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Physicochemical fabrication of calcium phosphate-based thin
layers and nanospheres using laser processing in solutions

New physicochemical processes have been developed for the
fabrication of calcium phosphate-based thin layers (left-hand
side) and nanospheres (right-hand side) via pulsed laser-mediated
light-material interactions in supersaturated solutions.
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Calcium phosphate (CaP)-based thin layers and nanospheres have various potential biomedical applications.
This paper describes the laser-assisted fabrication of CaP-based thin layers and nanospheres, with a focus

on a new physicochemical process developed by us. This process is conducted under normal pressure
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and temperature in supersaturated CaP solutions using pulsed laser irradiation. Owing to the light-
mediated solid—liquid interactions, this process enables the simple and rapid fabrication of CaPs. In
addition, the physicochemical and biological properties of CaPs can be controlled by manipulating the

processing conditions. Our physicochemical process provides a new tool for fabricating CaP-based thin
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1. Introduction
1.1 Fundamentals of calcium phosphates

Calcium phosphates (CaPs) are the main mineral components
found in human bones and teeth. They are synthesized natu-
rally in living organisms via biomineralization and are also
fabricated via artificial processes outside the human body. As
already summarized in a number of recent reviews,' ' there
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layers and nanospheres for biomedical applications.

exist various types of CaP compounds that possess different
crystalline phases, chemical formulas, Ca/P molar ratios, and
solubilities. Most CaPs are sparingly or hardly soluble in neutral
water but all CaPs dissolve in acids. Among CaP compounds,
hydroxyapatite (HAp, Ca;¢(PO,)s(OH),, Ca/P = 1.67)> ® is the most
stable and insoluble phase in the physiological environment.
Moreover, HAp is similar to the mineral component found in
bones and teeth. Some CaPs such as octacalcium phosphate
(OCP, Cag(HPO,),(PO,),-5H,0, Ca/P = 1.33)"* are found as inter-
mediate phases during biomineralization. Amorphous calcium
phosphate (ACP, Ca,H,(PO,),-nH,0 (n = 3-4.5), Ca/P = 1.2-2.2)"°
is also a precursor of HAp and appears in the initial stage of
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biomineralization. Compared with well-crystallized HAp, OCP
and ACP have relatively higher solubilities.

1.2 Biological properties and applications of CaPs

Some CaPs, including sintered HAp and B-tricalcium phosphate
(B-TCP, B-Cas(PO,4),, Ca/P = 1.5), show good biocompatibility,
i.e., they are generally nontoxic and induce minimal inflamma-
tory or foreign-body reactions. Unlike other general artificial
materials, they are not encapsulated by fibrous tissues, and
bond directly to the living bone tissues. This property is referred
to as bone-bonding ability or osteoconductivity. On these osteo-
conductive CaP surfaces, bone cells adhere and proliferate, and
finally a new bone is formed and interacts with the surrounding
bone tissues. In addition to osteoconductivity, some CaPs such
as sintered carbonate apatite and f-TCP show bioresorbability,
i.e., they are dissolved in the body and replaced with the bone
tissue over time. Because of these useful biological properties, CaPs
in various compositions and forms have been used in orthopedic
and dental applications.®*"***> For example, sintered HAp, B-TCP,
and o-TCP (a-Ca;(PO,),, Ca/P = 1.5) and their composites have
been used as bone substitutes, bone cement powders, bone
fillers, and osteoconductive coatings on implants.

Some CaPs also show high affinity for specific drugs, proteins,
antibodies, and nucleic acids (DNA, RNA). In addition, the com-
ponent ions (calcium, phosphate, and hydroxide ions) in CaPs are
easily replaced by other inorganic ions.>'®*® Therefore, CaPs have
also been used as column beads for chromatography,"®*°
adsorbents for organic and metallic pollutants,”"**> and trans-
fection reagents for cells.”>>® In recent years, delivery of
therapeutic and diagnostic agents using CaP nanoparticles
has been intensively studied for developing multifunctional
CaP-based nanocarriers.>?°28

1.3 CaP thin layers and nanospheres

Bulk CaP ceramics are generally manufactured by sintering row
CaP powder compacts. However, sintered bulk CaP ceramics
are extremely hard and brittle; hence, they can be used only
under low-load-bearing conditions. Coating thin layers of CaPs
on different artificial materials (e.g., tough and strong metallic
materials or soft and flexible polymeric materials) is an effec-
tive approach to produce biocompatible and osteoconductive
composites that can be used under various conditions.'®?973?
Thus, the CaP coating technique is important for expanding the
use and practical application of CaPs and for functionalizing
the surfaces of artificial materials.

The fabrication of CaP-based nanospheres is also becoming
increasingly important because of the high potential of CaP-
based nanospheres as safe and biocompatible delivery carriers
for therapeutic and diagnostic agents.>**® CaP-based nano-
spheres show potential as carriers because nano-sized particles
can penetrate into tiny interstices in a body, be administered by
injection, travel through the bloodstream, and permeate cell
membranes and blood vessel walls if particle structures and
surface functionalities are appropriate. CaP carriers comprising
human biomineral components have the advantages of bio-
compatibility, low toxicity, pH sensitivity (degradable under
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acidic conditions into serum ions), and cost-effectiveness (sources
are ubiquitous elements). Owing to these potentials and advan-
tages, CaP-based nanospheres with various compositions and
structures (solid, hollow, and core-shell) have recently been
developed for use in delivery carrier applications.** >’

1.4 Fabrication of CaP thin layers and nanospheres

Conventionally, CaP-based thin layers and nanoparticles have
been fabricated by either physical or chemical process (this will
be described in more detail later). Recently, we developed a new
physicochemical process for the fabrication of CaP-based thin
layers**** and nanospheres**** by combining a physical laser
process and a chemical precipitation process. In this process,
pulsed laser irradiation is performed without focusing to a
metastable or labile supersaturated CaP solution to induce light-
material interactions at a laser-irradiated substrate surface (for
thin layer fabrication) or in the entire solution (for sphere
fabrication) (Fig. 1). In the process of thin layer fabrication, bulk
substrates immersed in a metastable supersaturated CaP
solution function as both a light-absorbing agent and a frame
to support the CaP layer (Fig. 1, lower left). In the process of
sphere fabrication, metal ions incorporated within the dispersed
nano-precipitates function as light-absorbing agents in a labile
supersaturated CaP solution (Fig. 1, lower right).

