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ABSTRACT: Fingerprint imaging and recognition represent
the most important approach in personal identiﬁcation. Here
we designed and synthesized oxetane-functionalized semiconductor polymer dots (Ox-Pdots) for covalent patterning
and rapid visualization of latent ﬁngerprints. The high
ﬂuorescence brightness, large Stokes shift, and excellent
surface properties of the Ox-Pdots lead to ﬁngerprint imaging
with high sensitivity and resolution. Fingerprint ridge
structures with the ﬁrst, second, and third levels of details
were clearly developed within minutes. The method was facile
and robust for visualization of ﬁngerprints on various surfaces
including glass, metal, and plastics. Moreover, the oxetane groups in the Ox-Pdots undergo cross-linking reactions induced by a
short-time UV irradiation, yielding 3-D intermolecular polymer network. The resulting ﬁngerprint patterns exhibit unparalleled
stability against rigorous treatment, as compared to those by traditional Pdots. Our results demonstrate that the Ox-Pdots hold
great promise for latent ﬁngerprint imaging and ﬂuorescence anticounterfeiting applications.
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■

INTRODUCTION
When a ﬁnger comes into contact with the surface of an object,
a complex mixture of natural secretions from the skin pores and
external contaminants from the environment is transferred to
the surface, generating a ﬁngerprint. Because of the uniqueness
and permanence of the friction ridge arrangements, ﬁngerprints
have become one of the most useful approaches for criminal
identiﬁcation since their early forensic applications in the 19th
century. To date, the ﬁngerprint is still the cornerstone of
forensic evidence, and has also been widely used in areas such
as individual credentials, access control, and bioanalysis.1−3 In
most cases, however, ﬁngerprints are invisible because of their
poor optical contrast to naked eyes, thus requiring physical or
chemical treatment to enable visualization. During the past
century, numerous methods and reagents, including powder
dusting,4 metal deposition,5,6 cyanoacrylate/iodine fuming,7,8
and ﬂuorescence staining,9 have been developed for detecting
and visualizing latent ﬁngerprints. Recently, methods based on
biomolecular recognition have been demonstrated for both
ﬁngerprint visualization and detection of human metabolites
with diagnostic or forensic values.10−14
Despite the various eﬀorts and progress, there are a number
of problems associated with the current methods for ﬁngerprint
development. For example, powder dusting, the most
© 2015 American Chemical Society

