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ARTICLE INFO ABSTRACT

Keywords: Herein, stable activator-free photoluminescent nanoparticles based on amorphous calcium phosphate (ACP) were
Calcium phosphate obtained for the first time, and their performance for latent fingerprint imaging was investigated. ACP nano-
Nanoparticles particles with irregular rounded shape and diameters in 10-40 nm range were prepared by a rapid and simple
;zgtizscence chemical precipitation followed by heat treatment at 400 °C for 4 h. Notably, diffuse reflectance spectroscopy,
Forensics photoluminescence excitation and emission measurements reveal a high density of localized energy states within
Fingerprint the wide optical band gap of heat-treated ACP (Eg = 5.25-5.42 eV). This behavior allowed the excitation of ACP
Imaging in near-ultraviolet region (Aexc = 450 nm, 2.75 eV), leading to an intense defect-related broadband (490-890 nm)

photoluminescence emission centered at 540 nm (2.30 eV), 50 times more intense than untreated nanoparticles.
The effect of lattice shrinkage due to structural water elimination, the presence of ionic vacancies (V¢ and Vg in
PO}") and carbonate groups (CO3"), on the luminescent properties of ACP were discussed in detail, as well as
investigated after aqueous-mediated ACP crystallization into hydroxyapatite (HA). ACP nanoparticles were non-
cytotoxic, as determined by MTT assay in Human Dermal Fibroblast neonatal (HDFn) cell line, with cell via-
bilities superior to 95% in all tested concentrations (20-320 pg/mL), after incubation for 24 and 48 h. Latent
fingerprint images were obtained using the ACP nanoparticles under near-ultraviolet irradiation (Aexc = 450 nm)
in tweezers and LCD smartphone and successfully validated by the Integrated Automated Fingerprint Identifi-
cation System used by Scientific Police in Spain. The present results evidenced that the new luminescent ACP
nanoparticles are safe to be used and agree with the forensic requirements for future legal actions.

1. Introduction

Fingerprint analysis is one of the most explored biometric recogni-
tion approaches in forensic science for personal identification [1,2].
Usually, fingerprints left on surfaces cannot be observed by naked eyes,
and a post processing step is often necessary, such as powder dusting,
chemical fuming, and through typical formulations based on organic
and fluorescent dyes [3-8]. Remarkably, since the pioneer use of zinc
sulfide phosphor (ZnS) [9], the photoluminescent powders have been
the most requested approach due to their resistance to photobleaching,
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and the ability to produce high resolution and sensitive fingermarks
when illuminated under ultraviolet (UV) radiation.

Up to now, a variety of strategies based on nanotechnology have
been developed to obtain fluorescent images of fingerprints with higher
contrast by the improvement of the fluorescence intensity and stability
of distinct materials. Many reports studied colloidal semiconductors
such as quantum dots, which the main properties are strongly based in
their particle size [10-15], rare earth nanoparticles (NPs), systems
which increase the emission quantum yield due to f transitions in the
shell environment [16-18], and noble metal NPs due to their inert
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nature [19-21]. Recently, carbon NPs and carbon dots have emerged for
this application [22-26].

Specifically, luminescent NPs comprising the calcium orthophos-
phate (CaP) family are interesting for forensic purposes. This is mainly
due to their superior biodegradability, biocompatibility and easily
scalable synthetic routes [27,28]. However, current research based on
luminescent CaPs NPs, mainly focused on hydroxyapatite (HA) and
amorphous calcium phosphates (ACPs), pointed towards other techno-
logical fields such as nanomedicine [29]. These NPs have received much
attention mainly due to the high capacity to incorporate foreign ions,
such as lanthanide ions, that allow the improvement of their lumines-
cence properties [30].

On the other hand, Zollfrank et al.,, [31] and Aronov et al., [32,33]
demonstrated the occurrence of intrinsic photoluminescence (PL) in HA
and attributed this behavior to the presence of defect-related localized
energy states. Since then, self-activated luminescence mechanisms in HA
micro- and nanoparticles have been studied by several research groups
[34-42], and were optimized for monitored drug delivery [43-47],
bioimaging [48-50], biosensing [51,52], and secure information storage
[53]. The main advantages of these strategies are that HA is made up of
earth-abundant and relatively low-cost elements, where the achieve-
ment of intense luminescence avoids the need of doping with activator
species. Also, the intrinsic luminescence was employed as a method to
characterize HA-based photocatalysts [54], structural and composi-
tional changes in bones [55,56], and in early caries detection [57].

In this study, the correlation between structural, optical, PL prop-
erties of ACP NPs were characterized for the first time and compared
with those of HA NPs. ACP has significant structural resemblances with
HA and is the first CaP phase precipitated from supersaturated aqueous
solutions at the initial stages of the reaction between calcium and
phosphate ions [58]. Hence, ACP can be prepared by faster and easier
synthetic routes such as chemical precipitation. However, special
attention is necessary to avoid its spontaneous crystallization in other
CaPs. In the present work, ACP NPs were washed and recovered 1 min
after precipitation. The post heat treatment step conducted at 400 °C
plays a two-fold role. First, to increase ACP phase stability, a well know
strategy to obtain stable powders at room temperature [59], and second,
to improve the luminescent properties of ACP NPs, a crucial step
observed for other CaPs [36,49]. Based on these results, this study al-
lows the establishment of non-toxic and stable luminescent ACP NPs to
be used for sensitive development of latent fingerprints.

2. Materials and methods
2.1. Materials

Calcium nitrate tetrahydrate (Ca(NO3)2-4H20, 99%) was purchased
from Sigma-Aldrich and di-ammonium phosphate (NH4)2HPO4, 98+%)
from Strem Chemicals. Ammonium hydroxide, absolute ethanol, and
acetone were purchased from Labsynth. Human Dermal Fibroblast
neonatal (HDFn, catalog number C0045C) cell line was purchased from
Thermo Fischer Scientific. Dulbecco’s Modified Eagle’s Medium
(DMEM) and Fetal Bovine Serum (FBS) were purchased from Vitrocell.
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
was purchased from Sigma-Aldrich, and dimethyl sulfoxide (DMSO)
from Labsynth. All reagents were used as received without further
purification.

