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a b s t r a c t

In recent years, there has been a growing effort toward the synthesis, engineering and property tuning of
biocompatible nanoparticles (NPs) that can be detected by confocal microscopy and then used as fluo-
rescent probes. Defect-related fluorescent hydroxyapatite (HA) is attracting considerable attention as a
suitable material for cell-imaging owing to its excellent biocompatibility, biodegradability, easy cell
internalization capability, and its stable and intense blue fluorescence. Although the self-activated
fluorescence of HA is advantageous, as it avoids the use of lanthanide dopants, organic dyes, or the
need to be combined with other fluorescent inorganic nanocrystals, its preparation by simple procedures
with fine control of the defects which govern this property remains challenging. In this study, we pro-
pose a new, simple, and cost-effective strategy of fluorescence imaging using HA nanorods (HAnrs)
obtained by chemical precipitation followed by heat treatment at relative low temperature (350�C)
without using any sophisticated equipment or inorganic/organic additives. Structural, compositional, and
morphological analysis, as well as a cytotoxicity assay, are described in detail. The fluorescence char-
acterization of HAnrs shows an intense bluish-white broad-band emission (lmax ¼ 535 nm), and the
defects which cause this behavior are studied by temperature-dependent photoluminescence mea-
surements (38e300 K). Moreover, the high density of defects in heat-treated HA leads to tunable fluo-
rescent property (lmax ¼ 399e650 nm) across the entire visible spectrum as a function of the excitation
wavelength (lexc ¼ 330e630 nm) with the potential for further multicolor imaging applications. Labeling
results by confocal microscopy show that HAnr co-cultured with human dermal fibroblast cell line
exhibit fluorescence signals in the cells even after 48 h of incubation with no evident cytotoxic effects.
Therefore, heat-treated fluorescent HAnr can be utilized for tracking and monitoring cells and is a safe
alternative for the traditional probes used in bioimaging procedures.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescence imaging (or simply bioimaging) is one of the most
common methods in bioscience for specific and high-resolution
imaging of biological matter. This is a versatile, non-invasive, and
low-cost technique which provides detailed information on bio-
logical structures and intracellular events with enhanced contrast
[1]. The principle for imaging is based on making samples or cells
. Machado).
fluorescent from the emitted signal of probes composed of (i)
common fluorophores, fluorescent proteins, and lanthanide
complexes or (ii) fluorescent systems based on biocompatible
nanoparticles (NPs) [2]. Fluorescent probes can significantly
improve the effectiveness of diagnosis and therapeutic procedures,
such as by the association of imaging and chemotherapy of meta-
static tumor cells [3]. In special, there is a vast list of fluorescent NPs
which can be internalized into cells for specific intracellular im-
aging procedures, including those comprised of polymers [4], up-
and down-converting inorganic nanocrystals [5e7], carbonaceous
materials [8,9], noble metals [10,11], or their combination in so-
phisticated nanoarchitectures [12e14]. Their surface chemistry can
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also be modified if targeted imaging or biosensing/imaging is
desired [15,16]. For instance, carbon nanotubes with surface func-
tionalization sneak into and out of cells to extract molecules for
cellular analysis, and the process can be monitored by fluorescence
imaging [17]. NP-based fluorescent systems have experienced
unprecedent success in imaging because of several advantages over
common probes, such as improved brightness, inertness to distinct
microenvironments, and robust photostability with improved
resistance to photobleaching. Also, they do not decompose under
repeated excitation processes [18].

Among the large variety of nanostructured materials available
for bioimaging, fluorescent Ca-based systems have attracted
increasing interest and are considered a safe substitute for inor-
ganic NPs with poor degradability and potential long-term toxicity
[19]. One of the most studied systems for this purpose is hy-
droxyapatite (HA), which belongs to the family of calcium ortho-
phosphates. HA has the general formula Ca10(PO4)6(OH)2 and
typically crystallizes in hexagonal symmetry with the P63/m space
group [20]. As the material most similar to the mineral phase of
hard tissues (labeled as bioapatite), synthetic HA bioceramic is
traditionally considered ideal for tissue engineering and bone
repair [21e23]. HA NPs are currently being extensively studied for
future clinical and biomedical trials in theranostics applications
owing to their superior biocompatibility, tunable biodegradability,
and pH-dependent solubility, as well as their relatively easy prep-
aration, functionalization, and drug/gene loading capability
[24e27]. However, the low intrinsic optical response of HA NPs is
an important research challenge for fluorescence imaging.

To avoid this drawback, HA-based materials for cell imaging can
be activated by combining them with organic fluorophores
[28e30], doping the matrix with lanthanide ions [31e37] or by
manufacturing composites with other inorganic nanomaterials
such as carbon-quantum and chalcogenide-quantum dots and
Na(Y/Gd)F4:Yb3þEr3þ nanocrystals [38e40]. Although these ap-
proaches can solve this problem, new difficulties related to these
contrast agents could potentially arise, e.g. organic dyes typically
suffer from lack of photostability and are prone to photobleaching
[41]. In addition, HA is composed of abundant and non-expensive
elements, but the incorporation of lanthanides leads to a costly
final material; the safety of lanthanide-containing systems and
quantum dots are also often questioned, limiting in vivo applica-
tions [42,43].

In parallel to the aforementioned efforts, the strategy of
manipulating intrinsic defects and impurities can be used to
improve the optical properties of materials [44]. This approach is
gaining attention for the generation of low-cost and biocompatible
systems with intense and tunable fluorescent emissions for bio-
imaging procedures [45]. Exploring HA NPs for this purpose is
advantageous, because of a unique structural arrangement that is
capable of supporting significant lattice distortions. Countless
foreign species or impurities of almost any size and valence state
(such as SiO4

4�, As5þ, or organic molecules) can be stabilized
without collapsing the crystal symmetry [46]. In fact, pure and
stoichiometric HA with hexagonal structure virtually never occurs,
and impurities (CO3

2�, H2O, etc.) and vacancies (Ca, OH vacancies)
are present in almost all cases for the stabilization of this phase
[47].

