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Abstract. This publication presents one of the first ofailicon oxide nanoparticles to detect fingermarks. The

study is not confined to showing successful detection of fingermarks but is focused on understanding the
mechanisms involved in the fingermark detection process. To gain such an understanding, clemical

groups are grafted onto the nanoparticles surface, and parameters such as the pH of the solutions or zeta
potential are varied to study their influence on the detection. An electrostatic interaction was the generally
accepted hypothesis of araction between nanoparticles and fingermarks, but the results of this research
challenges that hypothesis, showing that the interaction is chemically driven. Carboxyl groups grafted onto the
nanoparticles surfaces react with amine groups of the fingkrssamretion. This formation of amide linkage
between carboxyl and amine groups has further lieevuredby catalysingthe reaction with a compound of

diimide type. The research strategy adopted here ought to be applicable to all detection techniques using

nanoparticles. For most of them the nature of the interaction remains poorly understood.

Keywords. Forensic science, fingermark detection, detection mechanism, silicon oxide, electrostatic interaction,

chemical reaction, luminescence.
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1. Introduction

Following the same trend affecting most scientific and technical disciplines, nanotechnology has
also an impact on forensic science. This is especially true for the detection of fingermarks on
potentially touched items for whicresearchers have been very active for more than a dec8tle
motivated bythe fact that a substantial number of fingermarks (estidhto 50% on porous surfaces
[4]) remains undetected.

Before that trend in nanoparticles research, numerous detection techniques have been developed to
target the vadus components of the fingermark resideg (@amino acidg5] or lipids[6]). However,
there still existsa lack of sensitivity and selectivity (ability to target specific component of the residue
aside from the underlying substrd@). Nanoparticles (NPsare then proposed as a way to tackle
these issued.heir low size, their versatility and the ability to specificaiipe their surface properties
are the main reasons wiiyey attract so much attenti¢8]. The surface modification versatility of
these materials may lead fecise targetinggf compounds present in the resid[#}, and thus
increasing the selectivitjl0]. Their various optical properties can lower the detection limits, and
improve the sesitivity, typically by using luminescent properties to get rid of background
interference.

Many types ofNPs havebeeninvestigatedn this context: metabxide [2], gold [11], silver [12],
silicon oxide[13] andsemiconductorgsuch as quantum dof&4]) to cite a few. ThesBIPs can be
applied either as dried powders or in suspension ¢agguer organic solvent) by immersion of the
item. Powdering mostly relies on physical processes. For example, oleyistaliiezed gold NPs
powdered on fingermarks led to successful detection due to the affinity of the aliphatic functionalized
NPs with tle fingermark residue (sweaebum or other contaminanf&)p]. This application suffers
from a lack of selectivity as well as major health and safety issues. The use of a suspension however
promotes phys@-chemical and chemical interactions with the residue. For example, successes have
been obtained with gold NPs functionalized with aliphatic chantssaispended in petroleum ether
[16], or with gold colloids surrounded bytrate ions in aqueous solutiph?].

However very few is known about the precise mechanisms involved in the interaction between the

NPs and the fingermark residue. One cause fopdleity of research is the complexity of the residue



which is composed in part from sweat produced by eccrine glands (98% of water, amino acids,
proteins, glucose, urea and inorganic ions), fatty compounds excreted by the sebaceous.glands (
fatty acics, wax esters, squalene) and contaminants ¢osmetics, dirt or blood)18, 19]. Besides

the complexity of the residu@ situ studies of fingermarks are strongly limited due to the
low quantity of material, the low thickness of material and the overall fragility of the
secreibn residue Another reason can be found in the research strategies that are focused on the
premature application of NPs (often in the form of powder) rather than on the study of fundamental
principles involved in the detection process. This leads to gatliins of techniques supported by
empirical optimizations, only, ih considerable variations from opeblicationto the other evefor

the same typef NPs. An examplés the use of cadmium telluridguantum dots (CdTe QDsfor

which two papersdescribeoppositedetection condition§l4, 20]. The results obtained so far with

NPs are consequently not optimal.

The present work aims at proposing a better understanding of the interactions occurring between
NPs and fingermarks. To achieve that objective this research focused on one existing téctin@que
multimetal deposition (MMD)[21] T based on gold NPs in aqueous solution and for which a
suggested mechanism based on electrostagcaiction is commonly acceptgt]. The MMD relies
on a twosteps process. First, gold NPs of a size ranging from 14 to 30 nm are attracted on secretion at
acidic pH. Second, a selective reduction of silMef] or gold[22] on the deposited NPs allows to
enhance the crast, and by the same way leads to the fingermark visualization.

