shown in 

Figure 3-16. Illumination at 590 nm yielded the best result. Therefore, illumination at 

590 nm was applied as the optimum wavelength for the rest of the investigations. 
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Figure 3-15 Fresh charged split latent fingermarks from a female donor deposited on the glass slides, 

treated with fpNATURAL® 1 (left side) and MEB (right side), illuminated at (a) white light band, (b) 
650 nm, (c) 620 nm, (d) 590 nm, (e) 555 nm, (f) 530 nm, (g) 505 nm, (h) 490 nm, (i) 470 nm,(j) 450 
nm, (k) 415 nm and (l) 350 nm and photographed with Canon camera (IR long-pass filter, f-stop: 

f/5.6, exposure time: 1.6 s).   



 

76 

 

 
Figure 3-16  fpNATURAL® 1 developed half of the fingermarks shown in Figure 3-15. (a) white light 

band, (b) 650 nm, (c) 620 nm, (d) 590 nm, (e) 555 nm, (f) 530 nm, (g) 505 nm, (h) 490 nm, (i) 470 nm, 
(j) 450 nm, (k) 415 nm and (l) 350 nm. Brightness was increased by 150 % using Photoshop. 
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Following International Fingerprint Research Group (IFRG) guidelines,247 an 

experiment was conducted including 8 donors (5 females and 3 males). Five 

depletions of their natural fingermarks (80 impressions in total) were deposited on 

white tiles and aged for one day. The fingermarks were dusted with MEB and 

fpNATURAL® 1 powders. The treated fingermarks were illuminated at 590 nm using 

the Polilight and photographed through the IR long-pass filter.  

Visualised fingermarks are shown in Figure 3-17. Out of 40 marks, MEB powder fully 

developed 23 marks, partially developed 13 marks and failed to develop 4 marks. 

fpNATURAL® 1 powder fully developed 3 marks, partially developed 18 marks and 

failed to develop 19 marks. Therefore, MEB successfully visualised most of the 

fingermarks, including the fifth depletions and thus significantly outperformed 

fpNATURAL® 1 commercial powder (Figure 3-18). It should be noted that lack of 

development (i.e. no powder adhered) and a lack of clear ridge detail in some cases 

may be because of either spread of secretions between the ridges due to over-

pressing the fingers onto the substrates, or damage of the fingermarks caused by 

dusting. 

To compare the capability of MEB and fpNATURAL® 1 powders for the detection of 

latent fingermarks on challenging multi-coloured and multi-patterned substrates, 

charged and natural latent fingermarks were deposited on 20 AUD (Figure 3-19 and 

Figure 3-21) and 50 AUD (Figure 3-20 and Figure 3-22) polymer banknotes as well as 

yellow aluminium drink cans (Figure 3-23). The latent fingermarks were then 

developed with MEB and fpNATURAL® 1 powders. MEB noticeably outperformed 

fpNATURAL® 1 in all cases, especially for natural fingermarks (Figure 3-21, Figure 

3-22 and Figure 3-23). 
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Figure 3-17 Comparison between MEB  (top row) and  fpNATURAL® 1 (bottom row): five depletions 

of 1-day old natural latent fingermarks from 8 donors deposited on the white tiles, treated and 
photographed with Canon camera (λex=590 nm, IR long-pass filter, f-stop: f/11, exposure time: 30 s). 

Brightness and contrast were adjusted using Photoshop.
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Figure 3-18 Comparison between MEB (top row) and fpNATURAL® 1 (bottom row): 5th depletion of the latent fingermarks shown in Figure 3-17 in higher magnification. 
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Figure 3-19 Comparison between MEB and fpNATURAL® 1: Fresh charged latent fingermarks from a male donor deposited on 20 AUD banknotes, treated with (a) MEB and 

(b) fpNATURAL® 1 and photographed with Canon camera (λex=590 nm, IR long-pass filter, f-stop: f/11, exposure time: 30 s). The banknotes in a1 and b1 were provided to 
show the general locations of the marks. Brightness and contrast were adjusted using Photoshop. 
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Figure 3-20 Comparison between MEB and fpNATURAL® 1: Fresh charged latent fingermarks from a male donor deposited on 50 AUD banknotes, treated with (a) MEB and 

(b) fpNATURAL® 1 and photographed with Canon camera (λex=590 nm, IR long-pass filter, f-stop: f/11, exposure time: 30 s). The banknotes in a1 and b1 were provided to 
show the general locations of the marks. Brightness and contrast were adjusted using Photoshop. 
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Figure 3-21 Comparison between MEB and fpNATURAL® 1: Fresh natural latent fingermarks from a male donor deposited on 20 AUD banknotes, treated with (a) MEB and 
(b) fpNATURAL® 1 and photographed with Canon camera (λex=590 nm, IR long-pass filter, f-stop: f/11, exposure time: 30 s). The banknotes in a1 and b1 were provided to 

show the general locations of the marks. Brightness and contrast were adjusted using Photoshop. 
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Figure 3-22 Comparison between MEB and fpNATURAL® 1: Fresh natural latent fingermarks from a male donor deposited on 50 AUD banknotes, treated with (a) MEB and 
(b) fpNATURAL® 1 and photographed with Canon camera (λex=590 nm, IR long-pass filter, f-stop: f/11, exposure time: 30 s). The banknotes in a1 and b1 were provided to 

show the general locations of the marks. Brightness and contrast were adjusted using Photoshop.
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Figure 3-23 Comparison between MEB and fpNATURAL® 1: Fresh natural latent fingermarks from a 

female donor deposited on the aluminium drink can, treated with (a and c) MEB and (b and d) 
fpNATURAL® 1 and photographed with Canon camera under (a1-d1) ambient lighting (f-stop: f/11, 

exposure time: 1/1000 s) and (a2-d2) illumination at 590 nm (IR long-pass filter, f-stop: f/11, 
exposure time: 30 s). 
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Successful development of the latent fingermarks from a wide range of donors 

deposited on various substrates using MEB and its superior performance compared 

to commercial fpNATURAL® 1 NIR-dusting powder presented that MEB could be a 

desirable powder for visualisation of the marks with a high level of ridge details. 

However, there was a possibility to decrease the size of EB particles even more and 

produce nanosheets using a relatively simple and cheap liquid exfoliation technique.  

3.3.3 Exfoliated Egyptian blue powder 

A simple approach to decrease the size of layered material is liquid exfoliation,296,297 

and as previously reported by Johnson-McDaniel et al.,277 there is a straightforward 

technique to delaminate the EB particles through vigorously stirring them in hot 

water.  

To prepare EEB dusting powder, calcium copper tetrasilicate layers of EB were broken 

and exfoliated by stirring in hot water at 85 °C for 11 days.277 For better 

understanding of the exfoliation process, a sample of EEB stirred for 3 days was 

prepared as well. The exfoliated samples were called EEB (for EB exfoliated for 11 

days) and EEB-3D (for EB exfoliated for 3 days). 

3.3.3.1 Characterisation of exfoliated Egyptian blue 

EB particles were characterised before and after exfoliation. As shown in Figure 3-24, 

the size of the particles was noticeably reduced after 11 days. Figure 3-25 shows SEM 

images of EB pigment and the EEB particles collected at different magnifications. As 

illustrated in Figure 3-25, the resulting powder was a mixture of exfoliated small 

particles (Figure 3-25-d-I) and nanosheets (Figure 3-25-j-o). AFM images in Figure 

3-26-a and b also demonstrates the height of the nanosheets. Based on SEM and 

AFM images, the dimensions of the nanosheets were determined to be less than 200 

nm in length and less than 5 nm in thickness. Johnson-McDaniel et al.277 reported 

nanosheets with thickness less than 10 nm being produced, which was consistent 

with our results. However, there were still intact EB particles with the same size as 

the unexfoliated particles. The histogram in Figure 3-26-c shows the size distribution 

of EEB nanosheets (see Appendix B, Figure B-1). 
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Figure 3-24 Images of (a) EB, (b) EEB-3D and (c) EEB captured by Nikon optical microscope. Images were acquired from different areas to show size and shape distribution.
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Figure 3-25 SEM images of (a-c) EB particles and (d-o) EEB particles and nanoparticles collected at 

different magnifications. 
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Figure 3-26 (a and b) AFM images of EEB nanosheets collected at different magnifications. (c) 

Histogram of dimensions of EEB nanosheets. 
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The average zeta potential of the EB and EEB and EEB-3D powders were determined 

by DLS to be -30.8 ± 1.2 mV, -24.8 ± 0.9 mV and -21.6 ± 0.8 mV, respectively (Figure 

3-27) (see Appendix B, Figure B-2). Since particles were dispersed in Milli-Q water, 

the zeta potential of Milli-Q water was presented as a reference (-5.1 ± 3.6 mV). The 

negative charge of the uncoated particles could be a result of exposed silicate and/or 

copper oxide ions in the structure, and the decrease in the zeta potential may result 

from losing these anions during delamination.   

 
Figure 3-27 Zeta potentials of (a) Milli-Q water, (b) EB and (c and d) EEB stirred for (c) 3 days and (d) 

11 days; measured by DLS. 
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As illustrated in Figure 3-28, similar to micronisation of EB (Figure 3-9), delamination 

into smaller particles predictably changed the colour of the powder from bright blue 

to pale blue. Although the luminosity of the powder was decreased after long-term 

delamination compared to the original powder, it was still strongly luminescent in 

the NIR region. 

 
Figure 3-28 Photographs of (a) EB, (b) EEB-3D and (c) EEB powders photographed by Canon camera 
under (a1-c1) ambient lighting (f-stop: f/9, exposure time: 1/50 s) and, (a2-c2) illumination at 590 nm 

(IR long-pass filter, f-stop: f/9, exposure time: 2 s). 

Absorption and PL spectra, as well as the fluorescent lifetime of the EB before and 

after exfoliation for 11 days, are compared in Figure 3-29 and Figure 3-30. As shown 

in these figures, the pigment exfoliation did not affect its emission characteristics 

significantly. Only the emission spectra red-shifted negligibly from 916 nm to 919 nm 

after exfoliation.  
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Figure 3-29 (a) PL excitation (solid lines, λem=916 nm) and emission (dashed lines, λex=630 nm) and 

(b) absorption spectra of EB and EEB powders. Spectra were normalised to unity. 
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Figure 3-30 PL decay graphs of EB and EEB powders. The table shows measured fluorescent lifetimes 

based on the PL decay curves. 

MIR and FIR spectra of EEB-3D and EEB powders were collected and compared with 

spectra of EB powder in Figure 3-31 and Figure 3-32. Although after exfoliation no 

significant IR band shifts were observed, the absorbance (peak intensity) increased. 

This phenomenon intensified with longer exfoliation duration. These changes are 

most likely due to the decrease in the EB particle size by exfoliation. Previous studies 

observed a similar phenomenon and reported that the particle size of inorganic 

powders affects IR peaks.263-265 A possible explanation is that smaller particles could 

be better compacted to decrease the void spaces, increasing the contact area 

between the sample and the crystal. This in turn would increase the signal intensity 

(as discussed in Chapter 2, Section 2.2.8).266 
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Figure 3-31 MIR spectra of EB, EEB-3D and EEB powders collected using a Nicolet FTIR spectrometer. 

No intensity modification was applied.  

 
Figure 3-32 FIR spectra of EB and EEB-3D and EEB powders collected using a Bruker FTIR 

spectrometer. No intensity modification was applied. 
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Surface modification of EEB 

Preliminary investigations explored the potential of coating EB particles with various 

lipophilic surfactants including CTAB, PA, and n-DA to enhance their capability for the 

detection of latent fingermarks. PA is a lipidic component (fatty acid) found within 

the fingermark secretion.6 n-DA is the surfactant used in the physical developer 

which is a fingermark detection technique based on silver nanoparticles.43 CTAB was 

previously used as the surfactant for the development of latent fingermarks using 

nanoparticles.189,193,233 These surfactants have long hydrocarbon chains that increase 

their lipophilic properties, potentially increasing their interaction with lipidic or waxy 

residues common to fingermarks.  

0.5 g of the coating agent was stirred with EB powder in 40 mL of methanol for 1 day. 

Fresh natural and charged latent fingermarks were treated with the uncoated and 

coated EB dusting powders. Figure 3-33 shows the developed fingermarks. Increased 

adhesion of EB particles to the fingermarks was observed for all coated particles 

compared to uncoated ones. Although n-DA showed the strongest luminescence of 

the surface-modified particles dusted onto charged fingermarks, the image lacked 

high-level ridge details. However, the CTAB-coated particles yielded noticeably 

improved results not only on charged latent fingermarks but also on natural ones 

(Figure 3-33-d and h). Therefore, subsequent experiments focused solely on CTAB as 

a surfactant for surface modification of EB pigment.  

For coating the exfoliated particles, as a simple one-pot technique, CTAB was added 

to the powder from the beginning to stir with EB particles. For better understanding 

of the coating process, a sample of EEB stirred for 3 days in the presence of CTAB was 

prepared as well. The samples were called EEB+C (for EB exfoliated in the presence 

of CTAB for 11 days) and EEB+C-3D (for EB exfoliated in the presence of CTAB for 3 

days). SEM images in Figure 3-34 illustrate reduced-size EEB+C particles (Figure 3-34-

a) and nanosheets (Figure 3-34-c).  
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Figure 3-33 Photographs of fresh (a-d) natural and (e-h) charged fingermarks from a male donor 

deposited on ceramic tiles, treated with (a and e) uncoated EB and (b and f) PA-, (c and g) n-DA- and 
(d and h) CTAB-coated EB, illuminated at white light band and photographed with Canon camera (IR 

long-pass filter, f-stop: f/11, exposure time: 5 s). 

 
Figure 3-34 SEM images of EEB+C (a) particles and (b) nanosheets; captured by CamScan and EVO 

SEM, respectively.  

 

In the following, the successful coating of the EEB particles with CTAB was 

demonstrated using AFM, DLS and FTIR spectroscopy. 

Figure 3-35 shows AFM images of topography and phase signal for CTAB-coated and 

uncoated EEB nanosheets. Comparing Figure 3-35-a1 and Figure 3-35-b1, coated 

particles with approximately the same size as uncoated ones appear slightly brighter, 
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indicating a larger thickness of the coated exfoliated particle. When phase imaging 

was carried out, less contrast was observed for the CTAB-coated particles, indicating 

a different interaction between the AFM probe and the respective particles (Figure 

3-35-a2 and b2). This altered interaction can be attributed to the surface coating of 

the EEB nanosheets, which is softer (i.e. more easily deformed under stress 

fluctuations) than the EB particles.298 

 
Figure 3-35 AFM images of the (a1 and b1) topography and (a2 and b2) phase signal of (a) EEB and (b) 

EEB+C nanosheets. Dashed circles indicate coated and uncoated particles with approximately the 
same size. 

  



 

97 

 

As mentioned before, the average zeta potential of the uncoated EEB powders was 

determined by DLS to be -24.8 ± 0.9 mV and -21.6 ± 0.8 mV for particles stirred for 3 

days and 11 days (EEB-3D and EEB), respectively. The DLS results from CTAB-coated 

exfoliated particles stirred for 3 days (EEB+C-3D) showed the presence of a less 

negative zeta potential (-18.5 ± 1.4 mV) compared to uncoated particles stirred for 

the same duration (Figure 3-36) (see Appendix B, Figure B-3). More noticeably, a 

positive zeta potential of +23.2 ± 1.9 mV was achieved after 11 days stirring in the 

presence of CTAB. Figure 3-37 demonstrates a comparison between the zeta 

potential of coated and uncoated particles stirred for the same duration. These 

changes in the zeta potential suggest the successful coating of the particles with 

CTAB. As CTAB is a cationic surfactant, electrostatic interactions between the 

surfactant and the negative zeta potential of the EB pigment is assumed to be the 

dominant coating mechanism. 

 
Figure 3-36 Zeta potentials of CTAB-coated exfoliated EB stirred for (a) 3 days and (b) 11 days; 

measured by DLS. 
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Figure 3-37 Zeta potentials of coated and uncoated exfoliated particles stirred for 11 days measured 

by DLS. 

To confirm the presence of the CTAB surfactant on the purified powder, FTIR 

spectroscopy was used to analyse the chemical bonding within the prepared 

powders (Figure 3-38). The pure CTAB presented characteristic peaks at 

2848 cm−1 and 2916 cm−1 that are assigned to -C-H symmetric and asymmetric 

stretching vibrations of the long alkyl chain of CTAB (Figure 3-38-a).279-282 Figure 

3-38-b shows that these peaks appeared in CTAB-coated particles as well. However, 

according to Figure 3-38-c, for EEB+C-3D particles, these peaks were shifted gradually 

to the longer wavenumber of 2851 cm−1 and 2920 cm−1, respectively. Also, the 

intensity of the peak at 2920 cm−1 decreased. These changes are even more 

noticeable for CTAB-coated EEB particles stirred for 11 days (EEB+C). This indicates 

the possible interaction between CTAB and EB particles.299 Additional peaks in the 

1500-1350 cm−1 and 750-700 cm−1 regions (Figure 3-38-d and e) arising from 

CH2 rocking and stretching vibrations of the ammonium group (CH3-N+) of CTAB were 

shifted or disappeared in coated particles.299,300 Taken together, these spectroscopic 

data confirm the presence of CTAB on the surface of the prepared EEB+C powders. 
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Figure 3-38 (a) MIR spectra of pure CTAB powder, as well as coated and uncoated EEB. (b-e) Spectra 

in narrower ranges of wavenumbers. Data were collected by Nicolet FTIR. Inset in (a) shows the 
chemical structure of CTAB.301 

PL and absorption spectra, as well as the fluorescence lifetime of the CTAB-coated 

and uncoated exfoliated powders, are given in Figure 3-39 and Figure 3-40. As shown 

by the spectra, CTAB coating the pigment did not affect the emission characteristics. 
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The CTAB coating also did not noticeably affect their brightness in the NIR region 

(Figure 3-41).  

