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ABSTRACT: Brightly red fluorescent carbon dots are synthe-
sized hydrothermally and dissolved in diluted hydrochloric acid
solution. Such carbon dots exhibit excitation-independent
emission at about 620 nm with quantum yield over 10%,
which is visible in daylight. After the carbon dots solution is
sprayed to the fingerprints on various solid substrates and dried
in air, clear fingerprints can be seen under an ultraviolet lamp and
stay stable for 1 day. Detailed characterizations suggest that
during the drying process, the coffee-ring effect and the
electrostatic interactions between the carbon dots and the
fingerprint residues prevent the typical aggregation-induced
fluorescence quenching of carbon dots.
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Fingerprints analyses have provided reliable evidence for
criminal investigations for more than a century.1,2 When a

finger touches a solid surface, eccrine sweat and oily sebum will
leave an imprint of the finger’s ridge patterns. Such an imprint
is named latent fingerprint (LFP) because it cannot be seen
clearly by the naked eyes, and thus the goal of fingerprints
detection is to enhance the visualization of LFPs.3 To date,
various methods have been developed on the basis of chemical
or physical interactions between the chosen reagents with the
fingerprint residues.4−7 These methods include powder dusting,
fluorescent dye staining, cyanoacrylate/iodine fuming, and
vacuum metal deposition.8 Among them, fluorescence staining
is a general approach for LFPs detection with high sensitivity.5

Typical fluorescent materials, such as organic dyes,9 conjugated
polymers,10 quantum dots,11 and rare earth complexes,12 have
been reported for this application.
Fluorescent carbon dots (CDs) have attracted much

attention in the past decade because of their low cost, green
synthesis, stable luminescence, good biosafety, and environ-
mental friendliness.13 Although CDs have been widely applied
in bioimaging, drug delivery, fluorescence sensing, and
analyses,14−19 there are few reports involving the LFPs
detection by CDs.20−23 In fact, several obstacles are hindering
CDs application in LFP detection. First, most CDs are blue-
green emitting, so that their fluorescence is interfered with by
self-fluorescence from substrates like paper and plastic. Second,
the fluorescence of CDs is always quenched by their
aggregation in the solid state,20 and thus the spraying method

has not been performed successfully before. Third, only CD-
based hybrid powders have been reported for LFPs detection,21

but their fluorescence are too weak to be seen by naked eyes,
and brushing nanoparticles powder will destroy the fingerprint
details and risk the health of the examiners.5 Finally, as for the
CD dispersion mediums, water usually cannot adhere stably on
many glossy surfaces, whereas organic solvents often destroy
LFPs. Therefore, it is still a challenge to light up LFPs by CDs
in a simple, portable, safe, clear, and compatible way.
In the present research, we synthesized red-emissive

fluorescent CDs (R-CDs) hydrothermally and applied them
to visualize LFPs by a simple spraying method. The background
fluorescence interference is minimized by the red-emission, and
the typical aggregation-induced fluorescence quenching of CDs
was overcome and utilized ingeniously. After careful inves-
tigations on the enhanced LFPs, we found the R-CDs were
extracted into the tiny water droplets which located at the edges
of fingerprints. Such an extraction process can be ascribed to
the coffee-ring effect during water vaporization and the
electrostatic interactions between R-CDs and the fingerprint
residues. Our R-CDs are able to detect LFPs on many kinds of
solid surfaces, and thus they are promising for practical criminal
investigations as a simple, fast, portable, and accurate tool.
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Experimentally, the R-CDs was synthesized by hydrothermal
treatment of p-phenylenediamine and phosphorus acid. After
purification, 10 mg of R-CDs was dissolved in 10 mL of 0.1 M
hydrochloric acid aqueous solution. The solution was sealed
into a little spray bottle and sprayed onto the fingerprints. In
general, the developing time for R-CDs stained finger prints is
about half an hour at room temperature, while the optimal
record time for taking photos is about several hours. To clarify
structures and surface properties, which is crucial for
developing fingerprints, the as-prepared R-CDs were charac-
terized by various methods.

