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re functionalized hierarchically
structured mesoporous silica nanoparticles as
novel latent fingerprint development agents†

Lais F. A. M. Oliveira, a Lais V. A. T. da Silva, a Artur F. Sonsin, a

Meclycia S. Alves, a Cristiane V. Costa, a Jeane C. S. Melo, a Nicholas Ross, b

Paul T. Wady, c Thomas Zinn,c Ticiano G. do Nascimento, a

Eduardo J. S. Fonseca, a Alexandro M. L. de Assis, ade A. Robert Hillman *b

and Adriana S. Ribeiro *a

A nanostructured hybrid material based on mesoporous silica nanoparticles (MCM-41) functionalized with

chitosan and a fluorescent dye (dansylglycine), designated MCM-41@Ch@DnsGly, was synthesized and

characterized with a view to its application for the visualization of latent fingerprints. These nanoparticles

were applied as latent fingerprint developers for marks on surfaces of diverse chemical composition,

topography, optical characteristics, and spatially variant nature, typical of forensically challenging

evidence. For quality assessment of the enhanced fingermarks, the developed images were analyzed

holistically using the UK Home Office scale, forensic protocols and, in terms of their constituent features

(minutiae), using forensic software. Across a substantive collection of marks deposited on chemically

diverse surfaces and subject to complex environmental and temporal histories, 94% of the enhanced

images presented sufficient minutiae for comparison with model dactyloscopy images. This novel

nanomaterial presents enhanced performance with significant promise for superior exploitation by

forensic practitioners in the acquisition and analysis of crime scene evidence.
Introduction

The papillary ridge patterns present on the tips of human
ngers, which remain topologically unchanged during (and
beyond) the life of an individual, provide the primary method of
personal identication in criminal investigations. Thus, from
the moment that the surface of an object is touched by a nger,
sweat and oily substances can be transferred and deposited
onto the surface, resulting in the formation of a ngermark.1–3

Nevertheless, ngerprints (strictly, ngermarks) that are recov-
ered at crime scenes are frequently non-visible (latent) and thus
require the use of physicochemical development techniques to
enhance their visibility to the naked eye and make them inter-
pretable for forensic purposes.4 Conventional ngerprint
. Simões, 57072-970, Maceió, AL, Brazil.
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development approaches include optical, physical, and chem-
ical processes, involving chemical reaction or interaction
between the developing agent (commonly a colored or uores-
cent reagent) and component(s) of the ngerprint residue. A
wide range of chemical agents, based on simple powders (metal
or metal oxide), cyanoacrylate fuming, silver nitrate, ninhydrin,
and small particle reagent (SPR) is commercially available.
These offer simplicity of application, ease of operation and
efficiency,3,5,6 but with limits to the circumstances in which they
can recover latent ngerprints of adequate quality for forensic
identication.

Recently, innovative methodologies based on mass spec-
trometry,7 spectroscopy,8 electrochemistry,9–17 and
nanoparticles18–20 have enhanced the performance of latent
ngerprint development.21 These reagents and technologies
hold the promise of efficient development of latent ngerprints
with improved contrast, sensitivity, and selectivity, as well as
low reagent toxicity.11,22 Amongst these, the facility to tune
nanomaterial characteristics motivates further improvements
in sensitivity and selectivity for visualizing both fresh and aged
latent ngerprints.20–28

Mesoporous silica nanoparticles (MSNs) have attracted
special attention following discovery of a new family of molec-
ular sieves designated M41S; this includes MCM-41, MCM-48
and SBA-15. They are highly attractive as drug carriers, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Modification of the MCM-41 NPs with chitosan, followed
by surface modification of MCM-41@Ch with DnsGly through inter-
action between the hydroxyl groups of chitosan and carboxylic acid
groups of dansylglycine (see Scheme S1, ESI†).
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for diagnostics, catalysis, separation and sensing,29–31 as
a consequence of their unique combination of attributes. These
include controlled particle size, porosity (pore size ranging from
2–10 nm), morphology (2D-hexagonal and 3D-cubic structures),
high specic surface area, high chemical stability, and ease of
surface functionalization. Here we exploit these desirable
characteristics – notably high surface area and surface modi-
cation – for the case of MCM-41 to enhance the interaction
between the development reagent and ngerprint residue.