commonly used procedure, can cause inevitable destruction
of the ﬁngerprint details when brushing magnetic or ﬂuorescent
powders on latent ﬁngerprints. Fingerprint images developed
by iodine fuming fade away rapidly upon exposure to the air. In
addition, the biolabeling methods typically involve complex
preparation of nanoparticle bioconjugates.15 Of great value in
forensic investigations is the preservation time of material
evidence. The important articles with ﬁngerprints found in a
crime scene should be handled and preserved with particular
care for rigorous analysis. Forensic scientists particularly require
that the ﬁngerprints developed by diverse techniques maintain
a good and robust pattern for a long preservation time.16
Therefore, development of new materials and methods that can
clearly visualize and permanently stabilize latent ﬁngerprints in
a facile, rapid, accurate, nondestructive, and eﬀective manner is
of considerable signiﬁcance.
Here we demonstrate semiconductor polymer dots comprising side-chain oxetane groups for covalent patterning of latent
ﬁngerprints. Fluorescent Pdots have recently generated
tremendous interest due to their superior properties such as
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°C for 5 min, and then 3-[(6-bromohexyloxy)methyl]-3-methyloxetane (3) (2.3 g, 8.8 mmol) in DMSO (15 mL) was added; the
mixture then reﬂuxed for 12 h. After the solution was cooled to room
temperature, the combined organic phases were washed with
deionized water (75 mL × 3) and extracted with ethyl acetate (40
mL × 3) and deionized water (50 mL). The combined organic layer
was dried (MgSO4) and evaporated; the ﬁnal product was obtained as
a colorless thick solid (2.2 g, 79%) after being puriﬁed by dry column
chromatography on silica gel (ethyl acetate/n-hexane = 1/5 as eluent).
Mp: 63.2−64.0 °C. 1H NMR (300 MHz, CDCl3, δ): 7.53−7.45 (q,
6H), 4.45 (d, 4H, J = 5.7 Hz), 4.32 (d, 4H, J = 5.7 Hz), 3.40 (s, 4H),
3.33 (t, 4H, J = 6.6 Hz), 1.94−1.88 (m, 4H), 1.43−1.34 (m, 4H), 1.26
(s, 6H), 1.15−1.05 (m, 8H), 0.63−0.50 (m, 4H). 13C NMR (150
MHz, CDCl3): δ 152.33, 139.02, 130.18, 126.06, 121.45, 121.14,
80.16, 75.97, 71.43, 55.57, 40.08, 39.82, 29.60, 29.33, 25.68, 23.53,
21.33.
Synthesis of do-PFO Polymer. In a 50 mL ﬂask, 9,9-di-{3-[(3methyloxetan-3-yl)methoxy]hexyl}-2,7-dibromoﬂuorene (5) (346.3
mg, 0.5 mmol) and monomer 9,9-dioctyl-9H-ﬂuorene-2,7-diboronic
acid bis(pinacol) ester (8) (321.3 mg, 0.5 mmol) were dissolved in
toluene (10 mL); Bu4NBr (6.4 mg, 0.02 mmol) and Na2CO3 (6 mL, 2
M) were also added. The reactants were stirred at room temperature,
and the ﬂask was degassed and recharged with nitrogen (repeated 6
times) before and after addition of Pd(PPh3)4 (10 mg, 0.008 mmol) to
the mixture. The mixed solution was stirred at 90 °C for 2 days under
