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Abstract
Mesoporous nano-hydroxyapatite (n-HA) has gained more and more attention as drug storage and release hosts. The aim of
this study is to observe the effect of the ratio of surfactant to the theoretical yield of HA on the mesoporous n-HA, then to reveal
the effect of the mesoporous nanostructure on protein delivery. The mesoporous n-HA was synthesized using the wet precipitation in the presence of cetyltrimethylammonium bromide (CTAB) at ambient temperature and normal atmospheric pressure.
The morphology, size, crystalline phase, chemical composition and textural characteristics of the product were well characterized by X-ray Powder Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS) and N2 adsorption/desorption, respectively. The protein adsorption/release studies were also carried out by using Bovine Serum Albumin (BSA) as a model protein.
The results reveal that the mesoporous n-HA synthesized with CTAB exhibits high pure phase, low crystallinity and the typical
characteristics of the mesostructure. The BSA loading increases with the specific surface area and the pore volume of n-HA, and
the release rates of BSA are different due to their different pore sizes and pore structures. n-HA synthesized with 0.5% CTAB
has the highest BSA loading and the slowest release rate because of its highest surface area and smaller pore size. These
mesoporous n-HA materials demonstrate a potential application in the field of protein delivery due to their bioactive, biocompatible and mesoporous properties.
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1 Introduction
Hydroxyapatite (Ca10(PO4)6(OH)2, HA), the major
inorganic constituent of natural bones and teeth, has
been widely used for biomedical applications during the
past decades due to its biocompatibility and bioactivity[1–3]. Synthetic nano-HA (n-HA) is one of attractive
HA materials for bone regeneration owing to its similarity in composition to the mineral phase of native bone.
It can be used as fillers of polymer composites to avoid
the poor bioresorbability and brittle characteristics of
HA ceramics or micro HA particles[3–5]. Meanwhile, the
specific nano properties, such as small size, high surface
area, low density, and high surface-to-volume ratio, open
new domains of application for HA materials. It has been
used as drug storage/release system to carry protein
drugs for tissue engineering or other therapeutic purpose,
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such as growth factors[6,7].
Many fabrication techniques have been utilized to
produce various HA nanomaterials, including sol–gel
method[8], hydrothermal method[9], microemulsion
process[10] and co-precipitation technique[11]. Among
these methods, co-precipitation is the most common way
for production of n-HA because of its simplicity and low
cost and suitability for industrial production. However,
the porous structure of n-HA is necessary for drug
storage and release in many cases. Especially,
mesoporous n-HA materials, those with pores of 2
nm–50 nm diameter, are becoming more imperative
because they can be used as an novel effective drug
storage/release system due to their large internal surface
areas and narrow pore size distributions[12–14].
The surfactant-assisted method as one of the templating techniques, can produce HA nanomaterials with
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mesopores[12,14]. The first nanostructured mesoporous
material was reported by Beck et al. in 1992[15]. Although these materials can be fabricated directly with
hydrothermal method[16] or co-precipitation technique[17],
it is regarded that the most often-used method involves
the use of surfactants as templates[12]. A series of surfactants, including pluronic P123[1,18], Sodium Dodecyl
Sulfate (SDS)[19], and Cetyltrimethylammonium Bromide (CTAB)[20], have been used as templates for synthesis of mesoporous materials. The cooperative
self-assembling of inorganic phases and surfactants
produces a mesophase structure, and the removal
of the organic component can produce well
organized porous structures. Coelho et al.[20] synthesized
HAp nanorods using CTAB and the effect
of the sintering temperature on its nanostructure
was studied. CTAB was chosen since it yields stable
micelles, whose shape and size can be easily changed
by modifying both the ratio and temperature of the
solution.
In this paper, the mesoporous n-HA material was
synthesized successfully using the wet precipitation in
the presence of CTAB as a template. The objective of
this work is to reveal the effect of surfactant ratio on
the mesoporous n-HA, and the effect of the mesoporous structure on adsorption and release of BSA.

