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Abstract 6 

 7 

Investigations into the application of carboxyl-functionalised silicon oxide nanoparticles doped 8 

with a ruthenium complex (RuBpy-doped CES-SiO2 NPs) for latent fingermark development 9 

on non-porous surfaces were reported in previous studies. These studies suggested that an 10 

optimised NP-based method demonstrated advantages in fingermark selectivity and sensitivity. 11 

To continue the series of research into using RuBpy-doped CES-SiO2 NPs for fingermark 12 

detection, the versatility and overall practicality of the optimised SiO2 NP-based reagent for 13 

latent fingermark detection and enhancement was evaluated. 14 

 15 

When the optimised NP-based method was used in a repeated fashion (application of multiple 16 

NP treatment cycles), it was found that the overall fingermark detection quality increased 17 

across the evaluated fingermarks without a high risk of overdevelopment. The possibility of 18 

incorporating the optimised NP-based reagent for potential operational use (e.g., at crime 19 

scenes) was successfully demonstrated via spray application on three test surfaces (aluminium 20 

foil, transparent polypropylene film and green polyethylene film). It was also shown that 21 

further enhancement of “spray-detected” fingermarks was achievable via subsequent treatment 22 

using the NP-based reagent in a colloidal dispersion bath. Additionally, the compatibility of 23 

the optimised NP-based method with two-step cyanoacrylate fuming for latent fingermark 24 

detection was evaluated. It was concluded that the two techniques are not compatible for 25 

application in a fingermark detection sequence. 26 

 27 

While encouraging results were demonstrated in this study, further optimisation and 28 

comparison will be required before the multiple-treatment and spray-treatment approaches can 29 

be considered for operational implementation. 30 



 

Page 2 of 34 
 

 31 

Keywords 32 

 33 

Fingerprints, impression evidence, multiple treatments, spray application, practicality, 34 

luminescence 35 

1. Introduction 36 

 37 

A simple definition of nanotechnology is the use of materials at the nanoscale [1]. 38 

Nanotechnology has been widely used in fields such as medicine (e.g., medical imaging and 39 

drug delivery) [2-5] and electronic applications (e.g., integrated optics) [6-8]. The application 40 

of nanotechnology for latent fingermark detection and enhancement is mainly achieved via the 41 

use of nanoparticles (NPs), which are particles with a diameter on a scale of nanometres 42 

(10-9 m). There are three advantages of choosing NPs for latent fingermark development: 43 

(i) their small particle sizes allow for high-resolution fingermark development [9,10]; 44 

(ii) modifiable surface structures enable fingermark detection with high selectivity [9,11]; and 45 

(iii) optical properties of NPs can be altered to produce luminescent fingermarks to minimise 46 

substrate background interferences [11-15]. 47 

 48 

The desirable features can be used to improve current limitations with latent fingermark 49 

detection including selectivity and sensitivity [16-19]. A significant number of different NPs 50 

have been reported in the literature for latent fingermark development. However, as reviewed 51 

by Kanodarwala et al. [20], most of the previously studied NPs have not fully utilised these 52 

potential advantages simultaneously. Multimetal deposition (MMD)-type techniques were 53 

proposed with a focus mainly on the size advantage offered by gold NPs [21,22]. A major 54 

drawback is that MMD-type techniques are not capable to produce luminescent fingermarks 55 

and developed fingermarks are low in contrast (e.g., grey fingermark ridges against a light grey 56 

background on white paper) [23-26]. While quantum dots (QDs) and carbon dots (C-dots) are 57 

both highly luminescent NPs, the majority that have been tested to-date do not outperform 58 

commonly used techniques such as cyanoacrylate fuming (CAF) and fingerprint powders [27-59 

31]. Besides, no well-demonstrated advantages were shown using surface-functionalised QDs 60 

and C-dots for improved selectivity and sensitivity [32,33]. Upconverting nanoparticles 61 

(UCNPs) possess a rare optical property—anti-Stokes luminescence—that has shown potential 62 
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to produce improved fingermark contrast on highly luminescent substrates. However, there is 63 

still a lack of optimisation and validation for the use of UCNPs for latent fingermark detection 64 

and enhancement [34-39]. Furthermore, there are more limitations of using UCNPs for 65 

fingermark detection. For example, high-quality UCNPs are difficult to synthesise and they 66 

have a low commercial availability [40]. UCNP-developed fingermarks also require highly-67 

specialised and powerful source of illumination for imaging [34,35]. In addition, most of these 68 

NP-based methods, including QDs, C-dots and UCNPs, have not focused on selective 69 

interactions between the NPs and fingermark residues. As such, research is still required to 70 

fully exploit the advantages possessed by NPs for latent fingermark detection. 71 

 72 

Silicon oxide nanoparticles (SiO2 NPs) are a type of NPs that are capable of providing a 73 

combination of the three aforementioned favourable NP characteristics for latent fingermark 74 

development [11,14,15,20]. Various studies have been conducted to investigate the use of 75 

functionalised SiO2 NPs for fingermark detection over the years. Although most of the research 76 

has attempted to exploit the favourable features offered by SiO2 NPs, none of the studies 77 

demonstrated the use of the combination of the three desirable characteristics provided by SiO2 78 

NPs for improved selectivity and sensitivity. Most of the reported SiO2 NPs were applied as a 79 

dry powder [12,13,41-44]. This application route offered no clear benefits when compared to 80 

conventional fingerprint powders and did not benefit from NP surface functionalisation to 81 

target fingermark residues via chemical interaction. In addition, no in-depth fingermark 82 

comparisons against routine detection methods were conducted in the aforementioned research 83 

[45,46]. 84 

 85 

A study undertaken by Moret et al. in 2016, demonstrated the use of carboxyl-functionalised 86 

SiO2 NPs doped with a ruthenium complex (RuBpy-doped CES-SiO2 NPs) for latent 87 

fingermark detection, indicating  a promising starting point for further research [11]. As a result 88 

of this study, Lee et al. presented further research using the SiO2 NP-based reagent for latent 89 

fingermark detection and enhancement on non-porous substrates. First, various detection 90 

parameters—NP concentration used in the colloidal dispersion, bath temperature and 91 

immersion time—were modified and optimised [14]. Consequently, a refined RuBpy-doped 92 