 
Figure 3-39 (a) Luminescence excitation (solid lines, λem=916 nm) and emission (dashed lines, 
λex=630 nm) and (b) absorption spectra of coated and uncoated EEB powders. Spectra were 

normalised to unity. The baseline of the absorption spectra in (b) was set to zero. 
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Figure 3-40 PL decay graphs of coated and uncoated EEB powders. The table shows measured 

fluorescent lifetimes based on the PL decay curves.  
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Figure 3-41 Photographs of (a) CTAB-coated and (b) uncoated EEB photographed by Canon camera 
under (a1 and a2) ambient lighting (f-stop: f/9, exposure time: 1/50 s) and (b1 and b2) illumination at 

590 nm (IR long-pass filter, f-stop: f/9, exposure time: 2 s). 
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3.3.3.2 Performance of CTAB-coated exfoliated Egyptian blue for the detection 

of latent fingermarks 

Preliminary studies into the performance of EEB+C for the detection of latent 

fingermarks 

Initially, fresh charged latent fingermarks from one donor were dusted with EB, MEB 

and EEB powders. Figure 3-42 shows NIR-luminescent developed marks 

photographed under the same illumination and photography conditions. Although 

the brightness of the MEB- and EEB-developed fingermarks was less than EB-

developed ones, the ridge details were sharper with less background development 

due to smaller size of MEB and EEB particles. Comparing the size of the fingermark 

ridges (300-500 µm), the smaller size of the particles leads to accumulation of more 

particles specifically on the secretion rather than the background, which resulted in 

the development of the marks with a high level of ridge details. The presence of 

nanosheets in EEB powder enhanced this phenomenon and developed the mark in 

higher quality compared to MEB powder (Figure 3-42-b and c).  

 
Figure 3-42  Comparison between (a) EB, (b) MEB and (c) EEB: fresh charged fingermarks from a 

female donor deposited on white tiles, illuminated at 590 nm and photographed with Canon camera 
(IR long-pass filter, f-stop: f/11, exposure time: 5 s). 
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Figure 3-43 compares fresh charged fingermarks developed with CTAB-coated and 

uncoated EEB. As per Figure 3-43-a1 and b1, a larger number of coated particles 

adhered to the latent fingermarks compared to the uncoated ones. In this case, an 

increase in the lipophilic properties of the particles by coating them with CTAB 

caused more lipophilic interactions, greater adhesion to fingermarks, and hence 

better sensitivity. Predictably, an increase in the number of particles adhering to the 

fingermark residue led to higher luminosity (Figure 3-43-a2 and b2).  

In the next step, fingermarks were gently brushed with a feather brush to remove 

excess powder off the fingermark and the substrate. An illuminated fingermark 

developed with uncoated EEB in Figure 3-43-a3 demonstrates less luminosity after 

brushing because the particles were easily removed off the secretion. However, 

according to Figure 3-43-b3, luminosity of the fingermark developed with the coated 

particles did not significantly change, which could indicate stronger adhesion of the 

lipophilic coated particles to the fingermark residue.   

Finally, EEB+C as the final product was compared with EB as the original powder. 6-

day old natural fingermarks deposited on ceramic tiles with an uneven surface were 

used in this comparison. As demonstrated in Figure 3-44, fingermarks with finer ridge 

details were acquired with the application of coated exfoliated powder in 

comparison with the original powder. 
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Figure 3-43 Fresh charged latent fingermarks from a female donor, deposited on the white tiles, 

treated with (a) EEB and (b) EEB+C and photographed with a Canon camera under (a1 and b1) 
ambient lighting (f-stop: f/2.4, exposure time: 1/1000 s) and (a2, a3, b2 and b3) illumination at 590 nm 
(IR long-pass filter, f-stop: f/11, exposure time: 5 s). (a3 and b3) Images of treated fingermarks after 

being gently brushed.   
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Figure 3-44 6-day old natural fingermarks from a female donor, deposited on the ceramic tiles, 

treated with (a) EB and (b) EEB+C and photographed with a Canon camera under (a1 and b1) ambient 
lighting (f-stop: f/8, exposure time: 1/400 s) and (a2, and b2) illumination at 590 nm (IR long-pass 

filter, f-stop: f/8, exposure times: (a2) 2 s and (b2) 3.2 s). 

Comprehensive studies into the performance of EEB+C for the detection of latent 

fingermarks  

Several sets of experiments were conducted to study the performance of the CTAB-

coated EEB for the detection of latent fingermarks, as per the following stages:  

 Stage A: the sensitivity of uncoated EEB was compared to CTAB-coated EEB (a 

total of 72 impressions) 

 Stage B: the sensitivity of EEB+C was compared to the following powders (a total 

of 270 impressions) 

o EB as the original powder 

o MEB as the reduced-size EB powder 

o BR as the commercial fluorescent fingermark dusting powder  

 Stage C: the sensitivity of EEB+C particles in detection of aged fingermarks on 

different substrates was studied (a total of 105 impressions). 

 Table 3-1 is a demonstration of experimental details for each stage. All latent 

fingermarks were natural. 
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Table 3-1 Demonstration of the experimental details applied in stages A, B and C 

 powder substrate storage duration No. of donors No. of depletions 

st
ag

e 
A

 
EEB vs EEB+C glass 2 days 6 4 

st
ag

e 
B 

EEB+C vs EB 
glass 6 days 6 4 

banknote 2 days 3 1 

EEB+C vs MEB glass 
2 days 

6 4 
15 days 

EEB+C vs BR banknote 2 days 6 1 

st
ag

e 
C 

EEB+C 

banknote 15 days 6 3 
banknote 

2 months 2 1 
glass 

smooth tile 
rough tile 

 

Stage A: comparison between uncoated and coated EEB 

4 depletions of 2-day old natural split fingermarks from 6 donors were deposited on 

glass slides. The left sides of the split marks were treated with uncoated EEB and the 

right sides were treated with CTAB-coated EEB. Figure 3-45 illustrates the developed 

fingermarks. The fingermarks dusted with the coated EEB demonstrated better 

contrast and less background interference than similar fingermarks dusted with the 

uncoated EEB powder. Figure 3-46 demonstrates the noticeable outperformance of 

the coated EEB particles to adhere to the weaker secretions of the fourth depletions, 

compared to the uncoated EEB particles.  
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Figure 3-45 Comparison between EEB (left side) and EEB+C (right side): 4 depletions of 2-day old natural split fingermarks from 6 donors (3 females and 3 males) on glass 

slides, treated, illuminated and photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: f/11, exposure times: donor 1-5: 3.2 s, donor 6: 10 s).  
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Figure 3-46 Comparison between uncoated (left side) and CTAB-coated EEB (right side): 4th depletion 
of the fingermarks shown in Figure 3-45 in higher magnification. The perceived colour difference in 

some of these images is due to the concentration of powder deposited on the ridges. 
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Stage B: EEB+C versus original, micronised and commercial powders 

Comparison between EEB+C and EB 

CTAB-coated EEB as the final product was compared with EB as the original powder 

using natural latent fingermarks on glass slides and colourful polymer banknotes as 

semi-porous substrates.  

4 depletions of the natural split fingermarks from 6 donors (3 females and 3 males) 

on the glass slides were collected (a total of 72 impressions). Deposited latent 

fingermarks were aged for 6 days and then the left sides were dusted with EB and 

the right sides were dusted with CTAB-coated EEB. As per Figure 3-47, CTAB-coated 

EEB powder considerably outperformed EB powder in all illuminated fingermarks. 

Less background development, higher contrast and more ridge details were 

achieved. An explanation for this observation could be adhesion of more lipophilic-

coated EEB particles to the remained oily components of the residue after 6 days 

through lipophilic interactions, compared to the uncoated EB particles.  

According to Figure 3-48, both EB and CTAB-coated EEB powders demonstrated 

mostly the same performance in the development of 2-day old natural split 

fingermarks from 3 donors (a total of 18 impressions) deposited on different areas of 

5 AUD polymer banknotes. Higher background development for the 3rd donor is likely 

to be an artefact of dusting or the possible remained contamination on the note even 

after careful cleaning. 
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Figure 3-47 Comparison between EB (left side) and EEB+C (right side): 4 depletions of 6-day old natural split fingermarks from 6 donors (3 females and 3 males) on glass 
slides photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: f/8, exposure times: donor 1, 5, 6: 8 s, donor 2: 5 s, donor 3: 3.2 s, donor 4: 10 s). 
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Figure 3-48 Comparison between EB (left side) and EEB+C (right side): 2-day old natural split fingermarks from 3 donors (a female and 2 males) deposited on, 5 AUD 

banknote, treated and photographed with Canon camera under ambient lighting (top row, f-stop: f/9, exposure time: 1/25 s) and illumination at 590 nm (bottom row, IR 
long-pass filter, f-stop: f/9, exposure time: 8 s). 
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Comparison between EEB+C and MEB 

The sensitivity of CTAB-coated EEB was compared with MEB as another reduced-size 

EB powder using 4 depletions of 2-day old and 15-day old natural split latent 

fingermarks from 6 donors deposited on glass slides (total of 144 impressions). 

Figure 3-49, Figure 3-50 and Figure 3-51 show the results. Although the contrast of 

the visualised fingermarks was almost identical for both powders, especially for the 

first depletions, the difference between adherence of the coated exfoliated particles 

and the micronised ones became more noticeable in the fourth depletions of the 15-

day old latent fingermarks (Figure 3-51). In this case, an increase in the lipophilic 

properties of the particles by coating them with CTAB caused more lipophilic 

interactions, more adhesion to fingermarks, and hence better sensitivity.
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Figure 3-49 Comparison between MEB (left side) and EEB+C (right side): 4 depletions of 2-day old natural split fingermarks from 6 donors (3 females and 3 males), 

deposited on glass slides, treated and photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: f/9, exposure time: 5 s). 
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Figure 3-50 Comparison between MEB (left side) and EEB+C (right side): 4 depletions of 15-day old natural split fingermarks from 6 donors (3 females and 3 males), 

deposited on glass slides, treated and photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: f/9, exposure time: 5 s).
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Figure 3-51 Comparison between MEB (left side) and EEB+C (right side): 4th depletion of the 

fingermarks shown in Figure 3-50 in higher magnification. 
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Comparison between EEB+C and BR  

Finally, an experiment was performed to compare CTAB-coated EEB and BR as a 

commercially available fluorescent fingermark dusting powder. The powders were 

tested on different patterned areas in the next set of experiments.  

2-day old natural split impressions from 6 donors were deposited on 5 AUD polymer 

banknotes as an example of a common multi-coloured and multi-patterned substrate 

(Figure 3-52). Split latent fingermarks deposited on the Queen’s portrait and 

transparent lines were treated with EEB+C and BR. The advantage of using the NIR 

luminescent EEB+C for the highly patterned substrate is apparent in Figure 3-52. The 

background interference was effectively eliminated using coated EEB dusting 

powder. 
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Figure 3-52 Comparison between EEB+C (left side) and BR (right side): 2-day old split natural fingermarks from 6 donors (3 females and 3 males) deposited on 5 AUD 

banknotes. BR: photographed with Nikon camera (excitation: 505 nm, 529 nm orange filter, f-stop: f/9); EEB+C: photographed with Canon camera (excitation: 590 nm, IR 
long-pass filter, f-stop: f/9). ET stands for exposure time.  
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Stage C: Sensitivity of EEB+C for the detection of aged fingermarks 

The capability of the coated EEB powder in developing aged natural fingermarks on 

a range of different substrates were investigated. First, 3 depletions of 15-day old 

natural fingermarks from 6 donors was deposited on different areas of 5 AUD 

banknotes as common challenging substrates (a total of 90 impressions, Figure 3-53).  

Australian polymer banknotes have a variety of different surface features, and the 

difference in fingermark development could result from the age of the banknote or 

the different surface roughness, porosity, or other surface characteristics of these 

areas. According to the template shown in Figure 3-53, fingermarks were deposited 

on the rolling colour bird, transparent line, the Queen’s portrait, number 5 regions, 

and clear window. Figure 3-53 reveals that the fingermarks were developed with a 

range of development quality on different areas of the banknote; despite being 

deposited by the same donor. Even the 3rd depletions of the fingermarks were almost 

fully developed with good contrast against the transparent lines and rolling colour 

birds. However, partially developed fingermarks were achieved for number 5 regions 

and clear windows. Regarding fingermarks on the Queen’s portrait, fully developed 

marks were achieved in all depletions of 3 donors, however, the other 3 donors 

yielded partially developed marks. 
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Figure 3-53 3 depletions of 15-day old natural latent fingermarks from 6 donors (3 females and 3 
males) deposited on 5 AUD notes, treated with EEB+C, illuminated at 590 nm and photographed 

with Canon camera (IR long-pass filter, f-stop: f/9, exposure time: 10 s). 

For further investigation, 2-month old natural latent fingermarks were deposited on 

various substrates including a glass petri dish, a ceramic tile with an uneven surface, 

a white tile with a smooth surface and a 5 AUD polymer banknote (Figure 3-54 and 

Figure 3-55) (a total of 15 impressions). The collected marks were developed using 

coated EEB. Although these 2-months old fingermarks should contain far less 

moisture and oily components comparing the fresh ones, the glass petri dish 

presented ridges with a high level of detail (Figure 3-55-a1 and a2). However, 
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fingermark ridges on the white tile were not completely detectable in some regions 

(Figure 3-55-b1 and b2). This could be as a result of secretions spreading between the 

ridges due to either firmly pressing the fingers on the substrate or fingermark ridge 

drift over time.26,302 Fingermarks on the ceramic tile were not well developed and 

some of the powder was caught in the surface texture of the tile and decreased the 

contrast, however, some ridge details were detectable (Figure 3-55-c1 and c2). As 

described before, Australian polymer banknotes are very challenging substrates, 

however, Figure 3-55 and Figure 3-56 show that 2-month old fingermarks on 

different areas of the banknote were fully or partially developed using CTAB-coated 

EEB. 

 
Figure 3-54 2-month old natural latent fingermarks from 2 donors (a female and a male) deposited 

on the (a) petri dish, (b) white tile and (c) non-even ceramic tile, treated with EEB+C and  
photographed under (a1-c1) ambient lighting (LT29i Sony camera, f-stop: f/2.4, exposure time: 1/40 
s) and (a2-c2) illumination at 590 nm (Canon camera, IR long-pass filter, f-stop: f/9, exposure times: 

(a2 and c2) 5 s, (b2) 3.2 s). 
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Figure 3-55 2-month old natural latent fingermarks from a female donor deposited on a 5 AUD 
banknote, treated with EEB+C and photographed under (a1 and b1) ambient lighting (LT29i Sony 

camera, f-stop: f/2.4, exposure time: 1/32 s) and (a2 and b2) illumination at 590 nm (Canon camera, 
IR long-pass filter, f-stop: f/9, exposure times: (a2) 8 s, (b2) 13 s). 
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Figure 3-56 Modified photographs of the developed latent fingermarks shown in Figure 3-55 

deposited on (a) rolling colour bird, (b) transparent line, (c) fluorescent ink, (d) the Queen’s portrait, 
(e) number 5 regions, and (f) clear window. Photos were inverted and their brightness and contrast 

were adjusted using Photoshop. 
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3.4 Summary 

This chapter focused on the application of EB powder as a NIR-luminescent, non-toxic 

and relatively inexpensive powder to overcome the challenge of visualisation of 

latent fingermarks deposited on multi-coloured and multi-patterned semi-porous 

and non-porous substrates, as per the following: 

 Physical appearance, PL characteristics and chemical bonding of EB particles 

supplied from three different sources were investigated using different types of 

microscopy and spectrometry. No significant variations were observed between 

characteristics of EB powders from different sources. 

 Two approaches were taken to decrease the EB particle size to enhance their 

sensitivity for the detection of latent fingermarks; Micronisation and exfoliation. 

Advanced methods for materials analysis characterised the prepared powders 

and demonstrated the successful decrease in the size of the particles.  

o EB particles were micronised using a micronising mill and successfully 

developed the latent fingermarks from a wide range of donors deposited on 

various plain and multi-coloured semi-porous and non-porous substrates. 

