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ABSTRACT: Poly(amino acid)/nano hydroxyapatite
(PAA/n-HA) bioactive composite was prepared by in situ
melting polymerization. The composition, structure and
morphology as well as glass transition temperature (Tg),
dynamic mechanical properties of the PAA/n-HA com-
posite were characterized by infrared spectrometer, X-ray
diffractometer, X-ray photoelectron spectroscopy, scanning
electron microscope, differential scanning calorimeter, and
dynamic mechanical analyzer. The results indicated that
the n-HA particles were uniformly distributed into PAA
matrix and some interactions were found at the interface
between PAA and n-HA, and the crystallinity of PAA in
the composite decreased with the increase of n-HA con-
tent. The Tg and storage modulus of the composite

increased with increasing n-HA content, demonstrating
that the n-HA content had obvious effects on the crystalli-
zation kinetic parameters and thermo properties of the
PAA/n-HA composite. In addition, the n-HA amount had
evident effects on the degradation of the PAA/n-HA com-
posite in phosphate buffered saline (PBS), and the weight
loss ratio of the composite decreased with the increase
with n-HA content. The pH value of the medium was sta-
ble around 7.40 after the composite immersion into PBS
for 8 weeks. VC 2012 Wiley Periodicals, Inc. J Appl Polym
Sci 125: 2502–2509, 2012
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INTRODUCTION

In the past few years, Ca–P bioceramic has been
widely applied for bone replacement due to its
excellent biocompatibility and bioactivity.1,2

Amongst the Ca–P family members, hydroxyapatite
(HA) with excellent bioactivity is the most promi-
nent and has gained much attention because it has
similarity to bone apatite in chemical composition
and crystal structure, and can form bone bonding
with bone tissue. However, HA ceramic is fragile
and will crack under the stress that limits its appli-
cation in the load-bearing bone repair.3–5

Biodegradable polymer has been found a wide
range of biomedical applications, such as sutures,

bone fracture fixation devices, and tissue engineer-
ing scaffolds due to their degradability and good
biocompatibility. But polymer still can not ideally
meet the requirements in bone repair because of its
soft character and lacking of bone-bonding bioactiv-
ity.6,7 To improve the bioactivity of polymer, more
attention is paid to fabricate polymer/HA bioactive
composite. These bioactive composites included pol-
y(lactic acid)/HA,8–10 poly(glycolic acid)/HA, the
co-polymer poly(lactide-co-glycolide)/HA,11,12 and
poly(e-caprolactone)/HA13,14 since they have the
properties of osteoconductivity and degradability.
However, some of these polymers undergo a bulk
erosion process so that they can cause scaffolds to
fail prematurely. In addition, these polymers abrupt
release of acidic degradation products that can cause
inflammatory responses.6,15

The poly(amino acid) polymer is considered to be
promising biomedical materials because of its poly-
peptide backbone, which has the potential to be
degraded into amino acid monomers in biological
environments.16 Poly(amino acid) polymer has been
reported in the past years, and has been applied in
drug controlled release, absorbable suture, and artifi-
cial skin.17,18 However, poly(amino acid) copoly-
mer/nano-hydroxyapatite (PAA/n-HA) bioactive
composites are seldom concerned in bone tissue
repair. In this study, the PAA polymer was obtained
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by the polymerization of 6-aminohexanoic acid, phe-
nylalanine, lysine, hydroxyproline and proline. In
previous work, a series of poly(amino acid) copoly-
mers and their composites have been prepared,19 but
the relative work analyzing the dynamic mechanical
properties has hardly been addressed. Therefore, in
this study, the dynamic mechanical properties as well
as Tg of the PAA/n-HA composite were detected by
dynamic mechanical analyzer (DMA) and differential
scanning calorimeter (DSC), and the in vitro degrada-
tion of PAA/n-HA composite in phosphate buffered
saline (PBS) was investigated.