2.2. Synthesis

The amorphous calcium phosphate ACP NPs were synthesized via an
easy approach based on chemical precipitation. First, 50 mL of an
aqueous phosphate solution (6 mmol of (NH4)o,HPO4, pH ~ 8.5) and
100 mL of an aqueous calcium solution (10 mmol, Ca(NO3),-4H50, pH
~ 6.8) were placed in separated flasks under vigorous stirring at room
temperature. The pH values of both solutions were adjusted to ~ 10 by
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adding ammonium hydroxide. Then, the phosphate solution was added
to calcium solution by one-batch step and the resulting mixture was
stirred for 1 min. The solid product was recovered and washed thor-
oughly by centrifugation with water and acetone. The resulting slurry
was dried at 60 °C for 4 h in air and is referred to as ACP sample. Then,
the ACP powder was placed in alumina crucible and heat treated at
400 °C/4h in a programmable furnace at a heating rate of 10 °C/min.
The sample was then naturally cooled to room temperature and is
referred to as the ACP400 sample. Comparatively, we also allowed the
crystallization of ACP in HA structure by increasing the aging step from
1 min to 24 h for a fraction of the resulting calcium and phosphate mixed
solution described above. In this case, the solid product was recovered
and washed several times with water and ethanol by centrifugation and
dried over night at 80 °C. The HA sample was heat treated at 400 °C/4h
in the same conditions than those used for ACP powder and is referred to
as the HA400 sample.

2.3. Characterization

Transmission electron microscopy (TEM) was performed in a FEI
TECNAI F20 (Netherlands) microscope operating at 200 kV. The pre-
pared samples were structurally characterized by X-ray diffraction
(XRD) in a Shimadzu XRD-6000 (Japan) diffractometer using CuK, ra-
diation (A = 0.154184 nm). The data were collected using a step scan
rate and step size of 0.2°/min and 0.02°, respectively. Fourier transform
infrared (FTIR) spectroscopy was performed using a Nicolet iS50 spec-
trometer (Thermo Scientific, USA) operated in absorbance mode. The
spectra were recorded at a resolution of 4 cm™! over the wavenumber
range of 400-4000 cm ™. The peak asymmetry (AS) was estimated ac-
cording to Equation (1) [60,61]:

AS = (Hg — H.)/(Hg +Hy) (€]

where Hg and Hj, are the right and left components of the full width at
half maximum (FWHM) of the v3sPO4 and v4PO4 bands.

X-ray photoelectron spectroscopy (XPS) studies were performed on a
Physical Electronics PHI VersaProbe II spectrometer using mono-
chromatic Al-K, radiation (49.1 W, 15 kV and 1486.6 eV) for analyzing
the core-level signals of the elements of interest with a hemispherical
multichannel detector. The sample spectra were recorded with a con-
stant pass energy value at 29.35 eV, using a 200 pm diameter circular
analysis area. The XPS spectra obtained were analyzed using PHI
SmartSoft software and processed using a MultiPak 9.3 package. The
binding energy values were referenced to adventitious carbon C 1 s
signal (284.8 eV). Shirley-type background and Gauss-Lorentz curves
were used to determine the binding energies. Ultraviolet-visible
(UV-Vis) spectroscopy was performed using a Shimadzu UV-2600
(Japan) spectrophotometer operated in diffuse-reflection mode. Exci-
tation and emission PL spectra were acquired in a Horiba Jobin Yvon
spectrofluorometer model Fluorolog-3, equipped with a 450 W Xe lamp
as the excitation source. Signals were collected by a visible photodiode
detector model PPD-850. All spectra were corrected by the lamp profile
and detector response. PL spectroscopy was also conducted at room
temperature by a Kimmon IK5451R-E HeCd laser (Aexc = 450 nm) and
using a Coherent Innova 200 K krypton laser (USA) (Aexe = 405 nm) was
used as the excitation sources.

2.4. Cytotoxicity assay

HDFn cells were used to investigate the potential cytotoxicity of
ACP400 NPs in order to probe if the NPs are safe to be used for forensics
purposes. Cells were cultured as a monolayer in DMEM supplemented
with 10% v/v inactivated FBS, at 37 °C and 5% COs. For cell viability
analysis, they were seeded onto a 96-well microplate at 2 x 10* cell/mL.
After 24 h, the medium was replaced with fresh complete medium
containing the NPs at different concentrations (0, 20, 40, 80, 160 and
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320 pg/mL) and cells were incubated for 24 and 48 h. At the end of the
exposure periods, HDFn cells were incubated with 0.5 mg/mL of MTT
for 2 h, washed with phosphate-buffered saline and formazan was sol-
ubilized with 200 uL of DMSO. The absorbance was recorded at 570 nm
using a SpectraMax M3 (Molecular Devices) plate reader. Three inde-
pendent experiments with three replicates each were conducted. Data
distribution was tested, and one-way analysis of variance (ANOVA) tests
were performed, followed by Dunnett’s post-test. Cytotoxicity was
investigated by the comparison of the controls versus groups containing
the NPs. p-values<0.05 were considered to be statistically significant.

2.5. Fingerprint imaging

Fingerprints recorded were analyzed to be validated by IAFIS system
(3 M Cogent’s Integrated Automated Fingerprint and Palm Print Iden-
tification System), a customizable software package that allows to
perform a wide range of tasks for processing, editing, searching,
retrieving, and storing fingerprint images and subject records used by
Scientific Police in Spain. The acquisitions of the fluorescent fingerprints
on the different surfaces were conducted by a Polilight PL10 (Rofin
Australia). Excitation bands in NUV region (Aexe = 350 and 450 nm)
were used with yellow goggles (495 nm, edge wavelength) and orange
goggles (edge wavelength 550 nm), respectively. The 450 nm excitation
conditions produced superior images to NUV and further work was
confined to this wavelength. The images of latent fingerprints were
obtained using a Multi-zoom Nikon AZ-100 microscope and a Nikon-
Digital Sight-5Mc, connected to the microscope by a computer, in which
the pictures were stored and visualized by NIS-Elements software. The
microscope was equipped with an epifluorescence system, in which the
samples were illuminated by a mercury lamp (100 W) and a variety of
available filter blocks (UV-2A: EX 330-380; DM 400; BA 420) were used.