MEB powder noticeably outperformed fpNATURAL® 1 as a NIR-luminescent 

commercial powder. 

o Liquid-exfoliation of highly durable layered EB particles was applied as a safe, 

simple and inexpensive method to decrease the particle size. The presence of 

the nanoparticles and nanosheets in the exfoliated powder were illustrated 

by the electron and atomic force microscopy. Using a simple one-pot method, 

the EB particles were coated with CTAB as a cationic lipophilic surfactant 

during exfoliation. This could interact electrostatically with the negative 

surface charge of the EB particles, thereby rendering them more attracted to 

the latent fingermark residue.  

o Preliminary and comprehensive experiments were conducted to investigate 

the performance of CTAB-coated exfoliated particles for the detection of 

latent fingermarks. CTAB-coated EEB demonstrated the highest contrast 

between EB, MEB and uncoated EEB especially in cases of higher depletions 
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of aged fingermarks. It also outperformed BR as a commercial fluorescent 

fingermark dusting powder for challenging substrates.  

o Finally, mostly high ridge details of 2-weeks and 2-month old fingermarks on 

various substrates were developed using CTAB-coated EEB. 
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Chapter 4 Deep-red to near-infrared luminescent aqueous 
nanoparticles for the detection of latent 
fingermarks: CuInS2/ZnS core/shell quantum dots  

 

 

 

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

Sorour Shahbazi, Rhiannon Boseley, Braden Grant, Dechao Chen, Thomas Becker, Oluwasesan 
Adegoke, Niamh Nic Daéid, Guohua Jia, Simon W. Lewis, Luminescence detection of latent fingermarks 
on non-porous surfaces with heavy-metal-free quantum dots. Forensic Chemistry, 2020. 18: p. 100222. 
DOI: https://doi.org/10.1016/j.forc.2020.100222     
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4.1 Introduction 

Detection of latent fingermarks using powder dusting of nanoparticles has recently 

raised safety concerns.133 Ultrafine airborne nanoparticles could be inhaled or 

absorbed through the skin and cause serious carcinogenic problems.5,133  One way to 

tackle this issue is by applying the nanoparticles in a solution form.53 Since deionised 

water has a minimum effect on the sebaceous (oily) component of latent fingermarks 

compared to organic solvents which wash them away, an aqueous working solution 

is an appropriate choice. 

Luminescent cadmium-based quantum dots (QDs) such as CdS,88 CdSe104 and 

CdTe109,119 have been used to successfully visualise latent fingermarks, but issues 

relating to the toxicity associated with heavy metals remains a concern. 174,303,304 To 

increase their biocompatibility, some reported methods have included covering the 

QDs with a surfactant or overcoating them with a non-toxic inorganic shell.66,112 

However, even with these techniques, the underlying issue of toxicity is unsolved.  

Heavy metal-free QDs such as carbon dots120-122 have been proposed as alternatives. 

However, the latent fingermarks visualised by these QDs luminesce in the visible part 

of the spectrum, thus exhibiting reduced detection sensitivity due to background 

interference.12,120-122,133 As discussed in Chapters 1 and 3, latent fingermark 

developers luminescing at longer wavelengths of the light spectrum (i.e. red to near-

infrared (NIR) region), have the potential to improve the detectability of fingermarks 

since there is less interference in this region.166 However, only a limited number of 

NIR-based techniques have been reported for the detection of fingermarks and these 

techniques suffered drawbacks including lack of contrast, being a post-treatment 

rather than a standalone process and toxicity.67,80,83,137 

To fill this technology gap, three key steps for the work described in this chapter were 

established: first, preparation of deep red-NIR luminescent QDs in a water-based 

solution; second, modification of the QDs to boost their affinity to interact with the 

fingermark residue; and third, optimisation of the protocol for simple and practical 

operational use. CuInS2 QDs, as I-III-VI ternary metal complex chalcogenides, were 
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suitable candidates due to their low toxicity, strong and broad absorption, intense 

emission and reasonable stability under photoexcitation.305-309  

Synthesis of QDs in an organic phase produces a uniform and brightly luminescent 

product. However, an organic synthesis method is complicated, time-consuming and 

expensive due to the tedious preparation steps, inert atmosphere condition, and 

high reaction temperatures (>200 ˚C).98,116,310 The yield of QDs is also very low 

(approximately tens of mg) and the required organic substances raise significant 

safety issues.116,311,312 Furthermore, as a post-synthesis treatment, QDs must be 

transferred from organic to aqueous phase by ligand exchange to render them 

biocompatible and applicable for fingermark development, which is a long process 

and may result in agglomeration and loss of QDs and their luminescence.116,119 These 

drawbacks limit the usage of this method for application in an operational 

environment. 

Preparation of QDs in water has the potential to be more rapid, straightforward, 

biocompatible and inexpensive.116 However, the surfaces of the as-prepared QDs 

have dangling orbitals (also called free radicals or surface traps) due to the sudden 

discontinuation of the crystal which are tentatively passivated by organic 

surfactants.307,313 Exposure of QDs to an aqueous environment results in a chemical 

reaction between these free radicals and oxidative species, leading to irreversible 

surface oxidation and a decrease in luminescence efficiency.98 Also, these broken 

bonds at the surface atoms are non-radiative recombination centres that reduce 

luminescence efficiency of QDs.307 Previous studies used nitrogen gas purging to 

solve the oxidation problem but this method cannot completely suppress the 

quenching effect.133,311  

As a more effective strategy, passivation of QDs with an inorganic shell made of other 

semiconductor materials such as ZnS noticeably minimises the trap-state defects and 

increases the luminescent quantum yield and stability.115-118 Emission spectra of 

CuInS2/ZnS QDs is tunable from 520 nm to 1100 nm by controlling their size, shape 

and composition.307,314 CuInS2/ZnS QDs have been used in a variety of light-emitting 
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applications such as solar cells,117,315,316 electro-luminosity,317,318 photocatalysts319 

and bio-imaging.116,310,320-322 However, to the best of our knowledge, ternary 

core/shell QDs with photoluminescence (PL) in the red-NIR range have not been used 

for fingermark visualisation. 

Aqueous-synthesis is capable of producing CuInS2/ZnS QDs using microwave-

assisted310 and hydrothermal methods,320 however, these approaches suffer 

drawbacks including the necessity of special facilities and being a time-consuming 

procedure. Most recently, a convenient, fast and inexpensive water-based synthesis 

method with a possibility of upscaling has been established to produce CuInS2/ZnS 

QDs more safely.116,306 In this approach, a mixture of copper, indium and sulfur 

precursors in water is heated at low temperatures (<100 ˚C) to produce the CuInS2 

core, and then a zinc precursor is added to form the shell around the cores.  

The first part of this chapter presents a preliminary investigation carried out using 

CuInS2/ZnS core/shell QDs synthesised in an organic solvent that were then 

transferred to the aqueous phase by ligand exchange. Although the prepared 

working solution gave promising results demonstrating that is possible to develop 

latent fingermarks on non-porous substrates with these QDs, all the aforementioned 

issues were experienced during the organic-synthesis and ligand exchange of the QDs 

as well as their application for fingermarks development. 

The second part of this chapter discusses the application of the recently introduced 

water-based approach115,304 with some modifications to produce CuInS2/ZnS QDs 

aqueous working solution that was used directly for the effective visualisation of 

fresh and aged latent fingermarks on different porous, semi-porous and non-porous 

substrates, without any further changes such as purification or pH and temperature 

adjustments. 
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4.2 Experiment 

4.2.1 Chemicals 

Copper acetate (Cu(Ac)2, 99.99 %), indium acetate (In(Ac)3, 99.99 %), zinc acetate 

dihydrate (Zn(Ac)2, 99.99 %), 1-dodecanethiol (DDT, 98 %), 1-octadecene (ODE, 90 

%), oleic acid (OA, 90 %), oleylamine (OAm, 97 %), potassium hydroxide pellets (KOH, 

>85.0 %), copper (II) chloride dihydrate (CuCl2, ≥99.99 %), ammonia solution (30 %), 

indium (III) chloride (InCl3, 99.99 %), sodium sulfide (Na2S), 3-mercaptopropionic acid 

(MPA, ≥99 %), 11-Mercaptoundecanoic acid (MUA, 98 %), and N-acetyl-cysteine 

(NAC, ≥99 %) were purchased from Sigma-Aldrich and Alfa Aesar. All chemicals were 

used without further purification. 

4.2.2 Preparation of working solutions 

4.2.2.1 CuInS2/ZnS QDs synthesised in the organic solvent 

Synthesis 

CuInS2/ZnS QDs solution was prepared in organic solvents following previous 

studies.323 The Zn stock solution was prepared before reaction by dissolving 0.367 g 

of Zn(Ac)2 (2 mmol) in 5 mL of ODE/OAm (4:1 volume ratio) at 160 °C under N2 gas 

flow. 0.0584 g of In(Ac)3 (0.2 mmol) and 0.0363 g of Cu(Ac)2 (0.2 mmol) were added 

into a 50 mL three-neck flask with 2.0 mL of DDT, 3 mL of ODE and 0.3 mL of OA. The 

reaction mixture was heated to 100 °C for 10 min under N2 gas flow to form a clear 

solution. Then, the temperature was raised to 260 °C in 3 min. The CuInS2 QDs were 

allowed to grow. The colour of the solution changed from slightly yellow to yellow, 

red, and finally black. Once the solution turned black, indicating the bigger core of 

CuInS2 QDs, the temperature was dropped to 100 °C.  

For ZnS shell growth, the synthesised CuInS2 QDs crude solution was directly used 

without purification. The Zn stock solution was injected into the reaction solution. 

The temperature was raised to 230 °C and kept for 30 min. Then the solution was 

quenched. The particles were precipitated and washed by hexane/ethanol solution. 

The obtained CuInS2/ZnS QDs were redispersed in chloroform. 
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Ligand exchange 

Following the previously reported method,324 0.5 g of MUA in 7 mL of chloroform 

was added to the 2 mL of CuInS2/ZnS QDs chloroform solution. 5 mL of 0.1 M KOH 

solution was added and stirred overnight to let the QDs transfer from organic 

solution to water. Then the aqueous phase including the QDs was separated using a 

pipette and centrifuged at 6000 rpm for 2 min. The supernatant was decanted and 

the QDs were re-dispersed in water for further use.  

4.2.2.2 CuInS2/ZnS QDs synthesised in water 

Previously reported synthesis methods were applied with some modifications.305,306 

To prepare CuInS2 cores, 95 mL of deionised water, 2 mL of MPA (1.0 M), 1 mL of 

CuCl2 (0.1 M), 0.4 mL of ammonia (30 %), 0.5 mL of InCl3 (1.0 M) and 1 mL of Na2S 

(1.0 M) aqueous solutions were mixed vigorously in a flask. Then, the mixture was 

heated to 90-95 ˚C while vigorously stirred for 20 min. Since the temperature was 

near the water boiling point, a condensation column was used to minimize 

evaporation.  

To develop the ZnS shell around the cores, after 20 min, different amounts of Zn(Ac)2 

(1.0 M) were added dropwise in several portions every 5 min. The mixture was stirred 

for extra 15-30 min and then left to cool down to the room temperature.  

As a post-synthesis treatment, where applicable, 3 mL of MPA or 1.08 g of NAC were 

added to the as-synthesised solution. To prepare smaller or larger batches of the 

working solution, less or more amount of chemicals were used with the same molar 

ratio.  

4.2.3 Characterisation 

Size and shape of the prepared QDs were studied using JEOL transmission electron 

microscope (TEM). PerkinElmer ultraviolet-visible (UV-Vis) spectrometer and Cary 

Eclipse fluorimeter were used to collect absorption and PL spectra. Chemical bonding 

was studied using the spectra collected using Nicolet and Bruker Fourier transform 
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infrared (FTIR) spectrometers. See Chapter 2, Section 2.2 for more instrumental and 

sample preparation details. 

4.2.4 Collection and visualisation of latent fingermarks 

Natural and charged latent fingermarks were deposited on glass slides, new 5 AUD 

polymer banknotes, aluminium drink cans, sticky tapes, aluminium foil and zip-lock 

bag, and treated in the QDs working solutions bath. Developed fingermarks were 

illuminated by a Polilight and photographed with a Nikon camera equipped with an 

Anti-Glare Schott RG630 AG 1 % (nom) deep-red filter (long-pass 613 nm). Where 

applicable, dark Wratten gelatin filter no. 29 was used. See Chapter 2, Sections 2.3, 

2.4 and 2.5 for details regarding collection, treatment and photography of 

fingermarks. 

4.3 Results and discussions 

4.3.1 CuInS2/ZnS QDs synthesised in organic solvents  

4.3.1.1 Characterisation of CuInS2/ZnS QDs synthesised in organic solvents 

Following previous reports, CuInS2/ZnS QDs solution was synthesised in organic 

solvents using so-called alkanethiol-mediated synthesis technique.323 In this method, 

metal ions (Cu2+ and In3+) react with S precursor provided by DDT molecules in 

presence of organic solvents, at a high temperature (260 ˚C) and under inert gas to 

form highly uniform CuInS2 cores.98 Then, the ZnS shell was formed around the cores 

by injection of Zn precursor. Mechanistically, according to previous studies, the 

ZnCuInS2 intermediate layer forms first at the surface of the core with the gradual 

replacement of In3+ with Zn2+ and then the shell grows as more ZnS deposits and 

develops a ZnS protective layer.314,325 As per Figure 4-1, TEM images illustrate the 

prepared QDs with the size of less than 2 nm in diameter. 
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Figure 4-1 TEM images of the CuInS2/ZnS QDs collected at different magnifications. 

As-prepared QDs solution was highly luminescent when excited at 350 nm and visible 

through the orange filter (Figure 4-2-a). Figure 4-2-b illustrates that the synthesised 

CuInS2/ZnS QDs had a broad excitation spectrum (λmax=345 nm and 544 nm). The QDs 

solution emitted from 500 nm to 800 nm (λmax= 617 nm) when excited at different 

wavelengths.  

 
Figure 4-2 (a) CuInS2/ZnS QDs in chloroform photographed under (a1) ambient lighting and (a2 and 

a3) illumination at 350 nm through (a2) no filter and (a3) the orange filter (camera: Samsung SM-
G950F, f-stop: f/1.7, exposure times: (a1) 1/10 s, (a2) 1/32 s, (a3) 1/34 s). (b) PL excitation and 

emission spectra of CuInS2/ZnS QDs in chloroform. 
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An aliquot was collected 15 min after injection of the shell precursor (i.e. 15 min 

before the end of the experiment). Emission spectra of the collected aliquot and final 

product demonstrated in Figure 4-3 showed a slight blue-shift from 635 nm to 617 

nm. The ZnS shell has a wider bandgap (3.54 eV with conduction band edge of -3.55 

eV and valence band edge of -5.05 eV) than the CuInS2 core (1.53 eV with conduction 

band edge of -3.28 eV and valence band edge of -6.82 eV).314,326 Therefore, the 

bandgap of the core lies within the bandgap of the shell which confines charge 

carriers (electrons and holes) inside the core. This is Type I core/shell structure, which 

should result in a red-shift in PL spectra.261 This is a contradiction of our results. 

Several previous studies reported this phenomenon and suggested different 

explanations, including diffusion of Zn into the core and surface 

reconstruction261,321,322 as well as cation exchange (Zn2+ to Cu2+/In3+).261,327 

 
Figure 4-3 Emission spectra of CuInS2/ZnS QDs as 15-min aliquot and final product. Spectra were 

normalised to unity. 
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CuInS2/ZnS QDs were transferred from organic to aqueous phase by applying the 

ligand exchange technique. MUA containing long hydrocarbon chain and carboxyl 

and thiol functional groups was used as a surfactant. Figure 4-4-a shows that the 

CuInS2/ZnS QDs aqueous solution still luminesced when illuminated at 350 nm and 

was visible through the orange filter. Figure 4-4-b demonstrates the emission spectra 

(λmax=628 nm) and broad excitation spectrum (λmax=352 nm and 531 nm) for the QDs 

in aqueous solution. A comparison between the emission spectra of CuInS2/ZnS QDs 

before and after ligand exchange showed slightly red-shifting of 7 nm (Figure 4-5).   

 
Figure 4-4 (a) CuInS2/ZnS QDs in aqueous solution photographed under (a1) ambient lighting and (a2 
and a3) illumination at 350 nm through (a2) no filter and (a3) an orange filter (camera: Samsung SM-
G950F, f-stop: f/1.7, exposure times: (a1) 1/11 s, (a2 and a3) 1/10 s). (b) PL excitation and emission 

spectra of CuInS2/ZnS QDs in aqueous solution. 
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Figure 4-5 Absorption (dashed lines) and emission (solid lines, λex=450 nm) spectra of CuInS2/ZnS 

QDs in chloroform and water. Spectra were normalised to unity. 

4.3.1.2 Detection of latent fingermarks with CuInS2/ZnS QDs synthesised in 

organic solvents 

As shown in Figure 4-6-a, a small amount of CuInS2/ZnS QDs aqueous solution was 

obtained using organic-based synthesis technique. In a preliminary study, fresh 

charged latent fingermarks from a female donor deposited on glass slides were 

developed. Figure 4-6-b and c illustrates successful visualisation of the fingermarks 

with high ridge details. Although these results demonstrated that preparation of the 

working solution based on organic solvents was a viable approach, its complicated, 

hazardous and low-yield procedure persuaded us to consider the development of a 

water-based approach. 



