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Abstract: With an ultrahigh aspect ratio and a similar chemical composition to the biomin-
eral in bone and tooth, ultralong hydroxyapatite nanowires (UHAPNWSs) exhibit a meritori-
ous combination of high flexibility, excellent mechanical performance, high biocompatibility,
and bioactivity. Despite these exciting merits, the rapid and green synthesis of UHAP-
NWs remains challenging. In this work, we have developed an environment-friendly,
rapid, and highly efficient synthesis of ultrathin UHAPNWSs by the microwave-assisted
calcium oleate precursor hydrothermal method using biogenic creatine phosphate as the
bio-phosphorus source. Owing to the controllable hydrolysis of bio-phosphorus-containing
creatine phosphate and the highly efficient heating of microwave irradiation, ultrathin
UHAPNWSs with a homogeneous morphology of several nanometers in diameter (single
nanowire), several hundred micrometers in length, and ultrahigh aspect ratios (>10,000)
can be rapidly synthesized within 60 min. This effectively shortens the synthesis time
by about two orders of magnitude compared with the traditional hydrothermal method.
Furthermore, ultrathin UHAPNWSs are decorated in situ with bioactive creatine and self-
assembled into nanowire bundles along their longitudinal direction at the nanoscale. In
addition, ultrathin UHAPNWs exhibit a relatively high specific surface area of 84.30 m? g~!
and high ibuprofen drug loading capacity. The flexible bio-paper constructed from in-
terwoven ibuprofen-loaded ultrathin UHAPNWSs can sustainably deliver ibuprofen in
phosphate-buffered saline, which is promising for various biomedical applications such as
tissue regeneration with anti-inflammatory and analgesic functions.
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1. Introduction

With the rapid and energetic development of nanotechnology in recent decades, vari-
ous kinds of nanomaterials have been created for widespread applications [1-4]. Nanowires,
in particular, with their merits of anisotropy, superior mechanical properties, weaving
ability, and high surface-to-volume ratio, have attracted tremendous attention in recent
years [5,6]. Nanowires and their assembled materials usually exhibit very different physical
and chemical properties from their monolithic bulk analogues [7,8]. For example, many ce-
ramic nanowires have been found to be more flexible than traditional ceramic pieces [9-12],
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and they can be woven into a variety of porous scaffolds for tissue regeneration [13-16].
Moreover, nanowires can provide abundant surface-active points for high drug loading
capacity and controlled drug release [17,18].

Hydroxyapatite (HAP, Ca;o(PO4)s(OH);) is a popular inorganic biomaterial for bone
tissue engineering, tooth repair, and drug delivery [19-21]. HAP nanowires (HAPNWs)
show outstanding properties, such as high mechanical properties, biocompatibility, bioac-
tivity, osteo-conductivity, and osteo-induction, owing to their compositional similarity
to the inorganic mineral in human bones and teeth [22,23]. It is well-accepted that high
aspect ratio HAP nanostructures encourage rich functions [24]. In recent years, the authors’
research group has developed a kind of ultralong HAP nanowire (UHAPNW) with ultra-
high aspect ratios (>10,000), about 10 nm in diameter, and several hundred micrometers
in length [25-27]. In contrast to the traditional brittle HAP ceramic materials, UHAPNWSs
exhibit high flexibility. UHAPNWS can be twisted and interwoven owing to their extremely
high aspect ratios, and they can assemble into various flexible functional materials with the
networked structure [26,27]. Moreover, UHAPNWSs show a high surface-to-volume ratio
and significant interface phenomena, providing abundant sites for the attachment of drug
molecules, metal ions, and functional groups [25-28].

The traditional synthesis of HAP materials is still facing the challenges of uncon-
trollable formation of calcium phosphate nuclei and lengthy reaction times [29-31]. In
our previous work, we developed a microwave-assisted calcium oleate precursor-bio-
phosphorus hydrothermal method, which is promising for the preparation of UHAPNWs
with uniform morphology, high mechanical flexibility, and high bioactivity [32]. Moreover,
owing to the controlled hydrolysis of phosphorus-containing biomolecules as well as the
rapid and uniform heating by microwaves [33,34], the nucleation and growth of crystals
can be regulated, resulting in HAP nanowires with small diameters and high aspect ratios.
Unfortunately, until now, only adenosine triphosphate (ATP) has been explored for the
synthesis of UHAPNWSs. The chemical structure of ATP is shown in Scheme 1. More
potential phosphorus-containing biomolecules need to be explored, yet this is challenging.
Unlike the case of inorganic phosphates as the phosphorus source, the complexity of the
structure and hydrolysis process of phosphorus-containing biomolecules may prohibit the
satisfactory preparation of high-quality UHAPNWs.

[o} NH
Creatine phosphate (CP) |
Ho/Fl’\ N N

OH | I
CH, o

Adenosine triphosphate (ATP)
N
o [o} o HC I |
Ho\u/o\ﬂ/o\ l_ow c

P
o
OH (I)H (|>H H(|:/ ~~CH

Scheme 1. The chemical structures of creatine phosphate and adenosine triphosphate (ATP).

Creatine phosphate (phosphocreatine) is a high-energy phosphate compound com-
monly found in muscle or other excitable tissues [35,36]. The chemical structure of creatine
phosphate is shown in Scheme 1. It is a storage form of high-energy phosphate groups.
When organisms consume ATP and produce adenosine diphosphate, creatine phosphate
can rapidly release high-energy phosphate groups into adenosine diphosphate under
enzymatic action, so that ATP can be rapidly restored to the normal high supply lev-
els [37]. In the past, studies focused on the in vitro hydrolysis of creatine phosphate and its
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mechanisms of interconversion with ATP and creatine in order to understand its role in
influencing the body during exercise [38]. Because of its close association with high-energy
phosphate compounds, creatine phosphate is often used as a reference for testing the
metabolic performance of muscle [39-41]. In recent years, creatine phosphate has been
explored for the synthesis of nanostructured materials. For instance, Cao et al. reported a
microwave solvothermal method for the preparation of hollow hierarchical mesoporous
structured hydroxyapatite microflowers with a high drug loading capacity using creatine
phosphate as the phosphorus source and template [42]. Qi et al. used creatine phosphate to
synthesize magnesium phosphate pentahydrate nanosheets with pH-responsive solubility,
which is promising for use as pH-responsive nanocarriers for drug and gene delivery [43].
However, neither of them successfully prepared UHAPNWSs using creatine phosphate
as the bio-phosphorus source. We speculate that creatine phosphate may be used as the
bio-phosphorus source to synthesize UHAPNWs like ATP.

In this work, we successfully prepared UHAPNWSs with ultrathin diameters (only
several nanometers for a single nanowire) using creatine phosphate as the bio-phosphorus
source and calcium oleate as the precursor by the microwave-assisted calcium oleate
precursor hydrothermal method. The optimized parameters for the synthesis of ultrathin
UHAPNWSs were investigated. The as-prepared ultrathin UHAPNWSs have ultrasmall
diameters (only several nanometers for a single nanowire), ultralong lengths (hundreds
of micrometers), and ultrahigh aspect ratios (>10,000), and can self-assemble along their
longitudinal direction to form nanowire bundles with a high BET specific surface area
(84.30 m? g~1). Moreover, the as-prepared ultrathin UHAPNWSs show a high ibuprofen
loading capacity (0.33 g drug per gram of nanocarrier). After loading ibuprofen, ultrathin
UHAPNWSs still exhibit a high specific surface area of 79.21 m? g~!. The ibuprofen-loaded
ultrathin UHAPNWS can be further interwoven into flexible and porous bio-paper, and it
can continuously release the drug in phosphate-buffered saline (PBS), which is promising
for various biomedical applications such as inflammatory treatment and promoting tissue
regeneration.