The engineering of these species during the synthesis and pro-
cessing of HA can regulate its final properties and can lead to an
intrinsic broad-band fluorescence with a maximum in the blue
region (lmax ¼ 395e420 nm) useful in theranostic applications
without lanthanide doping or fluorophore loadings [48e52]. In
general, for these biomedical approaches, intrinsically fluorescent
HA NPs are prepared by a hydrothermal route using organic mol-
ecules (such as trisodium citrate, hexadecyltrimethylammonium
bromide, L-aspartic acid monomer, or polyethylene glycol), which
decompose and allow the fluorescence to be improved by the
incorporation of a CO2

�e impurity [49,50,53]. More recently, Desh-
mukh et al. [54] synthesized self-activated fluorescent HA NPs with
a maximum at 530 nm (blue/green region) with a modified sol-gel
method using various protocols and stabilizing agents (triethyl
amine and acetyl acetone) and solvents (water and dimethyl sulf-
oxide). The fluorescence attributed to surface energy states in the
NPs was proved by uptake in both prokaryotic and eukaryotic cells,
confirming the excellent intracellular imaging capability of HA.

Another way to activate defective luminescent materials is by
thermal annealing at relatively low temperatures of chemically
precipitated samples, with the important advantage of avoiding the
use of solvents or complex organic modifiers [55,56]. In recent
work, our research group has demonstrated a novel methodology
where the precise control and manipulation of the defective energy
states and impurities trapped in the lattice is possible depending on
the heating temperature (90e800�C), leading to new range of
tunable visible broad-band emissions from bluish to yellowish
white light (lmax ¼ 440e620 nm) in HA nanorods (HAnrs). Such
behavior was further reinforced by the findings of Gonzalez et al.
[57].

The question that now arises is whether the intrinsic fluores-
cence of the HAnrs is suitable for biomedical approaches. Herein,
the main goal is to obtain a new activator-free or dye-free HA
compound. To this end, first we want to provide insight into the
structural and optical properties of HAnrs to understand the origin
of the emissions, including low-temperature fluorescence mea-
surements and the full-tunable behavior depending on excitation
wavelength and excitation sources. Second, we want to know if
these self-activated fluorescent HA NPs are efficiently internalized
by human cells, for intracellular imaging purposes.

2. Materials and methods

2.1. Materials

Calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 99%) and di-
ammonium phosphate ((NH4)2HPO4, 98þ%) were purchased from
Sigma Aldrich and Strem Chemicals, respectively. Ammonium hy-
droxide and absolute ethanol were both purchased from Labsynth.
All reagents were used as received without further purification.
Milli-Q water was used in all experiments. Human dermal fibro-
blast neonatal (HDFn, catalog number C0045C) cell line was pur-
chased from Thermo Fischer Scientific and was cultivated with
Dulbecco's Modified Eagle's Medium (DMEM, Cultilab, Campinas-
SP, Brazil) supplemented with 10% (v/v) fetal bovine serum (FBS,
Cultilab, Campinas-SP, Brazil) in a humidified incubator at 37�C
under a 5% CO2 atmosphere. MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) was purchased from Sigma-
Aldrich, dimethyl sulfoxide (DMSO) from Labsynth, and Alexa
Fluor 532 Phalloidin (catalog number A22282) from Thermo Fisher
Scientific.

2.2. Synthesis of fluorescent HA NPs

HAnr samples were synthesized via chemical precipitation as
described in our previously published studies [58,59]. Briefly,
10 mmol of Ca(NO3)2.4H2O and 6 mmol of (NH4)2HPO4 were dis-
solved in 50 and 100 mL of water, respectively. Then, the pH of the
resulting aqueous solutions was adjusted to 9.5e10.0 by adding
ammonium hydroxide. Dropwise addition of the (NH4)2HPO4 so-
lution to the Ca(NO3)2.4H2O solution was performed at an
approximate rate of 7 mL/min using a peristaltic pump. The
mixture was ripened for 2 h maintaining the temperature at 90�C.
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The resulting solid product was recovered and washed thoroughly
by centrifugationwith water and absolute ethanol to remove all the
residual reagents. The resulting powder was dried at 80�C for 24 h
in air and is referred to as HAnr sample. The HAnr sample was
placed in a programmable furnace and heated from room tem-
perature to 350�C for 4 h at a heating rate of 5�C/min in air for the
preparation of highly fluorescent HAnrs. The sample was then
naturally cooled to room temperature and is referred to as the
HAnr350 sample.
2.3. Characterization of HA NPs

The HAnr and HAnr350 samples were structurally characterized
by X-ray diffraction (XRD) in a Shimadzu XRD-6000 (Japan)
diffractometer using Cu Ka radiation (l ¼ 0.154184 nm). Data were
collected for 2q values from 10� to 80� 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 Jasco FT/IR-
6200 (Japan) spectrophotometer operated in absorbance mode.
Spectra were recorded at a resolution of 4 cm�1 over the wave-
number range 400e4000 cm�1. UVeVis spectroscopy was per-
formed using a Varian Cary 5G (USA) spectrophotometer operated
in diffuse-reflection mode. X-ray photoelectron spectroscopy (XPS)
analyses were performed on a Scienta Omicron ESCAþspec-
trometer (Germany) using monochromatic Al Ka (1486.7 eV). The
binding energies of all elements were calibrated by referencing to
the C 1s peak at 284.8 eV. The morphological features were
examined by field-emission scanning electron microscopy (FE-
SEM) with a Carl Zeiss Supra 35-VP (Germany) microscope oper-
ated at 5 kV. The NP dimensions were estimated using distinct FE-
SEM images collected from the sample heat treated at 350�C. The
number of counts required for statistical analyses was 100 NPs.
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HR-TEM) micrographs as well
as selected area electron diffraction (SAED) and energy-dispersive
X-ray spectroscopy (EDS) analyses were performed in a FEI TEC-
NAI F20 (The Netherlands) microscope operating at 200 kV. Ther-
mogravimetric (TG) analysis was performed using a Netzsch TG 209
F1 Iris (Germany) thermo-microbalance from 25�C to 1200�C at a
heating rate of 10�C/min under a synthetic air atmosphere (5 mL/
min of O2 and 15 mL/min of N2). Elemental analysis for C, H, N, and
O was conducted in a Leco TruSpec Micro Series (USA).
2.4. Fluorescence of HA NPs

