
B
n

J
J
a

b

c

3

a

A
R
R
A
A

K
G
T
H
T
M
S

1

s
s
t
o
[
t
s
s
u
g
i
a
d
G
t
s

h
0

Colloids and Surfaces B: Biointerfaces 145 (2016) 382–391

Contents lists available at ScienceDirect

Colloids  and  Surfaces  B:  Biointerfaces

jo ur nal ho me p ag e: www.elsev ier .com/ locate /co lsur fb

iomimetic  fiber  mesh  scaffolds  based  on  gelatin  and  hydroxyapatite
ano-rods:  Designing  intrinsic  skills  to  attain  bone  reparation  abilities

avier  Sartuqui a,  A.  Noel  Gravina a,  Ramón  Rial b, Luciano  A.  Benedini a, L’Hocine  Yahia c,
uan  M.  Ruso b,  Paula  V.  Messina a,∗

Department of Chemistry,Universidad Nacional del Sur, INQUISUR − CONICET, 8000 Bahía Blanca, Argentina
Soft Matter and Molecular Biophysics Group, Department of Applied Physics, University of Santiago de Compostela, Santiago de Compostela E-15782, Spain
Laboratory for Innovation and Analysis of Bio-Performance, École Polytechnique de Montréal, C.P. 5079, Succursale Centre-Ville Montréal, Quebec H3C
A7,  Canada

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 6 April 2016
eceived in revised form 29 April 2016
ccepted 5 May  2016
vailable online 9 May  2016

eywords:

a  b  s  t  r  a  c  t

Intrinsic  material  skills  have a deep  effect  on  the  mechanical  and  biological  performance  of bone  sub-
stitutes,  as  well  as on  its  associated  biodegradation  properties.  In this  work  we have  manipulated  the
preparation  of  collagenous  derived  fiber  mesh  frameworks  to display  a specific  composition,  morphology,
open  macroporosity,  surface  roughness  and  permeability  characteristics.  Next,  the  effect  of  the  induced
physicochemical  attributes  on the  scaffold’s  mechanical  behavior,  bone  bonding  potential  and  biodegrad-
ability  were  evaluated.  It was  found  that the  scaffold  microstructure,  their  inherent  surface  roughness,
elatin
annic acid
ydroxyapatite
issue engineering
acroporosity

caffolds

and  the compression  strength  of  the  gelatin  scaffolds  can  be modulated  by  the effect  of the  cross-linking
agent  and,  essentially,  by  mimicking  the  nano-scale  size  of  hydroxyapatite  in  natural  bone.  A clear  effect
of bioactive  hydroxyapatite  nano-rods  on the  scaffolds  skills  can  be  appreciated  and  it  is  greater  than  the
effect  of the  cross-linking  agent,  offering  a huge  perspective  for  the  upcoming  progress  of  bone  implant
technology.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The physical and biological requests of an ideal synthetic bone
ubstitute involve frameworks that closely mimic human tis-
ue morphology, but also that are optimized to perform host
issue’s specific functions [1]. The human skeleton has an obvi-
us mechanical function in supporting and protecting the body
2]. Therefore, it becomes critically important to design scaffolds
hat must maintain their physical integrity during applications
ubjected to mechanical stresses, which might lead to bearing
uperior body loads [3]. In a previous work [4], we  have eval-
ated the hydrodynamic and crowding evolution of aqueous
elatin/hydroxyapatite nano-rods systems with the aim of increas-
ng the knowledge about the collagen mineralization biomimesis,
nd how it can be manipulated for the preparation of collagenous
erived frameworks with specific morphological characteristics.

elatin is a partially degraded product of collagen; compared

o its precursor has lower cost, it is low-antigenic, and retains
pecific collagen information signals, such as the Arginyl-glycyl-

∗ Corresponding author.
E-mail address: pmessina@uns.edu.ar (P.V. Messina).

