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Fingerprints are impressions of the friction ridges of all or any
part of a human finger. When a finger touches a surface,
eccrine sweat, together with oily substances picked up by the
finger, forms an impression of the finger’s ridge pattern.l!]
Such an impression is known as a latent fingerprint (LFP) for
its invisibility to the naked eye. The uniqueness and invaria-
bleness of an individual’s fingerprint have long been recog-
nized as important physical personal identification, and is
hence widely used in individual credentials, access control,
and forensic investigation.[zl On the other hand, researchers
have realized that fingerprints carry more biological infor-
mation about individuals than just their identity.”! The
secretions, skin oils, and dead cells in LFPs contain residues
of various chemicals and their metabolites present in the
human body. These can be detected and used for forensic
purposes. Therefore, the imaging of LFPs has found new
applications in forensic fields, such as identifying drugs and
drug metabolites, residues of explosives, and other secreted
chemicals.”! For this purpose, there has been an intense
interest to develop enhanced LFP imaging methods™ with
various spectroscopic and microscopic techniques, for exam-
ple, mass spectrometry,“® fluorescence spectroscopy,“
vibrational spectroscopy (infrared! and Raman™), electro-
chemiluminescence,*! and scanning electrochemical micro-
scopy.“™ Herein, we report a conceptually new nanoplas-
monic approach to provide high-resolution dark-field micros-
copy (DFM) images of LFPs, as well as the ability to identify
cocaine in LFPs by using aptamer-bound Au nanoparticles
(AuNPs) as imaging and recognition probes.

Fingerprint friction ridges are generally described in
a hierarchical order at three different levels, namely, level 1
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(pattern), level 2 (minutia points), and level 3 (pores and
ridge contours).”) Currently used, commercialized, auto-
mated fingerprint-identification systems rely only on level 1
and level 2 features, and thus suffer from poor accuracy when
the fingerprint is of low quality. Hence, new imaging methods
for LFPs with high resolution are urgently needed. Although
the above-mentioned new methods have been employed in
forensic investigations, there remains a high demand for
simple, rapid, user-friendly, cost-effective, and nondestructive
methods for the imaging of LFPs and the detection of
important chemical and biological analytes. Compared with
previously reported methods, localized surface plasmon
resonance (LSPR) of coinage-metal nanoparticles shows
great potential for imaging because of its high intensity,
nonblinking, optical stability,® and particularly its response
depending on the size and local dielectric environment, thus
making them particularly suitable for LFP imaging and
molecular recognition in LFP.")

AuNPs have been used as enhancers for LFP imaging in
a multimetal deposition (MMD) method.® The principle of
MMD is the deposition of AuNPs on the finger secretions
followed by silver staining. Although MMD has many
advantages, it still suffers from several drawbacks; it is labor
intensive, its accuracy is poorer, and it provides only gray- or
black-colored images. Moreover, MMD can only visualize
LFPs, but is unable to detect analytes of interest in LFPs.
Recently, several modified versions of MMD were developed
to realize both imaging and detection.” For example, Russell
and co-workers modified AuNPs with an antibody that is
specific to cotinine, the major metabolite of nicotine.[*! After
incubation of these antibody/AuNPs conjugates on a finger-
print collected on a glass slide and then with an organic-dye-
labeled secondary antibody fragment, a high-resolution LFP
image of an individual cigarette smoker was successfully
collected by a fluorescence stereomicroscope. Even in these
modified MMD methods, however, AuNPs were used only as
“glues” that attached to LFPs and “carriers” of recognition
probes and signal molecules (organic dye, quantum dots, or
Raman tags); the LSPR properties of AuNPs are largely
ignored. The advent of DFM combined with plasmonic
resonance Rayleigh scattering (PRRS) spectroscopy in the
last decade has provided a powerful means to directly image
true colors of the light scattered from single plasmonic
nanoparticles.'"” Indeed, several nanoplasmonic biosensing
and imaging systems have been developed by DFM.!"! For
example, previous studies have indicated that DFM could
record the green-to-red color change of the scattered light of
AuNPs during analyte-induced aggregation.') This moti-
vated us to develop a DFM assay to image LFPs and identify
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cocaine in LFPs based on the cocaine-induced aggregation of
aptamer-bound AuNPs.

The principle of our strategy is outlined in Figure 1. DFM
is used to record the LSPR of AuNPs that attached to LFPs,
thus providing a colorful image of LFPs. We modified two
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Figure 1. Principle of nanoplasmonic imaging of LFPs and identifica-
tion of cocaine in LFPs by DFM.