2. Results and Discussion
2.1. Characterization of Ultrathin UHAPNWs

In this work, we chose sodium creatine phosphate tetrahydrate as the bio-phosphorus
source and calcium oleate as the precursor, and used microwave-assisted hydrothermal heat-
ing to rapidly synthesize ultrathin UHAPNWs. The synthetic process of ultrathin UHAPNWSs
is demonstrated in Figure 1. As shown in the schematic diagram, calcium ions are combined
with oleate groups to form calcium oleate precursor. It is known that the phosphate groups
are fixed within creatine phosphate biomolecules [44,45]. In the initial reaction system, there
are no free PO,>~ ions because creatine phosphate molecules are not hydrolyzed to release
free PO,43~ ions, which can prevent the premature formation of calcium phosphate nuclei and
uncontrollable crystal growth. During microwave heating, the temperature of the reaction
system rises rapidly, and creatine phosphate molecules hydrolyze and release free PO,3~
ions to supply the phosphorus source for the formation of ultrathin UHAPNWSs. Moreover,
microwave-assisted heating shows the advantages of rapid volumetric heating, higher effi-
ciency and reaction rates, shorter reaction times, and lower energy consumption compared
with the conventional heating methods [34,46—48], which is beneficial for controlling the
hydrolysis of creatine phosphate molecules as well as for the environmentally friendly
rapid synthesis of homogeneous and well-crystallized ultrathin UHAPNWsS. In our pre-
vious review article [34], we discussed the comparison of energy consumption between
microwave heating and conventional heating, confirming that the energy consumption of
microwave heating is reduced significantly compared with conventional heating methods.
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In addition, in our previous studies, the microwave heating time needed for the synthesis
of UHAPNWSs was much shorter (less than 1 h) than the conventional heating methods
(usually about 24 h or longer), and the microwave heating time needed for the synthesis
of UHAPNWSs decreased by about two orders of magnitude, further verifying that the
energy consumption by microwave heating can be reduced significantly compared with
conventional heating methods [25,28,32,47]. Microwave heating can significantly enhance
the chemical reaction rate, selectivity, and yield of the product, and microwave heating syn-
thesis can exhibit order-of-magnitude enhancements in the reaction rate as compared with
the conventional heating synthesis. Due to the merits of microwave dielectric volumetric
heating for rapid temperature ramping of the reaction system, the conventional heating
system needs more than six times the energy consumption for the synthesis of cubic BaTiO3
nanoparticles compared with that of the microwave heating system [34,49]. As a result, the
microwave heating calcium oleate precursor hydrothermal method provides a promising
pathway to significantly enhance the efficiency and reduce the energy consumption for the
rapid synthesis of UHAPNWs.

oA
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Unassembled-nanowires

microwave-assisted

hydrothermal Washed and assembled

vTezox
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\

Figure 1. Schematic diagram of the rapid synthesis of ultrathin UHAPNWs by the microwave-
assisted calcium oleate precursor hydrothermal method using sodium creatine phosphate as the bio-
phosphorus source, and the self-assembly of ultrathin UHAPNWs into ultralong nanowire bundles.

Figure 2 shows the SEM images of the ultrathin UHAPNWSs synthesized by the
microwave-assisted calcium oleate precursor hydrothermal method using creatine phos-
phate as the bio-phosphorus source, and the reaction time and temperature are 60 min
and 180 °C, respectively. As expected, ultrathin UHAPNWSs can be successfully prepared
by the microwave-assisted calcium oleate precursor hydrothermal method using creatine
phosphate as the bio-phosphorus source. The as-prepared ultrathin UHAPNWSs are mor-
phologically homogeneous, and their diameters are dozens of nanometers, and their lengths
can reach hundreds of micrometers. In addition, ultrathin UHAPNWSs can self-assemble
along their longitudinal direction to form nanowire bundles with larger diameters. Ultra-
thin UHAPNW:s are highly flexible and can be bent at large angles without fracture. Due to
the high aspect ratios and high flexibility of ultrathin UHAPNWs, they tend to interweave
into a porous nanowire network.

Energy dispersive spectroscopy (EDS) elemental mapping results (Figure 3) indicate
that the as-prepared ultrathin UHAPNWs contain Ca, P, O, N, and C elements. The Ca,
P, and O elements originate from ultrathin UHAPNWSs. Both the N and C elements are
from the components of creatine phosphate, suggesting the presence of creatine phosphate
molecules adsorbed on the surface of ultrathin UHAPNWs.
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Figure 2. SEM images with different magnifications (a-d) of UHAPNWs prepared by the microwave-
assisted calcium oleate precursor hydrothermal method using creatine phosphate as the bio-
phosphorus source at 180 °C for 60 min.

Figure 3. EDS elemental mapping of the ultrathin UHAPNWSs prepared by the microwave-assisted
calcium oleate precursor hydrothermal method using creatine phosphate as the bio-phosphorus
source at 180 °C for 60 min.

Higher-resolution structural analysis of the as-prepared ultrathin UHAPNWSs was
performed by TEM, and the results are shown in Figure 4. One can see that ultrathin
UHAPNWs are self-assembled along their longitudinal direction to form nanowire bundles
with diameters of 10 to ~100 nanometers (Figure 4a). The diameter of a single ultralong
HAP nanowire is only ~6 nm (Figure 4b), which is lower than those of UHAPNWSs prepared
using inorganic phosphate salts as the phosphorus source, and consistent with those of
UHAPNWs synthesized using ATP as the bio-phosphorus source in our previous work [32].
This suggests that the combination of rapid microwave heating and the use of phosphorus-
containing biomolecules as the bio-phosphorus source can rapidly synthesize UHAPNWSs
with ultrasmall diameters compared with those prepared by the conventional heating
methods using inorganic phosphates. It is calculated that the aspect ratios of the as-prepared
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ultrathin UHAPNWSs are more than 10,000. The TEM image of the nanowire bundles
clearly reveals that ultrathin UHAPNWs self-align along their longitudinal direction at
the nanoscale (Figure 4c). Such nanoscale ordered structures are beneficial to the superior
microscopic flexibility of the ultralong HAP nanowire bundles [50].

Figure 4. TEM images of ultrathin UHAPNWSs and nanowire bundles with high flexibility (a), ultra-
small nanowire diameter (b), and nanoscale self-alignment (c) prepared by the microwave-assisted
calcium oleate precursor hydrothermal method using creatine phosphate as the bio-phosphorus
source at 180 °C for 60 min.

2.2. Effects of Experimental Parameters on the Formation of Ultrathin UHAPNWs

We explored the influence of the reaction time on the formation of ultrathin UHAP-
NWs prepared by the microwave-assisted calcium oleate precursor hydrothermal method
using creatine phosphate as the bio-phosphorus source at 180 °C. As shown in Figure 5,
one-dimensional (1-D) wire-like structures are formed for a reaction time of 15 min, accom-
panying many irregular-shaped particles (Figure 5a,b). When the microwave heating time
increases to 30 min, the particles disappear and HAP nanowires are obtained. However,
the as-prepared HAP nanowires show significantly heterogeneous sizes, and some mi-
crofibers with diameters of several micrometers can be observed (Figure 5c,d). As discussed
above, when the microwave heating time further increases to 60 min, well-defined ultrathin
UHAPNWSs with a uniform morphology, ultrasmall diameters, ultralong lengths, ultrahigh
aspect ratios, and high flexibility are obtained (Figure 2). In contrast to the traditional
hydrothermal method that requires tens of hours to synthesize UHAPNWs, the microwave
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heating in this work can produce high-quality ultrathin UHAPNWSs within 60 min, which
can greatly enhance the reaction rate and efficiency, and shorten the reaction time.
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Figure 5. Evaluation of the influence of the reaction time on the formation of the product prepared by
the microwave-assisted calcium oleate precursor hydrothermal method using creatine phosphate
as the bio-phosphorus source at 180 °C. (a—d) SEM images of the products prepared for different
reaction times: (a,b) 15 min; (c,d) 30 min. (e) XRD patterns. (f) FTIR spectra.

Figure 5e shows the XRD patterns of the products synthesized by the microwave-
assisted calcium oleate precursor hydrothermal method using creatine phosphate as the
bio-phosphorus source at 180 °C for different times. The XRD patterns indicate that the
as-prepared samples are composed of a single crystal phase of hexagonal hydroxyapatite
(JCPDS No. 09-0432). This experimental result indicates that a single crystal phase of
hydroxyapatite is formed in a short period of the microwave-assisted hydrothermal time
(<15 min). With an increase in the reaction time, the crystallinity of the product is enhanced.
Therefore, well-crystalline HAP nanowires have already formed within 30 min.

