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ABSTRACT: A successful synthesis of mesostructured hydroxyapatite
(HAp) using cetyltrimethylammonium bromide and poly(amido amine)
dendrimer porogens has been reported. A comparative study of
physicochemical properties has also been performed. The formation of a
single-phase hydroxyapatite crystal in synthesized HAp particles with an
aspect ratio of 2.3 was revealed. The formation of the mesostructural nature
of HAp was proven with a specific surface area (56−63 m2/g) and a certain
pore size (4.7−5.5 nm), although there were significant differences between
particles from surfactant micelle and dendrimer porogens. In addition, the surface modification of mesoporous HAp particles was
carried out using poly(amido amine) dendrimer. The content and thickness of the dendrimer coating on particle surfaces were
highly dependent on the pH. At pH 9 or greater, the coating thickness corresponded to at least a double layer of dendrimer, but
it decreased sharply with decreasing pH from 9 to 6, in agreement with the protonation of amine groups in the dendrimer,
indicating the strong interaction of nonionic dendrimer with HAp. The developed dendrimer-functionalized mesoporous
hydroxyapatite materials may be applicable in biocomposite material and/or bone tissue engineering.

1. INTRODUCTION
During the past decade, mesoporous materials have attract
much attention because of their unique surface and textural
properties such as high surface areas, small, tunable pore sizes,
and large pore volumes, which are crucial for developing new
types of catalysts, adsorbents, drug delivery systems, and so
on.1,2 Since the development of silicate-based mesoporous
material,3 its investigation has been one of the most energetic
research areas in materials science. In addition, mesoporous
materials can be considered to be excellent candidates for
osteoanagenesis materials for two major reasons: (i) The
porosity and pore volume of biomaterials allow the growth of
bone tissues to accomplish full integration with living bones,
and they strongly support the formation of bonelike apatite on
their surfaces after soaking in simulated body fluids.4 (ii) The
mesoporous structure has the potential to incorporate large
numbers of biologically active molecules, including osteogenic
agents that can promote drug delivery and bone tissue
regeneration.5

Hydroxyapatite [Ca10(PO4)6(OH)2] (HAp), which is the
major inorganic component of bone and teeth, is a key
biomaterial in potential orthopedic, dental, and maxillofacial
therapies because of its excellent biocompatibility, bioactivity,
and osteoconductivity.6 Moreover, HAp's are useful as drug
carriers for the delivery of a variety of pharmaceutical molecules
because of their nontoxic and noninflammatory properties.7

The investigation to mimic the natural growth of bone first
concentrated attention on the synthesis of HAp-based
biomaterials with porous morphology (such as those with
pore sizes of 50−500 μm),8−12 which was performed by plasma
spray,8 by solid-state reaction,9,10 and through a suspension−
precipitation route.11,12 The increase in surface area resulting

from the porosity will contribute to the capacity of delivery
agents to adsorb a drug, and these porous structures must be
significant in biomedical applications because they can enhance
the adhesion of the apatite implant to the bone. In fact, porous
HAp's possessed their adsorbing properties toward various
substances.8 Porous HAp's with cylindrical pores could be a
useful graft material because of their strength, osteoconductiv-
ity, and easily controllable pore geometry.9 The pores of HAp's
could be substituted with functional groups to modify their
surfaces, and their porosity could also facilitate the incorpo-
ration of substituents.10 Porous HA was also utilized for the
fabrication of ocular implants and for bone tissue engineer-
ing.11,12

In recent years, particular attention has been paid to the
preparation of mesoporous HAp's by using a templating
route.13−18 When silica, yeast cells, and CaCO3/Fe3O4
microsphere were utilized as templates, the particle sizes of
HAp's were small (2.7−4.5 nm14−16), whereas HAp's
templeated with polymers (EOmPOnEOm) exhibited large
pore sizes (14 to 15 nm).16−18 These mesoporous HAp's could
be used in drug loading/release,16 protein loading/delivery,17

and opthopedic applications.18 In the meantime, the fabrication
of mesoporous materials with well-ordered pores was
developed using a template of cetyltrimethylammonium
bromide (CTAB) micelles,19 and such a procedure was applied
even for the preparation of mesoporous HAp but the produced
particle had a rather large pore (∼40 nm),13 different from
mesoporous silica (3.2 nm).19 Because dendrimers take a
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monomolecularly micellelike structure, they should be useful as
a simple template, and they were actually used as a template in
the preparation of mesoporous materials.20 However, there is
no report relating to mesoporous HAp's templated by
dendrimers, so there is the need for further investigations of
mesoporous HAp materials. Such studies are useful to
improving the quality of materials for bone tissue engineering.
The surface modification of particles is an efficient way to

