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A B S T R A C T

In the last decade, a variety of methods for fabrication of three-dimensional biomimetic scaffolds based on
hydrogels have been developed for tissue engineering. However, many methods require the use of catalysts
which compromises the biocompatibility of the scaffolds. The electrochemical polymerization (ECP) of acrylic
monomers has received an increased attention in recent years due to its versatility in the production of highly
biocompatible coatings for the electrodes used in medical devices. The main aim of this work was the use of ECP
as scaffold fabrication technique to produce highly porous poly(N-isopropylacrylamide) (PNIPAM)/hydro-
xyapatite (HAp) composite for bone tissue regeneration. The prepared PNIPAM-HAp porous scaffolds were
characterized by SEM, FTIR, water swelling, porosity measurements and X-ray diffraction (XRD) techniques.
FTIR indicates that ECP promotes a successful conversion of NIPAM to PNIPAM. The water swelling and porosity
were shown to be controlled by the HAp content in PNIPAM-HAp scaffolds. The PNIPAM-HAp scaffolds ex-
hibited no cytotoxicity to MG63 cells, showing that ECP are potentially useful for the production of PNIPAM-
HAp scaffolds. To address the osteomyelitis, a significant complication in orthopedic surgeries, PNIPAM-HAp
scaffolds were loaded with the antibiotic oxacillin. The oxacillin release and the bacterial killing activity of the
released oxacillin from PNIPAM-HAp against S. aureus and P. aeruginosa were demonstrated. These observations
demonstrate that ECP are promising technique for the production of non-toxic, biocompatible PNIPAM-HAp
scaffolds for tissue engineering.

1. Introduction

Nowadays, the high performance of synthetic biomaterials and the
availability of high technology to design and processing polymer
composites into scaffolds have revolutionized the field of bone tissue
engineering. The design and processing of polymeric composites into
scaffolds is indispensable for the modern regenerative medicine and
contributes significantly to the health economy and medical care of
developed countries [1–4].

For several decades hydrogel's scaffolds have received a consider-
able attention due to their unique compositional and structural simi-
larities to the natural extracellular matrix (ECM) due to their tunable
porous structure for cellular proliferation and survival making them the
ideal materials for tissue engineering [5–7]. In addition, the mass
transport properties of scaffolds based hydrogels may potentially offer

selectivity over nutrient uptake and metabolites or even influence the
cellular growth based on the physical properties of the surrounding
hydrogel environment that has been pre-seeded with biological cells
[8,9].

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most widely
studied thermo-responsive hydrogel in the field of bone tissue en-
gineering [10–14]. PNIPAM responds according to the temperature
changes and exhibits lower critical solution temperature (LCST) around
32 °C [15,16]. PNIPAM has a hydrophobic core with a hydrophilic
outer shell so that when the LCST is exceeded the thermoresponsive
polymer forms a compact precipitate in the aqueous environment
[17,18].

The advances in the development of bioactive scaffolds taking ad-
vantages of the LCST of PNIPAM are particularly relevant for the field
of tissue engineering. However, despite their potential use in bone
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tissue engineering applications, PNIPAM hydrogels have not achieved
clinical acceptance due to their cytotoxic behavior that represent a
regulatory barrier to its medical use [19–23].

PNIPAM has been synthesized by a variety of techniques wherein in
the last decade three methods of controlled free radical polymerization
have gained attention in the synthesis of well-defined polymers with
controlled molecular weights and narrow molecular weight distribu-
tions. These methods include nitroxide-mediated polymerization
(NMP), atom transfer radical polymerization (ATRP) and reversible
addition fragmentation chain transfer (RAFT) polymerization [24–26].

The techniques NMP, ATRP and RAFT are significantly amenable
relatively to the radical thermal redox, ionizing radiations and photo-
chemical initiated NIPAM polymerizations [27–31]. Unfortunately,
impurities as the residual monomer, catalysts and initiators from the
NIPAM polymerization reaction medium may seriously adversely affect
the biocompatible properties of PNIPAM hydrogels [32–34].

Although PNIPAM are commonly synthesized through the use of
chemical initiators or catalysts, it became clear that the thermo-
responsive polymer can also be obtained by electrochemical poly-
merization (ECP) [35–36]. Both chemical synthesis and ECP refers to
oxidative polymerization processes. However, the ECP method involves
the direct oxidation of the NIPAM at the anode, without the need for
initiators or catalysts, resulting in suitable biocompatible properties of
the resultant hydrogel for the production of scaffolds for tissue en-
gineering [37–38].

More recently, bone tissue engineering strategies have focused on
fabricating scaffolds based on hydrogel-hydroxyapatite scaffolds
[39–42]. Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is the most favorable
ceramic for the production of bone tissue engineering scaffolds due to
its excellent biocompatibility and composition that mimics the bone
tissue microstructure [43].

In spite of the large number of investigations about PNIPAM hy-
drogels, as far as the authors are aware, no investigations about the use
of ECP technique to obtain PNIPAM-HAp scaffolds with antimicrobial
property were reported till the moment. Compared to traditional hy-
drogel-HAp composites, PNIPAM-HAp scaffolds offer great advantages
for bone tissue engineering. Instead of acting passively as a hydrogel
composite material, they will interact and respond to the environmental
setting actuating as gates according to biological environment.
Originally, the advantages of fabrication of PNIPAM-bioceramic com-
posites are usually for the purpose to give to the porous structure of the
PNIPAM-HAp the role of chemical valves that regulates the flow of
water and the molecular diffusion of solutes through scaffolds. This
strategy would be interesting to develop dynamical hydrogel-HAp
scaffolds for the regeneration bone tissue.