This review summarizes the fabrication processes of CaP-based
thin layers (Section 2) and spheres (Section 3), focusing on our
physicochemical process via laser processing in supersaturated
CaP solutions. In this review, a nanosphere is defined as a
particle with a diameter of 1-1000 nm.

Nd:YAG laser

G’hin layer fabrication Sphere fabrication\

Light-material
interaction

Supersaturated

Substrate CaP solution

Precipitate
y,

Fig. 1 Schematic illustration of our physicochemical process: laser irradia-
tion system (upper), thin layer fabrication (lower left), and sphere fabrication
(lower right).

This journal is © The Royal Society of Chemistry 2016
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2. Physicochemical fabrication of
CaP-based thin layers
2.1 CaP coating techniques

2.1.1 Conventional physical and chemical processes. Among
CaP coating techniques, physical processes such as plasma spraying,
thermal spraying, pulsed laser deposition (laser ablation), sputtering,
and ion-beam assisted deposition are practical, particularly for
metallic substrates because of the relatively high CaP deposition
rate.'>**> However, these physical processes are associated with
high thermal energy and often involve a risk of heat damage of
substrates and decomposition of CaPs. In addition, it is difficult
to incorporate heat-labile biofunctional substances (e.g:, proteins)
within CaP layers. On the other hand, chemical CaP coating
processes such as the biomimetic process (precipitation process),
alternate dipping process, electrochemical deposition, and sol-
gel process are carried out under relatively mild conditions (low
temperature and normal pressure),'%?>29:3033:45

2.1.2 Biomimetic process: from chemical to physicochemical
processes. Among chemical CaP coating processes, biomimetic
processes feature pseudo-physiological coating conditions using
supersaturated CaP solutions. Due to such pseudo-physiological
conditions, various biofunctional substances including proteins,
antibiotics, nucleic acids, antibodies, and lipids can be incorpo-
rated within CaP layers via coprecipitation while retaining their
biological activity.>>*>"*” In addition, biomimetic processes can
be applied even to thermally undurable substrates, including
biodegradable polymers.

A conventional biomimetic process is generally carried out
in a sequence of steps that include the surface modification of a
substrate and the immersion of the surface-modified substrate
in a supersaturated CaP solution such as a simulated body
fluid (SBF).***° In the surface-modification step, the surface
of a substrate is modified with hydrophilic functional groups
(e.g., Si-OH, Ti-OH, COOH, and SOz;H) and/or CaP seeds. In the
subsequent immersion step, the surface-modified substrate is
immersed in a supersaturated CaP solution to grow a CaP layer
on the surface. When certain biofunctional substances are added
to the supersaturated CaP solution at appropriate concentrations,
they are spontaneously incorporated into the CaP layer via
coprecipitation, providing various biological functions.>>*>~*

A critical disadvantage of conventional biomimetic processes
is their impracticality; they are usually time-consuming (hours to
days) due to the multiple steps, including a complicated surface-
modification step, and the relatively low growth rate of CaP. To
overcome this disadvantage, physical stimulation (e.g., laser
irradiation,”®>* ultraviolet (UV) irradiation,>>>® and microwave
irradiation®”"*°) has been introduced into biomimetic processes.
In this review, we focus on the laser irradiation, specifically, laser
processing in a supersaturated CaP solution. This process com-
bines a physical laser process and a chemical precipitation
process in a single step, which enables rapid and area-specific
CaP precipitation at the laser-irradiated solid-liquid interface
(i.e., the interface between a substrate and a metastable super-
saturated CaP solution). Laser stimulation was initially applied
as a CaP-precoating method before the immersion step in

This journal is © The Royal Society of Chemistry 2016
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supersaturated CaP solution.”®>* Such two-step CaP coating
techniques are described in Section 2.2. Recently, these two-
step techniques have been refined, and one-step CaP coating was
achieved using a laser-assisted biomimetic (LAB) process;**™**
this process is described in detail in Section 2.3.

2.2 Laser-assisted two-step CaP coating techniques

2.2.1 Focused laser processing in supersaturated solutions.
A laser-liquid-solid interaction (LLSI) process was reported in
2004 by Pramatarova et al. as a CaP precoating technique that
utilizes laser processing in supersaturated CaP solutions.’** In
this process, a focused pulsed laser light is irradiated with
scanning on a substrate immersed in SBF. SBF is a metastable
supersaturated CaP solution with a temperature and ion con-
centrations that are approximately equal to those of human
blood plasma.*® Focused laser irradiation in SBF resulted
in in situ CaP precipitation (CaP precoating) on the substrate
surface. The laser-irradiated substrate was then immersed in
another SBF for up to 24 h at 37 °C without laser irradiation to
allow CaP growth. This two-step CaP coating technique (the LLSI
process followed by SBF immersion) was applied to several
substrates such as metallic and ceramic, but not to organic
polymers. This might be because the reported LLSI process
employs a focused laser light with a relatively high fluence of
~3 KJ per pulse per cm®.