obtain materials having specific properties and to improve the
surface activity as well as the functionality.21 The surface
modification of HAp appears to be of great interest owing to
the unique activities of this mineral in biomaterials. The unique
activities are ascribed to the surface properties of HAp, such as
surface functional groups, acidity or basicity, surface charge,
solvophilicity, and porosity. Thus, the modification of the HAp
surface is expected to control the surface structure and
properties, leading to the provision of a novel function to
HAp. A variety of investigations have been reported for
methodologies such as the adsorption of carboxylic acid,22

isocyanate,23 and sulfonate24 on the particle surfaces. Mean-
while, some researchers have also reported the surface
modification of HAp with alkyl phosphate,25 hexanoic and
decanoic acids,26 and hexamethyldisilazane27 for the purpose of
using this material as a filler in cements, polymers, and
bioceramics. Also, a silane coupling agent,28 a zirconyl salt,29 a
polyacid,30 and poly(ethylene glycol)31 have also been applied
to modify the surface of HAp.
Thus, it is anticipated that the modification of the HAp

surface with various organic and inorganic substances imparts
novel functions to HAp and improves the mechanical
properties and affinity to the target materials if HAp is used
as a filler. Moreover, it should be possible to extend and fine
tune the bioactivity of such nanoparticles by surface
functionalization using water-soluble macromolecules. How-
ever, although numerous HAp composites have been ex-
plored,22−31 a basic study of HAp composites with dendrimers
has never been reported. A new architecture of synthetic
polymers, namely, dendrimers, is composed of a core, branches
extending from the core, and terminal groups, and dendrimers
have multiple functionalities, especially at the terminals that are

all available for chemical reactions or interactions.32 This
character can be advantageous in tissue engineering: the
multiple functionality of the dendrimer will allow an increased
number of interactions with the HAp ceramics. These
interactions may strengthen the matrix and can aid in limiting
the crystallization of HAp. The increased number of
interactions also allows for the increased strength of HAp
within the composite or matrix.
In this regard, poly(amido amine) (PAMAM) dendrimers

with surface amine groups are ideal candidates for the
production of bioinorganic HAp nanoparticles and nano-
composites because of their relatively low toxicity, intrinsic
biocompatibility, and interaction ability with surfaces.33

PAMAM dendrimers can be regarded as mimics of ionic
micelles and proteins32 or globular polyelectrolytes and build
complexes with nucleic acids.34,35 Because of the unique and
well-defined secondary structure of the dendrimers, they can be
good candidates for studying inorganic crystallization.36 The
interaction of the surfaces of dendrimers with metal ions was
examined,37 and PAMAM dendrimers were used as templates
and protectors for the formation of metal nanoparticles.38,39

The effect of the anionic PAMAM dendrimer with carboxylate
terminal groups was also found on the crystallization of CaCO3

particles.40 Thus, all of the studies elucidate that dendrimers
can be successfully employed for the production of HAp
composite materials.
The present research consists of the development of

dendrimer-functionalized mesoporous hydroxyapatite. Meso-
porous HAp's using CTAB and PAMAM dendrimer as a
template were synthesized through a chemical-based hydro-
thermal method. The physicochemical properties of the
synthesized powders were investigated. Afterwards, the surface
of mesoporous HAp was functionalized with PAMAM
dendrimer using an aqueous-based chemical method. The
synthesized materials were characterized through various
measurements. To the best of our knowledge, there is no
report on the development of dendrimer-functionalized
mesoporous HAp in the literature.