 

137 

 

 
Figure 4-6 (a) The whole produced CuInS2/ZnS QDs aqueous solution after phase transmission. (b 

and c) Developed fresh charged fingermarks from a female donor deposited on glass slides, 
illuminated at 350 nm and photographed through the deep-red filter (f-stop: f/13, exposure times: 

(b) 15 s and (c) 5 s). 
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4.3.2 CuInS2/ZnS QDs synthesised in water  

4.3.2.1 Characterisation of CuInS2/ZnS QDs synthesised in water 

Colloidal CuInS2/ZnS QDs were synthesised in water in a simple one-step technique. 

In this method, Cu (II) and In (III) salts participate in a precipitation reaction with Na2S 

and produce the CuInS2 cores.98 Figure 4-7 illustrates a schematic of the synthesis 

procedure. The colour of the CuInS2 core gradually changed from light yellow to dark 

red indicating an increase in the size of CuInS2 cores (insets in Figure 4-7-a and b). In 

the next step, with the addition of Zn (II) precursor to the reaction mixture, the ZnS 

layers epitaxially grew on the cores. The colour of the solution gradually turned to 

lighter shades with the addition of Zn (II) precursor (inset in Figure 4-7-c).  

 
Figure 4-7 Schematic of the preparation of CuInS2/ZnS QDs working solution. Insets show the colour 

of the solution after each step. 

With this technique, a core/shell QDs working solution was prepared within 90 min 

in large scale. Approximately 500 mL solution per batch was produced with facilities 

in our laboratory, however, we believe producing larger amounts is achievable 

(Figure 4-8). 

Figure 4-9 shows TEM images of CuInS2/ZnS QDs in different magnifications. These 

images are in low quality due to poor crystallinity of the QDs. The same quality of 

TEM images was reported in previous studies.116,312 It’s likely because of the 

preparation of QDs in water instead of organic solvents. The size of the QDs was less 

than 5 nm. 



 

139 

 

 
Figure 4-8 CuInS2 core QDs solution (a) before and (b) after heating. (c) Approximately 500 mL 

CuInS2/ZnS QDs solution prepared in 90 min. 

 
Figure 4-9 TEM images of CuInS2/ZnS QDs collected at different magnifications. 
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With increase in the amount of Zn (II) precursor, the working solution turned from 

transparent to cloudy, because of agglomeration of the QDs. Figure 4-10-a shows 

that prepared working solution is clear when 0.5 mL of Zn (II) solution was added to 

it, however, as shown in Figure 4-10-b1 and b2, the addition of 1 mL of Zn (II) solution 

made it cloudy and the QDs deposited at the bottom of the flask after a couple of 

minutes. It could be due to increasing the size of the QDs with increasing the 

thickness of the shell and lack of surfactant.  

To tackle this issue, more surfactant (MPA or NAC) was added to the working solution 

to prevent sedimentation of the QDs. As illustrated in Figure 4-10-b3, the addition of 

3 mL of MPA to the same solution stabilised it and made it transparent. MPA as a bi-

functional surfactant provides an electrostatic shield against inter-particle 

interactions and prevents sedimentation of the QDs in water.305 However, MPA is a 

toxic and malodorous chemical. To increase the safety of the working solution, MPA 

was replaced with NAC. NAC is a green and non-hazardous chemical and is used for 

medical purposes such treatment of paracetamol poisoning.328 

 
Figure 4-10 CuInS2/ZnS QDs working solution containing (a) 5 mL and (b) 10 mL of Zn(Ac)2. (b1) 

before and (b2) after deposition. (b3) 3 mL of MPA was added to the solution as a post-treatment. 
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For further characterisation of the as-synthesised and surface modified QDs, a 

comprehensive FTIR spectroscopy was conducted.  

For sampling, 10 mL of CuInS2/ZnS QDs solution was prepared and 100 µL aliquots 

were taken during synthesis as per Table 4-1. 1.08 g of NAC was added after taking 

sample core/shell-4.  

Aqueous solutions of the initial chemicals containing organic bonding (i.e. ammonia, 

MPA, NAC and Zn(Ac)2) were also prepared as references. The same concentrations 

of MPA, NAC, ammonia and Zn(Ac)2 aqueous solutions used in the synthesis of the 

QDs were used to prepare the organic solutions. Hereafter these solutions are called 

organic samples. 

One drop (20 µL) of each liquid sample was placed on the attenuated total 

reflectance (ATR) crystal. ATR crystal was cleaned with ethanol before and after each 

measurement to eliminate cross-contamination. Data were collected with water as 

the background. 

Table 4-1 Sample preparation for FTIR analysis 

sample Zn(Ac)2 solution (1.0 M) 
core-1* 0 µL 

core-2** 0 µL  
core/shell-1 20 µL 
core/shell-2 40 µL 
core/shell-3 60 µL 

core/shell-4*** 80 µL 
core/shell-5 100 µL 
core/shell-6 120 µL 
core/shell-7 140 µL 
core/shell-8 160 µL 
core/shell-9 180 µL 

core/shell-10 200 µL 
*sample was taken before heating 
**sample was taken in 20 min after heating started 
***1.08 g NAC was added to the solution after sampling 

This experiment was conducted in three stages and collected spectra were 

compared. 
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First, mid-infrared (MIR) spectra of CuInS2 core solutions and organic samples were 

compared. Figure 4-11-a shows MIR spectra of CuInS2 core solution before heating 

(sample core-1) and a combination of ammonia and MPA (ammonia+MPA) aqueous 

solutions. The spectra are mostly similar. However, as shown in Figure 4-11-b, some 

minor differences were observed. The peak at 1403 cm-1 in the spectrum of dissolved 

ammonia+MPA shifted to 1399 cm-1 in the spectrum of CuInS2 core and the intensity 

of the peak at 1556 cm-1 slightly decreased in the spectrum of CuInS2 core. Also, a 

peak at 1633 cm-1 was appeared in the spectrum of CuInS2 core. These changes could 

indicate that MPA deprotonated and interacted with metal cations (Cu2+ and In3+) 

and adsorbed at the surface of the core through the carboxylic group (COO- 

symmetric and asymmetric stretching).329,330  

Figure 4-12-a illustrates the MIR spectra collected from the CuInS2 core solution 

before heating (sample core-1) and after heating (sample core-2). The symmetric 

COO- peak at 1399 cm-1 in the spectrum of core-1 shifted back to 1402 cm-1 in the 

spectrum of core-2 after heating (Figure 4-12-b). Also, the intensity of the peak at 

1633 cm-1 (COO- asymmetric stretching) increased after heating. It should be noted 

that peaks appeared after 1800 cm-1 could not be studied due to water background 

and crystal interference and therefore interactions through thiol groups (2550-2600 

cm-1) were not investigated.  
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Figure 4-11 (a) MIR spectra of aqueous solutions of QDs core before heating (see Table 4-1) and 

ammonia+MPA. (b) Spectra in narrower ranges of wavenumbers. Data were collected using a Nicolet 
FTIR spectrometer. 
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Figure 4-12 (a) MIR spectra of QDs core solutions before (sample core-1) and after (sample core-2) 

heating (see Table 4-1). (b) Spectra in narrower ranges of wavenumbers. Data were collected using a 
Bruker FTIR spectrometer. 
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The second stage is the formation of the shell around the core. Zn(Ac)2 (shell 

precursor) in portions of 20 µL was added to the core solution four times and samples 

were collected before each addition (Table 4-1). Figure 4-13-a illustrates MIR spectra 

of CuInS2 core QDs (sample core-2) and CuInS2/ZnS core/shell QDs with different 

amount of Zn(Ac)2 (samples core/shell-1 to core/shell-4). The spectra are mostly 

identical. However, as it is shown in Figure 4-13-b and c, with an increase in the 

amount of Zn(Ac)2, the intensity of the peak at 1633 cm-1 (COO- asymmetric 

stretching) decreased and the peak at 1402 cm-1 (symmetric COO- stretching) 

broadened. It could be as a result of either formation of the shell or addition of 

acetate to the solution.  

To investigate the reason of these changes, an aqueous solution containing 

ammonia, MPA and Zn(AC)2 (ammonia+MPA+Zn(AC)2) with the same concentrations 

as sample core/shell-4 (80 µL Zn(Ac)2) was prepared. Figure 4-14 shows that the 

symmetric COO- peak was present in the spectra of both core/shell-4 and organic 

samples (at 1402 cm-1 and 1410 cm-1, respectively). Therefore, the addition of 

dissolved ammonia+MPA+Zn(AC)2 could be the reason for broadening in symmetric 

COO- peak in the spectra of core/shell samples shown in Figure 4-13-c. However, no 

peak was observed at 1633 cm-1 indicating aforementioned changes in this peak is 

only related to the changes in the adsorbed MPA at the surface of the QDs due to the 

formation of the shell. 
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Figure 4-13 (a) MIR spectra of core and core/shell QDs solutions with different amount of Zn(Ac)2 

(see Table 4-1). (b and c) Spectra in narrower ranges of wavenumbers. Data were collected using a 
Bruker FTIR spectrometer. 
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Figure 4-14 MIR spectra of the aqueous solutions of CuInS2/ZnS QDs (see Table 4-1) and 

ammonia+MPA+Zn(AC)2. Data were collected using a Nicolet FTIR spectrometer. 

As the third part of the experiment, 0.108 g of NAC was added to the cloudy 

CuInS2/ZnS QDs solution, resulting in the solution becoming transparent. The 

addition of Zn(Ac)2 in portions of 20 µL was continued (Table 4-1). As shown in Figure 

4-15, the spectra collected from CuInS2/ZnS QDs solution before (sample core/shell-

4) and after (sample core/shell-5) addition of NAC are quite different because 

functional groups in the structure of NAC are different from MPA.  

Spectra collected from NAC aqueous solution and CuInS2/ZnS QDs (sample 

core/shell-5) with the same concentration of NAC demonstrated a lot of similarity 

(Figure 4-15). The table in Figure 4-15 provides an assignment of the peaks appearing 

in the spectra of core/shell-5 and NAC to possible vibrational modes. Dissimilarities 

in these spectra could indicate adsorption of the dissolved NAC on the surface of 

CuInS2/ZnS QDs through carboxyl and amide groups.331 
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Figure 4-15 MIR spectra of aqueous solutions of NAC and CuInS2/ZnS QDs before and after addition 
of NAC (see Table 4-1); collected using a Bruker FTIR spectrometer. Table shows assignments of the 

vibrational frequencies observed in MIR spectra.330-332 
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Figure 4-16 illustrates MIR spectra of CuInS2/ZnS QDs solutions with different 

amounts of added Zn(Ac)2 (100 µL to 200 µL) as shell precursor in the presence of 

NAC (Table 4-1). With an increase in the concentration of Zn(Ac)2 in the solution, 

some orderly changes were observed in the spectra.  

According to Figure 4-16-a, intensity of the peak assigned to -COOH at 1722 cm-1, 

was gradually decreased and slightly shifted to 1720 cm-1. The peak at 1628 cm-1 

slightly shifted to 1626 cm-1 and its intensity decreased. The peak at 1557 cm-1 

broadened. These peaks could be assigned to amide groups. A new peak between 

1600 cm-1 and 1580 cm-1 appeared and gradually grew which could be assigned to 

asymmetric -COO- stretching of carboxylate. According to Figure 4-16-b, another new 

peak at 1392 cm-1 appeared and kept growing. This peak could be assigned to 

symmetric -COO- stretching. Intensities of small peaks at 1345 cm-1 and 1307 cm-1 

decreased while the peak at 1381 cm-1 broadened and its intensity increased. These 

peaks could be assigned to symmetric/asymmetric methyl C-H bending. All 

aforementioned changes could indicate the interaction of either dissolved or 

adsorbed NAC with Zn(Ac)2.  
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Figure 4-16 MIR spectra of CuInS2/ZnS QDs solutions with different amount of added Zn(Ac)2 (see 

Table 4-1) in different ranges of wavenumbers; collected using a Bruker FTIR spectrometer. 
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An aqueous solution containing NAC and Zn(Ac)2 (NAC+Zn(Ac)2) with the same 

concentrations as the final product (core/shell-10) was prepared and its spectrum 

was compared with the spectrum of the final product (Figure 4-17). It should be 

noted that these spectra were collected using Nicolet FTIR spectrometer, therefore 

the core/shell-10 spectrum is slightly different from what is shown in Figure 4-16. 

The peak at 1585 cm-1 was not observed in dissolved NAC+Zn(Ac)2 spectrum. There 

are a peak at 1380 cm-1 and a shoulder at 1390 cm-1, in dissolved NAC+Zn(Ac)2 

spectrum, however, in QDs solution spectrum, there is a peak at 1392 cm-1 and a 

shoulder at 1384 cm-1. Intensities of the peaks at 1628 cm-1, 1234 cm-1 and 1132  

cm-1 in NAC+Zn(Ac)2 aqueous solution spectrum are noticeably lower than the ones 

in the QDs spectrum. These dissimilarities indicate that changes observed in Figure 

4-16 are not related to increase in dissolved NAC+Zn(Ac)2 in the solution and are most 

possibly due to interaction of Zn(Ac)2 with the adsorbed NAC on the surface of the 

QDs and growing the shell around them.  

 
Figure 4-17 MIR spectra of aqueous solutions of NAC+Zn(Ac)2 and CuInS2/ZnS QDs (see Table 4-1); 

collected using a Nicolet FTIR spectrometer. 
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For further investigation regarding the interaction between the metal and surfactant, 

far-infrared (FIR) spectra were collected from the samples. However, as shown in 

Figure 4-18, Figure 4-19 and Figure 4-20, no noticeable changes were observed. The 

only change in the spectrum of the working solution happened after addition of NAC. 

In this case, the spectrum of the working solution was similar to the NAC aqueous 

solution (Figure 4-19). 

 
Figure 4-18 FIR spectra of CuInS2 core QDs and CuInS2/ZnS core/shell QDs with different amount of 

Zn(Ac)2 (see Table 4-1); collected using a Bruker FTIR spectrometer. 
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Figure 4-19 FIR spectra of NAC aqueous solution and CuInS2/ZnS QDs (core/shell-4 and core/shell-5, 

see Table 4-1) collected using a Bruker FTIR spectrometer. 

 
Figure 4-20 FIR spectra of CuInS2/ZnS QDs solutions with different amount of added Zn(Ac)2 (see 

Table 4-1) collected using a Bruker FTIR spectrometer. 
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Figure 4-21 illustrates that the CuInS2/ZnS QDs solution fluoresced when illuminated 

at 450 nm and 350 nm and was visible through the deep-red filter. PL and absorption 

spectra of the CuInS2/ZnS QDs are illustrated in Figure 4-22. The QDs solutions 

fluoresced at deep-red to NIR (λmax=660 nm) when excited in a wide range of 

wavelengths from ultraviolet (UV) to red region. No well-defined peak was 

detectable in the absorption spectrum because of wide inhomogeneity in the QDs 

size, shape, composition and crystallinity owing to synthesis in water (Figure 4-22-

b).307,325  

 
Figure 4-21 CuInS2/ZnS QDs aqueous solution photographed under (a) ambient lighting and 

illumination at (b) 450 nm and (c) 350 nm through (b1 and c1) no filter and (b2 and c2) the deep-red 
filter (camera: Samsung SM-G950F, f-stop: f/1.7, exposure times: (a) 1/13 s, (b1, b2 and c1) 1/10 s, 

(c2) 1/6 s). 
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Figure 4-22 (a) Luminescence excitation and emission spectra and (b) Absorption spectrum of 

CuInS2/ZnS QDs prepared in aqueous solution. The absorption spectrum was normalised to unity. 
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As shown in Figure 4-23, growth of ZnS shells around the CuInS2 cores noticeably 

increased the PL intensity (approximately 15 times); however, predictably, as 

discussed previously, it led to a slightly blue-shift from 680 nm for the core QDs to 

660 nm for the core/shell QDs. This is most probably related to the surface 

reconstruction rather than the diffusion of Zn into the CuInS2 core taking into account 

the relatively low temperature of 90-95 ˚C.321 

 

Figure 4-23 PL emission spectra (λex=350 nm) of CuInS2 core and CuInS2/ZnS QDs aqueous solution. 
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For further study on the effect of shell growth on the luminosity of the core/shell 

QDs, 100 mL CuInS2/ZnS QDs solution was prepared and 1 mL of aliquots were taken 

during the addition of Zn(Ac)2 solution. 1 mL of deionised water was added to each 

sample to dilute it and then emission spectra were collected (λex=350 nm). As 

demonstrated in Figure 4-24, an increase in the amount of Zn(Ac)2 resulted in growth 

of the ZnS shell causing a significant enhancement in the luminosity. 