Fluorescence spectroscopy using a high-powered source was
conducted at room temperature, applying modulation and lock-in
detection using a Thermal Jarrel Ash Monospec 27 (USA) mono-
chromator coupled to a Hamamatsu R955 (Japan) photomultiplier.
A Coherent Innova 200 K krypton ion laser (USA) (lexc ¼ 350 nm)
was used as an excitation source with a power of 500 mW, where
the incident laser beam reaches the samples at a maximum power
of 14 mW. For the temperature-dependent study, the measure-
ments were conducted through an optical fiber cryogenic probe
submersed in liquid helium in a Dewar at the temperature range
300‒38 K and using an Ocean Optics QE65000 (USA) spectropho-
tometer coupled with a CCD Hamamatsu S7031-1006 (Japan) de-
tector. The same excitation source as the one used in the room
temperature study was used without modulation, but in this case,
the maximum power at the sample was 30 mW. For the fluores-
cence study with a low power source at distinct wavelengths of
excitation, a Horiba Jobin Yvon Fluorolog-3 FL3-122 (Japan) spec-
trofluorometer was used, coupled with a Xenon lamp source
(450 W) and equipped with a Hamamatsu R928 (Japan) detector.
2.5. Biocompatibility probes

To assess the effects of fluorescent HAnr350 on the viability of
healthy cells, cultures of HDFn cell line were exposed to the NPs.
Briefly, 96-well plates were seeded with 105 cells/mL suspensions
prepared in DMEM supplemented with 10% FBS (v/v) and main-
tained for 24 h prior to the assays at 37�C in a humidified incubator
under a 5% CO2 atmosphere. The fibroblasts were exposed to HA
NPs solutions of 20e320 mg/mL, freshly prepared (using an ultra-
sonic bath to redisperse the NPs and overcome aggregation in
aqueous media) in phenol-free DMEM supplemented with 10% FBS.
Samples were incubated for 24 and 48 h in a humidified incubator,
and the cellular viability was assessed indirectly using the MTT
assay. Absorbance values were obtained at 570 nm using a micro-
plate spectrophotometer Multiskan™ Go (ThermoFisher Scientific),
and the NPs interference was minimized by transferring the DMSO,
after formazan solubilization, to a new 96-well plate. Viability
values were determined considering the absorbance values of the
control group (cells not exposed to HA NPs, 0 mg/mL) as 100% of cell
viability. Each experiment was conducted with quintuplicates, and
the assays were repeated on two different occasions.

2.6. Confocal probes and cellular uptake of HA

First, the fluorescence signal of the HAnr350 dry powder was
directly evaluated by laser scanning confocal microscopy (LSCM) in
an inverted Zeiss LSM 780 microscope (Carl Zeiss) coupled with a
non-descanned detector. Single-photon excitations were conduct-
ed using a Diode laser (405 nm), Ar laser (458, 488, and 514 nm),
and HeNe laser (543, 594, 633 nm). In the next step, the internal-
ization of HAnr350 was probed by LSCM. Suspensions of 104 cells/
mL of HDFn cells, prepared in phenol-free DMEM supplemented
with 10% FBS, were seeded in 35 mm cell culture dishes (Ibidi) and
incubated for 24 h at 37�C. Cell media were replaced with 320 mg/
mL HA NPs and incubated for 48 h. Samples were gently washed
twice with phosphate-buffered saline, and the F-actin was stained
with Alexa Fluor 532 Phalloidin, labeling cells cytoskeleton, for
imaging with the confocal microscope using single-photon excita-
tion (514 nm for Alexa Fluor and 405 nm for HA NPs). The same
procedure was used for multicolor intracellular imaging but
without cytoskeleton labeling. In this case, the fluorescence of
HAnr350 sample was probed using 405, 488, 543, and 594 nm as
the excitation wavelengths.

3. Results and discussion

A schematic representation of the results obtained in this work
is presented in Fig.1. By a simple chemical precipitation followed by
heat treatment, the fluorescent properties of HA can be greatly
improved. Owing to this characteristic, the possibility of tuning the
emission colors and the high biocompatibility of the nanorods, they
can be used in several applications from technological to biomed-
ical approaches. Here, we demonstrated the use of HAnrs for cell
labeling by confocal microscopy using HDFn cells as a model. The
NPs are successfully uptaken, and their fluorescence emissions are
intense and defined enough to delimitate distinct cell structures.

3.1. Structure and morphology

Both the synthesis methods and the heat treatment conditions
could lead to not only distinct phases of calcium phosphate but also
the presence of deleterious phases. In the present study, the crys-
talline phase and the structural long-range order were evaluated by
the XRD patterns presented in Fig. 2(a). All diffraction peaks
observed in HAnr and HAnr350 samples can be perfectly indexed to



Fig. 1. Schematic of the synthetic route of HA nanorods with improved self-activated fluorescence and their application for cell-imaging. HA, hydroxyapatite.