CES-SiO2 NP-based method was then proposed. A reduction in the amount of CES surface 93 

functionalisation was determined to provide improved fingermark detection effectiveness and 94 

a shaking incubator was incorporated into the treatment process to offer a more practical 95 

treatment approach [15]. While the overall fingermark detection effectiveness of the NP-based 96 
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method was judged to be inferior when compared to CAF with rhodamine 6G luminescent 97 

staining (CAF-R6G), the absolute performance of the RuBpy-doped CES-SiO2 NP-based 98 

method was highly encouraging as a stand-alone fingermark detection technique. Moreover, 99 

the optimised NP-based method demonstrated advantages such as high selectivity 100 

(development of more homogeneous fingermark ridges with finer detail compared to CAF-101 

R6G development) and high sensitivity (ability to generate visible fingermark across different 102 

weak fingermark donors) [15]. Therefore, further investigation was required to exploit the 103 

notable benefits of using the optimised NP-based method for latent fingermark detection. 104 

 105 

As a continuation of these two studies, the overall practicality of the optimised RuBpy-doped 106 

CES-SiO2 NP-based method was further investigated. According to the research guidelines 107 

published by the International Fingerprint Research Group (IFRG), research into fingermark 108 

detection techniques can be categorised into four phases (Phases 1 to 4) [47]. Together, these 109 

four research phases provide a solid and fundamental framework for progressing new 110 

fingermark detection techniques from pilot studies to potential operational applications. 111 

Although fingerprint research conducted across these four research phases is commonly 112 

reported in the literature [12,48-52], practical application by end-users including law 113 

enforcement agencies and forensic laboratories tends to be overlooked. For example, complex 114 

and labour-intensive reagent preparations have been suggested for self-synthesised fingerprint 115 

powders that offer no apparent advantages over the use of conventional fingerprint powders 116 

[53]. The first generations of MMD-type techniques also suffered from time-consuming 117 

treatment procedures [21-24]. As such, the practical implementation and applicability of new 118 

fingermark detection methods should ideally be considered during the early research stages. 119 

Moreover, as suggested in the IFRG guidelines, it is also critical to evaluate the compatibility 120 

of new detection methods with benchmark fingermark detection techniques when used in a 121 

fingermark detection sequence [47]. 122 

 123 

This study investigated the versatility of the aforementioned optimised RuBpy-doped CES-124 

SiO2 NPs as a reagent for latent fingermark development [14,15]. Novel application procedures 125 

including multiple treatments using the NP-based method in a laboratory setting and a spray 126 

method for potential onsite application to fixed surfaces by end-users were proposed. 127 

Additionally, the compatibility of the SiO2 NP-based method when applied in sequence with 128 

CAF-R6G was evaluated.  129 
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2. Materials and methods 130 

 131 

The experiments conducted in this study were performed as proof-of-concept work. Novel 132 

application procedures using the optimised RuBpy-doped CES-SiO2 NP-based reagent for 133 

latent fingermark detection were evaluated. As such and in accordance with the IFRG research 134 

guidelines, this study was undertaken as a Phase 1 evaluation (pilot study) [47]. The 135 

experimental parameters (e.g., number of fingermark donors, types of substrates and collection 136 

process of fingermark specimens) were chosen to obtain a realistic assessment of each 137 

method’s performance. The optimised RuBpy-doped CES-SiO2 NP-based reagent was 138 

synthesised and applied following the synthesis and treatment procedures reported in the 139 

previous study [15]. The versatility of the optimised NP-based reagent was assessed via 140 

repeated treatments, spray application and application in sequence with CAF-R6G on natural 141 

fingermarks collected from three donors on three test substrates. 142 

 143 

2.1 Materials 144 

 145 

2.1.1 Chemicals 146 

 147 

Ammonium hydroxide (NH4OH) (30%), 1-hexanol, tetraethyl orthosilicate (TEOS), tris(2,2’-148 

bipyridyl)dichlororuthenium(II) hexahydrate (RuBpy), rhodamine 6G (R6G), Triton X-100 149 

(TX-100), sodium chloride (NaCl) (≥98%), isopropanol (reagent grade) and methyl ethyl 150 

ketone (reagent grade) were purchased from Sigma-Aldrich (Australia) and used as received. 151 

Cyclohexane (AR grade) and acetone (AR grade) were purchased from Chem-Supply 152 

(Australia) and used as received. Carboxyethylsilanetriol di-sodium salt, 25% in water (CES) 153 

was supplied by Novachem (Australia) and used as received. Type 1 ultrapure water 154 

(resistivity: 18.2 MW cm) used throughout the study was produced using an Arium® Pro 155 

Ultrapure Water System (Sartorius AG, Germany). 156 

 157 

2.1.2 Instrumentation 158 

 159 

An Eppendorf Centrifuge 5810 R (Eppendorf South Pacific Pty. Ltd., Australia) was used for 160 

centrifugation of the RuBpy-doped SiO2 NPs during synthesis. A Zeiss Supra 55VP high 161 

resolution Field Emission Scanning Electron Microscope (FESEM) (Carl Zeiss Microscopy 162 
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GmbH, Germany) with a Schottky source was used for scanning electron microscopy (SEM) 163 

on the RuBpy-doped CES-SiO2 NPs. A Leica EM ACE600 high vacuum coater (Leica 164 

Microsystems GmbH, Germany) was used to coat a layer of carbon film on the RuBpy-doped 165 

CES-SiO2 NPs prior to SEM analysis. A Malvern Zetasizer Nano ZS (Malvern Panalytical Ltd, 166 

United Kingdom) was also used to determine the hydrodynamic diameter of the CES-SiO2 NPs 167 

in solution. A MVC® 1000 fuming cabinet (Foster + Freeman Ltd., United Kingdom) was used 168 

with Cyanobloom (Foster + Freeman Ltd., United Kingdom) as the cyanoacrylate monomer 169 

for cyanoacrylate fuming. A JSSI-100T Compact Shaking Incubator (JS Research Inc., 170 

Republic of Korea) was used to facilitate the fingermark treatment process. A Cole-Palmer 171 

Trigger Spray Bottle (240 mL) and a Cole-Palmer Economical Glove Box (John Morris 172 

Scientific Pty Ltd, Australia) were used to facilitate the spraying process for the RuBpy-doped 173 

CES-SiO2 NPs. A Rofin Polilight® PL500 forensic light source coupled with a Rofin 174 