The initial deposition of gold NPs on the fingerprint residue is known to be sensitive to the pH of
the colloidal gold solution, with a very narrow effective pH range (around 3). The cdynatoepted
theory states that at acidic pH range, secretions are positively charged due to the protonation of amine
groups (amino acids, proteins). NPs are in turn negatively charged due to citrate ions adsorbed on
their surfaces. Colloids are then attemtonto secretions, allowing fingermarks to be detddtbd?3,

24] (figure 1). The narrow pH range is a bsstfar equilibrium between negatively charged NPs and
positively charged fingermarksAlthough this hypothesis is widely accepted, it has never been

demonstrated.
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Figure 1. Schematic illustration of theelectrostatic interaction hypothesis. At acid pH, NPs
(negatively charged) are attracted onto fingermark secretions (positively charged). At basic pH, both
NPs and fingermark residues are negatively charged, hindering the detection, as illustrated

experimatally.

Silicon oxide NPs (Si©@NPs) were preferred to gold nanoparticles to explore the underpinning
mechanisms. Contrary to gold NPs, SKIPs offer versatile surface madification abilities combined
with extended optical properties..by introducinga dye in their inner structurg)3, 25, 26]. SiO,

NPs can thus be used as a tool to systematically investitp@tanteractions occurring with the

fingermarks.

2. Experimental methods
2.1. Synthesis of functionalized silicon oxide nanoparticles and characterization

Tetraethyl orthosilicate (TEOS), Triton-¥00 (TX-100), cyclohexane, -hexano] ammonium
hydroxide (25 wt %), rhodamine 6G, sodium chloride (Na®HethyFNNj3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), Nhydroxysuccinimide (NHS), propionic acid and- 3

(trihydroxysilyl)propyl methylphosphonate monosodium salt soluti@mewpurchased from Sigma



Aldrich. Carboxyethylsilanetriol sodium sal8-(trihydroxysilyl)-1-propanesulphonic acid and 3
(triethoxysilyl)}-propylsuccinic anhydride were purchased frédocr GmbH & Co. All chemicals
were used as received without further gaoafion.

SiO, NPs were synthesized by the microemulsion method described by ®Waaig[27]. The
protocol was followed without any modifications, except the incorporation of the dye: dual rare earth
luminophores were replaced by rhodamine 6G. The viatell microemulsion was obtained by
successively mixing 3.54 mL of FX00, 15 mL of cycloheane, 3.6 mL of thexanoland 966 L o f a
0.1 M rhodamine 6G. After stabilization of the mi@mulsion, NPs formation was initiated by
adding 200 €L of TEOS, followed by 120 eL of am
stirring for 24 h.

The prepeed SiQ NPs were functionalized directly in the mieeomu | si on. 50 ¢ | of T
e mol of the selected silane coupl i ng hadaegat wer e
excess of ethanol was added to destabilize the system. NPs weresddiigatentrifugation (3500
RCF for 10 minutes) and washed twice with ethanol and theispersed in 20 mL of RO/DI water
(18.2 YAcm).

NPs hydrodynamic diametevas measured bglynamic light scattering (DLSand zeta
p ot e n twasdeternfined bylaser Doppler micreelectrophoresisboth on a Zetasizer
Nano ZS (Malvern Instruments LtdBor each sample, the hydrodynamic diameter was measured
five times while the & was measured three ti mes.
the behaviar of the SiQ NPs over pH range, pH was adjusted by adding NaOH or HCI to the
solutions. Each obtained values was then pl ottt
evolutions.

Photoluminescence properties of the NPs solutions were measured at ropematare on a
Hitachi F2500 fluorescence spectrometer. All measurements were made on samples obtained after re

dispersion of the SiENPs in water.