The TEM image (Figure 1A) shows that the R-CDs are
uniform and well dispersed with an average diameter of 2.4 nm,
whereas the HRTEM image of R-CDs (Figure 1B) presents the
lattice fringes with an average interplanar spacing of 0.21 nm,
corresponding to the (101) lattice space of graphite.24 X-ray
photoelectron spectra (XPS) in the full range (Figure S1A)
prove the existence of C 1s (285 eV), N 1s (400 eV), O 1s (532
eV) and Cl 2p (198 eV).25 We can obtain from the XPS spectra
that the element contents are 69.79, 12.51, 9.91, and 7.80% for
C, O, N, and Cl, respectively. In the high-resolution XPS
spectra (Figure S1B−D), the C 1s band can be deconvoluted
into two peaks corresponding to sp2 carbons (CC, 284.6 eV)
and sp3 carbons (C−O/C−N, 285.6 eV). Unlike most of the
reported CDs, carbonyl carbons (CO, 287.8 eV) and

carboxyl carbons (COOH, 289.0 eV) are not observed in the
XPS of our sample. The O 1s band contains two peaks at 532.4
and at 536.2 eV for C−O and the absorbed oxygen or H2O,
respectively. The N 1s band can be deconvoluted into three
peaks at 399.2, 400.3, and 401.4 eV, representing amino N,
pyrrolic N, and graphite N, respectively, which indicates that
the R-CDs have good dispersibility in acidic solution. The
Fourier transform infrared (FTIR) spectra (Figure S2) show
O−H or N−H stretching vibrations at 3414 cm−1, CC or
CN vibrations at 1630 cm−1, and a broad band representing
oxygen-related groups like −OH and C−O at 1380−1290
cm−1.26 The sharp peak at 1500 cm−1 results from the -NH3

+,
indicating the R-CDs are apt to accept H+ ions in acidic
solutions to form positive nanoparticles. Such CDs have a zeta
potential of 18.7 mV, distinguished from those conventional
CDs with negatively charged surfaces. The positive surface
charge is very important for the fingerprints detection, because
the residues of sweat and sebum are negatively charged.27

The UV−visible absorption and fluorescence spectra of the
R-CDs are shown in Figure S3. In the UV region, two
absorption maxima at 240 and 283 nm are corresponding to the
π−π* transitions of CC and CN bonds of the aromatic
rings, respectively. In the visible region, a broad absorption
band within 360−600 nm can be assigned to the complicated
surface states of R-CDs. In Figure 1C, the emission peak at 622
nm is independent of the excitation wavelengths, and its highest

Figure 1. (A) TEM and (B) HRTEM images of R-CDs, and (C)
photoluminescent (PL) emission spectra of R-CDs under excitation
light of different wavelengths (the inset legends). The inset photos are
the sample in room light (left) and under a UV lamp (right),
respectively.

Figure 2. Photographs of R-CDs stained fingerprints on (A) glass
sheet, (B) aluminum foil, (C) leather, and (D) plastic pieces under UV
light, respectively. The ridge termination points (green) and the
bifurcation points (blue) are marked in A.
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emission intensity is observed when the excitation wavelength
is set at 530 nm. The fluorescence excitation spectrum of R-
CDs can be well overlapped with the absorption curve in the
visible region (Figure S3), indicating that the surface structures
and states are responsible for the red emission. The
corresponding luminescent mechanism may be ascribed to
the surface molecular state fluorescence.28 The so-called surface
molecular state fluorescence is regarded as one of the supposed
origins of CDs fluorescence, which is related to the surface
molecular groups on CDs and shows excitation-independent
PL emission. Our R-CDs possess strong red fluorescence under
UV light, and they can even emit red fluorescence in daylight at
lab. Their optimal quantum yield in aqueous solution is
measured to be 11.2% by an integrating sphere, which is
outstanding among the reported R-CDs. Therefore, both the
excitation-independent red fluorescence and the positively
charged surface states of our R-CDs are beneficial to the
following LFPs detection.