Scheme 1. Scheme of the Formation Process of Mesoporous HAp Powders Using Micelle and Dendrimer Porogens
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2. MATERIALS AND METHODS
2.1. Chemicals. All chemicals used were of analytical grade and

available from commercial sources. Calcium nitrate (99+%) and
diammonium hydrogen phosphate (99+%) were purchased from
Acros Organic, USA. CTAB was a product of TCI-EP, Japan. An
aqueous NH3 solution (35 v/v%) was obtained from Fisher Scientific
Limited, U.K. Amine-terminated PAMAM dendrimer (generation 4,
10 wt % solution in methanol) was purchased from Sigma-Aldrich,
USA. Methanol was evaporated before preparing an aqueous
dendrimer solution. Milli-Q (deionized and distilled) water was used
throughout the experiments.
2.2. Synthesis of Mesoporous HAp Powders. Mesoporous

HAp powders were synthesized through a hydrothermal method. In a
typical procedure for the preparation of mesoporous HAp powders,
each 0.5 M stock solution of calcium nitrate [Ca(NO3)2·4H2O] and
diammonium hydrogen phosphate [(NH4)2HPO4, DAHP] was
prepared in water. CTAB powder as a porogen surfactant was mixed
with a DAHP solution (1:1 mol/mol PO4

3−/CTAB) and allowed to
stir for 1 h. Subsequently, the CTAB−phosphate solution at a Ca2+/
PO4

3− composition number ratio of 1.67 was added dropwise to the
calcium nitrate solution with vigorous stirring by a magnetic stirrer at
room temperature. The pH of the reacting mixture was always
maintained at around 11 to 12 with the addition of an NH3 solution
before and after mixing the Ca2+ and PO4

3− solutions. A colloidal
suspension with white precipitates was obtained, and it was then
transferred to a Teflon tube (80 cm3). The tube was held in a stainless
steel autoclave, sealed, and maintained at 150 °C for 15 h for
annealing. After the autoclave cooled to room temperature, the
precipitate was separated by filtration and washed with water and
ethanol in sequence. Finally, the precipitate was dried in an oven at 90
°C overnight. The dried precipitate was then ground with a mortar
and a pestle and calcined at 600 °C for 6 h to remove a porogen.
Similarly, HAp powders were also synthesized using the PAMAM
dendrimer (1:1 mol/mol PO4

3−/terminal amine of dendrimer) as a
porogen via the same method as for the CTAB porogen and calcined
at 600 °C for 8 h to remove the PAMAM dendrimer. Separately, HAp
powder was synthesized without porogen. The preparation procedures
of HAp's are represented in Scheme 1.
2.3. Surface Functionalization of HAp Powders with PAMAM

Dendrimer. PAMAM dendrimer (0.1 g) was solvated in 10 cm3 of
water, and the pH of the solution was adjusted to 10 to 11 by adding
an aqueous NH3 solution. The solution was stirred with a magnetic
stirrer for 30 min. Then, calcined HAp powders (prepared by using a
micelle porogen) (0.6 g) were gradually added to the dendrimer
solution (20 cm3) with vigorous stirring using a magnetic stirrer at
room temperature. After the addition of entire nanoparticles, the
mixture was allowed to stir overnight, followed by sonication for 30
min using a high-power ultrasonic device (Branson, Yamato-1210,
Japan). The product was separated by filtration (Whatman-41),
followed by washing with an ethanol−water mixture, and then dried
overnight in a vacuum oven at 50 °C. Dendrimer-modified HAp
powders were prepared at different pH values. Scheme 1 includes the
procedure.
2.4. Characterization. The identification of functional groups in

HAp, HAp with CTAB porogen (HAp/CTAB), and HAp with
dendrimer porogen (HAp/PAMAM) powders was analyzed by
Fourier transform infrared (FTIR) absorption spectroscopy (Nicolet
6700, USA) within the scanning range of 4000 to 400 cm−1 using a
KBr pellet technique. The phase analysis of powders was done with an
X-ray diffraction (XRD) instrument (PSAXS-USH-WAXS-002, Osmic,
USA) using a 0.67 mA current and 45 kV voltage with monochromatic
Cu Kα (target) radiation (λ = 1.5405 Å) with a step size of 0.05° 2θ, a
scan rate of 0.03° 2θ/s, and a scan range from 2θ = 20 to 60°. The
XRD technique was also employed to determine the average domain
size of HAp crystals. Small-angle XRD patterns were also recorded on
the same instrumental system and under conditions over the range of
0.5° ≤ 2θ ≤ 10°. The molar ratio of calcium/phosphorus (Ca2+/
PO4

