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Abstract

There is an immense literature on detection of latent fingerprints (LFPs) with fluorescent
nanomaterials because fluorescence is one of the most sensitive detection methods. Although
many fluorescent probes have been developed for latent fingerprint detection, many challenges
remain, including the low selectivity, complicated processing, high background, and toxicity of
nanoparticles used to visualize LFPs. In this study we demonstrate biocompatible, efficient, and
low background LFP detection with polyvinylpyrrolidone (PVP) coated fluorescent nanodiamonds
(FNDs). PVP coated FND (FND@PVP) are biocompatible at the cellular level: They neither
inhibit cellar proliferation, nor induce cell death via apoptosis or other cell killing pathways.
Moreover, they do not elicit an immune response in cells. PVP coating enhances the physical
adhesion of FND to diverse substrates and in particular results in efficient binding of FND@PVP
to fingerprint ridges due to the intrinsic amphiphilicity of PVP. Clear, well-defined ridge structures
with first, second, and third level LFP details are revealed within minutes by FND@PVP.

The combination of this binding specificity and the remarkable optical properties FND@PVP
permits the detection of LPFs with high contrast, efficiency, selectivity, sensitivity, and reduced
background interference. Our results demonstrate that background free imaging via multi-color
emission and dual-modal imaging of FND@PVP nanoparticles has great potential for high
resolution imaging of LFPs.
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1. INTRODUCTION

Friction ridge skin has distinct features that are stable from embryo development until
decomposition after death.1:2 Upon contact with a surface, the unique features of friction
ridge skin may leave an impression of the corresponding unique features. Fingerprints
provide crucial evidence for criminal identification due to the uniqueness and permanence of
the friction ridge arrangements. The fingerprint has been also widely utilized in diverse
fields such as production of identification, access control, and bioanalysis.2:3 In most
cases, however, latent fingerprints (LFPs) are indiscernible at crime scenes due to their
poor optical contrast to the naked eye. For this reason, numerous methods and reagents
such as ninhydrin solution, iodine/benzoflavone spray, cyanoacrylate esters, cyanoacrylate/
iodine fuming, powder dusting, metal deposition, and fluorescence staining have been
developed for LFP detection.*11 Generally, the powder dusting technique is the oldest

and most common method of latent fingerprint detection because it is extremely simple and
effective, using various materials including luminescent, metallic and magnetic particles.>.’
Despite the effectiveness of the powder dusting method using conventional powders in

the development of latent fingerprints under general conditions, it faces challenges related
to surface variability, contrast, selectivity, background interference, and toxicity of the
materials.’12.13

During the past few decades, the detection of LFPs via photoluminescence (PL) has
attracted attention due to its high sensitivity.14 There are several commercially available
fluorescent reagents including 1,8-diazafluorenone, coumarin 6, and anthracene.1>-17
However, development of LFPs with fluorescent reagents is relatively complex, expensive,
and environmentally unfriendly, due to the toxic and caustic nature of the chemicals used
for LFP detection. Recently, there have been efforts to develop an efficient technique for the
visualization of LFPs with fluorescent nanomaterials such as quantum dots, polymer dots,
carbon dots, and up-conversion nanoparticles.18-22 These nanomaterials possess remarkable
physical and chemical properties including large surface area, enhanced photochemical
stability, and high fluorescence intensity. Despite the merits of these nanomaterials,

they remain limited by challenges associated with efficiency, selectivity, photobleaching,
toxicity, and background interference.12:23.24 |n particular, as with PL techniques generally,
background fluorescence is a significant problem hindering the efficient and sensitive

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

Page 3

development of LFPs. Moreover, there remain serious concerns related to the toxicity of
nanoparticles to humans.

Nanoparticles are known to affect the immune system. Size, solubility and functional

groups on nanoparticles affect biocompatibility with immune cells such as macrophages and
dendritic cells (DCs). DCs, which have important roles in nanoparticle uptake, inflammatory
response, and specific immune response, are crucial effectors of innate immunity in
assessing primary responses.22:26 In addition to DCs, lung epithelial cells readily uptake
nanoparticles. Nanoparticles can be inhaled during powder dusting developing of LFPs

and could exacerbate pulmonary conditions such as asthma, chronic obstructive pulmonary
disease (COPD), tuberculosis (TB), and lung cancer.2”-28 Accordingly, assessing effects

of nanoparticles on cell viability and inflammatory immune responses is a preliminary
requirement and of critical significance for their application.