The experimental results show the microwave heating time has a great impact on
the morphology and size of the product. It usually takes about 24 h or longer for the
synthesis of UHAPNWSs and other one-dimensional (1-D) hydroxyapatite nanomaterials by
traditional heating methods [25,28,51-59], indicating the high efficiency and energy-saving
advantage of the microwave heating method. The FTIR spectra (Figure 5f) show absorption
peaks at 2931 cm ™! and 2854 cm !, corresponding to the -CH; and ~CH, groups, and
absorption peaks at 1091 em~—1, 1027 em™1, 603 ecm~ !, and 561 cm ™1, belonging to the
PO,3~ group [28,56], suggesting the formation of ultrathin UHAPNWs and the presence of
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organic components (oleate and creatine phosphate) on their surface. Ultrathin UHAPNWSs
with a uniform morphology, ultrasmall diameters, ultralong lengths, ultrahigh aspect ratios,
and high crystallinity can be obtained when microwave hydrothermal heating is performed
for a sufficient time, and 60 min is preferred.

On this basis, we investigated the effect of microwave hydrothermal temperature on
the formation of the product. As shown in Figure 6a, when the microwave hydrothermal
temperature is 120 °C, the XRD pattern of the product shows a low crystallinity of hy-
droxyapatite and a broad diffraction peak from ~20°to ~40°, corresponding to amorphous
calcium phosphate. That is, the product obtained by the microwave-assisted hydrothermal
treatment at 120 °C for 60 min consists of a mixture of low-crystallinity hydroxyapatite and
amorphous calcium phosphate. When the microwave hydrothermal temperature increases
to 140 °C, the amount of the amorphous phase decreases significantly. When the microwave
hydrothermal temperature is elevated to 160 °C or above, the product is composed of a
single-phase crystalline hydroxyapatite with a hexagonal structure. The FTIR spectra of
the products prepared by the microwave-assisted calcium oleate precursor hydrothermal
method using creatine phosphate as the bio-phosphorus source at different temperatures
for 60 min are shown in Figure 6b. The absorption peak at ~3569 cm~! is ascribed to
the ~OH group of hydroxyapatite. The absorption peaks at 1027 cm~! and 1091 cm ™!
correspond to the stretching mode of the PO,>~ group, and the absorption peaks located at
603 cm~! and 561 cm ! correspond to the bending mode of the O-P-O of the PO4>~ group.
Furthermore, the absorption peaks from 1300 to 1700 cm~! originate from the presence
of the groups from phosphocreatine, indicating that the phosphocreatine molecules are
adsorbed on the surface of the products.

The experimental results indicate that the microwave hydrothermal temperature has
a great effect on the morphology of the product (Figure 6¢c-h). When the microwave
hydrothermal temperature is 120 °C or 140 °C, irregular structures are obtained, although
their XRD patterns show the formation of the crystal phase of hexagonal hydroxyapatite.
Thus, UHAPNWSs cannot be prepared at low reaction temperatures by this method. From
the crystallographic perspective, the oriented growth of hydroxyapatite into ultralong
nanowires along its c-axis direction requires sufficiently high temperatures and pressures.
As expected, when the reaction temperature is enhanced to 160 °C, UHAPNWs are formed
without irregular structures, and the UHAPNWSs become longer and thinner when the
reaction temperature further increases to 180 °C. Therefore, an adequately high reaction
temperature is essential for the formation of ultrathin UHAPNWSs. In order to obtain
ultrathin UHAPNWsS, the minimum reaction temperature should be 180 °C.

Furthermore, we investigated the influence of the Ca/P molar ratio of the reactants
on the structure of the product (Figure 7). For the samples discussed above, we fixed
the Ca/P molar ratio of the reactants at 1:2. Here, we modulated this ratio to 1:1.5 and
1:1 by varying the amount of creatine phosphate but fixing the amount of CaCl,. As
shown in Figure 7a), the modulation of the Ca/P molar ratio of the reactants does not
change the crystalline phase of the product, and all samples can be indexed to a single
crystalline phase of hexagonal hydroxyapatite (JCPDS No. 09-0432). The FTIR spectra of
the samples prepared at different Ca/P molar ratios of the reactants are shown in Figure 7b.

1

The characteristic absorption peaks at 2927 cm~! and 2854 cm™!, corresponding to the

—-CHj; and —-CHj; groups, are observed in all FTIR spectra of the products. In addition, the

characteristic absorption peaks at 1650 cm ! and 1558 cm ™!

are ascribed to the bending
vibrations of -NH, and C-N-H. These results suggest the presence of characteristic groups

from phosphocreatine in the product.
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Figure 6. Characterization of the products obtained by the microwave-assisted calcium oleate
precursor hydrothermal method using creatine phosphate as the bio-phosphorus source at different
temperatures for 60 min. (a) XRD patterns; (b) FTIR spectra; (c-h) SEM images: (c,d) 120 °C,
(e,f) 140 °C, and (g,h) 160 °C.

The SEM investigation results reveal that the Ca/P molar ratio of the reactants also
influences the morphology of the product. Although ultrathin UHAPNWs can be prepared
by the modulation of Ca/P molar ratios ranging from 1:1 to 1:2, they exhibit a distinct
size and uniformity. When the Ca/P molar ratio is 1:1, the as-prepared UHAPNWSs
show uneven diameters and lengths, and some thick HAP microfibers can be observed
(Figure 7c,d). When the Ca/P molar ratio decreases to 1:1.5, the HAP nanowire bundles
become thicker, with some particles. As discussed above, when the Ca/P molar ratio is 1:2,
relatively uniform ultrathin UHAPNWs are synthesized. Therefore, hexagonal structured
UHAPNWS can be obtained at different molar ratios of calcium and phosphorus sources
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of reactants, but ultrathin UHAPNWSs with uniform sizes and higher aspect ratios are
obtained when the Ca/P molar ratio is 1:2.

Therefore, the reaction time, reaction temperature, and Ca/P molar ratio of the reac-
tants are important parameters to modulate the size and morphology of the product. We
can conclude that the optimized parameters for the preparation of ultrathin UHAPNWSs
are as follows: adopting the microwave-assisted calcium oleate precursor hydrothermal
method using creatine phosphate as the bio-phosphorus source heated at 180 °C for 60 min
with the Ca/P molar ratio of the reactants being 1:2.
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Figure 7. Characterization of the products prepared by the microwave-assisted calcium oleate
precursor hydrothermal method using creatine phosphate as the bio-phosphorus source at different
Ca/P molar ratios at 180 °C for 60 min. (a) XRD patterns; (b) FTIR spectra; (c—f) SEM images of the
samples prepared at different Ca/P molar ratios: (c,d) 1:1 and (e f) 1:1.5.

2.3. The Formation Mechanism of Ultrathin UHAPNWs

The oleate plays an important role in the formation of ultrathin UHAPNWSs. As
shown in Figure 8a, although sodium oleate is absent from the reaction system, the XRD
pattern of the obtained product is also indexed to a single crystal phase of hexagonal
hydroxyapatite (JCPDS No. 09-0432). This is consistent with the results obtained with the
synthetic system using sodium oleate. Therefore, sodium oleate does not alter the crystal
phase of the product in this method. It is noted that the product obtained without sodium
oleate shows a higher degree of crystallinity than ultrathin UHAPNWSs prepared in the
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presence of sodium oleate. This may be attributed to the fact that ultrathin UHAPNWSs
possess ultrasmall diameters but extraordinarily long lengths, leading to the significant
disarrangement of surface atoms. Similarly, as shown in Figure 8b, the FTIR spectra of
the products obtained by the microwave-assisted hydrothermal method using creatine
phosphate as the bio-phosphorus source both with and without sodium oleate exhibit the
characteristic absorption peaks of PO,43 located at 1091 cm™, 1027 cm™, 603 cm™, and
561 cm™!, suggesting the formation of hydroxyapatite. However, the FTIR spectra of the
ultrathin UHAPNWs prepared in the presence of sodium oleate show more pronounced
C-N-H and —~CHj3 absorption peaks at 1558 cm™' and 1457 cm™, respectively, compared
with those of the product prepared without sodium oleate. These peaks originate from
creatine phosphate, suggesting that the interaction between oleate and creatine phosphate
can better facilitate the in situ modification of the surface of ultrathin UHAPNWSs with
creatine phosphate molecules.
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Figure 8. (a,b) XRD patterns (a) and FTIR spectra (b) of the products prepared by the microwave-
assisted hydrothermal method using creatine phosphate as the bio-phosphorus source with or
without sodium oleate at 180 °C for 60 min (Ca/P molar ratio 1:2). (¢,d) SEM images of calcium
oleate obtained by the reaction between sodium oleate and CaCl, in an aqueous solution. (e,f) SEM
images of the product synthesized by the microwave-assisted hydrothermal method using creatine
phosphate as the bio-phosphorus source in the absence of sodium oleate at 180 °C for 60 min (Ca/P
molar ratio 1:2).
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As shown in Figure 8c,d, the calcium oleate precursor formed by the reaction between
oleate groups and calcium ions consists of irregular particles. During the microwave
heating process, the hydrolysis of creatine phosphate results in the release of PO,>" ions,
and PO,> ions react with calcium oleate to gradually form ultrathin UHAPNWSs. However,
without the addition of sodium oleate to the reaction system, no calcium oleate precursor
is formed, lacking structural guidance for the growth of ultrathin UHAPNWs. Therefore,
only severely aggregated HAP particles are obtained in the reaction system in the absence
of the calcium oleate precursor, and their diameters range from hundreds of nanometers to
several micrometers (Figure 8e,f). The chemical reactions associated with the formation
of ultrathin UHAPNWs using the calcium oleate precursor and creatine phosphate as the
bio-phosphorus source is described below.

