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Abstract: Photoluminescence is one of the most sensitive
techniques for fingerprint detection, but it also suffers from
background fluorescence and selectivity at the expense of
generality. The method described herein integrates the advantages of near-infrared-light-mediated imaging and molecular
recognition. In principle, upconversion nanoparticles
(UCNPs) functionalized with a lysozyme-binding aptamer
were used to detect fingerprints through recognizing lysozyme
in the fingerprint ridges. UCNPs possess the ability to suppress
background fluorescence and make it possible for fingerprint
imaging on problematic surfaces. Lysozyme, a universal compound in fingerprints, was chosen as the target, thus simultaneously meeting the selectivity and generality criteria in
photoluminescence approaches. Fingerprints on different surfaces and from different people were detected successfully. This
strategy was used to detect fingerprints with cocaine powder by
using UCNPs functionalized with a cocaine-binding aptamer.

F

ingerprints have long been utilized as one of the most
useful types of physical evidence and have found wide
applications in areas such as forensic investigations, access
control, and medical diagnostics.[1] Some fingerprints are
visible if the fingers are contaminated with blood or paint, and
latent fingerprints are invisible to the bare eye.[2] The basic
principle of latent-fingerprint detection is the generation of
an optical contrast between the ridges of the fingerprint and
the affected surface.[3] Until now, various techniques have
been developed for fingerprint imaging. Li et al. reported
a sensitive technique by using nanoplasmonic technology for
latent-fingerprint detection.[4] Su et al. developed a novel twostep method for fingerprint detection by electrochemiluminescence, and put forward a new pathway to nondestructive
analysis.[5] Among all the existing detection techniques,[6]
photoluminescence has led to new levels of sensitivity.[7]
Usually, the photoluminescence technique involves a luminescent material conjugated to a reagent which selectively
attacks a component of the fingerprint residue. Despite the
advantages of this technique, it still suffers from two major
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drawbacks: background fluorescence[8] and selectivity at the
expense of generality.[1] Although techniques such as timeresolved photoluminescence imaging have been developed to
suppress the background fluorescence, these techniques often
involve expensive instrumentation. In addition, the reagents
currently used usually bind to exogenous compounds doped
in fingerprints, thus greatly limiting photoluminescence as
a general approach. As a consequence, there is a strong need
to develop a general strategy for latent-fingerprint detection
with high selectivity and suppressed background fluorescence.
Herein, we have combined upconversion nanomaterials with
a DNA aptamer to target a universal compound in fingerprints and provide a general and easily performed strategy for
latent-fingerprint imaging under near-infrared (NIR) light
excitation. This approach can be applied to fingerprints on
different surfaces and from different people, without any
interference from background fluorescence.
To remedy the interference of background fluorescence
from the surface, luminescence materials that can suppress
the background fluorescence hold great potential. Upconversion nanoparticles (UCNPs), particularly lanthanide-doped
rare-earth nanocrystals, are believed to be the key to the next
generation of imaging.[9] Through sequential electronic excitation and energy-transfer processes, UCNPs are capable of
converting two or more NIR pump photons into a higherenergy output photon.[10] Because fluorophores in various
substrates cannot be excited by NIR light, the imaging of
latent fingerprints with UCNPs suffers little from background
fluorescence interference, thus offering excellent optical
contrast and allowing high detection sensitivity.[11] In addition,
UCNPs have excellent properties, such as exceptional photostability, fine-tuned emissions, high quantum yields, and long
lifetimes, which endow these nanoparticles with many advantages over other fluorescence reagents.[12] Given these properties, UCNPs are ideal candidates for latent-fingerprint imaging.
To simultaneously meet the selectivity and generality
criteria for photoluminescence detection, it is necessary to
target a compound that is universal in fingerprints. Previous
research has shown that lysozyme is one of the polypeptide
components in human sweat.[13] Thus, lysozyme from the
hands can serve as a universal target in fingerprints for
photoluminescence approaches. In recent years, singlestranded DNA or RNA, called aptamers, have attracted
much attention for the recognition of molecules of interest
with high selectivity and affinity.[14] Aptamers have emerged
as appealing biomolecules that rival antibodies in detection,
targeted imaging, and diagnostic applications.[15] Compared
with antibodies, aptamers display many exceptional properties, such as design flexibility, tolerant of harsh synthetic
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Scheme 1. Strategy for latent-fingerprint detection with UCNPs functionalized with a lysozyme-binding aptamer nanoconjugates.