Fig. 2. Structural characterization of HA samples: (a) Lattice ordering at long-range by XRD patterns, (b) representation of HA hexagonal structure, (c) coordination clusters, and (d)
lattice ordering at short-range by FTIR spectra. The insets show the calculation of crystallinity index and a magnified view of the n3CO3 region. Surface analysis of HA samples by
XPS: (e) Survey, (f) Ca2p, (g) P2p, and (h) O1s; (i) TG analysis of HA sample. HA, hydroxyapatite; FTIR, Fourier transform infrared; XRD, X-ray diffraction; XPS, X-ray photoelectron
spectroscopy; TG, Thermogravimetric.
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the hexagonal HA phase, in accordance with the results reported in
the Inorganic Crystal Structure Data (ICSD) No. 26204 [60]. This
phase crystallizes in a hexagonal compact packaging of tetrahedral
[PO4] clusters, with Ca species inserted in the larger cavities formed
in the lattice. Fig. 2(b) shows a representation of the HA unit cell,
while in Fig. 2(c), the local coordination of each atom, i.e. the
constituent clusters of the lattice, is displayed. The 10 different Ca
species in the structure are distributed in two distinct sites, labeled
as Ca(1) and Ca(2) sites. Ca(1) species are surrounded by nine ox-
ygens belonging to [PO4] clusters resulting in [CaO9] clusters. These
clusters form the columns in the ternary axes of the structure. The
Ca(2) species are surrounded by six oxygens from [PO4] clusters and
one OH group, leading to [CaO7H] clusters and thus forming the
hexagonal channels of the structure [47]. In both samples, well-
defined peaks are related to the presence of long-range structural
order. This observation corroborates with the degree of crystallinity
values found for both samples (8.1 and 7.5 for HAnr and HAnr350
samples, respectively) estimated by the methodology described
elsewhere [61], which considers the relative intensities of peaks of
the (112) and (300) families of planes (inset, Fig. 2(a)).
Fig. 2(d) shows the FTIR spectra obtained for the HAnr and
HAnr350 samples. Vibrational characterization was conducted to
further confirm the formation of HA NPs and their thermal stability
after annealing. The observed modes are the typical ones for HA
samples and can be summarized as follows: the bands at 472 (n2),
563, and 605 cm�1 (n4), 962 cm�1 (n1), 1033, 1062, and 1098 cm�1

(n3) are related to distinct vibrational modes of [PO4] clusters in the
HA structure; the bands at 633 and 3570 cm�1 arise from librational
(nL) and stretching (nS) modes of OH groups in the hexagonal
channels formed in the HA lattice [62]. These bands are relatively
well-defined, indicating the existence of short-range structural
order in our NPs. The bands at 1620 and 3500 cm�1 are associated
with physisorbed water. On the other hand, the presence of
entrapped impurities in the lattice can also be qualitatively
confirmed by FTIR. In this sense, bands at 1421 and 1452 cm�1 in
both samples are associated with vibrations of structural CO3
groups (n3) substituting OH (A-type) and PO4 (B-type) groups
(inset, Fig. 2(d)) [63]. Very weak bands (not shown) are also
observed between 870 and 890 cm�1 which could be associated
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with AB-type CO3 substitution as well as the presence of entrapped
NH4

þ groups substituting Ca atoms [58,64].
In the present study, we also performed XPS analysis of the HA

samples to evaluate their chemical composition and surface
valence states. Fig. 2(e) shows the survey spectra of all samples. The
presence of the main binding-energy peaks of Ca (2s, 2p, 3s), P (2s,
2p), and O (KLL, 1s, 2s) confirms the presence of the main elements
which make up the HA structure. Moreover, a peak related to C (1s)
is also observed in both samples, which could be associated with
CO3

2� in our samples. The high-resolution XPS spectra of Ca in
Fig. 2(f) shows peaks at 350.6 and 347.2 eV ascribed to the char-
acteristic binding energies of Ca2p1/2 and Ca2p3/2 doublets,
respectively, caused by spin-orbit coupling in divalent Ca. Fig. 2(g)
shows the high-resolution spectra for P, where the P 2p peak
observed at 133.1 eV corresponds to the binding energy of penta-
valent P inserted in [PO4] clusters of the HA structure [65]. The
spectra for O(1s) reveal an asymmetric peak with two components
at binding energies of 532.9 and 531.2 eV (Fig. 2(h)). The first peak
can be assigned to the OeC bond of structural CO3 and adsorbed
water, and the latter peak is assigned to O at structural OH and PO4
groups [65,66]. The C 1s spectra (Fig. S1) present three main peaks
at 288.6, 285.8, and 284.7 eV, which are normally assigned
respectively to CO3 groups of the HA structure, aliphatic carbon
atoms, and a-carbon atoms, which could be associated with carbon
pollution from the XPS instrument [66].

To gain a deeper insight into the composition and the presence
of trapped species in the HA lattice, an elemental analysis was
conducted of the HAnr sample. The results show that the N, C, O,
and H contents are 0.10, 0.20, 0.49, and 5.24 wt%, respectively,
which suggest the presence of impurities made up of these ele-
ments, such as CO3

2�, NH4
þ, and H2O. To further characterize the

composition and thermal behavior of the HAnr sample, we per-
formed a TG analysis, and Fig. 2(i) illustrates the obtained results.
The TG curve show a total 5.3 wt% mass loss of HAnrs heated to
1200�C, which can be divided into specific ranges as follows. First,
an important mass loss of 3.5 wt% is observed in the RT‒382�C
range (Fig. 2(i), black dotted line), where a broad and intense peak
at the derivative thermogravimetric (DTG) profile is observed
because of the occurrence of distinct processes in the HA samples
by heating. They are well-reported to correspond to the liberation
of adsorbed/lattice water and entrapped NH3 molecules [67]. The
intermediate region at 382e900�C exhibits a 0.9 wt% mass loss
with low intensity peaks in the DTG, associated with several pro-
cesses of degradation of carbonate groups of A-type and B-type
substitution, confirming their presence in the HA lattice and pos-
terior decomposition [68]. Finally, the 0.9 wt% mass loss at the high
temperature region above approximately 900�C is mainly associ-
ated with the continuous process of dehydroxylation of the HA
matrix [69].