3−) HAp powder was measured with an energy-dispersive X-ray
(EDX) analyzer (JEOL, JSM-6500F, Japan). The textural properties of

synthesized powders were analyzed by the nitrogen adsorption
experiment at 77 K using a surface area analyzer (Micromeritics
Tristar 3000 porosimeter, Australia) after the samples were degassed at
125 °C for 3 h. The morphology and the particle size of the powders
and the coating thickness of the PAMAM dendrimer on the power
surfaces were observed with a Hitachi (H-7000, Japan) transmission
electron microscope (TEM) at an acceleration voltage of 100 kV. The
TEM specimens were prepared by depositing a drop of an HAp
powder dispersion, which was prepared in ethanol by ultrasonication
for 20 min, on a carbon-coated copper grid and by drying at room
temperature. The thermogravimetric (TG) analysis was carried out on
a TG/DTA thermal analyzer (TGA Q500, U.K.). Using 100 mL/min
air/N2 flow, the temperature was raised to 800 °C at a constant rate of
10 °C/min.

3. RESULTS AND DISCUSSION

Mesoporous HAp powders were synthesized through a
hydrothermal method using a CTAB micelle or PAMAM
dendrimer porogen following the procedures in Scheme 1.
FTIR spectra of HAp with CTAB micelle porogen before and
after calcination are shown in Figure 1A. IR bands at 3572 and
632 cm−1 belong to the vibrational mode of structural OH

Figure 1. FTIR spectra of HAp powders. (A) From the CTAB micelle
porogen and (B) from the PAMAM dendrimer porogen. (a) Before
calcination and (b) after calcination.
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groups of hydroxyapatite (Figure 1Aa). The bands at 1093,
1036, and 962 cm−1 are characteristic of the phosphate
stretching vibrational modes (γ3, γ3, and γ1 of PO4

3−,
respectively), and the bands observed at 602, 565, and 472
cm−1 are due to the phosphate bending vibrational modes (γ4,
γ4, and γ2 of PO4

3−, respectively).41 Bands assigned to the
carbonate anion are also observed at 1456 and 1408 cm−1,
resulting from the dissolved CO2 from the atmosphere during
mixing, stirring, and precipitating materials.42 The strong
absorption bands at 2954 and 2848 cm−1 are assigned to
CH2 stretching modes of CTAB.43 After the calcination at 600
°C, the strong bands at 2954 and 2848 cm−1 have vanished
(Figure 1Ab), implying no residual CTAB species in the
calcined sample. However, amide I and II bands at 1651 and
1553 cm−1, respectively, in Figure 1Ba represent the presence
of the PAMAM dendrimer in the HAp particles prepared using
the PAMAM dendrimer as a porogen.44 However, these bands
were imperceptible after the powders were calcined at 600 °C
(Figure 1Bb). This phenomenon indicates that by using the
calcination method, the CTAB micelle or PAMAM dendrimer
template in HAp solids can be removed completely.
X-ray diffraction patterns of calcined HAp powders are

presented in Figure 2. The main crystalline peaks observed for

HAp are at diffraction angles of 26.26, 31.96, 32.35, 34.48,
39.85, and 46.61° with d spacing of 3.44, 2.80, 2.73, 2.63, 2.26,
and 1.94 Å, respectively, for calcined HAp powder from the
CTAB micelle porogen (Figure 2a). In the case of calcined
HAp powder from the PAMAM dendrimer porogen, the
crystalline peaks were observed at slightly different diffraction

angles of 25.49, 31.79, 31.86, 34.09, 39.66, and 46.39° with d
spacings of 3.53, 2.81, 2.74, 2.69, 2.29, and 1.96 Å, respectively
(Figure 2b). These d values correspond to that of hexagonal
HAp with a space group of P63/m [Ca10(PO4)6(OH)2]
(JCPDS-International Center for Diffraction Data, card no.
09-0432) for both calcined HAp powders from micelles and
dendrimers. The broadening of XRD peaks indicates the
nanocrystalline nature of the synthesized HAp powders. It is
evident from the observed results that no characteristic
diffraction angles from other calcium phosphate phases are
detected.
The relationship among lattice constants (a and c), Miller’s

indices (h, k, l), and lattice spacing (d) is used to calculate
lattice parameter values:

= + + +
⎛
⎝⎜

⎞
⎠⎟d

h hk k
a

l
c

1 4
32

2 2

2

2

2

The lattice parameters were found to be a = b = 9.42 Å and c =
6.88 Å for calcined HAp powder from micelle porogens and a =
b = 9.41 Å and c = 6.87 Å for calcined HAp powder from the
dendrimer porogen. The results are consistent with the
previously reported data.45 The results obtained from the
XRD study are summarized in Table 1. Then, the wide-angle
XRD results reveal that the present calcined materials take a
hydroxyapatite phase,46 which is also confirmed by the result
raised from FTIR data described above. The result is also
supported by energy-dispersive X-ray analysis (EDX): The
observed Ca2+/PO4

