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Upconversion particles (UCPs) as a new generation of imaging agent are gaining prominence due to their unique optical properties.
Herein, we report the synthesis of bright UCPs for high-contrast imaging of latent-fingerprints with cyanoacrylates-fuming (CA-fuming).

The hexagonal-phase and rod-shaped NaYF,:Yb,Er/Ce submicrocrystals (0.5 x 1.0 um in dimension) coated with polyethylenimine (PEI)

are synthesized using a dopant-controlled strategy and exhibit extremely stronger UC fluorescence than their nanosized analogues. The

appropriate particle size and good surface properties of the UCPs make them easily come into the holes formed on fibrous layers of

fingerprint ridges after fumed by CA. Compared with downconversion fluorescent materials, the UCPs exhibit the ability to suppress

background fluorescence interference for obtaining high-contrast fingerprint images under near-infrared (NIR) light irradiation. Our

results indicate that this strategy can successfully been applied to detect latent-fingerprints on various surfaces including non-porous and

porous surfaces, and the fingerprints from different people can be identified. All of these benefits ensure this strategy an important tool in

fingerprint detection and will find wide-ranging applications in forensic investigations and medical diagnostics.

Introduction

Fingerprints, which provide unique information about an
individual, have been found wide applications in forensic
investigations and medical diagnostics."** In most cases, the
fingerprints are invisible to the naked eyes, referred as latent-
fingerprints,* which require physical or chemical treatments to
enable visualization. The earliest fingerprint detection techniques
include ninhydrin solution* and iodine/benzoflavone spray.’
Subsequently, a large number of research groups have developed
techniques based on various spectroscopies, for example, mass
spectrometry,® vibrational spectroscopy (infrared” and Raman®),
and electro chemical microscopy.’ In recent years, cyanoacrylate
(CA)-fuming technique has been developed and widely applied in

latent-fingerprint detection.'®"!

Among these techniques, CA-fuming has been regarded as an
extremely simple and most efficient method for latent-fingerprint
detection on non-porous and porous surfaces.'”!! Although the
process is still under debate,'"® the anionic
polymerization of CA takes place, which is probably initiated by

chemical

a variety of compounds contained in the residue constituting the
fingerprint, such as amino acids, fatty acids and proteins. Thus,
fingerprints can be efficiently detected as sticky white materials
that form along the papillary ridges. However, the main limitation
of CA-fuming technique arises from the white color taken from
the detected fingerprints, which often lacks contrast with the light

colored substrates.'*!

Fingerprint detection with fluorescence has recently been well-
established and regarded as an efficient post-treatment for CA-
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fuming. Such post-treatments consist in staining the CA-fumed
fingerprints with fluorescent dye solution or dusting the
fingerprint with fluorescent powders.'® The commonly used
fluorescent materials include organic dyes (such as Ardrox,'”
Rhodamine 6G'®), and semiconductor quantum dots (QDs, such
as CdS,"” CdSe?). These materials generally provide visible
fluorescence under a shorter-wavelength ultraviolet (UV) light
irradiation. Despite their advantages in enhancing the sensitivity,
such conventional fluorescent materials often suffer from poor
contrast due to the background luminescence while many actual
substrates contain fluorophores.”! Furthermore, due to the
potential carcinogenesis of these materials, appropriate protection
for laboratory workers and adequate waste elimination are
required, which are expensive and require space.

Among  currently  developed  fluorescent  materials,

upconversion particles (UCPs), particularly lanthanide-doped
rare-earth crystals, are believed to be the focus of the next

generation of imaging.”** Different from conventional
downconversion fluorescent materials, the UCPs can emit
shorter-wavelength light under near-infrared (NIR) light

excitation by converting two or more photons into a higher-

34,35 in various

energy output photon. Since fluorophores
substrates cannot be excited by NIR light, the imaging of latent-
fingerprints with UCPs suffers less background fluorescence
interference than conventional downconversion fluorescent
material, thus can offer better optical contrast and higher
detection sensitivity. Very recently, Quan Yuan et al. have
established a fingerprint detection method by conjugating

nanosized UCPs with lysozyme-binding aptamer, demonstrating

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



w

@

20

25

30

35

40

45

RSC Advances

the applicability of UC fluorescence to suppress the substrate
background fluorescence.*® Furthermore, the rare-earth elements
are generally harmless and the rare-earth UCPs can be directly
synthesized in water which exhibit good biocompatibility in vivo
applications.”’