The purpose of this work was to study the use of ECP technique to
produce PNIPAM-HAp scaffolds with controlled release properties of
oxacillin, a commonly β-lactamic antibiotic used in orthopedic sur-
geries for treatment of bone infections [44]. The PNIPAM-HAp scaffolds
prepared through ECP were characterized by scanning electron micro-
scopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (DRX), thermogravimetric analysis (TGA), porosity mea-
surements and water swelling behavior. The influence of the addition of
the HAp on the microstructure of PNIPAM hydrogel and their potential
effect on the release of oxacillin from PNIPAM-HAp scaffolds were ex-
amined.

2. Materials and methods

2.1. Materials

The monomer N-isopropylacrylamide (NIPAM) and the crosslinking
agent 2-methylene-bis-acrylamide (MBA) were purchased from Sigma-
Aldrich Chemical Co (Brazil). NIPAM was purified by recrystallization
from toluene:n-hexane (1:3) mixture and then dried in a vacuum oven
at room temperature (25 °C). A synthetic hydroxyapatite HAP-91®

powder (HAp) with particles sizes around 10 μm was purchased from
JHS Biomaterials (Brazil). The composition of HAP-91® used in this
work was 70% (w/w) of HAp and 30% (w/w) of β-tricalcium phosphate
(β-TCP). The Ca:P atomic ratios for HAP-91® determined from in-
ductively coupled plasma (ICP) spectroscopy analysis was 1.75 ± 0,04
and their XRD patterns (Fig. 6) confirmed the presence of HAp crys-
talline phase by comparing the data obtained with the ICDD - PDF2
card: 00-009-0432. All of the solutions were prepared using distilled
and deionized water (64.1 MΩ) and were purged with nitrogen gas
(25 mL·min−1) for 20 min to remove dissolved oxygen prior to ECP.

2.2. Synthesis of PNIPAM-HAp by ECP and scaffold preparation

Porous PNIPAM-HAp scaffolds with HAp content of 30% w/w
(PNIPAM-HAp30), 50% w/w (PNIPAM-HAp50) and 60% w/w (PNIPAM-
HAp60) in 1.00 g of total mass of PNIPAM were synthesized using ECP
method. A mixture of 1.0 g of the NIPAM monomer was added to 10 mL
of bi-distilled water (1.0 M monomer/solvent) along with 50 mM of
MBA as crosslinker to produce a three dimensional scaffold PNIPAM-
HAp network. An appropriate amount of HAp (300, 500 and 600 mg)
was added to NIPAM monomer aqueous solution followed by ultrasonic
dispersion for 10 min at room temperature (25 °C) to form a NIPAM-
HAp uniform mixture. The viscosity of aqueous NIPAM-HAp suspen-
sions were made with a Brookfield viscometer (LVDV-II with adapter
for small volumes, spindle SC4-18) at room temperature (25 °C).

The ECP of the NIPAM-HAp was carried out in a single-compart-
ment electrochemical cell (EC) with the electrodes connected to an
Omnimetra PG39M electrochemical workstation as shown in the
Fig. 1.The ECP experiments were performed using the galvanostatic
method under a constant current of 100 mA at room temperature
(25 °C). The working electrode (WE) was a silver sheet with dimensions
of 1.0 cm length and 0.5 cm width. The auxiliary (counter) electrode
(CE) was a platinum foil with the same dimensions of the WE. Before
each run both, the WE and the CE were cleaned and washed thoroughly
with water, double distilled water, rinsed with ethanol and dried under
vacuum at room temperature (25 °C). The EC cell was bubbled with
nitrogen gas for 10 min prior the ECP reaction. After ECP, PNIPAM-HAp
scaffolds were removed from the EC cell and purified by swelling-des-
welling method to remove the unreacted chemicals. The equilibrium of
swelling of PNIPAM-HAp scaffolds was carried out in distilled water at
25 °C at least for 2 days that was refreshed daily. Then, the equilibrium
water swollen at 25 °C PNIPAM-HAp scaffolds were transferred into hot
distilled water (50 °C). The swelling-deswelling procedure of PNIPAM-
HAp was repeated for 5 days; finally the scaffolds were dried in a hot air
oven at 60 °C until constant weight. The percentage of NIPAM-HAp
conversion to PNIPAM-HAp was determined gravimetrically from the
ratio between the amount of NIPAM-HAp initially introduced in the EC
and the amount of the PNIPAM-HAp produced after ECP.

The scaffold samples were prepared by swollen PNIPAM-HAp in
distilled and deionized water at 25 °C until equilibrium followed by

Fig. 1. The electrochemical cell used in the ECP of NIPAM-HAp solutions for the synthesis
of PNIPAM-HAp scaffolds. The ECP reaction was conducted at 25 °C, normal pressure
(101,3 kPa) and 100 mA.
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freezing at −20 °C and kept at this temperature for 24 h. The frozen
PNIPAM-HAp scaffolds were subjected to the process of lyophylization,
where freeze drying was carried out under vacuum at the temperature
of −80 °C.