Notwithstanding the above attractive attributes, MSNs still
have shortcomings, since it is difficult to achieve monodisperse
particles of controllable size. This is because the surface of the
MSNs contains a large number of hydroxyl groups and presents
a high energy surface, making them prone to agglomeration
and difficult to re-disperse. Modication of the nanoparticles is
a convenient way to reduce their surface energy and facilitate
their dispersion.32 Polymers are the preferred materials for this
purpose, since they offer structural diversity and a range of
chemical functionalities. Consequently, signicant effort has
been invested in fabricating versatile MSN surfaces by coating
them with polymers such as alginate, chitosan, polyethylene
glycol (PEG), and Pluronic P123.30,31,33

The strategy we pursue here employs chitosan as the MCM-
41 derivatizing agent. This choice is based on successful
application of chitosan modied nanoparticles in drug delivery
systems and gene therapy (in the pharmaceutical area),32,34,35

and for stabilization of food-grade emulsions.36 More recently,
forensic application of chitosan modied microparticles has
exploited their polycationic nature and ability to bind to
ngerprint lipid residues by both electrostatic and lipophilic
interactions.37,38 Hejjaji et al.37 have prepared chitosan micro-
particles modied with tripolyphosphate for visualization of
latent ngerprints and Vučković et al.38 improved the nger-
print development process by adding L-lysine to the system.
However, there are few studies employing chitosan for detection
and enhancement of latent ngerprints and, to the best of our
knowledge, no reports of the use of hierarchically structured
MSNs modied with chitosan (MSN@Ch) for such applications
– the strategy here.

We have synthesized and characterized a series of modied
chitosan derivatives based on red propolis,39 silver nano-
particles,40 polyaniline/clay composites41,42 and dansyl uo-
rophores43,44 as materials for exploitation in pharmaceutical,
biological, electrochromic device and uorescence sensing
applications. Amongst these, dansyl derivatives aroused
considerable interest as materials for latent ngerprint devel-
opment,45,46 since they exhibit intense absorption bands in the
near UV region and strong uorescence in the visible region
with high emission quantum yields; the synthetic versatility of
the sulfonyl group is an additional attraction.47 Our materials
fabrication strategy also recognizes the common requirement of
uorescent small organic molecules (typied by dansyl deriva-
tives) to be incorporated into another matrix to address their
low biocompatibility, low water solubility, and toxicity.5,20,48

In previous work on the visualization of latent ngermarks,45

we have made use of the dansylglycine uorophore, delivered
via the vehicle of electrospun uorescent polycaprolactone
© 2024 The Author(s). Published by the Royal Society of Chemistry
(PCL)/dansylglycine nanobers. The present work delivering the
same uorophore, but via MCM-41@chitosan@dansylglycine
nanoparticles, offers two signicant practical advantages.
First, the nanober approach requires a laboratory infrastruc-
ture (including a fume hood for safety reasons, and a high
potential source (∼20–30 kV)), while the nanoparticles require
no such facilities and can thus be applied at a crime scene.
Second, the effectiveness of the nanober material was found to
be restricted to latent ngermarks on metallic surfaces (typied
by knife blades and bullet cartridge cases) while the MCM-41-
based nanoparticles are effective on a wider range of surfaces,
illustrated here by glass, plastic, cartridge cases, and polymer
banknotes.