conditions, easy modification, and biochemical stability.[16]
Cox et al. reported a DNA aptamer targeting lysozyme, and
their interaction has been extensively studied.[17] Therefore,
a lysozyme-binding aptamer (designated as LBA) was chosen
as a general targeting reagent for latent fingerprints.
The design principle is outlined in Scheme 1. UCNPs were
functionalized with LBA (designated as UCNPs-LBA) by
amide-bond formation. Lysozyme, serving as a universal
target in fingerprint ridges, leads to the deposition of UCNPsLBA on the ridges after recognition by the nanoconjugate.
When UCNPs-LBA were excited by a portable NIR laser with
emission at l = 980 nm, no background fluorescence was
observed. Because of the simplicity of this strategy, a standard
digital single-lens reflex camera equipped with a macro lens
was all that was necessary for capturing the images of
fingerprints. The above process can be easily performed since
no complicated or expensive instrumentation was involved.
We also investigated the feasibility of this design for
exogenous compound detection in latent fingerprints. A
cocaine-binding aptamer (CBA) was conjugated with
UCNPs (UCNPs-CBA) for detection of cocaine in fingerprints and provided images of high evidential quality with
resolution sufficient for identification of the individual as well
as the drug. Our design may shed new light on latentfingerprint imaging as a general and easily performed photoluminescence detection strategy.
NaYF4 UCNPs doped with 20 % Yb and 2 % Er
(NaYF4 :20 %Yb, 2 %Er) were synthesized using a previously
reported protocol.[18] The representative transmission-electron microscopy (TEM) images of the as prepared UCNPs
showed that the nanoparticles had well-defined hexagonal
shapes with an average diameter of 260 nm (see Figure S1 in
Angew. Chem. Int. Ed. 2014, 53, 1616 –1620

the Supporting Information). Figure 1 a shows the functionalization steps for constructing the UCNPs-LBA. First, UCNPs
were capped with a layer of oleic acid (designated as OAUCNPs) for use as a surfactant and capping ligands in the
synthesis process. For further conjugation, OA-UCNPs were
modified with poly(acrylic acid) (designated as PAA-UCNPs)
by a ligand-exchange procedure, which introduced carboxy
functional groups for connection with biologically active
molecules.[19] Finally, PAA-UCNPs were linked with aminogroup-labeled LBA (designated as LAB-NH2) to form the
UCNPs-LBA nanoconjugates. The obtained UCNPs-LBA
exhibited uniform hexagonal shapes, as shown in Figure 1 b.
Energy-dispersive X-ray (EDX) analysis of UCNPs-LBA
demonstrated the existence of Y, Yb, and Er in the nanoconjugate (Figure 1 c). The upconversion luminescent feature
of UCNPs-LBA was measured by excitation with an NIR
laser (Figure 1 d), and the results were similar to those of OAUCNPs and PAA-UCNPs (see Figure S6). The inset in
Figure 1 d indicates that UCNPs-LBA have excellent water
solubility, with luminescence predominantly green in color
upon excitation at l = 980 nm. The functionalization steps
were verified by FT-IR spectroscopy, as shown in Figure 1 e.
For OA-UCNPs, the two bands at around 1562 cm 1 and
1461 cm 1 correspond to the in-plane bending vibration of
=C H in the OA molecule. After PAA modification, PAAUCNPs showed the characteristic stretching vibrations of the

Figure 1. a) Functionalization steps to construct the UCNPs functionalized with a lysozyme-binding aptamer (UCNPs-LBA). b) TEM images
of the as-prepared UCNPs-LBA. c) EDX analysis of UCNPs-LBA.
d) Upconversion luminescence spectra of UCNPs-LBA. Inset: Corresponding luminescence photographs of UCNPs-LBA under excitation
with an NIR laser. e) FTIR absorption spectra of oleic acid stabilized
UCNPs (OA-UCNPs), poly(acrylic acid) stabilized UCNPs (PAAUCNPs), and UCNPs-LBA.

