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Abstract: In this paper, uniform hydroxyapatite (HA) nanoparticles, with excellent aqueous colloidal
stability and high fluorescence, have been successfully synthesized via a citrate-assisted hydrothermal
method. The effect of the molar ratio of ammonium phosphate in phosphate (Ranp) and hydrothermal
time on the resultant products was characterized in terms of crystalline structure, morphology, colloidal
stability, and fluorescence behavior. When the Ranp is 50% and the hydrothermal time is 4 h, the
product consists of a pure hexagonal HA phase and a uniform rod-like morphology, with 120- to
150-nm length and approximately 20-nm diameter. The corresponding dispersion is colloidally
stable, and transparent for at least one week, and has an intense bright blue emission (centered
at 440 nm, 11.6-ns lifetime, and 73.80% quantum efficiency) when excited by 340-nm UV light.
Although prolonging the hydrothermal time and increasing the Rayp had no appreciable effect
on the aqueous colloidal stability of HA nanoparticles, the fluorescence intensity was enhanced.
The cause of HA fluorescence are more biased towards carbon dots (which are mainly polymer
clusters and/or molecular fluorophores constituents) trapped in the hydroxyapatite crystal structure.
Owing to these properties, a highly fluorescent HA colloidal dispersion could find applications in
secure information storage.

Keywords: hydroxyapatite nanoparticles; ink-jet printing; colloidal stability; fluorescence

1. Introduction

Hydroxyapatite [HA, Cajo(PO4)¢(OH),] is the most stable calcium phosphate phase in
physiological conditions because of its excellent biocompatibility and biological activity as well
as strong ion-exchange capacity [1,2]. It is also the model compound used to denote the mineral
component of bone and dentin. The flexible crystal structure and modifiable surface of hydroxyapatite
crystals offers many possible applications (Table 1).
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Table 1. Selected applications of hydroxyapatite crystals.

Improved Property or Applications References
Rendered magnetic by introducing iron ions [3]
Rendered fluorescent by introducing rare earth elements [4]
Catalytic and antibacterial properties imparted by introducing silver, copper, or zinc ions [5-7]
Enhanced biological activity and mechanical performance by introducing cesium ions [8,9]
Stable colloidal stability due to surface modification of citrate [10-12]
Utility in drug delivery and other applications due to molecular (drug) adsorption [13]
Good blending with polymers to form nanocomposites due to surface modification by surfactants [14]

Thus, HA is commonly used for diverse purposes such as bone tissue engineering [14,15],
heavy metal ion absorption [16,17], fluorescent materials [12,18], protein separation [19,20], drug
carriers [21-23], and so on.

Hydroxyapatite is intrinsically non-fluorescent [2]. A typical method for imparting fluorescence
to HA is to dope rare earth elements into hydroxyapatite crystals, including Eu®*, Tb3*, Gd**, and so
on [4,18,23,24]. An alternative route is through surface modification of the particles with quantum
dots or fluorescent dyes [25,26]. Although great efforts have been made in such methods, challenges
remain. For example:

e  Synthesizing highly fluorescent hydroxyapatite nanoparticles without sacrificing colloidal stability;

e Rendering the synthesized fluorescent hydroxyapatite more bio-compatible, such as by using
neither quantum dots nor fluorescent dyes;

e  Rendering synthesis facile and not using expensive rare earth elements.

Recently, Lin et al. reported a method for synthesizing luminescent strontium hydroxyapatite,
using a citrate-assisted hydrothermal method [27]. The carbon dioxide anion radical impurities in the
strontium hydroxyapatite crystal lattice, produced by the decomposition of citrate during hydrothermal
treatment, were considered to be essential to the fluorescence. Wang et al. [28] reported the effect of
strontium doping on the fluorescence of hydroxyapatite microspheres, and found that the maximum
intensity of photoluminescence (PL) is at the molar ratio of 30% strontium. Kim et al. [29] investigated
the effect of the molar ratio of citrate to calcium on the fluorescence of hydroxyapatite microspheres,
and found that the maximum intensity of photoluminescence is at a molar ratio of 2:1. Fan et al. [30],
through a series of comparative experiments on the synthesis of fluorescent HA nanoparticles, proposed
another explanation: N-rich carbon dots are the main cause of fluorescence. The use of high-resolution
transmission electron microscopy (HR-TEM) on the sample, which indicated that carbon dots are
distributed on the surface of HA nanoparticles, strongly supports the proposed mechanism.