EXPERIMENTAL

Preparation and characterization of PAA/n-HA
composite

The PAA/n-HA composites containing 10 wt %, 20
wt %, 30 wt % of n-HA named PAA/n-HA 10,
PAA/n-HA 20, and PAA/n-HA 30 were prepared
using in situ melting polycondensation.19 Briefly,
104.9 g 6-aminohexanoic acid, 3.3 g phenylalanine,
4.4 g lysine, 13.1 g hydroxyproline, and 5.8 g proline
were added into the three-necked flask, and 0.5 mL
phosphorous acid was added as catalyst. To avoid
oxidation, the polymerization process proceeded
under a continuous flow of nitrogen. The mixture
with strong stirring was kept at 180�C until the
water was evaporated, followed by melting at 210�C,
and then the mixture was kept at 220�C for 1 h. Dif-
ferent amount of n-HA powder was added into the
three necked-flask and then the mixture was kept at
230�C for another 1 h. After reaction, the product
was kept under a nitrogen environment until it was
cooled down to room temperature. The PAA/n-HA
composites with different content were obtained.
The poly(amino acid) was prepared as a control
using the same method. Fourier transforms infrared
(FTIR) spectroscopy spectra were collected using a
Perkin–Elmer 6000 FTIR spectrometer (Nicolet Per-
kin–Elmer Co., Waltham, Massachusetts, USA). A
wide-angle XRD patterns of all the samples were
recorded using a X-ray diffractometer (X’Pertpro-
MPD, PANalytical Co. Almelo, Netherlands) with
Cu Ka radiation (k ¼ 1.54 Å). X-ray photoelectron
spectroscopy (XPS) was carried out with a XSAM
800 (Kratos) Instrument. The morphology of the
PAA/n-HA composite was observed by scanning
electron microscopy (SEM, JEOL JSM 5600LV,
Mitaka, Tokyo, Japan) at 20 kV.

Thermal and dynamic mechanical properties

The glass transition temperature of the PAA/n-HA
composites and PAA were determined by a differen-
tial scanning calorimeter (DSC Q200, TA Instru-

ments, Santa Clara, California, USA). First, the sam-
ples were heated from 20 to 210�C, followed by
staying at 210�C for 5 min to eliminate the thermal
history, and then cooled down from 210 to 20�C.
Finally, the samples were heated from 20 to 210�C.
Every step with a rate of 10�C/min proceeded under
the nitrogen flow. The second heating data was col-
lected to determine the Tg. Weight of all the samples
were from 4 to 6 mg. Dynamic mechanical proper-
ties of the PAA/n-HA composites and PAA were
determined by DMA analyzer Q800 (TA Instru-
ments, Santa Clara, California, USA). The measure-
ments were performed in three-point bending model
at frequency of 1 HZ, and the temperature was
range from 20 to 110�C with a ramp of 3�C/min.
The storage modulus of the specimens with the size
of 40 � 10 � 4 mm3 was tested.

In vitro degradation of PAA/n-HA composite

To evaluate the in vitro degradation of the PAA/
n-HA composites (PAA as a control), the samples
were cut into cakes with the size of 10 � 10 � 4
mm3, then the specimens were soaked in PBS (pH
7.4) at 37.0�C in shaking water bath with a weight-to-
volume ratio of 1/30 g/mL. After different time point,
the samples were removed from the PBS, cleaned
with deionized water, dried at 70�C for 4–6 h. The
samples were then re-immersed into a fresh PBS at
the same weight-to-volume ratio followed by continu-
ous shaking. This process was repeated over a period
of 8 weeks for all samples. The weight loss ratio of
each sample at different time point was calculated as
percentage of the initial weight. Three samples of
each kind of scaffold were tested, and the average
value was present. The pH of the PBS medium after
the samples soaking was recorded at each time point.

