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Abstract: A simple method termed immunological multimetal
deposition (iMMD) was developed for rapid visualization of
sweat fingerprints with bare eyes, by combining the conven-
tional MMD with the immunoassay technique. In this
approach, antibody-conjugated gold nanoparticles (AuNPs)
were used to specifically interact with the corresponding
antigens in the fingerprint residue. The AuNPs serve as the
nucleation sites for autometallographic deposition of silver
particles from the silver staining solution, generating a dark
ridge pattern for visual detection. Using fingerprints inked with
human immunoglobulin G (hlgG), we obtained the optimal
formulation of iMM D, which was then successfully applied to
visualize sweat fingerprints through the detection of two
secreted polypeptides, epidermal growth factor and lysozyme.
In comparison with the conventional MMD, iMMD is faster
and can provide additional information than just identification.
Moreover, iMMD is facile and does not need expensive
instruments.

Whenever a finger touches the surface of an object,
materials on the protuberant ridges will be transferred to
the surface, thus leaving a fingerprint.!'! Since the late 19th
century, the unique patterns of fingerprints have been used as
a means to biometrically identify individuals in forensic
investigations.”) However, in many cases the fingerprints are
not directly visible to the bare eye (termed latent finger-
prints), and require “development” to permit their visual-
ization. Over the last century, there have been numerous
reagents and methods explored for the development of latent
fingerprints, such as powder dusting, multimetal deposition
(MMD), superglue fuming, and fluorescent dyes."!
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Recently, there has been a renewed interest in fundamen-
tal research in this field, triggered in part by the possibility
that apart from identification, a fingerprint can provide
additional information about a person. For example, the
fingerprint residues may contain many human metabolites
with biomedical or diagnostic values, as well as exogenously
doped species, such as explosives and illicit drugs.”! For this
purpose, many chemical imaging techniques, including elec-
trochemical surface plasmon resonance,” mass spectrome-
try,®! Fourier-transform infrared spectroscopy,” and Raman
spectroscopy,®®! have been employed because of their ability
to visualize a fingerprint and detect chemicals at the same
time. Moreover, methods based on biolabeling have attracted
intense interest because of their good sensitivity and selec-
tivity. Russell et al. utilized immunomagnetic beads for the
detection of metabolites of illicit drugs in fingerprints.’?# Wood
et al. took advantage of aptamer-based reagents to detect the
lysozyme in the residues and develop the latent finger-
prints.'"' Li et al. employed a nanoplasmonic method by using
aptamer-bound gold nanoparticles to visualize fingerprints
and detect the contact residues of cocaine.'!! Very recently,
Yuan et al. reported a novel technique that integrates the
advantages of near infrared light mediated imaging and
molecular recognition through aptamer-functionalized
upconversion nanoparticles.' However, most of these meth-
ods involved sophisticated or expensive instruments, or the
influence from excitation light. In addition, few of the
methods have been used to examine protein/peptide compo-
nents that are present in sweat fingerprint residues originating
from the eccrine glands. Herein we report a conceptually new
implementation, immunological multimetal deposition
(iMMD), by combining the conventional MMD and the
immunoassay, for the detection of protein/polypeptide secre-
tions in fingerprints by bare eyes.

MMD, which was introduced to the forensic field by
Saunders, is a very sensitive method for visualizing latent
fingerprints on porous and nonporous surfaces.' The
method involves treatment of the fingerprint sample with
a solution containing gold nanoparticles (AuNPs) and then
with a solution of silver physical developer. AuNPs preferen-
tially adsorb to the fingerprint residues through electrostatic
or hydrophobic interactions, and then serve as catalytic
nucleating sites for metallic silver deposition, eventually
amplifying a black fingerprint on a lighter background.!*'!
Recently, MMD has also been performed in a reverse way by
developing the substrate rather than the fingerprint residue,
eventually achieving a negative image."”

Different from conventional MMD, iMMD uses antibody-
modified AuNPs (AuNPs/antibody conjugates; Scheme 1).
That way, the adsorption of AuNPs occurs through the
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Scheme 1. lllustration of an iMMD process, involving the binding of
AuNPs/antibody conjugates to specific secretions and the enhance-
ment by silver staining.

specific binding between the surface-tethered antibodies with
the corresponding antigens in the fingerprint residues.'
Herein, we first evaluated and optimized the iMMD formu-
lation through developing fingerprints inked with human
immunoglobulin G (hIgG). Then, with this formulation, the
visualization of latent fingerprints was successfully accom-
plished by the detection of two secretions, epidermal growth
factor (EGF) and lysozyme, in the eccrine sweat residues.