N2 atmosphere, and then (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)benzene (30 mg) dissolved in toluene (1 mL) was introduced to
remove bromine end groups. After 5 h, bromobenzene (0.3 mL) was
added to remove boronic ester end groups and further stirred for 6 h.
After the mixture was cooled to room temperature, it was poured into
methanol (100 mL). The precipitated solid was ﬁltered and washed by
ammonia solution, deionized water, ethanol, and acetone. The crude
products were dissolved in tetrahydrofuran (THF, 15 mL), ﬁltered by
using 0.22 μm membrane, and reprecipitated in methanol (100 mL).
The precipitate was then redispersed in acetone (150 mL) and stirred
for 24 h. The resulting polymer was collected by ﬁltration, and then
dried at 40 °C under vacuum for 2 days, ﬁnally resulting in pale
yellowish green solid (374.0 mg, 81%). 1H NMR (300 MHz, CDCl3,
δ): 7.96−7.80 (m, 4H), 7.77−7.52 (m, 8H), 4.46 (d, 4H, J = 5.7 Hz),
4.32 (d, 4H, J = 5.7 Hz), 3.40 (s, 4H), 3.34 (t, 4H, J = 6.6 Hz), 2.25−
1.98 (m, 8H), 1.62−1.35 (m, 4H), 1.26 (s, 6H), 1.23−1.01 (m, 30H),
0.83 (m, 12H) (Supporting Information Figure S1). Molecular weight
was measured by GPC as Mn = 25 692, Mw = 64 360, PDI = 2.50.
Synthesis of do-PF10BT Polymer. In a 50 mL ﬂask, 9,9-di-{3[(3-methyloxetan-3-yl)methoxy]hexyl)-2,7-dibromoﬂuorene (5)
(277.0 mg, 0.4 mmol), monomer 4,7-dibromobenzo[c]-1,2,5-thiadiazole (7) (29.4 mg, 0.1 mmol), and monomer 9,9-dioctyl-9H-ﬂuorene2,7-diboronic acid bis(pinacol) ester (8) (321.3 mg, 0.5 mmol) were
dissolved in toluene (10 mL); Bu4NBr (6.4 mg, 0.02 mmol) and
Na2CO3 (6 mL, 2 M) were also added. The following reaction
conditions and puriﬁcation procedure were similar to the synthesis of
do-PFO polymer, ﬁnally resulting in bright yellow solid (286.5 mg,
68%). 1H NMR (300 MHz, CDCl3, δ): δ = 8.12−7.37 (m, 14H), 4.46
(d, 4H, J = 5.7 Hz), 4.31(d, 4H, J = 5.7 Hz), 3.40 (s, 4H), 3.33 (t, 4H,
J = 6.3 Hz), 2.27−2.03 (m, 8H), 1.51−1.34 (m, 4H), 1.26 (s, 6H),
1.23−1.03 (m, 30H), 0.83 (m, 12H). Molecular weight was measured
by GPC as Mn = 9353, Mw = 17 495, PDI = 1.87.
Synthesis of do-PF5DTBT Polymer. In a 50 mL ﬂask, 9,9-di-{3[(3-methyloxetan-3-yl)methoxy]hexyl)-2,7-dibromoﬂuorene (5)
(311.7 mg, 0.45 mmol), monomer 4,7-bis(2-bromo-5-thienyl)-2,1,3benzothiadiazole (6) (22.9 mg, 0.05 mmol), and monomer 9,9-dioctyl9H-ﬂuorene-2,7-diboronic acid bis(pinacol) ester (8) (321.3 mg, 0.5
mmol) were dissolved in toluene (10 mL); Bu4NBr (6.4 mg, 0.02
mmol) and Na2CO3 (6 mL, 2 M) were also added. The following
reaction conditions and puriﬁcation procedure were similar to the
synthesis of do-PFO polymer, ﬁnally resulting in dark red solid (319.2
mg, 71%). 1H NMR (300 MHz, CDCl3, δ): δ = 7.90−7.56 (m, 14H),
7.46−7.38 (m, 4H), 4.45 (d, 4H, J = 5.7 Hz), 4.31 (d, 4H, J = 5.7 Hz),
3.39 (s, 4H), 3.34 (t, 4H, J = 6.6 Hz), 2.29−1.96 (m, 8H), 1.66−1.34
(m, 4H), 1.25 (s, 6H), 1.23−1.05 (m, 32H), 0.82 (m,12H). Molecular

