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Abstract
Shape memory polymers (SMP) with better biodegradability and better stability have great potential applications in biomedical
fields, such as the drug carriers or the tissue engineering scaffolds. In this study, poly(ε-caprolactone)(PCL)-based
polyurethane(PU) microfibers were fabricated with the containing of hydroxyapatite(HA) to enhance the biodegradability and
to exhibit excellent shape memory performance. The composition, the morphology, the thermal stability, and the mechanical
properties of the microfibers were characterized and detected using Fourier transform infrared spectroscopy (FTIR), 1H nuclear
magnetic resonance (1HNMR), scanning electron microscopy (SEM), differential scanning calorimetry (DSC). and dynamic
mechanical analysis (DMA), etc. And dexamethasone was selected as drug model to investigate the delivery and release
behaviors of the carrier of the microfibers. It was revealed that HA enhanced the degradation rate of the shape memory
polyurethane (SMPU) fibers, and the fibers could guarantee a sustained long time drug release. The detection on the shape
memory performance found that, with the different addition amounts of HA, the composite microfibers of (SMPU) and HA
exhibited the different shape memory transition temperature (Ttrans) values. And with the addition of 3 wt% of HA, the excellent
shape recovery ratios ofRr (> 97%) and the shortest recovery time of ~ 6 s could be obtained.With further increase of the amounts
of HA, the recovery force and the recovery time were reduced and prolonged, respectively. The obtained results proved that the
biodegradable SMPU/HA composite microfibers have more valuable application prospects in biomedical fields.
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Introduction

Shape memory polymers (SMP) are typical kinds of
burgeoning intelligent materials that have attracted more and
more attention in the past few decades. While such materials
undergo the different environmental stimuli, such as chemical
[1], electrical [2], and light, magnetic, or thermal triggered
shape changes [3, 4], they would have the recovery ability to
their initial states from the deformed states to show the shape
memory behaviors. As the most extensively investigated
shape memory materials among the various SMP [5], thermal-
ly induced SMP have been widely studied, and focused on

accumulating their potential applications in biomedical de-
vices [6, 7], including cardiovascular stents, sutures, drug-
eluting stents [8], clot removal devices [9], and tissue engi-
neering [10, 11].

Polyurethanes as one of excellent SMP have been drawing
increasing attention in practices due to their abilities to recover
large deformation, characteristics of lower cost, ease in pro-
cessing, desirable biocompatibility [12], high resistance to or-
ganic solvents and aqueous solutions, and adjusted transition
temperatures with the changing of surroundings and body
temperatures, etc. [4]. For shape memory polyurethane
(SMPU), their shape memory performances could be tailored
by using special functionalized soft segments and hard seg-
ments into the polymers [13]. Until now, more and more at-
tention was drawn to the soft segments of poly(ε-
caprolactone)(PCL) for the synthesis of thermal induced
SMPU [14], and on their bio-related applications, due to the
excellent biodegradability, biocompatibility, and elasticity of
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thus synthesized PU [15, 16]. Moreover, the glass transition
temperature (Tg) and the melting temperature (Tm) of PCL
could be easily tuned by altering its chain length or by copo-
lymerizat ion with other polymer segments [17] .
Nevertherless, the still unsatisfied modulus owing to the
higher elastics and the still need to be improved biocompati-
bility of PCL-based SMPU both restrict the medical applica-
tions to some extents. So the composites with higher modulus
components, and the fabrications to some special morphol-
ogies with SMPU, are of great significance.

As major parts of mineral component in bone [18], hy-
droxyapatite (HA) nanocrystals have been widely used as
bone fillers and the implant materials for many years, due to
i t s exce l l en t b ioac t iv i ty, b iocompat ib i l i ty, and
osteoconductivity [19, 20]. And one of just a few bioactive
materials used means it can support bone repairs and regener-
ation more effectively [20]. Thus, the addition of HA into
systems could not only improve the biocompatibility and bio-
activity, but also could be beneficial to achieve enhanced me-
chanical properties and the shape memory effect [20–23]. And
by the fabrication into non-woven textile mats, oriented fi-
brous bundles, and even three-dimensional structured scaf-
folds [24, 25], electrospinning has been remarkably recog-
nized as one of the most attractive nanotechnologies to pro-
duce microfibers/nanofibers with high porosity and specific
surface area that are suitable for a variety of biomedical appli-
cations [26, 27], such as tissue engineering, controlled drug
delivery, sensing, separations, and filtration and catalysis [28].
It has been illustrated that the high specific surface area of the
micro/nano scale SMPU fibers would be more sensitive to
external stimuli, and have rapid response ability. So biode-
gradable SMPU fibers could effectively enhance the tissue
repair and the regeneration efficacy [29].

