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Fingerprints are impressions of the friction ridge pattern left
by human fingertips after touching a surface. They function as
an indispensable tool in forensic investigations and personal
identification, as well as in our daily life for many other
purposes, such as safety inspection, access control, and
individual credentials.!"! Fingerprints are composed of perspi-
ration, natural secretion residue, and exogenous components
from the environment, some of which are rarely seen (termed
invisible or latent fingerprints, LFPs) and require some means
of “development” by applying external materials to enhance
their visualization. To date, innumerable methods, including
both chemical and physical treatments, have been exploited
for LFP detection.'*?! Additionally, research interest has
been recently directed to identifying drugs and drug metab-
olites, explosive residues, or other secretion chemicals in
LFPs.Pees]

Among various methods, electrochemical approaches
have recently attracted considerable attention. For example,
combining electrochemistry with the surface-plasmon reso-
nance spectroscopy allows a fast and sensitive visualization of
fingerprint and detection of explosive residues.*!! Scanning
electrochemical techniques, including scanning Kelvin
probe and scanning electrochemical microscopes,®*! have
also been applied for imaging fingerprint on the basis of the
spatial difference in the surface work function and electro-
chemical reactivity. Selective electrodeposition of conducting
polymers on electrode surfaces is also able to enhance the
fingerprint visualization by the electrochromic effect.™
Herein we report an alternative attempt to enhance the
visualization of LFPs by electrochemiluminescence (ECL).

ECL, where a chemiluminescence is initiated and con-
trolled by applying a potential, has grown significantly as
a highly sensitive and selective analytical and diagnostic
method in recent years.”! As the light-emitting species are
generated in situ close to electrode surfaces, ECL reflects the
local surface reactivity, has a near-zero background and
allows temporal and spatial control over the reaction. These
features make ECL very useful in imaging applications, for
example for the examination of the functional areas of
electrodes,® the distribution of electrochemical active sites”!
and the electron-transfer kinetics,"” for scanning sample
surfaces with an ultramicroelectrode tip generating ECL as
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a light source,"! and for building light-emitting and displaying
devices."? Chemical sensors or microarray sensors based on
ECL imaging have also been developed,™ for example for
detection in microelectrochemical and microfluidic sys-
tems,' and for screening metabolite-generated toxicity and
detecting cancer biomarker proteins.!"”!

Herein, we have demonstrated that the spatially selective
control of ECL generation on the electrode surface is an
effective means of visualizing LFPs. Figure 1a shows an
experimental system for this purpose (see also the Supporting
Information, Figure S1). An electrode, indium tin oxide
(ITO)-covered glass or stainless steel sheet, bearing a finger-
print was placed in a cell positioned in a dark box with a silver/
silver chloride (Ag/AgCl/3m KCl) and a platinum wire ring as
the reference and counter electrode, respectively. When
a suitable voltage is applied with a conventional potentiostat,
ECL was generated and captured by a sensitive CCD camera.
In principle, the fingerprint functions as a mask or template,
and its visualization can be enhanced by spatially controlling
the ECL generation either from the bare surface or from the
ridge details. These two modes are designated negative and
positive imaging, respectively (Figure 1b,c).
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Figure 1. a) The ECL imaging system: Ru’" and am represent the ECL-
generating luminophore and the amine co-reactant, respectively.

b, c) The imaging strategy for visualizing LPFs in the negative (b) and
positive (c) mode.

| ———————————————
(ITO or Stainless Steel)

The negative-imaging mode was performed by directly
exposing the electrode bearing a sebaceous (sebum-rich)
fingerprint to the solution containing tris(2,2’-bipyridyl)
ruthenium(II) ([Ru(bpy);]*") and tri-n-propylamine (TPrA).
The ridge deposit of a sebaceous fingerprint comprises
a complex mixture of perspiration and natural secretion
residues, such as fatty acids, phospholipids, wax esters, sterols,
squalene,"™ which make the underlying surface electrochemi-
cally inert or less active, thereby inhibiting the electrochem-
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ical activity. In contrast, on the bare surface uncovered by the
fingerprint, the ECL reaction could proceed by the well-
known co-reactant pathway when applying a suitable positive
voltage (for the mechanism, see the Supporting Information).
Eventually, the light emission was only generated from the
bare electrode surface including the furrows between the
papillary ridges, producing a negative image of the fingerprint
(Figure 1b).