Details regarding the collection and preparation of
fingerprint samples, and operational details of the iMMD
process are described in the Supporting Information. HIgG-
inked fingerprints were obtained with 25 pL of a solution
containing 0.1 mgmL~' hIgG, unless otherwise specified.
Various parameters, including the incubation time and
temperature, the concentration of AuNPs/antibody conju-
gates, and the time required for silver physical development,
were studied in order to optimize the method (Figures S1—
S4). For example, the visual enhancement of the fingerprint
ridges increased with the incubation time and silver staining
time. However, in order to reduce the possibility of non-
specific adsorption and background silver staining, both
incubation and silver staining times were limited to
15 minutes. The optimized conditions for iMMD are sum-
marized in Table 1; the whole iMMD process requires
approximately 40 minutes.

Table 1: Optimized iIMMD formulation.

Parameters Optimized conditions
Incubation time 15 min

Incubation temperature RT

Concentration of AnNPs/antibody conjugates 0.2 mgmL™

Time of silver staining 15 min

Figure 1a displays an hlgG-inked fingerprint developed
by iMMD. The spatial pattern of the fingerprint is apparently
enhanced, and the dark ridges contrast remarkably with the
bright substrate. The enhancement can be semiquantitatively
confirmed by comparing the cross-sectional gray value over
a few papillary ridges. As shown in Figure 1b, the gray value
varies insignificantly from ridge to furrow in the bright-field
image, but strikingly in the iMMD-enhanced image, with an
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Figure 1. a) Optical image of an hlgG-inked fingerprint developed by
iMMD, with various second-level details, such as bifurcation, termina-
tion, crossover, and lake, as well as third-level details, namely sweat
pores. b) Variation of the gray value over a few papillary ridges
indicated by the solid white rectangle shown in (a).

average difference of around 100. Moreover, the second-level
details, such as the ridge bifurcation, termination, crossover,
and lake, could be clearly distinguished. These details make
the fingerprint unique and form the basis of personal
identification. Additionally, the third-level details, namely
the sweat pores, are also observed along the papillary ridges
(in magnified images), which have been known to be useful in
the identification of partial or damaged fingerprints.

The deposition of a silver layer was also examined by
SEM and EDS measurements. As shown in Figure 2a, the
pristine hIgG-inked fingerprint does not display any charac-
teristics, while after incubation with a solution of AuNPs/anti-
hlgG conjugates for 15 minutes, the immobilization of the
conjugates onto the fingerprint residue can be clearly
observed (Figure 2b), with the ridges appearing bright against
the dark substrate. However, in the magnified image, the
AuNPs are only loosely distributed on the ridges and do not
form a compact layer. A similar result was also obtained when
the fingerprint was only treated with the silver staining
solution (Figure 2¢). In contrast, after the iMMD develop-
ment, the fingerprint ridges were coated with a compact layer
of silver particles that were aggregated and intertwined
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Figure 2. a—d) Scanning electron microscopy (SEM) images of higG-
inked fingerprints before (a) and after development with only AuNPs/
anti-hlgG (b), only silver staining (c), and iIMMD (d). The magnifica-
tion is 50 (1), 600 (2), 5000 (3) and 50000 (4). e) Energy-dispersive X-
ray spectroscopy (EDS) analysis of the developed fingerprint: the solid
and dotted lines correspond to the responses from the ridge and
background surface, respectively. kent=kilocounts.

(Figure 2d). Meanwhile, the EDS image shows that the silver
staining takes place predominately on the ridges, while it was
insignificant on the bare tape surface, suggesting that the
silver staining is indeed catalyzed by pre-adsorbed AuNPs on
the residues (Figure 2e).

To estimate the sensitivity of AuNPs/anti-hIgG, we ran
a semiquantitative experiment using hlgG-inked fingerprints
prepared with different amounts of hIgG. The detection limit
was found to reach nanograms per fingerprint, as shown in
Figure S5.