Ca** + 2R-COO™~ — Ca(R-CO0),

Phosphocreatine + HyO — Creatine + H3POy4
10Ca(R-COOQO), + 6H3PO4 + 2H,0 — Ca1p(PO4)(OH), + 20R-COOH

where R = CH3(CH2)7CH = CH(CH2)7

Phosphocreatine is unable to hydrolyze in an aqueous solution at room temperature
without creatine kinase, and can only hydrolyze at high temperatures without creatine
kinase. Thus, unlike the case of inorganic phosphates as the phosphorus source, phos-
phocreatine can prevent undesired premature chemical reactions between calcium oleate
precursor and PO4% ions before the microwave-assisted hydrothermal treatment.

As shown in Figure 9, the FTIR spectrum of the dried product obtained by mixing
the calcium oleate precursor and sodium creatine phosphate in aqueous solution (labelled
as Ca(OA),-CP) is consistent with that of the pure calcium oleate precursor (labelled
as Ca(OA),), indicating that the premature chemical reactions between calcium oleate
precursor and sodium creatine phosphate did not occur. This can avoid the uncontrolled
chemical reaction, nucleation, and crystal growth of the product.

Ca(OA),-CP

Transmittance (a. u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

500

Figure 9. FTIR spectra of the calcium oleate (Ca(OA);) precursor and the dried product (Ca(OA),-CP)
obtained by mixing the calcium oleate precursor with sodium creatine phosphate tetrahydrate in an
aqueous solution at room temperature.

In addition, microwave heating shows competitive superiorities such as environmental
friendliness, high efficiency, and energy savings. Therefore, during the microwave-assisted
hydrothermal treatment, the temperature of the reaction system is rapidly and uniformly
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elevated to the hydrolysis temperature of phosphocreatine, and the hydrolysis of phospho-
creatine releases free PO4>" ions in an aqueous solution to participate in the formation of
ultrathin UHAPNWs. This can avoid the problem that calcium phosphate nuclei prema-
turely form and subsequently grow into byproducts during the lengthy heating process of
the conventional hydrothermal treatment using inorganic phosphates as the phosphorus
source, which results in an inhomogeneous morphology and size.

As expected, the experimental results verify our speculation that creatine phosphate is
a rational phosphorus-containing biomolecule to control the formation of ultrathin UHAP-
NWs through the microwave-assisted calcium oleate precursor hydrothermal method. The
advantages of creatine phosphate as a bio-phosphorus source for the synthesis of UHAP-
NWs are summarized as follows: (1) creatine phosphate is a biogenic and small biomolecule
containing only one phosphate group in each molecule with the same breaking energy,
which can provide PO43" ions for the formation of UHAPNWSs by hydrolysis in an aqueous
solution under hydrothermal conditions; (2) since the hydrolysis of creatine phosphate
requires creatine kinase at room temperature, and can only hydrolyze at high temperatures
in the absence of creatine kinase, this can prevent the undesired premature chemical re-
actions between calcium oleate precursor and PO,> ions before the microwave-assisted
hydrothermal treatment; (3) the hydrolysis conditions for creatine phosphate to release
PO,3 ions are consistent with the hydrothermal treatment required for the formation of
UHAPNWES; (4) creatine phosphate and its hydrolyzed product show high biocompatibility.

In our previous work, we chose ATP as the bio-phosphorus source for synthesizing
UHAPNWS [32]. The chemical structure of creatine phosphate is very different from that of
ATP, and thus their hydrolysis processes are different. Creatine phosphate and ATP cannot
hydrolyze without enzymes at room temperature, and they can only hydrolyze at high
temperatures in the absence of enzymes, but their hydrolysis behaviors are different at high
temperatures under hydrothermal conditions. One ATP molecule contains three phosphate
groups with different breaking energies, which gradually hydrolyze to form adenosine
diphosphate, adenosine monophosphate, and adenosine under hydrothermal conditions,
and the phosphate ions are released in an aqueous solution. In comparison, one creatine
phosphate molecule contains only one phosphate group, and the same activated energy is
needed for its hydrolysis. Therefore, creatine phosphate can hydrolyze to provide phos-
phate ions for the formation of UHAPNWs in a short period of time, which is beneficial for
obtaining ultrathin UHAPNWSs with a uniform morphology. Moreover, creatine phosphate,
as a common drug for the treatment of hypertension and cardiovascular disease [60,61], is
cheaper than ATP and thus is more promising to be used as the bio-phosphorus source for
the synthesis of UHAPNWSs with a reduced cost.

2.4. Ultrathin UHAPNWs as Drug Nanocarriers for Drug Delivery

Owing to their ultrasmall diameter, ultralong length, and ultrahigh aspect ratio, the
as-prepared ultrathin UHAPNWs are the ideal nanocarrier for drug delivery. Herein, we
investigated the drug loading performance of ultrathin UHAPNWs as the drug carrier
using ibuprofen, a typical anti-inflammatory drug, as the model drug. The TG-DSC analysis
was applied to calculate the drug loading capacity of ultrathin UHAPNWSs. As shown
in Figure 10a, the pure ultrathin UHAPNWSs without ibuprofen loading exhibit a weight
loss of about 12.08 wt.% from room temperature to 800 °C. This weight loss is ascribed to
the evaporation of adsorbed water (5.32 wt.%), as well as the oxidative decomposition of
creatine phosphate and residual oleate (6.76 wt.%). Thus, the organic content of UHAPNWSs
is calculated to be approximately 7.14%. The weight loss of ultrathin UHAPNWSs loaded
with ibuprofen is only 0.5 wt.% when it is heated from room temperature to 150 °C, mainly
due to the evaporation of the adsorbed water. Compared with the TG curve of pure ultrathin
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UHAPNWS, the adsorbed water of ibuprofen-loaded UHAPNWSs obviously decreases,
which may be ascribed to the solvent exchange (water and hexane) during the ibuprofen
loading process. When the temperature is further enhanced to 800 °C, the weight loss of
ultrathin UHAPNWSs loaded with ibuprofen reaches 29.88 wt.%. The increased weight
loss results from the oxidative decomposition of ibuprofen. As evidence, there is a clear
exothermic peak at 352.8 °C in the DSC curve of ibuprofen-loaded ultrathin UHAPNWsS,
whereas there is no obvious peak in the DSC curve of unloaded ultrathin UHAPNWSs in
the same temperature range (Figure 10b).
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Figure 10. (a,b) Thermal analysis of the ultrathin UHAPNWSs prepared by the microwave-assisted
calcium oleate precursor hydrothermal method using creatine phosphate as the bio-phosphorus
source at 180 °C for 60 min (Ca/P molar ratio 1:2) before and after loading ibuprofen: (a) TG curve;
(b) DSC curve. (¢,d) Nitrogen absorption/desorption curves of ultrathin UHAPNWSs before (c) and
after (d) ibuprofen loading. (e) SEM image of the ibuprofen-loaded ultrathin UHAPNW bio-paper.
The inset is a digital image showing the high flexibility of the bio-paper. (f) Cumulative ibuprofen
drug release profile of the ibuprofen-loaded ultrathin UHAPNW bio-paper in PBS (pH = 7.4, 37 °C).