Fluorescent nanodiamonds (FNDs) are a new class of carbon nanomaterial that offers
great promise for diverse applications due to their unique physicochemical properties.2%-34
FNDs possess intrinsic biocompatibility resulting from their chemically robust and inert
surface.35-37 The nitrogen-vacancy (NV) centers in FND, which are formed by a
substitution of a nitrogen atom combining with an adjacent vacancy in the diamond lattice,
are responsible for fluorescence that is emitted in the near-infrared region (~*650-900 nm)
with a high quantum yield (approximately unity).38:39 Unlike other fluorophores, NV centers
emit exceptionally stable fluorescence, neither photobleaching nor blinking even under
extreme continuous excitation.*%41 The defect centers in FNDs exist two different charged
states, neutral (NV?, electron spin: S = 1/2) and negative (NV~, S = 1), with zero-phonon
lines at 575 nm and 637 nm, respectively.#243 In addition, FNDs accommodate other color
centers such as N3, H3, SiV, GeV, and Ni, with emission spectra covering a wide range of
the VIS to NIR spectrum.44-46

Here we demonstrate an alternative powder dusting strategy for LFP detection using
polyvinylpyrrolidone (PVVP) coated FND (FND@PVP), taking advantage of stable
fluorescence, multi-color emission, and biocompatibility of the FNDs. Importantly, we
demonstrate the biocompatibility of FND@PVP: they neither elicit cell death via apoptosis
or other toxic pathways, nor do they elicit a cellular immune response. The PVP coating

on the FND surface enhances selectivity and efficiency due to higher adhesion efficiency.
Compared to bare FND, FND@PVP provide highly sensitive, effective, and reliable
development of LFP images. Moreover, FND@PVP can efficiently develop LFP images

on a broad range of substrates due to strong interactions between FND@PVP and the
fingerprint residue. Developed images are well-defined in terms of finger ridge details,
resulting in high resolution images of LFPs. Furthermore, potential fluorescence background
due to auto-fluorescence of biological fluids at crime scenes can be readily distinguished
from developed LFP by controlling the excitation wavelength and taking advantage of the
multi-color emission of FNDs. We also demonstrate a dual imaging modality method in
which the FND@PVP LFP images are recorded via both fluorescence imaging and scanning
electron microscopy (SEM), showing an application of FND@PVP as a superior method for
LFP detection.
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Functionalization of FND with PVP and LFP development procedure using FND@PVP are
described in Scheme 1. PVP coating of FND was achieved by hydrogen bonding between
the carbonyl groups in the pyrrolidone ring of the PVP molecule and carboxyl groups on
the surface of the FND.#"48 PVP is composed of high polar and nonpolar moieties such

as an amide group in the pyrrolidone ring and nonpolar methylene and methine groups

in the ring.49:50 The PV/P structure is therefore amphiphilic, which enhances adhesion

to a multitude of surfaces. Consequently, the PP coating plays a key role in physical
interactions with the complex fingerprint residue.

In order to compare before and after functionalization of 50 nm (nominal diameter)

FND, UV-Vis, PL spectroscopy, zeta potential, transmission electron microscopy (TEM),
dynamic light scattering (DLS) were used to confirm their optical properties, surface charge,
morphology, and size. FNDs exhibit irregular shapes, jagged edges, a polydisperse size
distribution, low dispersibility, negative surface charge (-51 £ 1 mV), and a mean diameter
of 136 + 41 nm (PDI: 30 %) from TEM, zeta potential, and DLS measurements (Figure

