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Abstract

Fingerprints at crime scenes are usually latent. The powder-dusting method is the most commonly
used procedure for developing latent fingerprints in forensic science. However, the traditional
powder-dusting method has characteristics of low sensitivity, low contrast, high background noise,
and high autofluorescence interference. To overcome the drawbacks faced by the traditional
method, we first optimized an oleic acid-based solvothermal approach for the synthesis of
NaYF,4:Yb,Er fluorescent upconversion nanoparticles (UCNPs) with the highest possible
fluorescence intensity under near-infrared (NIR) irradiation. To optimize the synthesis, we studied
the effects of the reaction time, reaction temperature, and volume of oleic acid on the size, phase
composition, and UC fluorescence intensity of the UCNPs. We then used the resultant UCNPs to
fluorescently label the fingerprints on various smooth substrates to improve the development of
latent fingerprints because the UCNPs could undergo excitation under 980 nm NIR light to emit
visible light. Latent fingerprints on three major types of smooth substrates were studied, including
those with a single background color (transparent glass, white ceramic tiles, and black marbles),
with multiple background colors (marbles with different complex surface patterns) and with strong
background autofluorescence (note papers, Chinese paper money, and plastic plates). Compared
with fingerprint development using traditional powders such as bronze powder, magnetic powder,
and green fluorescent powder, our development procedure using UCNPs is facile and exhibits very
high sensitivity, high contrast, low background interference, and low autofluorescence
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interference. This work shows that UCNPs synthesized under optimized conditions are a versatile
fluorescent label for the facile development of fingerprints and can find their practical applications
in forensic sciences.
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1. INTRODUCTION

Fingerprints most commonly found at crime scenes are typically latent, namely, they are
normally invisible or poorly visible to investigators. They have to be developed to become
visible. Traditional fingerprint development methods include powder dusting, ninhydrin
spraying, cyanoacrylate fuming,” and silver nitrate soaking. Among these methods, the
powder-dusting method is the simplest and most commonly used due to its high efficiency
and ease in use. The powders used in this method include metal powders, magnetic powders,
and fluorescent powders. Although these powders are effective in the development of latent
fingerprints under many ordinary circumstances, powder-dusting methods using these
powders are still challenged by serious problems such as low sensitivity, low contrast, high
background interference, and high autofluorescence interference.

As an alternative to the traditional powders, fluorescent nanoparticles (NPs) such as
quantum dots (QDs) and upconversion nanoparticles (UCNPs) have received great attention
for the development of latent fingerprints due to their unique physical and chemical
properties such as small particle size, large surface area, good photochemical stability, and
high fluorescent intensity.” Among different NPs being studied so far, UCNPs are being
considered as ideal probes for developing the latent fingerprints. UCNPs can convert
radiation of long wavelength (e.g., near-infrared (NIR) light) into emissions of shorter
wavelength (e.g., visible light) via a two-photon or multiphoton mechanism.™ They are
excited by NIR light to emit strong visible fluorescence. Thus, they can enhance the signals,
increase sensitivity and contrast, and eliminate background interference for fingerprint
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detection. Other NPs such as QDs often require the use of ultraviolet (UV) radiation, leading
to substrate fluorescence and significant autofluorescence interference.”~ The use of NIR
irradiation for inducing UCNPs to emit visible light can avoid significant autofluorescence
interference by the substrate.” NIR radiation is safe for DNA in fingerprint residuals when
used in developing fingerprints and is less harmful to the skin and eyes of the operators than
the UV light. In addition, UCNPs exhibit narrow emission peak, large Stokes shift, good
chemical and physical stability, and low toxicity.™ Therefore, UCNPs are expected to
outperform conventional powders and other NPs in latent fingerprint development. Ma et al.
reported the use of commercially available NaYF4:Yb,Er and YVO4:Yb,Er UC fluorescent
particles for developing latent fingerprints on a variety of nonporous and semiporous
surfaces. However, these commercial particles were not well-dispersed and not uniform in
shape, with a large size ranging from ~0.2 to 2 um. Such large particles with nonuniform
shapes could reduce the affinity between the particles and the fingerprint residuals, and even
some detailed features of the fingerprints may also be covered by the larger particles, leading
to a decreased detection sensitivity. Recently Wang et al. reported the use of a solution of
NaYF4:Yb,Er UCNPs functionalized with lysozyme-binding aptamer for recognizing the
lysozyme in the sweat associated with the fingerprints for the detection of fingerprints.
However, this method contained complicated steps and was not practical at crime scenes
because it required chemical modification of the large UCNPs (~260 nm) through tedious
procedures and long-time incubation of fingerprints with the UCNPs solution for 30 min.