3− number ratio (1.669 and 1.662) against a
calculated value (1.67) indicates that the materials are
stoichiometric for both HAp's synthesized using micelles and
dendrimers, respectively, as a porogen (Table 2). The average
domain size of calcined HAp powder obtained from XRD data
was ∼56 nm for a powder from the micelle porogen with aspect
ratios 2.29 and ∼52 nm for the powder from the dendrimer
porogen with an aspect ratio of 2.25. The results are
summarized in Table 1.
Figure 3 shows low-angle XRD patterns of calcined HAp

powders. In Figure 3a for an HAp powder from a micelle
porogen, a sharp diffraction peak [100] appeared at a 2θ value
of around 1.69°, which corresponds to the d-spacing value of
5.19 nm. Another weak peak [200] became visible at a 2θ value
of 2.69°, corresponding to the d-spacing value of 3.29 nm.
When the PAMAM dendrimer was used as a porogen, a sharp
peak [100] had a 2θ value of around 1.68° having a d spacing of
5.36 nm (Figure 3b). An additional peak [200] observed at a 2θ
value of 2.67° corresponds to a d-spacing value of 3.83 nm. The
phase plane may result from the ordering of pores generated in
the powders.47 The d spaces obtained indicate that the pores
generated in HAp particles using micelle or dendrimer
porogens have approximate center-to-center distances (ao) of
5.99 and 6.19 nm, respectively, if the pore arrangement is
hexagonal.20 The results are summarized in Table 3.
The textural properties of the calcined materials were

investigated through BET (Brunauer−Emmett−Teller) surface
area analysis and are shown in Figure 4. Figure 4a is the
nitrogen adsorption and desorption isotherms of calcined HAp
powder from the micelle porogen. The isotherms exhibit a type
IV isotherm cycle for mesoporous materials under the BDDT
(Brunauer−Deming−Deming−Teller) system with a typical
H1 hysteresis loop according to an IUPAC classification48 and a
well-defined step at approximately P/P0 = 0.84−0.98. However,
Figure 4b shows the BET isotherms of calcined HAp powder

Figure 2. XRD of calcined HAp powders. (a) From the micelle
porogen and (b) from the dendrimer porogen.
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from the dendrimer porogen. The isotherms were also assigned
to the same type as HAp from the micelle porogen and
displayed a well-defined step at approximately P/P0 = 0.86−
0.98. The results imply that the synthesized HAp powders are
of a mesostructural nature.
The pore size distributions calculated from the desorption

branch of the isotherms based on a BJH (Barret−Joyner−
Halenda) model are shown in Figure 5a,b for calcined HAp
powders from micelle and dendrimer porogens, respectively.

The curve indicates a broad pore distribution width with an
average size centered on 4.7 ± 0.9 nm for HAp from the
micelle porogen. In the case of HAp from the dendrimer
porogen, the average size is around 5.5 ± 1.25 nm (Table 3).
This type of broad distribution might be raised not only by the
mesostructural nature of materials but also by the mode of
crystallite aggregates.49,50 This suggests that the pores are
generated through the imprinting of the individual porogen
used to obtain HAp powders. Besides, on the basis of the
overall investigation of the N2 adsorption−desorption iso-

Table 1. Numerical Values Obtained from XRD and TEM Studies of Calcined HAp Powders

XRD lattice parameter
(Å)

XRD domain size
(nm) XRD aspect ratio TEM particle size (nm)

powder a, b c d002 d300 d002/d300 length diameter TEM aspect ratio

HAp from micelle 9.42 6.88 78 34 2.29 89 ± 5 38 ± 6 2.34
HAp from dendrimer 9.41 6.87 72 32 2.25 82 ± 3 36 ± 4 2.28

Table 2. EDX Data of Calcined HAp Powders

HAp from
dendrimer

HAp from
micelle

element (atom %) (atom %)

P K 37.57 37.46
Ca K 62.43 62.54
Total 100.00 100.00
observed Ca+/PO4

3− number ratio 1.662 1.669
calculated Ca+/PO4

3− number ratio 1.67 1.67

Figure 3. Low-angle XRD of calcined HAp powders. (a) From the
micelle porogen and (b) from the dendrimer porogen.