So in this work, a novel SMPU/HA biomimetic composite
nanofibers with enhanced biological performance and im-
proved shape memory properties for the potential use in bio-
medical fields were designed. And dexamethasone (DEX), a
synthetic glucocorticoid compound [30], and one of the ideal
bone formation accelerator with good stability [31, 32], was
selected as drug model to investigate its controllable release
behavior within the carrier in an attempt to avoid the produc-
ing of toxic effects, the inducing of bone loss and osteoporosis
effectively, owing to the relative large concentration of DEX
[7, 33].

Materials and methods

Materials

Poly(ε-caprolactone) diol (PCL, Mn = 2000), HA nanoparti-
cles (< 200-nm particle size), and DEX were purchased from
Aldrich Co., Ltd. Isophorone diisocyanate (IPDI) were

purchased from Alfa (USA). Stannous octoate (SnOct2) was
purchased from A Damas Beta. 1,4-Butanediol (BDO), N,N-
dimethylformamide (DMF), and ethanol were purchased from
Aladdin Chemical Reagent (Shanghai, China). They were all
of analytical grades and used directly without further
purification.

Synthesis of shape memory PCL-polyurethane

SMPU with IPDI:PCL:BDO in a molar ratio of 2.5:1.0:1.5
was synthesized by step addition polymerization, according
to the following procedure. PCL diol was dried overnight
in vacuum oven at 45 °C. The prepolymer was synthe-
sized at 75 °C by reacting with IPDI and PCL diol for
2 h under nitrogen with mechanical stirring. Then the
chain extension reaction of the prepolymers was carried
out by dropping BDO to dissolve in DMF and 0.1–
0.5 wt% of SnOct2, as catalyst, was added into the
prepolymers. The reaction temperature was maintained to
below to 60 °C for another 2 h. DMF was added into the
reactor occasionally when necessary to reduce the viscos-
ity of the reactant mixture. The viscous solution was pre-
cipitated in methanol and then dried in vacuum oven at 50
°C until a constant weight was reached.

Preparation of SMPU/HA and SMPU/HA/DEX
nanocomposites

To prepare SMPU/HA and SMPU/HA/DEX spinning dope, a
two-step method was utilized for the dispersion of HA nano-
particles into polymer solution. First, HA nanoparticles and
DEX were dispersed in DMF and sonicated at room temper-
ature. Then SMPUwas dissolved in DMF and added into HA/
DMF and HA/DEX/DMF system under stirring overnight to
achieve a homogeneous solution. The proportion of HA in
SMPU/HA mixture was 1, 3, and 5 wt% and DEX was dis-
persed in SMPU/HA solution with the concentration of 0.5
mg/g.

Electrospinning of SMPU fibers and composite fibers
with HA and EDX

The above-prepared spinning dope was loaded in a 5-ml sy-
ringe with a metal needle of 0.55-mm inner diameter. The
flow rate of solution was set to be 0.15 ml/h and the applied
voltage was 14 kV. The tip-to-collector distance was 22 cm,
and a grounded aluminum sheet was used as collector. The
schematic diagramwas shown in Fig. 1. After electrospinning,
the formed nanofibers were dried in vacuum for over 2 days to
remove the potential residual solvents.
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Analysis and characterization