Poliview® imaging system (Rofin Australia Pty Ltd, Australia) were used for the visualisation 175 

of treated fingermarks and for image processing. 176 

 177 

2.2 Methods 178 

 179 

2.2.1 Synthesis and characterisation 180 

 181 

The RuBpy-doped CES-functionalised SiO2 NPs were synthesised following the reverse 182 

microemulsion procedure presented in the previous studies with the optimal CES amount 183 

(50 µL) used for surface functionalisation [14,15]. Following the start of the synthetic 184 

procedure and the first 24 hours of constant magnetic stirring at room temperature, 100 µL of 185 

TEOS and 50 µL of CES were added to the reaction mixture for surface functionalisation. The 186 

mixture was stirred for an additional 24 hours at room temperature before being centrifuged 187 

and isolated. Finally, 0.6 g of the RuBpy-doped CES-SiO2 NPs were collected and redispersed 188 

in 20 mL of Type 1 ultrapure water. 189 

 190 

To characterise the synthesised RuBpy-doped CES-SiO2 NPs, SEM analysis and dynamic light 191 

scattering (DLS) measurements were utilised. The same procedural details for SEM analysis 192 

and DLS measurements presented in the previous study were followed [14].  193 
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2.2.2 Fingermark specimens 194 

 195 

Three individuals—representing weak, average and strong fingermark donors—provided 196 

fingermarks in this study (fingermark donorship was determined based on previous experience 197 

developing latent fingermarks from these individuals). While the experiments undertaken in 198 

this study were conducted as proof-of-concept work, only natural (ungroomed) fingermarks 199 

were used to better mimic typical casework scenarios [47]. Prior to depositing fingermarks on 200 

substrates, donors were instructed to rub their hands together to achieve a homogeneous 201 

distribution of fingermark secretions across the fingertips. Donors were also asked to avoid 202 

handwashing 30 min before fingermark deposition but to otherwise undertake normal activities. 203 

Three substrates were used that represent commodity item surfaces; these were aluminium foil, 204 

transparent polypropylene (PP) plastic film, and green polyethylene (PE) plastic film [14,15]. 205 

Table 1 summarises the three test substrates used throughout the experiments. 206 

 207 
Table 1: Summary of the three substrates used in this study [14,15]. 208 

Substrate Description (Brand) 

Aluminium foil Caterer’s aluminium foil (Alfresco, Australia) 

Transparent PP film A4 sheet protectors (Marbig, Australia) 

Green PE film Garden bags (Woolworths, Australia) 
 209 
The fingermark specimens collected from the three donors on the three substrates were aged 210 

from three weeks to 13 months prior to treatment; 18 to 27 full fingermark specimens were 211 

used in each of the experiments. Split fingermark specimens were employed to compare 212 

different treatments, while the numbers of the left- and right-half deposits per treatment in any 213 

comparison were kept the same to reduce the impact of intra-donor variability across the 214 

depositions. All fingermarks were collected in four depletions. For each comparison 215 

experiment, fingermark specimens were used from the same depletion of each donor on each 216 

substrate. All fingermark specimens were stored in laboratory drawers under normal office 217 

conditions, with a mean temperature of 19.5 ± 2.1°C and a mean relative humidity of 218 

53.2 ± 3.1%.  219 
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2.2.3 Multiple treatments using the optimised nanoparticle-based method 220 

 221 

The impact on fingermark detection quality from multiple treatments using the RuBpy-doped 222 

CES-SiO2 NP-based method (i.e., multiple sequential treatments on fingermarks using the NPs) 223 

was examined during this study. The optimised NP-based method was used (following the 224 

procedure in the previous study [15]) in sequence on both split and full fingermark specimens. 225 

In order to achieve this, the following protocol was applied: 226 

1. Fingermarks underwent treatment using the optimised RuBpy-doped CES-SiO2 NP-227 

based method (Figure 1). 228 

2. Fingermarks were then left to dry on a laboratory bench before visualisation under the 229 

optimal imaging conditions (Section 2.2.6). 230 

3. Using a new, freshly-prepared colloidal dispersion, the same fingermarks underwent a 231 

new treatment cycle using the NP-based method. 232 

4. Steps 2 and 3 were repeated multiple times based on the experiments conducted. 233 

5. The treated fingermarks were visualised in the luminescence mode (Section 2.2.6). 234 

 235 

Note that fingermarks were rinsed with Type 1 ultrapure water prior to immersion into the 236 

colloidal dispersion for the first treatment. For the sequential treatments (i.e., all consecutive 237 

treatments after the first treatment), fingermarks were immersed into the colloidal dispersion 238 

without being rinsed in a bath of Type 1 ultrapure water. Figure 2 is a schematic diagram 239 

depicting the protocol for the sequential treatments using the optimised SiO2 NP-based method. 240 

 241 

 242 
Figure 1: Schematic diagram illustrating the application procedure using the optimised 243 

RuBpy-doped CES-SiO2 NP-based reagent for latent fingermark development. 244 



 

Page 9 of 34 
 

 245 
Figure 2: Schematic diagram depicting the protocol used in the study for the sequential 246 

treatments of fingermarks using the RuBpy-doped CES-SiO2 NP-based method. 247 

 248 

2.2.4 Spray application of the nanoparticle-based reagent 249 

 250 

In this part of the study, the RuBpy-doped CES-SiO2 NPs were applied as a spray to detect 251 

latent fingermarks on the three test substrates. Experiments were undertaken within a glove 252 

box (Cole-Palmer Economical Glove Box) to eliminate any potential inhalation of airborne NP 253 

droplets during the spraying process. 254 

 255 

Various durations of application time (1 min, 2 min and 3 min) were examined in order to 256 

determine the optimal conditions. As part of the study, the fingermark detection effectiveness 257 

of the solution applied as a spray was compared with that of treatment by immersion. The 258 

protocol detailed below was followed for spray application: 259 

1. 100 mL of the RuBpy-doped CES-SiO2 NP colloidal dispersion was prepared and 260 

heated to 40°C using a hot plate. The colloidal dispersion was then transferred to a 261 

Cole-Palmer Trigger Spray Bottle that had been covered in aluminium foil to slow the 262 

cooling of the colloidal dispersion during the application process. 263 
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2. With approximately 30 cm between the nozzle of the trigger spray bottle and the 264 

fingermark specimens, a “mist” of the NP colloidal dispersion was sprayed onto the 265 

fingermark specimens for various durations of time (1 min/2 min/3 min) across a 266 