As the TG curve shows significant stepwise weight loss, it can be used to evaluate
the ibuprofen loading. According to the thermogravimetric analysis results, the ibuprofen
loading capacity (drug (g)/carrier (g)) in ultrathin UHAPNWS can be calculated using the
following equation:

m

content (%) =1 — 2 = ML =12, 1009
my my
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In the above equation, m; and m; are the percentages of the remaining weights of
unloaded ultrathin UHAPNWs and ibuprofen-loaded ultrathin UHAPNWS, respectively,
after being heated at a high temperature of 900 °C in the TG curves. According to this
equation, the drug loading of ibuprofen in the ultrathin UHAPNW carrier is calculated
as 0.33 g g7}, i.e., 0.33 g of ibuprofen can be loaded per gram of the ultrathin UHAPNW
carrier, indicating the good drug loading capacity of the as-prepared ultrathin UHAPNWs.

In order to investigate the change in the ultrathin UHAPNWs before and after ibupro-
fen loading, the Brunauer-Emmett-Teller (BET) specific surface areas of the samples were
measured. As shown in Figure 10c, the BET specific surface area of the pure ultrathin
UHAPNWSs without ibuprofen loading is measured to be about 84.30 m? g1, while after
loading ibuprofen, the specific surface area is slightly reduced to 79.21 m? g~! (Figure 10d).
In comparison with our previously reported ultralong UHAPNWSs prepared by the cal-
cium oleate precursor traditional hydrothermal/solvothermal method using the inorganic
phosphate as the phosphorus source, the BET specific surface area of ultrathin UHAPNWs
in this work is much higher because of the ultrasmall diameter, ultralong length, and
ultrahigh aspect ratio. The high specific surface area of ultrathin UHAPNWSs can provide
plenty of active sites for drug loading, leading to a high drug loading capacity.

Furthermore, the ibuprofen-loaded ultrathin UHAPNWSs can be interwoven into
flexible and porous bio-paper. As shown in Figure 10e, the SEM image of the as-prepared
bio-paper shows a continuous networked porous structure randomly interwoven with
ibuprofen-loaded ultrathin UHAPNWSs. This structure endows the bio-paper with high
flexibility, which can be bent at large angles without noticeable damage (Figure 10e).
The porous network structure provides a suitable microenvironment for cell adhesion,
proliferation, and differentiation, and thus favors tissue regeneration [62—-64]. In addition,
the ibuprofen-loaded ultrathin UHAPNW bio-paper can sustainably release ibuprofen. As
shown in Figure 10f, the ibuprofen drug is released at a suitable rate from the bio-paper in
the first 12 h, which is beneficial for rapid anti-inflammatory pain relief. Then, the drug
release rate decreases gradually.

The drug release kinetics of ibuprofen from the ibuprofen-loaded ultrathin UHAPNW
bio-paper can be described well by the Higuchi model, with a high coefficient of deter-
mination (R?) of 0.99 (Figure 11). According to this model, the cumulative amount of the
released drug has a linear relationship with the square root of the release time

Qt - kt1/2

where Q¢ is the amount of the drug released at time ¢, and k is the release rate constant for the
Higuchi model [65,66]. This model is the common description for the diffusion-controlled
release of a drug from insoluble carriers [67]. Therefore, as the ultrathin UHAPNWs exhibit
a slow biodegradation rate in PBS, the drug release kinetics of ibuprofen from ultrathin
UHAPNW bio-paper can be described as a process governed by the diffusion of drug
molecules. It is expected that the as-prepared drug-loaded ultrathin UHAPNW bio-paper is
promising for various biomedical applications such as anti-inflammatory, analgesic, wound
healing, and bone defect repair.
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Figure 11. The linear relationship between the cumulative drug release percentage and the square
root of the release time, which is consistent with the Higuchi model.

3. Experimental
3.1. Materials and Chemicals

Calcium chloride (CaCl,) and hexane were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Sodium oleate and sodium creatine phosphate
tetrahydrate were purchased from Aladdin Industrial Corporation. Ethanol was obtained
from Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals
were used as received without further purification. Deionized water was used in the
related experiments.

3.2. Synthesis of Ultralong HAP Nanowires with Ultrathin Diameters

Ultralong HAP nanowires (UHAPNWSs) with ultrathin diameters were synthesized by
the microwave-assisted calcium oleate precursor hydrothermal method. Typically, CaCl,
(0.110 g) was dissolved in 5 mL deionized water. 2.634 g sodium oleate was dissolved
in 15 mL hot deionized water, cooled, and then slowly added into the CaCl, aqueous
solution under magnetic stirring at room temperature. After 15 min of stirring, 5 mL
of the aqueous solution containing 0.667 g sodium creatine phosphate tetrahydrate was
added dropwise to the above mixture under magnetic stirring at room temperature. After
that, the obtained aqueous suspension was transferred into an autoclave, sealed, and
heated in a microwave oven (MDS-6, Sineo, Shanghai, China) for 60 min. The autoclave
in this work was a modified polytetrafluoroethylene (TFM) cylindrical autoclave (total
volume = 60 mL). Its inner diameter, outer diameter, and inner height were 3.0 cm, 3.8 cm,
and 9.3 cm, respectively. It was fixed in a high-strength outer vessel. The microwave oven
was a microwave hydrothermal/solvothermal synthesis system with a continuous heating
mode, and the autoclave was continuously rotated during the microwave irradiation to
ensure relatively uniform heating. After microwave heating, the autoclave was cooled
down to room temperature, and the product was washed with ethanol and deionized water
3 times each. All samples were dried at 60 °C for 24 h before further use. Other samples
were prepared by a similar procedures but with varying experimental parameters.

3.3. Material Characterization

X-ray powder diffraction (XRD) patterns were recorded by an X-ray diffractometer
(D/max 2550 V, Rigaku, Tokyo, Japan) with Cu K« radiation (A = 1.54178 A). Fourier
transform infrared (FTIR) spectra were obtained with a FTIR spectrometer (FTIR-7600,
Lambda Scientific, Edwardstown, Australia). Morphological observations of the samples
were performed using scanning electron microscopy (SEM, Gemini 450, Zeiss, Oberkochen,
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Germany, and TM-3000, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM,
JEM-2100F, JEOL, Tokyo, Japan). The elemental mapping of UHAPNWSs was performed
by SEM energy-dispersive X-ray spectroscopy (EDS, Ultim Extreme, Oxford Instrument,
Oxford, UK) and SEM (Gemini 450, Zeiss, Oberkochen, Germany) at 10 kV. The samples
were sputtered with gold for 15 s. The thermal properties of samples were tested by
thermogravimetric (TG) analysis and differential scanning calorimetry (DSC) (STA 409/PC,
Netzsch, Selb, Germany) at a heating rate of 10 °C-min~! in flowing air. The Brunauer—
Emmett-Teller (BET) specific surface area of the samples was measured by analyzing
N, adsorption/desorption using a surface area and pore size analyzer (Tristar II 3020,
Micromeritics, Norcross, GA, USA). Before the measurement, the samples were outgassed
at 80 °C for at least 4 h. The cumulative release of ibuprofen from the bio-paper of
ibuprofen-loaded ultrathin UHAPNWSs was assessed by soaking it in PBS at 37 °C under
constant shaking (160 rpm) in a temperature-controlled shaker (HZQ-X 160, Peiying,
Suzhou, China). At various intervals, 1 mL of the supernatant was withdrawn and analyzed
by ultraviolet-visible (UV-vis) absorption spectroscopy (UV-2300II, Techcomp Instrument,
Shanghai, China) to analyze its absorbance at a wavelength of 263 nm. Meanwhile, fresh
PBS was added to replace the withdrawn volume to maintain a constant volume throughout
the experiment.

3.4. Ibuprofen Loading

In a typical procedure of ibuprofen drug loading, ibuprofen was dissolved into hexane
to form a solution with a concentration of 50 mg mL™!. Then, 50 mg of the as-prepared
powder of ultrathin UHAPNWSs was added into 20 mL of the above ibuprofen solution
under magnetic stirring. It should be noted that the container was covered with a lid to
avoid the evaporation of hexane. After being soaked for 4 h, the supernatant was removed,
and the ibuprofen-loaded ultrathin UHAPNWSs were collected, washed with clean hexane,
and dried to obtain the ibuprofen-loaded ultrathin UHAPNW drug delivery system.