The overarching aim of the present study is a versatile and
effective latent ngerprint visualization material based on
MSNs, chitosan and dansyl derivatives. The strategy for
accomplishing this (shown in Scheme 1) builds on and extends
previous knowledge on the synthesis of chitosan-based dansyl
materials.43,44 Specic objectives en route to this are (i) struc-
tural characterization of MCM-41@Ch@DnsGly (DnsGly =

dansylglycine) nanoparticles; (ii) uorescence characteristics of
the dansyl-functionalized NPs; (iii) exploitation of the NP uo-
rescence characteristics in the visualization of latent nger-
prints on metal, polymer (simplistically, “plastic”) and glass
substrates; and (iv) a means of evaluating the quality of devel-
oped images based on a forensic protocol for ngerprint
examinations including observation at whole mark (rst level,
pattern type) and individual features (second level, minutiae,
detail).
Results and discussion
Structural characterization

The FTIR spectrum of MCM-41 (see Fig. 1) shows a band at
3446 cm−1 ascribed to the hydroxyl functionality within adsor-
bed water molecules and surface silanols (Si–OH).49 There are
also absorption peaks arising from asymmetric (1244 cm−1,
1068 cm−1) and symmetric (968 cm−1) Si–O–Si vibrations. The
band at 1630 cm−1 is attributed to the vibration of adsorbed
H2O29,50,51 and the band at 803 cm−1 corresponds to the asym-
metric vibration of Si–OH associated with the formation of the
condensed silica structure.29,52,53 In the MCM-41@Ch spectrum,
the absorption bands at ca. 3130 cm−1 and 1549 cm−1 are
characteristic of stretching and bending vibrations of the –NH2
RSC Adv., 2024, 14, 22504–22512 | 22505
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Fig. 1 FTIR spectra for MCM-41 (—), MCM-41@Ch ( ) and MCM-
41@Ch@DnsGly ( ). See main text for commentary on marked
features.

Fig. 2 Representative TEM images of (a) MCM-41, (b) MCM-41@Ch
and (c) MCM-41@Ch@DnsGly.

Fig. 3 TEM images of (a) MCM-41, (b) MCM-41@Ch and (c) MCM-
41@Ch@DnsGly and their particle size distribution histograms.
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group42,44,50 related to chitosan (and/or APTES). The absorption
band at 1630 cm−1 is attributed to the stretching mode of the
–C]O carbonyl group within the N-acetyl units (the degree of
deacetylation of chitosan is ∼85%44). The bands around
2870 cm−1 corresponding to the C–H stretching mode in chi-
tosan, and the absorption bands at 1151 cm−1 (anti-symmetric
stretching of C–O–C bridge) and 1070 cm−1 (skeletal vibration
involving the C–O stretching) characteristic of its saccharide
structure are overlapped by bands associated with MCM-41 that
are also present in this region.

The MCM-41@Ch@DnsGly absorption spectra present
a similar feature to that observed in the MCM-41@Ch spectrum.
The absorption bands attributed to the –OH and –NH2

stretching vibrations are broader, suggesting the formation of
hydrogen bonds between the chitosan and dansylglycine
moieties.54 However, the bands related to the DnsGly are not
clear due to the prevalence of MCM-41@Ch with respect to the
amount of the DnsGly (5%) in the sample.

XRD data for MCM-41, MCM-41@Ch and MCM-
41@Ch@DnsGly (see Fig. S1a, ESI†) are very similar in the
region 2q > 10°. The broad feature seen in each case indicates
that the dansylglycine-chitosan-modied and unmodied NPs
are amorphous. For 2q < 10°, the responses for the modied
MCM-41 nanoparticles are distinctly different to that for the
unmodied material. For greater insight into this, we turn to
SAXS data, in which MCM-41 exhibited one well-resolved peak
and other two broad peaks, indexed as (100), (110) and (200)
reections, respectively, corresponding to an ordered 2D
hexagonal system. The scattering intensities of MCM-41, MCM-
41@Ch andMCM-41@Ch@DnsGly are reported as a function of
the scattering vector Q (Fig. S1b, ESI†). The SAXS peaks of MCM-
41 show an intense (100) peak at 0.19 Å−1, and two low intensity
reections at 0.29 Å−1 and 0.36 Å−1 that are characteristic of
hexagonal structures, consistent with values reported in the
literature.55,56 Aer modication with chitosan, the ordered
structure of nanocomposites was changed, since the SAXS
22506 | RSC Adv., 2024, 14, 22504–22512
analysis revealed a shi and an apparent decrease in intensity of
the (100) diffraction peaks for MCM-41@chitosan and MCM-
41@chitosan@DnsGly, besides the disappearance of the (110)
and (200) reection peaks. This structural disorder may be
explained by the partial lling of the MCM-41 pores with the
chitosan.