Table 3. Numerical Values Obtained from XRD, BET, and TEM Studies for Calcined HAp Powders

XRD space (nm) BET isotherm pore size (nm)

powder d100 d200 center-to-center distance (ao) specific surface area (m2/g) pore volume (cm3/g) BET TEM

HAp from micelle 5.19 3.29 5.99 62.58 0.19 4.7 ± 0.9 4.4
HAp from dendrimer 5.36 3.83 6.19 56.46 0.18 5.5 ± 1.25 5.2

Figure 4. BET N2 adsorption/desorption isotherms of calcined HAp
powders. (a) From the micelle porogen and (b) from the dendrimer
porogen.
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therms, the specific surface area and pore volume of
mesoporous HAp from the micelle porogen were found to be
62.58 m2/g and 0.19 cm3/g, respectively. When the dendrimer
porogen was used, they were 56.46 m2/g and 0.18 cm3/g,
respectively.
The morphologies, particle sizes, and pores were investigated

through TEM analysis. Figure 6a shows a TEM image of a
calcined HAp powder prepared from the micelle porogen. The
micrograph depicts short columnar crystals of HAp particles
with approximate sizes of 89 ± 5 nm length and 38 ± 6 nm
diameter, having an aspect ratio of 2.34. The columnar crystals
of HAp particles from the dendrimer porogen are shown in
Figure 6b with estimated sizes of 82 ± 3 nm in length and 36 ±
4 nm in diameter with an aspect ratio of 2.28. The aspect ratios
obtained from TEM are very similar and are consistent with the
values that were obtained from XRD analysis, as seen in Table
1.
The existence of pores and their disordered arrangement are

visually observed in the TEM image of calcined HAp from the
micelle porogen (Figure 6a). The chaotic arrangement of
generated pores in calcined HAp powders from the dendrimer
porogen is also exhibited in the TEM image (Figure 6b), but
there are also domains where pores are arranged in order (inset
circle in Figure 6b). Then the rough evaluation of 5.6−6.0 nm
for the center-to-center distance (ao) is not very far away from
the value from XRD (Table 3). Although it was not possible to
calculate the exact pore size from the TEM images because of
the low resolution of TEM technique, the approximate
diameter of the pores was found to be 4.4−5.2 nm for both
powders. This result is also consistent with the values obtained
from the BET study (Table 3). The diameters of the CTAB
micelle and dendrimer are observed to be ∼5.2 and ∼4.5 nm,
respectively,32,51 and the calculated sizes of cetyltrimethylam-
monium micelle except for the Br ion and dendrimer are 4.2
and 4.0 nm, respectively. Then the pore sizes in HAp are in
correlation with the size of the templates. Incidentally, the pore
sizes using the dendrimer porogen were 3.2 and 3.9 nm for

FePO4 and tetraethyl orthosilicate particles, respectively,44,52

and 3.7−4.9 and 5.9−6.8 nm for silatrane particles.20 High-
resolution TEM micrographs for the calcined HAp powders are
given in Figure 7. Figure 7a,b displays photographs of HAp
powders from micelle and dendrimer porogens, respectively.
Both photographs are illustrative of the crystal structures of
HAp, approving the results of XRD.
A credible mechanism for the formation of mesoporous

structure is presented in Scheme 1. At first, CTAB molecules
form micelles in the solution. After the addition of an aqueous
PO4

3− solution to the aqueous CTAB solution, the CTAB-PO4
complex, which consists of many PO4

3− species bound to the
surface of the micelle, is formed. After an aqueous Ca2+ solution
was added, a CTAB−calcium phosphate cluster is formed
because of the conformational compatibility between the
identical hexagonal shape of the micelle and calcium
phosphate.53 The micelle acts as a nucleating point for the
growth of HAp crystals at an adequate aging temperature and
time, and the crystals coalesce to form a stable 3D structure of
HAp. Then, the mesoporous HAp powders are obtained by

Figure 5. BJH pore size distributions for calcined HAp powders. (a)
From the micelle porogen and (b) from the dendrimer porogen.