2.3. Physical-chemical characterization of PNIPAM-HAp scaffolds

The microstructure, porous size and morphology of the produced
PNIPAM-HAp scaffolds were studied by using a scanning electron mi-
croscopy (SEM) type Phillips-XL 30, operating at 20 kV. The PNIPAM-
HAp scaffolds prior to SEM observation were gold sputtered. The
ImageJ software was used for the determination of pore dimensions.
The average value was considered of the measurements of 600 pores.

The presence of the expected functional groups associated to the
presence of PNIPAM and HAp in the PNIPAM-HAp scaffolds was con-
firmed by FTIR spectroscopy. The FTIR spectra of PNIPAm-HAp com-
posites were recorded on a Perkin Elmer Spectrum 100 FTIR spectro-
meter at resolution of 2 cm−1, in the range of 4000–650 cm−1 by using
attenuated total reflectance accessory (ATR) with 64 scans.

The crystalline phases of the PNIPAM-HAp scaffolds were de-
termined by X-ray diffraction (XRD) using a Rigaku X-ray dif-
fractometer with CuKα radiation source over the 2θ range of 10° to 50°
with a step size of 0.05°.

Porosity is one of the important parameter in the design and per-
formance of scaffolds. The appropriate porosity will be making the
PNIPAM-HAp composite suitable for its applications as biomaterial. The
porosity of the PNIPAM-HAp scaffolds was measured by liquid dis-
placement method. The alkane n-heptane (n-C7H16) with density ρ was
used as a displacement liquid because it can easily penetrate the scaf-
folds and would not induce shrinking or swelling as a non-solvent of the
PNIPAM-HAp. The scaffolds, pycnometer and n-C7H16 were kept at
25 °C for 1 h before testing. The weight of dry PNIPAM-HAp was im-
mersed into the pycnometer filled with n-C7H16 for 24 h until all the air
in the scaffold was removed. The PNIPAM-HAp scaffolds saturated with
n-C7H16 were removed from the pycnometer and the weight of the re-
sidual alkane and pycnometer was measured. The porosities of
PNIPAM-HAp scaffolds were determined from Eq. (1) [45]:

= −P(%) (W W )
(ρV )

·1002 1

1 (1)

where W2 is the saturation mass of the sample after immersion, W1 is
the initial mass of the sample, V1 is the volume of the sample prior to
immersion into pycnometer filled with n-C7H16 and ρ is the density of n-
C7H16 at 25 °C (684 kg/m3).

Thermogravimetric analyses (TGA) of PNIPAM-HAp samples were
performed using a thermogravimetric Analyzer (model TGA-50,
Shimadzu Co) in order to record the thermal effects during heating of
scaffolds. PNIPAM-HAp scaffolds weighing approximately 5 mg were
placed in an Al2O3 crucible, and heated at a rate of 10 °C·min−1 from
25 °C to 1000 °C in a nitrogen atmosphere at flow rate of 40 mL·min−1.

It is well known that swelling of the pure PNIPAM hydrogels de-
monstrate a sharp transition at the temperature of about 30–32 °C
caused by hydrophobic attraction related to the dehydration of the gel
[15]. However, due to charge repulsion and enhanced osmotic pressure
in the media, the phase transition of PNIPAM is not completed at 32 °C
but around 40 °C [15,16]. Thus, the swelling behavior of the PNIPAM-
HAp were measured by immersing a dry scaffold sample of known
weight in distilled and deionized water at 25 °C and 40 °C by specific
time period. After a defined time interval, the swollen hydrogels were
taken out from the swelling media, and weighed periodically after
carefully drying its surface with a filter paper. The equilibrium water
swelling ratio (Q) was calculated according to Eq. (2):

=Q W
W

e

d (2)

where We is the weight of the swollen PNIPAm-HAp sample at

equilibrium time t, Wd is weight of the dry PNIPAM-HAp sample.
Dynamic swelling experiments were performed by placing the

PNIPAM-HAp scaffolds in distilled and deionized water at
37.0 ± 0.1 °C (in a thermostatic bath) and measuring their weight gain
as a function of time. The swollen PNIPAM-HAp scaffolds samples were
weighed after blotting with a filter paper to remove the surface water.
The water swelling degree (WS (%)) was calculated using the Eq. (3):

= −W (m m )
m

·100S
o

o (3)

where mo and m are the weights of the initial dry PNIPAM-HAp and
swollen scaffolds, respectively.

2.4. Cytotoxicity characterization

Studies about the cell viability in the presence of PNIPAM-HAp
scaffolds were performed using the MTT test [46]. The PNIPAM-HAp
scaffolds were first immersed in the culture medium (Dulbecco Mod-
ified Eagle's Medium, DMEM) at concentration of 1.0 cm2·mL−1 and
incubated at 37 °C, 5% CO2 in air for 72 h to obtain the extract media to
assess the cytotoxicity as a result of some extractable residual chemical
compound or foreign particulates presents on scaffolds. After filtration
to remove the PNIPAM-HAp scaffolds the test solution was termed in
this work as extract concentration.

The MG63 cells (ATCC CRL-1427, USA) were cultured in DMEM
containing penicillin/streptomycin and L-glutamine (0.2 mol·L−1) and
supplemented with 10% fetal bovine serum. The cells were incubated at
37 °C in a 95% humidified atmosphere containing 5% CO2.