 
Figure 4-24 PL emission spectra of CuInS2 core QDs and CuInS2/ZnS QDs solutions with different 

amounts of Zn(Ac)2 (λex=350 nm). 
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Figure 4-25 illustrates that ageing the CuInS2/ZnS QDs solution under light for about 

one month noticeably boosted the PL intensity. It could be because of 

photodegradation of the surfactant which leads to thickening the shell, increasing 

the crystallinity and reducing the surface defects, as reported previously.311,333 

Although higher luminosity of QDs is desired for the detection of latent fingermarks, 

consumption of the surfactant due to photodegradation could have negative impact 

on the QDs adherence to the secretion through lipophilic interactions. In this case, 

the addition of more amount of the surfactant to the aged working solution may 

solve the issue. Furthers studies are required to investigate the impact of this 

phenomenon on the shelf-life of the QDs solution. 

 
Figure 4-25 PL emission spectra of fresh and aged CuInS2/ZnS QDs solution (λex=350 nm). 
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Detection of latent fingermarks with CuInS2/ZnS QDs synthesised in water 

In a preliminary study, a fresh charged latent fingermark deposited on a glass slide 

was treated with the as-synthesised CuInS2/ZnS QDs solution. Figure 4-26 shows that 

the treated fingermark successfully luminesced when illuminated at both 350 nm and 

450 nm and showed good quality ridge details. Enhanced contrast was achieved at 

350 nm illumination (Figure 4-26-a) compared to 450 nm (Figure 4-26-b). 

 
Figure 4-26 Treated fresh charged fingermark from a female donor deposited on a glass slide, 

illuminated at (a1) 350 nm and (b1) 450 nm and photographed through the deep-red filter (5 min 
immersion in QDs solution, f-stop: (a1) f/4 and (b1) f/11, exposure times: (a1) 30 s and (b1) 3 s). (a2 

and b2) Contrast and brightness were adjusted using Photoshop. 

For further investigation, split fingermarks from 2 donors were deposited on glass 

slides. One half was treated with the as-synthesised QDs aqueous solution and 

another half remained untreated. Both sides were illuminated at 350 nm and 

photographed using a digital camera (same conditions). Figure 4-27 shows that the 

treated half (left side) luminesced while no mark was observed on the untreated half 

(right side). Figure 4-28 shows the treated split fingermarks from a female donor 

under ambient lighting and illuminated at 350 nm. Treated half (left side) shows 

enhanced contrast compared to untreated half (right side) even under ambient 

lighting (Figure 4-28-a1). 
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Figure 4-27  (a1 and b1) Treated (left side) and untreated (right side) fresh charged split fingermarks 

from 2 donors (a female and a male) deposited on glass slides, illuminated at 350 nm and 
photographed through the deep-red filter (5 min immersion in QDs solution for treated half, f-stop: 

f/11, exposure time: 30 s). (a2 and b2) Contrast and brightness were adjusted using Photoshop. 

 
Figure 4-28 Treated (left side) and untreated (right side) fresh charged split fingermarks from a 
female donor deposited on glass slides (10 min immersion in QDs solution for treated half) and 

photographed under (a1) ambient lighting (f-stop: f/11, exposure time: 1/6 s) and (a2) illumination at 
350 nm (deep-red filter, f-stop: f/11, exposure time: 15 s). 
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An experiment using natural fingermarks collected from a larger number of donors 

was conducted. 1-day old natural split fingermarks from 8 donors (4 females and 4 

males) were deposited on glass slides. The left sides were treated with as-synthesised 

CuInS2/ZnS QDs solution and the right sides were left untreated.  

Figure 4-29 shows the fingermarks illuminated at 350 nm. The untreated halves of 

the fingermarks (right sides) shown in Figure 4-29 were aged for another 10 days 

under ambient conditions (see Chapter 2, Section 2.3 for more details) and then 

developed with as-synthesised CuInS2/ZnS QDs solution (Figure 4-30). The results 

demonstrated the development of the ridge details for the majority of the marks. 

The sample for donor 3 in Figure 4-29-c1-c3 was dropped accidentally during 

treatment and spoiled therefore it hasn’t been shown in Figure 4-30.  

Figure 4-31 shows a developed natural 5-month old split fingermark. Although the 

fingermark was luminescent, indicating the attachment of the QDs to the residue, 

ridge details were not distinguishable. This maybe as a result of ridge drifting; the 

phenomenon that has been previously reported as fingermarks aged.302,334 
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Figure 4-29 (a1-h2) Treated (left side) and untreated (right side) 1-day old natural split fingermarks from 8 donors (4 females and 4 males) deposited on glass slides (10 min 

immersion in QDs solution for treated half) and photographed under (a1-h1) ambient lighting (f-stop: (a1, c1, e1, f1 and h1) f/3.2 and (b1, d1 and g1) f/11, exposure time: 1/6 s) 
and (a2-h2) illumination at 350 nm (deep-red filter, f-stop: f/3.2, exposure times: (a2) 20 s, (b2) 30 s, (c2) 20 s, (d2) 5 s, (e2) 15 s, (f2) 3 s, (g2) 10 s, (h2) 20 s). (a3-h3) Contrast 

and brightness were enhanced using Photoshop.
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Figure 4-30 (a1-h1) Developed 11-day old natural fingermarks from 8 donors deposited on glass 

slides, illuminated at 350 nm and photographed through deep-red filter (10 min immersion in QDs 
solution, f-stop: f/3.5, exposure times: (a1) 15 s, (b1) 20 s, (d1) 20 s, (e1) 10 s, (f1) 20 s, (g1) 30 s, (h1) 20 

s). (a2-h2) Contrast and brightness were enhanced using Photoshop. 

 
Figure 4-31  Treated (left side) and untreated (right side) 5-month old natural split fingermarks from 

a male donor deposited on glass slides (15 min immersion in QDs solution for treated half) and 
photographed under (a1) ambient lighting (f-stop: f/3.2, exposure time: 1/6 s) and (a2) illumination at 

350 nm (deep-red filter, f-stop: f/3.2, exposure time: 2 s). 
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As mentioned before, if no surfactant was added to the working solution as a post-

treatment, the QDs gradually precipitated over time. Although this unstable solution 

was suitable for the treatment of fingermarks on heavy substrates such as glass slides 

which could be placed at the bottom of the bath, it was difficult to be used for light 

substrates such as banknotes and aluminium foil as they did not settle at the bottom 

of the bath, thus not being exposed to appropriate levels of QDs for satisfactory 

development.  

Figure 4-32 shows that natural fingermarks on 5 AUD polymer banknotes were only 

partially developed using this technique. The fingermarks were graded according to 

the scheme proposed by the Home Office.244,247 Out of 24 fingermarks from 4 female 

and male donors, there was no evidence of a fingermark in 3 cases (grade 0, 12 %). 

Evidence of contact but less than 1/3 of the fingermark ridge detail was present in 11 

cases (grades 1 and 2, 46 %). And over 1/3 of the fingermark ridge detail was present 

in 10 cases (grades 3 and 4, 42 %). These results were comparable to recent 

comprehensive studies conducted by R. Downham et al.335,336 on 12 to 13-day old 

natural fingermarks deposited on British polymer banknotes. For comparison, the 

CuInS2/ZnS QDs method presented more success rate (42 %) compared to the single 

processes including cyanoacrylate fuming (CA, 28%) and multi-metal deposition 

(MMD, 34 %) techniques. However, the success rate of the QDs method was less than 

the sequential processes with success rates in a range of 53-93 %. R. Lam et al.337 

conducted a comprehensive study on 7-day old latent fingermarks deposited on 

Canadian polymer banknotes using CA and vacuum metal deposition followed by 

staining. However; charged fingermarks were used in their study and natural 

(uncharged) fingermarks were used here. Therefore, the success rates are not 

comparable. Figure 4-33 shows that even a charged fingermark on an aluminium 

drink can was not developed satisfactorily. 
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Figure 4-32 Treated 8-day old natural fingermarks from 4 female and male donors deposited on 5 
AUD banknotes (10 min immersion in QDs solution). (a) General location of the marks. (b1-b7) The 

marks were illuminated at 350 nm and photographed through the deep-red filter. Contrast and 
brightness were enhanced using Photoshop. Only developed marks with more ridge details 

across multiple donors were shown here. 
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Figure 4-33 Treated fresh charged fingermark from a female donor on a drink can (20 min immersion 

in QDs solution) photographed under (a1) ambient lighting (f-stop: f/3.2 exposure time: 1/6 s) and 
(a2) illumination at 350 nm (deep-red filter, f-stop: f/11, exposure time: 30 s). (a3) Contrast and 

brightness were enhanced using Photoshop. 
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MPA-coated QDs solution 

The prepared solution was stabilised with MPA surfactant after synthesis to prevent 

sedimentation of the dots. The long hydrocarbon chain and carboxylic group in the 

chemical structure of MPA have the added benefit of increasing both polar and non-

polar interaction affinity with the components such as lipids, amino acids, peptides 

and protein within the fingermark secretions.4,12 MPA-capped nanoparticles have 

been previously used for the detection of fingermarks in several 

studies.12,104,133,181,234,239  

As a proof of concept, several charged latent fingermarks were deposited on a 5 AUD 

polymer banknote and a yellow aluminium drink can as semi-porous and non-porous 

multi-coloured substrates and treated with MPA-coated QDs solution. Figure 4-34 

shows that the latent fingermarks were developed well enough to distinguish a high 

level of ridge details. Being luminescent in deep-red to NIR region made it possible 

to visualise the latent fingermarks on these challenging multi-coloured and multi-

patterned substrates. 
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Figure 4-34 Treated charged fingermarks from a female donor deposited on a (a and b)  5 AUD 

polymer banknote and (c) drink can (20 min immersion in MPA-coated QDs solution) and 
photographed under (a1-c1) ambient lighting (f-stop: (a1 and b1) f/11, (c1) f/3.2, exposure times: (a1 
and b1) 0.62 s, (c1) 1/5 s ) and (a2-c2) illumination at 350 nm (deep-red filter, f-stop: f/3.2, exposure 
times: (a2) 2 s (b2) 1.6 s, (c2) 1 s). (a3-b3) Contrast and brightness were enhanced using Photoshop. 
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QDs can be excited in a broad range of wavelengths, which makes it possible to 

visualise the fingermarks illuminated at different wavelengths. Figure 4-35 shows 

that the UV-fluorescent bird interfered with the fingermark on top of it (Figure 4-35-

b). To visualise the hidden part of the fingermark, it was illuminated at 450 nm 

instead of 350 nm leading to the elimination of fluorescence caused by the dye used 

for the bird (Figure 4-35-c).  

Natural split fingermarks from 8 donors were deposited on glass slides and 

developed with MPA-coated QDs (Figure 4-36). In comparison with the developed 

fingermarks by as-synthesised QDs solution with no MPA (Figure 4-29), poorer 

quality was achieved when MPA-coated QDs were used (Figure 4-36). This is most 

likely because increased amount of QDs were able to be in contact with the 

secretions while depositing on to the fingermarks in case of heavy substrates that 

could be placed at the bottom of the bath.
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Figure 4-35 Treated charged fingermark from a female donor on a banknote (20 min immersion in 
MPA-coated QDs solution) and photographed under (a1) ambient lighting (f-stop: f/11, exposure 
time: 0.62 s) and illumination at (a2) 350 nm and (a3) 450 nm. (a2 and a3) Contrast and brightness 

were enhanced using Photoshop. 
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Figure 4-36 Untreated (right side) and treated (left side) 1-day old natural split fingermarks from 8 donors (5 females and 4 males) deposited on glass slides. The marks 

were illuminated at 350 nm and photographed through the deep-red filter (20 min immersion in MPA-coated QDs solution for treated half, f-stop: f/3.2, exposure times: 
(a,c,e and g) 15 s, (b, d and h) 10 s, (f) 20 s). Brightness was increased by 20 % using Photoshop.  
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Adhesive side of sticky tapes are traditionally challenging substrates for fingermark 

detection and available visualisation techniques suffer drawbacks such as low 

selectivity, lack of contrast, complicated application process, toxicity and short shelf-

life of reagents.43,113,114 As shown in Figure 4-37, CuInS2/ZnS QDs provided high-

quality development of the natural fingermark from a female donor on the adhesive 

side of transparent sticky tape. Illumination of the fingermark at both 350 nm and 

450 nm yielded high-quality fluorescent fingermark.  

 
Figure 4-37 Treated fresh natural fingermark from a female donor deposited on the sticky side of 
transparent tape (15 min immersion in MPA-coated QDs solution) and photographed under (a1) 

ambient lighting (f-stop: f/11, exposure time: 0.62 s) and illumination at (a2) 350 nm and (a3) 450 nm 
(deep-red filter, f-stop: f/3.2, exposure times: (a2) 3 s, (a3) 1 s). 

Figure 4-38 illustrates treated (left side) and untreated (right side) charged and 

natural split fingermarks from a female donor deposited on UV-fluorescent sticky 

tapes. The fingermarks were illuminated at 350 nm. Benefited from the long-

wavelength luminosity of the CuInS2/ZnS QDs, the background interference was 

removed using the deep-red filter.  

Regarding the charged fingermarks in Figure 4-38-a, since there is a large number of 

lipid components in the residue, a lot of lipophilic MPA-coated QDs easily and rapidly 

stick to the fingermark. Therefore, the illuminated fingermark was highly 

luminescent and was photographed in very short exposure time (1/20 s, Figure 4-38-

a1). As per Figure 4-38-a2, when the exposure time increased to 1/10 s, the 
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fluorescent background brightness increased and the contrast decreased. In this case 

using the dark Wratten gelatin filter no. 29 enhanced the contrast.   

Figure 4-38-b1 shows the natural fingermarks on the fluorescent sticky tape. Less 

amount of QDs were adhered to the natural fingermark because of the decreased 

amounts of lipid components present in the natural secretion, therefore the 

developed fingermarks demonstrated weaker luminescence. In this case, longer 

exposure time (8 s) was needed, leading to an increase in the background 

interference. 

 
Figure 4-38 Untreated (right side) and treated (left side) fresh (a) charged and (b) natural split 

fingermarks from a female donor deposited on fluorescent sticky tape, illuminated at 350 nm and 
photographed through (a) deep-red filter and (b) deep-red & dark filters. (a2) longer exposure time. 

(b2) contrast and brightness were enhanced using Photoshop (20 min immersion in MPA-coated QDs 
solution for treated half, f-stop: f/3, exposure times: (a1) 1/20 s, (a2) 1/10 s, (b1) 8 s). 

A piece of paper (calcium carbonate-chalk/polyethylene blend paper, Nu World® 

Stone Paper) was used as a porous substrate and a charged fingermark from a female 

donor was deposited on it and developed freshly in the MPA-coated QDs solution.  

Figure 4-39 shows the developed fingermark illuminated at 350 nm and 450 nm.  The 

best contrast was achieved when the developed fingermark was illuminated at 450 

nm and photographed through the deep-red filter and dark Wratten gelatin filter no. 

29 together. The QDs penetrated the pores of the paper and made it luminescent, 

which decreased the contrast. 
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Figure 4-39 Treated fresh charged fingermark from a female donor deposited on paper and 

photographed under (a1) ambient lighting (f-stop: f/3.5, exposure times: 1/15 s) and illumination at 
(a2) 350 nm (deep-red filter, f-stop: f/3.5, exposure times: 2 s) and (a3) 450 nm (deep-red & dark 

filters, f-stop: f/3.8, exposure times: 4 s). (a4) Contrast and brightness were enhanced using 
Photoshop. Immersed for 20 min in MPA-coated QDs solution. 

NAC-coated QDs solution 

As discussed before, because of health issues associated with MPA, it was replaced 

by NAC to increase safety. Moreover, Xu et al.12 demonstrated that NAC-capped QDs 

developed more ridge details of latent fingermarks compared to other ligands 

including MPA. This is due to the variety of functional groups present in NAC, such as 

thiols, carbonyl and amide groups which enable interactions with lipids and amino 

acids present in the fingermark secretions.  

As a proof of concept, Figure 4-40 and Figure 4-41 reveal successfully development 

of charged and natural fingermarks from 6 donors (3 males and 3 females) deposited 

on a variety of substrates including glass slides, transparent tape, black and blue 

adhesive insulating tapes, aluminium foil, a yellow aluminium drink can and zip-lock 

bag using NAC-coated QDs solution.   
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Figure 4-40 Untreated (right side) and treated (left side) fresh charged split fingermarks from a 

female and 2 male donors on (a) aluminium foil, (b) black insolating tape, (c) glass slides, (d) 
transparent tape, (e) yellow drink can, illuminated at 350 nm and photographed through the deep-
red filter (f-stop: f/3.2, exposure times: (a) 3 s, (b) 6 s, (c) 15 s, (d) 0.62 s, (e1) 0.25 s). (e2) Contrast 
and brightness were enhanced using Photoshop. Treated sides were immersed in NAC-coated QDs 

solution for (a-d) 20 min and (e) 2 hours. 
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Figure 4-41 Fresh natural fingermarks from 2 female and 1 male donors on (a) blue isolating tape, (b) 
aluminium foil, (c) zip-lock bag and (d) black isolating tape illuminated at 350 nm and photographed 
through the deep-red filter (f-stop: f/3.2 and exposure times: (a) 3 s, (b) 10 s, (c) 20 s, (d) 10 s). (b-d) 

Untreated (right side) and treated (left side) split fingermarks. Treated marks were immersed in 
NAC-coated QDs solution for (a and c) 20, (b) 15 (c) and (d) 10 min. 
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4.4 Summary 

In conclusion, a safe, rapid and straightforward innovative procedure was introduced 

for visualisation of latent fingermarks. CuInS2/ZnS core/shell QDs which luminesce in 

the deep red-NIR region were synthesised using two organic- and water-based 

methods and characterised.  