Figure 6. TEM micrographs of calcined HAp powders. (a) From the
micelle porogen and (b) from the dendrimer porogen.
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calcining at 600 °C to remove CTAB molecules. The
mechanism would be the same even in the case of a
PAMAM dendrimer porogen. A PAMAM−calcium phosphate
cluster is formed after the addition of an aqueous PO4

3−

solution to the aqueous PAMAM solution and the addition
of an aqueous Ca2+ solution to the aforementioned solution.
Then mesoporous HAp powders are also obtained after the
growth of HAp crystals by aging and calcining HAp powders at
600 °C (Scheme 1).
To functionalize the surfaces of HAp particles, the calcined

HAp particles, which were synthesized using a micelle porogen,
were modified by the PAMAM dendrimer. The FTIR
absorption spectrum measurement was carried out to
investigate the presence of dendrimer after the modification.
Figure 8a shows an FTIR spectrum of PAMAM-dendrimer-

modified HAp particles. The strong absorption bands at 1650
and 1550 cm−1, which are assigned to amide I and II of the
dendrimer, respectively,52,54 are observed in this spectrum.
However, these bands are absent in the spectrum for calcined
HAp particles before modification (Figure 8b). Hence, it was
confirmed by FTIR absorption spectra that HAp particles were
modified with dendrimer.

To investigate the effect of pH on the coating, the surface
modification of HAp particles by dendrimer was performed at
different pH values. TEM micrographs (Figure 9a−d) certified

the shell layer on dendrimer-coated HAp particles. The result
from the TEM study supports the result obtained from the
FTIR study, which confirms the modification of particles with
dendrimer. The thickness of the coating was evaluated from
TEM images. At pH 10.6 and 9.6, the thickness of the coating
was around 9 to 10 nm (Figure 9a,b). The shell thickness
decreases with decreasing pH. It was approximately 6 to 7 nm
at pH 8.6 (Figure 9d), but it decreased to around 3 to 4 nm at
pH 7.5. The obtained thicknesses are plotted as a function of
pH in Figure 10. The diameter of the PAMAM dendrimer
(generation 4) is ∼4.5 nm.32 Therefore, it can be noted that at

Figure 7. HRTEM micrographs of calcined HAp powders. (a) From the micelle porogen and (b) from the dendrimer porogen.

Figure 8. FTIR spectra of calcined HAp powders. (a) Surface
modification with PAMAM dendrimer and (b) before surface
modification.

Figure 9. TEM micrographs of calcined HAp powders surface
modified with PAMAM dendrimer. (a) pH 10.6, (b) pH 9.6, (c) pH
9.2, (d) pH 8.6, (e) pH 6.8, and (f) pH 3.8.
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pH 9 or more about two layers of dendrimers coat the surfaces
of HAp particles, but the thickness is only approximately one
layer on the HAp surface at around pH 8. The average
thickness was around 1 to 2 nm at pH 6.8 (Figure 9e).
Moreover, under acidic conditions, the coating thickness
became very thin and no thickness was observed below pH 4
(Figure 9f). The results clearly indicate that the coating is
highly dependent on the pH. It should be noticed that the
variation in thickness occurs between pH 9 and 6. Because the
pK's of primary and tertiary amines of dendrimer are 9.2 and
6.4,55 the adsorption of dendrimer on HAp particles depends
on the protonation of dendrimer, that is, nonprotonated or less-
protonated dendrimers can easily adsorb or accumulate on the
HAp surfaces.
To investigate the weight percent of coating, a TGA study

was performed for the specimens obtained at different pH
values. The decomposition of dendrimer occurred within the
temperature range below 550 °C,20 as revealed from the TGA
curves (Figure 11). It was observed that the weight loss was
larger for the specimens prepared at higher pH and decreased
with decreasing pH. This indicates that the content of
dendrimer decreases with decreasing pH. At lower pH (i.e.,
under acidic conditions), the weight loss is much less,
indicating that a smaller amount of dendrimer coats the
particle surface. The weight loss (at 600 °C) is plotted in Figure

10 for comparison with the coating thickness obtained from the
TEM measurement after coating with the PAMAM dendrimer.
The pH dependence of the weight loss is completely consistent
with that of the coating thickness, and this result fully supports
the pH-dependent surface modification by PAMAM dendrimer
on HAp particles.
It should be noticed that the pH dependency of the coating

thickness and weight loss in Figure 10 is similar to the pH
titration curve of the amine-terminated PAMAM dendrimer.55