high brightness, excellent photostability, and biocompatibility
for biological applications.17−21 The high ﬂuorescence brightness, large Stokes shift, and excellent surface properties of the
Ox-Pdots in this work lead to great sensitivity and selectivity in
ﬁngerprint imaging. More importantly, the Ox-Pdots, once
bound with the ﬁngerprint ridges, undergo photo-cross-linking
reactions under a UV irradiation. The resulting image patterns
show unparalleled stability against rigorous treatments,
indicating their great potential for ﬁngerprint development
and anticounterfeiting applications.

■

EXPERIMENTAL SECTION

Materials. 3-Methyl-3-oxetanemethanol, 1,6-dibromohexane,
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene, bromobenzene,
2,7-dibromoﬂuorene, and chloroform-d were obtained from J&K
Chemical Ltd. 4,7-Dibromobenzo[c]-1,2,5-thiadiazole, 9,9-dioctyl-9Hﬂuorene-2,7-diboronic acid bis(pinacol) ester, 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-di-n-octylﬂuorene, and 4,7-bis(2bromo-5-thienyl)-2,1,3-benzothiadiazole were obtained from Derthon
Optoelectronic Materials Science & Technology Co., Ltd. Poly(styrene-co-maleic anhydride) (PSMA, Mn = 1700), tetrakis(triphenylphosphine)palladium(0) (Pd[PPh3]4, 99%), and triarylsulfonium hexaﬂuorophosphate salts were purchased from Sigma-Aldrich.
Blue-emitting semiconductor polymer poly(9,9-dihexylﬂuorenyl-2,7diyl) (PDHF, Mw = 55 000, PDI = 2.7) and green-emitting
semiconductor polymer poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-co10%(1,4-benzo-{2,1′,3}-thiadiazole)] (PF10BT, Mw = 15 000, PDI =
3.0) were purchased from American Dye Source, Inc. Red-emitting
semiconductor polymer poly(9,9-dioctylﬂuorene)-co-5%(4,7-di-2thienyl-2,1,3-benzothiadiazole) (PF5DTBT) was synthesized on the
basis of the procedure described in a previous report.22 All chemicals
were used without further puriﬁcation.
Characterization Methods. UV−vis absorption spectra were
recorded on a Shimadzu UV-2550 spectrophotometer. Fluorescence
emission spectra were measured on a Hitachi F-4500 ﬂuorometer. The
particle diameter distributions and zeta potential of the Pdots were
determined by dynamic light scattering (DLS) with a Malvern
Zetasizer Nano ZS instrument. The Pdot size and morphology were
investigated by a Hitachi H-600 transmission electron microscope
(TEM). Fourier transform infrared (FTIR) spectra were collected on a
Nicolet 6700 FTIR spectrophotometer. The molecular weights of
polymers were measured by the GPC method (515HPLC pump,
Waters, 2414 refractive index detector). 1H NMR spectra were
obtained on a 300 MHz Varian Mercury. 13C NMR spectra were
obtained on a 500 MHz Bruker Avance.
Preparation of 3-[(6-Bromohexyloxy)methyl]-3-methyloxetane (3). In a 250 mL ﬂask, to a solution of NaOH in deionized water
(50 mL, 0.65 g/mL) were added 3-methyl-3-oxetanemethanol (1) (5.0
g, 0.049 mol), 1,6-dibromohexane (2) (35.9 g, 0.147 mol), tetrabutyl
ammonium bromide (Bu4NBr, 0.2 g, 0.62 mmol), and n-hexane (40
mL). The mixture was stirred at room temperature for 24 h and then
reﬂuxed for 2 h. After the solution was cooled to room temperature,
deionized water (50 mL) was added to the solution. The solution was
extracted with n-hexane (50 mL × 3) and deionized water (50 mL ×
3). The combined organic layer was dried over MgSO4. The solution
was then concentrated, and the solvent was removed by rotary
evaporation; the ﬁnal product was obtained as a colorless liquid (10.1
g, 78%) after being puriﬁed by dry column chromatography on silica
gel (ethyl acetate/n-hexane = 1/10 as eluent). 1H NMR (300 MHz,
CDCl3, δ): 4.51 (d, 2H, J = 5.7 Hz), 4.35 (d, 2H, J = 5.7 Hz), 3.47 (t,
2H, J = 6.4 Hz), 3.46 (s, 2H), 3.41 (t, 2H, J = 6.9 Hz), 1.91−1.82 (m,
2H), 1.65−1.56 (m, 2H), 1.51−1.35 (m, 4H), 1.31 (s, 3H). 13C NMR
(150 MHz, CDCl3): δ 79.93, 75.86, 71.11, 39.70, 33.59, 32.52, 29.16,
27.74, 25.15, 21.19.
Preparation of 9,9-Di-{3-[(3-methyloxetan-3-yl)methoxy]hexyl)-2,7-dibromoﬂuorene (5). In a 250 mL ﬂask, to a solution
of NaOH in deionized water (15 mL, 1.0 g/mL) were added 2,7dibromoﬂuorene (4) (1.3 g, 4 mmol), Bu4NBr (0.165 g, 0.51 mmol),
and dimethyl sulfoxide (DMSO, 35 mL). The mixture was stirred at 60
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Scheme 1. Synthetic Route and Chemical Structures of the Photo-Cross-Linkable Semiconducting Polymers with Side-Chain
Oxetane Groups

Figure 1. Characterizations of the Ox-Pdots. (a) Size distribution of do-PF10BT Pdots determined by DLS. (b) TEM image of do-PF10BT Pdots.
(c) UV−vis absorption spectra of the Ox-Pdot solutions. The inset shows the Ox-Pdot solutions under daylight (left) and UV light illumination
(right). (d) Emission spectra of the Ox-Pdot solutions.
Fingerprints Development. Volunteers were asked to gently rub
their ﬁngertips over their forehead and nose region and then press on
substrates (glass microscope slide, aluminum foil, iron spoon, and
plastic Petridish) with minimal pressure. The area around each latent
ﬁngerprint was marked by a hydrophobic pen to keep the Pdots
solution over the surface containing the ﬁngerprints. Then, 0.5 mL of
Pdot solution (500 μg/mL) was added on the substrate and incubated
with the ﬁngerprints for a certain time (1−5 min) at room
temperature. For photo-cross-linking, the resulting sample was
immersed in a water solution of photoinitiator (triarylsulfonium
hexaﬂuorophosphate salts, 3 wt %), and irradiated with a UV lamp

weight was measured by GPC as Mn = 14 284, Mw = 30 498, PDI =
2.13.
Preparation of Pdots. The Pdots were prepared according to the
nanoprecipitation method described previously.23 In a typical
preparation, 500 μg of a conjugated polymer and 50 μg of PSMA
were completely dissolved in 10 mL of THF. A 3 mL portion of the
polymer/THF solution was quickly dispersed into 10 mL of ultrapure
water under vigorous sonication. The THF was then removed by
nitrogen bubbling on a hot plate. A small fraction of aggregates was
removed by ﬁltration through a 0.22 μm membrane ﬁlter.
14479
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Scheme 2. Schematic Illustration for Visualization and Covalent Patterning of Latent Fingerprints with Photo-Cross-Linkable
Ox-Pdots