3. Results and discussion
3.1. Morphology and long-range ordering (LRO) analysis

The morphological aspects of the as-prepared ACP and ACP400
samples were investigated by TEM, and the obtained images are dis-
played in Fig. 1a and 1b, respectively. Both samples are composed of
chain-like NPs with irregular rounded shape and diameters ranging
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Fig. 1. TEM micrographs corresponding to (a) ACP and (b) ACP400 NPs (SAED
pattern, inset), (¢) EDS elemental analysis of ACP400 NPs, and (d) XRD patterns
of prepared samples.
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mainly from 10 to 40 nm. No significant difference of the morphological
aspects was observed between ACP and ACP400 samples. The selected
area electron diffraction (SAED) pattern of the ACP400 NPs shows a
typical pattern of an amorphous material (inset Fig. 1b).

The chemical composition of ACP400 sample was evaluated by
energy-dispersive X-ray Spectroscopy (EDS) (Fig. 1c), indicating the
presence of Ca, P, and O elements, which consist of the main constitu-
ents of ACP structure. The presence of C can be mainly attributed to the
carbon film of TEM grid. Ca/P molar ratio calculated by EDS analysis
resulted in 1.43, which is close to but slightly lower than the value ob-
tained for amorphous tricalcium phosphate (ATCP, Ca/P = 1.50), with
general formula Ca3(PO4),. This was also found in a recent report for
ACP samples synthesized in similar conditions [62]. Such decrease in
Ca/P ratio is mostly related to the presence of acidic phosphate groups
(HPO?{) substituting POﬁ' groups in the initial ACP NPs (see section 3.2),
which is a well-known substitution in almost all ACP samples synthe-
sized at pH < 11 [63]. These groups lowers the Ca/P ratio by generating
calcium vacancies (V¢,) in order to keep the electroneutrality in ACP
structure [64].

Fig. 1d shows the XRD patterns of the ACP sample precipitated at
room temperature. No discernible peaks of crystalline CaP phases were
observed. Instead, the broad diffraction halo at 20 = 30° indicates that
an amorphous phase which lack of LRO was preserved [65]. A poorly
crystallized phase only appears when increasing the reaction time to 24
h (Figure S1a), which is related to the spontaneous conversion of ACP to
calcium-deficient HA (Cajo_x(HPO4)«(PO4)e-x(OH)s.« (0 < x < 1)) in
the mother solution [58]. As also shown in Fig. 1d, the amorphous
pattern of ACP sample persists after conducting the heat treatment at
400 °C for 4 h (ACP400 sample). The thermally induced crystallization
of ACP sample was only observed when annealing it at higher temper-
atures (600 °C/4h), where peaks corresponding to the monoclinic
a-tricalcium phosphate (a-TCP, a-Cag(PO4)2) phase were discernible
(Figure S2). ACP is known to assume a hydrated TCP-resemble structure
with the experimental conditions adopted [61,66], and posterior
annealing procedures (T > 600 °C) mainly lead to a solid state reor-
dering of ACP in the crystalline TCP phases [67].

Considering that thermal stability is a critical parameter for long
term use of ACP in practical applications, a further thermal aging
treatment of ACP400 NPs was conducted at 80 °C/8h, based on a recent
report [68]. No evidence of crystalline phases was observed after con-
ducting this experiment (Figure S3), which assures the thermal stability
of our ACP400 sample.

3.2. Short-range ordering (SRO) analysis

Fig. 2a shows the FTIR spectra obtained for ACP and ACP400 sam-
ples. The main vibrational modes of PO~ groups are observed,
including the asymmetric stretching mode of P-O bond (v3) in the
1300-900 cm ™! range, as well as the symmetric stretching mode of P-O
bond (1) appearing as a shoulder, and the bending mode of O-P-O bond
(v4) in the 685-485 cm™! range [69]. The broad and unsplited vs and vy4
modes herein observed are characteristic of ACP phase [70,71]. The
presence of these vibrational bands evidences a certain degree of SRO of
atomic groups in ACP and ACP400 NPs despite the lack of structural LRO
detected by XRD.

A band with very weak intensity can be seen near 2300 cm™
(Figure S4a) and is attributed to H-O(P) stretching mode of HPOZ
groups [72], confirming their presence in our ACP sample. The doublet
between 1600 and 1375 cm ™~ are assigned to the asymmetric stretching
mode of C-O bond (v3) of CO2~ group, whereas the low intensity band
centered at 871 cm ™! is related to the bending mode of O-C-O bond (v5)
of this same group [69]. The presence of CO2~ impurity is typically
associated to the precipitation of ACP under atmospheric conditions,
which causes the solubilization of CO; from air followed by the incor-

1

poration of the resulting CO3~ groups in the amorphous material by the
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Fig. 2. (a) FTIR spectra of ACP and ACP400 samples, (b) magnified view of H,O and v3CO3 bands, (c,e) magnified views of v3/v,PO4 and v4PO,4 bands, respectively,

and (d,f) 2nd derivative spectra of v3/v;PO4 and v4PO4 bands, respectively.

substitution of PO3" groups [73]. This substitution renders a global
slightly increase in Ca/P molar ratio values, despite additional V¢, va-
cancies are formed for charge balance implications. Based on the
pertinent literature [62,63], we conclude that the Ca/P molar ratio of
1.43 found in ACP400 sample is a net result of the simultaneous pres-
ence of HPO3 and CO%™ groups in precipitated ACP sample. Lastly, the
bands associated with the vibrational modes of water molecules are
observed in the range 3700-2500 cm~! and at 1655 cm ™! [74].