RESULTS AND DISCUSSION

IR analysis

The IR patterns of PAA, n-HA, and PAA/n-HA 30
composite were shown in Figure 1. The absorption
peak at 3340 cm�1 in Figure 1(a) represented the
stretching vibration of NAH of PAA. The peaks at
2943 cm�1, 2866 cm�1 were attributed to the charac-
teristic peaks of methyl and methylene groups. The
peak at 1640 cm�1 belonged to the stretching vibra-
tions of carbonyl groups in PAA, caused by the inter-
action between ANH2 group and ACOOH group.
The band around 1542 cm�1 represented the bending
vibrations of hydrogen–nitrogen. Moreover, it could
be not found that the characteristic peak of carboxyl
at 1740 cm�1 in PAA and PAA/n-HA composite.
The peak at 3437 cm�1was attributed to the char-

acteristic peaks of hydroxy groups of n-HA [Fig.
1(b)], which moved to 3428 cm�1 in PAA/n-HA 30

POLY(AMINO ACID)/NANO HYDROXYAPATITE BIOACTIVE COMPOSITE 2503

Journal of Applied Polymer Science DOI 10.1002/app



composite [Fig. 1(c)]. The peaks at 1036 cm�1 and
566 cm�1 were assigned to the vibrations of PO4

3�

groups in n-HA [Fig. 1(b)], which decreased to 1033
cm�1 and 563 cm�1 in Figure 1(c). These transforma-
tions of characteristic absorption peaks might be
caused from the interface interaction between n-HA
and. Through the IR analysis, the peak positions of
hydroxy groups (OH) and phosphate (PO4

3�) groups
of n-HA had some displacement in composites,
showed combination between n-HA and PAA
matrix.

XRD analysis

The XRD patterns of PAA, n-HA, and PAA/n-HA
30 composite were shown in Figure 2. The two
peaks at 2y ¼ 20.0� and 23.5� [Fig. 2(a)] were
belonged to the characteristic diffraction pattern of
PAA polymer, indicating that the PAA was semi-
crystalline polymer. The characteristic peaks of
n-HA appeared at 2y ¼ 25.8�, 31.7�, and 34.0�

[Fig. 2(b)] in the PAA/n-HA 30 composite. The
results revealed that the composite was composed of
PAA and n-HA, and the synthesis of PAA/n-HA
composite procedure did not change the nature of n-
HA. Besides, the crystallinity of PAA decreased with
the increase of n-HA content in the composite as
shown in the Figure 2. The results also indicated
that the presence of n-HA with enhanced crystal
nucleation reduced the stereoregularity of the PAA
and leaded to the formation of more disordered
polymer crystals. As a result of n-HA crystals inter-
calating, the PAA into the PAA/n-HA composite
shows lower crystallinity than pure PAA. The XRD
analysis suggested that the PAA crystallinity
decreased with the increase of n-HA content, which
might be caused by the interaction between n-HA
and PAA at their interface.

XPS analysis

XPS wide scan (Fig. 3) identified carbon, nitrogen,
oxygen, calcium, and phosphor (from HA) as the
major constituents of the PAA/n-HA composite. The
binding energy of calcium atom (Ca), phosphorous
atom (P), and oxygen atom (O) had some difference
between n-HA (O1s: 530.9, Ca2p: 350.6 and 347.1,
P2p: 133.0 eV) and the composite (O1s: 531.4, Ca2p:
351.6 and 348.0, P2p: 134.1 eV). The binding energy
of O1s in the composite was higher than that of n-
HA by 0.5, Ca by 1.0 and 0.9, and P by 1.1 eV
respectively. The results indicated that chemical
bonding was present between the n-HA and PAA.
Figure 4 showed the XPS Ca2p spectra, which had

a doublet separated by � 3.5 eV in binding energy
for n-HA and PAA/n-HA composite. The Ca2p3/2
binding energy for n-HA was 347.1 eV and the
Ca2p1/2 binding energy was 350.6 eV. The Ca2p3/2

Figure 1 IR of (a) PAA, (b) n-HA, and (c) PAA/n-HA 30
composite.

Figure 2 XRD of (a) PAA, (b) n-HA, and (c) PAA/n-HA
30 composite.