2.2.2 Unfocused laser processing in supersaturated solutions.
In 2009, Lee et al. employed much weaker pulsed laser light to
prepare a CaP coating on a polymeric substrate using a similar
two-step technique.’ In the first step, unfocused pulsed UV
(4 = 355 nm) laser light (64 mJ per pulse per cm?, 10 Hz) was
irradiated without scanning on the surface of an ethylene-vinyl
alcohol copolymer (EVOH) substrate immersed in a supersatu-
rated CaP solution. As a supersaturated CaP solution, they used
a so-called CP solution (NaCl 142 mM, K,HPO,-3H,0 1.50 mM,
CaCl, 3.75 mM, buffered to pH = 7.40 at 25 °C°"). This CP
solution has Ca and P concentrations of 1.5 times those of SBF
and contains no unnecessary ions (magnesium, sulfate, and
carbonate ions). After pulsed laser irradiation for 3 h in the CP
solution (Fig. 2a, left), CaP was precoated on the irradiated
surface (5 mm diameter circle) of the EVOH substrate. In the
second step, the laser-irradiated substrate was immersed in the
CP solution without laser irradiation for 24 h (Fig. 2a, right),
resulting in the formation of a continuous micro-thin layer of
CaP. According to X-ray diffraction analysis, the CaP phase in
the layer was low-crystalline HAp. The CaP layer was formed
only on the irradiated area of the EVOH surface and not on the
non-irradiated area (Fig. 2b), indicating that the first laser
irradiation was an essential step for the formation of CaP.

2.3 Laser-assisted one-step CaP coating technique: LAB
process

2.3.1 CaP coating on EVOH substrate. In the two-step
techniques described in Section 2.2, the overall processing time
including the immersion period in the second step is longer
than 24 h. Recently, we developed a rapid (<30 min) and one-
step CaP coating technique for the EVOH substrates by

J. Mater. Chem. B, 2016, 4, 6289-6301 | 6291
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Fig. 2 Laser-assisted two-step biomimetic process using the EVOH substrate. (a) Schematic illustration. (b) Optical microscopy (upper right) and
scanning electron microscopy (SEM) images of the laser-irradiated (lower right) and non-irradiated (upper left) surfaces of the EVOH substrate after laser
irradiation for 3 h and subsequent immersion in CP solution for 24 h (modified from ref. 54 with permission).
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Fig. 3 LAB process using the EVOH substrate. (a) Schematic illustration. (b) Optical microscopy (upper left) and SEM images of the laser-irradiated (upper
right) and non-irradiated (lower left) surfaces of the EVOH substrate after laser irradiation (200 mJ per pulse per cm?) in CP solution for various periods of

time (10, 20, and 30 min) (modified from ref. 38 with permission).

simplifying Lee’s two-step process.*® In this new process
(referred to as a laser-assisted biomimetic (LAB) process),
unfocused pulsed UV (4 = 355 nm) laser light with a slightly
higher fluence (200 mJ per pulse per cm?®) and frequency
(30 Hz) than those used in Lee’s process was used to irradiate
the EVOH substrate immersed in the CP solution maintained
at 25 °C by a water bath (Fig. 3a). Within only 10 min of
irradiation, CaP began to precipitate on the laser-irradiated
EVOH surface (5 mm diameter circle) (Fig. 3b). After irradiation
for 30 min, a continuous CaP layer with a plate-like structure
fully covered the laser-irradiated surface (Fig. 3b). Note that the
metastable CP solution remained clear, indicating that homo-
geneous nucleation was not induced during the LAB process.
Therefore, CaP precipitated not through the sedimentation of
homogeneously nucleated CaP particles but through the light-
material interactions at the laser-irradiated EVOH surface. The
crystalline phase of the CaP layer was mainly OCP and a small
amount of HAp. Like the previous two-step techniques, the LAB
process was also capable of generating an area-specific CaP
coating on the laser-irradiated surface (Fig. 3b).

Our CaP coating technique using the LAB process is carried
out rapidly in one step without a prior surface-modification
step or a post-immersion step in supersaturated CaP solution.
These characteristics represent advantages over the conven-
tional two-step biomimetic CaP coating techniques.

2.3.2 Mechanism behind CaP precipitation in the LAB process.
In the LAB process, CaP most likely precipitates due to the combined
effects of laser surface modification and selective heating at the

6292 | J Mater. Chem. B, 2016, 4, 6289-6301

laser-irradiated solid-liquid interface (Fig. 4). To verify these
effects, we performed two control experiments using the EVOH
substrate.*®

First, we performed the same UV laser irradiation but
without a temperature-controlled water bath to amplify the
heating effect on the EVOH substrate. As shown in Fig. 5a,
the temperature of the CP solution increased from its original
temperature (25 °C) with increasing irradiation time of the
EVOH substrate. In the absence of the substrate, the tempera-
ture increase of the same solution was negligible (Fig. 5a)
because the CP solution absorbs very little light at 355 nm.
Therefore, the increased temperature in the presence of the

Laser absorption by substrate

Surface modification || Heating by substrate
Increase in Increase in

» Surface roughening * Mass transfer rate
» Surface wetting » Supersaturation

$ ¥

Favorable condition Acceleration of CaP
\ for CaP precipitation )\ precipitation )

Fig. 4 Putative mechanism of CaP precipitation on the EVOH substrate
using the LAB process.

This journal is © The Royal Society of Chemistry 2016
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Fig.5 (a) Change in temperature of the CP solution without a

temperature-controlled water bath during laser irradiation (200 mJ per
pulse per cm?) with and without the EVOH substrate (modified from ref. 38
with permission). (b) Absorption spectrum of the EVOH substrate (modified
from ref. 40 with permission).

EVOH substrate must be due to laser absorption by the substrate
and the resulting selective heating via light-to-heat energy
conversion at the surface. In fact, the EVOH substrate showed
good light absorption at 355 nm (Fig. 5b). Even under the
temperature control of the water bath (the normal conditions of
the LAB process), the irradiated surface should be selectively
heated to locally increase the temperature of the surrounding
CP solution. This increase in temperature in the CP solution
should have an accelerating effect on CaP nucleation and
growth by increasing both the mass transfer rate and the degree
of supersaturation of the solution with respect to CaPs (Fig. 4).
Note that CaPs including HAp and OCP have lower solubilities
at higher temperatures compared to at 25 °C, different from
many other inorganic crystals.’>%?