(δ = 4.32 and δ = 4.46, 4H, two −CH2− in the oxetane ring,
Supporting Information Figure S1).
To achieve great colloidal stability, we prepared the Pdots by
using PSMA as a functional polymer.24 The resulting Ox-Pdots
have great colloidal stability: the aqueous suspensions are clear
for months with no sign of aggregation. The particle diameters
and morphology of Ox-Pdots were characterized by DLS
(Figure 1a) and TEM (Figure 1b) measurements. For example,
do-PF10BT Pdots exhibit a spherical morphology with an
average diameter of ∼18 nm (Figure 1a). The other two types
of Ox-Pdots show similar morphology and particle sizes
(Supporting Information Figure S2). All the Ox-Pdots show
major absorption bands in the UV region (Figure 1c). With an
UV excitation at 365 nm, the three types of Ox-Pdots exhibit
intense emissions at three diﬀerent colors (Figure 1d).
Fluorescence quantum yields of the Ox-Pdots were determined
to be 0.25 for do-PFO, 0.36 for do-PF10BT, and 0.20 for doPF5DTBT, respectively. The dominant UV absorption, large
Stokes shift, and high ﬂuorescence quantum yields of the OxPdots are promising for visualizing latent ﬁngerprints.
Development and Covalent Pattenting of Latent
Fingerprints. Inorganic quantum dots (Qdots), including
CdS,25 CdSe,26,27 and CdTe,16,28 have been explored for latent
ﬁngerprint development. In previous studies we have
demonstrated Pdots are 30 times brighter than Qdots of
comparable size.29 On the basis of the high brightness,
nontoxicity, and photo-cross-linking properties of Ox-Pdots,
we intended to explore their application for latent ﬁngerprint

(high-pressure mercury lamp, 250 W) for 10 s at room temperature.
The ﬁnal sample was rinsed three times with ultrapure water and
photographed by using a camera under a UV (∼365 nm) lamp
illumination.

■

RESULTS AND DISCUSSION
Synthesis and Characterization of Photo-Cross-Linkable Pdots. We choose polyﬂuorene-based backbone
structures to synthesize oxetane-functionalized polymers
because they exhibit great properties for the development of
multicolor semiconducting polymers. Scheme 1 shows the
synthetic routes of multicolor photo-cross-linkable polymers
and related monomers. Oxetanes are commonly reactive
functional groups for cationic photopolymerization, and they
react with each other upon UV light irradiation. We ﬁrst
synthesize the ﬂuorene monomer consisting of two oxetane
functional groups in the side-chains, which was further
copolymerized with the general ﬂuorene monomer and a low
band gap monomer (4,7-dibromobenzo[c]-1,2,5-thiadiazole or
4,7-bis(2-bromo-5-thienyl)-2,1,3-benzothiadiazole). Detailed
synthesis procedures of the monomers and polymers were
described in the Experimental Section. The three types of
oxetane-functionalized semiconductor polymers are blueemitting do-PFO polymer, green-emitting do-PF10BT polymer, and red-emitting do-PF5DTBT polymer, respectively. 1H
NMR (CDCl3) measurements clearly indicate the presence of
oxetane groups in the as-synthesized semiconductor polymers
14480
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Figure 2. Fluorescence images of latent ﬁngerprints developed with (a) traditional oxetane-free Pdots and (b) photo-cross-linkable Ox-Pdots. The
top panel shows the high-quality ﬁngerprint images developed by Ox-Pdots as compared to those by oxetane-free Pdots. The bottom panel shows
the respective images after THF treatment. The ﬁngerprint patterns by Ox-Pdots after photo-cross-linking are extremely stable against long-term
THF treatment (24 h). In contrast, all the ﬁngerprint patterns by oxetane-free Pdots are destroyed in THF for a short period of time (10 min). (c)
Zeta potentials of traditional oxetane-free Pdots and photo-cross-linkable Ox-Pdots. (d) FTIR spectra of do-PFO before and after cross-linking.