Morphology of the fibers was analyzed with a field emission
scanning electron microscope (Helios Nanolab600i, FEI,
USA) at an accelerating voltage of 10 kV, after sputter coating
with platinum. The average diameter of the fibers was deter-
mined by using Image J software. Functional groups present-
ed in the particles were determined by using Fourier transform
infrared (FTIR) spectroscopic analysis on Avatar 360
(Thermo Nicolet, USA) over a range of 400–4000 cm−1 at a
resolution of 8 cm−1. Thermal properties of HA powder and
the electrospun fibers were measured by differential scanning
calorimetry (DSC) on a TA instrument (SDTQ600, USA) op-
erating at 10 °C/min heating rate. Nitrogen flushing was used
to supply protective atmosphere. 1H NMR spectra were re-
corded at room temperature with a Bruker spectrometer oper-
ating at 300 MHz using deuterated chloroform (CDCl3) as
solvent. Chemical shifts (d) were given in parts per million
using tetramethylsilane as an internal reference.

Shape memory behaviors detection

Dynamic mechanical measurements of the electrospun com-
posite fibers were carried out on a dynamic mechanical ana-
lyzer (Q800 DMA, TA Instruments) in tensile mode. The
analyses were conducted using a preload force of 0.01 N, a
shock range of 15 μm, and a frequency of 1 Hz. The shape
memory (SM) behaviors of all the samples were evaluated by
the following procedure. Typically, the strip, which was
5.5 mm in width and 0.15 mm in thickness, was heated to
45 °C (where the Tm was obtained from the DSC) and kept
under an isothermal condition for 5 min to obtain an original
shape (ɛo). Then it was stretched from 0 to 0.1MPa at a rate of
0.01 MPa min−1 to obtain a deformed shape (ɛd). Then the
deformed sample was fixed (ɛf) when it decreased to 0 °C at a
rate of 3 °Cmin−1. Then the stress of the samples was released
to 0 MPa at a rate of 0.05 MPa min−1. After that, the shape
memory behavior was performed when heated to 45 °C again

at a rate of 3 °C min−1 to obtain a recovery shape (ɛr). The
shape recovery ratio (Rr) and shape fixed ratio (Rf) were de-
fined and calculated as follows:

Rf %ð Þ ¼ ε f

εd
� 100% ð1Þ

Rr %ð Þ ¼ εd−εr
εd−εo

� 100% ð2Þ

All the calculations of the shape fixation ratios and the
shape recovery ratios were based on the second cycle of
stress-controlled testing.

The macroscopic SM evaluations of pure SMPU and
SMPU/HA composite fibers were carried out and recorded
by a digital camera. The samples with the same temporary
shape and the same thickness of 0.15 cm were deformed at
45 °C, stored at 0 °C to maintain their temporary shape and
then recovered their permanent shape at 45 °C.

In vitro degradation and drug release experiments

The samples of SMPU nanofibers were placed in phosphate
buffered saline (PBS) solution (pH of 7.4) in an incubator
shaker at 37° C and 100 rpm for periods of time. For every
3 days, the buffer solution was replaced from the samples. The
degraded fibers were rinsed carefully with ultrapure water and
then was air dried in vacuum, finally the fibers was weighed.
The degradation rate was calculated from the dried weight
before and after the degradation via the following formula (3):

Weight Loss %ð Þ ¼ Wo−Wd

Wo
� 100% ð3Þ

where W0 was the original weight before the degradation and
Wd was the dry weight after the degradation.

Dexamethasone (10 mg) was weighed and transferred to a
100-mL flask containing 100 mL of 0.1 mol/L HCl. Then 1
mL of the solution was transferred to another 100-mL flask to
obtain solutions with different concentrations of 10, 20, 30,
40, and 50 μg/mL. The absorbance was taken on double beam
UV spectrophotometer using λmax of 243 nm. The absorbance
values were plotted against the concentration (μg/mL) to ob-
tain the standard calibration curve.

Drug release experiments were carried out in 10.0 mL PBS
solution with 25-mL sample vial and the solution was placed
in an incubator shaker (37° C, 100 rpm). SMPU nanofibers
containing dexamethasone were then immersed in PBS and
placed in an incubator shaker at 37 °C and 200 rpm. At par-
ticular time intervals, 2-mL samples were removed and the
drug concentration was determined by spectrophotometer at
the wavenumber of 243.5 nm. The samples were replaced
with fresh buffer in order to keep the constant volume of the
release medium.