2.2. Fingermark deposition



The study is specifically designed to better understand fundamental principles of the interaction
between NPs and fingermarks. Therefore only one substrate and one donor were chosen. Aluminum
foil has been selected as gmodaodevads ssueblsacrtaetde .i PMA
sufficient amount of natural secretions. Fingermarks were deposited on aluminum foils following a
standard procedure consisting in successive apposition of the right thumb, index, middle and ring
finger. These marks we considered as naturally mixed, containing both eccrine and sebaceous
secretions. The only restriction was that the donor has not washed his hands at least one hour before
deposition and behaved normally in the meanwhile. To prevent deposition of deerlmerks, the
donor was not asked to rub his fingers on his face before deposition, but only to rub his hands together
in order to homogenize the alreagesent secretions. The fingermarks samples were finally stored in
dark for at least three weeks befdoeing processed. The delay between the fingermark deposition
and the treatment of samples was critical. The theee k del ay was chosen in ol

mar k effectod, giving misleading or not represent

2.3. Fingermark detectioand recording

Before processing, the SiQIPs solutions were diluted by two with RO/DI water and the pH was
adjusted with either NaOH or HCI solutions, depending on the desired pH range. The solution was
then poured in a dish. The amount of solution nmassufficient to cover the bottom of the dish. The
samples were deposited on the surface of the solution with fingermarks facing down and then let float
for one hour without stirring. After treatment, the aluminum foils were rinsed in deionized water to
wash away the nebhounded NPs.

For the detection solution containing EDC/NHS, the detection conditions have been optimized with
a pH set at 6. Th8iO, NPs solutions were diluted by four with RO/DI water and the immersion time
reduced to 30 minutes.

Once dy, the samples were observed in luminescence med&jith an excitation at 495 nm and
an observation filter with a band pass centred at 590 nm. Each result was recorded under the same
illumination conditions and with the same camera settings. No egemific digital enhancements

were performed.



3. Results and discussion

Silicon oxide nanoparticles (SJONPs) were synthesized by reverse microemulsion method,
allowing to graft chosen functi@l groups onto the NPs surfd@8-30]. An organic dye, rhodamine
6G, was introduced within the structure to provide luminescent properties to NPs. i@xcitad
emission spectra of the doped S#e shown irfigure 2. Dynamic light scattering (DLS) was used to
characterize the obtained NPs (such as hydrodynamic diameter and zeta potential intensity). An

average diameter of 70 nm £ 2 nm was obtained.

— Excitation
— Emission

Absorbance [a.u.]
Intensity [a.u.]

450 500 550 600 650
Wavelength [nm]

Figure 2. Excitation and emission spectra of a silicon oxide nanoparticles aqueous solution, doped
with rhodamine 6G.

Detailed synthetiprocedures, fingermarks collect and storaggewell asdetection protocoland

fingermarks recordingre available in theExperimental MethodsSection

3.1. Implementing the electrostatic interaction
As a starting pointSiO, NPs are used to mimic the physicleemical properties of the gold NPs
used for MMD. Since a major property of gold colloiddhie negative charge due to the adsorbed

sodium citratei bearing three carboxyl groupsarboxyethylsilanetriol has been chosen as silane



coupling agent. This molecule possesses a carboxyl group, which provides a negative charge to NPs
in alkaline solution If the detection mechanism is effectively driven by electrostatic attraction, the
carboxyHunctionalized Si@ NPs (SiQ-COOH) are expected t@produce thaffinity of gold NPs
for fingermarks at acidic pH.
The obtained SI9QCOOH NPs were characterizedterms of sizeandzeta potentia{ eagcording
to the pH figure 3).The measured hydrodynamic diametdrabout 70nm, remains constardlong
the pH rangeNo aggregate formation is detected Regar di ng 6, t hteeentiel ue i s
pH range,as expected. Above pH the particles possessstrong negative (< -30 mV), which gives
agood stability to the solutiofB81]. Below pH 4, thes potentialincreases rapidljo reach a value of

zero at about pH 1. This is explained by thet@nation of the carboxylic groups.
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Figure 3. Graph showing the pidependent evolution of both hydrodynamic diameter and zeta
potential of an aqueous solution of $iPs functionalized with carboxyl groups.

Figure 4shows the results of fingermadletection withSiO,-COOH NPs solutions, along the 1.5 to
9 pH range. The fingermarks have been cut in half and processed separately in codgraie the
results that can be obtained upon these different paramébersesultsaare similar to those obtad
using gold NPsf{gure 1).According to the electrostatic interaction hypothesis, in the pH 5 to 9 range

both the secretions and the NPs possess a negative charge which induces a repulsion that hinders the



detection. On the contrary, at pHIf secrébnsare assumetb bepositively charged, while NPs still
possess a negativeof approximately-15 mV. The attraction may thus take place, amtks are
detectedAt pH 1.5,theg of the NPs is close to zenwhereaghe papillary secretionare theoretally
more strongly positivelycharged. TheNPs are still attracted onto fingermarks, leading to their
visualization.