The morphological aspects of the HA NPs were evaluated by
electron microscopy. Fig. 3(a) shows a FE-SEM image for the
HAnr350 sample, and HA NPs with a rod-like shape are observed.
The size of the NPs was estimated as represented in the inset, and
the results are shown in Fig. 3(b) and (c). The HA width and
length fit well with a normal Gaussian distribution. Most of the
HAnr have widths in the range of 70e80 nm, while their lengths
are 300e500 nm in the sample. Fig. 3(d) shows a TEM image of
the HAnr350 sample, also illustrating that the sample is
composed of only nanorods, and the results in Fig. 3(e) confirm
via EDS characterization that this region is mainly composed of
Ca, P, and O elements, with the presence of the C element
assigned to the carbon film of the TEM grid. The results of SAED
analysis (Fig. 3(f)) indicate the presence of several concentric
rings associated with distinct crystallographic planes of the
hexagonal HA phase [60]. A TEM image of a single HAnr is
illustrated in Fig. 3(g), and the HR-TEM characterization of this
NP is shown in Fig. 3(h). The distance between the crystallo-
graphic planes was measured, affording a value of 0.34 nm,
which could be indexed to the interplanar distance of the (002)
family of planes in HA.

Despite the high degree of crystallinity observed by XRD anal-
ysis, the presence of impurities (H2O, CO3

2�, NH4
þ) is evidenced by

FTIR, XPS, elemental analysis, and TG results in the HAnr sample.
The presence of CO3

2� by substituting the PO4
3� and OH� groups

takes place via a charge compensation mechanism, thus leading to
vacancies (Ca, OH), incorporation of other impurities (NH4

þ), and
deformations of the lattice [47,67]. Precipitated HA also contains
OH vacancies related to crystal disorder [46]. As an effect, defects
involving structural distortions in OeCaeO and OePeO bond an-
gles and CaeO, PeO bond lengths can feasibly occur. Moreover, as
evidenced by the TG results, our HAnr350 sample which was heat
treated at 350�C is at the limit of the first/second regions of mass
loss, related to significant lattice water and NH3 liberation. Water
molecules in pores, cracks, intercrystalline locations, and
substituting OH groups as well as NH4

þ groups are irreversibly lost
by heating in these conditions [68,69]. At this temperature, a partial
decomposition of CO3

2� can also feasibly occur. Several structural
changes are associated to these mechanisms, which include varia-
tions in a and c unit cell parameters and cell volume, leading to a
significant contraction of the HA structure at the heat treatment
temperature of 350ºC [58]. This behavior can promote an intensi-
fication of the atomic interactions in HA, and consequently, the
oscillator strength increases, leading to higher probability of radi-
ative electronic transitions. Hence, the structural rearrangement in
the heat-treated material can improve its fluorescent properties.

3.2. Fluorescent properties of HA NPs

Although the HA possesses a high band-gap energy (Eg) value,
intense fluorescence by excitation in the UV region and at most part
of the visible spectrum is possible. It is well known that stoichio-
metric and ordered HA is not a good fluorescent material, and Ca2þ

and PO4
3� ions do not emit fluorescence by themselves. Also, in an

ordered HA, the density of defective levels is minimized, sup-
pressing the intragap radiative decay (Fig. 4(a)). However, in
disordered HA a series of energy levels can be found in the
forbidden zone responsible for e’‒h� pair recombination [70], and
various experimental/theoretical studies have demonstrated that
new optically active levels in the forbidden region of HA occur by
the presence of vacancies (such as Ca and OH) [71e73]. On the other
hand, lattice carbonates were also observed to follow important
rules for the fluorescence of precipitated HA [74], heat-treated
synthetic HA [57], and biomimetic apatite [75]. Hence, based on
the present study and our recent publications [58,59], we propose
that the defect-related fluorescence properties in HAnr sample
originate from e’‒h� radiative recombination between defective
energy levels because of the non-stoichiometric nature of the
structure allowed by the chemical precipitation methodology
adopted. This intrinsic nature of hexagonal HA leads to a disordered
state as summarized by the broad band model in Fig. 4(a), which
displays several vacancies (Ca, OH) and impurities (CO3

2�). These
defects, together with other impurities (NH4

þ, H2O), also affect the
electronic densities of [PO4], [CaO9], and [CaO7H] structural clusters
by inducing distortions (also associated with the crystallization
process of the NPs). The density and equilibrium of these defects
and distortions can be manipulated with heat treatment in the
HAnr350 sample, which greatly intensifies the electron-hole (e’‒h�)
recombination process at 350�C by extra disorder in the lattice as a
result of the elimination (NH4

þ, H2O) and partial decomposition
(CO3

2�) of impurities. All these factors could result in the



Fig. 3. Morphological characterization of HAnr350 sample. (a) FE-SEM image of HA nanorods and a magnified view of a single nanorod (inset), (b) estimation of particle width, and
(c) estimation of particle length. Crystallographic and morphological characterization by TEM (d) low magnification TEM image, (e) EDS analysis, (f) SAED analysis, (g) high
magnification TEM image, and (h) HR-TEM image. HA, hydroxyapatite; TEM, transmission electron microscopy; SAED, selected area electron diffraction; FE-SEM, field-emission
scanning electron microscopy; EDS, energy-dispersive X-ray spectroscopy; HR-TEM; high-resolution transmission electron microscopy.