50 × 	30 cm area. 25 to 30 spray pumps (trigger pulls) were applied across the area per 267 

min. Each spray pump consumed approximately 0.9 mL of the NP colloidal dispersion. 268 

3. The fingermarks were left to “develop” for 1 min. 269 

4. The fingermark specimens were then rinsed for 1 min to remove background NP 270 

droplets by praying Type 1 ultrapure water from a clean Cole-Palmer Trigger Spray 271 

Bottle. 272 

5. The fingermark specimens were rinsed in a bath of Type 1 ultrapure water for 5 to 273 

10 min, then left to dry prior to visualisation in the luminescence mode (Section 2.2.6). 274 

 275 

2.2.5 Compatibility of the optimised nanoparticle-based method with CAF-R6G 276 

 277 

The compatibility of the optimised RuBpy-doped CES-SiO2 NP-based method with CAF 278 

followed by rhodamine 6G staining (referred to as CAF-R6G or two-step CAF) was evaluated. 279 

Split fingermarks were used for evaluation of detection quality when the NP-based method was 280 

applied in sequence with CAF-R6G. Fingermark specimens were processed using the 281 

following protocol: 282 

1. On a split fingermark specimen, the optimised RuBpy-doped CES-SiO2 NP-based 283 

method and CAF-R6G were applied to treat the two respective split halves of the 284 

fingermark following the procedural steps documented in the previous study [15]. 285 

2. Both fingermark halves were left to dry naturally on a laboratory bench prior to 286 

visualisation under the respective optimal imaging conditions for each technique in the 287 

luminescence mode using a Rofin Poliview® imaging system (Section 2.2.6). 288 

3. A new colloidal dispersion was used to treat the half fingermark that had been treated 289 

using CAF-R6G, while the NP-treated half fingermark underwent CAF-R6G treatment. 290 

4. The two respective split halves were imaged under the respective optimal imaging 291 

condition for each technique in the luminescence mode (Section 2.2.6).  292 
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2.2.6 Fingermark visualisation and assessment 293 

 294 

All processed fingermark specimens underwent a visual screening procedure first in a room 295 

with low light intensity (light settings that were similar to a darkroom for photography 296 

processing) to mimic operational procedures for processing fingermark evidence. Specimens 297 

with positive development observed during the screening procedure (i.e., detectable 298 

fingermarks under the conditions indicated below) were recorded using a Rofin Poliview® 299 

imaging system. 300 

 301 

The fingermarks treated with the RuBpy-doped CES-SiO2 NPs (by immersion and as a spray) 302 

were recorded in the luminescence mode with excitation at 450 nm. For the fingermark 303 

specimens processed with CAF followed by R6G staining, excitation at 530 nm was utilised. 304 

All fingermark images were captured with observation at 590 nm (using a 610 nm bandpass 305 

interference filter tilted by 30°) and saved in Tagged Image File (TIF) format. All fingermark 306 

images were captured in greyscale using the Rofin Poliview® system and no colour conversion 307 

was performed. 308 

 309 

A lens aperture of f/8 was used for all images, and each test substrate was imaged with a 310 

constant exposure time for each of the two techniques. Fingermark halves in the comparison 311 

study between the RuBpy-doped CES-SiO2 NPs and CAF-R6G were imaged with their 312 

respective optimal excitation, with corresponding fingermark halves then digitally stitched 313 

together using Adobe Photoshop® software. No digital enhancements were performed on any 314 

fingermark images captured during this study. Qualitative assessments of representative direct 315 

fingermark comparisons were accomplished using three assessors with experience in 316 

fingerprint research (no fingermark assessment scale was used). Fingermark assessment and 317 

evaluation for all the presented experiments were performed from a computer screen.  318 
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3. Results and discussion 319 

 320 

3.1 Characterisation of the functionalised silicon oxide nanoparticles 321 

 322 

Figure 3 is an SEM image of the RuBpy-doped CES-SiO2 NPs and the corresponding size 323 

distribution analysis as measured by DLS, with an average diameter of 70.7 nm indicated. The 324 

average shape and size of the NPs were also uniform as observed from the SEM analysis. The 325 

DLS analysis indicated that the RuBpy-doped CES-SiO2 NPs had a relatively narrow size 326 

distribution. From these results, the synthesised RuBpy-doped CES-SiO2 NPs used in this 327 

study were determined to be similar to the NPs employed for the work described in the previous 328 

study (average diameter of 72.9 nm) [15]. This demonstrated that the synthesis procedure used 329 

to produce the RuBpy-doped CES-SiO2 NPs optimised for latent fingermark development is 330 

robust and reproducible. 331 

 332 

 333 
Figure 3: Example SEM image (left) and the size distribution analysis (right) of the RuBpy-334 

doped CES-SiO2 NPs synthesised for the experiments in this study. The average diameter of 335 

the SiO2 NPs was 70.7 nm as measured by DLS. A relatively narrow size distribution of the 336 

NPs was also indicated. 337 

 338 

3.2 Multiple treatments using the optimised nanoparticle-based method 339 

 340 

In the previously-published comparison study between the optimised RuBpy-doped CES-SiO2 341 

NP-based method and CAF-R6G, the fingermark detection effectiveness of the NP-based 342 

method was judged to be inferior on the evaluated fingermarks. However, the optimised NP-343 

based method demonstrated relatively good absolute fingermark detection performance, as 344 

well as lower donor dependency compared to CAF-R6G across the fingermarks evaluated [15]. 345 
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Since the use of the RuBpy-doped CES-SiO2 NPs demonstrated promising fingermark 346 

selectivity and sensitivity, the effect of repeated application of the optimised RuBpy-doped 347 

CES-SiO2 NP-based method on fingermark detection quality was investigated. 348 

 349 

3.2.1 Comparison of multiple treatments with single treatment 350 

 351 

The feasibility of using the RuBpy-doped CES-SiO2 NP based-method multiple times for 352 

fingermark detection and enhancement was investigated through comparison to single 353 

treatment (Figure 4). On the collected fingermarks across the three substrates, left halves of 354 

fingermarks were treated with the NP-based method once while the right fingermark halves 355 

underwent treatment for a total of three times (i.e., two more subsequent treatments using the 356 

NP-based method). A freshly-prepared colloidal dispersion was used for each treatment. 357 