Figure 3 XPS curve of (a) PAA, (b) n-HA, and (c) PAA/
n-HA 30 composite.
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binding energy for PAA/n-HA composite was 348.0
eV and the Ca2p1/2 binding energy was 351.6 eV. It
was clear that the binding energy of Ca2p for the
composite was higher than that of n-HA by 1.0 eV.
The XPS spectra showed us that in the composite
the Ca2þ (form n-HA) was coordinated with both
the PO4

3� of n-HA and the RCOO� group of PAA
molecule. Therefore, it could be deduced that n-HA
bound with PAA by the formation of RCOO� !
Ca2þ linkage in the PAA/n-HA composite, which
leaded to the increasing of the Ca2p binding energy
in the composite. The binding energy of RCOO� !
Ca2þ bond was stronger than that of inorganic
Ca2þ–PO4

3� bond because the organic bond was
with ionic and covalent properties.20,21

O1s binding energies at XPS spectra peak position
(Fig. 5) were evaluated as 530.9, 531.9, and 531.4 eV
for n-HA, PAA, and PAA/n-HA, respectively. The
results showed that the O1s binding energy of the
PAA/n-HA composite was lower than that of PAA

by 0.5 eV but higher than that of HA by 0.5 eV.
When Ca2þ was coordinated with RCOO�, the bond
C¼¼O was weakened and the bond Ca–O was
strengthened, so the binding energy of O1s for the
composite was lower than that of PAA but higher
than that of HA. It also indicated that the chemical
environment of O atoms in the composite was to be
similar.

Figure 4 XPS Ca2p spectra of n-HA and PAA/n-HA 30
composite.

Figure 5 XPS O1s spectra of PAA, n-HA, and PAA/n-
HA 30 composite,

POLY(AMINO ACID)/NANO HYDROXYAPATITE BIOACTIVE COMPOSITE 2505

Journal of Applied Polymer Science DOI 10.1002/app



Overall, considering the results of IR, XRD, and
XPS, it could be drawn a conclusion that strong
interactions were present between the n-HA and
PAA interface in the composite

Surface morphology

Figure 6 showed the SEM images of the surface mor-
phology of the PAA/n-HA composite containing 30
wt % n-HA. The SEM examinations of different
magnification revealed that n-HA particles with the
size of about 80–100 nm were well dispersed in
the polymer matrix. No obvious agglomeration of
the n-HA particles was found in the PAA/n-HA
composite. To improve the dispersion of n-HA into
PAA matrix, an in situ melting polymerization
method with a strong stirring was introduced into
the synthetic process of PAA/n-HA composite. The
poly(amino acid) polymers are considered to be
promising biomedical materials because of their
polypeptide backbone, which have the potential to
be degraded into amino acid monomers in biological
environments.16 In addition, n-HA has excellent bio-
compatibility and bioactivity. Therefore, combination
with the good properties of both PAA and n-HA,
the bioactive composite of PAA and n-HA was

designed and prepared in this study. The PAA/n-
HA composite might have clinical potential for load-
bearing bone repair or substitution.

DSC analysis

The DSC curves of the PAA/n-HA composites with
different n-HA content were shown in Figures 7 and
8. The results showed that the Tg of PAA/n-HA
composites containing 0 wt %, 10 wt %, 20 wt %, 30
wt % of n-HA were 47.4�C, 49.4�C, 49.7�C, 50.3�C,
respectively. Clearly, the Tg of the samples gradually
increased with increment of n-HA. The reasons
might be as follows: first, there existed interfacial
interaction between PAA and n-HA. Second, the
thermal motions of molecular chain segments of
PAA were constrained by n-HA. The results indi-
cated that the n-HA play an important role in the
changes of Tg of the composites. As for a polymer,
the Tg must be high enough to provide stable

Figure 6 SEM images of surface morphology of PAA/n-
HA 30 composite: (a) �5000 and (b) �10,000.

Figure 7 First cooling curves of PAA/n-HA composites
with different HA content.