Second, laser irradiation was performed in ultrapure water to
examine the structural changes in the surface of the base EVOH
substrate. As shown in the SEM images in Fig. 6a, submicrometer-
size pores formed on the EVOH surface after laser irradiation
in ultrapure water. As the irradiation period in ultrapure water
increased, the contact angle of water on the EVOH surface
decreased (Fig. 6b). Similar surface reactions including surface
roughening and wetting are expected to occur in the CP solution
(normal conditions of the LAB process). The resulting submicro-
porous surface with increased wettability should provide a favor-
able environment for CaP precipitation in the CP solution.

As a result of the laser-induced surface modification and the
selective heating described above, a CaP layer was formed

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) SEM images of the laser-irradiated surfaces of the EVOH
substrates after UV laser irradiation (200 mJ per pulse per cm?) in ultrapure
water for various periods of time (10, 20, and 30 min). (b) Changes in the
contact angle of water on the laser-irradiated surface of the EVOH
substrate during UV laser irradiation (200 mJ per pulse per cm?)
in ultrapure water (average + standard deviation) (modified from ref. 38
with permission).

o

specifically at the laser-irradiated solid-liquid interface on the
EVOH substrate (Fig. 4).

2.3.3 Application of the LAB process to other substrates.
Our CaP coating technique using the LAB process is applicable
to not only EVOH, but other polymeric, ceramic, and metallic
substrates that can absorb sufficient laser light energy.’®*>
However, it is not applicable to substrates with insufficient laser
absorption because laser absorption by a substrate is a pre-
requisite for CaP precipitation in the LAB process, as verified in
the preceding section.

We have tested four substrates in addition to EVOH: poly-
ethylene terephthalate (PET, polymer), polyethylene (PE, polymer),
sintered HAp (sHAp, ceramic), and titanium (Ti, metal). After
the LAB process using UV laser (1 = 355 nm), CaP layers were
formed on the PET,*® sHAp,*® and Ti substrates*""** (Fig. 7), but
not on the PE substrate.*® These results correlated well with the
light absorption ability of the substrate at the employed laser
wavelength (355 nm) and with the temperature change of the
CP solution during laser irradiation of the substrate without a

{\

Fig. 7 SEM images of the laser-irradiated surfaces of the PET, sHAp, and
Ti substrates after the LAB process (133 mJ per pulse per cm?, 30 min)
(modified from ref. 39-41 with permission).

J. Mater. Chem. B, 2016, 4, 6289-6301 | 6293
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temperature-controlled water bath. For example, the PE sub-
strate exhibited little light absorption at 355 nm and negligible
heating of the CP solution under irradiation, thereby inducing
no CaP precipitation during the LAB process.’® Conversely,
other substrates including the EVOH substrate (Fig. 5b) showed
higher light absorption at 355 nm than the PE substrate,
resulting in a significant temperature increase of the CP
solution under irradiation. Consequently, CaP precipitated on
the EVOH, PET, sHAp, and Ti substrates by the LAB process
using UV laser (4 = 355 nm) (Fig. 3b and 7).

The mechanism underlying CaP precipitation in the LAB
process should depend on the type of substrate due to the
different light absorption abilities and surface chemistries of
different substrates. The mechanism of CaP precipitation on
the PET substrate is likely to be similar to that proposed for
EVOH, which involves laser-induced surface modification (micro-
deformation and wetting) and selective heating at the surface
(Fig. 4). Our numerical estimates showed that the increases in
surface temperatures of the EVOH and PET substrates by one
pulse irradiation were just several degrees.’® Thus, nonthermal
photochemical reactions might be involved in the laser-induced
surface modification of these polymeric substrates in the LAB
process. On the other hand, we estimated that the surface of the
Ti substrate was heated up to several thousand degrees during
one pulse irradiation during the LAB process.*” Therefore, the
laser-induced surface modification of the Ti substrate should
involve high-temperature processes such as melting, vaporiza-
tion, ionization, and oxidization. In fact, the Ti surface was
deformed and oxidized into the high-temperature phase (rutile)
of titanium dioxide following laser irradiation. In the case of the
ceramic sHAp substrate, which contains intrinsic CaP nucleation
sites on its surface, CaP can precipitate on the sHAp surface in
the supersaturated CP solution, even without any surface
deformation.? Laser irradiation simply accelerates CaP precipi-
tation on the sHAp substrate through selective surface heating in

View Article Online
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the CP solution; laser irradiation does not affect the morphology
of the sHAp surface under SEM observation. Due to such
differences in CaP precipitation mechanism, the surface
morphologies and crystalline phases of the CaP layers varied
with substrate, even under the same irradiation conditions (laser
fluence and irradiation time) (Fig. 7).

2.3.4 Effect of laser fluence and wavelength on CaP precipita-
tion. Laser fluence has a significant effect on CaP precipitation in
the LAB process. CaP precipitation is promoted to a certain extent
by an increase in fluence due to fluence-dependent surface
modification and/or heating.*®*>** However, the use of a higher
fluence does not always promote CaP precipitation, as revealed by
the surface composition (Ca/Ti ratio) of the Ti substrate after the
LAB process with different wavelengths and fluences (Fig. 8). This
is because excessive fluence causes destructive surface reactions.*>
Thus, there exists an optimal range of fluence for each substrate
and each irradiation system.