ttp://dx.doi.org/10.1016/j.colsurfb.2016.05.019
927-7765/© 2016 Elsevier B.V. All rights reserved.
aspartic acid (RGD) tri-peptide, which can partially enhance the
cell-adhesive activity [5,6]. Recently, gelatin-based biomaterials
have been applied to artificial skin, [7] bone grafts, [8] and scaf-
folds for tissue engineering [9,10]. In this study, we  have prepared
improved gelatin-hydroxyapatite (HA) nano-composites using a
natural phenolic compound, tannic acid (TA), as a cross-linking
agent to reduce the solubility of gelatin in aqueous environments at
the human-body temperature [5]. TA exhibits antioxidant activity,
in addition of recently reported anti-allergenic, anti-inflammatory,
anti-microbial, cardio-protective and anti-thrombotic properties
[11] making this compound a very interesting raw material for
the development of novel medical applications. Bio-mineralization,
compression, bone bonding potential and degradation tests were
carried out to determine the potential use of gelatin-HA scaffolds
on calcified tissue reparation. It was  found that the microstruc-
ture and the compression strength of the gelatin scaffolds can
be modulated by the effect of the crosslinking agent and, partic-
ularly, by mimicking the nano-size scale of HA in natural bone.
The presence of pre-embedded HA nanoparticles on gelatin scaf-

folds has a clear effect on the epitaxial growth of the mineralized
phase deposition denoting their potential role in the process of

dx.doi.org/10.1016/j.colsurfb.2016.05.019
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.05.019&domain=pdf
mailto:pmessina@uns.edu.ar
dx.doi.org/10.1016/j.colsurfb.2016.05.019
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io-mineralization and, subsequently in the scaffolds’ mechanical
ehavior, bone bonding potential and biodegradability properties.

. Materials and methods

.1. Reagents

Hexadecyl-trimethyl ammonium bromide (CTAB,
W = 364.48 g mol−1, 99% Sigma-Aldrich), poly (propylene

lycol) (PPG, Sigma-Aldrich, MW = 425 g mol−1, � = 1.004 g cm−3

t 25 ◦C), sodium phosphate (Na3PO4, MW = 148 g mol−1, 96%
igma-Aldrich), calcium chloride (CaCl2, MW = 91 g mol−1, 99%
igma-Aldrich), sodium nitrite (NaNO2, MW = 69 g mol−1, 97%
igma-Aldrich), acetic acid (C2H4O2, MW = 60.05 g mol−1, 99%
igma-Aldrich), sodium acetate tri-hydrate (C2H3NaO2·3H2O,
W = 136.03 g mol−1, 99% Sigma-Aldrich), sodium hydroxide

NaOH, MW = 40 g mol−1, 90% Sigma-Aldrich), commer-
ial gelatin (GE) from bovine skin (Grade OR, Type B,
25 Bloom, MW ≈ 50000 g mol−1, Merck), tannic acid
C76H52O46, MW = 1701.20 g mol−1, 99% Sigma-Aldrich),
ris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl,
9% Sigma-Aldrich), phosphate buffer saline (PBS tablets, Sigma-
ldrich) and lysozyme from chicken egg (LSZ for molecular
iology, Sigma-Aldrich) were used without further purification.
or solutions preparation, only triplet-distilled water was  used.

.2. Preparation of fibrous gelatin-nano-HA scaffolds

Bone-like HA nanoparticles of 8 ± 1 nm diameters and 28 ± 3 nm
ength were made by a previously described methodology [12],
or details see supplementary material (SM). To obtain the cross-
inked gelatin-HA scaffolds, a 0.80 g/mL GE solution was prepared
y dissolution of the proper amount of commercial GE in 35 mL  of
odium acetate buffer (pH = 4.5). First, GE was left to hydrate for
0 min  at RT, and then dissolved at 58 ◦C under stirring at 500 rpm
uring 30 min; finally it was allowed to rest in a thermostatic
ath for 24 h in order to reach equilibrium. Afterward 0.85 mg/mL
f HA nanoparticles were added to the previously described GE
olution under vigorous sonication. After the homogeneous disper-
ion of HA into GE solution was obtained, cross-linking modified
caffolds were prepared using TA as cross-linking agent. First, GE-
A solution’s pH was adjusted to pH = 11 by addition of NaHCO3.
econd, TA powder (12.4 and 33.3 mg/g GE) was added to the
olution slowly under stirring at 500 rpm. Finally, after the inte-
ration of all reagents, the solution was magnetically stirred for
0 min  to achieve the crosslinking process. The obtained gels were
ooled under −50 ◦C during 24 h and lyophilized in a Rificor L-A-
4 lyophilizer. The selected amounts of GE, TA and HA used in this
ork are the suitable to guarantee an effective cross-linking effect

n the gelatin matrix avoiding the grafting and branching reac-
ions in conjunction with the hydrogen bonding between gelatin
nd TA molecules [13]; and for the attainment of an uniaxial orien-
ation porous framework [4]. A summary of the reagent quantities
as shown in supplementary material (Table SM1). Scaffolds min-

ralization process was  performed following the layer by layer
eposition method described by Taguchi et al. [14], see details in
M.