Our previous studies have found that by balancing the molar ratio of sodium citrate to calcium,
hydrothermal time, and temperature, rod-shaped hydroxyapatite nanoparticles with high crystallinity
and excellent colloidal stability can be prepared [11,12]. On this basis, Eu>*-doped hydroxyapatite
nanocrystals can be used in inkjet printing for secure information storage [4]. Loo et al. described that
the size of the HA nanoparticles increases with increasing synthesis time and synthesis temperature [31].
Kusnieruk et al. also observed the diameter of HA nanoparticles influenced by the reaction time,
pressure and temperature [32].

In the present work, highly fluorescent HA nanoparticles with stable colloidal stability were
prepared by a citrate-assisted hydrothermal method. The influence of the molar ratio of ammonium
phosphate in phosphate (Ramp) and hydrothermal time on the phase structure, morphology,
fluorescence, and colloidal stability of the resultant compounds was systematically studied. Combining
our results and those in the scientific literature, the factors imparting florescence and colloidal stability
are discussed. In addition, three different compounds containing primary amine groups have been
introduced into our fluorescent HA to confirm the proposed mechanism. Particles synthesized under
optimal experimental conditions were applied to secure information storage.
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2. Materials and Methods

2.1. Materials

Calcium chloride anhydrous (CaCly, >96.0%), sodium phosphate tribasic dodecahydrate
(NagPO4-H0, >98.0%), ammonium phosphate tribasic (NH4)3PO4-3H,0, >98.0%), sodium citrate
tribasic dehydrate (C¢H5Na3zO7-2H,0, >99.0%), arginine (C¢H5NazO7-2H,0, >98.0%), urea (CH4N,O,
>99.0%), ethylenediamine (C;HgNy, >99.0%), and absolute ethanol (C;HgO, >99.7%) were purchased
from Aladdin Industrial Corporation, Shanghai, China. All chemicals were used as received, without
further purification. Deionized water was used throughout our experiments.

2.2. Methods

2.2.1. Preparation of Hydroxyapatite Nanoparticles

Hydroxyapatite nanoparticles were prepared by using a hydrothermal method. In a typical
experiment, a sodium citrate (C¢HsNazOy-2H,0) solution (0.01 mol, 10 g water) was added,
with continuous stirring, to an aqueous solution of CaCl, (0.01 mol, 10 g water) over 10 min.
Then, an aqueous phosphate solution (NazPO4-12H;0, 0.006—x mol; (NH4)3PO4-3H,0, x mol; 15 g
water) was added to the mixture with vigorous stirring over 15 min. Next, the mixed solution was
transferred, as obtained, to a Teflon-lined stainless steel autoclave with a 50 mL capacity. The solution
in the autoclave underwent hydrothermal treatment at 180 °C for 0.5-4 h. After the hydrothermal
treatment, the autoclave was allowed to cool down rapidly with water, and the resulting product was
purified using a three-cycle process with deionized water and ethanol. Finally, the purified product
was re-dispersed in deionized water to form an aqueous dispersion by magnetic stirring (MS-H280-Pro,
DLAB Scientific Co., Ltd., Beijing, China) with 600 RPM for 10 min. The pH of the dispersion was
adjusted to pH 9.5 by the addition of 0.1 M NaOH. A portion of the product was dried at 80 °C for 12 h
to obtain powder for future characterization. For the sake of simplicity, Ranpp represents the molar
ratio of ammonium phosphate to total phosphate, which one adds in a specific synthesis.

2.2.2. Secure Information Storage Based on Fluorescent Hydroxyapatite Colloidal Dispersion

A fluorescent hydroxyapatite colloidal dispersion with a fixed concentration (5 wt %) acted as
an ink. Varied methods for recorded information storage, including dipping, writing with a pen,
and printing with an ink-jet printer (Deskjet Ink Advantage 2060 HP, Beijing, China), on commercial
paper with no background fluorescence, were conducted. A photograph of the paper was taken
using a camera (Nikon 7100D, Tokyo, Japan) under natural or UV light (365 nm) to evaluate the
security performance.