1; Table S1; Figure S1, Supporting Information), whereas FND@PVP have comparatively
high dispersity and a narrow size distribution. Owing to reduced aggregation of FND by

the PVP coating on the FND surface, the measured diameter of FND@PVP decreased

to 83 + 13 nm (PDI: 15 %) (Figure S1, Supporting Information). Although PVP is a

neutral polymer, the surface charge of FND@PVP was slightly reduced to =46 + 2 mV
(Table S1, Supporting Information). PVP on the surface of FND was confirmed by Fourier
transform infrared spectroscopy (FT-IR) (Figure 1e). The absorption peaks at 2950 and 1655
cm~1 established the presence of asymmetric stretching of C—H and stretching of C=0,
respectively. Characteristic peaks of the pyrrolidinyl group were observed at 1460 and 1421
cm™L. The band around 1018 cm™1 was attributed to the C-N vibrations in PVP.51

In order to investigate the influence of PVP coating on the absorption and emission of FND,
UV-Vis absorption and PL spectroscopy were employed to assess the optical properties of
FND and FND@PDA (Figure 2a,b). The 50 nm FND strongly absorbed over the entire UV-
Vis region due to Mie scattering, whereas PVP has a narrow absorption peak at 194 nm.52
Following PVP coating of FND, an absorption band at ~199 nm was apparent in addition

to the broad effective absorption due to light-scattering by the FND. The emission spectra
of bare FND and FND@PVP were not changed by PVP coating. Since FND have several
different color centers, we explored the emission spectra at different excitation wavelengths
before and after PVP coating of FND (Figure 2c,d).53 Three characteristic color centers
consistent with H3, NV°, and NV~ centers could be determined from the their characteristic
spectra. The luminescence of these color centers was also unchanged through the PVVP
coating process.

It has been reported that FND containing NV defect centers have extraordinarily stable
fluorescence emission.4%41 To confirm their photostability, the FND and FND@PVP
suspensions were irradiated under continuous excitation with a UV lamp at 365 nm for
300 min (Figure 2e). The maximum PL intensity of the FND and FND@PVP were nearly
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unchanged. In contrast, the maximum PL of two different quantum dots decreased by
approximately 50% within an hour and gradually decreased over time to a final value of 10
and 26 % of their initial PL after 300 min of UV exposure.

2.2 Biocompatibility Assessment of FND@PVP

Prior to applying the FND@PVP to LFP detection, we assessed the biocompatibility

of FND@PVP by investigating their effects on cell proliferation, cell toxicity, and
inflammatory immune response using mouse bone marrow-derived dendritic cells (BMDCs)
and human non-small cell lung carcinoma (H1299) cells. Dendritic cells (DCs) are

potent antigen-presenting cells with a unique ability to trigger T-cell mediated immune
responses.>55 Accordingly, the cell viability and inflammatory immune responses of
FND@PVP were analyzed using BMDCs. We investigated the biocompatibility of
FND@PVP with H1299 cells because materials used for powder dusting could be

inhaled. Bare FND and FND@PVP were not toxic to BMDCs or H1299 cells over

the concentrations or incubation times tested (Figure 3a,b). In contrast, quantum dots

(QDs) showed significant toxicity with approximately 50% of the cells dying at the
maximum concentration or incubation time. Assessing the inflammatory effects of foreign
material, such as nanoparticles, is critical. The potential inflammatory immune response
was evaluated by determining the release of tumor necrosis factor (TNF-a). TNF-a is a
multifunctional cytokine that mediates apoptosis and cell survival as well as in inflammation
and immunity.®8 In order to assess the inflammatory activity of the FND, FND@PVP and
QDs on BMDCs, TNF-a. level was measured after particles were incubated with BMDCs for
24 hours. Similar to the cell proliferation and toxicity results, the TNF-a level of BMDCs
was unchanged during incubation with unmodified FND and FND@PVP (figure 3d). On the
other hand, slightly enhanced TNF-a levels were observed in BMDCs incubated with 250
nM of QDs. These results demonstrate the high biocompatibility of FND@PVP and their
safety for use as compared to QD for LFP detection.