AuNPs with rationally engineered cocaine-specific aptamers;
thereby the presence of cocaine in LFPs could induce the
aggregation of AuNPs, resulting in true color changes of the
scattered light in DFM images. Briefly, AuNPs with a diam-
eter of 50 nm were used as both imaging and recognition
probes. A cocaine-specific aptamer was rationally cut into two
pieces, which were then attached to different AuNPs by Au-S
chemistry, respectively. Cocaine, working as a molecular
linker, reassembles the two pieces of single-stranded DNA
(ssDNA) into the intact aptamer tertiary structure, resulting
in the aggregation of the AuNPs probes (Figure 1, inset).

The aggregation-induced red-to-blue absorption color
changes of AuNPs have already been used as readout in
aptasensors.”” For example, Liu and Lu,™ and our
group!®®l have independently reported solution-phase apta-
sensors for cocaine that rely on the cocaine-induced aggre-
gation and deaggregation of aptamer-bound AuNPs."
Herein, we adapted this strategy to LSPR scattering in
order to realize nanoplasmonic identification of cocaine in
LFPs. The cocaine-specific aptamer reported by Stojanovic
et al.' forms a stem-bulge-stem structure; however, this
aptamer itself contains several secondary structures, even in
the absence of cocaine, thus resulting in high background
noise for aptasensors. After a careful analysis of the structure
of the cocaine-specific aptamer, we divided it into two flexible
ssDNA pieces (1 and 2; Figure 1, inset) with small sequence
modifications to avoid interstrand binding.

A representative dark-field color image of a sebaceous
LFP obtained by DFM with a 4 x objective lens is shown in
Figure 2 A. It should be noted that the size of LFPs is far
beyond that of a condensed light spot, even with the lowest
4 x objective lens. The dark-field image of the LFP was thus
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Figure 2. A) Dark-field image of a representative sebaceous LFP
obtained with a 4 x objective lens. B) Dark-field images of LFPs
showing level 2 details including crossover (1), termination (2),
bifurcation (3), and island (4), and level 3 details (pores in 1, 2, 3, and
4). C) Magnified dark-field image of a representative sebaceous LFP
obtained with a 60x objective lens showing the presence of AuNPs.
D) PRRS spectra of three randomly selected green-colored dots in
Figure 1C.

prepared by taking pictures of different regions of the LFP
and their merging with the Photoshop software. The dark-
field image of a sebaceous LFP displays a well-resolved ridge
flow and pattern configuration with clear resolution between
bright ridge and dark substrate. In addition to level 1 (ridge
pattern) details, level 2 (ridge termination, lake, bifurcation,
and crossover) and level 3 (pores with diameter of 50 pm)
details of the LFP are also clearly observed (Figure 2 B), thus
suggesting strong and specific interactions between AuNPs
and sebaceous excretions. A control experiment indicates that
LFPs are barely visible in the absence of AuNPs (Figure S1,
Supporting Information), suggesting the effectiveness of
AuNPs as contrast agents. In a high-magnification image
obtained with a 60 x objective lens, lots of green-colored dots
are visible (Figure 2 C). The maximum wavelength (4,,,) of
the scattered light of these green-colored dots is around
550 nm (Figure 2D), which is the characteristic LSPR of
AuNPs with diameters of 50 nm (Figure S2); therefore
excluding the possibility of light scattered from dust in LFPs
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and further confirming the presence of AuNPs attached to
ridges. It is worth noting that this method is less effective for
eccrine fingerprints, suggesting weaker physical adsorption
between AuNPs and inorganic salts and amino acids in
eccrine sweat.

We then used DFM to identify cocaine in LFPs. Briefly,
solutions (10 uL) of cocaine with different concentrations
(with the net mass of cocaine ranging from 150 ng to 30 ug)
were drop-casted on fingers. After drying in air, the LFPs of
the fingers were collected and then incubated with aptamer-
bound AuNPs. Figure 3A shows the magnified dark-field
images of LFPs containing different loadings of cocaine,
obtained with a 60 x objective lens. With the increase of the
cocaine loading, we observed the gradual appearance of more
red-colored dots along with the gradual disappearance of
green-colored dots, thus indicating the aggregation of AuNPs.
This finding was further confirmed by scanning electron
microscopy (SEM; Figure S3). We also calculated 4, of
aggregates that contained different amounts of AuNPs using
the Finite Difference Time Domain (FDTD) software (Fig-
ure S4), and found that even the aggregation of two AuNPs
would result in a A, of 580 nm, corresponding to true
orange-colored scattered light (Figure 3B). Therefore, we
defined the orange- and red-colored dots in dark-field images
with 4,,,, above 580 nm as cocaine-induced AuNP aggregates.
In a randomly chosen ridge region in dark-field images
containing about 300 individual AuNPs, we calculated the
percentage of orange- and red-colored dots in the total dots.
The relationship between the cocaine loading in LFPs and the
percentage of orange- and red-colored dots in the total
observable dots is shown in Figure 3C. We observed a load-
ing-dependent red-shift of 4,,,, which further confirmed the
cocaine-induced aggregation of AuNPs. The minimally
detectable cocaine loading in LFPs was calculated as 90 ng
(>30).