The MG63 cells were re-suspended in culture medium and plated in
24-well plates at a density of 3.0.104 cells·mL−1 and then incubated for
24 h in a humidified atmosphere of 5% CO2. Thereafter, the medium
was replaced with 1 mL of the test solution. The culture medium was
used as negative control and phenol 0.3% (m/v) in phosphate buffer
saline (PBS) pH 7.4, as positive control. Following 24 h of incubation,
the test solutions were removed, and each well was treated with 10 μL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) (5 mg·mL−1 in PBS) and incubated for 4 h at 37 °C in a humi-
dified atmosphere of 5% CO2. The yellow MTT was reduced to blue-
purple formazan in the presence of the mitochondrial dehydrogenase
present in intact living MG63 cells and the blue-purple color produced
should be proportional to the number of viable cells present. The MTT
solution was then replaced with 100 μL/well of dimethyl sulfoxide
(DMSO) to dissolve the formazan salts, followed by 10 min of slow
agitation, yielding a blue-purple solution. The absorbance of this so-
lution was measured at 570 nm and 690 nm (reference) using a mi-
croplate (ELISA) reader. The MTT assay was performed in triplicate.

2.5. Oxacillin loading into PNIPAM-HAp scaffolds

The antibiotic oxacillin (5 methyl-3 phenyl-4-isoxazolyl penicillin
sodium salt) was incorporated into PNIPAM-HAp scaffolds, and its re-
lease behavior was investigated in vitro. The scaffolds loaded with
oxacillin were prepared by direct addition of 250 mg·mL−1 of PNIPAM-
HAp scaffolds to 8.03 mg·mL−1 (20.10−3 mol·L−1) of oxacillin pre-
viously dissolved in phosphate buffer saline solution (PBS 10 mM,
pH 7.4, 150 mM NaCl, 40 mM NaH2PO4 and 40 mM NaOH) for 24 h at
25 °C followed by lyophilization. The amount of oxacillin loaded inside
PNIPAM-HAp scaffolds were analyzed by UV–Vis spectrophotometry
(UV–Vis, Cary 50), using the absorption calibration curves generated at
205 nm from the oxacillin standard solutions at known concentrations.
The drug loading (DL) and incorporation efficiency (IE) of the PNIPAM-
HAp scaffolds were calculated based on the Eqs. (4) and (5), respec-
tively.

=DL(%)
Oxacillin weight in scaffold

Scaffold weight
·100

(4)
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=IE(%)
Oxacillin weight in scaffold

Initial weight of oxacillin
·100

(5)

2.6. In vitro oxacillin release studies

The oxacillin-loaded PNIPAM-HAp scaffolds were immersed in
10 mL of PBS pH 7.4 in a temperature-controlled shaker and the tem-
perature effect on oxacillin delivery from PNIPAM-HAp scaffolds were
studied at 25 °C and 37 °C by using the Arrhenius equation for the de-
termination of activation energy (EA). If the EA is known useful in-
formation about molecular motion of oxacillin in PNIPAM-HAp scaf-
folds can be obtained. Samples were withdrawn at regular time
intervals, and the same volume was replaced with fresh PBS pH 7.4
solution. The samples were spectrophotometrically measured at
205 nm. Cumulative oxacillin release (COxR(%)) was determined from
the Eq. (6):

=
+ ∑ −

CO R(%)
V ·C V C

m
·100x

o n E 1
n 1

i

(6)

where Vo is the volume of release medium (10 mL), Ve is the volume
of release media taken out every time (3 mL), Ci is the concentration of
oxacillin released from PNIPAM-HAp scaffolds at intervals of i, m is the
mass of oxacillin loading, and n is the replacement times.

All the measurements were done in triplicate, and the data points
represent the mean ± SD from independent experiments.

2.7. Inhibitory effectiveness of released oxacillin

The inhibitory effectiveness of the released oxacillin from PNIPAM-
HAp scaffolds was assayed by turbidimetry method using S. aureus
(ATCC 12598) and P. aeruginosa (ATCC 27317). The protocol assay was
adapted from the Clinical and Laboratory Standard Method M07-A9
[47]. Briefly, 200 μL of the PNIPAM-HAp scaffold eluates were added to
sterile tubes containing 1.75 mL Trypticase soy broth (TSB) and in-
oculated with 2.0 × 104 colony forming units (CFU) of S. aureus and P.
aeruginosa respectively. Turbidity was determined spectro-
photometrically at 530 nm after 24 h incubation at 37 °C.

2.8. Statistics

The difference between the testing groups using one-way ANOVA
(analysis of variance) was performed. A significant difference was
considered when p-value was 0.05 or less, indicating 95% confidence
limit.

3. Results and discussion

3.1. Synthesis of PNIPAM-HAp by ECP and scaffolds preparation

The electrochemical synthesis of PNIPAM refers to the oxidation of
the NIPAM monomer and growth of the thermoresponsive polymer
chain onto anode surface. Since the oxidation is carried out by applying
a positive potential or current, the ECP avoids the use of chemical
oxidants, thus achieving greater purity of the desired PNIPAM.