These observations suppa@t this stagehe electrostatic hypothesis. If truly this interaction is
driven by a compromisebetween the charges of different entitigsshould then be possible to
maximize this interactioii andthereby improvehe quality of result§ by using NPs presenting a

strongly negative at pH 3.

pH 1.5 3 5 7 9
zeta
pot. -0.2 mV -13.2 mV -33.8 mV -34.9 mV -33.4 mV

Figure 4. Results obtained after application of $ilNPs functionalized with carboxyl groups, at
various pH, on fingermarks deposited on aluminum foils. For values of 5, 7 and 9, no results are

visible, whereas for 1.5 and 3, marks are detected.

3.2. Attempts to maximize the electrostatic interaction

In order to obtain NPs with a stronger a't |, swee@nic anydriddunctions have been
grafted around th&iO, NPs (SiQ-(COOHY),). This functional group ifiydrolysedin contact with
water andorms twocarboxylic groups. DLS analysis shows titeysco-chemical properties of these

NPs, following the same trend as $SICOOH (igure5).



0 10000

- = - zeta pot.
—a—diameter
-10 n
20 . 1000 E
s ' =
d _/-u\ g
5 -30 E
€ " T
é \-‘r‘_ 100
o -40 g
] . c
5 ., >
N 50 Lk - 3
b 10 °
. :|>:\
60 R
|
-70 1
1 2 3 4 5 6 7 8 9 10 11
pH

Figure 5. Graph showing the pidependent evolution of both hydrodynamic diameter and zeta
potential of an aqueous solution of $iPs functionalized with anhydride succinic groups.

When applied to fingermarks, these NPs behave similarly to the ones bearing a single carboxyl
group figure 6). Above pH 5, no detection occurs. At pH 3.5, luminescent fingermarks are obtained.
Theg hasa value of26 mV, which is about 10 units more negative tharsthelue measured at pH 3
with SiO-COOH NPs {13.2 mV). The last result obtained at pH 2.8 cannot be taken into
consideration since at this value the solution was not stable and NPs statgpegate. Therefore,

values of pH below 3.5 are not suitable to detect fingermarks with these NPs.
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Figure 6. Results obtained after application of $iRPs functionalized with anhydride succinic
groups, at various pH, on fingermarks deposited omialum foils. For values of 5, 7 and 9, no
results are visible. At pH 3.5, marks are detected. At pH 2.8, blurred and weakly luminescent marks

are obtained due to NPs instability and aggregate formation.

Two other alternatives to carboxyl groups areethylphosphonatei OP(O)(ONa)CH) and
sulfonate {SO;H) groups. DLS analyses of these two different functionalized NPs show that both
solutions are stable and possess a highly negativeo n t h e e rfigure7)digyetB shhoasn g e (
samples treatedwith these two solutions of stronglynegativelycharged NPs, respectively
functionalized with(a) methylphosphonate groupand (b) sulfonate groupsUnlike the previous
resultsobtained withSiO,-COOH and Si@(COOH), which allow to detect marks at pH tBiese

highly chargedNPs have absolutely naffinity with the fingermark residuagegardless of the pH

value.
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Figure 7. Graph showing the pidependent evolution of both hydrodynamic diameter and zeta
potential of two aqueous solutions of $iNPs functionalized respectively with phosphonate and

sulfonate groups.
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Figure 8. Results obtained after application at various pH of ,SNIPs functionalized with
phosphonate groups (above) and sulfonate groups (below), on fingermarks deposited mmralumi

foils. No marks are detected regardless the value of the pH.