 358 

It was observed that the overall fingermark detection quality was improved using multiple 359 

treatments of the optimised RuBpy-doped CES-SiO2 NP-based method. Across the illustrated 360 

fingermarks (Figure 4), a slight increase in ridge clarity resulted from the second fingermark 361 

treatment. A significant increase in ridge clarity and ridge detail resulted from the third 362 

treatment using the NP-based method. For the fingermarks on transparent PP and green PE 363 

films, improvements in enhancement quality were more pronounced between the second and 364 

third treatments than that of the first and second treatments. Note that the fingermarks on 365 

aluminium foil were treated with the NP-based method two times instead of three, as relatively 366 

heavy background staining was observed after the second treatment. 367 

 368 

With the evaluated fingermarks it was noted that, after the third fingermark treatment, the 369 

difference regarding the overall detection quality was not substantial between the two stronger 370 

donors (donors 1 and 2) and the weak donor (donor 3). For instance, on the transparent PP and 371 

green PE films, the respective enhancement of the fingermarks across the three donors after 372 

the third treatment was consistently good. Although this was a proof-of-concept experiment, 373 

with a limited number of fingermark specimens and substrates, the application of the NP-based 374 

method in a repeated fashion is suggested to enhance overall fingermark detection quality when 375 

compared to a single treatment and is particularly suitable for weakly-developed fingermarks. 376 
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 377 
Figure 4: Representative fingermarks from using the optimised RuBpy-doped SiO2 NP-based 378 

method for multiple sequential treatments. On each fingermark, the left half was treated with 379 

the NP-based method once while the right half underwent two additional treatments. 380 

Fingermarks were three weeks old prior to treatment. The brightness of the fingermark images 381 

on transparent PP film and green PE film were increased by 50% and 30% respectively for 382 

improved visibility. 383 

 384 

As an associated observation, in our previous method optimisation study, it was observed that 385 

a 15-min treatment time demonstrated comparable fingermark detection effectiveness to a 386 

5-min treatment. A 5-min immersion time was chosen based on practical considerations [14]. 387 

While the results illustrated above might suggest that a 15-min treatment time is superior to a 388 

5-min treatment time, the resulting 15-min treatment was indeed a cumulative period of 389 

individual immersions (3 × 5 min). Therefore, the results could not be interpreted as direct 390 

comparisons between two single treatments (i.e., 5 min vs 15 min).  391 
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3.2.2 Exploring the limit of multiple treatments 392 

 393 

The above experiment demonstrated the feasibility of re-applying the optimised RuBpy-doped 394 

SiO2 NP-based method for latent fingermark detection on the evaluated fingermarks. The limit 395 

of the total number of fingermark treatments that could be used successively was then 396 

investigated. From a practical viewpoint, the aim was to determine whether successive 397 

treatment processes would result in unwanted overdevelopment of enhanced fingermarks. 398 

Therefore, using a new colloidal dispersion bath for each treatment, the optimised RuBpy-399 

doped SiO2 NP-based method was applied to develop fingermarks collected from the three 400 

donors across the three substrates and for a total of 10 successive treatment cycles. 401 

 402 

Figure 5 illustrates three representative full fingermarks developed from each donor on the 403 

three substrates with 10 successive treatment cycles. Across the evaluated fingermark 404 

specimens on aluminium foil, reverse (negative) development of fingermarks was observed 405 

with multiple treatments. In the illustrated example fingermark, it was noted that the first 406 

fingermark development was reversed with the NP deposited on the background. In the next 407 

four treatment cycles (cycles two to five), the extent of background development increased 408 

with only limited NP deposition on the fingermark ridges, before heavy background staining 409 

started to produce overdeveloped fingermarks after the sixth fingermark treatment cycle. As 410 

observed in the subsequent treatment cycles, the extent of staining of the NPs on aluminium 411 

foil increased and caused the complete deposition of a NP layer over the initially developed 412 

fingermark ridges leading to a reduction in ridge contrast. The apparent overdevelopment of 413 

the fingermark on aluminium foil was noted after the fifth treatment cycle using the SiO2 NP-414 

based method. No fingermark ridge detail was able to be visualised after the eighth treatment 415 

cycle on this substrate. 416 
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 417 
Figure 5: Representative fingermarks from using the RuBpy-doped SiO2 NP-based method for 418 

multiple treatments with a total of 10 treatment cycles. Fingermarks were 10 months old prior 419 

to treatment. 420 

 421 

For the fingermarks evaluated across the three donors on transparent PP and green PE films 422 

that were treated using 10 successive treatment cycles, the overall detection quality was 423 

satisfactory. In general, fingermark detection quality improved gradually with the subsequent 424 

treatments using the optimised RuBpy-doped SiO2 NP-based method across the 10 treatment 425 

cycles. Increases in fingermark detection quality (e.g., ridge clarity and ridge detail) were more 426 

significant across the first five consecutive treatment cycles; improvements in detection quality 427 

became less noticeable across the subsequent treatment cycles. No overdevelopment of 428 

fingermarks or background staining was observed in the evaluated fingermarks from the 10 429 

fingermark treatment cycles on these two substrates. 430 

 431 

On the example fingermark illustrated on the green PE film collected from donor 2 (a strong 432 

donor), clear and well-developed ridge detail was obtained after the first fingermark treatment. 433 

With the subsequent fingermark treatment cycles, no significant improvement of fingermark 434 

detection quality was observed (as most of the fingermark ridge detail was successfully 435 

developed after the first treatment). However, no overdevelopment of fingermark ridges or 436 

noticeable background staining was prompted from the 10 consecutive fingermark treatment 437 

cycles. While a certain degree of overdevelopment was expected on fingermarks from a strong 438 

donor after multiple treatment cycles, the absence of this is a desirable trait for the technique. 439 
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The illustrated fingermark developed on the transparent PP film in Figure 6 was collected from 440 

donor 3 (a weak donor) and it was evident that the fingermark was only weakly developed after 441 

the first treatment cycle. With the use of the subsequent treatment cycles, the overall 442 

fingermark development quality gradually increased. Clearly visible ridge detail (including 443 

level 3 ridge detail) was developed after the sixth fingermark treatment cycle. 444 

 445 

From a practical perspective, it would not be reasonable to process an item for 10 treatment 446 

cycles. However, the deliberate and excessive application of treatment cycles in this proof-of-447 

concept experiment demonstrated some favourable traits for the optimised RuBpy-doped SiO2 448 