2.3. Characterization

The dried powders were characterized using X-ray diffraction (XRD) with an X'Pert PRO X-ray
diffractometer (PANalytical B.V., Almelo, the Netherlands). Analyses were performed using a Cu Ka
radiation (1.5406 A) source at 60 kV and 60 mA, from 20° to 80°, with a scan rate of 0.5°/min. The main
peaks at (002) and (310) were generally used to calculate to investigate the average crystallite size of
HA, according to the Debye-Scherrer Formula (1):

D = xN/(pcosb) 1

where D is the average crystal size; « is a constant related to crystal habit and it is set as 0.9; A is the
wavelength of the Cu Ka radiation (1.5406 A); B is full width at half maximum (FWHM) of the XRD
peak; 0 is the Bragg angle.

The morphology of samples was inspected with a field-emission scanning electron microscope
(FE-SEM, SU8010, Hitachi, Tokyo, Japan). The morphology of samples was inspected with a FEI Tecnai
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G2-20 transmission electron microscope (TEM, Hillsboro, OR, USA), using an accelerating voltage of
200 kV. Zeta potential and particle size distribution measurements were performed using a nano-Z590
Zetasizer (Malvern Instruments Ltd., Malvern, UK). The pH and particle concentration were 9.5 wt %
and 1 wt %, respectively. No additional electrolytes were added to each sample for the measurement of
zeta potential and particle size distribution. The excitation and emission spectra were measured with a
fluorescence spectrophotometer (PerkinElmer LS-55, Waltham, MA, USA). The samples were prepared
at 0.1 wt % concentration. Spectra were recorded with a photomultiplier voltage of 120 V, a scan speed
of 2400 nm/min, and excitation and emission slit widths of 5 nm. Excitation spectra were recorded at
440-nm emission wavelength, and emission spectra were recorded at 340-nm excitation wavelength.
The fluorescence lifetime and quantum yield were recorded with a steady-state/transient fluorescence
spectrometer (FLS980, Edinburgh Instruments, Livingston FC, UK). The samples were prepared at
0.1 wt % concentration. X-ray photoelectron spectra (XPS) were recorded with a multifunctional
imaging electron spectrometer (Thermo ESCALAB 250XI, ThermoFisher Scientific, Waltham, MA,
USA). Fourier-transform infrared spectra (FTIR) were measured with an FTIR spectrometer (NICOLET
iS50, Thermo Nicolet Corporation, Livingston Madison, WI, USA). Elemental analysis was conducted
with an elemental analyzer (Elementar vario EL cube), using a combustion method to estimate the
carbon, nitrogen, and hydrogen content of the products.

3. Results
3.1. Effect of Rapp and Hydrothermal Time on the Physicochemical Properties of the Product

3.1.1. XRD Patterns Analysis

The crystal structure and phase composition of our compounds were determined by X-ray
diffraction. Figure 1 shows XRD patterns of samples prepared with different Rapp and hydrothermal
times. The diffraction peaks of all patterns can be indexed as a pure hexagonal HA phase without
an impurity phase, which is consistent with the standard data for hydroxyapatite (JCPDS files, PDF
No. 86-740) and the scientific literature [33-35]. This indicates that changes in ammonium phosphate
content and hydrothermal time do not induce production of pure hydroxyapatite.
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Figure 1. X-ray diffraction patterns of samples synthesized with different R oprp values and hydrothermal
times: (a) 0.5h; (b) 2h; (c) 4 h.

As the reaction temperature increased from 0.5 to 4 h at the same Ranp, the 122 and 300 peaks of
the samples gradually appeared and strengthened. This indicates that the crystallinity and crystal
integrity of the particles gradually increased. No obvious change was observed from XRD results when
the samples were synthesized with different ammonium phosphate content at the same hydrothermal
time. This suggests that ammonium phosphate and sodium phosphate do not differ in terms of their
effects on hydroxyapatite crystallization.

The average size of crystal domains along the c-axis (Djggp]) and the a-b plane (orthogonal
to the c-axis, Dy310}), calculated by the Scherrer’s equation using the width at half height for the
respective reflections 002 and non-overlapped 310, are shown in Table 2. Djggy] strongly increased with
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hydrothermal time from 14.8 to 33.3 nm. Dy31¢] increased with hydrothermal time and RAMP from
8.1 nm to 19.9 nm. The Djqny)/Dy310] ratio of all samples was above 1, suggesting that the particles
preferentially grew along the c-axis and rod-like shape of particles was formed.