.3. Structural characterization of cross-linked gelatin-HA
caffolds

.3.1. Field emission scanning electron microscopy (FE-SEM)

Surface morphology was evaluated using a field emission scan-

ing electron microscope (ZEISS FE-SEM ULTRA PLUS). To acquire
ll the SEM images a secondary electron detector was  used. The
ccelerating voltage (EHT) applied was 3.00 kV with a resolution
 Biointerfaces 145 (2016) 382–391 383

(WD) of 2.1 nm.  Local compensation of charge (by injecting nitro-
gen gas) was  applied avoiding the sample staining. The associated
energy-dispersive spectrophotometer provided qualitative infor-
mation about surface elemental composition. The pore sizes of
scaffolds (determined from about 100 measurements) and the
topography (calculating the Skewness (Rsw) and Kurtosis (Rku)) of
samples were quantified from SEM microphotographs using an
image visualization software (Image J 1.34 s, NIH Image, USA) [15]
with an uncertainty of 5%. For details, see SM.

2.3.2. High resolution transmission electron microscopy (H-TEM)
H-TEM microphotographs were taken using a Libra 200 FE

OMEGA transmission electron microscope operated at 200 kV
with magnification of 1,000,000×.  Observations were made in a
bright field. Powdered samples were placed on carbon supports
of 2000 mesh. The equipment is provided with electron diffraction
(ED) system; d-spacing is computed based on the Bragg Law derived
equation (rd = L�), where “r” is the spot distance in the ED pattern,
and L� = 1 is the camera constant.

2.3.3. X-ray powder diffraction
Powder X-ray diffraction (XRD) data were collected with

a Philips PW 1710 diffractometer with Cu K� radiation
(� = 1.5418 nm)  and graphite monochromator operated at 45 kV;
30 mA  and 25 ◦C.

2.3.4. FT-IR spectroscopy
The experiments were done in a VARIAN FT-IR 670 spectropho-

tometer. To avoid co-adsorbed water, the samples were dried under
vacuum until constant weight was  attained and diluted with KBr
powder before the FT-IR spectra were recorded.

2.4. Open porosity

The open porosity of the synthesized scaffolds was  measured
based on Archimedes’s principle using a specific gravity bottle. We
optimized this methodology by testing various immersion liquids
as well as by establishing a standard test procedure following the
Active Standard ASTM B962. Briefly, the open porosity of cubic
shaped (≈ 0.71 cm edge) scaffold’s samples was determined as fol-
lows: [16]

Porosity (%) = (W2 − W3 − Ws)/�e
(W1 − W3)/�e

(1)

where, W1 is the specific gravity bottle weight filled with ethanol,
W2 is the specific gravity bottle weight including ethanol and scaf-
fold section, W3 is the specific gravity bottle weight measured
after taking out ethanol-saturated scaffold section from W2, Ws is
the ethanol-saturated scaffold section weight and �e the density
of ethanol; thus (W1 − W3)/�e is the total volume of the scaffold
including pores and (W2 − W3 − Ws)/�e is the pore volume in the
scaffold.

2.5. Swelling kinetics and solvent absorption capacity

Swelling kinetics of the samples were carried out following
a conventional gravimetric procedure. [16] Vacuum-dried cubic
scaffolds samples (0.71 cm edge) were weighed before and after
soaking in 0.1 M PBS kept in a thermostatic water bath at 37 ◦C. Sam-
ples were taken out after regular intervals of time and weighted.
Weight of all gels was taken until the equilibrium was reached. Each

experiment was  repeated three times. The water uptake capacity
(%Wu) is given by: [16]

%Wu = (Wt − Wd)
We

× 100 (2)
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here, Wt is the scaffold’s weight at a time t, Wd is the dry scaffold’s
eight and We is the weight of the swollen scaffolds at the swelling

quilibrium at a particular temperature. The weight-swelling ratio
W/S) was taken as a parameter to calculate solvent absorption
apacity and it is computed as follows: [16]

/S  = (We − Wd)
Wd

(3)