2.3 Latent Fingerprint Detection with FND@PVP

The composition of fingerprint residue that is deposited when friction ridge skin makes
contact with a surface is a complex mixture containing salt, amino acids, proteins, nonpolar
lipids, and diverse metabolites.! Additional components may result from fingers touching
the sebaceous and apocrine glands. Fingerprint residue can also be contaminated by contact
with other surfaces.>” To create sebaceous fingerprints on a surface, donors washed their
hands thoroughly with soap and water, rubbed his fingers over oily parts of their face, and
gently pressed their fingertips on a split pair of cover slips such that each half of the print

is left on each cover slip. After developing the fingerprint with FND or FND@PVP, excess
powder was removed using an air duster (air velocity ~ 4.5 m/s) for 30 s. The specimen

was subsequently excited with a 525 nm light source and images were recorded with a
camera. This experiment was repeated 3 times to confirm reproducibility (Scheme S1).
Fingerprints developed using FND@PVP show much better and well defined fingerprint
structure, whereas fingerprints developed with FND have poor resolution and low image
quality due to insufficient binding of the FNDs with the fingerprint residue (Figure S2). The
adhesion efficiency of FND@PVP on LFP can be semi-quantitatively confirmed by plotting
the profile of fluorescence and SEM images. The FND@PVP mostly interacted with ridges
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in the LFPs (Figure S3). We further compared the LFP detection efficiency of commercial
green fluorescent powder and FND@PVP. The fluorescence image of commercial powder
labeled fingerprints was barely identifiable due to the strong nonspecific adhesion to the
surface, whereas the FND@PV/P treated fingerprints exhibited clear fingerprint structure
(Figure S4). These results indicate the important role of the PVP coating for efficient

LFP development and imaging. Generally, the surface of fingers is coated with a number
of lipid components associated with both sebaceous excretion and continuous inadvertent
touching of oily parts of the body such as the face and forehead. Accordingly, a consensus
has emerged that the main interactions between LFP development materials and the

lipids in latent fingerprints is hydrophobic in nature, rather than other interactions or
chemical reactions such as hydrogen bond formation, chemical reaction among functional
groups, electrostatic or hydrophilic interactions.5”=59 In this study, we exploited the unique
properties of PVP to enhance the adhesion efficiency of FND to latent fingerprint residues.
As mentioned above, PVP is amphiphilic due to the presence of both polar amide groups
and nonpolar methylene and methine moieties in its structure.42-°0 Consequently, PVP

can provide several interactions including hydrogen bonding from the carbonyl groups

in the pyrrolidone ring, hydrophilic, and hydrophobic interactions.*” Owing to its high
binding affinity to polar and nonpolar molecules, PVVP has been used as adhesive layer or
binder in pharmaceuticals.5%-62 Although PVP can provide several different interactions,
we propose that the high adhesion efficiency of FND@PVP on fingerprint ridges is

likely due to the hydrophobic interaction from nonpolar methylene and methine moieties
of PVP with diverse lipid components on the fingerprint. Furthermore, the PVVP coating

on FND does not significantly change the surface charge of FND, indicating that under

the measurement conditions the PVP in uncharged (Table S1 in Supporting Information).
Therefore, electrostatic interactions are unlikely to contribute to the adhesion between the
fingerprint and the FND@PVP. To estimate the amount of FND@PVP retained on the LFP,
a cover slip with a developed LFP was incubated in 1 mL water for 1 minute and the
concentration of released FND@PVP was measured via absorption by UV-Vis spectroscopy
(Figure S5). The amount of retained FND@PVP was approximately 110 g based on a
calibration curve with FND@PVP.

2.4 Analysis of Developed Latent Fingerprints

The structural characteristics of a fingerprint can be used for identification due to their
unique details. These features are commonly described in a hierarchical order of three
different levels, namely, Level 1, Level 2, and Level 3.3 At Level 1, ridges exhibit distinctive
shapes in one or more regions. These characteristic areas, called singularities or singular
regions, are classified into three typological types; loop, delta, and whorl. At Level 2, more
detailed features, called minutiae, can be observed. These minutiae include ridge ending,
bifurcation, lake, and crossover features are stable and robust as well as discriminative
among individuals. At Level 3, intra-ridge details such as edge contours, shape, width,
curvature as well as permanent details including incipient ridges and pores can be observed.