In this work, we optimized a solvothermal approach for they synthesis of NaYF4:Yb,Er
UCNPs in order to produce UCNPs with uniform size and strong fluorescent intensity that
can be used to develop latent fingerprints (Scheme 1). They were characterized by
transmission electron microscopy (TEM), X-ray diffraction (XRD) measurements, and
fluorescence spectroscopy. In order to optimize the solvothermal approach, we
systematically studied the effects of reaction time, reaction temperature, and volume of oleic
acid on the size, phase, and UC fluorescence intensity of the UCNPs. Then we employed the
optimized NaYF4:Yb,Er UCNPs to develop latent fingerprints on the smooth substrates
including glass, ceramic tiles, marbles, polymer materials, printing paper and paper money.
We found that the use of UCNPs resulted in the clear visualization of the friction ridge
details of fingerprints on various smooth substrates while avoiding background or
autofluorescence interference under NIR light.

2. EXPERIMENTAL SECTION

2.1. Materials

Rare-earth oxides including yttrium oxide (Y,03), ytterbium oxide (Yb,03), and erbium
oxide (EryO3) all had 99.99% purity. Sodium fluoride (NaF), stearic acid (C;7H35COOH),
oleic acid (C17H33COOH), sodium hydroxide (NaOH), and nitric acid (HNOj3) were of
analytical grade. All of these chemicals were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). The control powders, including commercially available bronze
powder, magnetic powder, and green fluorescent powder, were purchased from Beijing
Fenge Science & Technology Co., Ltd. (Beijing, China). Triple-distilled water was used
throughout the experiments.
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2.2. Characterization

The UCNPs were imaged under a JEM-2100HR transmission electron microscope (JEOL
Ltd., Japan) using an accelerating voltage 200 kV. They were characterized by XRD on an
X’Pert Pro diffractometer (PANalytical Co., Holland) with graphite monochromatized Cu
Ka radiation (A = 0.15406 nm). The diffractometer was performed with scanning done in the
26 range of 10° to 80° at a rate of 8°/min. UC fluorescence spectra of the dried powdered
NPs were measured on an LS-55 fluorescence spectrophotometer (PerkinElmer Co., USA)
using an external 980 nm laser source (Beijing Hi-Tech Optoelectronic Co., China) instead
of internal excitation source. The dynamic light scattering (DLS) measurements were
performed on a Nano ZS90 zetasizer (Malvern Instruments Ltd., UK). The latent
fingerprints labeled with UCNPs were excited by a 980 nm laser (Suzhou Xiaosong
Technology Co., Ltd. China) equipped with an extending lens. A Nikon D800 digital camera
equipped with an AF-S Nikkor 24—70 mm {/2.8G ED lens was used to take the photographs
of the developed fingerprints.

2.3. Synthesis of NaYF4:Yb,Er UCNPs

2.3.1. Synthesis of Rare-Earth Stearates Precursors—Rare-earth stearates were
used as a precursor. To synthesize the rare-earth stearates, a mixture of 0.8807 g of Y,03,
0.3941 g of Yb,03, and 0.0383 g of Er,O3 was first dissolved in nitric acid followed by
heating. The resulting nitrate powder was obtained after the solvent was removed by drying.
The as-prepared powder and 8.5344 g of stearate acid were dissolved with stirring in 80 mL
of ethanol at 78 °C in a flask. Another solution containing 1.1900 g of NaOH and 20 mL of
ethanol was added dropwise to the flask within 30 min. The resulting mixture was then
refluxed at 78 °C for 40 min. Precipitates from the reaction mixture were filtered under
decompression and washed, first with water twice and then with ethanol once. The precursor
powder was obtained after the precipitates were dried at 60 °C for 12 h.