.6. Thermal characterization

The thermal properties of the cross-linked gelatin-HA scaf-
olds were measured using a Q20 Differential Scanning Calorimeter
TA Instruments). The temperature and enthalpy scales were cal-
brated using standard samples of indium (CAS No.7440-74-6/1,
m = 156.6 ◦C, �Hm = 3.295 kJ/mol) and zinc (CAS No.7440-66-6/3,
m = 419.53 ◦C, �Hm = 7.103 kJ/mol). The scaffold sample was com-
letely dried by lyophilisation and sealed in a hermetic aluminum
an to prevent any loss of moisture during differential scanning
alorimetric (DSC) measurement. The samples had been previously
ooled to −20 ◦C during 1 min. Afterwards they were heated up to
00 ◦C at a rate 1 ◦C min−1. Upon completing the first heating scan,
he sample was quickly cooled at a rate of 10 ◦C min−1 to −25 ◦C and

 rerun of the cooled sample was conducted. Ultrapure nitrogen
as used as purge gas at a rate of 20 mL  min−1 during the mea-

urement. The baseline subtraction was made to correct any heat
apacity difference between the sample and the reference furnace.
ll the experiments were done in triplicate. The specific heat Cp in

 g−1 K−1 of every sample was calculated from the DSC thermogram
onsisted of heat flow (W g−1) by using Eq. (4): [17]

p = Q ′ × 60⁄r (4)

here r is the heating rate of the process in K/min, Q’ is heat flow
n W g−1. The resulting data were used to construct specific heat
ersus temperature curves.

.7. Compressive strength

The compressive strength of cylindrical samples along the lon-
itudinal and transverse direction was measured with a dynamical
echanical analyzer, MTS  Insight electromechanical testing sys-

em, using a 1000 N load cell at a strain rate of 0.01 mm s−1. We
elected a strain rate of 0.01 mm s−1 because it is a regular strain
ate at which bone is subjected [18] and it is frequently used to test
he implantable materials [19]. The compressive strength (�) was
alculated according to the following formula: [20]

 = F ⁄A (5)

here F is the applied load (N), and A is the cross-sectional area
f the gelatin scaffolds (m2). Ultimate and yield strength, �ult and
Y , as well as compressive modulus, E, were obtained from the
tress-strain plots [20].

.8. in vitro hydrolytic and enzymatic degradation

Cross-linked gelatin-HA scaffolds were cut into a rectangular
hape of about 0.71 cm edges for in vitro degradation studies. The
pecimens were weighted (W0) and placed in glass test tubes con-
aining 50 mL  of PBS (pH 7.4, containing 0.05% w/w of NaN3). Then,
hese tubes were incubated in a water bath (37 ± 0.1 ◦C) for 3, 12,
6 and 25 days; PBS was renewed every week. At each time point,
amples were collected in triplicate, rinsed thoroughly with dis-

illed water, blotted with filter paper, and oven-dried until constant
eight (Wt). Assuming that the local pH around the ruffled border

f osteoclasts is from 4.0 to 5.0 during bone remodeling period,
21] in vitro degradation under acidic conditions was  evaluated
 Biointerfaces 145 (2016) 382–391

by soaking scaffolds in an acetic acid/sodium acetate buffer solu-
tion (AcOH buffer) having a pH of 4.24 according to the method of
Matsumoto et al. [22] Enzymatic degradation was carried out sim-
ilarly to the hydrolytic process, including lysozyme (LSZ) into PBS
to form an enzymatic degradation medium with a concentration of
4 mg/mL. This concentration was  chosen reassembling to the nor-
mal  LSZ concentrations in plasma that ranges from 4 to 13 mg/mL
[23]. The PBS-containing lysozyme was also changed every week
during enzyme degradation test. The degradability of cross-linked
gelatin-HA scaffolds was estimated from the rate of weight loss
(%WL) accordingly to Tampieri et al.: [24]

%WL = (W0 − Wt)
W0

× 100 (6)

2.9. Cross-linked gelatin-HA scaffold incubation in simulated
body fluid (SBF)

To evaluate the scaffolds bone-bonding potential, the materials
were kept in contact with simulated body fluid (SBF) which has
a composition and ionic concentration similar to that of human
plasma, containing Na+ (142.0 mM),  K+ (5.0 mM), Mg2+ (1.5 mM),
Ca2+ (2.5 mM),  Cl− (148.8 mM),  HCO3

− (4.2 mM), HPO4
−2 (1.0 mM)

and SO4
−2 (0.5 mM).  Following the standard procedure described

by Kokubo et al. [25], the created materials were incubated in a
water bath (37 ± 0.1 ◦C) in 1.5 SBF for periods of 7, 14 and 21 days;
the specimens were removed the from fluid, rinsed with distilled
water and oven – dried at 40 ◦C until constant weight.