To further evaluate of FND@PVP for LFP detection, the method was applied to visualize
LFPs from 3 different donors. Fluorescence images of FND@PV/P treated LFPs reveal
different shape and ridge features of each donor (Figure 4a, b, and c). Level 2 features
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represent specific ridge paths, including the starting position, length, and end point of
ridges. These features enable individual identification. The magnified images illustrate
details of friction ridge skin features such as core, independent ridge, bifurcation, ending
ridge, crossover, bridge, scar, and pore features (The right side of Figure 4d; Figure S6,
Supporting Information). These detailed features in the fingerprint in principle enable
personal identification. SEM images of developed fingerprint reveal Level 2 features (Figure
4e and f). Furthermore, these images demonstrate that FND@PVP predominantly interacts
with residues from the ridges in the LFPs rather than the furrows (Figure 4g and h).

2.5 Practical Application of FND@PVP Powder to Develop Latent Fingerprints

The type of surface on which fingerprints are deposited can significantly affect the
subsequent effectiveness of LFP detection.163 Developed LFPs with FND@PVP were
observed on porous (wood, paper, and money) and nonporous (aluminum foil, glass, ceramic
tile, and plastic) surfaces. Bright-field optical images of developed LFPs taken with a

digital camera under room light were not easily detected. However, fingerprint patterns
were readily observed in fluorescence images of FND@PVP treated LFP (Figure 5; Figure
S7,8 Supporting Information). Upon excitation with two different wavelengths, 455nm and
525 nm, the FND@PVP labeled LFPs could be visualized due to multiple color centers

of FND imaged with the appropriate emission filters. We also developed LFPs from all 5
fingers (thumb, index, middle, ring, and little finger). All the resultant LFP images exhibited
clear and bright fluorescent fingerprint patterns (Figure S9). These results suggest that
FND@PVP can be used to develop LFPs on diverse substrates and from different people.

The chemical composition of fingerprint residues can change over time, which can affect
the development of LFP. Fingerprints from 3 donors on cover slips were stored in an
environmentally controlled chamber for 1, 3 and 7 days to observe the effects of aging

on the development of the LFPs. Fluorescent fingerprint images of aged fingerprints were
observed with two different excitation wavelengths (Figure S10). Although the fluorescence
intensity of developed LFP gradually decreased over time, the ridges remained identifiable.
The FND@PVP treated LFP on aluminum foil was stored in a room for 10 months to

check the long-term stability of FND@PVP labeled fingerprint, the photostability of FND,
and the interactions between the fingerprint and the FND@PVPs. After 10 months, the
fluorescence intensity was reduced compared to that of the freshly developed fingerprint, but
the fingerprint patterns remained identifiable (Figure S11).

2.6 Suppressing Background Fluorescence Interference in the Development of Latent
Fingerprints

Since the late 1970s advances in fluorescence technology have greatly contributed to
criminal identification.! However, fluorescence-based assays are limited by background
interference from inherent fluorescence of substrates, materials, contamination, and auto-
fluorescence of biological fluids at crime scenes. Hence, fluorescence background remains
one of the biggest obstacles to fluorescence detection.1:21:64 To extend FND based LFP
detection to overcome this limitation, we took advantage of the color center selective
excitation wavelength of FNDs (figure 2c¢,d). FND@PVP labeled LFPs were imaged with
two different excitation wavelengths (455 and 525 nm) in the hopes of differentiating
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the FND fluorescence emission from the background at these wavelengths. As a proof

of concept demonstration for reducing background interference, 8 uM of QDs, Nile red
powder, and color paper were used to generate fluorescence background. These fluorescence
background signals were detected with the fingerprint when excited at 455 nm (color

paper) or 525 nm (QDs and Nile red powder), whereas the fluorescence based background
interference was effectively removed by controlling the excitation wavelength (Figure 6).
Although auto-fluorescence of biological fluids such as blood at crime scenes are considered
as sources of fluorescence background interference, no auto-fluorescence was observed from
mouse blood in our system (Figure S12).