The first step of the mechanism of ECP appears to be the oxidation
reaction of NIPAM with the formation of both, carbocations and mac-
rocarbocations attacking the monomer (NIPAM) and crosslinker (MBA)
simultaneously to form the N-localized radicals [48]. The N-localized
radicals can trigger a cascade of reactions that typically involve the loss
of a proton and the formation of C-localized radicals, which would then
initiate the polymerization by attacking simultaneously the vinyl
groups of the NIPAM and MBA, favoring the polymerization process at
low temperatures. The ECP mechanism for the synthesis of PNIPAM is
illustrated in Scheme 1.

Fig. 2(A) shows the progression of ECP expressed as the conversion

of NIPAM to PNIPAM versus time for the NIPAM-HAp mixture. The
NIPAM-HAp dispersions were stable throughout ECP period and would
tend to trap more radicals occluding more unreacted monomer
(NIPAM) during ECP processes thus lowering the degree of poly-
merization conversion. However, the presence of the HAp particles in
concentrations as higher as 50% (w/w) does not appears to reduce
significantly the conversion degree of NIPAM to PNIPAM (Fig. 2(A)).
This result is most likely due to the result of the easy mechanism of
electric charge transport across the interface of each grain and the
electrical properties of HAp [49].

Fig. 2(B) compares the average molecular weight (MN) and poly-
dispersion index ( =PDI M

M
W
N
) of soluble fraction of PNIPAM hydrogel

measured by means of gel permeation chromatography (GPC). It can be
seen that PDI increased at the increasing MBA/NIPAM ratio probably
due to the decrease in the kinetic chain length of the PNIPAM chains.
However, Mw of most PNIPAM obtained in the ECP reaction at 25 °C for
24 h exceeds 2.1 × 106 Da at 0 < 0.068 < 0.187 interval of MBA/
NIPAM ratio. A concomitant reduction in polydispersity index (PDI)
was observed for MBA/NIPAM ≥0.15 mol% (Fig. 2(B)) and are con-
sistent with the inherent heterogeneous nature of the intramolecular
cross-linking process and/or the potential presence of marginal cross-
coupling between PNIPAM and MBA chains. The presence of water
during the ECP of NIPAM using MBA as crosslinker agent appears to
decrease the kinetic chain length and the PDI, respectively, of the
PNIPAM chains.

3.2. Physico-chemical characterization of PNIPAM-HAp scaffolds

3.2.1. Scanning electron microscopy (SEM) and elemental chemical
analysis (EDS)

Fig. 3 shows SEM micrographs of the PNIPAM, PNIPAM-HAp30,
PNIPAM-HAP50 and PNIPAM-HAp60 scaffolds synthesized through ECP
technique. The SEM images show that 3D pore microstructures in all
PNIPAM-HAp scaffolds were heterogeneous, with pores sizes varying in
the range of 3–50 μm for PNIPAM (Fig. 3(A)), 20–40 μm for PNIPAM-
HAp30 and 16–200 μm for PNIPAM-HAp50 scaffolds (Fig. 3(B,C)). These
results indicates that nucleation and growth of droplets of the PNIPAM-
lean phase with further solidification of the PNIPAM-rich phase oc-
curred during the ECP process. However, it was observed that an in-
crease in the HAp concentration above 30% (w/w) decreases the scaf-
folds porosity. The bioceramic HAp seems to disturb the PNIPAM chains
through stretching inducing the deformation of the polymeric network
structure. As the HAp domains grow with increased concentration,
PNIPAM chains arrange themselves to form some long-range ordering
and patterns indicating the occurrence of cohesive interactions between
the HAp particles themselves as well as between the HAp particles and
PNIPAM chains. The pattern formation presumably occurs through
multiple-point secondary chemical interactions between HAp and the
PNIPAM network which lead to a significant loss of translational en-
tropy for the bioceramic particles as well as the lowering of the con-
formational entropy for the polymeric chains [50].

As expected, the semiquantitative analysis of the composition of the
HAp in PNIPAM matrix by EDS (Fig. 3(B,C)) showed that the PNIPAM-
HAp scaffolds were composed by organic and mineral phases. The mi-
neral phase was composed primarily of calcium and phosphorous with a
Ca/P ratio estimated in 1.58 for PNIPAM-HAp scaffolds which are in the
range of bone mineral composition [51].

3.2.2. Porosity measurement and water swelling studies of PNIPAM-HAp
scaffolds

The measured porosity of the PNIPAM-HAp scaffolds showed in
Fig. 4(I) reveals that as the amount of HAp and the MBA crosslinker are
increased in feed mixture the porosity becomes low. These results in-
dicates that the increased number of crosslinks make the PNIPAM
network more compact resulting in the lowering of the mesh size
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thereby reducing the scaffold porosity [52].
It was found that the increase of HAp content in PNIPAM matrix

results in the lowering of WS(%) (Fig. 4(II)). This result are quite ex-
pected and may be explained by the fact that due to relatively lower
hydrophilicity of the HAp relatively to PNIPAM matrix, the increasing
fraction of the bioceramic in the thermoresponsive polymer results in a

lower water sorption by the PNIPAM-HAp scaffold.
In order to observe the temperature dependence of the water dif-

fusion coefficients in PNIPAM and PNIPAM-HAp scaffolds synthesized
by ECP technique, experiments were conducted at two different tem-
peratures, namely, at 25 °C and 40 °C. The diffusion coefficients (D)
were calculated from Fig. 4(B) data in according to Eq. (7) [53]:

= ⎛
⎝

⎞
⎠∞

M
M

2 D·t
π·l

t
2

1
2

(7)

where Mt is the mass uptake at time t, M∞ is the mass uptake at
equilibrium, l is the thickness of the specimen, D is the diffusion coef-
ficient, and t is the water uptake time.