4. Conclusions

To sum up, we have developed the microwave-assisted calcium oleate precursor
hydrothermal method for the rapid synthesis of ultrathin UHAPNWs using creatine phos-
phate as the bio-phosphorus source. This method has the advantages of environmental
friendliness, efficient heating, a short reaction time, high efficiency, and energy savings. The
controllable hydrolysis of phosphocreatine prevents the undesired premature formation
of calcium phosphate nuclei, and microwave heating rapidly and uniformly elevates the
temperature for phosphocreatine hydrolysis, which releases free PO, ions for the forma-
tion of homogeneous ultrathin UHAPNWSs. Ultrathin UHAPNWSs with ultrathin diameters
(only ~6 nm for a single nanowire), ultralong lengths (several hundred micrometers), and
ultrahigh aspect ratios (>10,000) can be rapidly prepared within 60 min, shortening the
synthesis time by about two orders of magnitude compared with the traditional hydrother-
mal method. Ultrathin UHAPNWs can self-assemble along their longitudinal direction to
form nanowire bundles with a high BET specific surface area (84.30 m? g~1). Moreover,
the as-prepared ultrathin UHAPNWSs show a high ibuprofen loading capacity (0.33 g drug
per gram of nanocarrier). After loading ibuprofen, ultrathin UHAPNWs still exhibit a high
specific surface area of 79.21 m? g~!. The ibuprofen-loaded ultrathin UHAPNWS can be
further interwoven into flexible and porous bio-paper, and it can continuously release the
drug in phosphate-buffered saline, which is promising for various biomedical applications
such as inflammatory treatment and accelerated tissue regeneration. In future research, the
in vitro/in vivo biocompatibility of the as-prepared ultrathin UHAPNWs as drug nanocar-
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riers should be investigated. Moreover, experiments can be performed to load other drugs
in the ultrathin UHAPNWSs drug nanocarriers for a variety of biomedical applications.

Author Contributions: Y.Z.: methodology, formal analysis, data curation, and writing—original draft;
Y.-].Z.: conceptualization, funding acquisition, methodology, project administration, supervision, and
writing—review and editing; S.-Y.L.: investigation; L.-Y.D.: funding acquisition, investigation; H.-P.Y.:
conceptualization, funding acquisition, investigation, project administration, writing—original draft,
and writing—review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(Nos 52302358, 52072395, and 52372099).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Baig, N.; Kammakakam, I.; Falath, W. Nanomaterials: A review of synthesis methods, properties, recent progress, and challenges.
Mater. Adv. 2021, 2, 1821-1871. [CrossRef]

2. Mitchell, M.]; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101-124. [CrossRef] [PubMed]

3. Harish, V.,; Tewari, D.; Gaur, M.; Yadav, A.B.; Swaroop, S.; Bechelany, M.; Barhoum, A. Review on Nanoparticles and Nanos-
tructured Materials: Bioimaging, Biosensing, Drug Delivery, Tissue Engineering, Antimicrobial, and Agro-Food Applications.
Nanomaterials 2022, 12, 457. [CrossRef] [PubMed]

4. Cho, N.H.; Guerrero-Martinez, A.; Ma, ].; Bals, S.; Kotov, N.A.; Liz-Marzan, L.M.; Nam, K.T. Bioinspired chiral inorganic
nanomaterials. Nat. Rev. Bioeng. 2023, 1, 88-106. [CrossRef]

5. Liu, H.; Haider, B.; Fried, H.R; Ju, J.; Bolonduro, O.; Raghuram, V.; Timko, B.P. Nanobiotechnology: 1D nanomaterial building
blocks for cellular interfaces and hybrid tissues. Nano Res. 2018, 11, 5372-5399. [CrossRef]

6.  Garnett, E.; Mai, L.; Yang, P. Introduction: 1D Nanomaterials/Nanowires. Chem. Rev. 2019, 119, 8955-8957. [CrossRef]

7. Wang, S.; Shan, Z.; Huang, H. The Mechanical Properties of Nanowires. Adv. Sci. 2017, 4, 1600332. [CrossRef]

8. He, Z.; Wang, J.L.; Chen, S.M; Liu, ].W.; Yu, S.H. Self-Assembly of Nanowires: From Dynamic Monitoring to Precision Control.
Acc. Chem. Res. 2022, 55, 1480-1491. [CrossRef]

9. Wy, E; Qiang, S.; Zhang, X.; Wang, F; Yin, X,; Liu, L.; Yu, J.; Liu, Y.T.; Ding, B. The Rising of Flexible and Elastic Ceramic Fiber
Materials: Fundamental Concept, Design Principle, and Toughening Mechanism. Adv. Funct. Mater. 2022, 32, 2207130. [CrossRef]

10. Jia, C.; Xu, Z; Luo, D.; Xiang, H.; Zhu, M. Flexible Ceramic Fibers: Recent Development in Preparation and Application. Adv. Fiber
Mater. 2022, 4, 573-603. [CrossRef]

11.  Si, Y.; Wang, X.; Dou, L.; Yu, J.; Ding, B. Ultralight and fire-resistant ceramic nanofibrous aerogels with temperature-invariant
superelasticity. Sci. Adv. 2018, 4, eaas8925. [CrossRef] [PubMed]

12. Su, L;Jia, S;; Ren, ]; Lu, X.; Guo, SSW.; Guo, P;; Cai, Z; Lu, D.; Niu, M.; Zhuang, L.; et al. Strong yet flexible ceramic aerogel.
Nat. Commun. 2023, 14, 7057. [CrossRef]

13.  Zhang, Y,; Li, J.; Soleimani, M.; Giacomini, F,; Friedrich, H.; Truckenmdiller, R.; Habibovic, P. Biodegradable Elastic Sponge from
Nanofibrous Biphasic Calcium Phosphate Ceramic as an Advanced Material for Regenerative Medicine. Adv. Funct. Mater. 2021,
31, 2102911. [CrossRef]

14.  Zhang, Y.; Li, ].; Mouser, VH.M.; Roumans, N.; Moroni, L.; Habibovic, P. Biomimetic Mechanically Strong One-Dimensional Hydroxyap-
atite/Poly(D,L-lactide) Composite Inducing Formation of Anisotropic Collagen Matrix. ACS Nano 2021, 15, 17480-17498. [CrossRef]
[PubMed]

15. Zheng, Y.; Ma, W.; Yang, Z.; Zhang, H.; Ma, J.; Li, T.; Niu, H.; Zhou, Y.; Yao, Q.; Chang, J.; et al. An ultralong hydroxyapatite
nanowire aerogel for rapid hemostasis and wound healing. Chem. Eng. J. 2022, 430, 132912. [CrossRef]

16. Hao, L,; Liang, S.; Han, Q.; Jing, Y.; Li, J.; Li, Q.; Wang, A.; Bai, S.; Yin, J. Ultralong hydroxyapatite nanowires-incorporated

dipeptide hydrogel with enhanced mechanical strength and superior in vivo osteogenesis activity. Colloids Surf. A Physicochem.
Eng. Asp. 2023, 664, 131153. [CrossRef]


https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1038/s41573-020-0090-8
https://www.ncbi.nlm.nih.gov/pubmed/33277608
https://doi.org/10.3390/nano12030457
https://www.ncbi.nlm.nih.gov/pubmed/35159802
https://doi.org/10.1038/s44222-022-00014-4
https://doi.org/10.1007/s12274-018-2189-3
https://doi.org/10.1021/acs.chemrev.9b00423
https://doi.org/10.1002/advs.201600332
https://doi.org/10.1021/acs.accounts.2c00052
https://doi.org/10.1002/adfm.202207130
https://doi.org/10.1007/s42765-022-00133-y
https://doi.org/10.1126/sciadv.aas8925
https://www.ncbi.nlm.nih.gov/pubmed/29719867
https://doi.org/10.1038/s41467-023-42703-7
https://doi.org/10.1002/adfm.202102911
https://doi.org/10.1021/acsnano.1c03905
https://www.ncbi.nlm.nih.gov/pubmed/34662097
https://doi.org/10.1016/j.cej.2021.132912
https://doi.org/10.1016/j.colsurfa.2023.131153

Molecules 2025, 30, 996 19 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.
41.
42.

43.

44.

45.