The morphologies and microstructures of the as-prepared
and modied MCM-41 NPs were determined using TEM (see
Fig. 2). The TEM image of the as-prepared MCM-41 (Fig. 2a)
shows a highly ordered mesoporous network with a hexagonal
array. Aer functionalization with chitosan, it is possible to
observe in the MCM-41@Ch NPs TEM image (Fig. 2b) a slight
modication in the ordered pattern of MCM-41, suggesting that
chitosan may have partially lled the mesoporous channels of
the MCM-41. Further, it is possible to observe in Fig. 2c that the
dansylglycine entirely covers the MCM-41@Ch NPs.

The TEM images of unmodied MCM-41 and the surface
modied nanoparticles (MCM-41@Ch and MCM-
41@Ch@DnsGly) show spherical shapes, with average particle
size (diameter) of 68, 82 and 113 nm, respectively (see Fig. 3).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The size of Ch and Ch@DnsGly modied MCM-41 NPs was
larger than unmodied MCM-41 NPs and they did not vary
considerably as shown by the size distribution histograms
(Fig. 3). While bearing in mind the nature of the TEM sample
preparation (deposition on a grid), we nd no evidence for
signicant agglomeration of particles aer surface
modication.
Fluorescence properties of the NPs

The solid-state photoluminescence (PL) spectra of MCM-41,
MCM-41@Ch, and MCM-41@Ch@DnsGly NPs and of DnsGly
are shown in Fig. 4a. It is well known that dansyl derivatives are
uorescent, showing greenish to yellow light emission in the
range of 500–550 nm for the uorophores dissolved in organic
solvents such as CH2Cl2 and CH3CN.43,45 Anchoring DnsGly on
the MCM-41@Ch surface causes a slight bathochromic shi in
the emission wavelength of the MCM-41@Ch@DnsGly NPs (lem
= 515 nm) and broadening of the emission band, as compared
to pristine DnsGly (lem = 500 nm). This is attributed to
hydrogen bonding between the carbonyl group of chitosan and
the carboxylic acid of the DnsGly. The PL intensity is higher for
the MCM-41@Ch@DnsGly NPs than for the pristine dansyl-
glycine, since the NP is covered by dansylglycine moieties,
increasing its uorescence.

The uorescence behaviour of the MCM-41@Ch@DnsGly
NPs as a function of excitation wavelength (lex) is shown in
Fig. 4b. lem= 515 nm, independent of lex, but the PL intensity is
Fig. 4 Fluorescence spectra for (a) MCM-41 (___), MCM-41@Ch ( ),
DnsGly ( ), and MCM-41@Ch@DnsGly ( ) with lex = 360 nm, and
(b) MCM-41@Ch@DnsGly illuminated at different excitation wave-
lengths (lex).

© 2024 The Author(s). Published by the Royal Society of Chemistry
maximum when lex = 360 nm. This implication of this char-
acteristic in the forensic context is discussed in the next section,
with regard to optimizing optical contrast between the devel-
oped ngermark and substrate, and minimizing background
uorescence from the substrate (particularly in the cases of
plastic and paper).
Development of latent ngerprints

Latent ngermarks present on different substrates (glass,
plastic, stainless steel and unred brass cartridge cases) were
developed by using the MCM-41@Ch@DnsGly NPs and visual-
ized under UV light (365 nm). Bright uorescent images of the
developed ngerprints could be clearly seen under illumination
by visible (Fig. 5b) or UV (Fig. 5c–f) light.