likely that the high-density ether groups of the Ox-Pdots
preferentially interact with fatty residues of the ﬁngerprint
ridges, resulting in rapid and high-quality imaging of the latent
ﬁngerprints. It is worth noting that well-resolved ﬁngerprint
structures were developed by the Ox-Pdots within a couple of
minutes. Such a rapid visualization may be practically helpful
for screening potential crime scenes and capturing ﬁngerprint
clues.
A signiﬁcant feature of the Ox-Pdots is that the developed
ﬁngerprint patterns can be covalently cross-linked to produce
robust and long-lasting structures. The ﬁngerprint patterns
were irradiated with a UV lamp (high-pressure mercury lamp,
250 W) for 10 s in the presence of triarylsulfonium
hexaﬂuorophosphate salts as a photoinitiator that can induce
the cross-linking reaction via a cationic ring-opening polymerization. As shown by the bottom images in Figure 2a,b, the
ﬁngerprint patterns after photo-cross-linking are extremely
stable against rigorous treatment in organic solvent such as
THF. Almost all the detailed structures remain with little
changes after THF treatment for 24 h. In contrast, all the
ﬁngerprint patterns by the traditional Pdots are destroyed in
THF in a short period of time (10 min). Fourier-transform
infrared (FTIR) spectroscopy was performed to conﬁrm the
light-induced cross-linking behavior in the Ox-Pdots. Previous
study demonstrated that oxetane groups could no longer be
detected by FTIR after the photo-cross-linking reaction.31 As
shown by the FTIR spectra of do-PFO polymer (Figure 2d),
the absorption band at 980 cm−1 is attributable to the cyclic
ether linkage of the oxetane ring.32 The characteristic band of
oxetane ring disappeared after UV irradiation, accompanied by

imaging. Conventional Pdots without side-chain oxetane
groups were also employed for comparative studies. Sebaceous
ﬁngerprints in our experiments were donated by volunteers
who gently rubbed their ﬁngertips over forehead and noses
tamped them on diﬀerent substrates with a minimal pressure.
The substrates were incubated with diﬀerent Pdots, and rinsed
with ultrapure water, and then photographed with an ordinary
camera under a UV lamp illumination (Scheme 2).
Figure 2 displays true-color ﬂuorescence images of the
ﬁngerprints developed by traditional Pdots and photo-crosslinkable Pdots, respectively. By using the same Pdot
concentration (500 μg/mL) and incubation time (2 min), all
the Ox-Pdots yield much better and reproducible imaging
quality (Figure 2b), while the conventional oxetane-free Pdots
give poor resolution (Figure 2a). This distinctive observation
highlights the importance of side-chain oxetane groups for
developing well-resolved ﬁngerprint structures. It is apparent
that the interactions of Ox-Pdots with the ﬁngerprint ridges are
determined by their surface properties. As revealed by zeta
potential measurements (Figure 2c), the Ox-Pdots show
negative surface potentials around −35 mV, somewhat lower
those of the oxetane-free Pdots (<−45 mV). We speculate that
hydrophobic interactions should play an important role in the
interactions between the Ox-Pdots and ﬁngerprint residue,
although electrostatic interactions can also contribute. As the
density of oxetane side-chain groups is quite high (∼50% in
monomer ratio), they are uniformly distributed on the Pdot
surface. The chemical components of ﬁngerprints include
inorganic salts such as iron and sodium, amino acids, and lipids
such as fatty acids, wax esters, squalene, and cholesterol.30 It is
14481
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the presence of some new bands around 1010−1130 cm−1 due
to the acyclic ether linkage of the resultant polyether chains.
These spectroscopic features indicate the occurrence of photocross-linking reactions in the Ox-Pdots. Taken together, these
results indicate that the photo-cross-linkable Pdots are superior
materials for covalently patterning latent ﬁngerprints with high
stability and long-term durability.
High-Resolution Imaging of Latent Fingerprints. The
Ox-Pdots provide high sensitivity and reliability in latent
ﬁngerprint imaging. There are two main categories of
ﬁngerprint matching techniques that are used for ﬁngerprint
identiﬁcation. The most widely used recognition technique, the
minutiae-based method, ﬁrst ﬁnds minutiae points and, after
that, maps their relative placement on the ﬁnger to match ridge
characteristics. Alternatively, pattern matching compares two
images to see how similar they are. Useful protocols and
ﬂowcharts have been published as step-by-step descriptions of
the comparative identiﬁcation process. The examination
method of ACE-V (analysis, comparison, evaluation, and
veriﬁcation) is the established methodology for perceiving
minutiae in two ﬁngerprints and making decisions. In all cases,
the ﬁngerprint image must provide a certain number of ridge
details to give a powerful identiﬁcation. A way to describe the
ﬁngerprint features by using three levels of details was
introduced by David Ashbaugh.33 Level 1 detail of friction
ridge features describes the general overall direction of ridge
ﬂow in the ﬁngerprint. Traditionally, the general pattern
formed on the ﬁngertips has been classiﬁed into generic classes.
In the most widespread Henry system of classiﬁcation, there are
three essential ﬁngerprint patterns: loop, whorl, and arch, which
constitute 60−65%, 30−35% and 5% of all ﬁngerprints,
respectively.
Figure 3 shows ﬂuorescence images that clearly indicate these
three basic ﬁngerprint patterns developed with Ox-Pdots. It is