2.3.2. Synthesis of NaYF4:Yb,Er UCNPs by a Solvothermal Approach—
Mixing of 10 mL of water, 15 mL of ethanol, and 5 mL of oleic acid under stirring resulted
in a homogeneous solution, to which the precursor powder (0.9578 g) and NaF (0.2099 g)
were added. The resulting mixture was sonicated for 15 min, transferred to a 50 mL
autoclave, sealed, and then solvothermally treated at 180 °C for 24 h. After air-cooling of the
autoclave to room temperature, NaYF,4:Yb,Er UCNPs were deposited at the bottom of the
vessel and then collected by a mixture of chloroform and ethanol (1:6, v/v). The UCNPs
were purified by centrifugation, washed twice with a mixture of water and ethanol (1:2, v/v),
and then dried at 60 °C for 12 h. NaYF4:Yb,Er UCNPs were thus obtained.

2.4. Detection of Latent Fingerprints Using NaYF4:Yb,Er UCNPs

Latent fingerprints on three major types of smooth substrates were studied, including those
with a single background color (transparent glass, white ceramic tiles and black marbles),
with multiple background colors (marbles with complex patterns) and with strong
background autofluorescence (note papers, Chinese paper money and plastic plates). To
collect fingerprints from the same donor, fingers from a clean hand were gently wiped across
the forehead. Then latent fingerprints were pressed onto the surfaces of the substrates. To
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detect the latent fingerprints, NaYF4:Yb,Er UCNPs in the form of dry powder were carefully
deposited onto the surface of the substrates, followed by a light brushing action to remove
the excess powder. A Nikon D800 digital camera, which was attached with an AF-S Nikkor
24-70 mm {/2.8G ED lens and a 980 nm laser light, was used to photograph the images of
the fingerprints.

3. RESULTS AND DISCUSSION
3.1. Effect of Synthetic Conditions

3.1.1. Effect of Reaction Time—TEM images of NaYF,4:Yb,Er UCNPs synthesized at
150 °C for 2, 8, and 24 h are shown in Figure 1a,b,c, respectively. The corresponding
histograms of the particle diameter were also shown in Supporting Information Figure S1.
UCNPs synthesized for 2 h were roughly spherical and small (~15 nm size); however, they
were not well-dispersed and tended to aggregate (Figure 1a). When the reaction time was
increased to 8 h, the UCNPs became well-dispersed and spherical, increasing in size to ~25
nm (Figure 1b). At 24 h, the UCNPs became larger (~35 nm) with the shape and
dispersibility almost unchanged (Figure 1c).

NaREF, (RE refers to rare-earth) at ambient pressure have two forms: the cubic a-phase
(metastable, high-temperature phase) and the hexagonal f-phase (thermodynamically stable,
low-temperature phase). The B-phase can be obtained from the a-phase via cubic-to-
hexagonal phase transition under extreme conditions.” Figure 2 shows the XRD patterns of
NaYF,4:Yb,Er UCNPs synthesized at 150 °C for 2, 8, and 24 h. It shows that UCNPs
synthesized for 2 h were in cubic a-phase NaYF,. At 8 h, in addition to the cubic a-phase,
hexagonal B-phase NaYF,4 (JCPDS No. 28-1192) appeared, suggesting that UCNPs
synthesized at 150 °C for 8 h were a mixture of the major cubic a-phase and minor
hexagonal B-phase resulting from cubic-to-hexagonal phase transition. At 24 h, the
hexagonal B-phase was the only phase that could be detected by XRD, indicating that the
hexagonal B-phase was successfully synthesized at 150 °C after 24 h.

Figure 3 shows UC fluorescence spectra of NaYF,:Yb,Er UCNPs synthesized at 150 °C for
2,4, 8, 12, and 24 h. UCNPs synthesized for 2 and 4 h nearly had no fluorescence because
UCNPs were in cubic a-phase NaYF,:Yb,Er UCNPs that gave almost no emission. When
the reaction time increased from 8 to 12 h, the fluorescence intensity obviously increased
due to the formation of the fluorescent hexagonal f-phase. Furthermore the fluorescence
intensity was enhanced significantly from 12 to 24 h because the fluorescent hexagonal -
phase became the dominant phase and eventually the only phase. Therefore, the fluorescence
data are in good agreement with the XRD patterns.