Table 2. Average size of crystal domains along the [002] and [310] directions of hydroxyapatite (HA)
under different experimental conditions, calculated applying the Scherrer’s equation.

Samples Digoz) mm)  Dyzgo) (nm)  Dyggz)/Dyz10)
100%-0.5 h 19.5 8.4 2.3
50%-0.5h 17.7 5.6 3.2
50%-0.5 h 23.4 6.9 3.4

0%-0.5h 14.8 4.1 3.6
100%-2 h 28.4 17.0 1.7

50%-2 h 27.3 12.6 2.2

5%-2h 249 19.9 1.3
0%-2h 25.8 8.7 3.0
100%-4 h 31.1 14.0 2.2
50%-4 h 30.7 13.3 2.3
5%-4 h 32.0 8.1 4.0
0%-4 h 33.3 8.2 4.1

3.1.2. Fluorescence Behavior Analysis

Figure 2 depicts the photoluminescence emission spectrum of samples synthesized with different
Ramp and hydrothermal times, excited with 340-nm UV light. When the hydrothermal time was
less than 0.5 h, no fluorescence was observed, no matter how the Ranp was changed. When the
hydrothermal time was 2 h, the fluorescence intensity of samples increased, and the Rapnp increased
from 5% to 100%. The maximum fluorescence peak of the samples was approximately 440 nm, which
essentially did not change as the Ramp changed. The sample synthesized with sodium phosphate as
the phosphate source was not fluorescent. When the hydrothermal time increased to 4 h, the trends
were very similar with those of the samples synthesized for 2 h, yet the fluorescence intensity was
higher. The sample synthesized with sodium phosphate as the phosphate source for 4 h still did not
have fluorescence. The observation of the corresponding dispersions of samples under a 365-nm UV
lamp validated the results of the fluorescence spectrum.

0.5 hours

0% 5% 50%100%

Intensity (a.u.)

r . ; , , 0% 5% 50%100%

4 hours

0%

) . . . 0% 5% 50%100%
350 400 450 500 550 600
Wavelength/nm

(a) (b)

Figure 2. Emission spectra (a) of hydroxyapatite dispersions with different Ronp values and

hydrothermal times excited at 340-nm UV light. Photographs (b) of corresponding aqueous dispersions
of hydroxyapatite nanoparticles excited using a 365-nm UV lamp.
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From the fluorescence data, one can see that for a specific hydrothermal temperature (180 °C),
there is a critical hydrothermal time for generating fluorescence. In the studied hydrothermal time
range, the fluorescence of the samples increased in accordance with increasing hydrothermal time.
More importantly, the introduction of ammonium phosphate was critical for the fluorescence of
HA. At the same hydrothermal time, samples synthesized with a high Raypp exhibited a stronger
fluorescence intensity compared to those synthesized with a low Ramp.

To further understand the fluorescence behavior, samples synthesized with a Ranip of 5%, 50%,
and 100% were selected to evaluate their fluorescence lifetime (Figure S1; see supporting information)
and absolute quantum yield (QY). Table 3 summarizes the results.

Table 3. Ramp, fluorescence lifetime, and absolute quantum yield of HA nanoparticles.

Ramp (%) Fluorescence Lifetime (ns) Absolute Quantum Yield (%)
5 7.4553 47.20
50 7.9083 73.80
100 8.7402 65.95

The fluorescence lifetime of the selected samples was in the vicinity of 10 ns, indicating that the
emitted light was fluorescent. Although the fluorescence intensity was the strongest at 100% Ranp in
the fluorescence spectrum, the QY of the fluorescence was not the highest. The sample with 50% Ranmp
was stronger than that of 100% Ramp, indicating that the quantum efficiency depends on the Rawp.
By adjusting the Ranip, one can obtain a very high fluorescence quantum efficiency.