After one drop of R-CDs aqueous solution is dried on a clean
flat surface, a red circular stamp appears. This phenomenon is
the so-called “coffee-ring effect”, which discloses that as liquid
evaporation proceeds, the capillary flow outward from the
center of the liquid will bring the suspended particles to the
edge until almost all particles deposit to form a ring pattern.29

Further drying the substrate will cause the solid-state R-CDs
lose their red fluorescence due to the well-known aggregation
induced fluorescence quenching of CDs. However, if the
substrate is touched by fingers beforehand, the situation will
change dramatically. In Figure 2 A, although the R-CDs are
sprayed homogeneously on the glass sheet, only the ridges of
fingerprints show bright red patterns after drying, while the
regions in the fingerprint furrows and outside LFPs are not
fluorescent. The second-level details, such as the ridge
termination and bifurcation, can be also recognized. These
details form the basis of fingerprint identification in principle,
and they are critical in practical identification.7 The red
fluorescence of fingerprints are so strong that it can even
overcome the reflection light from the aluminum foil (Figure
2B) and the blue background fluorescence from leather (Figure
2C) and plastic (Figure 2D).
To study these interesting results deeply, we employed a

laser scanning confocal microscope to observe the R-CD
stained fingerprints on a glass sheet. After the glass sheet was
sprayed and dried in air for 30 min, the dark-field image (Figure
3 A) clearly shows numerous tiny red droplets, whereas the
majority of fluorescent droplets are aggregated to the edges of
fingerprints. This phenomenon can be explained by the coffee-
ring effect, that as water vaporizes, R-CDs spayed into the other
regions are forced to the edges of fingerprints where there is
separation between the sebum-covering region and the no-
sebum region. More interestingly, after another 30 min drying,
most tiny red droplets disappeared, whereas the R-CDs at the
edges of fingerprints remained luminescent (Figure 3B). The
bright-field image (Figure 3C) confirms some liquids are
located at the edges of fingerprints, which can overlap perfectly
with the dark-field image (Figure 3 D). Therefore, the final
results are ascribed to the fluorescence quenching of CDs when
they changed from the liquid phase to the solid state. On one
hand, because the lipid compounds in the fingerprint residues
are able to prevent water evaporation, those R-CDs solution
sprayed into the fingerprints will be protected by lipids from
evaporation. On the other, the R-CDs solution sprayed into the
gaps between fingerprints and the blank area outside finger-
prints will dry gradually, but during the drying process some R-

Figure 3. Confocal fluorescence images of the R-CDs stained
fingerprints on glass (A) in dark field after 30 min drying, and in
(B) dark field and (C) bright field after 60 min drying, respectively.
(D) Merged picture of B and C.

Scheme 1. Fluorescence Staining Process and Mechanism of R-CDs toward the Fingerprints on Solid Substrates

ACS Applied Materials & Interfaces Letter

DOI: 10.1021/acsami.7b03917
ACS Appl. Mater. Interfaces 2017, 9, 18429−18433

18431

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03917/suppl_file/am7b03917_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b03917


CDs will be pushed to fingerprint edges due to the coffee-ring
effect, while the other R-CDs aggregate in the blank area and
lose their fluorescence. It is known that the fingerprint residues
contain the negatively charged fatty acids, which might have
electrostatic interactions27,30 with the positive R-CDs so as to
coat the tiny water droplets by sebum. As a result, the sebum
coating prevents water evaporation and maintains the
fluorescence of the R-CDs for a few days at room temperature.
Scheme 1 illustrates the fluorescence staining process and the
unquenched fluorescence mechanism of our R-CDs, which are
based on the coffee-ring effect and the electrostatic interactions.
In summary, we synthesized a new kind of CDs with strong

red fluorescence and positive surface charges in water. They can
be sprayed onto various solid surfaces to show the LFPs clearly
under UV light. Although the aggregation-induced fluorescence
quenching is a universal problem for CDs, the LFPs stained by
our R-CDs remained luminescence in air for a long time.
Detailed characterizations disclosed the coffee-ring effect during
water evaporation and the electrostatic interactions between R-
CDs and the fingerprint residues, which prevented the red
fluorescence at the fingerprint edges from quenching. Our
present research provides an effective, rapid, portable, and user-
friendly method for fingerprint detection.
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