3.1.2. Effect of Reaction Temperature—Figure 4a,b,c exhibits the TEM images of
NaYF4:Yb,Er UCNPs synthesized for 8 h at 100, 150, and 200 °C, respectively. The
corresponding histograms of the particle diameter were also shown in Figure S2. UCNPs
synthesized at 100 °C were roughly spherical, small (~15 nm size), and poorly dispersed
(Figure 4a). At a higher temperature, larger and well-dispersed UCNPs were obtained (~30
nm at 150 °C, and 35 nm at 200 °C; Figure 4b,c), indicating that longer reaction time and
higher temperature will favor the growth of the UCNPs.
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Figure 5 depicts the XRD patterns of NaYF,:Yb,Er UCNPs synthesized for 8 h at 100, 150,
and 200 °C. When the temperature was relatively low (100 °C), only pure cubic a-phase
could be formed. At a higher temperature (150 °C), a few diffraction peaks indexed to
hexagonal B-phase appeared along with peaks for the cubic a-phase. When the temperature
was further increased to 200 °C, intensities of peaks belonging to the hexagonal B-phase
increased dramatically, indicating the continued cubic-to-hexagonal phase transition.
However, the cubic a-phase was not completely converted to the hexagonal p-phase at a
reaction temperature of 200 °C at 8 h. These data show that reaction time and temperature
determine the phase of NaYF,:Yb,Er UCNPs and that sufficiently long reaction time and
high temperature are required to promote the cubic-to-hexagonal phase transition. They also
show that pure cubic a-phase UCNPs could be prepared at low temperature (e.g., <100 °C)
and within a short reaction time (e.g., £ h).

Figure 6 shows UC fluorescence spectra of NaYF,:Yb,Er UCNPs synthesized at 100, 120,
150, 180, and 200 °C for 8 h. The fluorescence intensity remained almost unchanged when
the temperature was relatively low (100 and 120 °C). However, the fluorescence intensity
was increased with the increase in temperature from 120 to 200 °C. Consistent with the
XRD patterns, these results further suggest that a higher reaction temperature is needed to
increase the amount of hexagonal $-phase in NaYF4:Yb,Er UCNPs and consequently to
enhance the UC fluorescence intensity.

3.1.3. Effect of Volume of Oleic Acid—NaYF,:Yb,Er UCNPs were synthesized from
rare-earth precursors in a water—ethanol—-oleic acid system via a solvothermal approach.
Thus, it is expected that the use of oleic acid would influence the phase content and UC
fluorescence intensity of NaYF4:Yb,Er UCNPs. Figure S3 shows UC fluorescence spectra of
the NaYF4:Yb,Er UCNPs synthesized with different amounts of oleic acid for 8 h at 150 °C.
When the volume of oleic acid was 3 mL, the fluorescence intensity of the UCNPs was
moderate. When the volume of oleic acid was increased from 4 to 5 mL, the fluorescence
intensity of the UCNPs was increased. However, the fluorescence intensity was decreased
when the volume of oleic acid was further increased to 6 mL. Therefore, there exists an
optimal amount of oleic acid (~5 mL). In order to understand such a trend, XRD
characterization was conducted to find out the change in the phase compositions of the
products at different concentrations of oleic acid. The XRD patterns (Figure S4 in the
Supporting Information) and UC fluorescence spectra of NaYF4:Yb,Er UCNPs (Figure S3
in the Supporting Information) collectively confirm that adding a moderate amount of oleic
acid (5 mL) to the reaction system favored the cubic-to-hexagonal phase transition of
UCNPs, resulting in an increase in the hexagonal phase and the UC fluorescence intensity.
Excess oleic acid inhibited cubic-to-hexagonal phase transition, resulting in a decrease in the
amount of the hexagonal phase and UC fluorescence intensity. Hence, 5 mL was determined
to be the optimal volume for the synthesis of UCNPs with the highest UC fluorescence

intensity.
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3.2. Use of NaYF,4:Yb,Er UCNPs for Developing Latent Fingerprints on Various
Substrates

NaYF4:Yb,Er UCNPs were synthesized at the optimized solvothermal conditions (at a
temperature of 180 °C for 24 h with 5 mL oleic acid) to reach the strongest fluorescence,
and the lifetime of the corresponding UCNPs was 212 ps, which was calculated from the UC
luminescence decay curves (Figure S5 in the Supporting Information). The as-prepared
UCNPs were then used as fluorescent labels for developing latent fingerprints on various
smooth substrates, including those with a single background color (transparent glass, white
ceramic tiles, and black marbles), with multiple background colors (marbles with complex
patterns) and with strong background autofluorescence (note papers, Chinese paper money,
and plastic plates). In addition, as a control labeling powder, conventional powders such as
bronze powder, magnetic powder, and green fluorescent powder were also used to develop
the fingerprints.