NP-based method. Based on the evaluated fingermarks, it was demonstrated that the multiple-449 

treatment approach has the ability to significantly improve fingermark detection quality for 450 

fingermarks from weaker fingermark donors (as shown with the illustrated fingermark on 451 

transparent PP film) and with a low tendency for overdevelopment of treated fingermarks (as 452 

shown via the illustrated fingermark on green PE film), particularly for the two plastic 453 

substrates tested (PP and PE). 454 

 455 

A combination of these favourable features for fingermark development—increased 456 

enhancement quality with minimal background interference—using the multiple-treatment 457 

approach could potentially be advantageous in casework scenarios. As natural fingermark 458 

depositions on different items are expected to vary significantly in an operational setting, 459 

multiple fingermark treatments using routine methods such as CAF would cause uncontrollable 460 

heavy background interference across substrate surfaces. A general trend was that the 461 

difference in fingermark detection quality between a strong and a weak donor diminished after 462 

multiple treatments. The multiple-treatment approach could potentially be a reliable route to 463 

develop fingermarks on non-porous surfaces until desirable enhancement is achieved, without 464 

a high risk of overdevelopment. 465 

 466 

Conclusive remarks regarding the casework application of this proposed multiple-treatment 467 

approach cannot be made from this preliminary study; a comparison study with routine 468 

detection methods will be needed. Furthermore, it was observed that fingermark enhancement 469 

was only able to be achieved via the use of new colloidal dispersion in each successive 470 

treatment. No enhancement in detection quality was offered from using the same colloidal 471 

dispersion in subsequent treatments. 472 
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3.3 Spray application of the nanoparticle-based reagent 473 

 474 

As a new fingermark detection method, the RuBpy-doped SiO2 NPs had been modified and 475 

optimised for application in a conventional laboratory setting. Throughout our series of 476 

research, the overall practicality of the technique remained an important consideration. 477 

Application parameters such as the reduction of NP concentration in the colloidal dispersion 478 

and the incorporation of a shaking incubator into the treatment process were both 479 

improvements that resulted from applying a practical viewpoint. 480 

 481 

To investigate the feasibility of the optimised RuBpy-doped SiO2 NP-based method for 482 

potential casework implementation by end-users, the applicability of the technique outside a 483 

conventional laboratory setting was considered. Following the procedure detailed in Section 484 

2.2.4, the water-based NP reagent was applied as a spray to detect latent fingermarks on the 485 

three test substrates. This was done in a way that would mimic the treatment of fixed vertical 486 

surfaces at a crime scene (for example). 487 

 488 

3.3.1 Proof-of-concept spray application for latent fingermark detection 489 

 490 

On the fingermarks collected from the three donors on the three test substrates, the optimised 491 

RuBpy-doped SiO2 NP-based method was applied as a spray for fingermark detection. Figure 6 492 

illustrates representative fingermarks treated using the NP-based reagent as a spray. 493 

Fingermarks were split in halves for the purpose of subsequent treatment. Across all the 494 

evaluated fingermarks, visible ridge detail and good ridge development were observed from 495 

the spray-treatment approach. 496 



 

Page 19 of 34 
 

 497 
Figure 6: Example fingermarks treated using the optimised RuBpy-doped SiO2 NP-based 498 

method as a spray. Fingermark specimens were one month old prior to treatment. The 499 

brightness of all fingermark images illustrated in this figure were increased by 30% for 500 

improved visibility. 501 

 502 

To assess the ability to subsequently enhance fingermarks detected via spray application of the 503 

NP-based reagent, half of the treated fingermarks in the above experiment underwent treatment 504 

using the SiO2 NP-based method in a colloidal dispersion bath (i.e., fingermark treatment with 505 

a 40°C bath with the incorporation of the shaking incubator as per the optimised laboratory-506 

based process). Figure 7 depicts direct comparisons between the fingermarks treated via spray 507 

application of the NPs (left halves) and the fingermarks treated using the NP spray followed 508 

by the NP bath (right halves). Across the evaluated fingermarks, it was observed that both the 509 

fingermark ridge detail and ridge clarity were improved by the subsequent treatment using the 510 

NP-based method in a dispersion bath. However, the subsequent treatment bath was not able 511 

to remove or reduce the extent of background staining on the fingermarks that resulted from 512 

the preceding spray application. 513 
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 514 
Figure 7: Representative examples from direct comparisons between the fingermark halves 515 

treated via spray application of the NPs (left halves) and the fingermarks treated using the NP 516 

spray followed by the NP bath (right halves). Fingermark specimens were one month old prior 517 

to treatment. The brightness of all images illustrated in this figure were increased by 30% for 518 

improved fingermark visibility. 519 

 520 

3.3.2 Refinement of spray application parameters 521 

 522 

It was indicated that, from the above proof-of-concept experiment, using the optimised RuBpy-523 

doped CES-SiO2 NP-based reagent as a spray is feasible for latent fingermark detection. The 524 

overall fingermark detection quality on the evaluated fingermarks was, in fact, better than 525 

anticipated. The encouraging preliminary results meant that refinement of the application 526 

parameters was needed for a better assessment of the spray application method. A more 527 

established spray application procedure was required to obtain a deeper insight into this NP-528 

based treatment approach for latent fingermark detection. From a practical viewpoint, it was 529 

desirable to consider an application time for effective fingermark detection. In other words, it 530 

was necessary to determine a threshold spray treatment time that would detect fingermarks 531 

with “traces of development” visible upon on-site visualisation (fingermark “screening”). 532 
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To determine an adequate application time for the spray-treatment approach, fingermarks 533 

collected from the three donors on the three test substrates were treated and the effectiveness 534 

of three different durations of treatment (spraying) time—1 min, 2 min and 3 min—are 535 

compared in Figure 8. It was observed that, across the evaluated fingermarks, traces of 536 

fingermark ridge detail were able to be detected with all three tested treatment times. A 3-min 537 

treatment time was judged to provide superior fingermark detection quality in comparison to 538 

1-min and 2-min treatment times. On fingermarks from the two stronger donors (donors 1 539 

and 2), the effect of various treatment times on fingermark detection quality was not substantial. 540 