The calculated diffusion coefficients are given in Fig. 5(A). It can be
seen that the diffusion coefficient is significantly higher at high tem-
perature of 40 °C than that at 25 °C. The activation energy (Ea) for the
water diffusion in PNIPAM and PNIPAM-HAp scaffolds synthesized by
ECP was calculated through the modified Arrhenius equation in ac-
cording to Eq. (8):

= ⎡
⎣⎢

− ⎤
⎦⎥

ln D
D

E
R

· T T
T ·T

2

1

a 2 1

2 1 (8)

where D is the diffusion coefficient, T is the absolute temperature (K),
Ea is the activation energy for water diffusion (kcal·mol−1) and R is the
ideal gas constant (1.987 cal·K−1·mol−1).

The Ea calculated for the water diffusion in PNPAM and PNIPAM-
HAp scaffolds synthesized through ECP technique are shown in
Fig. 5(B). The experimental results suggested that Ea suffers a sig-
nificantly increase with the HAp loading of PNIPAM, indicating that
water diffusion appears to be easier in PNIPAM-HAp scaffolds with
lower HAp content relatively to PNIPAM. This can be associated with
the presence of amide group (-CONH-) in PNIPAM, which is more
capable to interact with water molecules than HAp.

3.2.3. X-ray diffraction analysis (XRD)
Fig. 6 shows the XRD patterns of pure HAp (HAP-91®) and PNIPAM-

HAp composites with different compositions. The peaks of pure HAp
(Fig. 6(D)) around 2θ= 26° being 002 diffraction (d = 3.427) and
around 2θ = 32° overlapping diffraction of 211 and 112 (d211 = 2.805,
d112 = 2.778), which is consistent with the results of literature (JCPD,
9-0432). The PNIPAM exhibited two broad diffraction peaks at
2θ = 7.5° and 2θ = 20° that indicate the amorphous structure of
PNIPAM (Fig. 6(A)). Fig. 6(B,C) shows the XRD peaks of the PNIPAM-
HAp30 and PNIPAM-HAp50 confirming the co-presence of HAp and
PNIPAM in the scaffolds, as expected. The XRD pattern of PNIPAM-

Scheme 1. Illustration of the ECP mechanism for the
synthesis of PNIPAM: NIPAM monomer (a), carbocation
(b), deprotonation and formation of C-localized radical
(c,d), macroradical (e) and PNIPAM growth (f).

Fig. 2. The NIPAM conversion (%) as function of polymerization time at 100 mA and
25 °C (A) and the dependence of PDI and MN of the MBA/NIPAM ratio of PNIPAM chains
(B). The MBA/NIPAM solution was purged with nitrogen for 5 min before ECP. The ECP
reaction was conducted at 25 °C at normal pressure and 100 mA.
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HAp60 (XRD not shown) appeared similar to PNIPAM-HAp30 and
PNIPAM-HAp50 scaffolds.

3.2.4. Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of PNIPAM and PNIPAM-HAp scaffolds are shown

in Fig. 7. The main peak FTIR assignments are absorption bands at
3285 cm−1 and 3435 cm−1 (secondary amide NeH stretching),
2972 cm−1 (−CH3 asymmetric stretching), 1631 cm−1 (secondary
amide C]O stretching, amide I bond), and 1534 cm−1 (secondary
amide C]O stretching, amide II bond). The FTIR spectrum of PNIPAM

synthesized by ECP compared well with those observed in chemically
synthesized thermoresponsive polymer [54].

In the spectra of PNIPAM-HAp scaffolds, the incorporation of HAp
lead to the emergence of characteristic peaks assigned to HAp bands,
namely the PO4 stretching vibrations at 962 cm−1, 964 cm−1 and
1028 cm−1, respectively. The peak at 3569 cm−1 and 900 cm−1 were
assigned to the presence of hydroxyl ions (−OH) characteristic of HAp
[55].

A comparison of FTIR/ATR spectra PNIPAM-HAp confirmed the
effective existence of HAp particles surrounded by PNIPAM in the

Fig. 3. SEM images of scaffolds: PNIPAM (A), PNIPAM-HAp30
(B), PNIPAM-HAp50 (C) and PNIPAM-HAp60 (D) with energy
dispersive spectroscopy elemental composition identifying the P
and Ca from the bioceramic particles.
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scaffolds. The feature bands for HPO4
2− were assigned at 1062 cm−1,

1028 cm−1, 962 cm−1, 964 cm−1 and 870 cm−1. The analysis of the
characteristic bands of PNIPAM in PNIPAM-HAp spectrum, showed a
band shift in the wavenumber 1631 cm−1 (PNIPAM) to 1638 cm−1.
The band shifts towards higher wavenumbers suggests some interac-
tions between PNIPAM and HAp in the PNIPAM-HAp scaffolds. Changes
are observed also in a broad band in the 3000–3600 cm−1. Hydrogen
bonding is known to lead to shifting of the NeH deformation band to
higher frequencies [56]. These changes observed in PNIPAM-HAp
spectrum may be related to the establishment of weaker hydrogen
bonding in the lyophilized scaffolds compared to the existent in the
original PNIPAM.