As shown in Fig. 2a and 2b, a remarkable difference between FTIR
spectra of ACP and ACP400 is the intensity of HyO bands, which
significantly decreases in the latter sample. Eanes [67] demonstrated
that chemically precipitated ACP obtained at similar alkaline conditions
(pH = 9.5-10) can retain ~ 15 wt% of water even after lyophilization.
Holmes and Beebe [75] concluded that ~ 25% of this value corresponds
to adsorbed water, whereas ~ 75% are tightly bounded water molecules
inside ACP structure. More recently, Uskokovic et al., [61] corroborated
with these seminal studies by obtaining similar water contents of 16.8
wt% in which 30% are adsorbed on ACP surface and 70% are inside the
solid framework. Therefore, the dehydration observed in ACP400 sam-
ple of the present work are mainly associated to the irreversible elimi-
nation of these water molecules inside the ACP structure that occurs in
the 25-400 °C temperature range and, in a less extend, to the reversible
loss of adsorbed water [59,61,75].

As mentioned earlier, the presence of HPO3 groups in ACP sample
(Figure S4a) is typically detected in amorphous ACP phases [76,77], and
is in agreement with the general formula of ACP, CayHy(PO4),nH20 (n
= 3—4.5) [58]. However, it disappeares upon heating (ACP400 sample)
accompanied by the appearance of another weak band at ~ 730 cm™?
(Figure S4b). This new band is associated to P20‘7" formed by the
condensation of HPOZ groups according to the thermally-induced re-
action 2HPO%’ — P20§’ + Hz01 [72,78]. According to Eanes [67], even
though there is an elimination of water from ACP lattice by this reaction,
the water lost by heating is predominantly related to dehydration due to
the low concentration of HPOZ groups in the initial amorphous material.

As shown in Fig. 2c and 2e, a broadening in the PO}~ bands related
to internal, short-range v3 and v4 vibrational modes when ACP NPs are
heat treated at 400 °C is observed, reflecting in an increase of FWHM
values from, respectively, 150 and 77 cm ™! for ACP NPs to 190 and 90
cm ! for ACP400 NPs. These values represent a FWHM increase of 27%
(v3) and 17% (v4) in ACP400. Moreover, the v3 and v4 POi’ bands have
become more asymmetrical in shape by the heating procedure, leading
to a peak asymmetry (AS) of, respectively, 0.14 and 0.16 for ACP NPs to
0.21 and 0.23 for ACP400 NPs, which means a AS increase of 50% and
44%, respectively, for these bands. As stated by Uskokovi¢ [60], these

data can be interpreted as a decrease in SRO into PO3~ groups of ACP400
NPs with a consequent larger absorption of varied frequencies although
temperature-related structural changes usually tend to lead higher de-
grees of structural ordering in materials. As previously discussed, an
important loss of tightly bounded water occurred in ACP400 (Fig. 2a and
2b). This liberation is known to lead to an overall contraction in ACP
lattice to remove empty spaces [60]. Hence, the structural shrinkage
significantly increases the lattice strain and led to even more distorted
environments around the PO} clusters, reflecting in the asymmetrical
broadening of v3 and v4 POi’ modes due to fluctuations in P-O bonds
length and in the O-P-O bond angles inside the PO}~ structure.

A further evidence of structural changes in the PO3~ groups and their
neighborhoods by annealing at 400 °C is the redshift of one observable
component for the triply degenerated asymmetric stretching mode (v3)
from 994 to 988 cm ™, the redshift of the non-degenerated symmetric
stretching mode (v;) from 943 to 937 cem ! and, in opposite, the blue-
shift of all components of the triply degenerated bending mode (v4) from
612, 585, 550 to 618, 588, 553 cm ™, respectively, as analyzed by the
second-derivative plots (Fig. 2d and 2f). This effect is associated to
stronger interactions of PO}~ groups with the near-neighbor atoms into
the ACP shrunken lattice that occurs at temperatures below the
amorphous-to-crystalline phase transition [60].

In v3 bands of CO2~ groups (Fig. 2b) important features are sensed
after the heat treatment procedure: (i) a slight decrease in intensity of
the doublet, which is associated to a partial sublimation of this impurity
as CO, at 400 °C [60], (ii) a blueshift of the doublet from 1491 and 1426
cm ! to 1508 and 1430 cm’l, and (iii) a slight increased separation of
the doublet from 65 to 78 cm™!. These last two characteristics of vs
modes are sensitive to the structural location of CO%~ impurities in CaPs
[78] and are susceptible to changes in the amount of hydration water
into lattices with surrounds that strongly interact with these groups
[79-82]. In this sense, the present results indicate that the remaining
COZ%~ groups were influenced by the compositional and organizational
changes at the surroundings due to the water loss and lattice contrac-
tion, leading to different stereo-chemistries for CO3~ groups with more
energetic C-O bonds.

3.3. Surface analysis

The surface chemical composition of ACP400 sample is based on O 1
5 (53.9 at.%),

C1s(17.2at.%), P 2p (12.8 at.%), and Ca 2p (16.1 at.%), as detected
on the survey scan (Fig. 3a). Basically, the XPS analysis showed that the
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Fig. 3. (a) Survey XPS spectrum of ACP400 NPs. High-resolution XPS spectra of (b) C1sand (¢) O 1s.

most key information was found in the C 1 s signal (Fig. 3b), which can
be deconvoluted in three main contributions. A main peak at 284.8 eV is
mostly attributed to surface hydrocarbon chains after heat treatment at
400 °C (C-C/C-H bonds); the further two shoulders at 286.8 and 289.1
eV are assigned to C-O and C = O (carbonyl)/O = C-O" (carboxyl
bonds), respectively, which are attributed to CO%’ on the surface of
ACP400 NPs [83]. Moreover, O 1 s was deconvoluted in three main
contributions at 531.0 (C = 0), 533.1 (C-O/P = O) and 534.7 eV (P-O)
[84] (Fig. 3c). These results indicate the presence of graphitized carbon
and COZ%~ groups from ACP. The other peaks related to P 2p do not show
relevant inputs. The signal attributed to the PO3~ component showed a
single peak, indicating that all the P atoms have an equivalent
environment.