As a laser light, UV (355 nm), visible (VIS, 532 nm), and near-
infrared (NIR, 1064 nm) lights of Nd:YAG laser were effective in
inducing CaP precipitation on the Ti substrate using the LAB
process.”” This occurred because Ti shows relatively high light
absorption at a wide range of wavelengths from UV to NIR,
although the light absorption rate depended on the wavelength.
The effect of laser heating and consequently the amount
(and crystalline structures as well) of the CaP precipitates varied
with laser wavelength, even when laser fluence was kept con-
stant (compare Ca/Ti ratio of the three substrates treated with
the same fluence) (Fig. 8).

In the LAB process, a suitable laser wavelength should be
selected according to the optical absorption properties of the
intended substrate, and the laser fluence should be tuned to
induce efficient CaP precipitation at the laser-irradiated surface
of the substrate.

2.3.5 Biological properties of CaP layers fabricated by the
LAB process. The CaP layers fabricated by the LAB process

UV : 355 nm VIS : 532 nm NIR : 1034 nm
Ti Fluence T;j
Fluence (mJ/pulselcm?) Fluence

(mJ/pulse/cm?) P (mJ/pulse/cm?) Ti
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> > >
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Fig. 8 Energy dispersive X-ray analysis of the Ti substrate surfaces after the LAB process (30 min) using UV (left), VIS (center), and NIR (right) lasers with
different fluences (67, 133, and 200 mJ per pulse per cm?) (modified from ref. 42 with permission).
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showed good cell compatibility. According to our preliminary cell
adhesion study using epithelial-like CHO-K1 and osteoblast-like
MG-63 cell lines, the CaP-coated EVOH substrate (Section 2.3.1,
laser-irradiated area after the LAB process) showed better cell
adhesion properties than the naked EVOH substrate (non-
irradiated area) for both cell lines (Fig. 9a).*® No adverse effects
on cell adhesion were observed in this preliminary study.

In biomimetic processes, biological properties of CaP layers
can be further improved or tailored by immobilizing certain
biofunctional substances via the coprecipitation of CaP and
biofunctional substances in supersaturated CaP solutions.>>*>™*”
Thus, we attempted to simultaneously immobilize biofunctional
substances and precipitate CaP onto Ti substrates using the LAB
process.*’ As the biofunctional substances, we selected zinc, an
essential trace element, and fibronectin, a cell-adhesion protein,
both of which can act as osteogenic substances and stimulate
bone regeneration.®**® We supplemented the CP solution with
ZnCl, or fibronectin at various concentrations and performed
the LAB process using Ti substrates and the modified CP
solutions. After pulsed laser irradiation for 30 min, zinc or the
components of fibronectin (molecules and/or their derivatives)
along with CaP were present on the Ti surface. The contents of
both zinc and the fibronectin components at the Ti surface were
controllable by changing their initial concentrations in the
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Fig. 9 Preliminary cell adhesion studies. (a) Number densities of CHO-K1
and MG-63 cells (after 2 h of culture) adhering to the laser-irradiated and
non-irradiated surfaces of the EVOH substrates after the LAB process
(average + standard deviation) (modified from ref. 38 with permission).
(b) Optical microscopy images of CHO-K1 cells (after 24 h of culture) on
the laser-irradiated surfaces of the Ti substrates after the LAB process in
the CP solution supplemented with and without fibronectin (modified
from ref. 41 with permission).
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modified CP solution. In the case of zinc, a cationic zinc ion
was likely incorporated within the CaP nanocrystals through
partial substitution at the calcium ion sites. In the case of
fibronectin macromolecules, the experimental results suggested
their partial degradation, aggregation, and/or denaturalization
in the CP solution under the tested irradiation conditions.
Despite this, the fibronectin components introduced on the
Ti surface enhanced cell adhesion and spreading on the CaP-
coated Ti substrate (Fig. 9b).*" This suggests that the fibronectin
components provided active binding sites on the Ti surface,
although it remains unclear whether these components were
incorporated within the interstices of the CaP nanocrystals or
adsorbed onto the precipitated CaP surface. From the perspec-
tive of the retention of native fibronectin structures and func-
tions, posterior fibronectin adsorption onto the CaP-coated
substrate would also be effective and probably more practical.
The immobilization method should be carefully chosen and
optimized in consideration of the types of biofunctional sub-
stances employed and the intended applications.

2.4 Challenges and perspective

As described above, the LAB process is a one-step, laser-assisted
biomimetic CaP coating technique that allows the area-specific
coating of CaP on various substrates with laser light absorption.
The LAB process is carried out under normal pressures and
temperatures in a pseudo-physiological supersaturated CaP
solution. Hence, this process can be applied to polymeric
substrates with low thermal durability as well as thermally
durable metallic and ceramic substrates. Substrates that have
been coated with CaPs by the LAB process include PET, sHAp,
and Ti, all of which are important biomaterials used in medical
and dental applications. Considering that the irradiation area
is narrow (5 mm diameter circle) in our current system, the present
LAB process should be suitable for small-sized biomaterials such
as dental implants, bone screws, pins, and wires. The irradiation
area could be expanded by rearranging the laser equipment,
further broadening the application of the LAB process.

Our new CaP coating technique using the LAB process has
the potential to provide better clinical treatments. Since clinical
treatments with lasers having various characteristics (pulse
width, frequency, wavelength, etc.) have become popular in
recent years,®”°° the LAB process might be utilized in medical
settings for the preoperative or intraoperative surface function-
alization of biomaterials. The CaP layers fabricated by the LAB
process were composed mainly of OCP and/or HAp, both of
which have been shown to exhibit good biocompatibility
and osteoconductivity. Thus, our CaP coating technique using
the LAB process has the potential to provide a target region
of a biomaterial surface with good biocompatibility and osteo-
conductivity. Furthermore, biological properties of CaP layers
can be further improved or tailored by immobilizing certain
biofunctional substances, as demonstrated in Section 2.3.5.
This might enable tailored medicine on demand from patients
(e.g, zinc-incorporated CaP coating on bone fixation devices for
osteoporotic fracture caused by zinc deficiency). These are
challenges for future study.
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3. Physicochemical fabrication of
CaP-based nanospheres
3.1 Fabrication techniques of CaP-based nanoparticles

3.1.1 Conventional physical and chemical processes. CaP-based
nanoparticles (nanoparticles including CaPs as a matrix) can be
fabricated by a variety of physical and chemical processes.*”
Physical processes include plasma spraying, mechanochemical
reaction, solid-state reaction, and laser ablation in liquid.
Chemical processes include precipitation, hydrothermal,
hydrolysis, emulsion, and sol-gel methods. As is the case with
CaP layer fabrication processes, each process has advantages
and disadvantages.