Figure 8 Second heating curves of PAA/n-HA compo-
sites with different HA content.
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structural rigidity during its applications. The Tg of
the PAA/n-HA 30 composite was about 50.3�C,
which suggested that the PAA/n-HA 30 composite
had good suitability as used in biological systems,
and the polymer based composite could also be easy
shaped when it was used in repair irregular bone
defects due to the low glass transition temperature.

In Table I, the cold-crystallization temperature
(Tcc) as well as crystallization temperature (Tc), and
the melting temperature (Tm) of the PAA/n-HA
composites were represented. The crystallization
temperature progressively increased whereas the
cold crystallization temperature decreased with the
increase of n-HA content, revealing that the n-HA
was able to accelerate the crystallization of PAA by
heterogeneous nucleation. Additionally, as for melt-
ing temperature, it increased with the increase of n-
HA content. The results demonstrated that the n-HA
content had obviously effects on the crystallization
kinetic parameters and thermo properties of the
PAA/n-HA composites.

Dynamic mechanical analysis

Dynamics mechanical analysis of PAA/n-HA com-
posites with different n-HA content were performed
to monitor the effects of n-HA on the thermome-
chanical properties of PAA. The storage modulus
(E0) of PAA/n-HA composites with various n-HA
contents were plotted against temperature in Figure
9. The storage modulus E0 was correlated with the
elastic modulus of the materials. The value of E0

reveals the capability of a material to store mechani-
cal energy and resist deformation. The higher the
storage modulus, the harder the material is.22 From
Figure 9, it was found that the storage modulus of
the PAA/n-HA composites was significantly
affected by the n-HA content. The addition of n-HA
into the PAA matrix resulted in the increment of
modulus of the PAA/n-HA composites, indicating
that n-HA had a strong reinforcing effect on the
elastic properties of PAA. The increase of E0 of the
composites with the increase of n-HA amount dem-
onstrated that there was an interface interaction

between PAA and n-HA, which enhanced the chain
packing and restricted the polymer molecular chain
mobility at the interface of PAA and n-HA in the
composite.23,24

The variation of the loss factors (tan d) of the
PAA/n-HA composites as a function of temperature
were shown in Figure 10. The glass transition tem-
perature was assigned as the temperature at peak
maximum of tan d in the DMA scan. Figure 7
showed that the Tg of PAA, PAA/n-HA 10, PAA/n-
HA 20, and PAA/n-HA 30 composites were 59.2�C,
62.6�C, 63.8�C, 65.6�C, respectively. As mentioned
earlier, the glass transition temperature of the PAA/
n-HA composites increased with increase of n-HA
content, this result was accorded with DSC analysis.
Additionally, it was found from Figure 10 that the
tan d peak of the PAA/n-HA composites dropped
with increase of n-HA content. The variation of the
tan d peak might be caused by the reason as follows:
the addition of n-HA restricted the mobility of the

TABLE I
DSC of the PAA/n-HA Composites with Different

Apatite Content

Tg (
�C) Tcc (

�C) Tm (�C) Tc (
�C)

PAA 47.4 121.7 179.6 99.6
PAA/n-HA 10 49.4 110.3 179.4 109.8
PAA/n-HA 20 49.7 106.9 180.7 118.7
PAA/n-HA 30 50.3 – 180.9 122.6

Tg is glass transition temperature, Tcc is cold crystalliza-
tion temperature, Tm is melting temperature, Tc is crystalli-
zation temperature.

Figure 9 Storage modulus E0 versus temperature of
PAA/n-HA composites with different n-HA content.

Figure 10 Loss factor tan d versus temperature of PAA/
n-HA composites with different HA content.
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PAA polymer chains, and reduced the free volume
in the composite, thus leading to the decrease of the
intensity of the tan d peak. The drops of tan d dem-
onstrated that there existed the interface interactions
between the n-HA and PAA matrix.24,25

The results of DMA analysis of PAA/n-HA com-
posites with different n-HA showed that the storage
modulus of the composites increased while the in-
tensity of tan d peak decreased with the increase of
n-HA content. This might be caused by the interface
interaction existed between the n-HA and PAA,
which enhanced the chain pack and restricted the
polymer molecular chain mobility.