In this paper, we provide an easily performed strategy for high-
contrast imaging of latent-fingerprints by the combination of
bright UCPs with CA-fuming. The hexagonal-phase and rod-
shaped NaYF,:Yb,Er/Ce submicrocrystals (0.5 x 1.0 pum in
dimension) coated with polyethylenimine (PEI) were synthesized
using an established dopant-controlled strategy,’® and exhibit
much stronger UC fluorescence than their nanosized analogues.
Compared with conventional downconversion fluorescent
materials, the synthesized UCPs can efficiently suppress the
background fluorescence interference for obtaining high-contrast
fingerprint images. The bright UC fluorescence, suitable particle
size and kind surface chemistry render them an ideal staining
reagent for latent-fingerprint imaging with CA-fuming.

Experimental Section
Materials

Branched polyethylenimine (PEI, Mw=10000), ethanol, NaCl,
NaOH, RECI;*6H,O0 (RE=Y, Yb, Er, Ce) and NH,F were
purchased from Sigma-Aldrich. Rose Bengal (RB) (95%) was
obtained from Aldrich (America). CdTe quantum dots (QDs)
were purchased from Janus New-Materials Co., Ltd (Nanjing,
China). CA was obtained from Deli group Co., Ltd (Shanghai,
China). All the reagents were used as received without further
purification.

Synthesis of PEI-coated NaYF,:Yb,Er/Ce Submicrocrystals

In a typical procedure, growth solution was prepared by
dissolving RECI; (RE: Y, Yb, Er and Ce) and NaCl in water with
total RE and Na' ion concentrations of 0.5 mol/L. PEI stock
solution (5 wt%) and NH,F stock solution (1 mol/L) were
prepared by dissolving them in water respectively. Then 1 mL of
NaCl, 0.67 mL of YCl;, 0.2 mL of YbCls, 0.03 mL of ErCl; and
0.10 ml of CeCl; were added to the mixture of 15 mL of ethanol
and 5 mL of PEI. After 5 min vigorous agitation, an appropriate
amount of NH4F (F/Na ratio of 6) were added to the above
solution and stirred for another 20 min. The mixture was then
transferred to a Teflon-lined autoclave and heated at 200 °C for at
least 3 h. By changing the reaction time and dopant
concentration, the crystallite size of the products could be
regulated. After cooling down to the room temperature, the
resulting NaYF,:Yb,Er/Ce were washed with ethanol and water
three times and vacuum-dried at 70 °C for 2 h

Collection of Fingerprints

Volunteers were asked to wipe their fingertips across their
foreheads or facial areas and then deposited their fingerprints on
the surfaces which were cleaned with water and dried at room
temperature before use. Surfaces investigated in this work
include: compact disc, aluminium foil, glass slide, photocopy
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paper and hard paper. Banknotes were also under consideration
since they were known to be a difficult semi-porous surface for
fingerprints detection.

Fingerprint Detection by Combining UCPs with CA-fuming

CA-fuming was performed by a simple method. 1 mL NaOH
with the concentration of 1 mol/L was dropped by the drip pipe to
the pledget which was attached to the bottom of petri dish.
Subsequently the equivalent volume of CA was added to the
corresponding position. That was similar to a simple “Fuming
box”. Then the “Fuming box” was upside down on the prepared
surfaces deposited the fingerprints. After 10 min fuming, the
fingerprints on the various surfaces were processed with UCP
powders by using squirrel brushes. Developed fingerprints were
illuminated with a portable NIR laser at a wavelength of 980 nm
(for UC imaging). Images were recorded by using the digital
single-lens reflex camera equipped with a macro lens.