2 Materials and methods
2.1 Materials
Cetyltrimethylammonium bromide (CTAB) was
purchased from Shanghai Huishi Chemical Co., Ltd..
Diammonium hydrogen phosphate ((NH4)2HPO4), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) and ammonium hydroxide (NH3·H2O) were purchased from Beijing Chemical Regent Co. Ltd.. Bovine Serum Albumin
(BSA) (minimum 98%, electrophoresis grade) and BCA
protein assay kit were purchased from Sigma-Aldrich.
All other reagents and solvents were purchased from
Sinopharm Chemical Reagent, China, and used as obtained. All chemicals were analytical grades and used
directly without further purification.
2.2 Synthesis of mesoporous n-HA
The mesoporous n-HA particles were synthesized
using the cationic surfactant method based on a modified
method in the literature[20]. The chemical reaction equation is
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10Ca(NO3)·4H2O+6(NH4)2PO4+8NH3·H2O→Ca10(PO4)
6(OH)2+20NH4NO3+6H2O
A predetermined amount of surfactant CTAB, accounting for the theoretical yield of HA, 0.05%, 0.5%,
5% and 20% (w/w), were respectively dissolved in 50 ml
of deionized water with overnight stirring at room temperature. (NH4)2HPO4 (0.6 mol) was then added to the
surfactant solution, and stirred well for 2 h. The
CTAB/PO3− solution was adjusted to pH 10.0 using
NH3·H2O. Separately, Ca(NO3)2·4H2O (1 mol) was
dissolved in 50 ml of water, and adjusted to pH 10.0
using NH3·H2O. The Ca2+ solution was then slowly
dropped into the CTAB/ PO3− solution with continuous
stirring and the solution was kept in pH 10.0 using
NH3·H2O. The reaction was undertaken with further
stirring for 24 h at ambient temperature and normal
atmospheric pressure. Finally, the mixture was centrifuged and washed repeatedly six times using deionized
water and ethanol, and freeze-dried (−70 ˚C 48 hours) to
obtain mesoporous n-HA. For comparison, parallel experiments were also carried out in the absence of CTAB.
The obtained particles synthesized with different ratios
of CTAB (0, 0.05%, 0.5%, 5% and 20%) were collected
and coded as HA-0, HA-0.05, HA-0.5, HA-5 and HA-20,
respectively. The particles were then ground in an agate
mortar for further characterization.
2.3 Characterization
2.3.1 X-ray Diffraction
The phase and crystallographic structures of the
synthesized n-HA were characterized by powder X-ray
Diffraction (XRD) at room temperature. The analyses
were undertaken using a Bruker D8 Advanced diffractometer with CuKa radiation of wavelength 1.541874Å,
and a graphite monochromator running at 40 kV and 30
mA. The reconnaissance data were collected by loading
the powder in glass holders and scanning from 10˚ to 80˚
in 0.02˚ steps of 2θ, with a dwell time of 2 s.
2.3.2 Fourier Transform Infrared Spectroscopy
The chemical and structural compositions of the
samples were studied by a Bruker Vertex×70 Fourier
Transform Infrared Spectroscopy (FTIR) in the frequency range 4000 cm−1–400 cm−1. The samples were
mixed with KBr powders and pressed into a disk suitable
for FTIR measurement. The functional groups presented
in the particles were characterized and identified by their
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peaks as obtained in the spectra.
2.3.3 Field Emission Scanning Electron Microscope
The particle morphology of the samples was observed using a Philips XL30 field Emission Scanning
Electron Microscope (ESEM). Samples were first coated
with platinum before microscopy and the images were
collected at an accelerating voltage of 20 keV.
2.3.4 Transmission Electron Microscope
The Transmission Electron Microscopy (TEM) was
used to observe the size and shape of n-HA samples. The
powders of n-HA were ultrasonically dispersed in
ethanol for 30 min and a drop of suspension was deposited on carbon-coated copper grids. Data were collected
digitally using a FEI Tecnai G2 S-Twin TEM with an
accelerating voltage of 200 kV.
2.3.5 Dynamic Light Scattering measurement
The particle size was measured by Dynamic Light
Scattering (DLS) method using a Wyatt DAWN
EOS Multi-angle Light Scattering (MALS) instrument
equipped with a Wyatt QELS detector. The samples
were well suspended in ethanol and diluted to 0.5
mg·ml−1. The DLS measurements were carried out at
room temperature and were clarified with 0.22 μm filters
immediately prior to analysis.
2.3.6 Nitrogen adsorption analysis
Nitrogen (N2) adsorption-desorption isotherms
were collected in a Quantachrome Autosorb-1 gas adsorption analyzer at 77 K after degassing the samples at
473 K for 24 h. The surface areas of sample powders
were calculated according to the Barrett-Emmett-Teller
(BET) equation. The relative pressure P/P0 of the isotherm was studied between 0.01 and 1.0. The pore parameters were calculated from the adsorption branches
of the isotherm from the Barrett-Joyner-Halanda model.
The types of isotherms were evaluated according to their
shape and type of hysteresis between the adsorption-desorption modes.
2.4 Protein loading and release
Bovine Serum Albumin (BSA, MW= 66.430 kDa,
Sigma) was used as a model protein in this study according to the literature[21]. In order to estimate the adsorptive amount of protein on n-HA, 0.25g of n-HA