In vitro degradation of PAA/n-HA composite

Weight loss in PBS

Figure 11 displayed the weight loss ratio of the
PAA, PAA/n-HA 10, PAA/n-HA 20, and PAA/
n-HA 30 composites after immersion into PBS with
time. It was found that there was a burst in weight
loss for all the samples at the first week of incuba-
tion. After that, the weight loss of the composites
decreased slowly with the soaking time for PAA/
n-HA composites with different HA content. The
results showed that the PAA degraded faster than
the PAA/n-HA composites during the whole period,
and the weight loss ratio of composites decreased
with increasing content of n-HA.

After 8 weeks, it was found that the weight loss
ratio of PAA, PAA/n-HA 10, PAA/n-HA 20, and
PAA/n-HA 30 composites were 17.6%, 16.7%, 15.3%,
and 13.0%, respectively. The reasons might be as fol-
lows: there existed interfacial interaction between
PAA and n-HA when the PAA was filled with n-
HA, which restricted water molecule to infiltrate
into the composites, leading to the decrease of deg-

radation ratio of the composites. In addition, the
degradable ratio of HA was lower than PAA.
The results demonstrated that the amount of

n-HA in the composites had obvious effects on the
weight loss ratio of the PAA/n-HA composites. It
was very important for the biomaterials with suita-
ble degradation property when implanted in the
physiological environment. The composites only
degraded a portion during the soaking time, so the
materials would not be to fail premature and can
provide mechanical support at the initial stage of
bone tissue repair.

pH value change of the soaking medium

The pH value variation of the medium after the sam-
ples soaking into PBS was shown in Figure 12. At the
early stage of soaking (1 w), the pH of the incubation
medium gradually decreased from 7.42 to 7.30, 7.31,
and 7.33 for PAA/n-HA 10, PAA/n-HA 20, and
PAA/n-HA 30 composites, respectively. In addition,
the pH of the pure PAA decreased from 7.42 to 7.28
until 2 weeks. From the second week, it was found
that the pH value for all the samples slowly increased,
the pH value ultimately stabilized around 7.40.
As shown in Figure 11, the degradation rate of

PAA in the PBS was faster than that of PAA/n-HA
composites due to the presence of n-HA, the
decrease of pH value was attributed to the degrada-
tion of PAA. During the period of incubating into
the PBS, the poly(amino acid) degraded into amino
acid monomers. The higher the degradation ratio,
the lower the pH value was. Because the amino acid
used in preparing the PAA polymer was acidic
amino acid except lysine. The pH value of the physi-
ological environment after biomaterials implanted
in vivo would greatly influence cellular responses.26

Figure 11 Weight loss of PAA/n-HA composites con-
taining different HA content after immersion into PBS
with time.

Figure 12 pH value change of PBS after PAA/n-HA
composites containing different HA content soaking with
time.
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In this study, the results showed that the pH of the
PBS solution decreased for PAA from 7.4 to 7.28 and
for PAA/n-HA 30 from 7.4 to 7.33 at the first 2
weeks. With the soaking time prolonged, the pH val-
ues of the PBS solution for both PAA and PAA/n-
HA composites increased slowly. The final pH value
was stable around 7.40 for PAA and PAA/n-HA
composites. The results indicated that both PAA and
PAA/n-HA composites would not cause inflamma-
tory response in physiological environment.

CONCLUSIONS

A bioactive composite of PAA/n-HA was prepared
using the in situ melting polymerization method in
the study. The reinforcing effect of n-HA into com-
posite was confirmed by using the dynamic mechan-
ical analysis, and the increase of storage modulus
with the increase of n-HA content was detected.
Additionally, There were some interaction at the
interface between n-HA and PAA matrix, which
would improve the mechanical performance of
PAA/n-HA composite. The weight loss ratio of
PAA/n-HA composite stabilized at 13.0% and the
pH value of the medium was stable around 7.40 af-
ter immersion into the PBS for 8 weeks.
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