3.1.2 Precipitation process: from chemical to physico-
chemical processes. Among conventional fabrication processes
of CaP-based nanoparticles, the precipitation process using
supersaturated CaP solutions has the advantage of proceeding
under mild reaction conditions (low temperature, normal
pressure, and neutral pH). The precipitation process generally
uses highly supersaturated and labile CaP solutions to induce
homogeneous CaP nucleation in entire solutions. Like bio-
mimetic CaP coating processes described in Section 2.1.2, various
biofunctional substances such as proteins and nucleic acids can
be incorporated within CaP nanoparticles via coprecipitation
while retaining their biological activity.

The disadvantage of the precipitation processes is the difficulty
in controlling the shapes and sizes of the particles. Therefore,
the precipitation process often requires specific surfactants
for controlling nanoparticle shape and size,”””! which in turn
may cause safety issues for biomedical applications. Another
approach without the use of surfactants is the application of
physical stimulations such as laser irradiation, microwave
irradiation,”?”* and ultrasonic irradiation.”

We have recently developed a surfactant-free, rapid (short
irradiation time), and one-pot physicochemical process for
fabricating CaP-based nanoparticles by combining a physical
laser process with a chemical precipitation process.**** The
resulting particles possess well-regulated spherical structures, which
are advantageous for biomedical applications due to their reduced
agglomeration, easy redispersion, and minimal physical irrita-
tion of cells, tissues, and organs. In the next section (Section 3.2),
we introduce related previous studies on laser processing in
liquid solvents for the fabrication of inorganic nanospheres
(including CaP nanospheres) using solid sources (bulk targets
or source nanopowders). In the following section (Section 3.3),
we review our physicochemical process via laser processing in
labile supersaturated CaP solutions for the fabrication of CaP
nanospheres using liquid sources (ion solutions).

3.2 Fabrication of inorganic nanospheres via laser processing
in liquid solvents using solid sources

3.2.1 Laser ablation in liquid process. A laser ablation in liquid
process was developed for the fabrication of nanoparticles in
1993.7°7° In this process, a focused laser light is irradiated onto
a bulk target immersed in a liquid solvent to provide a colloidal
solution of nanoparticles. The main formation mechanisms of
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Fig. 10 Schematic illustration of the pulsed laser melting in liquid process.

these nanoparticles are thought to be based on thermal
evaporation (i.e., vapor or plasma formation) and/or the explo-
sive ejection of nanodroplets.”® To date, various nanoparticles
including semiconductors, metals, metal oxides, organic dyes,
and diamonds have been fabricated by laser ablation. CaP
nanoparticles with diameters of less than 50 nm have also
been fabricated using a CaP bulk target.**"®* This laser ablation
in liquid process is carried out in a liquid solvent including
water without any surfactants. However, mass productivity is
relatively low because of the tiny irradiation area of the focused
laser beam (e.g., diameter of 120 pm®").

3.2.2 Pulsed laser melting in liquid process. Around 2010,
a pulsed laser melting in liquid process was developed for
the fabrication of nanospheres (diameters of 100-500 nm) of
semiconductors, metals, and metal oxides using an unfocused
pulsed laser light.**® In this process, irregularly shaped
source nanopowders are dispersed in a liquid solvent (Fig. 10,
left) and irradiated with relatively weak pulsed laser light
with wavelength in the UV to NIR range. This induces the
spheroidization of source nanopowders on the nanoscale in
one step within 10-60 min (Fig. 10, right). During laser irradia-
tion, the source nanopowders selectively absorb laser light and
are heated and melted into spherical droplets. The melting
droplets are rapidly quenched in the liquid during the interval
between laser pulses. Although the pulsed laser melting in
liquid process has been used to fabricate various nanospheres,
it failed to fabricate CaP nanospheres due to the insufficient
laser absorption of CaPs in the UV to NIR wavelength range.

To enhance light-CaP interactions, we integrated HAp nano-
powders with carbon nanopowders as a light-absorbing agent
by mechanical milling prior to the pulsed laser melting in
liquid process (Fig. 11a).®° The integration with carbon nano-
powders as a light-absorbing agent was proposed in previous
reports on the fabrication of nanospheres of optically transparent
metal oxides (e.g., Al,0;, MgO, and Zr0,).°*°’ The carbon-
integrated HAp nanopowders (Fig. 11b, left) were dispersed into
ethanol and irradiated with a weak pulsed laser light (4 = 355 nm,
8 mm diameter circle) without focusing. After irradiation for
20 min, CaP nanospheres (Fig. 11b, right) with single-hollow,
multi-hollow, and solid structures were obtained (Fig. 11c).
During this process, the carbon nanopowders absorbed laser

This journal is © The Royal Society of Chemistry 2016
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light energy and transferred the energy to HAp nanopowders,
causing the melting and spheroidization of the carbon-
integrated HAp nanopowders in the liquid solvent (ethanol).
During laser irradiation, most carbon nanopowders were sub-
limated or degraded and were not incorporated within the final
spheres. The hollows were considered to be produced when the
gases produced in the nanopowders were not released before
final solidification. The resulting hollow spheres would be
advantageous for drug delivery applications due to their large
loading capacity.