Fig. 1 Schematic diagram of horizontal set up of electrospinning
apparatus
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Results and discussion

Characterization of SMPU microfibers and SMPU/HA
composite microfibers

FTIR spectra of SMPU microfibers, HA nanoparticles, and
SMPU/HA composite fibers were shown in Fig. 2. From
Fig. 2 a, we can find that the presence of C=O (ester)
stretching vibration at 1726 cm−1 corresponded to ester link-
ages, and that at 1093 cm−1 to C–O stretching. The unchang-
ing of the spectra of SMPU/HAwith the increase of HA con-
tent indicated the non-influence of HA on the functional
groups of SMPU. However, the alteration of C=O stretching
vibration peak of SMPU from 1726 to 1738 cm−1 for SMPU/
HA fibers might be due to the formation of hydrogen bonds
between –OH group in HA and –C=O group in SMPU. And
in Fig. 2 b, the characteristic peak of phosphate group (PO4

3−)
in HA appeared at 1034 cm−1, and similarly, the location for
the peak of PO4

3− group changed to 1043 cm−1 because of the
formation of hydrogen bonding between –C=O group in
SMPU and P–OH group in HA [26].

Thermally triggered SMPU usually makes use of a thermal
transition such as Tg or Tm for the recovery, thus it is necessary
to further identify the transition temperature with SMPU/HA
composite fibers. Figure 3 a and b showed the DSC heating
curves of SMPU/HA composite fibers with different propor-
tions of HA. It can be seen that Tm of SMPU fibers was 36.7
°C. And as the HA ratios increased from 1 to 5% in SMPU/

HA composite fibers, the temperatures of Tm would rise to
45.6 °C. The results showed that the composite fibers exhib-
ited a tendency of possessing a relative higher Tm with the
increase of HA content in the composite fibers, which was
well known as the effect of the filler content on the chain
segment movement of the matrices. This signified that HA
particles might provide nucleation sites for SMPU chain seg-
ments and would be able to crystallize at a higher temperature
when SMPU/HA composites were cooled down from amor-
phous state [13, 34].

1HNMR spectra of the obtained SMPUwere shown in Fig.
4. The signal peaks of a at δ of 4.5–4.8 ppm were assigned to
amide proton of urethane linkage (–CO–NH–). The methy-
lene protons near carboxyl group (–CH2–O–CO–) appeared
at δ of 4.05 ppm (peak b), and the linear methylene protons (–
CH2–CO–O–) appeared at δ of 2.31 ppm (peak c).
Additionally, peak at δ of 3.88 ppm (peak d) was attributed
to methylene protons from ether group (–O–CH2–), and peaks
at δ of 2.88 ppm (peak e) were attributed to –CH2– between –
NH–COO– and hexatomic ring [35, 36].

Morphology of SMPU/HA composite fibers

As shown in Figure 5(a–d), the fiber diameter of SMPU in-
creased from 690 ± 120 to 780 ± 150 nm for SMPU/1%HA,
while decreased to 730 ± 140 nm for SMPU/3%HA and fur-
ther decreased to 630 ± 120 nm after the addition of relative
higher amount of HA (Fig. 5(e)). And compared with the

Fig. 2 FTIR spectra of a SMPU
microfibers, HA nanoparticles,
and SMPU/HA composite
microfibers. b Magnified FTIR
spectra of (a) at the range of wave
numbers from 1000 to 1100 cm−1

Fig. 3 DSC curves of the
electrospun SMPU/HA compos-
ite fibers with different incorpo-
ration amounts of HA. b The de-
rived Tm values of the electrospun
SMPU/HA composite fibers from
(a)
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glossy morphology of SMPU microfibers (as shown in Fig.
5(a)), a few tiny nanoparticle knots were found on the surface
of SMPU/3%HA fiber (blue circle) (as shown in Fig. 5(c)),
whereas SMPU/5%HA fiber emerged a few more agglomer-
ates that were uniformly distributed on the surface of fibers (as
shown in Fig. 5(d)). So SEM micrographs revealed that the
incorporation with HA into SMPU microfibers did not alter
the uniform and glossy fibrous morphology of SMPU fibers
significantly. And the appearance of the agglomerates might
be due to the inter-particle van der Waals interactions and the
formation of hydrogen bonding between hydroxyl groups on
the surface of HA nanoparticles [28]. And for all the
electrospun fibrousmats, the similar pore sizes (~ 4μm)might

be owing to the alignment of the formed fibers by the injected
fibers mostly and thus the variation of the sizes was only
within a small range [29].