Fingermarks on non-porous substrates were successfully developed with the working 

solution prepared by organic-based technique, however, this method was 

complicated, low-yield, time-consuming and hazardous.  

On the contrary, the modified water-based technique was easy, fast and high-yield 

which in the majority of studies, rapidly developed the latent fingermarks with high 

levels of ridge details on various challenging porous, semi-porous and non-porous 

substrates, especially adhesive side of the sticky tapes. Being luminescent at deep-

red to NIR wavelengths made it possible to eliminate the problem of dark, multi-

coloured and multi-patterned backgrounds and therefore enhance the visualisation 

by increasing the contrast between the developed fingermarks and the substrates.  
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Chapter 5 Size matters, shape matters: a preliminary 
investigation into the effect of nanoparticle 
morphology on their effectiveness for fingermark 
detection 

 

 

 

Portions of this chapter have been accepted for publication: 

Sorour Shahbazi, Dechao Chen, Guohua Jia, Simon W. Lewis, Preliminary studies into fluorescent 
semiconductor nanorods for the detection of latent fingermarks: Size matters, shape matters. 
Accepted by Science and Justice, 27th September 2020. 
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5.1 Introduction 

Although nanotechnology has the potential to provide the basis for versatile and 

sensitive approaches to latent fingermark detection,5,9 treatments based on 

nanoparticles still show only faint or partially developed marks and numerous 

fingermarks on different surfaces remain undetected.55 In such cases, weak adhesion 

between the nanoparticles and the fingermark residue may play a key role. The 

morphology of nanoparticles, as a fundamental characteristic of the materials, could 

affect this adhesion.  

As presented in Chapter 3, exfoliated Egyptian blue particles contained nanoplates 

and nanosheets. The flat morphology of the exfoliated particles, same as metal flake 

powders, may enhance their adherence to the fingermark secretion due to more 

contact area.43,73,338 Therefore, the morphology for particle-based techniques 

including nanotechnology could be quite significant. To further increase the 

applicability of nanoparticles, a deeper understanding of the effect of their 

morphology on the efficacy of latent fingermark development is needed. 

The effects of the shape of nanoparticles on their chemical and physical properties 

have been extensively investigated in different applications such as nanosensors,339 

biotechnology340 and energy efficiency,341 however, to the best of our knowledge, 

the shape effect of nanoparticles on the detection of latent fingermarks has not been 

previously investigated. 

Zimon conducted a comprehensive study on the effect of the shapes of particles on 

their adhesion to a solid surface in a liquid environment.342 Based on the 

experimental data and related calculations, he demonstrated that the average 

adhesion force of elongated particles with a fixed diameter was enhanced with the 

increasing length of the particles due to a greater contact area between the particles 

and the surface. Therefore, the spherical and elongated shapes of nanoparticles were 

selected to be compared in this work. 
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Since Menzel et al. used spherical CdS quantum dots (QDs) to visualise latent 

fingermarks in 2000,88 fluorescent semiconductor QDs have attracted significant 

attention for fingermark detection, due to characteristics such as size-dependent 

emission wavelength, high quantum efficiency, improved photostability and sharp 

emission peaks.90-92 Subsequently, various types of  heavy metal103,111,239,343 and 

heavy metal-free107,120,125,133 QDs in either dry powder99,104,181 or a solution107,112,119 

form, have been applied to visualise latent fingermarks. In this work, CdSe/CdS 

core/shell nanocrystals were used as well-studied QDs that have previously been 

used to detect latent fingermarks.112 

This chapter presents, for the first time, the effect of the shape of semiconductor 

nanocrystals on their performance for visualising latent fingermarks. Highly 

luminescent CdSe/CdS nanocrystals in rod and spherical shapes were synthesised in 

an organic solvent and transferred to water using a ligand exchange technique. 3-

mercaptopropionic acid (MPA) coated nanorods (NRs) and spherical dots (SDs) were 

characterised using a transmission electron microscope (TEM) and spectrometers. 

Colloidal CdSe/CdS NRs were applied to detect latent fingermarks using a wet 

application technique. Refer to Chapter 4, Section 4.1 for the benefits of applying the 

QDs in a solution rather than a dry powder. Our experimental results show that both 

SDs and NRs enable latent fingermarks visualisation, and the CdSe/CdS NRs 

consistently outperformed the SDs in terms of the quality and visibility of the 

developed marks. Therefore, this work as a proof of concept highlights the important 

role of nanoparticles morphology in the quality of developed latent fingermarks. 

5.2 Experiment 

5.2.1 Chemicals 

Trioctylphosphine oxide (TOPO, 90 %), cadmium oxide (CdO, ≥99.99 %), selenium 

(≥99 %), trioctylphosphine (TOP, 97 %), sulfur (99.998 %), MPA (≥99 %), oleic acid 

(OA, 90 %), 1-octadecene (ODE, 90 %), octadecylamine (ODA, 90 %) were purchased 

from Sigma Aldrich. Octadecylphosphonic acid (ODPA) and hexylphosphonic acid 

(HPA) were purchased from PCI Synthesis. 1-Hexadecanethiol (HAD, >97 %) was 
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purchased from Tokyo Chemical Industry. KOH pellets (>85.0 %) were purchased 

from Analar/Merck. All chemicals were used as received without further purification. 

5.2.2 Preparation of working solutions 

5.2.2.1 CdSe core synthesis 

The synthesis of CdSe cores was conducted using a literature method.344 Se TOP stock 

solution was prepared by dissolving 0.053 g of Se powder into 2 mL of TOP in the 

glove chamber. 3 g of TOPO, 0.28 g of ODPA and 0.06 g of CdO were heated to  

110 ˚C in a flask. The mixture was degassed three times under vacuum with N2 gas 

purge. The temperature was increased to 150 ˚C and left for an hour, purged again 

with N2 gas and the temperature was increased to 380 ˚C until the solution became 

clear. The Se TOP solution was then injected rapidly to the mixture. The temperature 

was decreased by removing the heat source and pouring ethanol around the outer 

wall of the flask. The CdSe cores crude solution was dispersed in toluene and 

precipitated by adding methanol with the aid of centrifugation at 5500 rpm for 3 min. 

The supernatant was decanted and the precipitate was kept for further use. To 

measure the concentrations of the solutions, molar absorptivity formulas taken from 

Yu et al.262 were used. 

5.2.2.2 CdSe/CdS core/shell NRs synthesis 

3 g of TOPO, 0.29 g of ODPA, 0.04 g of HPA and 0.05 g of CdO were heated to 50 ˚C 

in a flask and degassed three times. The temperature was then increased to 150 ˚C 

and left for an hour. 2.5 × 10-7 mol of the prepared CdSe cores were dispersed in 3 

mL of TOP. 0.06 g of S was degassed in a sealed glass vial and the CdSe cores solution 

was injected using a syringe in a glove box. Following the same procedure, as 

described for CdSe core synthesis, the CdSe core solution was injected into the Cd 

solution to synthesise CdSe/CdS core/shell NRs. The CdSe/CdS NRs crude solution 

was dispersed in toluene and precipitated by adding methanol with the aid of 

centrifugation at 5500 rpm for 3 min. The purified CdSe/CdS NRs were kept in toluene 

for further experiments. 
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5.2.2.3 CdSe/CdS core/shell SDs synthesis 

0.006 g of S and 1.8 mL of ODE were heated to 180 ˚C for an hour to make a sulfur 

stock solution. 0.032 g of CdO was added to a mixture of 0.618 g of OA and 1.8 mL of 

ODE in a separate vessel, and then the solution was degassed and refilled with N2 gas 

three times at room temperature. After that, the mixture was heated to 110 °C 

and kept at this temperature for 30 min under vacuum. Then the temperature was 

increased to 240 ˚C under N2 gas purging and the mixture was kept at this 

temperature for half an hour to form a clear solution. 0.4 mL of the CdSe core 

solution was mixed with the sulfur ODE stock solution and injected into the reaction 

solution and left for at least 10 min for the shell growth. The product was washed 

with hexane and methanol with the aid of centrifugation. 

5.2.2.4 Ligand exchange 

Ligand exchange technique was used to transfer as-synthesised nanocrystals from an 

organic solvent to an aqueous environment. Following the previously reported 

method,324 1.5 mL of MPA was added to the nanocrystals in chloroform. After 

sonicating the mixture for 15 min, 3 mL of 0.1 M KOH aqueous solution were added 

to the mixture and sonicated for an hour.  The aqueous part containing the MPA 

coated nanocrystals was then separated using a pipette. The nanocrystals were 

washed with acetone and deionised water, centrifuged at 7600 rpm for 90 s and 

finally dispersed in deionised water. 

5.2.3 Characterisation 

Size and shape of the QDs were studied by JEOL TEM. PerkinElmer ultraviolet-visible 

(UV-Vis) and Cary Eclipse fluorimeter were used to collect absorption and 

photoluminescence (PL) spectra. See Chapter 2, Sections 2.2 for more instrumental 

and sample preparation details.   

5.2.4 Collection and visualisation of latent fingermarks 

This work was conducted as a phase I study according to the International Fingerprint 

Research Group (IFRG) guidelines.247 Natural and charged latent fingermarks were 
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deposited on glass slides, aluminium foil and germanium disks and treated in the 

nanocrystals working solution baths. For photography of developed fingermarks, 

samples were illuminated by a Polilight and photographed with a Nikon camera 

equipped with a Schott OG550 nm orange filter (long-pass 550 nm). See Chapter 2, 

Sections 2.3, 2.4 and 2.5 for details regarding collection, treatment and photography 

of fingermarks. Where applicable, developed fingermarks were imaged by CamScan 

scanning electron microscope (SEM). See Chapter 2, Section 2.2 for more 

instrumental and sample preparation details. 

5.3 Results and discussions 

5.3.1 QDs working solution preparation and characterisation 

First, fluorescent CdSe seeds were nucleated and grew by precipitation of Cd cations 

and Se anions in high temperature and under inert gas (Figure 5-1). Then CdSe/CdS 

core/shell SDs and NRs were synthesised by injection of sulfur and epitaxial growth 

of the CdS layers on the CdSe seeds.344,345 TEM images in Figure 5-2 and Figure 5-3 

illustrated a highly uniform size distribution of the as-synthesised SDs and NRs, 

respectively. Dimensions were estimated to be 3.13±0.75 nm in diameter for the SDs 

(inset in Figure 5-2-a) and 23.0±5.6 nm in length and 3.49±1.04 nm in diameter for 

the NRs (insets in Figure 5-3-a). 
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Figure 5-1 (a) Experimental set-up for the synthesis of NRs and SDs. (b and c) As-synthesised CdSe 

cores in chloroform under (b) ambient lighting and (c) illumination at 350 nm.  

 
Figure 5-2 (a and b) TEM images of CdSe/CdS SDs in different magnifications. Inset in (a) shows the 

histogram of diameter of CdSe/CdS SDs. 
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Figure 5-3 (a and b) TEM images of CdSe/CdS NRs in different magnifications. Inset in (a) shows the 

histograms of diameter and length of CdSe/CdS NRs. 

The Ligand exchange technique was applied to transfer the NRs and SDs from organic 

to aqueous phase. Hydrophobic nanocrystals were coated with MPA surfactant 

which had both lipophilic and hydrophilic parts. MPA attached to the nanocrystals 

via its thiol functional group and made them water-dispersible via its polar carboxylic 

group. Highly luminescent as-synthesised and MPA surface-modified SDs and NRs 

solutions are shown in Figure 5-4. 

 
Figure 5-4 Photographs of (a) water and CdSe/CdS (b) SDs and (c) NRs in (b1 and c1) toluene and (b2 

and c2) water illuminated at 350 nm. 

PL measurements in Figure 5-5 reveal that narrow emission at green wavelengths 

(λmax=500-570 nm) was obtained by the excitation of the nanocrystals at blue 
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wavelengths (400-490 nm). The emission peaks show Stoke shifts of 30 nm and 60 

nm from the cores to the core/shell SDs and NRs, respectively. Transferring the NRs 

and the SDs from the organic to the aqueous phase did not have a noticeable effect 

on the profiles of their emission spectra, although the emission spectra of the NRs 

aqueous solution became slightly broader possibly due to the weak binding of the 

surface ligands after the ligand exchange. 
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Figure 5-5 PL (solid lines) and absorption (dashed lines) spectra of (a) CdSe cores and CdSe/CdS (b) 
SDs and (c) NRs in toluene and water. λex=400 nm (line 1), 448 nm (line 2), 450 nm (lines 3 and 4), 

468 nm (lines 5 and 6). Spectra were normalised to unity. 
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5.3.2 Latent fingermark visualisation 

MPA coated SDs and NRs aqueous solutions were used without any further 

treatment for the development of latent fingermarks. MPA could enhance the 

adherence of QDs to the fingermark secretion (see Chapter 4, Section 4.3.2.1., MPA 

coated QDs solution). As a preliminary study, two fresh natural latent fingermarks 

from a female donor were deposited on glass slides and treated with the CdSe/CdS 

NRs and SDs working solutions for 10 and 40 min, respectively. Figure 5-6 presents 

successfully developed fingermarks using both SDs and NRs solutions. 

Following IFRG guidelines, phase I, split fingermark technique was applied to 

compare the capability of NRs and SDs for the detection of latent fingermarks on 

different substrates. Natural deposits of 3 middle fingers from two donors (one male 

and one female) were collected on glass slides (Figure 5-7-a) and aluminium foil 

(Figure 5-7-b) as non-porous substrates, then aged for one day. The left sides were 

treated with NRs and the right sides were treated with SDs. The ridge details and 

some sweat pores are clearly detectable for both NRs and SDs. In all cases, the NRs 

developed more details including the ridges, furrows and perspiration pores. Larger 

contact areas of the NRs compared to the SDs could lead to the adhesion of more 

NRs to the fingermark residue. The larger surface area of the NRs could also lead to 

more MPA on their surfaces, resulting in more chemical reaction with the component 

in the residue as well as more grafting to the residue through stronger adhesion 

forces. 
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Figure 5-6 Treated fresh natural fingermarks from a female donor deposited on a glass slide with (a) 

NRs and (b) SDs, illuminated at 350 nm and photographed through the orange filter (f-stop: f/11, 
exposure times: (a) 3 s and (b) 8 s). 
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Figure 5-7 Treated fingermarks on (a) glass slides and (b) aluminium foil with NRs (left side) and SDs 

(right side), illuminated at 450 nm and photographed through the orange filter (20 min immersion, f-
stop and exposure times: (a) f/11 and 2 s, (b-left side) f/10 and 1/5 s, (b-right side) f/14 and 5 s). 
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1-day old natural fingermarks were deposited on germanium disks as another non-

porous substrate. Untreated fingermarks were illuminated at 450 nm and 

photographed through the orange filter to verify they were not fluorescent (Figure 

5-8-a1 and b1). Then each mark was treated with NRs and SDs solutions for 20 min. 

Figure 5-8-a2 and b2 reveals successfully visualisation of NRs-treated fingermarks, 

while SDs-treated fingermarks were not visualised indicating any or low adherence 

of SDs to the fingermark secretion. 

 
Figure 5-8 (a1 and b1) Untreated and (a2) NRs- and (b2) SDs-treated 1-day old natural fingermarks 

from a female donor on germanium disks (20 min immersion for treated half), illuminated at 450 nm 
and photographed through the orange filter (f-stop: f/11, exposure time: (a1 and b1) 10 s and (a2 and 

b2) 5 s). 
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To investigate the effect of concentrations of the working solutions on the luminosity 

of the developed fingermarks, as shown in Figure 5-9-a, two diluted working 

solutions (50 mL each) were prepared. The absorbance of the prepared solutions was 

acquired using UV-Vis spectrometry. Figure 5-9-b reveals that the absorbance of the 

NRs solution (0.028 a.u. at 450 nm) was almost half of that of the SDs working 

solution (0.069 a.u. at 450 nm). Since the concentration is proportional to the 

absorbance according to Beer-Lambert law (see Chapter 2, Section 2.2.6), it could be 

concluded that the concentration of the prepared NRs solution was less than the SDs 

solution. Natural split fingermarks of 3 middle fingers of a male donor were deposited 

on glass slides, aged for one day and developed with the prepared solutions. The 

results in Figure 5-9-c reveal that the NRs outperformed the SDs for the detection of 

latent fingermarks on non-porous surfaces even with lower concentration.  
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Figure 5-9 (a) 50 mL SDs and NRs diluted working solutions. (b) Absorption spectra of SDs and NRs. 
(c) NRs- (left side) and SDs- (right side) treated 1-day old natural fingermarks (40 min immersion), 
illuminated at 450 nm and photographed through the orange filter (f-stop: f/11, exposure time:  

15 s).  
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Conventional SEM imaging (under vacuum) was performed on the NRs- and SDs-

treated 1-day old natural fingermarks from a female donor. The fingermarks were 

deposited on germanium disks as conductive substrates to prevent the charging 

effect caused by electron irradiation.346 Results are shown in Figure 5-10. 