Peng, F; Su, Y.; Ji, X.; Zhong, Y.; Wei, X.; He, Y. Doxorubicin-loaded silicon nanowires for the treatment of drug-resistant cancer
cells. Biomaterials 2014, 35, 5188-5195. [CrossRef]

Martinez-Banderas, A.L; Aires, A.; Quintanilla, M.; Holguin-Lerma, J.A.; Lozano-Pedraza, C.; Teran, EJ.; Moreno, ].A.; Perez, ].E,;
Ooi, B.S.; Ravasi, T.; et al. Iron-Based Core-Shell Nanowires for Combinatorial Drug Delivery and Photothermal and Magnetic
Therapy. ACS Appl. Mater. Interfaces 2019, 11, 43976-43988. [CrossRef]

Filip, D.G.; Surdu, V.A ; Paduraru, A.V,; Andronescu, E. Current Development in Biomaterials—Hydroxyapatite and Bioglass for
Applications in Biomedical Field: A Review. J. Funct. Biomater. 2022, 13, 248. [CrossRef]

Mondal, S.; Park, S.; Choi, J.; Vu, T.T.H.; Doan, VH.M.; Vo, T.T,; Lee, B.; Oh, J. Hydroxyapatite: A journey from biomaterials to
advanced functional materials. Adv. Colloid Interface Sci. 2023, 321, 103013. [CrossRef]

Liu, C.; Xu, M.; Wang, Y,; Yin, Q.; Hu, J.; Chen, H.; Sun, Z,; Liu, C,; Li, X;; Zhou, W,; et al. Exploring the potential of
hydroxyapatite-based materials in biomedicine: A comprehensive review. Mater. Sci. Eng. R Rep. 2024, 161, 100870. [CrossRef]
Du, M,; Chen, J; Liu, K,; Xing, H.; Song, C. Recent advances in biomedical engineering of nano-hydroxyapatite including
dentistry, cancer treatment and bone repair. Compos. Part B Eng. 2021, 215, 108790. [CrossRef]

Zhao, H,; Liu, S.; Ly, J.; Yang, X,; Yang, Z.; Li, E; Guo, L. Natural tooth enamel and its analogs. Cell Rep. Phys. Sci. 2022, 3, 100945.
[CrossRef]

Diez-Escudero, A.; Espanol, M.; Ginebra, M.P. High-aspect-ratio nanostructured hydroxyapatite: Towards new functionalities for
a classical material. Chem. Sci. 2023, 15, 55-76. [CrossRef] [PubMed]

Lu, B.Q.; Zhu, Y.J.; Chen, F. Highly flexible and nonflammable inorganic hydroxyapatite paper. Chem.-A Eur. ]. 2014, 20, 1242-1246.
[CrossRef]

Zhu, Y.J. Multifunctional Fire-Resistant Paper Based on Ultralong Hydroxyapatite Nanowires. Chin. J. Chem. 2021, 39, 2296-2314.
[CrossRef]

Zhu, Y.-]. Fire-Resistant Paper: Materials, Technologies, and Applications; CRC Press: Boca Raton, FL, USA, 2021.

Yu, H.-P; Zhu, Y.-]. Bioinspired flexible, high-strength, and versatile hydrogel with the fiberboard-and-mortar hierarchically
ordered structure. Nano Res. 2021, 14, 3643-3652. [CrossRef]

Wang, L.; Nancollas, G.H. Calcium Orthophosphates: Crystallization and Dissolution. Chem. Rev. 2008, 108, 4628-4669. [CrossRef]
Lin, K;; Wu, C,; Chang, J. Advances in synthesis of calcium phosphate crystals with controlled size and shape. Acta Biomater. 2014,
10, 4071-4102. [CrossRef]

Mohd Pu’ad, N.A.S.; Abdul Haq, R.H.; Mohd Noh, H.; Abdullah, H.Z.; Idris, M.I;; Lee, T.C. Synthesis method of hydroxyapatite:
A review. Mater. Today Proc. 2019, 29, 233-239. [CrossRef]

Zhang, Y.; Zhu, Y.-J.; Yu, H.-P. Microwave-Assisted Hydrothermal Rapid Synthesis of Ultralong Hydroxyapatite Nanowires
Using Adenosine 5'-Triphosphate. Molecules 2022, 27, 5020. [CrossRef] [PubMed]

Qi, C,; Musetti, S.; Fu, L.H.; Zhu, Y].; Huang, L. Biomolecule-assisted green synthesis of nanostructured calcium phosphates and
their biomedical applications. Chem. Soc. Rev. 2019, 48, 2698-2737. [CrossRef] [PubMed]

Zhu, Y.-J.; Chen, F. Microwave-assisted preparation of inorganic nanostructures in liquid phase. Chem. Rev. 2014, 114, 6462—-6555.
[CrossRef] [PubMed]

Gaddi, A.V,; Galuppo, P; Yang, J. Creatine phosphate administration in cell energy impairment conditions: A summary of past
and present research. Heart Lung Circ. 2017, 26, 1026-1035. [CrossRef] [PubMed]

Wu, S.H.; Chen, K.L.; Hsu, C.; Chen, H.C.; Chen, ].Y; Yu, S.Y,; Shiu, Y.J. Creatine Supplementation for Muscle Growth: A Scoping
Review of Randomized Clinical Trials from 2012 to 2021. Nutrients 2022, 14, 1255. [CrossRef]

Yquel, RJ.; Arsac, L.M.; Thiaudiere, E.; Canioni, P.; Manier, G. Effect of creatine supplementation on phosphocreatine resynthesis,
inorganic phosphate accumulation and pH during intermittent maximal exercise. J. Sports Sci. 2002, 20, 427-437. [CrossRef]
Bessman, S.P,; Carpenter, C.L. The Creatine-Creatine Phosphate Energy Shuttle. Annu. Rev. Biochem. 1985, 54, 831-862. [CrossRef]
Andres, R.H.; Ducray, A.D.; Schlattner, U.; Wallimann, T.; Widmer, H.R. Functions and effects of creatine in the central nervous
system. Brain Res. Bull. 2008, 76, 329-343. [CrossRef]

Williams, C.; Rollo, I. Carbohydrate Nutrition and Team Sport Performance. Sports Med. 2015, 45 (Suppl. 1), S13-S22. [CrossRef]
Hargreaves, M.; Spriet, L.L. Skeletal muscle energy metabolism during exercise. Nat. Metab. 2020, 2, 817-828. [CrossRef]

Cao, X.; Wang, G.; Yang, Y.; Cao, X. Biomolecules induce the synthesis of hollow hierarchical mesoporous structured hydroxyap-
atite microflowers: Application in macromolecule drug delivery. J. Mater. Sci. 2021, 56, 7034-7049. [CrossRef]

Qi, C.; Zhu, Y.-J.; Wu, C.-T; Sun, T.-W.; Chen, F; Wu, J. Magnesium phosphate pentahydrate nanosheets: Microwave-hydrothermal
rapid synthesis using creatine phosphate as an organic phosphorus source and application in protein adsorption. J. Colloid
Interface Sci. 2016, 462, 297-306. [CrossRef] [PubMed]

Du, T.-m.; Yang, H.-s.; Niu, X.-f. Phosphorus-containing compounds regulate mineralization. Mater. Today Chem. 2021, 22, 100579.
[CrossRef]

Balestrino, M. Role of Creatine in the Heart: Health and Disease. Nutrients 2021, 13, 1215. [CrossRef]


https://doi.org/10.1016/j.biomaterials.2014.03.032
https://doi.org/10.1021/acsami.9b17512
https://doi.org/10.3390/jfb13040248
https://doi.org/10.1016/j.cis.2023.103013
https://doi.org/10.1016/j.mser.2024.100870
https://doi.org/10.1016/j.compositesb.2021.108790
https://doi.org/10.1016/j.xcrp.2022.100945
https://doi.org/10.1039/D3SC05344J
https://www.ncbi.nlm.nih.gov/pubmed/38131070
https://doi.org/10.1002/chem.201304439
https://doi.org/10.1002/cjoc.202100170
https://doi.org/10.1007/s12274-021-3714-3
https://doi.org/10.1021/cr0782574
https://doi.org/10.1016/j.actbio.2014.06.017
https://doi.org/10.1016/j.matpr.2020.05.536
https://doi.org/10.3390/molecules27155020
https://www.ncbi.nlm.nih.gov/pubmed/35956970
https://doi.org/10.1039/C8CS00489G
https://www.ncbi.nlm.nih.gov/pubmed/31080987
https://doi.org/10.1021/cr400366s
https://www.ncbi.nlm.nih.gov/pubmed/24897552
https://doi.org/10.1016/j.hlc.2016.12.020
https://www.ncbi.nlm.nih.gov/pubmed/28392102
https://doi.org/10.3390/nu14061255
https://doi.org/10.1080/026404102317366681
https://doi.org/10.1146/annurev.bi.54.070185.004151
https://doi.org/10.1016/j.brainresbull.2008.02.035
https://doi.org/10.1007/s40279-015-0399-3
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.1007/s10853-020-05688-y
https://doi.org/10.1016/j.jcis.2015.10.015
https://www.ncbi.nlm.nih.gov/pubmed/26473279
https://doi.org/10.1016/j.mtchem.2021.100579
https://doi.org/10.3390/nu13041215