3.4. Optical properties

In a semiconductor, the optical band gap energy (Eg) describes the
energy needed to excite an electron from the valence band (BV) to the
conduction band (CB). E; can be estimated by the Tauc’s method ac-
cording to Equation (2):

()" = A(hw — E,) 2

where « is the absorption coefficient, hv is the incident photon energy, A
is a constant depending on the transition probability, while n is equal to
1/2 or 2 for direct and indirect transition bandgaps, respectively [85].
The diffuse reflectance spectroscopy is often used to determine the Eg
value, and Figure S5 illustrates the reflectance spectra obtained for ACP
and ACP400 samples. The Kulbelka-Munk function, F(R,), can be
derived from these spectra as given by Equation (3):
(1-R.)} a

F(Roo):T:; 3

where R, is the reflectance and s is the scattering coefficient. F(R,) is
proportional to « if s is assumed to be wavelength independent and can

substitute a in Equation (3) [86]. The plot of [F(Roo)hv]l/ M ys. hvleads to
the Tauc’s plot, and the E; value is obtained by fitting and extrapolating
the linear portion of the plot to the energy axis. Fig. 4a and 4b show the
Tauc’s plots of our samples considering the previous approach. Addi-
tionally, we also used a linear fit as the abscissa (blue dotted line) for
each spectrum presenting significant sub-bandgap absorption. Accord-
ing to Makuta et al., [87], the use of this baseline method leads to more
accurate estimation of Eg value by the intersection of the two fitted lines.

Herein, two important insights can be highlighted. First, the Eg
values calculated for both ACP (Eg = 5.53 and 5.42 eV forn=1/2 and 2,
respectively) and ACP400 samples (Eg = 5.22 and 5.25 eV for n = 1/2
and 2, respectively) are closely related to those found in crystalline CaPs,
including «-TCP (Eg = 4.89 eV) and B-TCP (Eg = 5.25 eV) [88], with
direct bandgap transitions, as well as HA (E; = 4.51-5.78 eV)
[36,89-93] and Ca-dHA (Eg = 5.67 eV) [94], with indirect bandgap
transitions. The band structures of these materials are mainly composed
by overlapped P 3 s, P 3p and O 2p orbitals from covalent PO}~ groups at
the upper VB, with minor contributions of Ca 4 s and 3d components due
to ionic interactions of Ca with O from neighboring PO3~ groups, as well
as components from OH groups in the case of HA and Ca-dHA, whereas
the bottom of CB is mainly composed by Ca 3d components [88-91,94].
Since SRO is the key feature for the electronic properties of a solid [85],
we can assume that the close Eg values between our ACP samples and
those found for other CaPs emerge from the structural similarities at
short-range between the amorphous and crystalline phases, leading to
comparable band structures.

Second, a decrease in Eg from 5.53 to 5.42 eV (Fig. 4a) is observed by
conducting the heat treatment at 400 °C/4h. This decrease is accom-
panied by an increment in tailing of band states extending within the
forbidden gap. In poorly crystalline and amorphous materials, the
presence of these tails of energy states instead of sharp band-edge ab-
sorptions is characteristic of a broad distribution of defect levels which
vary upon the degree of lattice disorderliness [95]. The tail absorption
exponentially depends on photon energy, and the plot of In[F(R,)] vs.
hv can be used to calculate the Urbach energy (E,) or Urbach tail width
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Fig. 4. E; and E, energies for ACP and ACP400 samples. Tauc’s plots for (a) direct transition (n = 1/2) and (b) indirect transition (n = 2). (c) Plots of In[F(R,)] vs.

photon energy.
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by the slope of the straight line obtained in this plot. In our case, E, =
180 and 517 meV for ACP and ACP400, respectively, as shown in Fig. 4c.
The E; decrease and E, increase after the heat treatment step could be
attributed to an increment in lattice disorder (lower degree of SRO) for
ACP400 compared to ACP sample, due to the wider deviations of bond
lengths and bond angles from the ideal values, as was also observed by
FTIR data (section 3.2).

3.5. PL properties

Fig. 5a and 5b show the excitation spectra of ACP and ACP400 NPs
recorded by monitoring the main PL emission at e, = 530 and 540 nm,
respectively. A broad and intense band centered at 243 nm (5.10 eV) is
sensed in both samples and can be attributed to the excitation departing
from band states and localized tail states. The inset of each figure shows
a magnified view over a selected wavelength region (260-520 nm). A
weak but clear band extending up to 500 nm with maxima at 370 nm
(3.35 eV) and 398 nm (3.12 eV) is observed in ACP NPs. On the other
hand, this region in ACP400 NPs is composed by a weak band in the
300-375 nm range with maximum at 317 nm (3.91 eV), as well as by a
band in the 400-520 nm range with maxima at 456 nm (2.72 eV) and
484 nm (2.56 eV). As the excitation energies are much lower than Eg
values in both samples, these bands can be attributed to excitation
involving localized energy states from point defects in ACP structure, as
were also observed in other materials with similar spectral features [96].
These data evidence that there is an important reorganization of the
energy levels within the band gap in ACP by conducting the thermal
treatment.

Fig. 5c¢c shows the PL emission spectra of ACP and ACP400 NPs
recorded at Aexe = 450 nm. The excitation wavelength was selected to
resemble the one employed in fingerprint analysis. Both samples
exhibited broadband emission profiles originated from radiative
recombination of electron-hole pairs (e~h™) through pathways which
can encompass extended energy states as well as countless localized
energy states. Considering that both the excitation and emission wave-
lengths have significantly lower energies than the Eg calculated, the
contribution of band-to-band transitions between extended energy
states is negligible. The emission band of ACP NPs ranges from 490 to
740 nm and reaches it maximum of intensity at 530 nm (2.34 eV),
whereas for ACP400 NPs the emission band is broader and falls into the
490-800 nm range with maximum at 540 nm (2.30 eV). Another
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remarkable feature observed in PL spectra is the expressive increase in
intensity by at least 50 times after the heat treatment of the NPs at
400 °C.