3. CONCLUSIONS

We present a simple method to coat the surface of FND with PVP that significantly
improves adhesion efficiency of FND to LFPs. Unlike QDs, neither bare FND nor
FND@PVP results in significant toxicity or immune response in BMDCs or H1299 cells.
The high fluorescence intensity, large Stokes shift, excellent surface adhesion properties,
and multiple color-centers in the FND@PVP result in enhanced contrast, sensitivity, and
selectivity in fingerprint detection. High-resolution fluorescence imaging of LFPs reveals
unique details at Levels 1, 2, and 3, which enables individual identification. FND@PVP
powder is an effective fluorescent probe for LFPs detection on various substrates. Based on
the exceptional contrast, sensitivity, and selectivity of FND@PVP, fluorescence background
was significantly reduced by controlling the excitation wavelength. In conclusion, we
demonstrate a strategy to utilize FND@PVP in fingerprint examination that is simple,
cost-effective, and environmentally friendly. FND@PVP is therefore a promising new tool in
LFP detection.

4. EXPREIMENTAL SECTION

4.1 Methods and Chemicals

50 nm Fluorescent nanodiamonds (FNDs) were supplied by Columbus NanoWorks.
Polyvinylpyrrolidone (PVP, 29K, Catalog #: 234257), ethanol (EtOH), Nile red, and WST-1
Cell Proliferation Reagent (Catalog #: 5015944001) were purchased from Sigma-Aldrich.
Dead cell apoptosis kit with annexin V FITC and propidium iodide (PI) were obtained

from Thermo Fisher Scientific (Catalog #: V13242). QDs were purchased from Thermo
Fisher Scientific (Catalog #: Q21321MP) and from SpectraGenetics Inc (Agm: 655 nm).
The control commercial green fluorescent powder was purchased from ADORAMA (US).
The TNF-a ELISA kit was purchased from R&D systems (Catalog #: DY410-05) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) was obtained from PeproTech
(Catalog #: 315-03). Deionized (DI) water with a resistivity of 18.2 MQ-cm was obtained
from a Milli-Q Water Purification System.

4.2 Surface Modification of FND with PVP (FND@PVP)

PVP coating of FND was performed following a procedure similar to that previously
reported.23 250 mg of 29K PVP was dissolved in an FND suspension (50 mg of FND in 5
mL of EtOH). The reaction mixture was stirred for 12 h at room temperature (25 °C) and
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then centrifuged for 20 min at 20,000 rpm. The isolated FND@PVP were then re-dispersed
in EtOH. The centrifugation and subsequent re-dispersing the FND@PVP in EtOH was
repeated five times. The precipitate was dried /n vacuo to obtain FND@PVP powder.

4.3 BMDCs and Human H1299 Non-small Cell Cultures

All mice were maintained by breeding at the National Cancer Institute (NCI), Frederick
Cancer Research and Development Center, animal facility. The National Cancer Institute
Animal Care and Use Committee approved all experiments on mice. DCs were prepared
by differentiating mouse bone marrow cells in medium containing GM-CSF using standard
protocols.33:6

The human H1299 non-small cell lung cancer cells were cultured as previously described.56

4.4 Cell Viability Assay (WST-1)

BMDCs and H1299 cells were cultured in 96-well plates and incubated with different
amounts of QDs, FNDs, or FND@PVPs for 16 h in a final volume of 100 L per well
culture medium. To assay for cell viability, cells were treated with 10 pL of cell proliferation
reagent WST-1. Cells were then incubated for 4 h, and absorbance was read at 450 nm as
described in the manual provided by the kit manufacturer.

4.5 Flow Cytometry Determination of Apoptosis via FITC-Annexin V and Propidium lodide
(PI) Staining
BMDCs were treated with 250 nM of QDs, FND and FND@PVP and QD for 6 h.
Cells were washed twice with PBS and then resuspend cells in 1X binding buffer at a
concentration of 1x 106 cells/ml and then stained with 5 pl of FITC-Annexin V and 5 pl
of PI for 15 min at room temperature in the dark followed by the addition of 400 pl of
1X binding buffer. Samples were then analyzed by flow cytometry (Calibur™, BD science).
For each sample 10,000 events were collected and the data were analyzed using FlowJo
software.

4.6 Immune Assay (ELISA)

BMDCs were treated with 250 nM of QDs, FND, and FND@PVP for 24 h and then level
of TNF-a in culture supernatants of BMDCs were determined by an TNF-a ELISA (R&D
Systems). The absorbance at 405nm was recorded in a Fluostar Optima fluorimeter.