For the weak donor (donor 3), it was concluded that the fingermarks treated using a 1-min 541 

spray application demonstrated inferior fingermark detection quality (e.g., extent of ridge 542 

development and ridge clarity) in comparison to the fingermarks treated using a 2- and 3-min 543 

treatment time. The above results illustrated a general trend that, as expected, fingermark 544 

detection quality increased when treatment (spraying) time increased. This agreed with the 545 

trend demonstrated when the RuBpy-doped CES-SiO2 NP-based reagent was applied as a 546 

colloidal dispersion bath [14]. 547 

 548 

While better fingermark detection quality was produced with the two longer treatment times 549 

(2 min and 3 min), it was encouraging that the fingermark evaluation from this experiment 550 

demonstrated that some fingermark detail was able to be detected with a 1-min application time 551 

using the NP spray treatment. The ability to detect latent fingermarks in a relatively short time 552 

is a potentially useful trait from a practical viewpoint. For example, when some development 553 

is indicated, further spray application at that location can be carried out for further enhancement. 554 

Based on the evaluated fingermarks, a 2-min treatment could be utilised as a reference 555 

application time for using the spray treatment to produce detectable fingermarks with sufficient 556 

development for initial visualisation (screening). 557 
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 558 
Figure 8: Representative direct fingermark comparisons of fingermark detection quality 559 

treated using the NP-based reagent as a spray with the three evaluated treatment times—1 min, 560 

2 min and 3 min. The brightness of the fingermark images for donor 3 on transparent PP film 561 

and the brightness and contrast of the fingermark images for donor 1 on green film were 562 

increased by 50% for improved visibility. 563 

 564 

Compared to the experiment presented in the previous section (Section 3.3.1), a modified 565 

approach for a more effective “rinse” step after the NP spray application was introduced. Using 566 

a trigger spray bottle, a larger amount of Type 1 ultrapure water was sprayed onto the NP spray-567 

treated fingermarks. Twenty spray pumps of water (approximately 18 mL) were used on a 568 

50 × 30 cm area over 1 min. As a result of the modified rinse step, the extent of background 569 

staining after the spray treatment was significantly less across the three test substrates. The 570 

developed ridge detail was not obscured by background NP staining; a sufficient amount of 571 

water in the rinse step ensured the effective removal of background NPs. 572 
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From the above, a refined application protocol for using the optimised RuBpy-doped CES-573 

SiO2 NP-based reagent as a spray is suggested below. Note that no in-depth optimisation was 574 

performed in this proof-of-concept study; the suggested procedure is provided as a general 575 

indication only. Figure 9 illustrates the spray-treatment approach using the NPs to detect latent 576 

fingermarks on fixed surfaces at a crime scene: 577 

1. Apply the optimised RuBpy-doped CES-SiO2 NP-based reagent as a spray to the 578 

surface of interest. 579 

2. If there is an indication of fingermark development, additional treatment time (e.g., 580 

2 min) can be utilised to increase fingermark detection quality. Treated fingermarks are 581 

then left to “develop” for an additional 1 min. 582 

3. Treated surfaces are then sprayed with water to remove background NP droplets. 583 

4. The quality of developed fingermarks can be assessed with the naked eye (e.g., a 584 

portable forensic light source with 450 nm excitation, paired with orange goggles). 585 

 586 

 587 
Figure 9: Schematic diagram illustrating the suggested application protocol using the 588 

optimised RuBpy-doped CES-SiO2 NP-based reagent as a spray to detect latent fingermarks. 589 

 590 

The proof-of-concept study presented in this section demonstrated the feasibility of utilising 591 

the optimised RuBpy-doped SiO2 NP-based reagent as a spray to detect latent fingermarks. As 592 

a new application approach, it was demonstrated that, when traces of fingermark development 593 

were detected by the use of spray treatment, further enhancement of the detected fingermarks 594 

was achievable via subsequent treatment using the NP-based method as a colloidal dispersion 595 

bath. Therefore, it is suggested that a combination of treatments using the spray application 596 

and the NPs as a colloidal dispersion bath could potentially be a useful application route for 597 

casework scenarios (e.g., on-site spray application followed by laboratory-based treatment 598 

using a colloidal dispersion bath). Figure 10 depicts example fingermarks treated using the NP-599 

based method in a colloidal dispersion bath with two treatment cycles, in comparison with 600 
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fingermarks treated using the spray-treatment approach followed by the NP bath. It was 601 

observed that the difference in overall fingermark detection quality between the two treatment 602 

sequences was not significant. Both sequences were able to develop fingermarks with 603 

identifiable ridge detail. In the representative fingermarks illustrated, the developed fingermark 604 

ridges treated using two cycles in a colloidal dispersion bath were slightly more homogeneous 605 

than for the respective half impressions. Background staining was also more prominent on the 606 

fingermarks treated using the spray application followed by the colloidal dispersion bath. 607 

 608 

 609 
Figure 10: Representative fingermarks illustrating direct comparisons of fingermarks treated 610 

using two different treatment sequences. Left fingermark halves were developed using the NP-611 

based method in a colloidal dispersion bath with two treatment cycles, while right fingermark 612 

halves were developed using the spray treatment followed with a treatment using the NP-based 613 

method in a bath. Fingermarks were one month old prior to treatment. 614 
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As an important remark on the spray-treatment approach, NPs are materials with unique and 615 

sometimes unexpected properties; as such, safety remains one of the major concerns when NPs 616 

are used for various applications [54]. In particular, inhalation of NPs during application poses 617 

a significant health concern for end-users. While there has not been a specific study conducted 618 

to assess the toxicity of the RuBpy-doped CES-SiO2 NPs, it is believed that the current 619 

application route for the optimised NP-based method in a dispersion bath is relatively safe to 620 

use. This is based on the fact that the NPs are suspended in water and are, therefore, extremely 621 

unlikely to become “airborne” during a treatment process. However, the spray application of 622 

the NP-based reagent, as conducted in this study inside a glove box, would need to be evaluated 623 

from a work health and safety perspective before it could be considered for operational use. 624 

 625 

3.4 Compatibility with two-step cyanoacrylate fuming 626 

 627 

As outlined in the IFRG research guidelines, the compatibility of novel fingermark reagents 628 

with routine techniques should be tested [47]. Therefore, the optimised RuBpy-doped CES-629 