Sweat contains 98-99 % water, a number of inorganic salts
(such as chloride and phosphate), and organic materials (such
as amino acids, fatty acids, urea, and polypeptides).l*!"]
Among various components present in sweat fingerprints,
proteins/polypeptides are highly useful for the detection of
biomarkers with medical or diagnostic values. However,
because of the low sample concentration and high back-
ground interferences of the chemical imaging techniques, the
identification of proteins/peptides is still limited and only
a few kinds of them have been identified until now.'¥! As
a result of its specificity (demonstrated above), iMMD is
particularly suitable for providing chemical information
regarding the secretions in the fingerprint residues and, at
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Figure 3. a,b) Optical images of eccrine sweat fingerprints visualized
by iMMD through the detection of a) epidermal growth factor (EGF)
and b) lysozyme. The concentration of AuNPs/antibody conjugates
was 0.1 mgmL™". c) Demonstration of the selectivity of AuNPs/anti-
EGF through the specific binding with EGF at 250 ng scale and the
lack of binding with BSA, serine and glucose at 10 pg scale. d) Evalua-
tion of the selectivity of AuNPs/anti-lysozyme to lysozyme through the
specific binding with lysozyme at 100 ng scale and the lack of binding
with BSA, serine, and glucose at 10 pg scale.

the same time, allowing the identification of an individual, by
properly choosing AuNPs modified by specific antibodies. To
exemplify the applicability of the proposed iMMD in the
detection of target secretions in sweat fingerprints, two
polypeptides were selected as the target analytes. Displayed
in Figure 3a,b are the optical images of sweat fingerprints
enhanced by iMMD through the detection of epidermal
growth factor (EGF) and lysozyme. EGF is a low-molecular-
weight polypeptide with 53 amino acid residues, which plays
important roles in cellular growth, proliferation, differentia-
tion, and survival.'”l It has been found in the human sweat
secreted by the eccrine glands. Lysozyme is an antimicrobial
peptide secreted by the human sweat eccrine glands as a part
of innate host defense of immune systems, which can damage
the cell wall of Gram-positive bacteria by cleaving the f1—4
glycosidic bond between N-acetylmuramic acid and N-acetyl-
p-glucosamine.?! Apparently, from each image we can
successfully identify the respective polypeptide and simulta-
neously visualize the ridge details with bare eyes.

To prove that the enhancement is indeed due to the
specific binding of AuNPs/antibody conjugates with the
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respective polypeptide, spot tests were performed on stand-
ards for BSA and a number of other fingerprint components
(serine, glucose, EGF, and lysozyme). Small amounts of each
standard (10 pg for BSA, serine, glucose, 250 ng for EGF, and
100 ng for lysozyme) in solution were dropped onto the
professional forensic tape and left to dry. Then the spots were
incubated with AuNPs/anti-EGF or AuNPs/anti-lysozyme
conjugates and subsequently treated with silver staining
solution. As shown in Figure 3¢ and Figure 3d, the selectiv-
ities of AuNPs/anti-EGF and AuNPs/anti-lysozyme are dem-
onstrated by the specific binding with only EFG and lysozyme
but not with the other standards. Moreover, clear visual-
ization of the EGF standard at 250 ng and the lysozyme
standard at 100 ng scale also highlights the sensitivity of
iMMD (see Figure 3¢c,d).

In summary, we reported a method termed iMMD for
both the visualization of latent fingerprints and detection of
secretions in human perspiration by combining the conven-
tional MMD with the immunoassay technique. In comparison
to conventional MMD, AuNPs not only serve as the
nucleation sites for autometallographic deposition of silver
particles from the silver staining solution, but also as the
carriers of recognition molecules. Using hIgG as a test
protein, we obtained the optimal formulation of iMMD,
which was then successfully applied to visualize latent finger-
prints through the detection of two secreted polypeptides,
EGF, and lysozyme. In comparison with the conventional
MMD, iMMD is faster and has better sensitivity and
specificity. Moreover, the developed fingerprints can be
directly observed with bare eyes, without involving any
sophisticated or expensive instruments for detection. In
addition, the method may become useful for the detection
of substances of abuse, as many orally ingested and metab-
olized drugs are excreted in sweat. Further work is in progress
to detect other species, as well as to discover potential,
valuable relationships between the fingerprint components
and their donors.
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