not suﬃcient for individualization but can be used for exclusion.
Level 2 detail describes the speciﬁc ridge path, including the
starting position, length, and end point of the ridge. Level 2
detail enables individualization. It is the relationship of these
features across the print that deﬁnes the uniqueness of the
ﬁngerprint. Level 3 detail includes all attributes of a ridge, such
as the edge shape, width, pores, and other permanent minutiae.
The left image in Figure 3d displays a well-resolved ridge ﬂow
and pattern structure (level 1). Moreover, a number of
magniﬁed images of this ﬁngerprint were shown in the right
side of Figure 3d, which clearly illustrate Level 2 characteristics
of the patterns, such as delta, core, termination, bifurcation,
hook, island, short ridge, bridge, and enclosure. These detailed
characteristics identiﬁed in the ﬁngerprint form the basis of
personal identiﬁcation. We compared the ﬁngerprint image
developed by the Ox-Pdots with that captured with a blue
inkpad to further conﬁrm the accuracy of ﬁngerprint imaging.
As marked by the numbers in Figure 4, many identical minutia

Figure 4. Comparison of the latent ﬁngerprint stained by (a) a blue
inkpad and (b) do-PF10BT Pdots. The numbers marked the identical
minutia points simultaneously present in both of the two images,
indicating the high-resolution development of the ﬁngerprints by using
the Ox-Pdots.

points were simultaneously observed in the blue image
captured by inkpad (Figure 4a) and the ﬂuorescent image
developed by the Ox-Pdots (Figure 4b). Level 3 details such as
ridge path deviation (point 24), width, shape, edge contour,
and creases (point 9) could be clearly identiﬁed. These details
can apparently lead to individualization, and they are also
potentially useful in the identiﬁcation of partial or damaged
ﬁngerprints. Overall, successful identiﬁcation of the detailed
substructures indicates the high sensitivity and reliability of the
Ox-Pdots for rapid ﬁngerprint development.
To demonstrate the practical usefulness, the Ox-Pdots were
employed for developing ﬁngerprints of diﬀerent people on
various substrates. Sebaceous ﬁngerprints on diﬀerent substrates, including glass slide, aluminum foil, iron spoon, and
plastic Petri dish and polyvinyl diﬂuoride (PVDF) membrane
were incubated with do-PF10BT Pdots (Supporting Information Figure S3). Under a UV excitation, the images on these
substrates exhibit bright ﬂuorescent patterns, in which the
details of ﬁngerprint ridges could be clearly recognized. On the
other hand, the ﬁngerprints deposited on plastic substrates
present a bit poorer resolution and higher background noise,
indicating the substrate surface also aﬀects the interaction of
Ox-Pdots with the ﬁngerprints. This fact is consistent with the
hypothesis that hydrophobic interactions play a major role in
the ﬁngerprint development. We further demonstrate the