Among the variables that can affect the quality of developed
ngerprint images, the residue age and composition are of
primary forensic signicance, sincemost conventional methods
involve physical or chemical interaction between the developing
agent and one or more components of the ngermark residue.
Evaporation from the mark of water and the residual mixture of
organic and inorganic compounds ultimately results in accu-
mulation of the less volatile components into a waxy layer.57–59

With some variation according to the environment (notably
temperature and humidity), the most signicant compositional
changes occur within the rst few days. The outcome is that the
ngerprint ridges become thinner and extent of ne detail
diminishes; essentially the delity of the available image
degrades. Thus, visualization of aged latent ngerprints based
on adhesion/interaction of the developing agent with the sweat
and sebaceous residues can become challenging for conven-
tional materials.59
Fig. 5 Representative images of latent fingermarks on stainless steel
illuminated by and viewed under visible light (a) before development
and (b) after development with MCM-41@Ch@DnsGly NPs. Corre-
sponding images generated by illumination with UV light (lex = 365
nm) by MCM-41@Ch@DnsGly NP development on (c) stainless steel,
(d) glass, (e) plastic and (f) unfired brass cartridge case substrates.

RSC Adv., 2024, 14, 22504–22512 | 22507
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Fig. 6 Representative image of (a) 30 day old fingerprint on stainless
steel developed by applying MCM-41@Ch@DnsGly NPs together with
(b) SEM image showing the NPs (clusters) preferentially deposited on
the fingermark ridges.

Fig. 8 Fingerprint developed using MCM-41@Ch@DnsGly NPs on a £5
banknote: (a) back security feature illuminated at 365 nm and viewed
with no filter (i) and 510 nm filter (ii) (b) holographic foil illuminated at
365 nm and viewed with no filter (i) and a 510 nm filter (ii).
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Additionally, dansyl derivatives are known as uorescent
probes for determination of certain human proteins, free amino
acids, and biologically generated halogenated compounds,60,61

making this class of uorophores able to effectively interact
with the ngermark residue.45 As shown in Fig. 6, delivery to the
surface by the NPs of a high population of uorophores,
combined with their high PL intensity offers the potential to
overcome this ageing effect. From SEM analysis it was possible
to observe that the MCM-41@Ch@DnsGly NPs bind preferen-
tially to latent ngermark ridges, allowing the enhancement of
latent ngermarks with high contrast images and clear visual-
ization of ngermark patterns, even on aged (30 days) nger-
marked surfaces, Fig. 6 (see also Fig. S2, ESI†).

Fingerprint detection and enhancement is commonly per-
formed using excitation from a suitable forensic light source,
with direct image capture onto a high sensitivity charge-coupled
device camera. For luminescent marks, a suitable barrier lter
is required to block the reected excitation light and selectively
transmit the developed ngermark emission; use of lters
spanning a wide spectral range permits optimization of image
contrast.62 The developed ngermarks were illuminated with
light in the wavelength range from 365 to 640 nm and observed
via lters of longer wavelength than the excitation light (since
emission is at longer wavelengths than absorption). Observa-
tions using all available illumination sources and viewing lters
were analyzed to yield the optimum illumination/lter
Fig. 7 Images for a fingermark deposited on glass, enhanced with
MCM-41@Ch@DnsGly NPs, illuminated at 365 nm and viewed with
different filters (as indicated).

22508 | RSC Adv., 2024, 14, 22504–22512
combination (see Fig. S3, ESI†). Representative data are shown
in Fig. 7 for a ngermark on glass visualized with MCM-
41@Ch@DnsGly NPs, illuminated at 365 nm (see Fig. 5) and
viewed using lters from 435 to 624 nm.

One of the main applications for multispectral imaging and
monochromatic illumination is for improvement of developed
ngerprints on surfaces presenting topographically, optically,
and chemically complex backgrounds. The patterned and/or
multicolored backgrounds used as security features on bank-
notes are a prime example. As an example, UK banknotes show
uorescent patterns, microprinting, transparent areas, holo-
graphic foil and raised sections, all of which contribute to the
challenge of visualising latent ngerprints. The capability of
MCM-41@Ch@DnsGly NPs to generate strong enhancement of
latent ngermarks selectively contrasted against background
interference in these areas is illustrated in Fig. 8. The only
substantive limitation is associated with the holographic foil,
from which reectance results in some glare; this could be
overcome by the correct application of viewing lters.
Image analysis