3.2.1. Development of Latent Fingerprints on Normal Substrates With Single
Background Color—To determine the development of contrast between the labeled
fingerprint and the background in latent fingerprint development using NaYF4:Yb,Er
UCNPs as fluorescence labels, smooth objects (transparent glass, white ceramic tiles, and
black marbles) with a single background color were chosen as substrates. Fingerprints
labeled with bronze powders showed high contrast when the background color was dark
(Figure 7a,c), but showed lower contrast when the background color was light (Figure 7b).
Similarly, fingerprints labeled with magnetic powder showed high contrast when the
background color was light (Figure 7d,e), but showed lower contrast when the background
color was dark (Figure 7f). As mentioned above, the color contrast between the background
and conventional powders should be high enough to ensure high developing contrast in
fingerprint development. Therefore, the use of conventional, nonfluorescent powders was
seriously restricted by the background color of the substrate. When green fluorescent
powders were used, the developing contrast was enhanced by the green fluorescence. Thus,
clear and well-defined fingerprint images could be captured under 254 nm UV radiation
(Figure 7g—i).

In contrast, fingerprints labeled with NaYF4:Yb,Er UCNPs could be captured under 980 nm
NIR radiation (Figure 7j-1) instead of the unsafe UV irradiation. Consequently, the
fingerprint ridge details on all of the selected object surfaces were well-defined and had high
contrast, sufficient quality, and strong UC fluorescence. Compared with fingerprint
development using green fluorescent powders, the developing contrast of fingerprints
labeled with NaYF4:Yb,Er UCNPs was markedly increased because of the strong UC
fluorescence intensity. It should be noted that detailed features of the fingerprints such as
sweat pores labeled by NaYF4:Yb,Er UCNPs could also be observed clearly (Figure S6 in
the Supporting Information), due to their small size and suitable affinity, which was almost
impossible to achieve by traditional powders. Therefore, NaYF,:Yb,Er UCNPs can indeed
effectively provide high developing contrast and sensitivity for developing latent

fingerprints.

Langmuir. Author manuscript; available in PMC 2016 June 30.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Wang et al.

Page 8

3.2.2. Development of Latent Fingerprints on Substrates with Background
Interference—To determine the background interference in latent fingerprint development
using NaYF,: Yb,Er UCNPs as fluorescence labels, marbles with complex patterns were
used as a smooth substrate. Fingerprints labeled with both bronze powders and magnetic
powders showed low developing contrast due to serious background interference (Figure 8a—
f), resulting in low sensitivity. Therefore, conventional, nonfluorescent powders were
unsuitable for the development of fingerprints on multicolor background substrates. When
green fluorescent powders or NaYF4:Yb,Er UCNPs were used, the developing contrast was
remarkably enhanced by the green fluorescence. Thus, clear and well-defined fingerprint
images with high contrast, sufficient quality, and strong fluorescence could be captured
under 254 nm UV radiation or 980 nm NIR radiation, without any background interference
(Figure 8g-1). However, the developing contrast of fingerprints labeled with NaYF,4:Yb,Er
UCNPs was higher than that of fingerprints labeled with green fluorescent powders.
Therefore, our NaYF4:Yb,Er UCNPs could be used for developing latent fingerprints
without background interference.