3.2.5. Thermogravimetric analysis
The thermogravimetric curves (TGA) for PNIPAM and PNIPAM-HAp

scaffolds with different concentrations of HAp are shown in Fig. 8. The
sample of PNIPAM displays a weight loss of 16% between 25 °C and
200 °C that can be attributed to the loss of adsorbed water in polymeric
matrix. The PNIPAM-HAp scaffolds show a weight loss around 4.4% for
PNIPAM-HAp30 and 1.5% for PNIPAM-HAp50 and PNIPAM-HAp60, re-
spectively. The second weight loss depression for PNIPAM and
PNIPAM-HAp scaffolds was appeared between about 345 °C to 450 °C
due to PNIPAM backbone degradation. Using the residual weight of
PNIPAM-HAp scaffolds heated to 800 °C as the reference, the amounts
of HAp in PNIPAM-HAp scaffolds are 0, 28.1%, 47.5% and 58.5% for
PNIPAM, PNIPAM-HAp30 PNIPAM-HAp50 and PNIPAM-HAp60,

respectively. The TGA results showed a good agreement with the the-
oretical composition of PNIPAM-HAp scaffolds, further implying that
the HAp is coated with different amounts of PNIPAM via ECP poly-
merization.

3.3. Citotoxicity assay and oxacillin delivery

3.3.1. Cytotoxicity assay
Since PNIPAM-HAp scaffolds are materials candidates to use in bone

tissue engineering, it is important to assure that no cytotoxic materials
were imparted in their structure. The tetrazolium-based colorimetric
assay (MTT test), a commonly used method [57], was carried out to
quantitatively determine the biological response of MG63 cells to the
PNIPAM-HAp composites. Fig. 9 summarizes the MTT assay results of
ECP PNIPAM and PNIPAM-HAp composites. The percentages of viable
cells after the exposure to various composites were above 95% in most
instances throughout 24 h. The results of the cytotoxicity tests showed
that there was no signification difference between PNIPAM and
PNIPAM-HAp samples suggesting that the PNIPAM-HAp scaffolds syn-
thesized through ECP process are not cytotoxic to MG63 cells reinfor-
cing their potential use in bone tissue engineering.

3.3.2. Oxacillin release
Bone and soft tissue infections are serious problems in orthopedic

and reconstructive surgery. Today it is well known that the infection in
orthopedic surgeries for implant of biomaterials might be reduced
through the local delivery of antibiotics at surgical sites [58]. The lo-
calized antibiotic delivery at concentrations above the minimum

Fig. 4. Above in (I) is shown the effect of HAp content and MBA/NIPAM ratio on porosity
of PNIPAM-HAp scaffolds. Below in (II) is shown the swelling isotherms (37 °C) of
PNIPAM (A), PNIPAM-HAp30 (B), PNIPAM-HAp50 (C) and PNIPAM-HAp60 (D). Insert:
photographs of the typical dry PNIPAM-HAp30 (a) and their respective swollen state
(Q = 200% w/w) at equilibrium (t = 150 s) (b) in PBS, pH 7.4.

Fig. 5. Effect of hydroxyapatite content on water diffusion coefficients (D) at 25 °C (●)
and 40 °C (○) (A) and the dependence of activation energy of the HAp content for water
diffusion through PNIPAM-HAp scaffolds (B).
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inhibitory concentration (MIC) at the implant site minimizes the sys-
temic toxicity, and ensures initial drug concentrations above the MIC at
the implant site.

The oxacillin loading (%w/w) and oxacillin incorporation efficiency
(w/w) by PNIPAM-HAp scaffolds are represented in Fig. 10. On com-
paring drug loading (% w/w) and incorporation efficiency (% w/w), it
was observed that significantly (p < 0.05) higher both drug loading
(DL) (75.6 ± 0.62% w/w) and drug incorporation efficiency (IE)
(86.7 ± 2.19%w/w) were observed in case of ECP PNIPAM compared
to their composites PNIPAM-HAp30 (DL = 67.3 ± 0.92% w/w,
IE = 85.65 ± 1,72 w/w), PNIPAM-HAp50 (DL = 64.2 ± 1,14% w/w,
IE = 85.7% ± 2,05 w/w) and PNIPAM-HAp60 (DL = 61.4 ± 0,78 w/
w, IE = 84.7 ± 1,23 w/w). This result suggests that the increased HAp
concentration leads to a decrease in the drug loading capacity of the
PNIPAM scaffolds. The decrease in both, hydrophilicity and the por-
osity with HAp content seems to prevent the molecular movement of
the oxacillin around the PNIPAM chains and entraps the antibiotic into

Fig. 6. XRD pattern of PNIPAM (A), PNIPAM-HAp30 (B), PNIPAM-HAp50 (C) and HAp
(HAP-91) powder (D).

Fig. 7. FTIR/ATR spectra of PNIPAM, PNIPAM-HAp30, PNIPAM-HAp50 and PNIPAM-
HAp60 scaffolds synthesized by ECP technique in the range of 2800–3800 cm−1 (A) and
in the range 700–1800 cm−1 (B). A standard FTIR/ATR of the HAp used in this work was
used for comparison.