Figure 2 shows a representative fingerprint enhanced in
the negative-imaging manner. Compared to the bright-field
image (Figure2a), the ECL image (Figure2b) displays
a clearly resolved spatial pattern of a sebaceous fingerprint
in which the dark ridge deposits contrasted remarkably with
the bright substrate for visualization. The second-level detail,
including the ridge termination, lake, bifurcation, and cross-
over, could be recognized. These second-level characteristics
in principle form the basis of fingerprint identification, and
their unambiguous imaging is critical in practical identifica-
tion. The third-level detail, namely the sweat pores from
which the sweat is secreted, was also clearly observed along
the ridges. Seeing these details can be ascribed to the fact that
ECL exactly reflects the local electrochemical activity of
electrode surface. In conventional methods involving appli-
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Figure 2. a) Bright-field image of a sebaceous fingerprint deposited on

an ITO electrode. b) ECL image obtained in the negative mode at an
applied potential of 1.13 V and in 0.01 m phosphate buffer solution
(pH 7.4, sodium salts) containing 0.5 mm [Ru(bpy)s]*" as ECL-generat-
ing luminophore and 50 mm TPrA as co-reactant. In the ECL image,
the second- and third-level details can be identified. c) Cross-sectional
gray values over seven parallel ridges as indicated by the white
rectangles in (a) and (b). d) Simultaneous cyclic voltammetry (—)
and ECL emission profile (sess2) of an ITO electrode deposited with

a sebaceous fingerprint at a potential scan rate of 0.05 Vs™'.
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cation of external materials, the ridges become decorated so
that the third-level detail is often difficult to see. The third-
level detail is used by forensic officers in some countries for
confirmation of an identification match. It can effectively
assist the holistic identification and in particular has promise
for partial fingerprints or other cases with a lack of
unambiguous second-level detail.

The visualization enhancement by ECL was confirmed by
scrutinizing the cross-sectional gray values over a few parallel
ridges. As shown in Figure 2c¢, in the bright-field image the
cross-sectional gray value over seven parallel ridges varies
negligibly, while that changes significantly from ridge to
furrow in the ECL image. The dark ridge defines a smaller
gray value, while the bright furrow defines a larger value. The
average difference in the gray value is about 70, suggesting
that the fingerprint visualization was enhanced by several tens
of times by in situ ECL generation.

The negative image was obtained by applying a constant
potential of +1.13 V optimized by examination of the image
with respect to the emission-voltage profile. As shown in
Figure 2d, the quality of ECL images coincides well with the
current and emission profile (Supporting Information, Fig-
ure S2), confirming that the visualization enhancement
indeed arises from ECL generation. In the similar manner,
the concentration of [Ru(bpy);]*" for a satisfactory enhance-
ment was determined to be 0.5 mm (Supporting Information,
Figure S3). With these two parameters, the ECL image
obtained was relatively stable in about 40s (Supporting
Information, Figure S4). The decay of image quality at
a longer time is most probably due to the significant
consumption of TPrA. Once transferring the electrode to
fresh [Ru(bpy);]*"/TPrA solutions, the ECL image can be
repeatedly observed (Supporting Information, Figure S5).
This is due to the non-destructive nature of this method,
which does not rely on any pre-/post-treatment.

Non-destructive imaging and developing LFPs without
any pre-treatment is one of important aspects of current
research activities, but methods that fulfill this purpose are
few.?F 130426161 The ECL imaging in a negative manner is
apparently a simple yet effective approach. Indeed, not only
fresh LFPs but also aged LFPs can be visually enhanced. As
shown in Figure 3, the ridge pattern of two- and seven-month-
old sebaceous fingerprints can be clearly identified. More
interestingly, the third-level detail, namely sweat pores, can be
much more clearly resolved along the ridges. Furthermore,
the negative imaging also works well in other ECL reaction
systems, such as that involving a luminol-hydrogen peroxide
pair, as well as on other conducting substrates, such as
stainless steel plates (Supporting Information, Figures S6,S7).

The second imaging method, termed the positive mode,
was conducted after tagging the fingerprint ridge deposit with
ECL-generating luminophores. The immobilized lumino-
phores can then react with freely diffusing co-reactants to
generate ECL. In this case, the papillary ridges, instead of the
furrows in the negative imaging mode, were illuminated and
contrasted with the dark substrate sufficiently, eventually
generating a positive image of the fingerprint (see the
mechanism diagram in Figure 1c). Given that amino acids
are one of predominant species in the eccrine sweat,!'?
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Figure 3. a, b) ECL images of a two-month-old and seven-month-old
sebaceous fingerprints deposited on ITO electrodes. c) Magnified
image showing sweat pores visualized along the ridges.

ruthenium bis(2,2"-bipyridine) (2,2"-bipyridine-4,4'-dicarbox-
ylic acid)  N-hydroxysuccinimide ester ([Ru(bpy),-
(dcbpy)NHS]) was used to functionalize the fingerprint
ridges by the formation of amide bonds (Figure 4 a).