3.2.3. Development of Latent Fingerprints on Substrates with
Autofluorescence Interference—To determine the autofluorescence interference in
latent fingerprint development using NaYF,:Yb,Er UCNPs as fluorescence labels, smooth,
fluorescent objects (note papers, Chinese paper money, and plastic plates) were used as a
substrate. Fingerprints labeled with both bronze powder and magnetic powder showed low
developing contrast because of severe background color interference (Figure 9a,c,f) and
background pattern interference (Figure 9b,e), leading to low sensitivity. Although green
fluorescent powders were used, the developing contrast was still very low because of strong
autofluorescence interference from the substrate under 254 nm UV radiation (Figure 9g—i).
As discussed above, conventional powders are unsuitable for developing the fingerprints on
fluorescent substrates due to the strong autofluorescence interference. When the fingerprints
were labeled with NaYF4:Yb,Er UCNPs, details of the fingerprint ridge on all of the
surfaces were well resolved with high contrast, sufficient quality, and strong UC
fluorescence under 980 nm NIR radiation; background interference or autofluorescence
interference were successfully avoided (Figure 9j—1). Therefore, our NaYF4:Yb,Er UCNPs
could be used to develop latent fingerprints without autofluorescence interference.

4. CONCLUSIONS

We have optimized the solvothermal synthesis of NaYF,:Yb,Er UCNPs to identify the
optimal reaction temperature, reaction time, and oleic acid content, which led to improved
fluorescence intensity under NIR irradiation. The NaYF4:Yb,Er UCNPs synthesized at the
optimized conditions were successfully used as a fluorescent label to develop latent
fingerprints on the smooth substrates glass, ceramic tiles, marbles, polymeric materials,
printed papers, and Chinese paper money. Compared with fingerprint development using
traditional powders (bronze powder, magnetic powder, and green fluorescent powder), our
development procedure using UCNPs is facile and exhibits high sensitivity, high contrast,
low background interference, and low autofluorescence interference.
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Figure 1.
TEM images of NaYF,:Yb,Er UCNPs synthesized at 150 °C after various reaction times: (a)

2 h, (b) 8 h, and (c) 24 h.
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Figure 2.
XRD patterns of NaYF,:Yb,Er UCNPs synthesized after different reaction times at a

reaction temperature of 150 °C.
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Figure 3.
UC fluorescence spectra of NaYF,:Yb,Er UCNPs synthesized at different reaction times at a

reaction temperature of 150 °C. The excitation wavelength was 980 nm.
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Figure 4.
TEM images of NaYF,4:Yb,Er UCNPs synthesized at various reaction temperatures for 8 h:

(a) 100, (b) 150, and (c) 200 °C.
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Figureb5.
XRD patterns of NaYF4:Yb,Er UCNPs synthesized at various reaction temperatures for 8 h.
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Figure®6.
UC fluorescence spectra of NaYF,:Yb,Er UCNPs synthesized at different reaction

temperatures for 8 h. The excitation wavelength was 980 nm.
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Figure7.
Development of latent fingerprints on various substrates, using different types of powders:

(a—c) bronze powders, in bright field; (d—f) magnetic powders, in bright field; (g—i) green
fluorescent powders, in dark field and under 254 nm UV excitation; and (j-1) NaYF4:Yb,Er
UCNPs, in dark field and under 980 nm NIR excitation. Left, middle, and right rows contain
fingerprints printed on transparent glass, white ceramic tiles, and black marbles,

respectively. The scale bar corresponds to 5.0 mm.
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Figure 8.
Latent fingerprint development on various marbles with different surface textures using

different types of powders: (a—c) bronze powders, in bright field; (d—f) magnetic powders, in
bright field; (g—i) green fluorescent powders, in dark field and under 254 nm UV excitation;
and (j-1) NaYF4:Yb,Er UCNPs, in dark field and under 980 nm NIR excitation. The scale
bar corresponds to 5.0 mm.
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Figure9.
Latent fingerprint development on various fluorescent substrates using different types of

powders: (a—c) bronze powders, in bright field; (d—f) magnetic powders, in bright field; (g—i)
green fluorescent powders, in dark field and under 254 nm UV excitation; and (j—1)
NaYF4:Yb,Er UCNPs, in dark field and under 980 nm NIR excitation. Left, middle, and
right rows comprise fingerprints on note papers, Chinese paper money, and plastic plates,

respectively. The scale bar corresponds to 5.0 mm.
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Solvothermal Synthesis ‘ Synthetic Optimization ‘Fingerprint Development

Reaction Parameters:
@ Reaction Time
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® High Fluorescence Intensity

Scheme 1.
General Idea of This Study
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