In the carbon-assisted pulsed laser melting in liquid
process, it is possible to incorporate additional functional ions
into the nanospheres via ion adsorption onto the spheres
followed by melt diffusion under irradiation. We produced
CaP nanospheres with fluorescence by adding terbium ions to
the dispersed solution of carbon-integrated HAp nanopowders
prior to the pulsed laser melting in liquid process.®® A larger
amount of terbium ions were incorporated into CaP nano-
spheres under laser irradiation than under mere stirring
without irradiation due to the laser-mediated melt diffusion
of terbium ions. The resulting terbium-incorporated CaP nano-
spheres exhibited fluorescence peaks characteristic of terbium
ions (Fig. 11d). The fluorescent hollow nanospheres of terbium-
incorporated CaP would be useful as multifunctional drug
delivery carriers with large drug-loading capacity, good bio-
compatibility, pH-dependent biodegradability, and fluorescent
imaging ability.

As described above, pulsed laser melting in liquid process is
useful for fabricating various functional nanospheres. Due to
the relatively large beam size of unfocused pulsed laser light,
the mass productivity of this process was greatly improved
compared with the conventional laser ablation in liquid process
using focused laser light. However, for the nanosphere fabrica-
tion of low-laser-absorbing materials such as CaPs, a prior
integration step (mechanical milling) with light-absorbing
agents (e.g., carbon nanopowders) was required. In addition,
size-regulated CaP nanopowders and carbon nanopowders must
be prepared or purchased separately; these nanomaterials in
the powder form are generally difficult to handle, and their
production cost is relatively high. Rather than powder-powder
physical integration, chemical coprecipitation in a labile super-
saturated CaP solution would be a much easier way to integrate
light-absorbing agents with CaPs. In the following sections, we
review our new physicochemical technique for the fabrication
of CaP-based spheres using liquid (ion) sources instead of
nanopowders, which is based on laser processing in labile
supersaturated CaP solutions.

3.3 Fabrication of CaP nanospheres via laser processing in
labile supersaturated CaP solutions

3.3.1 Fabrication of iron-incorporated CaP nanospheres.
We recently proposed a novel physicochemical technique for
fabricating CaP-based nanospheres by combining a pulsed
laser melting in liquid process (Section 3.2.2) with a chemical
coprecipitation process (Section 3.1.2).**** We hypothesized
that nanoprecipitates with the ability to absorb laser light
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Fig. 11 Fabrication of CaP nanospheres by the pulsed laser melting in
liquid process (modified from ref. 89 with permission). (a) Schematic
illustration. (b) SEM images of the carbon-integrated HAp nanopowders
and the CaP nanospheres. (c) TEM images of the CaP nanospheres. (d)
Fluorescence spectrum of the terbium-incorporated CaP nanospheres
dispersed in ultrapure water with excitation at 228 nm and 488 nm (inset).

should form in labile supersaturated CaP solutions supple-
mented with light-absorbing agents via coprecipitation, and
the resulting nanoprecipitates should undergo pulsed laser
melting in liquid (Fig. 12a). For this purpose, we prepared a
labile supersaturated CaP solution (4 mL in total) supplemented
with ferric (Fe*") or ferrous (Fe®) ions as a light-absorbing
agent.”>** Upon mixing three ion source solutions: calcium
(16.7 mM), phosphate (10.0 mM), and ferric/ferrous ion
solutions (5.0 mM), the iron-incorporated CaP nanoprecipitates
with light absorption at 355 nm formed spontaneously through
coprecipitation (Fig. 12b). This CaP solution with dispersed
nanoprecipitates was irradiated with a weak UV (4 = 355 nm,
8 mm diameter circle) pulsed laser at a fluence of 200 mJ per
pulse per cm” without focusing. After irradiation for 20-30 min,
nanospheres and microspheres of iron-incorporated CaP with
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Fig. 12 Physicochemical fabrication of iron-incorporated CaP nano-
spheres and microspheres using ferrous ions as a light-absorbing agent
(modified from ref. 44 with permission). (@) Schematic illustration. (b) SEM
image and absorption spectrum of the iron-incorporated CaP nano-
precipitates formed by mixing three ion source solutions prior to laser
irradiation. (c) SEM images and magnified SEM images (insets) of the iron-
incorporated CaP nanospheres and microspheres.

amorphous structures were obtained (Fig. 12¢). It is considered
that the iron-incorporated nanoprecipitates absorbed sufficient
laser light energy for melting and spheroidization via iron-
enhanced light-material interaction. The thus-formed nano-
spheres grew with irradiation time by fusing together and
incorporating calcium, phosphate, ferric/ferrous ions, and
their clusters in the supersaturated solution. The nucleation-
growth process and Ostwald ripening under supersaturated
conditions might have been involved in the sphere growth,
which is different from the growth process (fusion of source
nanopowders) during the conventional pulsed laser melting in
liquid process (Section 3.2.2).

The laser irradiation conditions (laser fluence, irradiation
time, and wavelength) and the ferric/ferrous ion concentrations
in the CaP solution had a critical influence on sphere formation
and size (Table 1) along with sphere yield and chemical composi-
tion. For example, sphere formation and growth were enhanced
with increasing laser fluence from 67 mJ per pulse per cm” (no
sphere formation) to 133 mJ per pulse per cm” (nanosphere
formation) and 200 mJ per pulse per cm? (both nanosphere and
microsphere formation) for the same irradiation time (30 min)
and ferric/ferrous ion concentrations (5.0 mM) (Table 1a).
Under laser irradiation at 200 m] per pulse per cm?®, CaP-
based nanospheres appeared within 10 min and grew into
microspheres within 15-20 min (Table 1b). As shown in
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Table 1 Effect of experimental conditions on sphere formation and size
(modified from ref. 43 and 44 with permission). Sphere formation was
determined by SEM observation (I: spheres were scarcely observed, and
the majority consisted of irregularly shaped precipitates; N and M: nano-
spheres and microspheres without irregularly shaped precipitates were
observed, respectively)

(a) Effect of laser fluence (30 min, Fe** or Fe*>": 5 mM)

(m] per pulse per cm?) 67 133 200
Fe’* I N N +M
Fe** I N N+M

(b) Effect of irradiation time (200 mJ per pulse per cm?, Fe** or Fe’*: 5 mM)

(min) 0 5 10 15 20 30
Fe** I I N N N+M N+M
Fe?* I I N N+M N+M N+M

(c) Effect of ferric/ferrous ion concentrations (200 m] per pulse per cm?,
30 min)

(mM) 0 1.0 2.0 5.0 7.0 10.0 20.0
Fe** I I N N+M N I —
Fe** I I N N+M —° N+M N+M

¢ Data not obtained.