 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

1617

.
Angewandte
Communications

Figure 2. a) Photograph of the marble with three latent fingerprints in
the black circles. Inset: FAM-labeled lysozyme-binding aptamer, and
QDs and UCNPs functionalized with a lysozyme-binding aptamer.
b) Luminescence image of fingerprints treated with FAM solution (1),
FAM-LBA (2), and the corresponding magnified image (3). c) Luminescence image of fingerprints treated with QDs solution (1), QDs-LBA
(2), and the corresponding magnified image (3). d) Luminescence
image of fingerprints treated with PAA-UCNPs (1), UCNPs-LBA (2),
and the corresponding magnified image (3).

C=O bond at 1730 cm 1. The UCNPs-LBA nanoconjugates
displayed two vibrational peaks at around 1713 cm 1 and
1554 cm 1, which are attributed to the asymmetric stretching
mode of the imidoyl group and the amide vibrations. In
addition, the above functionalization steps were further
confirmed by zeta potential and UV/Vis absorption measurements. As shown in Figure S3, PAA-UCNPs were negatively
charged ( 12.0 mV) because of the carboxy group in PAA,
and UCNPs-LBA had a greater negative charge of 31.1 mV,
which is attributed to the phosphate groups in the DNA
backbone. In the UV/Vis spectra (Figure S4), UCNPs-LBA
showed a typical absorption at l = 260 nm, thus indicating the
successful conjugation of LBA to the nanoparticles.
The performance of UCNPs-LBA for latent-fingerprint
detection was tested on a household marble surface which was
used daily (Figure 2 a). In addition, fluorescein amidite
(FAM) and CdTe quantum dots (QDs) were used to image
fingerprints. FAM-labeled LBA (designated as FAM-LBA)
showed strong emission at around l = 520 nm (Figure S7).
CdTe QDs with emission at around l = 540 nm were capped
with a layer of l-cysteine and additionally conjugated with
LBA-NH2 (QDs-LBA). As shown in Figure 2 b1, no fingerprint images were obtained after incubation with FAM
solution only, and the marble showed strong purple fluorescence under excitation with light of l = 365 nm. Figure 2 b2
shows the fluorescence image of fingerprints recorded by
a digital single-lens reflex camera equipped with a macro lens
after incubation with FAM-LBA solution, and a higher
magnification image is shown in Figure 2 b3. From these two
figures, we can clearly see the strong interference from the
background fluorescence of the marble, thus making it
difficult to identify ridged patterns and greatly affecting the
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imaging sensitivity. Figure 2 c shows the fluorescence image of
fingerprints imaged with QDs and the images were also
strongly impaired by the background fluorescence. When it
came to fingerprints imaged with UCNPs (Figure 2 d), much
better results were obtained. Fingerprints treated with PAAUCNPs solution did not form a luminescence image (Figure 2 d1), thus indicating that UCNPs without LBA cannot
bind to the fingerprints. Most importantly, the marble surface
did not show any fluorescence under NIR light irradiation,
thus revealing the ability of UCNPs to suppress background
fluorescence. Figure 2 d2 shows a clear luminescence image
without any interference from background fluorescence after
incubation with a UCNPs-LBA solution. At higher magnifications (Figure 2 d3), specific details of the fingerprint
pattern, such as arches and termination points, can be easily
recognized. Accordingly, one can safely draw the conclusion
that UCNPs-LBA not only suppress the background fluorescence interference, but also bind to fingerprints through the
recognition of lysozyme in the ridges, thus demonstrating the
great potential of UCNPs-LBA nanoconjugates for latentfingerprint imaging.
In addition, we determined the applicability of UCNPsLBA nanoconjugates on different surfaces. A fingerprint on
a smooth glass microscope slide (Figure 3 a) was treated with
UCNPs-LBA solution. It showed a clear and bright luminescence image (Figure 3 b1) under excitation with NIR light,
and the ridge pattern details could be easily recognized at
higher magnification (Figure 3 b2). Compared to smooth
surfaces, fingerprints on semiporous substrates such as
plastics are usually more difficult to detect. A similar