3.1.3. Colloidal Stability Analysis

The colloidal stability of aqueous dispersions synthesized with different Rapp and hydrothermal
times were evaluated by zeta potential measurements and long-term observations (Figure 3). The pH
and particle concentration of the dispersions was 9.5 wt % and 1 wt %, respectively. Figure 3 shows
that the absolute zeta potential values of all the samples were greater than 30 mV, indicative of
strong electrostatic repulsive forces between colloidal particles in the aqueous dispersion. Moreover,
neither precipitation nor creaming phenomena were observed from dispersions after standing for one
week. The dispersions remained homogeneous and transparent. As the Rapp increased, the colorless
dispersion gradually turned light yellow.
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Figure 3. (a) Zeta potential diagram of samples synthesized with different hydrothermal times and
Ramp values. (b) corresponding photos of samples standing for one week under natural light.
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Thus, the colloidal dispersion was stable over the studied hydrothermal times and Rapmp values,
without any obvious changes in the colloidal stability. However, the dispersion color deepened
with increased hydrothermal time and increasing Ranip, indicating that there may be other chemical
reactions in addition to the formation of hydroxyapatite during hydrothermal treatment. One can
conclude that this reaction is directly related to the fluorescence behavior.

3.1.4. Morphology Analysis

Figure 4 shows the nanoparticle morphology as a function of Ranp at 180 °C for 4 h. The FE-SEM
images (Figure 4(al-a4)) show that the products consisted of relatively uniform rod-shaped particles,
with the average size ranging from approximately 100 nm to 250 nm. More detailed information on
particle morphology can be obtained from the TEM images (Figure 4(b1-b4)). The average length
and diameter of the rod-shaped particles was 120 nm and 10 nm, respectively. In accordance with
increasing Ramp, there was no appreciable change in particle morphology or size.

HR-TEM images (Figure 4(c1-c4)) indicate distinct lattice fringes. The distance between these
adjacent lattices was approximately 3.3 A, which is associated with the (002) plane of the hexagonal
HA, indicating growth along the (002) lattice plane of the c-axis. A distribution of carbon particles on
the surface of the hydroxyapatite nanoparticles was not apparent, which may be related to the shorter
hydrothermal time in this study [30,36].

Figure 4. SEM, TEM, and high-resolution transmission electron microscopy (HR-TEM) images of
samples synthesized at different Ranp values, with 4 h of hydrothermal treatment. 0% (al,b1,c1),
5% (a2,b2,c2), 50% (a3,b3,c3), and 100% (a4,b4,c4).

3.1.5. XPS Analysis

Table 4 shows data from the XPS wide scan spectrum (Figure S2a; see supporting information),
high-resolution C 1s spectrum (Figure S2b) [37,38], and high-resolution N 1s spectrum (Figure S2c) [37]
of nanoparticles synthesized with an Rayp of 5%. Compared with the XPS spectrum of samples
synthesized with an Rapp from 5% to 100% (Figure S2d-i), there was a clear enhancement of the
intensity of the characteristic peak of the C-N bond. This suggests that over the course of hydrothermal
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treatment, ammonium ions not only act as cations, but also undergo dehydration condensation reaction
with citrate ions.

Table 4. Summary of X-ray photoelectron spectra (XPS) wide spectrum, high-resolution C 1s spectrum,
and high-resolution N 1s spectrum data.

XPS Wide Spectrum ? High-Resolution C 1s Spectrum ? High-Resolution N 1s Spectrum ?
Peak (eV) Element Confirmed Peak (eV) Bond Confirmed Peak (eV) Bond Confirmed
285.0 Cls 284.6 C-C/C-H 399.8 C-N
399.0 N 1s 286.0 C-N 401.9 N-H
532.0 O1ls 288.0 Cc=0 - -
437.8 Ca2s - - - -
346.6 Ca2p - - - -
189.0 P 2s - - - -
130.6 P2p - - - -

2 Nanoparticles synthesized with an Ranmp of 5%.

3.1.6. Elemental Analysis

As shown in Table S1 (see supporting information), the nitrogen content of the product increased
from 0.00% to 0.145%, as the Ramp increased from 0% to 100%. The hydrogen content of the reaction
product decreased from 0.7255% to 0.503%, as the Ranmp increased from 0% to 100%. Combined with
the formation of new chemical bonds (C-N, N-H, and C=N) as per the XPS results, one can infer that
the nitrogen stays on the surface of the hydroxyapatite nanoparticles by dehydration of ammonium
ions and citrate ions, and hydrogen is gradually removed in the form of water.