Environmental SEM is commonly used for imaging latent fingermarks because the 

fingermark secretion evaporates rapidly due to the intense vacuum within the 

chamber of the conventional SEM.43,234,347,348 Since vacuumed SEM was used here, 

the evaporation occurred with the SDs developed fingermarks, wherein developed 

features were barely visible (Figure 5-10-a1-a3) and only salts within the secretion 

were observed. However, in the case of NRs treated fingermark (Figure 5-10-b1-b3), 

ridge details including the droplets (light grey areas in Figure 5-10-b2 and b3) were 

clearly resolved. Since the droplets should be evaporated under vacuum, these grey 

areas are either the remaining NRs after vaporisation creating the pattern of the 

droplets, or the droplets protected by deposited NRs from vaporisation. As per Figure 

5-11, sweat pores are also detectable in SEM images of the NRs-treated fingermark. 

The ridge details were not observed to this extent in SEM images of the SDs-treated 

fingermark, which could indicate adhesion of a larger number of NRs to the secretion 

rather than SDs.
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Figure 5-10 SEM images of natural fingermarks from a female donor deposited on germanium disks and developed with (a) SDs and (b) NRs in different magnifications (20 

min immersion). Insets in (a1 and b1) show the developed fingermarks photographed with Nikon camera under ambient lighting (f-stop: f/3.2, exposure time: 1/100 s).  
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Figure 5-11  Sweat pores of NRs-treated fingermark deposited on germanium disk imaged using (a1 and a2) Nikon camera under ambient lighting (f-stop: f/3.2, exposure 

time: 1/100 s) and (a3) SEM (20 min immersion). Contrast and brightness of the fingermarks in (a1) and (a2) were enhanced using Photoshop.
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Since a limited amount of working solution was used in this work, the same solution 

was reused several times for development, this would not be appropriate in an 

operational context, especially if the development is sequenced with DNA 

identification. It was noted that after several rounds of fingermark treatment, the 

working solutions became cloudy and less transparent and the fingermarks were not 

developed properly, most probably, due to contamination from skin debris and 

secretion components which dissolved and dispersed within the solution. Therefore, 

the NRs working solution was washed with acetone and deionised water using a 

centrifuge and dispersion technique. Then washed NRs were re-dispersed in 

deionised water. However, high-quality developed fingermarks were not achieved 

with the purified working solution. One reason could be the elimination of MPA from 

the surface of NRs due to washing with acetone. Therefore, after purification, 1 mL 

MPA was added to the solution. Figure 5-12 shows the NRs-treated split natural 

fingermarks from a female donor deposited on glass slides before (left side) and after 

(right side) addition of MPA. Clear ridge details and less background development 

were achieved after the addition of MPA. As discussed in Chapter 4, Section 4.3.1.2, 

the addition of surfactant to the aged solution of core/shell nanoparticles may have 

a potential application for extension of the working solution shelf-life. However, 

further investigations are required. 
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Figure 5-12 4-day old natural fingermarks from a female donor deposited on glass slides, treated 

with purified NRs working solution before (left side) and after (right side) addition of MPA (10 min 
immersion), illuminated at 450 nm and photographed through the orange filter (f-stop: f/11, 

exposure time: 8s). 

5.4 Summary 

The capability of CdSe/CdS core/shell nanocrystals in different shapes (rods and 

spheres) for the development of latent fingermarks was investigated as a proof of 

concept study. Although there were safety issues associated with cadmium-based 

QDs, a combination of the intense luminescence of core/shell QDs with their fast and 

easy attachment to fingermark secretions made it possible to safely use the aqueous 

working solution of these well-studied QDs at low concentrations. The Development 

of split fingermarks from various donors deposited on a range of non-porous 

substrates demonstrated enhanced visualisation by applying elongated nanocrystals 

compared to the spherical ones. The SEM study also presented adhesion of a larger 

number of NRs to the secretion compared to SDs.  
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Chapter 6 Conclusion and future work 
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This thesis aimed to design and characterise novel latent fingermark developers using 

nanotechnology to overcome the lack of contrast between developed latent 

fingermarks and multi-coloured, multi-patterned or fluorescent backgrounds as one 

of the main challenges facing the detection of latent fingermarks. The significance of 

this thesis lies in the introduction of two nanoparticle-based techniques for the 

detection of latent fingermarks in which deep-red to near-infrared (NIR) luminescent 

nanostructured materials were successfully applied to suppress or even eliminate the 

background interference and visualise high-quality developed fingermarks on various 

substrates including challenging colourful substrates. Another aim of this thesis was 

the investigation of the effect of the principal characteristics of the nanoparticles on 

their performance for the detection of latent fingermarks. To address this aim, the 

last part of this work highlighted the significance of the morphology of the 

luminescent nanoparticles on the quality of the developed fingermarks. In the 

following, the conclusions and suggestions for future work arising from each chapter 

are discussed in more detail. 

In Chapter 3, NIR-luminescent Egyptian blue (EB) powder as a safe, relatively 

inexpensive and easily accessible pigment was used to produce an enhanced 

fingermark dusting powder. For this, the size of the EB particles was reduced by 

micronisation and exfoliation. Consistency of the chemical composition and structure 

of the EB particles with previous studies were confirmed using energy dispersive 

spectroscopy (EDS) and infrared (IR) spectroscopy. Optical microscopy, scanning 

electron microscopy (SEM), atomic force microscopy (AFM) and IR spectroscopy 

were applied to study the size and shape of the particles and to verify the reduction 

in the particle size after micronisation and exfoliation. Ultraviolet-visible-NIR (UV-Vis-

NIR) spectroscopy results were presented to confirm that the powders were highly 

luminescent in the NIR region and their luminosity was not affected by the processes 

of size reduction. Micronised EB powder developed latent fingermarks from a wide 

range of donors on various substrates and outperformed a NIR luminescent 

commercial powder. To decrease the size of the EB particles further, a liquid-

exfoliation technique as a simple and inexpensive process was applied to produce a 

mixture of reduced-size particles and nanosheets. To improve the adherence of the 
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particles to the fingermarks residue, they were coated with a lipophilic surfactant 

(Cetyltrimethylammonium bromide, CTAB) That has high affinity to lipids within the 

secretion. The successful coating of the particles was confirmed based on the 

observation of variations in the IR spectra, the surface charge of the particles and the 

thickness of the nanosheets collected using IR spectroscopy, dynamic light scattering 

and AFM, respectively.  

To evaluate the produced powder, following International Fingerprint Research 

Group (IFRG) guidelines, several experiments were conducted on natural fingermarks 

collected from a range of donors and deposited on various substrates (a total of 447 

impressions). The coated exfoliated particles presented developed latent 

fingermarks with higher contrast compared to the uncoated ones, especially on aged 

fingermarks and fingermarks with less secretion. This new enhanced fingermark 

dusting powder also presented improved contrast between the developed marks and 

the various backgrounds compared to the original and micronised EB powders as well 

as a fluorescent commercial powder for the detection of latent fingermarks on the 

model surfaces. Although it was not certain, there was a possibility that a part of 

outperformance of the exfoliated particles containing nanosheets was due to the 

effect of the flat shape of the particles on their adherence to the secretion. The effect 

of nanoparticle morphology on the quality of the developed fingermarks was further 

explored explicitly in Chapter 5. 

Future work should focus on enhancement and simplification of the EB exfoliation 

process even more through the possibility of applying other types of solvents and 

surfactants instead of water and CTAB. In this regard, some preliminary studies were 

conducted (see Appendix C). Although the enhancement was achieved in some cases, 

more comprehensive studies (such as split aged fingermarks in depletion series) are 

required to compare the quality of the fingermarks developed with these powders 

against particles exfoliated in water. 

Han blue (HB) and Han purple (HP) as other types of synthetic copper silicate 

pigments luminescing in the NIR region were characterised, micronised and their 
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performance on the development of latent fingermarks was preliminary studied for 

the first time (see Appendix D). Although successfully developed marks were 

obtained applying micronised HB and HP, further work including different substrates 

and a larger number of donors are required to evaluate the performance of these 

pigments for the detection of latent fingermarks. 

Although EB particles are relatively safe and non-toxic, there still is a health concern 

regarding the application of dry particles, especially in case of nanoparticles. Also, 

dry powdering was not suitable for a range of other potential substrates such as the 

sticky side of adhesive tapes since particles easily adhered to the background as well. 

An alternative approach was to explore the use of nanoparticles dispersed in 

solution. Therefore, as the next developer, quantum dots (QDs) dispersed in an 

aqueous solution were selected due to their astonishing optical properties, especially 

their adjustable emission wavelength. 

As presented in Chapter 4, deep-red to NIR luminescent CuInS2/ZnS core/shell QDs 

with advantageous luminescent characteristics were considered as desirable 

candidates. First, CuInS2/ZnS QDs were synthesised using an organic-based technique 

to produces a highly uniform and brightly luminescent product. Next, the QDs were 

transferred from organic to aqueous environment with ligand exchange technique 

and used for the development of latent fingermarks. Although latent fingermarks 

were successfully developed with high ridge details, the organic-based synthesis 

method was toxic, complicated, time-consuming and expensive and produced a small 

amount of QDs per batch. Therefore, a water-based synthesis method was applied 

to synthesis the QDs. Large scales of the QDs were produced directly in water using 

a safe and straightforward procedure. The duration of the whole synthesis process 

was 90 min. As-synthesised QDs were used for the development of fingermarks with 

no further purification. The surface modification of the QDs with lipophilic 

surfactants (3-mercaptopropionic acid and N-acetyl-cysteine) enhanced the QDs 

stabilisation in the solution as well as their adhesion to the secretion. Latent 

fingermarks on various substrates, especially the adhesive side of sticky tapes as a 
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challenging but common substrate, were rapidly developed with high levels of ridge 

details being observed.  

However, issues remain in application to natural fingermarks on some other 

challenging substrates such as polymer banknotes and soft drink cans. More in-depth 

studies using larger groups of donors, a greater number of depletions, a wider range 

of substrates and comparison against current protocols are needed to be carried out. 

Also, further studies are required for the optimisation of the technique, including 

factors such as additional surface modification of the QDs, pH adjustment of the 

working solution, working solution stability and combination with other methods 

(such as cyanoacrylate fuming). Besides, although the suggested technique for the 

preparation of the QDs solution was simple and safe, more comprehensive 

investigations regarding the shelf-life of the solution and the possibilities to extend 

it (such as the effect of surfactant) is required. Finally, more studies are required to 

establish the procedure of preparation and application of the working solution to 

investigate how this material would be used in an operational workflow. 

The shape of the particles in the particle-based techniques was previously 

established to be effective for the quality of the developed fingermarks and one of 

the fascinating capabilities of the nanoparticles is their potential to grow into the 

desired shapes. In Chapter 5, a proof of concept study was conducted to investigate 

the effect of nanoparticle morphology on their capability of developing latent 

fingermarks. Aqueous solutions of luminescent CdSe/CdS core/shell QDs in rod and 

spherical shapes were synthesised and transferred to an aqueous solution. Images 

acquired by a transmission electron microscope revealed highly uniform 

morphologies of the synthesised QDs. In a preliminary study, the core/shell structure 

and lipophilic surface modification of both nanorods and spherical dots led to simple 

rapid successful fingermark development using very low concentrated aqueous 

working solutions. However, in the comparison studies on various non-porous 

substrates, the nanorods demonstrated enhanced development of the fingermarks 

ridge details compared to the spherical dots. This proof of concept study made use 

of cadmium-based QDs as well-studied QDs, which are not suitable for operational 
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use because of safety issues associated with heavy metals. However, it was 

established that particle morphology can have a significant effect on the efficacy of 

nanoparticles for the detection of latent fingermarks and is worthy of further 

investigation. For future work, different shapes of nanoparticles such as planar 

(triangular and hexagonal), cubic and tetrahedral could be compared and studies 

with a wider range of donors and substrates are required. 
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Appendix A  Donor participation forms 

 
Figure A-1 Participant information sheet provided to donors before fingermark collection. 
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Figure A-2 Consent form provided to donors before fingermark collection.  
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Appendix B  Supplementary data (Chapter 3) 

 
Figure B-1 AFM images of 11-day exfoliated Egyptian blue particles from different regions. 
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Figure B-2 Zeta potential of (a) Milli-Q water, (b) Egyptian blue (EB) and exfoliated Egyptian blue 

(EEB) stirred for (c) 3 days (EEB-3D) and (d) 11 days (EEB). 
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Figure B-3 Zeta potential of CTAB coated exfoliated Egyptian blue stirred for (a) 3 days (EEB+C-3D) 

and (b) 11 days (EEB+C). 
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Appendix C  Enhancement of Egyptian blue exfoliation process 
(Chapter 3) 

This appendix has been published as a preprint on ChemRxiv: 

Sorour Shahbazi, John Goodpaster, Gregory Smith, Thomas Becker, Simon W. Lewis, Studies into 

exfoliation and coating of Egyptian blue for application to the detection of latent fingermarks. 

ChemRxiv, September 2020.  

DOI: https://doi.org/10.26434/chemrxiv.12993092.v1  

 

C.1 Exfoliation of Egyptian blue powder in glycerol 

C.1.1 Experiment 

Three grams of Egyptian blue (EB) powder (Kremer 10600) was vigorously stirred in 

90 mL of glycerol (C3H8O3, ≥99 %, Chem-Supply) in a round-bottom flask using a glass 

magnetic stir at 250 °C for 3 and 9 days. A block heater was used for stirring and 

heating and a water circulating system was used for condensation. After 4 days, the 

solution started boiling and after 9 days bubbles got to the condenser. Then the 

mixture was left to cool to room temperature. For purification, warm water was 

added to the mixture (approximately 45 °C, 1:3 water:slurry ratio) and then 

centrifuged to separate the powder (3000 rpm for 3 min). The powder was washed 

three times with warm water and then moved to a petri dish and left in the oven (30 

°C) to dry overnight. The 3-day and 9-day exfoliated EB in glycerol (EEB-G-3D and EEB-

G-9D, respectively) were used for further experiments. 

C.1.2 Results and discussion 

C.1.2.1 Preparation and characterisation 

There are three important parameters which affect the exfoliation process of layered 

structures using the liquid-phase exfoliation method: polarity of solvent, 

temperature, and ionic surfactant.1,2 In this technique, forces between the liquid and 

sheet silicate layers should overcome intermolecular forces between adjacent 

sheets. Also, stabilizing the sheets with suitable surfactants should prevent 

reaggregation. To enhance the exfoliation process, one approach is to use a polar 
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solvent that has a higher boiling point than water to facilitate increasing temperature 

and decreasing the exfoliation time. 

Glycerol is a safe, polar solvent that has three hydroxyl functional groups and a 

hydrocarbon chain in its chemical structure. The boiling point of glycerol (290 °C) is 

higher than water (100 °C) which made it possible to increase the temperature of the 

process from 85 °C to 250 °C. This may accelerate the exfoliation process. Also, 

glycerol could cover the surface of the exfoliated particles and increase their affinity 

to interact with compositions within the fingermark residue. 

As shown in Figure C-1, after 1 hour stirring, the blue colour of the solution changed 

to brown. To investigate the reason for this change of colour, glycerol without any 

powder was stirred under the same conditions for 3 days. The colour of the clear 

solution changed to yellow after 90 min and after 3 days the solution colour gradually 

turned to black (Figure C-2). Therefore, change in the colour of the exfoliation 

mixture is due to the hot glycerol.  

 
Figure C-1 Photographs of the EB exfoliation process in glycerol photographed (a) before and (b-d) 

after exfoliation for (b) 1 hour, (c) 1 day and (d) 6 days. 

 
Figure C-2 Photographs of glycerol heated under the same condition as the exfoliation process, (a) 

before and (b and c) after heating for (b) 90 min, (c) 3 days. 
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As shown in Figure C-3, dried exfoliated powder was made of two layers; a brown 

layer on top and a light blue layer underneath. The brown layer was cracked and 

peeled off after drying. The bottom layer was blue; therefore, the blue particles 

deposited sooner than the dark ones, which may indicate their larger size. Also, the 

reason could be that the brown particles were coated by a larger amount of glycerol 

compared to the blue ones and therefore remained suspended longer due to 

stabilisation. Brown particles mostly deposited after 1 day. The other reason could 

be oxidation of the top layer. Figure C-4 shows that both layers are luminescent when 

excited at 590 nm. 

 
Figure C-3 Dried exfoliated EB in glycerol (a) before and (b) after removing the brown layer.  