We also carried out a control experiment to challenge the
assay with two active cocaine metabolites, benzoyl ecgonine
(BE) and ecgonine methyl ester (EME; chemical structures
of BE and EME are shown in Figure S5), to demonstrate its
selectivity toward cocaine. The selectivity of assays to identify
drug addicts is of equal or even higher importance than the
sensitivity, because a false positive signal may result in
complicated law issues. Magnified dark-field images of clean
(a), BE-loaded (b), EME-loaded (c), and cocaine-loaded
LFPs (d) are shown in Figure 3D. Orange- and red-colored
dots were observed only in cocaine-loaded LFPs. The
responses of BE and EME were only slightly higher than
that of the control (clean LFP), while greatly lower than that
of cocaine (Figure 3E). The fact that cocaine, but not its
metabolites, is detectable by this assay suggests that our
strategy could also be used to differentiate between drug
addicts and drug dealers who do not take drugs.

In summary, we have demonstrated a nanoplasmonic
method to visualize LFPs by exploiting the LSPR property of
aptamer-bound AuNPs. The level 2 and level 3 characteristic
details of sebaceous LFPs could be clearly observed by DFM.
Moreover, the cocaine-induced aggregation of AuNPs results
in true green-to-red color change of the scattering in the dark-
field image, thus providing a quasi-quantative method to
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Figure 3. A) Magnified dark-field images of LFPs containing different
loadings of cocaine. a) 0 g, b) 1.5x107" g, ¢) 3x107 g, d) 7.5x107" g,
e) 1.5x10°%g, f) 3x10°%g, g) 1.5x107° g, and h) 3x10~° g. B) Typical
PRRS spectra of the green-, orange-, and red-colored dots (insets)
experimentally obtained by spectrograph CCD (dotted lines). The solid
lines are PRRS spectra obtained from FDTD simulation of a single

Au NP, two-particle aggregation, and thirteen-particle aggregation,
respectively. C) Calibration curve. Error bars represent standard devia-
tions for measurements taken from at least three independent finger-
print areas. D) Magnified dark-field images of a) clean, b) BE-loaded,
c) EME-loaded, and d) cocaine-loaded LFPs. E) Selectivity of the nano-
plasmonic assay for cocaine over its metabolites. The mass of BE,
EME, and cocaine was 30 ug in all experiments.

identify cocaine loadings in LFPs. Our dark-field nano-
plasmonic strategy possesses several advantages. First, this
method enables rapid, simple, and non-destructive visual-
ization of LFPs, as well as the identification of level 2 and
level 3 details. Meanwhile, DFM is much cheaper compared
with other microscopic and spectroscopic instruments used
for the imaging of LFPs, and hence is cost-effective in forensic
applications. Second, the background view in DFM is dark.
As a result, the substrates onto which the LFPs are loaded are
completely invisible in dark-field images, resulting in
improved edge resolution of LFPs. Third, the LSPR of
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AuNPs is much more intense than fluorescent and lumines-
cent or electrochemiluminescent signals, and is nonblinking
and optically stable against photobleaching, thus providing
significantly intensified signals with improved signal-to-noise
ratio, and enabling higher spatial resolution in the imaging of
LFPs. Last but not least, our strategy uses aptamer-bound
AuNPs as a probe with dual functionality, including both
imaging and molecular recognition. Taking into account the
wide availability of aptamer libraries, our strategy could be in
principle a generic platform for the identification of any small
molecules or proteins in LFPs that have specific aptamers.
Most promisingly, AuNPs are known for their high cellular
uptake without apparent cell toxicity, and are indeed found in
many in vivo applications.'’”) Thus our LFP imaging strategy
might one day be used in diagnostics in the examination of
nanoplasmonic signals from rationally designed AuNP in vivo
probes that secrete from finger pores.
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