Instruments

The scanning electron microscopy (SEM) measurements were
performed with a Siron FEI microscope. The transmission
electron microscopy (TEM) measurements were performed with
a JEOL 2010 HT microscope (operated at 200 kV). The X-ray
powder diffraction (XRD) analysis was carried out on a Bruker
D8 ADVANCE X-ray diffractometer with Cu Kal irradiation
(A=1.5406 A). The Fourier transform infrared (FTIR) spectra
were acquired through an Avatar-360 spectrometer. The UC
emission spectra were obtained via a 980 nm continuous-wave
(CW) diode laser and recorded by a spectrometer (Spectrapro
2500i Acton) with a liquid nitrogen cooled CCD (SPEC-10:100B,
Princeton). The fluorescence images of fingerprints were
recorded by a digital single-lens reflex camera (Canon, 650D,
Japan) equipped with a macro lens. A ZF-5 portable UV lamp
with 365 nm light radiation was used as excitation source in
detection of fingerprints with RB and QDs.

Results and Discussion

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 7



Page 3 of 7 RSC Advances

Transmittance (a.u.)

& & f{ (\ - t’

-

3480

~~
O
N

— NaYF4:Yb,Er/Ce

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 2: FTIR spectrum of NaYF,:Yb,Er/Ce submicrocrystals.

A The  surface chemistry of the NaYF, Yb,Er/Ce

20 submicrocrystals is investigated by FTIR. The PEI which has

JCPDS standard card 28-1192 multiple amino groups on each polymer chain plays a vital role in

hexagonal-phase NaYF, the formation of the particles with favorable surface

properties.***! As shown in Figure 2, two strong bands at around

| | I ”’ | || II || | 3480 and 1650 cm ' in the FTIR spectrum correspond to OH
50 60 70

Intensity (a.u.)

25 stretching vibrations of surface hydroxyl groups, rendering the
30 40 UCPs soluble and well dispersed in water. The presence of PEI

29 (deg ree) on the particle surface is demonstrated by the existence of the
characteristic absorption bands from internal vibration of amide

Figure 1. (a) SEM image and (b) XRD spectra of  yon4s (around 1382 em™) and CH, stretching vibrations (2863
NaYF,:Yb,Er/Ce submicrocrystals. Inset in (a) shows the regular w and 2927 em™) in the spectrum.***? Furthermore, the absorption

hexagonal cross-section of the particles. The line spectrum in (b) peaks at around 1078 and 931 cm’ are assigned to C-C-O

s corresponds to the literature data for hexagonal-phase NaYF, asymmetric stretching and symmetric stretching, respectively.®
crystal (JCPDS standard card 28-1192). ym & & TP v

The hydrophilic and positively charged amino groups of PEI not
The NaYF,:Yb,Er/Ce submicrocrystals are synthesized using only stabilize the UCPs in the solution but also can be used for
the established dopant-controlled strategy.>® As shown in Figure 35 covalently bonding to biomolecules.** Additionally, since PEI has
la, the NaYF;:Yb,Er/Ce submicrocrystals are rod-like with an low toxicity, it has been widely used in vivo bioapplications.**
10 average dimension of 0.5 X 1.0 um. The inset image shows the
regular hexagonal cross-section of the particles. Figure 1b
illustrates XRD patterns of the NaYF,:Yb,Er/Ce submicrocrystals.
All the peaks are well indexed to the literature data of hexagonal-
phase NaYF, crystal (JCPDS standard card 28-1192), which is
15 generally considered as the most efficient host material for UC
fluorescence.*

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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Figure 3: (a) Photographs of NaYF,:Yb,Er/Ce powders under
white light (left) and 980 nm laser illumination (right). (b) UC
emission spectra and inset TEM images of submicron (up) and
nanosized (down) NaYF,:Yb,Er/Ce particles.