3.1.7. FTIR Analysis

To further understand the dehydration reactions during HA hydrothermal synthesis, an FTIR
spectrum was employed to investigate the changes of samples synthesized with different Ronp values
(Figure 5). Table 5 summarizes the results.

Transmittance (a.u.)

/
g
g
2

4000 3500 3000 2500 2000 1500 1000 500
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Figure 5. FTIR spectra of HA nanorods synthesized with different Rapp values at 180 °C for 4 h.

Table 5. IR peaks and the corresponding functional groups.

Peak (cm™1) Functional Group Confirmed
3570, 632 OH" stretching modes and vibrations
3430 (broad) OH vibration of absorbed water
473,565, 605, 962, 1033, 1093 PO, absorption [12]
1415, 1454 CO52- replacing PO, [39]
2925, 2854 (weak peaks) —CH, groups

COO™ and/or N-H, possibly derived from the citrate chelating ligands or

1573 (comparatively strong) carbon dots within the HA particles [40,41].
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The C-N chemical band (1404 cm™!) was difficult to identify from the FTIR spectra. This may be
attributable to the low number of C-N bonds generated by the dehydration reaction, and the fact that
these bonds are easily masked by the absorption peak of the carbonate [30].

4. Discussion

A series of physicochemical properties of the product in accordance with changes in Rapp and
hydrothermal time have been investigated. Introducing ammonium ions has no appreciable effect on
the crystallization, morphology, or colloidal stability of hydroxyapatite. Nevertheless, it impacts the
fluorescence properties. In addition, increasing hydrothermal time (in the time range of our study) can
greatly improve crystallization of the product, and has no appreciable effect on the colloidal stability.
Nevertheless, there is a critical hydrothermal time limit for the fluorescence properties, which also
decisively impacts the fluorescence properties. In other words, in addition to the citrate reported
in previous work, ammonium ions and an appropriate hydrothermal time are critical for maximal
fluorescent properties. At the same time, we noticed that the change in grain size did not significantly
affect the fluorescence performance of the sample.

For the colloidal stability of the particles, we believe that the contribution is mainly due to the
following two aspects [33,35,42,43]. The first aspect is based on the formation of hydroxyapatite and
consists of two parts: (1) Calcium ion complexation with citrate ions, followed by phosphate ion
addition to form amorphous calcium phosphate; and (2) amorphous calcium phosphate transforms
into hydroxyapatite along with hydrothermal treatment. Thus, the particle shape and size of the
hydroxyapatite are relatively uniform, and the size of the particles is also relatively small. The second
aspect is a large amount of citrate ions are adsorbed on the surface of the hydroxyapatite particles after
completion of crystallization. In a weak alkaline environment, a good electrostatic repulsion force can
be maintained between the particles. These two aspects make the particles with excellent colloidal
stability in aqueous phase.

For the fluorescence of the particles, the PL mechanism is not completely clear. It is informative to
first compare literature results of HA fluorescence (prepared via the hydrothermal method) with our
results (Table S2; see supporting information). One can see that there are some common features:

e All involve ammonium and citrate ions;
e The maximum excitation and emission wavelengths are 340 and 440 nm, respectively;
e  Allrequire hydrothermal treatment.

Table S2 also shows that our research affords the highest fluorescence efficiency and quantum
yield. This may be attributable to the shorter hydrothermal time of our method [36].

Citrate or ammonium ions often are used as raw materials for synthesizing fluorescent carbon
nanodots. Consequently, Table S3 (see supporting information) compares our findings with examples
of fluorescent carbon dot synthesis in the literature.

Both the hydrothermal treatment and the resulting fluorescence characteristics are similar to
those of our hydroxyapatite research (Table S3). Ammonium ion is also necessary. The fluorescence
properties herein should be more biased toward the luminescence mechanism of fluorescent carbon
dots [30]. The current results were more biased towards carbon dots (which are mainly polymer
clusters and/or molecular fluorophores constituents) trapped in the hydroxyapatite crystal structure.
The luminescent center may be one of the fluorescent molecular state, the amorphous carbon dot and
the crystalline carbon dot depending on the hydrothermal conditions.