Then, the pH-dependent adsorption behavior of dendrimers on
HAp can be assumed on the basis of protonation/
deprotonation of the dendrimers. Because dendrimers are
fully protonated under acidic conditions, they do not preferably
adsorb on HAp. Because tertiary amines of dendrimers
deprotonate at pH values above their pKa (6.4), the
hydrophobicity of dendrimers increases, and the adsorption
of dendrimers on HAp begins above pH 7. At pH higher than
the pKa (9.2) of primary amine, the adsorption reaches its
highest value. A small degree of adsorption will consist of
monolayer formation by the chemisorption of dendrimer on
HAp, and successive accumulation can occur by the
physisorption of dendrimer that may come from hydrogen
bonding between dendrimers. The intermolecular hydrogen
bonding among amine and amide groups of dendrimers was
assumed from the self-aggregation of dendrimers.56

The adsorption experiment of PAMAM and poly(propylene
imine) dendrimes is performed on many different surfaces. The
interaction of PAMAM dendrimers with supported lipid
bilayers has been investigated to obtain kinetic and mechanistic
data.57 The adsorption of dendrimers has been examined even
on glass, mica, gold, and silica.58−62 The adsorption of
poly(propylene imine) on glass increases with decreasing
ionic strength and pH.58 The adsorption of carboxyl-terminated
PAMAM dendrimer on gold reaches its maximum (more than
25 nm) at pH 6.61 Meanwhile, the maximum adsorbed amount
of PAMAM dendrimers on silicon oxide surfaces increases with
increasing pH.62 This pH dependency is interpreted as an effect
of the substrate and is quantitatively explained by the extended
three-body random sequential adsorption model, which
stipulates the importance of a three-body interaction acting
between two adsorbing dendrimers and the charged substrate.
Because the pH tendency of the present work resembles the
last case rather than the former two, it may be possible to
determine additional aspects of the adsorption mechanism of
the PAMAM dendrimer on HAp with the random sequential
adsorption model.

4. SUMMARY AND CONCLUSIONS
Mesoporous HAp's were successfully synthesized using the
CTAB micelle and PAMAM dendrimer as a porogen through a
hydrothermal precipitation technique. The physicochemical
properties of HAp powders synthesized from different
porogens have also been studied by means of various
measurements. An XRD study confirms that the synthesized
materials have a single-phase HAp crystal structure with
approximate aspect ratios of 2.25 to 2.29, which are very
supportive of aspect ratios from TEM. An EDX study mentions
that the powders are stoichiometric with Ca2+/PO4

3− number
ratios of 1.662 and 1.669 for dendrimer and micelle porogens,
respectively. Low-angle XRD and BET studies indicate that the
HAp products are mesostructured in nature. The specific
surface area and pore volume are found to be 56−63 m2/g and
0.18−0.19 cm3/g, respectively, for calcined HAp's synthesized

Figure 10. Coating thickness of dendrimer on the HAp surface and
weight loss of HAp (at 600 °C) vs pH.

Figure 11. TG curves of calcined HAp powders surface modified with
PAMAM dendrimer at different pH values.
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under different porogens. The calculation from the desorption
branch of the isotherms based on a BJH model has a broad
pore size distribution with average sizes ranging from 4.7 to 5.5
nm for both cases. These results imply that the pores are
generated through the embedding of porogens. However, the
careful insight differentiates the larger specific surface area and
pore size of HAp powders of the dendrimer porogen from
those of the micelle porogen.
The surface of mesoporous HAp particles was functionalized

successfully with the PAMAM dendrimer. The modification is
confirmed by FTIR absorption spectra and TGA. TEM analysis
also displays the presence of dendrimer on the particle surfaces,
and the coating is very dependent on the pH, which is also
apparent from the TGA result. At higher pH, the coating
thickness of dendrimer on the particle surface is higher, 9 to 10
nm, indicating the double-layer coating of dendrimer on the
particle surfaces. The coating thickness decreases rapidly from
pH 9 to 6, in agreement with the weight loss on TGA. These
behaviors deeply involve the pH dependence on the
protonation of amine groups in the dendrimer, the interaction
between adsorbed dendrimers, and the nature of the interaction
of the dendrimer with HAp.
On the basis of the results obtained, it can be remarked that

these results may provide the basis for utilizing the synthesized
mesostructured HAp materials in biomedical applications
because of the biocompatibility of HAp. In particular, the
developed dendrimer-encapsulated or dendrimer-functionalized
mesoporous hydroxyapatite materials may possess potential
upon application to biocomposite drug delivery systems and/or
bone tissue engineering.
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