To evaluate the effect of distinct excitation sources on the PL prop-
erties of the prepared samples, the emission spectra were also recorded
using the 442 nm line of HeCd laser (Fig. 5d). Only a minor change on
the inclination of the bands at shorter wavelengths is sensed due to the
distinct configuration of the optical filters employed, as well as a slight
increase in the resolution of the emission bands when compared to the
spectra acquired via spectrofluorometer, i.e., the maxima of the bands
are now centered at 521 and 540 nm for ACP NPs and at 540 and 569 nm
for ACP400 NPs. This feature is mainly related to the narrower excita-
tion line of the laser source.

The distinct characteristics observed between the emission profiles
of ACP and ACP400 NPs (Fig. 5¢ and 5d) influenced the color of PL
observed, mainly associated to the increase on the relative contribution
of radiative emissions at longer wavelengths in ACP400 sample. Fig. Se
shows the Comission Internationale de I’Eclairage (CIE) chromaticity
diagram. The CIE coordinates shifted from x =0.38/0.37 andy = 0.57/
0.52 for ACP to x = 0.53/0.52 and y = 0.45/0.44 for ACP400 (spec-
trofluorometer/laser), corresponding to green-yellow and yellow-
orange regions, respectively. Also, the close-related CIE coordinates
for both excitation sources confirm the reproducibility of the emission
profiles using distinct luminescence techniques and indicate that the
color of the PL observed was not considerably affected. The broadening
and red shift of the emission band with a consequent change in emission
color observed in Fig. 5e is often associated to a decrease in structural
ordering in materials [97-99], confirming that ACP400 exhibits a higher
degree of lattice disorder than the ACP sample induced by the heat
treatment procedure employed in this study.

3.6. Hypotheses for PL properties of ACP

The nature of the PL properties in ACP are not completely clear yet,
but according to this study the determining factor is the presence of
localized energy states due to order—disorder effects. In the last years,
the electronic structure and PL properties of HA were studied due to its
potential applications in optical devices and in nanomedicine [29], but
no previous literature was found concerning the ACP structure. In this
sense, to better elucidate the nature of PL emissions in the amorphous
NPs, we measured the emission spectra of ACP after allowing its
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Fig. 5. (a,b) PL excitation spectra of ACP and ACP NPs, respectively. PL emission spectra obtained by a (c) spectrofluorometer (Aexc = 450 nm), and (d) HeCd laser
(Aexc = 442 nm). (e) Calculated CIE chromaticity coordinates from the PL emission spectra.
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conversion into calcium-deficient HA, and the results are illustrated in
Fig. 6a-c. In this case, we excited our samples at Aexc = 405 nm with a
higher energy laser source to allow the comparison of the results with
those of former published studies [36,39]. Interestingly, both amor-
phous (ACP) and poorly crystallized (HA) samples presented broad-
bands with comparable profiles. A plausible reason for the similar PL
emission spectra after ACP — HA transition could be explained based on
their structures at short-range.

ACP NPs were proposed to exhibit SRO due to the presence of
randomly packed Cag(PO4)s units with an average size of 9.5 A (Posner’s
clusters) [65] which, in turn, resemble a spatial subset of Ca®* and PO?{
in HA unit cell [58]. The mechanisms governing the ACP — HA transi-
tion are not yet fully understood, but it is well-accepted that there is key
role of aqueous environments for the occurrence of solid-state reorga-
nization, dissolution/reprecipitation, self-assembly aggregation and
partial dissolution-aggregation mechanisms [77,100]. More to the point,
several studies experimentally confirmed the existence of the proposed
Posner’s clusters and that these basic pre-nucleation clusters are
conserved during ACP — HA transformation [77,101,102]. As to say,
although there is a LRO increase in the ACP — HA phase transition with
the presence of translational symmetry and stricter distribution of en-
vironments in HA structure, both materials possesses similarities at short
and medium range spatial organization of atomic groups [58,60], which
could result in comparable atomic interactions and electronic structures
(see section 3.4), as was also observed in other amorphous/crystalline
semiconductors [85].

Considering the previous discussion, it is also plausible that the
order—disorder effects which govern the PL for chemically precipitated
ACP and HA samples have similar nature. In HA, the PL emission was
proposed to arise mainly from perturbations of Ca and POy electronic
densities which led to new acceptor and donor-like localized states in-
side the band gap [37]. These states arise from the VB and CB, respec-
tively, with Ca 3p, Ca4s,P 3s, P 3p, 025, and O 2p character [103]. This
lattice disorder was mainly attributed to ionic vacancies (Vca, Vg, Vou,
and Vo in POZ~ groups) and to distortions in the bond’s lengths and
angles of the structural coordination clusters [35,37,40,103,104]. Some
reports also concluded that CO%™ impurity and the defects associated to
its stabilization in HA lattice could contribute to the defect-related PL
emission [39,45,49].

In ACP NPs, perturbations in Ca and POy electronic densities could
occur due to fluctuations in Ca-O and P-O bonds length and O-Ca-O
and O-P-O bonds angle (Fig. 2), which is a characteristic of ACP
structure, originating the localized tail states (Fig. 4). Besides, Bystrov
etal., [54] evidenced by DFT calculations of HA that Vg vacancies in PO4
groups lead to fully occupied peaks at 344 nm (3.60 eV eV), 358 nm
(3.47 eV), and 366 nm (3.39 eV) bellow the CB. Huerta et al., [40]
experimentally proposed that this level occurs at 373 nm (3.32 eV). In
this study, we propose that the defect-related excitation band centered
at 370 nm (3.35 eV) and 398 nm (3.10 eV) of ACP NPs mainly stems
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from energy states associated to Vo in PO3~. Hence, the PL emission
(Fig. 5¢) originates by excited electrons departing from this band, which
subsequently follow a complex multistep decay through radiative and
non-radiative pathways involving distinct extended and/or localized
levels. The latter levels could arise from tail states and from defect states
due to Vo in PO3", Vc,, as well as from COZ~ impurity and the defects
associated to its stabilization in ACP lattice.