Molecules 2025, 30, 996 20 of 20

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

Gawande, M.B.; Shelke, S.N.; Zboril, R.; Varma, R.S. Microwave-Assisted Chemistry: Synthetic Applications for Rapid Assembly
of Nanomaterials and Organics. Chem. Rev. 2014, 47, 1338-1348. [CrossRef]

Yu, H.-P; Zhu, Y.-].; Lu, B.-Q. Highly efficient and environmentally friendly microwave-assisted hydrothermal rapid synthesis of
ultralong hydroxyapatite nanowires. Ceram. Int. 2018, 44, 12352-12356. [CrossRef]

Kumar, A.; Kuang, Y,; Liang, Z.; Sun, X. Microwave chemistry, recent advancements, and eco-friendly microwave-assisted
synthesis of nanoarchitectures and their applications: A review. Mater. Today Nano 2020, 11, 100076. [CrossRef]

Katsuki, H.; Furuta, S.; Komarneni, S. Semi-continuous and fast synthesis of nanophase cubic BaTiO3 using a single-mode
home-built microwave reactor. Mater. Lett. 2012, 83, 8-10. [CrossRef]

Yu, H.P,; Zhu, Y.J. Guidelines derived from biomineralized tissues for design and construction of high-performance biomimetic
materials: From weak to strong. Chem. Soc. Rev. 2024, 53, 4490-4606. [CrossRef]

Zhang, H.; Darvell, B.W. Synthesis and characterization of hydroxyapatite whiskers by hydrothermal homogeneous precipitation
using acetamide. Acta Biomater. 2010, 6, 3216-3222. [CrossRef]

Lee, J.-H.; Kim, Y.-]. Hydroxyapatite nanofibers fabricated through electrospinning and sol-gel process. Ceram. Int. 2014, 40,
3361-3369. [CrossRef]

Stojanovi¢, Z.S.; Ignjatovi¢, N.; Wu, V,; Zuni¢, V,; Veselinovié, L.; ékapin, S.; Miljkovi¢, M.; Uskokovi¢, V.; Uskokovi¢, D.
Hydrothermally processed 1D hydroxyapatite: Mechanism of formation and biocompatibility studies. Mater. Sci. Eng. C 2016, 68,
746-757. [CrossRef] [PubMed]

Ko, H.-S;; Lee, S.; Jho, J.Y. Synthesis and Modification of Hydroxyapatite Nanofiber for Poly(Lactic Acid) Composites with
Enhanced Mechanical Strength and Bioactivity. Nanomaterials 2021, 11, 213. [CrossRef] [PubMed]

Jeong, EJ.; Kim, ].H.; Park, J.; Kang, H.C. Synthesis and characterization of hydroxyapatite nanowires on tricalcium phosphate
bone discs using a hydrothermal reaction. Ceram. Int. 2024, 50, 55609-55616. [CrossRef]

Yu, H.-P; Zhu, Y.-J.; Xiong, Z.-C.; Lu, B.-Q. Bioinspired fiberboard-and-mortar structural nanocomposite based on ultralong
hydroxyapatite nanowires with high mechanical performance. Chem. Eng. J. 2020, 399, 125666. [CrossRef]

Nakayama, M.; Kajiyama, S.; Kumamoto, A.; Nishimura, T.; Ikuhara, Y.; Yamato, M.; Kato, T. Stimuli-responsive hydroxyapatite
liquid crystal with macroscopically controllable ordering and magneto-optical functions. Nat. Commun. 2018, 9, 568. [CrossRef]
Sebastian, T.; Preisker, T.R.; Gorjan, L.; Graule, T.; Aneziris, C.G.; Clemens, E]J. Synthesis of hydroxyapatite fibers using
electrospinning: A study of phase evolution based on polymer matrix. J. Eur. Ceram. Soc. 2020, 40, 2489-2496. [CrossRef]

Das, P; Jana, N.R. Length-Controlled Synthesis of Calcium Phosphate Nanorod and Nanowire and Application in Intracellular
Protein Delivery. ACS Appl. Mater. Interfaces 2016, 8, 8710-8720. [CrossRef]

Horjus, D.L.; Oudman, I; van Montfrans, G.A.; Brewster, L.M. Creatine and creatine analogues in hypertension and cardiovascular
disease. Cochrane Database Syst. Rev. 2011, 11, CD005184. [CrossRef]

Clarke, H.; Hickner, R.C.; Ormsbee, M.]. The Potential Role of Creatine in Vascular Health. Nutrients 2021, 13, 857. [CrossRef]
Meng, C; Liu, X,; Li, R.; Malekmohammadi, S.; Feng, Y.; Song, J.; Gong, R.H.; Li, J. 3D Poly (L-lactic acid) fibrous sponge with
interconnected porous structure for bone tissue scaffold. Int. J. Biol. Macromol. 2024, 268, 131688. [CrossRef] [PubMed]

Meng, C.; Song, J.; Malekmohammadi, S.; Meng, J.; Wei, W.; Li, R.; Feng, ].; Gong, R.H.; Li, J. Hierarchical porous poly (L-lactic
acid) fibrous vascular graft with controllable architectures and stable structure. Mater. Des. 2024, 240, 112829. [CrossRef]

Yu, H.; Chen, X,; Cai, J.; Ye, D.; Wu, Y,; Fan, L.; Liu, P. Novel porous three-dimensional nanofibrous scaffolds for accelerating
wound healing. Chem. Eng. ]. 2019, 369, 253-262. [CrossRef]

Higuchi, T. Rate of Release of Medicaments from Ointment Bases Containing Drugs in Suspension. J. Pharm. Sci. 1961, 50, 874-875.
[CrossRef]

Higuchi, T. Mechanism of sustained-action medication. Theoretical analysis of rate of release of solid drugs dispersed in solid
matrices. J. Pharm. Sci. 1963, 52, 1145-1149. [CrossRef]

Andersson, J.; Rosenholm, J.; Areva, S.; Lindén, M. Influences of Material Characteristics on Ibuprofen Drug Loading and Release
Profiles from Ordered Micro- and Mesoporous Silica Matrices. Chem. Mater. 2004, 16, 4160-4167. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/ar400309b
https://doi.org/10.1016/j.ceramint.2018.04.022
https://doi.org/10.1016/j.mtnano.2020.100076
https://doi.org/10.1016/j.matlet.2012.05.071
https://doi.org/10.1039/D2CS00513A
https://doi.org/10.1016/j.actbio.2010.02.011
https://doi.org/10.1016/j.ceramint.2013.09.096
https://doi.org/10.1016/j.msec.2016.06.047
https://www.ncbi.nlm.nih.gov/pubmed/27524076
https://doi.org/10.3390/nano11010213
https://www.ncbi.nlm.nih.gov/pubmed/33467645
https://doi.org/10.1016/j.ceramint.2024.10.422
https://doi.org/10.1016/j.cej.2020.125666
https://doi.org/10.1038/s41467-018-02932-7
https://doi.org/10.1016/j.jeurceramsoc.2020.01.070
https://doi.org/10.1021/acsami.6b01667
https://doi.org/10.1002/14651858.CD005184.pub2
https://doi.org/10.3390/nu13030857
https://doi.org/10.1016/j.ijbiomac.2024.131688
https://www.ncbi.nlm.nih.gov/pubmed/38642688
https://doi.org/10.1016/j.matdes.2024.112829
https://doi.org/10.1016/j.cej.2019.03.091
https://doi.org/10.1002/jps.2600501018
https://doi.org/10.1002/jps.2600521210
https://doi.org/10.1021/cm0401490

	Introduction 
	Results and Discussion 
	Characterization of Ultrathin UHAPNWs 
	Effects of Experimental Parameters on the Formation of Ultrathin UHAPNWs 
	The Formation Mechanism of Ultrathin UHAPNWs 
	Ultrathin UHAPNWs as Drug Nanocarriers for Drug Delivery 

	Experimental 
	Materials and Chemicals 
	Synthesis of Ultralong HAP Nanowires with Ultrathin Diameters 
	Material Characterization 
	Ibuprofen Loading 

	Conclusions 
	References