particles were immersed in 40 ml of the protein solution
(1 mg·ml−1, 24 h, 37 ˚C). The slurry was centrifuged and
the amount of protein in the supernatant was measured
by BCA protein assay (Wave length = 562 nm, MTP32,
Corona) to calculate the adsorbed amount of protein on
n-HA. All experiments were carried out in triplicates.
The ratio of the albumin protein adsorbed was calculated
by using the calibration curve obtained for pure albumin.
The 20 mg of n-HA-protein particles were immersed in
phosphate buffer solution (pH = 7.0, 10 ml). At time
interval of 2 h, 2 ml solutions were drew from the above
solution, then added 2 ml fresh PBS. The ratio of the
albumin protein in the 2 ml solution was measured by
BCA protein assay. According to the calibration curve,
the BSA released amount was easily calculated.
2.5 Statistical analysis
All experiments were carried out in triplicates.
Quantitative data are expressed as mean ± standard deviation. Wherever appropriate, comparisons of means
were carried out using Origin 8.0 (OriginLab Corporation, U.S.A.), with p < 0.05 considered statistically significant.

3 Results and discussion
Fig. 1 shows the XRD patterns of n-HA particles
synthesized with different ratios of CTAB. The characteristic peaks of all samples, including the peaks at 2θ =
26.12˚ and 32.30˚, correspond well to the HA reflections
(JCPDS card No. 9-432)[22]. There are no differences in
XRD patterns between samples synthesized without
CTAB and those synthesized with different ratios of
CTAB. According to the phase analysis, all the samples

Intensity (a.u.)
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Fig. 1 XRD patterns of the n-HA particles: HA-0 (a), HA-0.05 (b),
HA-0.5 (c), HA-5 (d) and HA-20 (e).
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are phase-pure hydroxyapatite, and no characteristic
peaks of impurities are observed in the patterns. Only
minor differences are observed that the diffraction peaks
of the samples synthesized are broader and less defined,
showing low crystallinity. Furthermore, it is also revealed that standard hexagonal n-HA crystal has been
formed. It is concluded that the existence of CTAB can
not induce the crystallization of other phases and has
little effect on the crystallization of n-HA.
Fig. 2 illustrates the FTIR spectra of the samples
synthesized with different ratios of CTAB. The spectrum
of HA-0 is identical to the representative spectrum of
hydroxyapatite with phosphate stretching bands at about
900 cm−1 –1200 cm−1 and phosphate bending at 602
cm−1[23]. But the characteristic absorption band of the
hydroxyl group (3572 cm−1) is almost absent in all the
prepared samples due to the lower degree of crystallinity.
According to the literature, the intensity of the hydroxyl
band and the band at 961 cm−1 can be used as an indication of HA crystallinity[24]. The lower crystalline
n-HA is easier to be absorbed than sintered n-HA or
other calcium phosphates because of its higher dissolution rate[25]. The degradation of n-HA can lead to controllable, sustained delivery of the encapsulated drugs,
which is an important factor for bone drug delivery
systems. It is regarded that high crystalline HA may
influence the drug release and inhibit real bone regeneration[26].

Fig. 2 FTIR spectra of the n-HA particles: HA-0 (a), HA-0.05 (b),
HA-0.5 (c), HA-5 (d) and HA-20 (e).