Fig. 4. Optical behavior of HA NPs. (a) General model for the occurrence of self-activated fluorescence in HAnrs. In an ideal ordered HA system, the energy levels in the forbidden
zone are minimized. However, the presence of defects and the elimination of impurities causes a higher disorder in HA systemwhich allows radiative recombination of e’‒h� pairs at
defect energy levels between the VB and CB. (b) Emission spectra of HAnr and HAnr350 samples by laser excitation at lexc ¼ 350 nm, (c) temperature-dependent photoluminescence
of HAnr350 sample by laser excitation at lexc ¼ 350 nm, (d) excitation dependence of HAnr350 sample probed by the spectrofluorometer at room temperature, and (e) CIE
chromaticity diagram. HAnr, HA nanorod; HA, hydroxyapatite; NP, nanoparticle; VB, valence band; CB, conduction band; CIE, Commission Internationale de l’�Eclairage.
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fluorescence emissions in HA and its large excitation capability, but
it is a hard task to point out the principal defects responsible for
fluorescence, as they occur concurrently.

In this section, we have employed several characterization
techniques corroborate with the aforementioned discussion on the
optical properties of HANPs. Dependingon the characteristics of the
irradiation source for the excitation of thematrix, such as power and
energy as well as the temperature used to conduct the experiments,
distinct energy levels can participate in the e’‒h� radiative recom-
bination process in materials containing high densities of defective
levels [54,76]. Then, distinct aspects of the fluorescence properties
are revealed, which also lead to changes in shape, amplitude, and
intensity of the emission bands. This kind of study can help to better
elucidate the electronic distribution of defect and impurity centers
as well as to obtain tunable colors in the same material. Fig. 4(b)
showsemission spectra for bothHAnr andHAnr350 samples excited
at 350 nm (3.54 eV) by a high-power Kr laser source. The spectra are
dominated by broad band emissions typical of radiative recombi-
nation pathways governed by countless energy levels. For the HAnr
and HAnr350 samples, themaxima of the bands are centered at 460
(2.69 eV) and 535 nm (2.31 eV), respectively, although they cover a
largepart of the visible part of the electromagnetic spectrum.Aswas
discussed in our previous work [58], it is important to note that the
UVeVis spectra obtained for both samples (Fig. S2 and the experi-
mentalprocedure in theSIfile) reveal thepresenceof emissionswith
lower energies than the Eg of these samples (5.48e5.57 eV), which
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are also inferior to the excitation energy (3.54 eV for 350 nm). This
result confirms the high contribution of energy levels between
forbidden regions for the fluorescence of HANPs. HA is considered a
wide band gap p-type semiconductor, and its optical characteristics
are mainly determined by the complex electronic structure of
various occupied/unoccupied localized energy states between the
valence band (VB) and conduction band (CB) departing from the
bulk and surface states [70].

It should be pointed out that the emission intensity is 11 times
greater after the heat treatment (HAnr350) procedure following
chemical precipitation (HAnr), confirming success in obtaining
highly fluorescent HA NPs by this strategy. Moreover, a shift of the
emission maximum to a lower wavelength region is observed after
the heat treatment. This behavior is accompanied by an enlarge-
ment of the band amplitude, yielding a bluish-white emission
from the HAnr350 sample (digital image in Fig. 4(b)) because a
more homogeneous part of the spectrum is covered by the
emission band in this case. This result could be associated with the
increase of structural disorder as a consequence of the decom-
position and elimination of impurities, enhancing the total density
of e’‒h� radiative recombination events, in particular those
involving shallow defective levels [58]. Hence, the following dis-
cussions focus on the HAnr350 sample with improved
fluorescence.

In the next step, we studied the fluorescence of HA as a function
of temperature. Temperature-dependent photoluminescence
(TDPL) is an effective and powerful optical technique which can
help to better elucidate the fluorescent mechanism of emitting
centers from disordered materials. The electronic recombination
processes were studied under conditions of low thermal energy,
and by this analysis, the role of thermal vibration in radiative
transitions becomes more evident [77]. Fig. 4(c) shows the TDPL
spectra for HAnr350 samples from 38 K to room temperature for
excitation with a Kr laser at 350 nm. By the present results, a
reduction in emission intensity was observed by raising the tem-
perature, which became faster above 125 K. This behavior is asso-
ciated with thermal quenching, where non-emissive centers
become thermally activated at the e’‒h� recombination pathways,
partially suppressing radiative emissions [78].

Using this technique, it is revealed that the emission spectrum
of the HAnr350 sample excited by a laser source is actually
composed of at least two main well-defined bands centered at 460
and 535 nm because of the fine structure of these emission bands at
low temperatures. The first one matches well with the maximum
intensity of the HAnr sample emission band without heat treat-
ment, analyzed at room temperature (Fig. 4(b)); the second less
energetic chromophore centered at 535 nm causes a widening of
the emission spectrum of the HAnr350 sample and could be asso-
ciated with a higher occupation of shallow levels in this sample as
an effect of the heat treatment methodology. By raising the tem-
perature of TDPL analysis, the intensity of both bands of the
HAnr350 sample decreases, but with different behavior, i.e. a higher
rate of decrease is observed for the 460 nm band than for the
535 nm band. This causes a shift of the emission band to regions of
lower energy and is related to redistribution of charge carriers at
the distinct main emissive centers. A possible reason for this
behavior is that when an electron occupying levels near the VB is
excited to more energetic levels near the CB, it does not recombine
with holes to give an emission at 465 nm, but the thermal energy
provided by raising the temperature partially dissipates the energy
of this electron as lattice phonons. Then, a charge transfer process
between defective centers takes place, where the electron is trap-
ped at the less energetic excited states and then experiences radi-
ative decay at the emissive levels responsible for the emission band
centered at 535 nm.
In accordance with the results presented by Deshmukh et al.
[54], the fluorescence monitored by varying the temperature does
not reveal any new peaks, and only an increase in intensity of the
existing bands is observed, demonstrating that no artefacts are
responsible for the fluorescence properties of HA. However, the
trend observed in our experiments is distinct from those reported
by Deshmukh et al. [54], i.e. a shift to higher energy regions (from
528 to 502 nm) by increasing the temperature in comparison to our
shift to lower energy (from 460 to 535 nm) and the presence of
more peaks at the emission band than in our results. This behavior
demonstrates that the preparation pathway dictates the final
fluorescence response, and the properties of the HA sample syn-
thesized by our methodology are determined by distinct mecha-
nisms. Also, the study conducted by Deshmukh et al. [54] used a
distinct laser source (HeeCd) and excitation wavelength (325 nm),
which also can change the optical properties observed by the TDPL
technique.