Fig. 8. Thermogravimetric analysis (TGA) of PNIPAM (A) and PNIPAM-HAp30 (B),
PNIPAM-HAp50 (C) and PNIPAM-HAp60 (D) scaffolds. TGA analysis was performed in air
at a heating rate of 10 °C/min.
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the PNIPAM-network. As a result, the drug loading capacity of the
PNIPAM-HAp decreased with the increase in HAp content.

The amount of oxacillin released from PNIPAM-HAp scaffolds was
measured as a function of time and the results are shown in Fig. 11. The
approach applied in this study was to prepare samples with the same
crosslinking density but differing in terms of the amount of hydro-
xyapatite in PNIPAM-HAp scaffold. The highest average concentration
of oxacillin was achieved after 12 h and without the burst releasing
effect for PNIPAM and PNIPAM-HAp scaffolds. The release kinetics
(Fig. 11) of PNIPAM and PNIPAM-HAp scaffolds shows a rapid release
of oxacillin for PNIPAM and PNIPAM-HAp30. A factor that may have
influenced the release of oxacillin may be the porosity of the PNIPAM-
HAp scaffolds. The presence of larger pores sizes in PNIPAM and
PNIPAM-HAp30 scaffolds results in more dissolution than diffusion
hence it shows a rapid oxacillin release in the first few hours. However
for PNIPAM-HAp50 and PNIPAM-HAp60 the release kinetics is found to
be slightly lower for every lower concentration which may be due to the
lesser pore size. This may be due to the smaller pore size presents in
these scaffolds which will have lesser dissolution and more diffusion of

oxacillin and hence the release is sustained.
Fig. 12 shows that the antibiotic eluted from all PNIPAM-HAp

scaffolds regardless of HAp content were effective in inhibiting growth
of the S. aureus as Gram-positive bacteria and P. aeruginosa as Gram-
negative bacteria indicating that the oxacillin does not react or undergo
inactivation by the PNIPAM-HAp scaffolds. However, the inhibition is
increased with decreasing HAp content on PNIPAM-HAp composites
(Fig. 12). It is possible that the oxacillin loading could explain the de-
pendence of the bacterial inhibition zone of the PNIPAM-HAp compo-
sition. However, the interactions of oxacillin with PNIPAM-HAp scaf-
folds is not well known, and although in this study it was observed that
the content of HAp exerts an influence on the amount of oxacillin re-
leased, the exact mechanism by which this effect occurred is not well
understood nor is the purpose of this work. Future experimentation is
needed to determine reasons for the dependence between the HAp
content on PNIPAM-HAp scaffolds and antibiotic activity against mi-
croorganisms at inhibitory concentrations.

4. Conclusion

In this study the preparation and characterization of three-dimen-
sional porous PNIPAM-HAp scaffolds through ECP technique for bone
tissue engineering applications have been studied. SEM was used for
microstructural analysis while XRD and FTIR techniques were used for

Fig. 9. Cytotoxicity assay against MG63 cells against of PNIPAM and PNIPAM-HAp
scaffolds. MG63 cell populations were cultured in monolayer in DMEM (negative, non-
cytotoxic control) and with extract media of PNIPAM, PNIPAM-HAp composites and
phenol at 0.3% (m/v) in PBS pH 7.4 (positive, cytotoxic control).

Fig. 10. Oxacillin loadings (DL, % w/w) and oxacillin incorporation efficiencies (IE, % w/
w) of PNIPAM and PNIPAM-HAp scaffolds. (Mean ± SD, N = 3).

Fig. 11. Amount of the oxacillin released from PNIPAM (A), PNIPAM-HAp30 (B),
PNIPAM-HAp50 (C) e PNIPAM-HAp60 (D) scaffolds as a function of time (n = 3).

Fig. 12. Inhibitory effectiveness of the released oxacillin from PNIPAM-HAp as a function
of HAp content on hydrogel measured at 530 nm against S. aureus (○) and P. aeruginosa
(●) according to turbidity method after 24 h incubation.
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chemical analysis. By SEM it was possible to observe that the PNIPAM-
HAp scaffolds are highly porous in nature and the HAp content appears
to control the porosity of the composite. FTIR and XRD analysis showed
that the PNIPAM-HAp scaffolds structures contained original con-
stituents, no new chemical compounds were formed and the ECP pro-
cess had not affected the crystallinity of the HAp. The TGA results are in
good agreement with the theoretical composition of PNIPAM-HAp
scaffolds, further implying that the HAp is coated with different
amounts of PNIPAM via ECP polymerization. Biological investigations,
using MTT confirmed that PNIPAM-HAp scaffolds prepared through
ECP technique are not cytotoxic for MG63 cells. The PNIPAM-HAp
content exerts significantly influence on oxacillin loading and in its
release from PNIPAM-HAp scaffolds. The PNIPAM-HAp scaffolds with
high HAp content had a lower oxacillin release rate compared to the
scaffolds with low HAp content. The oxacillin released from PNIPAM-
HAp scaffolds was able to sustain the bacterial activity against S. aureus
and P. aeruginosa. The data obtained in this study suggests that ECP is a
promising technique for the manufacture of PNIPAM-HAp scaffolds for
bone tissue engineering.
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