The heat treatment at 400 °C of ACP lead to a new excitation band in
400-520 nm range, which is closer to the excitation wavelength used
(450 nm), rendering improved PL emissions compared to as-synthesized
ACP NPs. We believe that this new band has a great contribution from
temperature-induced changes of CO%’ impurity trapped in ACP400 NPs
and their environments. Zollfrank et al,, [31] proposed that annealing
biomimetic HA at 400 °C enhance the presence of self-trapped electrons
in carbonates (Cog’) giving rise to improved PL emission. Our recent
studies [36,49] with HA corroborated by the investigations conducted
by Gonzalez et al., [39] also concluded that CO%~ impurities could play
important role on the PL emission observed in NPs heated at
350-450 °C. In the case of ACP structure, the SRO modifications in CO3~
group observed by FTIR spectrum of ACP400 NPs (Fig. 2b) supports the
aforementioned arguments, since (1) this group become richer in elec-
tronic density after annealing due to changes of interaction with sur-
rounding crystal field, and (2)CO2~ environment become more
anisotropic (i.e., greater C-O bonds distortions). Hence, the changes in
bond character of CO2~ group and in its surroundings, as well as the
pronounced impact of the short-range disorder on CO2~ internal
arrangement contribute to the improved excitation capability of ACP400
NPs in higher wavelength regions than ACP NPs.

Furthermore, Zhang et al., [34] related the role of COé" radicals for
the PL observed in HA. Jiang et al, [105] more recently observed that
these impurities are in fact N-rich carbon dots present on the surface and
inside of HA NPs acting as luminescent centers, which was further
corroborate by other studies [50,53]. However, no clear signs of carbon
dots were observed herein. A main difference is that these authors used
significant amounts of citrate precursors which is known to decompose
in carbon dots by hydrothermal treatment. By XPS (section 3.3), we
observed the presence of surface hydrocarbon chains adsorbed on the
surface of ACP400 NPs. However, the substantial contribution of
adventitious carbon to the PL emission can be discarded, since it is
known that a similar adsorption capability is retained on the NPs after
ACP — HA transition [106]. Nevertheless, as shown in Fig. 6b, the
emission intensity of HA400 is 5 times less intense compared to ACP400
NPs.

Lattice water elimination when ACP is heat treated up to 400 °C is
then a crucial mechanism to be considered to the improved PL properties
of ACP400. Hydration water was previously proposed by Posner and
Betts [65] to occupy interstitial positions between the Cag(PO4)¢ clusters
composing the ACP NPs. Termine and Lundy [69] argued that H,O
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Fig. 6. PL emission spectra (Aexc = 405 nm) of (a) chemically precipitated HA obtained after ripening for 24 h and after conducting the heat treatment step at 400 °C,
(b) PL spectra of ACP and HA heat treated at 400 °C, and (c¢) normalized PL spectra of ACP and HA heat treated at 400 °C.
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molecules contribute with ACP coordination structure, and Du et al.,
[107] proposed that this water is coordinated with Ca atoms of the outer
shell of Posner’s subunits. Moreover, Uskokovi¢ et al., [61] stated that
before annealing, the water-rich ACP lattice possesses a large amount of
hydrogen bonding between H»O molecules and PO;~ groups. Yasar
et al, [62] concluded by NMR measurements that there are close
H,0---CO%~ and H,0---PO3 contacts in the ACP-particle interior.

Due to this active bonding of H,O molecules with their surroundings,
it could be expected that their removal influences the bond character of
the remaining atomic groups in ACP lattice, as was observed for the
strong polarizable PO~ and CO32~ groups. Moreover, as evidenced by
Uskokovi¢ [60], an important shrinkage of the ACP lattice occurs by
heating up to 400 °C in order to close the voids resultant from the release
of water. This contraction with consequent increase in lattice strain and
decrease in SRO of ACP400 lattice, observable as shifts and broadening
of bands related to PO}~ and CO2~ vibrational modes in FTIR (Fig. 2d
and 2f), could intensify the electronic interactions between neighbor
atomic groups with significant increase in PL emission intensity. This is
because of the enhancement in oscillator strength and the consequent
higher probability of radiative electronic transitions that takes place, as
well as the increase in the density of localized states within the
forbidden zone.

In our previous publication [36], we also observed an important
contraction in crystalline lattice of HA NPs up to 400 °C/4h after the
elimination of impurities with consequent increase in PL emission. This
difference in PL intensity of ACP400 and HA400 materials could result
mainly from the distinct characteristics of hydration water in their lat-
tices. When the ACP — HA transition takes place in aqueous media, the
concentration of hydration water is known to be reduced from ~ 15 wt%
for ACP to values below 3.5 wt% for HA [49,67] and the activation
energy (E,) for dehydration is also reduced from 23.6 kJ/mol for ACP to
12.5 kJ/mol ! for HA [61]. Thereby, ACP possess higher concentration
of hydration water molecules which are more tightly bounded in its
amorphous lattice than in HA one. These characteristics imply a less
pronounced structural impact at short-range in HA lattice than in ACP
by the loss of water, leading to lower density of similar localized energy
states and/or probability of radiative electronic transitions in HA400
NPs.

The experimental data obtained in this study evidenced that the heat
treatment at intermediates temperatures close to 400 °C is an important
step in order to obtain CaPs with improved PL properties. Pivotal role
are the concomitant impurity reactions (H20 and CO%’) that takes place
in ACP lattice during the temperature-induced structural reorganization.
These results could open venues toward new optical devices using
ACP400 NPs with stable structural and PL properties, as demonstrated
by the thermal stability probe (see section 3.1 and Figure S3) and the
long-term stability analysis conducted after 10 months by collecting the
FTIR and PL spectra (Figure S6), where no significant changes were
observed in comparison with the as-synthesized ACP400 sample.