Table 1c, at least 2.0 mM ferric or ferrous ions were necessary
for nanosphere formation under laser irradiation at 200 mJ per
pulse per cm® for 30 min. In the process using ferric ions,
sphere formation and growth were enhanced most at the ferric
ion concentration of 5.0 mM (both nanosphere and micro-
sphere were formed). At higher ferric ion concentration, sphere
formation was inhibited; only nanospheres (no microspheres)
were obtained at 7.0 mM, and spheres were scarcely obtained
at 10.0 mM. This might be due to the acidic property of the
ferric ion source, FeCl;, which lowers the solution pH and is
thus unfavorable for CaP nucleation and growth.’® In contrast,
in the process using ferrous ions, both nanospheres and micro-
spheres were obtained in a wider range of ferrous ion concen-
trations (5.0, 10.0, and 20.0 mM) because the ferrous ion
source, FeCl,, has less of an acidifying effect than FeCl;. It
should be noted that the iron content in the spheres increased
with increasing ferric/ferrous ion concentrations in the CaP
solution. These results suggest that the sizes and chemical
compositions of the spheres are controllable by tuning the
experimental conditions. The amounts of the spheres obtained
by the process using ferric and ferrous ions (5 mM) are
estimated to be around 0.6 and 1.4 mg, respectively, per batch
(4 mL reaction mixture), considering the contents of calcium,
phosphorus, and iron in the spheres.**

3.3.2 Fabrication of CaP nanospheres containing magnetite
nanoparticles. As described in Section 3.3.1, using ferric and ferrous
ions as light-absorbing agents, we fabricated iron-incorporated CaP
spheres. The fabricated spheres possessed amorphous struc-
tures and did not contain any crystalline magnetite phases. We
aimed to coprecipitate magnetite nanoparticles in the CaP-based
nanospheres to add magnetic properties towards possible appli-
cations in magnetic targeting, imaging, and hyperthermia.”* >
In general, magnetite nanoparticles are formed when ferrous
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Fig. 13 CaP-based magnetic nanospheres (modified from ref. 44 with
permission). (a) Digital images of the magnetic products dispersed in
ultrapure water. (b—e) SEM (b), TEM (c), magnified TEM (d), and illustrated
(e) images of the spheres.

and ferric ions coexists in a basic solution. We supposed that
the partial oxidation of ferrous ions to ferric ions in the
solution should result in the coexistence of both ferrous and
ferric ions. Therefore, we supplemented a labile supersaturated
CaP solution with ferrous ions and sodium hydroxide as a light-
absorbing agent and a pH adjusting agent, respectively.
After pulsed laser irradiation for 20 min, CaP-based magnetic
nanospheres were successfully obtained (Fig. 13a and b). These
nanospheres consisted of an ACP-based matrix containing mag-
netite (and wiistite as well) nanoparticles dispersed throughout
(Fig. 13c-e). Similar magnetic CaP particles have been fabricated
by a two-step process in which magnetite nanoparticles were
first prepared and subsequently treated with CaP solutions.”®
While a small number of papers have reported the one-pot
synthesis of CaP-magnetite composite particles via chemical
precipitation, the reported processes required as long as a day for
aging.”'% Thus, our process represents a new practical method
for the fabrication of magnetite-CaP composite nanospheres that
is both simple (one-pot) and rapid (short irradiation time).

3.4 Challenges and perspective

As described above, laser processing in liquid is a promising
tool for the surfactant-free fabrication of nanospheres of
various materials. Nanospheres have a high potential as
delivery carriers for therapeutic and diagnostic agents, because
they are expected to be injectable and can penetrate into tiny
interstices in a body owing to their nanosize. Moreover, they
can be easily redispersed and cause minimal physical irritation
to living organisms because of their spherical shape. Recently,
CaP-based nanospheres were fabricated by the laser ablation in
liquid process (Section 3.2.1) and the carbon-assisted pulsed
laser melting in liquid process (Section 3.2.2) using solid CaP
sources. More recently, CaP-based nanospheres were fabricated
by our new physicochemical process (laser processing in labile
supersaturated CaP solutions) using liquid (ion) CaP sources.
As described in Section 3.3, our physicochemical process is
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simple (one-pot) and rapid (short irradiation time). In addition,
the source materials needed for this process are aqueous
solutions of commonly used inorganic salts, and there is no
need to use solid sources (either CaP targets or carbon-integrated
CaP nanopowders) and surfactants. The chemical compositions
and nanostructures of the resulting spheres are controllable by
tuning the coprecipitation and irradiation conditions. Future
challenges for biomedical applications include an increase in
productivity (for larger scale production), in vitro and in vivo
evaluation of biocompatibility, biodegradability, biological func-
tions, and biodistribution of the spheres.

According to the proposed sphere-forming mechanism of our
physicochemical process (Section 3.3), other metal ions besides
ferric and ferrous ions can also be used as the light-absorbing
agents and incorporated into the final CaP-based spheres.
Depending on the choice of metal ions as light-absorbing agents,
the resulting CaP-based spheres may exhibit diffe