Figure 3. High-resolution ﬂuorescence images of latent ﬁngerprints.
The images indicate four diﬀerent ﬁngerprint patterns including (a)
loop, (b) arch, (c) whorl, and (d) double loop whorls. The magniﬁed
images show speciﬁc details, such as (1) delta, (2) termination, (3)
core, (4) island, (5) hook, (6) bifurcation, (7) short ridge, (8) bridge,
and (9) enclosure.
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Figure 5. Stability of the handwritten patterns against THF treatment: (a) Ox-Pdots after cross-linking with no treatment; (b) Ox-Pdots before
cross-linking with no treatment; (c) oxetane-free Pdots with no treatment; (d) Ox-Pdots after cross-linking in THF for 5 h; (e) Ox-Pdots before
cross-linking in THF for 5 h; (f) oxetane-free Pdots in THF for 5 h; (g) Ox-Pdots after cross-linking in THF for 24 h; (h) Ox-Pdots before crosslinking in THF for 24 h; (i) oxetane-free Pdots in THF for 24 h; (j) Ox-Pdots after cross-linking in THF for 10 days; (k) Ox-Pdots before crosslinking in THF for 10 days; (l) oxetane-free Pdots in THF for 10 days;.

■

applications of the multicolor Ox-Pdots for detecting ﬁngerprints from diﬀerent people. As shown in Supporting
Information Figure S4, all the Ox-Pdots developed ﬁngerprints
from nine volunteers displayed suﬃcient details of their ridge
pattern structures. Again, these observations clearly indicate
that the Ox-Pdots hold promise as a general approach for
imaging latent ﬁngerprints.
Besides the development of long-lasting ﬁngerprints, the
photo-cross-linking property of the Ox-Pdots has great
potential for forming permanently stabilized ﬂuorescent
patterns. Latent patterns, which are readable only under UV
light, are widely used in areas such as anticounterfeiting to
protect banknotes, tickets, certiﬁcates, and other important
documents.34 For anticounterfeiting applications, the ﬂuorescent patterns need to be highly resistant because they are
exposed to frequent handling. We demonstrated the feasibility
of the Ox-Pdots for ﬂuorescence patterning by inkjet printing
and ink stamping methods. As shown in Supporting
Information Figure S5, various ﬂuorescence patterns can be
generated with the Ox-Pdots by using similar approaches
demonstrated for the traditional Pdots.34 Stability examinations
were further performed by comparing the handwritten patterns
of Ox-Pdots with those of oxetane-free Pdots (Figure 5). As can
be seen, the photo-cross-linked patterns by the Ox-Pdots
exhibit nearly permanent stability, maintaining strong ﬂuorescence even after treatment in the most rigorous solvent THF
for 10 days. In contrast, the patterns by traditional oxetane-free
Pdots were severely degraded after THF treatment for a few
hours. It is noted that the patterns by Ox-Pdots before photocross-linking also show higher stability than the traditional
Pdots. It is likely that these patterns were partially cross-linked
during sample preparation or strong hydrogen bonding
between oxetane groups may also make a contribution.
Nevertheless, these results emphasize that the photo-crosslinkable Ox-Pdots generate multicolor ﬂuorescent patterns with
an unprecedented level of stability as compared to those by
traditional ﬂuorescent inks and oxetane-free Pdots.

CONCLUSIONS
In summary, we have designed photo-cross-linkable semiconductor polymers for latent ﬁngerprint development.
Oxetanes as reactive functional groups were synthetically
attached to the side-chains of ﬂuorene-based polymers. The
resulting Ox-Pdots exhibit bright multicolor ﬂuorescence under
a single-wavelength UV excitation. The high ﬂuorescence
brightness, large Stokes shift, and excellent surface properties of
the Ox-Pdots result in great sensitivity and selectivity in
ﬁngerprint development as compared to those of traditional
Pdots. We demonstrate high-resolution ﬂuorescence imaging of
latent ﬁngerprints on various substrates by using the Ox-Pdots.
Fingerprint ridge structures with the ﬁrst, second, and third
levels of detail were clearly resolved within minutes. More
importantly, the ﬁngerprint development by the Ox-Pdots
undergoes chemical reactions under a UV irradiation, forming a
covalently cross-linked polymer network with nearly permanent
stability. We anticipate that the Ox-Pdots hold promise for
rapid visualization of latent ﬁngerprints and ﬂuorescence
patterning in anticounterfeiting applications.
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