For some biological and technological applications, it is neces-
sary to use materials with a wide range of optical properties even
when using excitation sources of low power. Fig. 4(d) shows the
emission spectra obtained for the HAnr350 sample using a spec-
trofluorometer equipped with a Xe lamp as the excitation source.
For this study, distinct excitation wavelengths from 380 to 680 nm
at intervals of 50 nm were selected. First, a shift of emission from
blue to redwas observed because of the disappearance of the short-
wavelength components of emission with an increase in the exci-
tation wavelength. At the near-UV excitation wavelengths, the
highest intensities and spectral amplitudes of the fluorescence
bands are observed displaying maxima of emissions at blue/green
regions. Hence, the optimal excitation energy for saturation of the
emission intensity was revealed to be between 330 and 430 nm. At
least four main peaks are clearly observed at lexc ¼ 330 nm (399,
445, 493, and 530 nm), three at lexc ¼ 380 nm (445, 493, and
530 nm), and two at lexc ¼ 430 nm (493 and 530 nm) with tails
extending to long wavelengths, indicating that distinct pathways
for e’‒h� recombination are present encompassing various intragap
levels. In comparison to laser excitation (lexc ¼ 350 nm), a slight
shift toward lower wavelengths of the emission bands occurs by
excitation in the UV region using the spectrofluorometer, which is
attributed to a shift of the maxima as well as a sharpening of the
band emissions in this case.

We also probed the excitation of our sample at higher wave-
lengths across the visible spectrum (lexc ¼ 480, 530, 580, 630, and
680 nm), successfully obtaining emissions at green, yellow, and red
regions in addition to the aforementioned bands centered at blue/
green regions, indicating multicolor properties of the HAnrs. In this
region of excitation, an almost regular decrease in emission in-
tensity is observed, but the lower energies used for excitation still
produce fluorescence. Interestingly, emission response is observed
until lexc ¼ 630 nm (1.97 eV), where the excitation energy is
significantly lower than the Eg value (5.57 eV). This shows that not
only a large spectral emission range is possible, but also a high
density of defective levels of distinct natures in HA leads to a large
excitation capability for the sample. Similar tunable behavior
depending on excitation wavelength was observed in other mate-
rials [76,79], but the presence of tunable fluorescence in HA was
often reported to be because of association with other optically
active materials during the synthesis step [80].

Fig. 4(e) shows the Commission Internationale de l’�Eclairage
(CIE) chromaticity diagram for the HAnr350 sample excited with
various irradiation sources at distinct temperatures. Tables S1 and
S2 in the SI file lists their corresponding x and y coordinates. In
laser excitation experiments at 350 nm, the HAnr350 sample dis-
plays CIE coordinates localized at the white region color which are
close to those related to pure white (x ¼ 0.33 and y ¼ 0.33). As the



Fig. 5. In vitro cell viability by MTT assay of HDFn cell line incubated with HAnr350 sample at distinct dosages (0, 20, 40, 80, 160, and 320 mg/mL) for 24 and 48 h. Groups which
demonstrated significant statistical difference are marked with *, **, and *** (p � 0.05, p � 0.005, and p � 0.0005 respectively). HAnr, HA nanorod; HDFn, Human dermal fibroblast.

Fig. 6. Optical response of HAnr350 sample obtained by confocal microscopy. The emission image of HA were monitored by exciting at (a) lexc ¼ 405 nm, (b) lexc ¼ 458 nm, (c)
lexc ¼ 488 nm, (d) lexc ¼ 514 nm, (e) lexc ¼ 543 nm, (f) lexc ¼ 594 nm, and (g) lexc ¼ 633 nm. (h) Bright field micrograph of the power analyzed; scale bar ¼ 200 mm. (i) Cor-
responding emission spectra obtained by exciting at the distinct wavelengths. HAnr, HA nanorod.
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Fig. 7. Confocal imaging of HDFn cells incubated with HAnr350 sample (320 mg/mL) for 48 h. (a) Cytoskeleton labeled with Alexa Fluor 532 Phalloidin (lexc ¼ 514 nm), (b)
fluorescence image exhibiting blue fluorescent HA NPs (lexc ¼ 405 nm), and (c) merged images. (d‒g) Multiple excitation/emission imaging of intracellular HAnr350 NPs (lexc ¼ 405,
488, 543, and 594 nm, respectively). HDFn, Human dermal fibroblast; HAnr, HA nanorod; NP, nanoparticles; HA, hydroxyapatite.
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temperature increases, however, the corresponding coordinates
pass from x ¼ 0.28 and y ¼ 0.33 (38 K) to x ¼ 0.35 and y ¼ 0.38
(300 K), which is a shift from bluish-to yellowish-white emission.
On the other hand, excitation with a Xe lamp results in emissions
from the HAnr350 sample of pure colors which dramatically change
as the excitation wavelength increases, in the blue, green, yellow,
and red regions. This result confirms the fully tunable multicolor
behavior of the prepared HA sample.