Figure 4b shows an example of ECL images thus devel-
oped for sebaceous fingerprints by applying a constant
potential of + 1.3 V (optimized by examination of the image
with respect to the emission-voltage profile; Supporting
Information, Figures S8,S9) and using 2-(dibutylamino) eth-
anol (DBAE) as the co-reactant. Apparently, the ridges are
illuminated by ECL and contrasted sufficiently with the dark
substrate for visualization. In this image, the second-level
detail, including the ridge termination and bifurcation, can be
also recognized. In contrast, under daylight the fingerprint
before and after tagging treatment is hardly seen by the naked
eye (Figure 4c). Even under UV illumination, only a faint
photoluminescence image (as shown in Figure 4d) was
obtained with locally distributed bright fragments, which
could not reflect the overall fingerprint pattern. A poor
photoluminescence image can be possibly ascribed to the
aggregation-caused quenching, considering the short-range
interaction between ruthenium luminophores immobilized on
the ridges. Although the similar quenching cannot be
excluded either in the ECL reaction, it might be less effective
considering the ECL reaction takes place between immobi-
lized luminophores and dissolved co-reactants. Another key
advantage of ECL over light-induced emission is that external
light stimulation is not required, thus having low background
interference.

The covalent interaction of [Ru(bpy),(dcbpy)NHS] with
fingerprint deposits by the NHS group was confirmed by mass
spectrometric measurements (Supporting Information, Fig-
ure S10), as well as two control experiments. First, when
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Figure 4. a) Mechanism illustration of tagging fingerprint ridges with
ECL-generating luminophores. b—d) ECL (b), bright-field (c), and
photoluminescence (d) images of a sebaceous fingerprint after incuba-
tion with freshely prepared [Ru(bpy),(dcbpy) NHS] solution for 1 h. The
ECL image was obtained at an applied potential of 1.3 V in 0.01 m
phosphate buffer solution (pH 7.4) containing 50 mm 2-(dibutylamino)
ethanol (DBAE) as the co-reactant. The photoluminescence image was
acquired using a 460 nm excitation light source and a 600 nm long-
pass filter.

treating the fingerprints with two other ruthenium coordina-
tion compounds, [Ru(bpy);CL,] and [Ru(bpy),(dcbpy)](PFs),,
no ECL enhancement was observed (Supporting Information,
Figure S11). Second, at least 30 min of incubation with the
[Ru(bpy),(dcbpy)NHS] solution was required to obtain
a satisfied ECL image (Supporting Information, Figure S12),
which is in good agreement with the typical reaction time
between NHS and primary amine group for the formation of
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amide bond.'? However, these data could not rule out the
possibility of physical adsorption of [Ru(bpy),(dcbpy)NHS]
on the ridge deposits by the hydrophobic interaction. Never-
theless, similar enhancement effect observed for eccrine
fingerprints (Supporting Information, Figure S13) indicated
that the physical adsorption is probably much less effective,
given the predominant species in eccrine fingerprints are
inorganic salts as well as amino acids and lipids.""

In summary, we have exploited two operating methods for
visualizing LFPs on the basis of spatially selective control of
ECL generation at the electrode surface. The negative mode
represents a direct, rapid, simple and non-destructive method
that is suitable for enhancing the visualization of sebaceous
LFPs, aged LFPs, as well as identifying the second- and third-
level characteristic details. It does not involve any pre-/post-
treatment that is usually laborious but necessary in most of
current detection methods. Also, it is safe for examiners when
comparing with those using fume or dust-brushing treatment.
In the case of the positive mode, the absence or lower levels of
aggregation-caused luminescence quenching is its important
advantage over light-excited emission. Moreover, it has
promise for detecting secreted metabolites in the fingerprint
in conjunction with immunolabeling methodologies for
diagnostic purposes.?**=18 Fyrthermore, if ECL is partic-
ularly suited for conductive substrates, simple chemilumines-
cence should be equally feasible for non-conductive ones, for
example by tagging the ridges with a luminophore that could
be chemically switched.
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