These resultsndermineghe electrostatic interaction hypothedisdeed foutypes ofNPs solutions
sharing similar propertiesuch assize andconcentration have been applied onto fingeknsamples.
The detectiorconditions(immersion time, pHjand fingermark sample@onor, age of the marks,
substrate and storage) were kept unchamgddeen the setsf detection.Only two parameters may
have led to this absence of results: i n t am sHerhidalegsoups grafted onto the NPs surface.
This led us to formulate two additional hypotheses: (1) the electrostatic interaction drives the
detection, but @00 high ¢ leads to avery stable solution, preventing the NlRem being deposited on

the mark, (2) a chemical reaction between carboxyl functions and fingermark secretions enables the



detectionA j oi nt effect of both e and chemical gr oup s

3.3. Questioning the electrostatic hypothesis

The above results indicatka detection occurs witlsiO,-COOH and Si@(COOH), with values
o f ranging from-25 mV to-15 mV. These valuedo not seem to affect the interaction between NPs
and secretionsHowever, pHand ¢ remain closely relatedparametersthat should be studied
separately, in order to isolate their respective impact on the detection mechanisterAset of
experiments consigtf modifying the ionic strength of the solution by adding sodium chloh&eC()
to the NPs solution. The aim isitdluencethe g without altering the pH othe solution.

Measurements made on $iOOOH and Si@SO;H NPs solutions show that addition of NaCl lead
toadecreaseaf i ntensity proportional to the amount of
t he solution. The ef fect of [ on f Fon fgothr ma r k
functionaliations, a solution without NaCl is also applied as for comparisorogesdigure 9). The
results obtained with SKBCOOH firstly indicate that the presence of NaCl in the solution does not
hinder the detection of fingermarkéi (gur e 9a) , with successful ma r
However, the application of solutionsrtaining NaCl led to marks of lower quality compared to
those obtained with the solution without NaCl. This is due to the fact that at pH 3 and with such salt
concentration, the ¢ of the particl es aprspercl ose
stability of the NPs in solution. When it comes to S8I;H NP s even with | ow g,
be detected (or to a very limited extend in comparison to the results obtained with the carboxylic
group) figure 9b). These results clearly indicatdhh at t he ¢ of NPs i s not the
the interaction, hence confirming that electrostatic interaction is not so critical in the detection

process.
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Figure 9. Results obtained after application of $iPs functionalized with: a) carkgl groups, b)
sulfonate groups, at pH 3. Solutions containing sodium chloride [0.75M] are applied on the right side

of the marks.

To evaluate the influence of the pH, $IOOOH NPs are applied at pH 9, 7, 5 and 3, with and
without NaCl in the solutionfigure 10). These results provide another important element to the
understanding of the underpinning mechanism. For a standard solution,é€@@H, detection of
fingermarks occurs only if the pH i-Zagthmysted ar
When NacCl is present in the solution, fingermarks can be detected at pH above 3 up to pH 7. Indeed,
at pH 5 and 7, NaCGa0 rmeW.uckts pH e9,c @20imdd badthada o i n t
detection obtained is not as satisfactorytlaes previous ones. This indicates that pH affects the
detection mechanism but only to -d0nVjtmeidétectbn e xt en
does not occur. Moreover, the assumption that fingermark residue is positively or negatively charged
depending on the pH of the solution could not be verified here since negatively charged NPs interact

with a supposed negatively charged fingermark at basic pH range.



Figure 10.Results obtained after application of $IPs functionalized with carboxgroups, at pH
varying from 3 to 9. The fingermark samples are deposited on aluminum foil. The right half of the
marks is treated with the solution containing sodium chloride [0.5M].

It can be inferred from these results that an interaction between NRmg@ewnarks occurs only
when a carboxyl group is present on the NPs surfaoeddiectiontakes place in absence of these
groups regardless of the pH. This goedawourof a chemically driven detection proceslawever,c
still remainsa parameteto be taken intcaccount. Indeedeven if carboxyl groups are preseion a
highe h i thel detectiorby keeping theNPsin solution. The chemical interaction hypothesis is

consequently explored further below.

3.4. Exploring thechemical interactiorypothesis

Resultsobtained so far indicate that carboxyl groups are involved in the detection process. They can
reasonably be expectedftrm a peptide bonavith theamine groupgresent in thesecretions. This
hypothesis is justified by the presencéboth amine and carboxyl groups in the fingermark secretions
(e.g. amino acids, proteins). If this bonid actually createdit may be possible tgromote or
accelerate its creation using a coupling agé&hie most popular way to promote the formation of
amde linkage between carboxyl and amine groups is by using carbodiimide ghbepisyENN3-
dimethylaminopropyl) carbodiimide hydrochloride EDC) combinedwith N-hydroxysuccinimide

(NHS)[32]. Together they activate carboxyl groups that will readily react with primary amines.
