The UC fluorescence properties of the NaYF,:Yb,Er/Ce
submicrocrystals are further investigated. As shown in Figure 3a,
bright the
NaYF,:Yb,Er/Ce powders under a 980 nm laser illumination.
Figure 3b displays the UC spectrum of the
NaYF,:Yb,Er/Ce submicrocrystals compared with their nanosized

green fluorescence can be observed from

emission

analogues synthesized using the same strategy just with different
concentration of F~ ions. When excited with the 980 nm laser, the
NaYF,:Yb,Er/Ce submicrocrystals present two characteristic
emission bands, which can be attributed to the 4f—4f transitions of
Er’" ions. The green emission originating from the H,1),
48,,—*1,5), transition is observed at ~550 nm, whereas the red
emission at ~660 nm is assigned to the *Fo;—*1,5), transition.”
Furthermore, the NaYF,:Yb,Er/Ce submicrocrystals exhibit more
than twenty times stronger UC fluorescence than their nanosized
analogues. The bright UC fluorescence and suitable particle size
make them an ideal choice for high-contrast imaging of latent-
fingerprints.
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Figure 4: Strategy for latent-fingerprint detection with CA-
fuming and UCPs.

The strategy of latent-fingerprint detection by using the
NaYF,4:Yb,Er/Ce UCPs and CA-fuming is illustrated in Figure 4.
In brief, after the fingerprint fumed by CA, the fingerprint is
painted with the UCPs powders by using a squirrel brush. Then,
the developed fingerprint is excited by a 980 nm NIR laser, and
the image of fingerprint can be captured by a digital camera.
Obviously, the developed strategy is convenient and easy to
conduct without any complicated or expensive instrumentation.

. —_~
compact disc ©
N
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—~
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glass slide

Figure 5: Photographs and UC luminescence images of CA-
fumed fingerprints developed on a (a) compact disc, (b)
aluminium foil, and (c) glass slide. Left: photographs of
fingerprints; middle: luminescence images; right: magnified
luminescence images. The fingerprints stained with UCPs were
excited by a 980 nm NIR light.
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The performance of the combination of bright UCPs with CA-
fuming is tested on the smooth surfaces including compact disc,
aluminium foil, and glass slide, all of which are daily used. As
shown in Figure 5, the fingerprints on the smooth surfaces can be
observed after the CA-fuming. When the UCPs are used, these
fingerprints exhibit clear and bright luminescence under
illumination with a 980 nm NIR light. The specific details of the
fingerprint pattern, such as whorl and termination points can even

w

be easily recognized at the magnified images. These results
10 indicate that the UCPs exhibit a good affinity for fingerprints
ridges to highlight the fingerprints with CA-fuming.

The mechanism of this strategy for fingerprint detection is
analyzed. When a fingerprint was deposited on the surface, 99%
of the moisture would quickly evaporate while few materials

1s were left. The remaining materials generally included sodium
chloride, potassium chloride and other inorganic materials (about
50%), as well as amino acids, fatty acids, proteins and other
organic components. CA-fuming is known as an important
method detection.***”  As
20 monomeric liquid, when CA was exposed to the air, probably

in fingerprint a colorless and
initiated by the catalysis of water and alkali, the liquid formed
vapour that would react with amino acids, fatty acids and proteins
the residue constituting the
Consequently, a hard polymer

polycyanoacrylate formed a fibrous layer on the fingerprint ridges,

contained in fingerprint.

and white known as

2:

G

which contained many holes with diameters of around 1 to 2
micrometres.*® In our strategy, the submicron UCPs with size of
0.5 x 1.0 um were smaller than the holes in the fibrous layer,
which made them easily came into the holes. The suitable size of
30 the UCPs rendered them an ideal candidate in the staining of CA-

fumed fingerprint.

Figure 6: Luminescence images of fingerprints from six
volunteers which were treated with CA-fuming and UCPs.