4.7 LFPs Detection Using FND@PVP

\olunteers were asked to gently rub their fingertips over their forehead and nose region and
then press their finger on substrates (aluminum foil, ceramic, cover glass, money, paper,
plastic petri-dish, and wood) with minimal pressure. FND@PVP powder was applied to

the substrates to develop the LFPs. Excess powder was removed and the substrate was
blown with compressed air for 30 S to remove nonspecific or weakly bound FND@PVP
powder. This step resulted in more effective and sensitive fluorescence images of developed
LFP. Fluorescence images of FND@PVP labeled LFPs were taken in a UVP BioSpectrum
Imaging System equipped with a BioLite MultiSpectral Light Source. Different exposure
times were used for each substrate because the amount of FND@PVP particles was different
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on different substrates. Typically, two different excitation wavelengths (455 or 525 nm) were
used to obtain high resolution fluorescence images with FND@PVP. With 455 nm excitation
the exposure time was increased due to the relatively low density of H3 color centers.
Fluorescence images were processed in Fiji.

4.8 Fluorescence Background Suppression for LFPs Detection

15 uL of QDs (8 uM) or Nile red powder was dropped on cover slip and then dried in
vacuum for 24 hours. The background cover slip was placed under the cover slip with

the FND@PVP treated LFP. The FND@PVP developed LFP with the added fluorescence
background was imaged at 455 and 525 nm excitation wavelengths. For 455 nm excitation,
the specimen was exposed for 4 min 30 s with a SYBR Green (515~570 nm) emission filter.
The FND@PVP labeled LFP was imaged under 525 nm excitation wavelength for 30 s with
an Ethidium Bromide (570~640 nm) emission filter.

4.9 Characterization of FNDs and FND@PVP Particles

To characterize the size and morphology of both unmodified FND and FND@PVP, a JEOL
1400 transmission electron microscope (TEM) equipped with an AMT XR-111 digital
camera was employed. FT-IR results were obtained with a PerkinEImer Spectrum 100.

A DynoPro Nanostar (Waytt) dynamic light scattering (DLS) system running Dynamic
software using regularization method was characterized the hydrodynamic radius of FND
and FND@PVP. A Zetasizer Nano ZS (Malvern Instruments) was employed to evaluate the
surface charge of particles. UV-Vis absorption spectra and PL spectra for PVP, FND, and
FND@PVP were recorded with a HP/Agilent 8453 Spectrophotometer and a Tecan Spark
10 M Multi-Mode Microplate Reader, respectively. The air velocity of the compressed air
duster was measured with an ANEMOMASTER (KANOMAX) anemometer. Bright-field
optical images of developed LFPs were taken with a Nikon D80 camera with an AF-Micro
Nikkor 105mm 1:2.8 lens. Fluorescence images of developed LFPs were obtained with a
UVP BioSpectrum Imaging System with either a SYBR Green (515~570 nm) or Ethidium
Bromide (570~640 nm) emission filter, illuminated with a BioLite MultiSpectral Light
Source (excitation filter 455 or 525 nm, Olympus camera C-4040Z, Olympus Korea Co.,
Ltd., Seoul, South Korea). A Zeiss Crossbeam 540 FIB scanning electron microscope (SEM)
was also used to characterize the LFP developed with FND@PVP. Fiji ImageJ software
(National Institutes of Health) was employed to analyze fluorescence intensity profiles.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
LFPs latent fingerprints
PVP polyvinylpyrrolidone
FNDs fluorescent nanodiamonds
PL photoluminescence
NV nitrogen-vacancy
QDs quantum dots
TEM transmission electron microscopy
DLS dynamic light scattering
FT-IR Fourier transform infrared spectroscopy
WST-1 (2-(4-1odophenyl)-3-(4-nitrophenyl)-5-(2,4-disufophenyl)-2H-
tetrazolium sodium salt
BMDCs mouse bone marrow-derived dendritic cells
H1299 human non-small cell lung carcinoma cells
TNF-a tumor necrosis factor
GM-CSF granulocyte-macrophage colony-stimulating factor
PI propidium iodide
SEM scanning electron microscope
EtOH ethanol
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TEM images of (a), (b) uncoated and (c), (d) PVP-coated FND (FND@PVP). (e) FT-IR
spectra of PVP (black), FND (magenta), and FND@PVP (cyan).
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Figure 2.