SiO2 NP-based method was applied for fingermark development in sequence with a benchmark 630 

method, CAF-R6G. Figure 11 illustrates representative fingermarks obtained when the 631 

optimised NP-based method was used in sequence with CAF-R6G. In line with the other proof-632 

of-concept experiments described in this study, fingermark specimens were collected from the 633 

same three donors across the same three substrates. On the evaluated fingermarks, it was 634 

observed that fingermark detection quality was not improved in any of the fingermarks by 635 

either sequence (i.e., NP treatment before or after CAF-R6G; Figure 11). 636 

 637 

For the “SiO2 NP-based method à CAF-R6G” sequence, it was evident that when the NP-638 

based method was applied before CAF-R6G, it had a detrimental effect on the performance of 639 

CAF. It was observed that no homogeneous ridges were obtained after CAF application. It is 640 

known that CAF is less effective on items that have been wet as certain water-soluble 641 

fingermark components are believed to be important for the effective initiation of the CA 642 

polymerisation process [55]. While all fingermark specimens were dried prior to CAF 643 

treatment, the preceding treatment using the water-based SiO2 NP-based method was judged 644 

to be detrimental to the subsequent CAF process. Therefore, the use of CAF on fingermarks 645 

already treated using the SiO2 NP-based method—with the current water-based detection 646 

bath—is not recommended. 647 
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 648 
Figure 11: Representative fingermark specimens from using the RuBpy-doped SiO2 NP-based 649 

method in sequence with CAF-R6G. The “CAF-R6G à SiO2 NP-based method” sequence was 650 

used on the left halves while the “SiO2 NP-based method à CAF-R6G” sequence was applied 651 

on the right halves; The top row of fingermarks was obtained after the first treatment while the 652 

second row was obtained after the second treatment. Fingermarks were seven months old prior 653 

to treatment. 654 

 655 

On the evaluated fingermarks treated in the “CAF-R6G à SiO2 NP-based method” sequence, 656 

the use of the NPs had minimal effect and did not increase fingermark detection quality on 657 

aluminium foil and transparent PP film. No significant impact was observed on the fingermark 658 

ridge detail developed from the CAF-R6G process. On green PE film, a decrease in 659 

luminescence intensity was observed along the fingermark ridges. Although no conclusive 660 

explanation can be drawn from this observation, a possible cause could be a “leakage” and 661 

“dilution” of R6G dye molecules during the SiO2 NP-treatment process. No decrease in 662 

fingermark luminescence was observed on aluminium foil and transparent PP film and, as such, 663 

further investigations would be required to provide a more detailed insight. 664 

 665 

On the evaluated fingermarks, the development of ridge detail was judged to be fairly complete 666 

after treatment using CAF-R6G. This could explain the overall low effectiveness when the 667 

SiO2 NP-based method was subsequently applied. Another probable cause could be the mere 668 

incompatibility of NP deposition onto CA-developed ridges (i.e., there is a lack of desirable 669 

interaction for further fingermark enhancement between the surface-functionalised SiO2 NPs 670 
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and the polycyanoacrylate formed along CA-developed fingermark ridges). The staining of the 671 

aluminium foil by the NPs, as observed throughout this research and previous studies, appeared 672 

to be homogeneous across the substrate surface. It was suggested in the previous study that the 673 

CES-SiO2 NPs may chemically interact with aluminium foil [15]. However, as observed in this 674 

experiment, no background staining appeared on aluminium foil when the SiO2 NP-based 675 

method was applied after CAF-R6G. This suggests that the behaviour of the RuBpy-doped 676 

CES-SiO2 NPs is significantly impacted by prior CA fuming of the substrates. 677 

 678 

From the above proof-of-concept experiment, the optimised RuBpy-doped CES-SiO2 NP-679 

based method is suggested to be incompatible with CAF for latent fingermark detection. The 680 

major limitation is that the water-based treatment using the NPs significantly hinder the 681 

detection effectiveness of subsequent CAF development. Whereas, applying the NPs after CAF 682 

failed to improve the quality of developed fingermarks. 683 

 684 

4. Conclusions 685 

 686 

This study investigated a series of proof-of-concept experiments that utilised RuBpy-doped 687 

CES-SiO2 NPs to detect latent fingermarks on non-porous surfaces. By repeated application of 688 

the optimised RuBpy-doped CES-SiO2 NP-based method, overall fingermark detection quality 689 

increased significantly across the evaluated fingermarks. While an in-depth study will be 690 

required to further assess the multiple-treatment approach using the NP-based method, it is 691 

suggested that such characteristics for fingermark enhancement from successive treatments 692 

(enhancement of fingermarks without a high risk of overdevelopment) could be advantageous 693 

to develop fingermarks until desirable development quality is achieved. The reusability of the 694 

NP colloidal dispersion for multiple treatments was examined and it was concluded that 695 

fingermark enhancement is only effective with the use of freshly-prepared colloidal dispersion 696 

for each treatment cycle. 697 

 698 

To investigate the application of the optimised RuBpy-doped CES-SiO2 NP-based reagent for 699 

potential casework implementation, the NP-based reagent was applied as a spray to detect 700 

latent fingermarks on non-porous surfaces (aluminium foil, transparent PP film and green PE 701 

film). The spray-treatment approach demonstrated that it was feasible to detect the fingermarks 702 

evaluated in this study, with good fingermark ridge detail obtained. Upon refinement of 703 
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application parameters, traces of fingermark development were able to be detected with a 1-min 704 

application (spraying) time. This observation was deemed encouraging from a practical 705 

standpoint. Moreover, it was determined that further enhancement of “spray-detected” 706 

fingermarks can be accomplished by subsequent treatment using the RuBpy-doped CES-SiO2 707 

NP-based reagent in a colloidal dispersion bath. 708 

 709 

Furthermore, the compatibility of the optimised RuBpy-doped CES-SiO2 NP-based method 710 

with a benchmark fingermark detection technique was evaluated. The NP-based method was 711 

applied in sequence with CAF-R6G for latent fingermark detection. The results showed that 712 

the two techniques are not compatible for application in a detection sequence. 713 

 714 

The proof-of-concept experiments presented in this study demonstrated that the optimised 715 

RuBpy-doped CES-SiO2 NP-based reagent is highly versatile for latent fingermark detection. 716 

While encouraging results were observed throughout the experiments, it should be emphasised 717 

that more comprehensive assessments will be required for any of the evaluated treatment 718 

approaches (e.g., multiple treatments and spray application) to be considered for operational 719 

implementation. In particular, the potential spray application of the NP-based reagent would 720 

need to the evaluated from a work health and safety perspective before it could be further 721 

considered. 722 

 723 

Ethics statement 724 
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