Shape memory properties of SMPU and SMPU/HA
composite fibers

Performance in tensile or modulus and the shape stability with
the change of the surroundings might be the essential require-
ments for the applicable ability of biomaterials. Figure 6 a
showed the representative tensile stress−strain curves and
the derived tensile properties of SMPU fibers with the differ-
ent addition ratios of HA. By using DMA test, the mechanical
properties of SMPU fibers and SMPU/HA composite fibers
were measured at physiological temperature (~ 37 °C).

Incorporation with HA into SMPU fibers had effects on the
tensile strength and Young’s modulus of the composites.
Compared with SMPU fibers, SMPU/HA fibers containing
1% and 3% HA showed strengthened tensile properties due
to the well-known reinforcing effect of HA and the formation
of the hydrogen bonding interactions between the functional
groups of HA and SMPU (as shown in Fig. 2). And the tensile
strength of the composite fibers of SMPU/1%HA and
SMPU/3%HA had increased doubled and tripled values ap-
proximately, respectively. However, when the amount of HA
loading reached to a critical volume fraction of 5%, the HA
nanoparticles can easily be agglomerated because of its high
surface active energies. The aggregation of HA (as shown in
Fig. 5(d)) introduced the disruption and discontinuities among

Fig. 4 1H NMR spectrum with characteristic chemical shifts and
chemical structure of SMPU matrix

Fig. 5 (a–d) SEMmicrographs of
the electrospun fibers (a) of
SMPU fibers, (b) SMPU/1%HA
composite fibers, (c)
SMPU/3%HA composite fibers,
and (d) SMPU/5% HA composite
fibers. (e) The comparison of the
diameters of SMPU/HA compos-
ite fibers with varied loading
amount of HA
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the formed fiber chains, and that could directly accelerate the
breakage of the microfibers during the tensile tests.
Interestingly, the variation in Young’s modulus showed a pos-
itive correlation with the added concentration of HA (as
shown in Fig. 6b), owing to the role of the filler of HA and
thus enhanced the fibers’ strength [20]. From the above,
SMPU/3%HAmicrofibers had relative excellent performance
both in the tensile performance and in Young's modulus.

According to the DMA detection results, SMPU/3%HA
fibers with relative excellent performance both in the tensile
performance and in Young's modulus were chosen for the
further tests of the shape memory behaviors. Figure 7 showed
a visual comparison of the shape recovery capacity of SMPU
fibers and SMPU/3%HA composite fibers. The permanent
(initial) shape of the fibers was in a strip, the shape recovery
from a temporary shape of straight spiral can be completed in
a short time for about 6 s upon the deformed spiral of a tem-
perature of 40 °C, which was in the acceptable range of shape
recovery temperatures. The intuitive results showed that HA
played a key role in the reinforcement in the shape memory
ability.

To further investigate the effects of HA contents in com-
posite fibers to the shape memory behaviors quantitatively, a

well-established cyclic thermo-mechanical tests were applied
and the four-step thermo-mechanical cycling method was car-
ried out by using DMA method ( as shown in Fig. 8).

In the case of SMPU fibers (Fig. 8a), a temperate strain of
110%was deformed, the loading stress reached 0.1MPa in the
initial stress–strain curve and the shape recovery ratio calcu-
lated according to the final strain-temperature curve was 84%.
As a control, the shape memory (SM) cycle of SMPU/3%HA
composite fibers was investigated (Fig. 8b), it was deformed a
stain of 190% and the final strain-temperature curve was pro-
moted to 97%.