35 The applicability of this strategy for the detection of
fingerprints from different people is further investigated. Figure 6
shows luminescence images of fingerprints from six volunteers

under a 980 nm NIR light irradiation. It can be observed that the

UC images display evident details of the fingerprint pattern,
40 which will provide useful evidence for individual identification.

These observations indicate that this strategy can be successfully

applied to identify fingerprints from different people which

demonstrate the good versatility of this method. Considering this

advantage, it has the potential to be a convenient and efficient
45 tool in criminal investigation.

(a) RB (b) QDs c) UCPs

uv

uv

NIR

Figure 7: UC luminescence images of fingerprints (down) treated
with (a) RB, (b) QDs, and (c) UCPs and the corresponding
powders (up). RB and QDs were excited by a 365 nm UV light,
while UCPs were excited by a 980 nm NIR light.
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The benefit of the UCPs for fingerprint detection is further
determined by using RB and CdTe QDs as control samples
(Figure 7). All the fingerprints developed on photocopy papers
are treated with CA-fuming before applied with the fluorescent
powders. Fluorescence can be observed from the powders of both
the RB and QDs under a 365 nm UV light radiation. However,
the latent-fingerprints treated with them are hardly identified due

o
a

to the strong interference from the background fluorescence of
photocopy papers themselves, which greatly affect the imaging
sensitivity. In contrast, the latent-fingerprints treated with the
UCPs show bright fluorescence under a 980 NIR light irradiation,
and a high-contrast luminescence image without any interference
obtained. The
demonstrate that the strategy with UCPs can efficiently suppress

6

S

from background fluorescence is results

s the background fluorescence interference of substrates for
obtaining high-contrast fingerprint image.

This journal is © The Royal Society of Chemistry [year]
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Figure 8: Photographs and luminescence images of CA-fumed
latent-fingerprints developed on a (a) hard paper, (b) photocopy
paper, and (c) banknote. Left: photographs of fingerprints in the

s white circle; right: luminescence images with a 980 nm NIR light.

It is known that the latent-fingerprints on light-colored surfaces
are very difficult to be observed and photographed. Here, the
applicability of the strategy for imaging of latent-fingerprints on
three kinds of light-colored surfaces is investigated. Figure 8a

10 shows a latent-fingerprint on a hard paper (with waterproof
membrane on the surface), which is a typical non-porous surface.
After the treatment with the CA-fuming and UCPs staining, a
clear luminescence image of the latent-fingerprint can be
obtained under a 980 nm NIR light irradiation. Compared with

15 non-porous surfaces, fingerprints on porous surfaces such as
photocopy papers are more difficult to be detected. Even so, clear
UC luminescence image of the fingerprint on a photocopy paper
can also be obtained with our strategy (Figure 8b). Beyond that,
banknotes are considered as a semi-porous surface due to the

2 intaglio printing and each of the denominations exhibits
broadband strategy, clear
luminescence image of fingerprint developed on a banknote can
be observed and photographed, which exhibits the very good

luminescence. By wusing our

applicability of the developed strategy. As we all know, many

2s crimes are related with the banknotes which will leave the
fingerprints of the criminal. Therefore, the successful detection of
the latent-fingerprints on banknotes will provide great help for
crime detection.

Conclusions

30 In summary, an easily performed strategy has been established
for high-contrast imaging of latent-fingerprints by the
combination of bright UCPs and CA-fuming. The suitable
particle size and kind surface properties of the UCPs make them
suitable to combine with CA-fuming. Compared with

35 downconversion fluorescent materials such as RB and QDs, the
UCPs can efficiently suppress the background fluorescence
interference for obtaining high-contrast fingerprint images under
the 980 nm NIR light irradiation. Our results demonstrate that
this strategy can be successfully applied to detect fingerprints on

40 various surfaces including non-porous and porous surfaces and
can be used to identify fingerprints from different people.
Considering the strategy is convenient and easy to implement
without any complicated or expensive instrumentation, it is
believed that it will find widely applications in forensic

45 investigations and medical diagnostics.
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