Figure C-5 shows optical photomicrographs indicating that 3-day exfoliated EB 

powder is a mixture of intact and reduced-size particles. Nine days exfoliation yielded 

less intact particles. Zeta potential of the exfoliated particles was measured by 

dynamic light scattering (DLS) and shown in Figure C-6-a and b. These results reveal 

that the zeta potential of the particles did not change after exfoliation. Zeta potential 

of the exfoliated particles both in water stirred for 3 days (EEB-3D) and 11 days (EEB), 

and glycerol stirred for 3 days and 9 days were compared in Figure C-6-c. As discussed 

previously (see Chapter 3, section 3.3.3), exfoliation in water reduced the zeta 

potential (lower amount of negative charge). This reduction did not happen in 

exfoliation with glycerol. Preservation of high zeta potential is desired in terms of 
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fingermark development since it could increase the electrostatic interaction between 

the exfoliated particles and composition within the fingermark secretion. 

 
Figure C-4 Photographs of (a) top layer and (b) bottom layers of the dried EEB-G-9D (see Figure C-3); 
photographed by Canon camera under (a1 and b1) ambient lighting (f-stop: f/9, exposure time: 1/2 s) 

and (a2 and b2) illumination at 590 nm (IR long-pass filter, f-stop: f/9, exposure time: 2 s). 
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Figure C-5 Images of (a) EB, (b) EEB-G-3D and (c) EEB-G-9D; captured by Nikon optical microscope. Images were acquired from different areas to show size and shape 

distribution.
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Figure C-6 Zeta potential of the particles exfoliated in (a-c) glycerol and (c) water for the different 

durations; measured by DLS. 

According to Figure C-7, the exfoliated powders in glycerol were still luminescent in 

the near-infrared (NIR) region when illuminated at 590 nm using a Polilight, however, 

expectedly, their luminosity decreased compared to the original powder. 

Photoluminescence (PL) spectra in Figure C-8 show that the emission peak slightly 

blue-shifted from 916 nm to 906 nm after exfoliation. Also, the excitation peak 

slightly red-shifted and the peak at 590 nm disappeared after exfoliation. Figure C-9 

reveals that exfoliation of EB in glycerol did not noticeably affect fluorescent lifetime. 
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Figure C-7 Photographs of (a) EB, (b) EEB-G-3D and (c) EEB-G-9D; photographed by Canon camera 

under (a1-c1) ambient lighting (f-stop: f/9, exposure time: 1/2 s) and (a2-c2) illumination at 590 nm (IR 
long-pass filter, f-stop: f/9, exposure time: 2 s). 

As discussed in Chapter 2 and 3, particle size affects the intensity of the attenuated 

total reflectance (ATR) spectral peaks. Reducing the size of particles increases the 

intensity of the ATR peaks. Therefore, one technique to compare the particles size 

can be through their IR spectra. Figure C-10 and Figure C-11 illustrate the mid-

infrared (MIR) and far-infrared (FIR) spectra collected by Fourier transform infrared 

spectroscopy (FTIR) from EB particles before exfoliation and after exfoliation in water 

and glycerol for the different durations. See Chapter 3 for peak assignments. In both 

spectral regions, 3-day exfoliated particles showed greater spectral intensity of the 

peaks when particles were exfoliated in glycerol rather than water, indicating that 

smaller particles were achieved in a shorter time using glycerol. FIR spectra show 

almost the same peak intensity for 3-day and 9-day exfoliation in glycerol that are 

comparable to an 11-day exfoliation in water. 
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Figure C-8 PL emission (solid lines, λex=630 nm) and excitation (dashed lines, λem=916 nm) of EB 

before and after exfoliation in glycerol for the different durations. Spectra were normalised to unity, 
offset for clarity and smoothed using OPUS software based on the Savitzky-Golay algorithm.3 

 
Figure C-9 PL decay graphs of EB, EEB-G-3D and EEB-G-9D powders. Table shows measured 

fluorescent lifetimes based on the PL decay curves. 
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Figure C-10 MIR spectra of EB as well as EEB in water and glycerol for the different durations. Data 

were collected by Nicolet FTIR. No intensity modification was applied. 

 
Figure C-11 FIR spectra of EB as well as exfoliated EB in water and glycerol for the different 

durations. Data were collected by Bruker FTIR. No intensity modification was applied. 
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As discussed previously, the colour of the exfoliated particle was brown instead of 

light blue most likely because it contained a coating with dark glycerol even after 

washing. For further investigation, MIR spectra of glycerol were collected before 

(clear solution) and after (dark solution) heating (Figure C-2). Figure C-12 illustrates 

the spectra. The only difference is the appearance of a peak at 1732 cm-1 after 

heating. This peak could be assigned to C=O stretching of carboxyl group indicating 

oxidation of glycerol. MIR spectra of unexfoliated EB and exfoliated EB in glycerol for 

3 and 9 days were compared with heated glycerol in Figure C-13 to investigate 

whether the glycerol coated the particles or not. As illustrated in Figure C-13-b-d, 

several new peaks within the ranges of 3650-2850 cm-1 and 1800-1350 cm-1 appeared 

after exfoliation in glycerol. These peaks could be assigned to OH stretching, 

symmetric and asymmetric CH2 stretching, CH2 bending and wagging as well as OH 

bending which existed in the spectrum of glycerol as well.4 These peaks shifted 

compared to the peaks in the heated glycerol spectrum, which indicates interaction 

between oxidised glycerol and surface of the particles through hydroxyl and carboxyl 

groups. Also, peaks at 1047 cm-1 and 996 cm-1 in EB powder shifted after exfoliation, 

these peaks could be assigned to asymmetric Si-O-Si stretching.5 

 
Figure C-12 (a) MIR spectra of glycerol before and after heating. (b) Spectra in narrower ranges of 

wavenumbers; collected by Nicolet FTIR. 
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Figure C-13 (a) MIR spectra of EB before and after exfoliation in glycerol and heated glycerol. (b-e) 

Spectra in narrower ranges of wavenumbers; collected by Nicolet FTIR. 

C.1.2.2 Fingermarks visualisation 

First, it should be mentioned that a particular advantage of using the glycerol 

exfoliation method is the generation of visually darker fingermark dusting powder. 

The dark colour of exfoliated particles in glycerol makes it possible for the naked eye 

to visualise the treated latent fingermarks on light-coloured substrates, while the 

light blue water-exfoliated particles could be used for the marks on dark-coloured 

substrates.  

An experiment on depletion series of natural latent fingermarks from 2 donors 

deposited on glass slides was conducted. Split fingermarks were treated by EB 

exfoliated in water and glycerol (long-term stirred; 9 days in glycerol and 11 days in 

water). Results in Figure C-14 demonstrate that high-quality luminescent fingermarks 

even in 4th depletions were achieved using both powders.  

In another experiment, long-term and short-term stirred EB in glycerol and water 

were compared. Natural fingermarks from 6 donors were deposited on glass slides 
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and treated with 3-day and 9-day exfoliated EB in glycerol as well as 3-day and 11-

day exfoliated EB in water. It should be noted that the fingermark secretion from the 

same donor was used for all four dusting powders. According to Figure C-15, 

fingermarks developed with short-term stirred EB in glycerol had higher qualities 

since they have a combination of desired characteristics including size, luminosity 

and surface modification. Unfortunately, they had a high affinity to stick to the glass 

substrate and developed the background as well. 
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Figure C-14 Comparison between EB exfoliated in glycerol and water: 4 depletions of 3-day old natural split fingermarks from 2 female donors were deposited on glass 

slides, treated with EEB-G-9D (lower half) and EEB (upper half) and photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-stop: f/9, exposure times: 
donor 1: 15 s and donor 2: 8 s). 
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Figure C-15 Comparison between EB exfoliated in glycerol and water for different duration: 2-day old natural split fingermarks from 6 donors (3 female and 3 male) 

deposited on glass slides and treated with (a) EEB-G-9D, (b) EEB, (c) EEB-G-3D and (d) EEB-3D; photographed with Canon camera (excitation: 590 nm, IR long-pass filter, f-
stop: f/9, exposure time: 5 s).
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C.2 Exfoliation of Egyptian blue powder in methanol and ethanol

To simplify further the exfoliation technique, heating was eliminated while methanol 

and ethanol were used as solvents in combination with a cationic surfactant. 

C.2.1 Experiment

A mixture of 0.15 g of cetyltrimethylammonium bromide (CTAB) powder and 0.5 g of 

EB powder (Kremer 10600) vigorously stirred in 40 mL of methanol or ethanol in a 

capped bottle at room temperature for 13 days. The mixture was left overnight at 

room temperature to let the powder settle and the supernatant became clear 

(centrifuge could be used as well). The supernatant was decanted and the powder 

left to dry overnight at room temperature and then 3 days in an oven (30 °C). CTAB 

coated exfoliated EB in methanol (EEB+C-M) and ethanol (EEB+C-E) were used for 

further experiments. 

C.2.2 Results and discussion

To simplifying the preparation of exfoliated EB, heating the exfoliation solvent was 

eliminated. As mentioned previously, other than temperature, the polarity of the 

solvent and ionic surfactant are important factors in exfoliation of layered structures. 

Based on previous experiments and other reports, CTAB is a suitable ionic surfactant 

for exfoliation.2  It is also desirable in terms of fingermark development because of 

its ability to interact favourably with fingermark secretions. Methanol and ethanol 

are highly polar solvents and due to the hydrocarbon chain in their structure, both 

dissolve CTAB easily at room temperature. Figure C-16 shows that at room 

temperature, CTAB dissolved in methanol immediately, however, a mixture of CTAB 

in water was not clear even after one-day stirring. Therefore, methanol and ethanol 

containing CTAB were used to exfoliate EB particles at room temperature.  

Figure C-17 shows the exfoliation mixture during the experiment. The bright blue 

colour of the EB particles lightened over time as an indication of successful 

exfoliation. However, the colour of the mixture in methanol got lighter sooner than 

ethanol (after 2 days). Also, the colour of the final product prepared in methanol was 
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lighter than the one prepared in ethanol. Images acquired by optical microscopy in 

Figure C-18 reveal that the size of particles decreased noticeably by exfoliation in 

methanol and ethanol.  

Figure C-16 Photographs of CTAB stirred in (a) methanol and (b) water at room temperature. 

Figure C-17 Photographs of the process of EB exfoliation in (a) methanol and (b) ethanol 
photographed (a1 and b1) before and after exfoliation for (a2 and b2) 1 day, (a3 and b3) 2 days and (a4 

and b4) 13 days. 
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Figure C-18 Images of (a) EB particles and exfoliated EB stirred in (b) ethanol and (c) methanol; 
captured by Leica optical microscope. 
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FIR and MIR spectra of EB before and after exfoliation in methanol and ethanol are 

illustrated in Figure C-19 and Figure C-20. The peak intensity increased after 

exfoliation in both methanol and ethanol indicating a decrease in the size of the 

particles. However, the absorbance of particles exfoliated in methanol was larger 

than of the particles exfoliated in ethanol, which could indicate that methanol 

exfoliated particles more effectively than ethanol. This result confirms the 

aforementioned lighter colour of the particles exfoliated in methanol rather than 

ethanol (Figure C-17). A reason for this may be the higher polarity of methanol due 

to a shorter hydrocarbon chain compared to ethanol. Figure C-20-b shows that 

symmetric and asymmetric stretching peaks of C-H in the exfoliated EB from the 

adsorbed CTAB appeared in the MIR spectra after exfoliation. These peaks slightly 

shifted compared to the peaks in the pure CTAB spectrum, which indicates 

interaction between CTAB and the particles. As per Figure C-20-c, another peak 

appeared after exfoliation around 1200 cm-1 near one of the major peaks of CTAB. 

Also, the peak at 1160 cm-1 shifted after exfoliation. As the last difference, the peaks 

at 1462 cm-1 and 1463 cm-1 appeared in ethanol and methanol spectra, respectively 

instead of two peaks at 1498 cm-1 and 1444 cm-1 in EB spectrum (Figure C-20-d). 

As a proof of concept, a 6-day old natural fingermark deposited on a ceramic tile was 

successfully visualised with coated EB particles exfoliated in methanol (Figure C-21).  
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Figure C-19 FIR spectra of EB as well as EB exfoliated in methanol and ethanol; collected by Bruker 
FTIR. No intensity modification was applied. 

Figure C-20 MIR spectra of EB before and after exfoliation in methanol and ethanol as well as CTAB 
in methanol. (a) No intensity modification was applied. (b-d) Spectra in narrower ranges of 

wavenumbers; collected by Nicolet FTIR. 



248 

Figure C-21 6-day old natural fingermarks from a female donor deposited on ceramic tile, treated 
with EEB+C-M and photographed with Canon camera under (a1) ambient lighting (f-stop: f/8, 

exposure time: 1/400 s) and (a2) illumination at 590 nm (IR long-pass filter, f-stop: f/8, exposure 
time: 3.2 s). 

C.3 Exfoliation of Egyptian blue powder in polyethylene glycol

The same procedure as exfoliation in glycerol was used to exfoliate Egyptian blue in 

polyethylene glycol 400 (PEG) at 200 °C for 11 days (EEB-P). The long hydrocarbon 

chain in the structure of PEG affects its polarity and renders it a less polar solvent 

compared to water and glycerol. Images of the particles acquired by the optical 

microscope (Figure C-23 and Figure C-18-a) and the intensity of peaks in MIR spectra 

(Figure C-22) reveal that negligible change in the size of the particles occurs which 

highlights the role of the polarity of the solvent in the exfoliation process. 
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Figure C-22 MIR spectra of EB before and after exfoliation in PEG; collected by Nicolet FTIR. 

 
Figure C-23 Image of EEB-P particles captured by the Leica optical microscope. 
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C.4 Exfoliated Egyptian blue powder coated with Tween 20 

Tween 20 (Polysorbate 20, C58H114O26, inset in Figure C-24) as a non-ionic surfactant 

was used in previous reports as a surfactant to coat nanoparticles applied for the 

development of latent fingermarks.6-9 It contains long hydrocarbon chain as well as 

hydroxyl and carboxyl functional groups, which can target components within the 

secretion. 

 The same procedure as for exfoliation of EB in water was used. Four millilitres of 

Tween 20 was added to the solution instead of CTAB. Figure C-24 shows the MIR 

spectra of EB, exfoliated Egyptian blue in water with (EEB+T20) and without Tween 

20 as well as pure Tween 20. Figure C-24-b-c show the appearance of new peaks and 

shifting in the peaks after addition of Tween 20, which indicates interaction of Tween 

20 with the surface of the particles. 

Figure C-25 compares fresh charged fingermarks developed with EB powder 

exfoliated in the presence of Tween 20 and without Tween 20. A larger amount of 

coated particles adhered to the fingermarks compared to the uncoated particles. In 

the next step, fingermarks were gently brushed with a feather brush to remove 

excess powder from the fingermark and the substrate. The illuminated fingermark 

treated with uncoated exfoliated EB in Figure C-25-a3 exhibits less luminosity after 

brushing because the particles were easily removed from the secretion. However, 

according to Figure C-25-b3, the mark developed with coated particles improved 

ridge details after brushing away surface excess, which indicates stronger adherence 

of the lipophilic coated particles to the fingermark residues. 
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Figure C-24 MIR spectra of EB before and after exfoliation in water and water+Tween 20 as well as 
pure Tween 20. (a) No intensity modification was applied except for pure Tween 20 (b-d) Spectra in 
narrower ranges of wavenumbers; collected by Nicolet FTIR. Inset in (a) shows Tween 20 chemical 

structure adapted from https://www.sigmaaldrich.com. 
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Figure C-25 Comparison between Tween 20 coated and uncoated  exfoliated EB: fresh charged 

fingermarks from a female donor deposited on white tiles, treated with (a) EEB and (b) EEB+T20 and 
photographed with Canon camera under (a1 and b1) ambient lighting (f-stop: f/2.4, exposure time: 

1/100 s) and (a2, a3, b2 and b3) illumination at 590 nm (IR long-pass filter, f-stop: f/11, exposure time: 
5 s). (a3 and b3) Gently brushed fingermarks after treatment. 
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Appendix D Han blue (HB) and Han purple (HP) pigments 

 
Figure D-1 Photographs of HB and HP illuminated at different wavelength and photographed with a 

Canon camera through an infrared (IR) long-pass filter (f-stop: f/5.6, exposure time: 1.6 s) 
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Figure D-2 (a) Photoluminescence (PL) excitation (λem=841 nm for HB and 825 nm for HP) and 
emission (λex=615 nm for HB and 632 nm HP). (b) Absorption spectra HB and HP pigments. Data 

were collected by PerkinElmer and Cary Eclipse spectrophotometers. Spectra were normalised to 
unity.  
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Figure D-4 Far-infrared spectra of HB and HP powders; collected by Bruker Fourier transform 

infrared spectroscopy (FTIR). 
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Figure D-5 Fresh (a and b) charged and (c and d) natural fingermarks of a male donor on ceramic 

tiles developed with (a and c) micronised HB and (b and d) micronised HP, photographed with Canon 
camera under (a1-d1) ambient lighting (f-stop: f/11, exposure time: 1/1000 s) and illumination at (a2-

d2) white light band, (a3-d3) 650 nm and (a4-d4) 590 nm (IR long-pass filter, f-stop: f/11, exposure 
time: (a2-d2) 5 s, (a3-d3) 30 s). 
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