To confirm the aforementioned mechanism, three different nitrogen-containing compounds were
chosen, in which the molecular structure contains rich -NH; groups, to evaluate the effectiveness of
fluorescent hydroxyapatite particle synthesis (Table 6). The synthetic steps were essentially the same,
except that phosphate was used in sodium phosphate, and the nitrogen-containing compound was
added in a 20% molar ratio with respect to sodium citrate. The hydrothermal time was 2 h. All of the
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samples prepared with different -NH); sources were pure HA, with excellent colloidal stability and
high fluorescence (Figure S3; see supporting information).

Table 6. Synthesizing fluorescent hydroxyapatite using other compounds containing an NH; group.

D Zeta Potential EX EM

Source of Nitrogen (am) PDI (@V) (m)  (am) XRD
Arginine 85.0 (+38.3) 0.124 -36.0 (£1.2) 340 420  Pure HA
Urea 101.1 (+40.1)  0.117 —34.2 (+0.6) 340 427  Pure HA
Ethylenediamine 107.5 (£46.5) 0.112 -33.8 (x0.9) 340 443 Pure HA

Notes: “D” is hydrodynamic diameter; “PDI” is polydispersity index; “EX” is excitation wavelength; and “EM” is
emission wavelength.

The excellent fluorescent properties and aqueous colloidal stability of the resultant nanoparticles
render them ideal candidates for storing confidential information, anti-counterfeit printing, and so
on [44-47]. To verify this proposition, inks made from dispersions of hydroxyapatite nanorods were
used to dipping, writing, and inkjet printing. A commercially available paper with no background
UV fluorescence, upon which the hydroxyapatite nanorods adhered well, was chosen as the printing
paper. A sample with an Rapp of 50% and 4-h hydrothermal time were used to prepare a transparent
dispersion (particle concentration of 50 mg/mL) as the ink for infiltration, writing, and printing.
The commercial paper (no background fluorescence) was infiltrated with the dispersion. As shown in
Figure 6a,c, the infiltrated filter paper had no significant imprint under natural light, yet showed bright
blue light under 365-nm ultraviolet light. The English letters “THBUT” were written on a paper without
background fluorescence (Figure 6b,d). The written paper had no obvious emission under natural
light, but showed a bright blue pattern under 365-nm UV light. When Chinese or English characters
(Figure 6e) and a QR code (Figure 6f) were printed using the ink containing the hydroxyapatite particle
dispersion, blue words could be easily observed under a portable 365-nm UV lamp. More importantly,
the information displayed under UV light could not be identified by an unaided eye under natural
light. It was not obvious how one could read the printed information, other than fluorescence-aided
imaging. Consequently, inks such as these are very suitable for long-term storage of confidential
information and for anti-counterfeiting measures.

Figure 6. Photograph of paper infiltrated with fluorescent hydroxyapatite dispersion under natural
light (a) and 365-nm UV light (c); Photograph of paper under natural light (b) and 365-nm UV light (d)
after the pattern was written using the dispersion; Chinese characters (e) and QR code (f) obtained

using ink containing hydroxyapatite dispersion under 365-nm UV light.
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5. Conclusions

In summary, uniform HA nanoparticles, with excellent aqueous colloidal stability and high
fluorescence, have been synthesized via a citrate-assisted hydrothermal method. Introduction of
ammonium ions has no appreciable effect on the crystallization, morphology, or colloidal stability of
hydroxyapatite. Nevertheless, it is critical to the fluorescence properties. An increased hydrothermal
time (in the time range of our study) considerably improved crystallization of the product, and had
no appreciable effect on the colloidal stability. Nevertheless, there was a critical hydrothermal time
limit for the fluorescence properties. In other words, in addition to the citrate reported in previous
work, ammonium ions and an appropriate hydrothermal time are critical for optimum fluorescence
properties. For the colloidal stability of the particles, the transformation of amorphous calcium
phosphate to hydroxyapatite and surface adsorption of citrate are two important factors for the good
colloidal stability of the particles. The cause of HA fluorescence were more biased towards carbon
dots (which are mainly polymer clusters and/or molecular fluorophores constituents) trapped in the
hydroxyapatite crystal structure. The luminescent center may be one of the fluorescent molecular state,
the amorphous carbon dot and the crystalline carbon dot depending on the hydrothermal conditions.
Owing to these properties, a highly fluorescent HA colloidal dispersion was applied toward secure
information storage.
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