Optical properties of bare and FND@PVP. (a) UV-Vis spectra of PVP, FND, and
FND@PVP. (b) intensity normalized PL spectra of both bare FND and FND@PVP at 530
nm excitation. (c), (d) intensity normalized PL spectra of bare FND and FND@PVP as
function of excitation wavelength. (e) Relative maximum PL intensity of FND, FND@PVP,
and two different QDs dispersed in water as function of time under constant exposure to 365

nm UV light.
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(a) Incubation time: 16 h (b) Concentration: 250 nM
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Figure 3.
Biocompatibility assessment. Viability of mouse immature BMDCs and H1299 cells in

the presence of QDs, FND, and FND@PVP as function of (a) particle concentration or

(b) incubation time. Cell viability was assessed by the WST-1 assay. (c) Flow cytometry
analysis of mouse immature BMDC cells incubated for 6 hours with 250 nM of particles.
Annexin V is used as a sensitive probe for the presence of phosphatidylserine on the cell
membrane and hence as a marker of apoptosis. Propidium iodide (P1) is a nonspecific DNA
intercalating agent, which is excluded by the plasma membrane of living cells, and thus
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can be used to distinguish necrotic cells from apoptotic and living cells. Annexin V versus
PI contour plots with quadrant gates show four populations. The populations correspond to
viable and non-apoptotic (Q4), early apoptosis (Q3), late apoptosis (Q2), and Necrosis (Q1).
(d) Evaluation of pro-inflammatory cytokine TNF-a. released by mouse immature BMDC
cells following treatment with 250 nM of particles or PBS control for 24 hours.
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Bifurcation

Figure 4.
Fluorescence and SEM images of developed LFPs using FND@PVP. The fluorescence

images were obtained with 525 nm excitation, a 30 s exposure, and an Ethidium Bromide
(570~640 nm) emission filter. Fingerprint patterns for three donors (a), (b), and (c). (d)

High resolution fluorescence image of donor 1’s fingerprint. Unique features are identified
inside colored boxes. Magnified fluorescence images of the developed LFP exhibit unique
details of the fingerprint such as core (Level 1), independent ridge, bifurcation, ending ridge,
crossover, bridge (Level 2), scar, and pores (Level 3). (e) and (f) SEM images show Level
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2 features of fingerprint and high interaction between ridges in the LFPs rather than the
furrows. (g) and (h) SEM images of ridges and furrows at higher magnification.
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Day light 455 nm 525 nm Day light 455 nm 525 nm

Figureb5.
Bright-field and fluorescence images of FND@PVP treated fingerprints on various surfaces:

(a) aluminum foil, (b) ceramic, (c) glass, (d) money (e) paper, (f) plastic petri-dish, and

(g) wood. All fluorescence images were obtained with two (455 and 525 nm) excitation
wavelengths. Different exposure times were employed for each substrate because the
FND@PVP binding differed among substrates. A SYBR Green (515~570 nm) emission
filter was employed with 455 nm excitation light, whereas an Ethidium Bromide (570~640
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nm) emission filter was employed with 525 nm excitation. The developed LFPs were clearly
observed on all surfaces due to strong binding of FND@PVP to finger residues.
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Figure6.
Fluorescence background interference suppression using color center dependent excitation

wavelength of FND. (a) red QDs, (b) Nile red powder, and (c) colored paper were used as
background fluorescence materials. Either 8uM of QDs or Nile red powder was deposited
on cover glass. The developed LFPs on a second cover glass were placed on QD or Nile
red deposited cover glass. The Latent fingerprint on colored paper was directly developed
using FND@PVP powders. The prepared samples were imaged at two different excitation
wavelengths (455 or 525 nm). At 455 nm excitation, the specimen was exposed for 4
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min 30 s with a SYBR Green (515~570 nm) emission filter. The FND@PVP labeled LFP
was imaged under 525 nm excitation wavelength for 30 s exposure time with an Ethidium
Bromide (570~640 nm) emission filter.
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Scheme 1.
Schematic illustration of (a) PVP coating of FND and (b) development of LFP using

FND@PVP with two different excitation wavelengths (455 and 525 nm).
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