Meanwhile, the FTIR spectra of n-HA synthesized
with CTAB show all the characteristic bands of n-HA
synthesized without CTAB. The broad bands around
3432 cm−1 and 1627 cm−1 are associated to the water
molecules in the sample. The presence of the carbonate
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bands at 868 cm−1 and 1460 cm−1 in all the spectra is due
to the presence of carbonate ions in the HA[27], which
reveals that a certain level of carbonate substitution has
taken place in the product. The carbonate ions may be
originated from a reaction between atmospheric carbon
dioxide and solution during the synthesis process. It has
been shown that carbonate-containing HA has better
bioactivity due to its similarity with human bone[28].
Therefore, the particles prepared in the study are expected to possess good biocompatibility.
Fig. 3 demonstrates the external morphology of the
n-HA crystals prepared with different ratios of CTAB by
the ESEM images. It is found that n-HA particles prepared with different ratios of CTAB (Figs. 3c–3j) are
easier to assemble than those without CTAB (Figs. 3a
and 3b). It is deduced that the different particle sizes and
surface areas contribute to the distribution state of n-HA
nanoparticles. Therefore, the size, the shape and the
typical pore structure of the synthesized n-HA samples
are further observed using TEM and DLS, as shown in
Fig. 4. Both of n-HA nanoparticles synthesized with
CTAB (Fig. 4a) and those without CTAB (Fig. 4b) are
irregular crystals of about 10 nm × 45 nm, and the latter
are longer and slender. It is verified by DLS analysis that
the average size of HA-0 is 33.4 ± 13.2 nm in diameter,
and those synthesized with CTAB are 12.8 nm–14.9 nm
in diameter (Figs. 4c and 4d).
As shown in Fig. 5, the mesoporous structure of the
n-HA nanoparticles is demonstrated by nitrogen adsorption analysis. Fig. 5 shows the respective N2 adsorption/desorption isotherms of samples synthesized with
different surfactant ratios. The particles prepared with
CTAB (Figs. 5b–5e) exhibit the similar isotherms of type
IV with the hysteresis loops of type H1, illustrating the
properties of typical mesoporous materials with good
pore accessibility[29]. Although HA-0 (Fig. 5 a) shows the
similar isotherms, its larger limiting adsorption at high
P/Po indicates that there are a few quantity of smaller
pores formed on the surface of these particles[16]. The
results illustrate that the formation of mesoporous ma
terials is guided by adding surfactants. CTAB is amphiphilic molecules, which has hydrophobic tail and hydrophilic head. They will form the micelles and act as the
nucleation centre for the growth of n-HA crystals after
they are completely dissolved and dispersed into monomers in aqueous solution[30]. The mesopores will be generated as soon as the surfactant is removed by washing.
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Fig. 3 SEM images of the n-HA particles: HA-0 (a and b), HA-0.05 (c and d), HA-0.5 (e and f), HA-5 (g and h) and HA-20 (i and j). Scale
bars are 500 nm (a, c, e, g and i), and 200 nm (b, d, f, h and j).
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Fig. 4 TEM images of (a) HA-0 and (b) HA-0.5 particles. DLS analysis of (c) particle size distributions and (d) average diameters .
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Fig. 5 N2 adsorption/desorption isotherms of the n-HA particles:
(a) HA-0,(b) HA-0.05, (c) HA-0.5, (d) HA-5 and (e) HA-20.

The textural parameters of the samples synthesized
with different ratios of CTAB are summarized in Table 1.
HA-0, which was prepared without surfactant, has BET
surface area SBET of 137.4 m2·g−1. However, the BET
surface areas of the n-HA synthesized with CTAB are
179.8 m2·g−1–264.5 m2·g−1, greatly higher than that of

HA-0. The differences in BET surface area might contribute to the smaller particle size and the larger pore
volume of the mesoporous n-HA synthesized with
CTAB. Moreover, the BET surface area of the particles
increases with the ratio of surfactant from 0.05% to 0.5%,
but decreases when the ratio of CTAB is further increased. When the ratio is 0.5%, the BET surface area is
the largest (264.5 m2·g−1). The pore volume Vp is also
shown in Table 1, illustrating the same trend as the BET
surface area. However, the average pore size Dp shows
the reverse trend among the n-HA particles synthesized
with CTAB compared with the BET surface area and the
Table 1 The textural parameters of samples analyzed with nitrogen adsorption-desorption method
Samples

SBET (m2·g−1)

Vp (cm3·g−1)

HA-0

137.4

0.17

4.9

HA-0.05

230.6

0.70

12.2

HA-0.5

264.5

0.95

11.3

HA-5

189.4

0.43

24.8

HA-20

179.8

0.30

29.1

Dp (nm)
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pore volume although those of n-HA synthesized with
CTAB are 11.3 nm–29.1 nm and also greatly higher than
that of HA-0 (4.9 nm). The average pore size of HA-0.5
is 11.3 nm, which is smaller than those of other samples
synthesized with CTAB. The pore size increases with the
ratio of CTAB from 0.5% to 20%. Meanwhile, the pore
size distribution of n-HA particles is analyzed as shown
in Fig. 6. Compared with HA-0, the samples synthesized
with different surfactant ratios exhibit a wider size distribution, and a small population with larger pore size
may result from the particle aggregation as shown in
above-mentioned SEM analysis. HA-0.05 and HA-0.5
have the similar size distributions which are greatly
different from those of HA-5 and HA-20. The results
indicate that the pore size is tightly associated with the
ratio of surfactant. The mechanism is deduced that
higher ratio of surfactant will result in more micelles or
even morphology change of micelles and these micelles
used as templates will further induce larger pore formation of n-HA particles. The similar results have been
reported by Ng et al.[1] that the pore diameter of
Mesostructured Calcium Phosphate (MCP) particles can
be influenced by the concentration of surfactants (F127
and P123). Other researchers try to control the pore size
of mesoporous materials with the chain lengths of templating molecules[31]. It is regarded that the loading efficiency and release rate of protein drugs are related to
the surface area and the pore size of mesoporous materials[1].
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Fig. 6 The pore size distribution of mesoporous n-HA particles.