Quality assessment tools for developed ngermark images are
important to attest the effectiveness of the material and/or
methodology proposed. These include grading schemes,63

forensic protocols1,64 and forensic soware for ngerprint
recognition and analysis, and provide a link between research
and practitioner environments. An individual can be identied
through matching the stored ngerprints in a database with the
image of its developed ngermark. Usually, the whole pattern of
the mark will rst be compared to narrow down the search
range and then some minutiae, if available, will be analyzed to
complete the identication. This is a convenient process since
powerful computer and information analysis techniques are
present at most forensic laboratories.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The efficacy of the uorescent NPs in the latent ngerprint
enhancement was evaluated by the analysis of the images of all
samples of developed ngerprints, including the different
donors (1 male and 4 female), surfaces (stainless steel, glass,
plastic, unred brass cartridge cases and banknotes) and ages
of the ngermark residue (fresh, 1, 7, 15 and 30 days), by using
the UK Home Office scale and a forensic soware that enables
the identication of the main details of the ngermark, such as
characteristic minutiae and pores. A total of 66 images were
graded according to the UK Home Office ve-point scale
running from 0 (no development) to 4 (full development),
depending upon the quantity of clear ridge detail taking into
account the continuous ridge ow (see Table S1, ESI†).1,63,64

Although this scale is designed for research rather than legal
application, it is broadly accepted that images of grades 3 and 4
would provide unequivocal identication.63 In the present
study, 94% of the samples satised this “whole image” based
criterion.

Moving to the details of the friction ridge skin features, these
can be classied into three levels: level 1 provides the pattern
information (arches, loops, whorls) of the ngerprint; level 2
describes the minutiae, including core, bifurcation, delta,
bridge, enclosure, termination, island, short ridge, and hook;
Fig. 9 Representative binarized (B&W) images of developed latent
fingerprints on (a) stainless steel, (b) unfired brass cartridge case and (c)
UK banknote. In each row, the left hand image shows the whole mark
with level 1, 2 and 3 details identified: ridge ending (red), bifurcation
(green), delta (blue triangle) and core (blue circle). Images in the right
hand column showmagnified sections of themark, similarly annotated
using the forensic software.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and level 3 refers to ridge shape, and the number and location
of sweat pores.65 With suitable magnication and image anal-
ysis using the forensic soware, levels 1, 2 and 3 detail could be
easily observed in the MCM-41@Ch@DnsGly NP enhanced
latent ngermarks (see Fig. 9).

From the forensic soware analysis in representative images,
it was possible to identify between 14–38 minutiae, depending
on the surface on which the ngermark was present (see Fig. 9
and S4, ESI†). Flat surfaces, such as stainless steel plates (38
minutiae), glass (24 minutiae), plastic (30 minutiae) and
banknotes (37 minutiae) allow the interpretation of the whole
image by the soware to nd a great number of minutiae, whilst
the cylindrical surface of the cartridge case makes image anal-
ysis more difficult, as commonly observed in forensic practice.
This is particularly true for the minutiae present at the edges,
since the soware analyses a two dimensional image registered
from a three dimension object and is thus vulnerable to
distortion. Even so, at least 14 minutiae could be found in the
analysis of the developed ngermarks on cartridge cases by the
forensic soware. We conclude that combination of visual
inspection (Home Office grading system) and image treatment
using forensic soware is a powerful means of identifying ridge
patterns, ngerprint class distinction and minutiae of the
MCM-41@Ch@DnsGly NP developed ngerprints. These twin
approaches address issues of quantity and quality (94% at grade
3 or 4; and >24 minutiae) that satisfy criteria for safe and robust
forensic comparison examination with reference dactyloscopy
images to provide unambiguous identication of an individual.
Conclusions

A uorescent nanoparticle based on hierarchical MCM-
41@Ch@DnsGly hybrid structure was synthesized, character-
ized and applied as a latent ngermark developer. Due to the
small size and functionalization of MCM-41 with chitosan and
dansylglycine, the so produced nanoparticle presented uo-
rescence properties, and strong interaction with specic
components (e.g., amino acids, fatty acids) of the ngermark
residue, which provided high adhesion of the nanoparticles,
even for aged ngermarks. The uorescence characteristics of
the hybrid material were exploited for the development of latent
ngermarks on different surfaces, including metal, plastic and
glass. From a pseudo-operational perspective, this material has
been successfully applied for visualization of latent ngermarks
on polymer banknotes with complex background (holographic
markers, color and textures).