Although the results in Fig. 6b evidenced that ACP400 sample has a
higher PL emission intensity than HA400 sample, the use of HA NPs for
forensic purposes is not discarded, since intense emission is observable
in heat-treated HA even with the naked eye [36]. Furthermore, the PL
properties of as-synthesized or heat treated HA and fluoridated-HA can
be optimized through doping with activator ions [93,108-111], or with
foreign ions that induce tunable amounts of defects, leading to an
enhancement of the self-activated PL emissions in HA [112]. These
strategies could also be used to obtain luminescent HA NPs aiming
fingerprint imaging applications.

3.7. Cytotoxicity assay

The MTT assay was used to evaluate the cytotoxicity of ACP400 NPs
on HDFn cells, and the results are illustrated in Fig. 7. After incubation
with ACP400 NPs for 24 h and 48 h, HDFn cells viability was superior to
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Fig. 7. Cell viability analysis of HDFn cells after incubation with increasing
concentrations of ACP400 NPs, for 24 and 48 h. Mean + SD of three inde-
pendent experiments in triplicate. Asterisks indicate difference in comparison to
the control (* p < 0.5 and **p < 0.01).

95% in all NPs tested concentrations (from 20 to 320 pg/mL). The sta-
tistical analysis revealed that there is no significant difference between
the control and APC400 NPs-treated cells, except for the ones containing
20 pg/mL (24 h), 40 and 80 pg/mL (48 h) of NPs, in which a slight in-
crease in cell viability occurred. These results are in accordance with the
superior cell viability found for luminescent HA NPs exposed to HDFn
cells in similar conditions [49]. Hence, the low cytotoxicity observed for
the luminescent ACP400 NPs evidences the potential of this CaP to be
used as safe material for forensics purposes.

3.8. Application for fingerprint imaging

The feasibility of ACP400 NP for fingerprint imaging was probed in a
pair of surfaces from utensils of daily use, and the results are shown in
Fig. 8. Under NUV light, the development of fingerprints was success-
fully obtained by the pale fluorescent yellow color from ACP400 NPs.
Moreover, a more accurate image was observed in the stainless-steel
tweezers (Fig. 8a) than in the polymeric material on the screen smart
surface (Fig. 8d). This allowed us to obtain clear and well resolved
ridges, bifurcations, and lakes.

To evaluate the viability of AC400 NPs as an alternative system for
latent fingerprint imaging, the digitalized images obtained in the
stainless-steel tweezers (Fig. 8b) and in the polymeric material (Fig. 8e)
were compared with those acquired by the standard procedure in the
entrance of the Police database based on ink fingerprints (Fig. 8c and 8f).
After the input on the Integrated Automated Fingerprint Identification
System (IAFIS), a process using a computer to match fingerprints against
a database of known fingerprints. Our analysis compared the different
traits in the obtained fingerprint founding 14 matches. These results
agree with the forensic requirements to be take in account for future
legal actions.

The mechanism for imaging fingerprints could be explained by the
electrostatic interactions of the negative surface due to O = P-O func-
tional groups (mainly phosphate) and basic proteins of the secretion
components, as previously reported [86]. The analyst compares minu-
tiae characteristics and locations to determine if they match. The anal-
ysis showed the satisfactory performance of ACP400 when used for
latent fingerprint detection. ACP400 NPs are fluorescent and non-toxic,
and the images obtained are more shinny that those obtained with ink.
The proposed method offers a certain advantage to the methods that are
currently used by the Scientific Police, such as those based on non
fluorescent magnetic nanoparticles [113], dyes [8], ink [114], and metal
oxides for fingerprint detection [115]. Furthermore, as highly fluores-
cent systems, it was previously proposed the application of QDs [12]
but, due to their low biocompatibility, carbon dots were brought to light
[22,24], and here we suggest the ACP400 NPs.
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Fig. 8. Latent fingerprint images based on ACP400 NPs obtained under UV irradiation in (a) tweezers and (b) LCD smartphone. (c,d) Digitalized images of UV-
exposed surfaces containing ACP400 NPs. (e,f) Digitalized images of the fingerprints obtained from the standard procedure by ink processing. Data analysis was

conducted using IAFIS system.
4. Conclusions

In summary, intrinsically photoluminescent, biocompatible, and
stable nanoparticles based on chemically precipitated ACP heat-treated
at 400 °C for 4 h were successfully synthesized. SAED, XRD and FTIR
results confirmed that the amorphous pattern was present after the heat
treatment, but also stemmed a significant decrease in structural short-
range ordering, observed in FTIR as a broadening of the PO~ bands
and an increase in peak asymmetry. Furthermore, the stereochemistry of
the structural CO3~ groups present into the ACP amorphous lattice was
also significantly affected. These structural changes occur due to the
shrinkage of ACP lattice as an effect of hydration water elimination at
400 °C. The aforementioned phenomena, together with V¢, and Vg
vacancy in PO}, were attributed to be the possible causes of the high
density of localized tail and defect states into the forbidden band gap of
heat-treated ACP, detected by diffuse reflectance via UV-Vis spectros-
copy, and by photoluminescence excitation and emission
measurements.

When excited at Aexe = 450 nm, the photoluminescence emission of
heat-treated ACP nanoparticles is 50 times greater comparing to freshly
precipitated ACP and consists of a broadband defect-related emission
profile centered at 540 nm and encompassing most part of visible region
(490-800 nm). The emission possesses a yellowish color, as was deter-
mined by CIE chromaticity coordinates using distinct excitation sources
(x = 0.53; y = 0.45, spectrofluorometer, and x = 0.52; y = 0.44, HeCd
laser). The structural and luminescent features remained almost un-
changed after 10 months, demonstrating the superior stability of the
heat-treated nanoparticles. When used for fingerprint imaging, the
bright yellow patterns of unique features from ACP luminescence were
well observed on the surface of tweezers and LCD smartphone under
NUV irradiation (Aexe = 450 nm). These nanoparticles presented in-
teractions with biomolecules and those interaction led to specific fluo-
rescent patterns. Moreover, the non-cytotoxic response of ACP observed
by MTT assay evidences the potential of this calcium orthophosphate to
be used as safe material for forensics purposes.
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