Moreover, the effect of temperatures on the shape memory
performances of SMPU fibers and SMPU/HA composite fi-
bers was explored. All the investigated samples (30 × 5.5 ×
0.15 mm) were incubated at 45 °C for 5 min and then were
elongated. Then the deformed samples were fixed by staying
at − 20 °C for 30 min. Thus the shape memory performances
at different temperatures were observed and the shape memo-
ry ability was quantified by formula (1). From Fig. 9, com-
pared with the most unrecovery of the deformed samples at 25
°C, while all the temporary shapes were placed at 37 °C
(which was close to the human physiological temperature),
the Rr could reach up to 83.2% for SMPU fibers and 93.6%

Fig. 6 Strain-stress curves (a) and
Young’s modulus (b) of the
electrospun SMPU/HA compos-
ite fibers tested at 37 °C

Fig. 7 The optical photos of the
shape recovery of SMPU/3%HA
fibers (a–d) and SMPU fibers (e–
h)
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for SMPU/3%HA composite fibers. And further, relative ex-
cellent shape recovery performances were observed at 45 °C;
for that, the Rr values reached up to 91.3%, 97.3%, and 96.5%
for SMPU/1%HA, SMPU/3%HA, and SMPU/5%HA com-
posite fibers, respectively. Thus, the incorporation of HA
had a positive impact on the shape memory properties of
SMPU, and the result was in good accordance with the results
reported by Du et al [18].

Degradation performances of SMPU fibers
and SMPU/HA fibers and drug release behaviors
with EDX

Biodegradable polymers have attracted more and more atten-
tion in tissue engineering and in other medical application
fields, because of the hydrolysis ability of the relative high
molecular weight chains (and the high molecular weight chains
would guarantee relative excellent performance required for
applications) into nontoxic oligomers to human body.

The biodegradability performance of SMPU fibers
and SMPU/HA composite fibers with HA content of
1, 3, and 5% were studied. And the weight loss per-
centage ratios of the composites in vitro degradation
were exemplified in Fig. 10. After 10 weeks of degra-
dation, the weight loss rates of SMPU fibers was about
12.1%, and the degradation rates grew with the in-
creased contents of HA in the composite fibers. The
weight loss of SMPU/1%HA, SMPU/3%HA, and
SMPU/5%HA was 14.5%, 17.1%, and 19.1% after deg-
radation for 10 weeks, respectively. The slower degra-
dation rate of SMPU compared with that of SMPU/HA
composite fibers might be the relative higher crystalli-
zation degree of SMPU than that of SMPU/HA compos-
ites [8, 30, 37].

DEX was selected as drug model to investigate the release
behavior from the carrier of the electrospun mats in PBS at 37
°C, and the cumulative release of DEX was shown in Fig. 11.
All the mats exhibited slower sustained release of DEX over

Fig. 8 Stress–temperature–strain
data of the shape memory cycles
for a SMPU fibers and b
SMPU/3%HA composite fibers

Fig. 9 The shape memory ratios of SMPU fibers and SMPU/HA com-
posite fibers with the changing of temperatures

Fig. 10 The biodegradable performance of SMPU fibers and SMPU/HA
composite fibers represented by the weight loss during in vitro release
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10 weeks, and importantly, no initial burst release could be
observed, which would guarantee a long time sustained re-
lease of DEX [32, 38].

While in case of SMPU/HA mats, the release showed
growing trends with the increasing content of HA in SMPU
fibers. This indicated that the release was mainly depended on
the degradation rates, which meant the long chains of polymer
could be hydrolyzed into oligomers with the release of drug
molecules. And thus the introduction of HA into the fibers
enhanced the biodegradability and the controlled release of
drugs to the electrospun microfibers effectively.

Conclusion

The enhanced biodegradability and shape memory perfor-
mance of SMPU microfibers were fabricated by the incorpo-
ration with HA into the system. The composite fibers exhib-
ited better controlled drug release with EDX as drugmodel for
its potential use in medical fields. Varying loading ratios of
HA in the composite fibers affected the shape memory transi-
tion temperatures and the shape memory recovery ratios. And
SMPU with 3 wt% of HA exhibited relative excellent Rr of >
97% and recovery ability with the shortest recovery time of
about 6 s, owing to its probable appropriate interactions with
SMPU and relative excellent mechanical properties in tensile
and modulus values. So further increase in the content of HA
would reduce the recovery force and prolong the recovery
time. The obtained results proved that the biodegradable
SMPU/HA composite fibers have application prospects in
bio-medical fields.
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