Nanostructured MCM-41@chitosan@dansylglycine particles
have been demonstrated to provide high quality images of
latent ngerprints for substrates with spatially varying topog-
raphy, composition and colour; the portfolio of holographic and
other security features on polymer banknotes exemplies the
point. The fundamental capability, and the ability to realize it
without laboratory facilities (i.e. at a crime scene), represents
a substantive advance over the performance of other dansyl-
glycine materials, such as the electrospun PCL/dansylglycine
nanobers described previously in ref. 45.
RSC Adv., 2024, 14, 22504–22512 | 22509
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Developed image quality has been assessed by the UK Home
Office grading scheme: 94% of the nanoparticle enhanced
images were grade 3 or 4 (carrying the expectation of
a successful identication). The smaller features (second and
third level detail) whose unique spatial relationship is the basis
of identication of an individual, were readily recognized using
forensic soware. The experimental evidence unequivocally
shows that MCM-41@Ch@DnsGly NPs allow the acquisition of
images of identication standard; the protocol generating such
images is straightforward, rapid, reliable and consistent with
the legal identication of an individual (including ethical
compliance). Preliminary application in the forensic environ-
ment indicates that this concept offers substantive near term
future promise for latent ngermark development and identi-
cation in forensic investigations.

Experimental section
Materials

Tetraethyl orthosilicate (TEOS, 99%), N-cetyl-N,N,N trimethyl
ammonium bromide (CTAB), (3-aminopropyl)triethoxysilane
(APTES, 99%), dansylglycine (DnsGly), anhydrous acetonitrile
(CH3CN, 99.8%), absolute ethanol, anhydrous chloroform
(CHCl3, $ 99%), glacial acetic acid (HAc, 99.7%) and ammo-
nium hydroxide (NH4OH, 25–28 wt%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Chitosan (deacetylation
degree 85%; Mw 100 000–300 000) was provided by Acros
Organics. All reagents were used as received.

Synthesis of mesoporous silica nanoparticles MCM-41

MCM-41 samples were prepared by a CTAB-templated co-
condensation method,29 adapted from the procedure
described by Basumatary et al.49 First, deionized H2O (500 mL)
was heated at 50 °C, then NH4OH (26.4 mL, 28.7 wt%) was
added to adjust the pH to∼11, followed by the addition of CTAB
(0.56 g). The solution was stirred for 15 min for complete
homogenization. Aer that, TEOS (2.9 mL) was added dropwise
under magnetic stirring and the mixture was le for 2 hours at
50 °C. The resulting sample was centrifuged at 8000 rpm for
5 min and washed twice with ultrapure H2O and ethanol until
neutral pH, and nally dried at 80 °C overnight. To remove the
CTAB template, the resulting material was calcined under
atmospheric conditions at 550 °C for 4 hours at a heating rate of
5 °C min−1.

Functionalization of MCM-41 with chitosan

Modication of the MCM-41 surface with chitosan was per-
formed according to the procedure reported by Gan et al.52 A 1%
chitosan solution was prepared by dissolving chitosan (0.5 g) in
50 mL of aqueous 5% HAc solution, under vigorous magnetic
stirring for 24 hours. Then,MCM-41 (0.1 g) was added to 10mL of
ethanol and kept in an ultrasonic bath for 1 hour. Aer this time,
the solution was le under vigorous stirring and the pH was
adjusted to 3.5–4.5 with HAc, then 0.1 mL of APTES was added to
the mixture and the stirring was maintained for 3 hours. The
previously prepared 1% chitosan solution (20 mL) was added to
22510 | RSC Adv., 2024, 14, 22504–22512
the reaction mixture and le for 24 hours under stirring at room
temperature (25 °C). In the next step the solution was centrifuged
at 8000 rpm for 5 minutes, washed twice with deionized water
and then dried under reduced pressure.