The loading efficiency of different n-HA samples
with protein was studied with loading n-HA particles
with BSA. Fig. 7 shows the cumulative loading amount

of BSA in n-HA particles after 24 h immersion. The
results show that the adsorbed amount of protein on
n-HA has a high correlation with the specific surface
area and pore volume of n-HA. All n-HA samples synthesized with CTAB have significantly superior protein
loading properties compared with those without CTAB
due to their higher BET surface area. Among the n-HA
materials synthesized with CTAB, the sample of HA-0.5
shows the highest amount of adsorbed protein.

Loding BSA ( g)
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Fig. 7 The loading amount of BSA after 24 hours immersion.

The cumulative percentage of in vitro BSA release
at various time intervals is shown in Fig. 8. All samples
show an initial burst release of about 25%–47% BSA
within the first 2 h, which may be attributed to the BSA
weakly adsorbed on the outer surface of mesoporous
hydroxyapatite. The 100% release is reached after 8 h
and 10 h observed for HA-20 and HA-0, respectively.
The main reason of the rapidest release observed in
HA-20 and HA-0 is deduced that HA-20 has the largest
pore size while HA-0 has the smallest pore volume and
the smallest pores. According to the N2 adsorption/desorption isotherms, the most pores of HA-0 are of
micropores that are too small to allow the protein loading. However, the release is slower for HA-0.05, HA-0.5
and HA-5 after 2 h, and their release is then up to a stage
after 16 h. The 24-hour release of HA-0.05, HA-0.5 and
HA-5 is 80.1%, 75% and 98.6%, respectively. Among
them, HA-0.5 has the lowest protein release rate due to
its highest pore volume and smallest pore size. According to the release pattern, it is estimated that HA-0.05
and HA-0.5 will have the longest time to release. Thus
the different release activities may mainly result from
the pore size and the pore structure.

Cumulative released BSA (%)
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Fig. 8 BSA release rates of the samples in PBS for 24 hours.

HA materials have been widely used for protein
drugs delivery because HA has two different binding
sites, the C and the P sites on its surface respectively,
which can provide proteins a multiple site binding opportunity[32]. The C sites are rich in calcium ions or
positive charge and thus bind to acidic groups of proteins,
but the P sites lack calcium ions or positive charge and
therefore attach to basic groups of proteins[33]. On the
other hand, the pore size of mesoporous n-HA is another
key factor for suitable protein to penetrate into
mesopores. The equivalent diameter of the BSA protein
is 5.38 nm[34], which is less than the mesopore size of
n-HA synthesized with CTAB in present study. It will
provide the possibility for the proteins to reach and be
adsorbed on the inner surface of mesopores. It is verified
by the results of this study that the mesoporous n-HA
synthesized with CTAB, especially synthesized with the
ratio of 0.05%–5%, have superior protein loading properties compared with n-HA synthesized without CTAB.
Specific recognition of proteins is a major ambition in
the application of nanoparticles in the biological field.
The specificity of nanoparticles-protein interactions is
essential in a wide variety of processes including biodistribution, cell adhesion, inflammation and compatibility[35].

4 Conclusions
In present study, mesoporous nano-hydroxyapatite
particles were successfully synthesized by low-temperature coprecipitation method in the presence of
CTAB. The cationic surfactant of CTAB was used as a
template to regulate n-HA crystal nucleation and growth.
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The results show that the synthesized particles have the
features of high pure phase, low crystallinity and
mesoporous structure. The ratio of surfactant effectively
influences the mesoporous structure of n-HA particles,
including the surface area, the pore volume and the pore
size. The adsorbed amount of BSA on n-HA increases
with the specific surface area and the pore volume, and
the release rates of BSA are different due to the different
pore sizes and pore structures. The n-HA particles synthesized with 0.5% CTAB exhibit the highest BSA
loading and the slowest release rate due to its highest
specific surface area and the smaller pore size, indicating
that it has optimal mesoporous structure for good loading and well controlled release of BSA. These
mesoporous n-HA materials demonstrate a potential
application in the field of protein delivery due to their
bioactive, biocompatible and mesoporous properties.
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