Figure 3. a) Photograph of a glass microscope slide with a latent
fingerprint in the black circle. b) Luminescence image of fingerprint on
the slide (1) and the corresponding magnified image (2). c) Photograph of a Petri dish with a latent fingerprint in the black circle.
d) Luminescence image of fingerprint on Petri dish (1) and the
corresponding magnified image (2). e) Photograph of a patterned coin
with a latent fingerprint in the black circle. f) Luminescence image of
fingerprint on the coin (1) and the corresponding magnified image (2).
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experiment was performed for fingerprints on a plastic Petri
dish (Figure 3 c), and clear luminescence images of fingerprint
ridges can be easily recognized (Figure 3 d1 and d2). Additionally, a patterned coin (Figure 3 e) was used as the surface
for fingerprints and the resulting images of fingerprints
treated with UCNPs-LBA are shown in Figure 3 f. Similar
to the former two cases, clear luminescence images of
fingerprint were obtained (Figure 3 f1 and f2), thus indicating
the ability of UCNPs-LBA to eliminate the surface pattern. It
is noteworthy that none of the above images suffered from
background fluorescence interference. We further investigated the applicability of this design by detecting fingerprints
from different people. As shown in Figure S11, all of the
luminescence images of fingerprints from ten volunteers
displayed evident details of the typical ridge pattern which
would provide useful evidence for individual identification.
These observations clearly illustrate that this strategy can be
applied successfully to fingerprints on different substrates and
from different people, clearly demonstrating the good generality of this approach.
As mentioned above, we further expanded this strategy to
cocaine detection in latent fingerprints. Figure 4 a shows the
schematic representation of the method used for investigating
the interaction between cocaine and CBA. As shown in
Figure 4 b and Figure S14, the fluorescence of FAM-labeled
CBA (FAM-CBA) was quenched by partially complementary
black-hole-quencher-labeled single-strand DNA (cDNABHQ-1) after hybridization. Upon addition of cocaine, the
fluorescence was recovered because of a competition reaction
between cocaine and cDNA-BHQ-1. Fingerprints doped with
different amounts of cocaine were incubated with UCNPsCBA solution for half an hour. Figure 4 c shows the image of
a fingerprint without cocaine. No luminescence ridges were
obtained after incubation, thus demonstrating that UCNPs-

CBA cannot bind to the ridges of fingerprints without
cocaine. Fingerprints doped with 10 mg of cocaine showed
clear luminescence images (Figure 4 d), and at higher magnifications (Figure 4 e) significant details of the ridge pattern
are clearly evident. When the doped amounts of cocaine were
decreased to 5 mg and 1 mg (Figure 4 f,g), clear luminescence
images of fingerprints were also obtained. Figure 4 h shows
images of fingerprints doped with 0.1 mg of cocaine and ridges
pattern can still be easily recognized. Furthermore, in this
strategy CBA can also be replaced by other aptamers for
detection of other exogenous substances in fingerprints, such
as explosives. As a result, this flexible design can be applied to
exogenous compound detection and simultaneously give clear
images of fingerprints for individual identification, thus
showing the potential to provide valuable information for
forensic investigation.
In this work, we have combined the background fluorescence suppressing ability of UCNPs and the universality of
lysozyme in fingerprints to construct a general and easily
performed strategy for latent-fingerprint detection based on
molecular recognition. This approach can be applied to
fingerprints on different surfaces and from different people,
thus indicating the great practicality of this method. By
replacing LBA with CBA, fingerprints containing cocaine
were detected successfully, and this design holds potential to
be used for various kinds of exogenous substance detection by
simply changing the type of aptamer. This strategy can serve
as a robust approach for latent-fingerprint imaging, and we
anticipate that this general method will find wide-ranging
applications in forensic investigations and medical diagnostics.
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Figure 4. a) Interaction between a labeled cocaine-binding aptamer
(CBA) and cocaine. b) Fluorescence spectra of FAM-labeled cocainebinding aptamer ( FAM-CBA) before and after hybridization with
a partially complementary black-hole-quencher-labeled single-strand
DNA (cDNA-BHQ-1; FAM-CBA/cDNA-BHQ-1, 1:1), and after addition
of 100 mm and 200 mm of cocaine. c) Fingerprints without cocaine after
incubation with UCNPs functionalized with a cocaine-binding aptamer.
Luminescence image of fingerprints doped with 10 mg of cocaine (d)
and the corresponding magnified image (e). Luminescence images of
fingerprints doped with 5 mg (f), 1 mg (g) and 0.1 mg (h) of cocaine.
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