Functionalization of MCM-41@Ch with dansylglycine

A solution of DnsGly (5.0 mg) in dry CH3CN (5.0 mL) was added
to MCM-41@Ch (100 mg). The mixture was maintained under
magnetic stirring at 100 rpm for 24 hours, then centrifuged for 3
minutes at 5000 rpm. The reaction product was washed with
CHCl3 until the supernatant did not exhibit uorescence, then
dried at room temperature for 24 h.

Characterization

FTIR spectra were recorded using a Shimadzu IR Prestige-21
spectrophotometer. The morphology of the samples was
assessed by scanning electron microscopy (SEM) (Superscan
SSX-550; Shimadzu). High-resolution X-ray diffraction (XRD)
patterns of powdered samples were recorded on a Shimadzu
XRD-6000 X-ray diffractometer using Cu Ka radiation (l = 1.79
Å). Small angle X-ray scattering (SAXS) results were generated
using the Diamond Light Source DL-SAXS lab SAXS instrument,
using the Genix3D Molybdenum Micro-Source producing 17.4
keV photons. Signals were detected using an Eiger R 1M (SAXS)
(75 micron) detector. Powder samples were sealed in Kapton
disks with Scotch Magic Tape and sealed in the sample holder
with 15 mm × 6 mm × 0.75 mm spacing. Samples were held
808.15 mm from the beam and distance was conrmed using
silver behenate (AgBeh) as the calibrant. Measurements were
made with a 1.4 mm slit opening and were measured for 2.5
hours. Data was processed using DAWN according to the
procedure described by Filik et al.66 TEM images were obtained
using a transmission electron microscope, with Tecnai Spirit
T12 analysis. Nanoparticle average diameters were calculated
using ImageJ (NIH, Bethesda, MD) aer measuring 100 nano-
particles from each sample. For solid-state uorescence anal-
ysis the powder samples were placed into the solid sample
holder accessory of the Fluorolog Horiba Jobin Yvon spectro-
uorometer and the uorescence emission spectra were recor-
ded by front-face (30°) detection.

Fingerprint collection and development process

Prior to ngermark collection, donors (4 female and 1 male)
washed their hands with soap and dried them with paper towel.
Then, they rubbed their ngers over the oily parts of the body
like the retroauricular, forehead and nose regions to ensure
deposition of a rich and even sebaceous ngermark. Then, the
donors deposited their ngermarks on the substrates (glass
slides, stainless steel plates, transparency plastic sheets, unred
cartridge cases and UK bank notes) by contact with the surface
for 1–2 seconds with minimal pressure.64 Written consent from
all participants was obtained prior to the research and it was
approved by Brazilian Ethics Committee (Plataforma Brasil,
CAAE 42419221.2.0000.5013). The collected ngermarks were
stored in a covered box under ambient conditions for further
use.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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For the development process, MCM-41@ChS@DnsGly NPs
were gently spread on the ngermark, then the surface was
tilted and carefully tapped to remove unattached particles. This
procedure was carried out over a watch glass to collect non-
adherent particles. The as-developed ngerprints were photo-
graphed with a Nikon D5500 professional camera under visible
and UV light sources or a modied Nikon D6 camera with 20.8
million effective pixels and the DCS5 imaging system (Foster &
Freeman, Evesham, UK). Fingermarks were illuminated and
viewed using a Crime-lite 8X4 MK2 (Foster & Freeman), con-
sisting of 32 high intensity LEDs with illumination at 7 different
wavelengths (365–640 nm) and 12 slot-in uorescence viewing
lters ranging from 435 to 624 nm. The images obtained from
the developed ngerprints were analyzed by applying forensic
protocols, including the UK Home Office grading scale64 (at
whole image level) and the Griaule® Forensic Fingerprint v.1.1
soware, through scientic collaboration with the National
Criminalistics Institute of the Federal Police of Brazil (to iden-
tify individual minutiae).
Data availability

Data supporting this article have been included as part of the
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