3.3. In vitro cytotoxicity and cell-imaging

The evaluation of biocompatibility is crucial for future bio-
applications of fluorescent HA. In this case, the in vitro cytotoxicity
of the HAnr350 sample was evaluated by MTT assay with human
cells. For this study, we selected HDFn cells as the model culture,
which was incubated with HAnrs for 24 and 48 hours at different
dosages of NPs (from 20 to 320 mg/mL). Fig. 5 shows the obtained
results, and the analysis of the results indicates that for 24 h of
incubation, no cytotoxic effects were observed, and no significant
changes in viability values were evident by comparing the evalu-
ated groups with the control group. This behavior was also
observed for HA NPs over 48 h of incubation, with the exception of
groups exposed to NPs solutions of 40, 80, and 320 mg/mL. In these
cases, the results suggest that the HAnr350 sample may increase
cell metabolism, which have to be further evaluated using alter-
native methodologies. A similar trend was observed by Kumar et al.
[74], where the fluorescent HA NPs increased the growth activity of
mouse fibroblast 3T3-L1 cells. Also, the images acquired by mi-
croscopy with phase contrast (Figs. S4 and S5) demonstrate that for
both the 24 and 48 h groups, the presence of the NPs do not induce
changes in the morphology of the cells, preserving their elongated
and fusiform shape. The present results confirm the good
biocompatibility of the fluorescent HAnr350 sample with potential
to be applied in biomedical approaches, such as cell imaging, drug
delivery, and theranostics applications.

In the present study, we probed the optimized HAnr350 sample
for use as a contrast agent by its intrinsic fluorescence property. The
NPs were first imaged by confocal microscope using excitationwith
distinct laser sources, and Fig. 6(a‒h) shows the obtained results.
The fluorescence images are close to identical in the excitation
range 405e633 nm, and the emissive locations match well with
each other, reinforcing that the tunability is intrinsically related to
the HA particles. Also, the CIE chromaticity coordinates are
consistent with those obtained by varying the excitation wave-
length using the spectrofluorometer (see Tables S2 and S3, and
Fig. S3). The NPs are detectable by imaging and exhibit significant
fluorescence intensity using distinct energies of excitation
(Fig. 6(i)). This result demonstrates the potential for use in multi-
color and multimodal imaging applications and for procedures
with concomitant use of distinct fluorescent probes. The excitation-
dependent fluorescence is very promising and still needs to be
explored further. The present work represents a preliminary step to
demonstrating the preparation of full-color tunable HA NPs.

Considering the low cytotoxicity and the optimal region for
excitation of our sample to obtain the highest fluorescence in-
tensity, we probed the HAnr350 sample for cell imaging by confocal
microscopy at lexc ¼ 405 nm. By obtaining images at a single
location, this technique allows the acquisition of images in thicker
samples, avoiding interference from scattered light. By using bio-
labels, it is possible to differentiate structures and mechanisms in
cells [81,82]. Fig. 7(a‒c) shows bioimaging and uptake probes using
HDFn cells incubated with 320 mg/mL of HAnr350 NPs for 48 h. For
these probes, Alexa Fluor 532 Phalloidin was used to label the
cytoskeleton of cells to better demonstrate the internalization of
the NPs. As shown in Fig. 7(a), the labeling procedure with Phal-
loidin was specific, leading to a yellow emission by excitation at
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514 nm, and the presence of HAnr350 did not show any interfer-
ence with the labeling procedure, evidencing its capability to be
used with other biolabeling compounds. Moreover, the low in-
tensity at the central region of the cells reveals the localization of
the nucleus.

By changing the irradiation source for excitation at 405 nm, the
bright blue fluorescence of HAnr350 is detected, as shown in
Fig. 7(b). The delimitation of cells and their cytoplasm is evidenced
as well as the nucleus structure, as observed by the lower fluo-
rescence of the NPs in this region. These results confirm that the
HAnr350 NPs are localized in the cytosol region and are not just
their presence at the membrane surface. Also, some aggregates of
NPs outside the HDFn cells are observed, suggesting that the NPs
are only partially eliminated by the washing step. The homoge-
neous fluorescence inside the cells reveals that only the well-
dispersed NPs are uptaken. Fig. 7(c) shows the superimposition of
both Phalloidin and HAnr350 fluorescence which demonstrates
that the NPswere successfully internalized by cells and that the NPs
are more localized at regions near the nucleus structure. The
endoplasmic reticulum consists of an organelle intrinsically asso-
ciated with the nuclear envelope and could be a target for NPs [83].
From these results, it is also important to emphasize that cell
morphology remains undamaged after uptake of the HAnr350
sample even after long-time incubation (48 h), corroborating the
MTT results that suggest high biocompatibility of the NPs.

The suitability of the samples was also probed for multicolor
cell-imaging. As shown in Fig. 7(d‒g), when intracellular HAnr350
NPs are imaged at lexc ¼ 405, 488, 543, and 594 nm, intense fluo-
rescence emissions of blue, green, yellow, and red colors are
respectively observed in HDFn cells. This result is consistent with
the excitation-dependent fluorescence shown in Figs. 4 and 6.
Hence, the present study demonstrates a possible application for
the novel heat-treated HAnrs as a new non-toxic and multicolor
biolabeling probe in fluorescence imaging procedures because of its
self-activated luminescence property.
4. Conclusions

In summary, we have demonstrated that HAnrs obtained by a
simple strategy, based on chemical precipitation followed by heat
treatment at a relatively low temperature (350�C) display intense
and tunable fluorescence emissions. The emission colors of HA
change from blue to red and also white colors, depending on the
temperature, the source of optical measurements, and the excita-
tion wavelengths. This behavior is attributed to structural order-
disorder effects induced by defects, including impurities (CO3

2�,
H2O, and NH4

þ), distortions in structural clusters, and vacancies (Ca,
OH). The elimination/decomposition of impurities trapped in the
HA lattice greatly improves the radiative recombination of e’‒h�

pairs between defect-related energy levels. Hence, HAnrs are made
up of earth-abundant elements with low toxicity and present self-
activated fluorescence avoiding the use of lanthanide dopants or
coupling the NPs with organic dyes. The heat-treated material has
good biocompatibility and can be internalized in human cells
without any evident cellular damage. The present study demon-
strated by confocal imaging that this novel form of HA is a potential
non-toxic and multicolor fluorescent probe in future clinical ap-
plications for cell imaging procedures.
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