2.10. Statistical analysis

All experiments were conducted at least three times and all
values were reported as the mean and standard deviation (SD). Sta-
tistical analysis was carried out by the one-way analysis of variance
(one-way ANOVA). The statistical difference between two sets of
data was  considered significant when p < 0.05.

3. Results and discussion

3.1. Mineralized cross-linked gelatin-HA scaffolds

3.1.1. Microstructural, morphological and topological
characterization

The success of a scaffold material requires the activation of the
appropriate and beneficial responses from the cells with which
it is seeded or from the tissue where it is implanted [26]. A
critical configuration of pore degree, interconnection, geometry,
orientation and sizes is necessary to maintain the proper cell–cell
interactions, the cellular density and to provide the correct mass
transfer of oxygen, nutrients and waste products [26]. In order
to examine if those characteristics can be attained by the GE-HA
nano-rods interaction under the selected experimental conditions,
transverse and longitudinal sections of the GE-HA lyophilized solu-
tions were taken and analyzed using FE-SEM; results are shown in
Fig. 1. Cross and vertical sections of the samples exhibited a nearly
analogous highly interconnected macroporous structure, denoting
homogeneity between HA nanoparticles and the organic polymer
intermingling; Fig. 1a–d. Nano-sized HA particles were uniformly
distributed within the pore walls and no aggregates appeared in
pores, their presence was  confirmed by X-ray diffraction patterns,
Fig. SM1. The width of the open interconnected macropores typ-
ically ranges between 35 and 288 �m with a mean pore size of

102 ± 25 �m in their smallest dimension, and from 90 − 1300 �m
with an average pore size of 300 ± 32.5 �m in the largest one (more
details in Figs. SM2  and SM3). The samples dimensions are compa-
rable to those given in literature [26,27] for materials that resulted
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Fig. 1. (a–b) Longitudinal and (c–d) transversal FE-SEM microphotographs of lyophilized GE-HA sample, 0.80 g/mL GE and 0.85 mg/mL  HA. Scale bars: (a) 100 �m,  (c) 200 �m,
and  (b,d) 20 �m.

Fig. 2. (a,b) Pore wall morphology of lyophilized GE-HA sample, 0.80 g/mL GE and 0.85 mg/mL  HA; scale bar: 2 �m. (c) 3D surface profiles of GE-HA scaffolds pore’s walls.
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ture respect to uncross-linked gelatin sample can be distinguished
with the rise of TA concentration and the incorporation of HA nano-
rods indicating an improved thermal stability as a consequence of
the increased degree of cross-linking. For the scaffolds prepared
ig. 3. FE-SEM microphotographs of GE-HA-TA cross-linked scaffolds. (a–d) 12.4 m
ample: (e) transversal and (f–h) longitudinal views. Scale bars: (a,e) 20 �m,  (b,f) 1

n an acceptable cell response, suggesting that it might be suitable
or osseous regeneration. The pore wall surface of GE-HA mate-
ial was not smooth and emerged as an assembly of aligned fibers
ith more than ten microns in length, Fig. 2a and b. Stress points
ill arise in the bone adjacent to the implant roughness peaks as a

esult of the elasticity modulus of the graft material that is substan-
ially higher than that of native tissue [28]. In order to evaluate the
ore wall surface roughness and to characterize their asymmetry,
urface profiles were performed and Kurtosis (Rku) and Skewness
Rsw) coefficients were computed by means of digitalized scan-
ing electron microscopy (SEM) images, Fig. 2b. The scaffolds’ pore
alls present positive values of Skewness coefficient (Rsk = 1.592)

howing the presence of a surface profile composed of filled valleys
nd/or high peaks. The obtained Rku value was of 2.165; since an
ku < 3 the distribution curve is said to be platykurtoic and denotes
he presence of relatively few high peaks and low valleys, Fig. 2c.

The sharper the asperities of the implant surface roughness, the
igher the stress peaks in the bone interface [29] and, excessive
one stresses will result in bone resorption [30]. Taking into con-
ideration that our material exhibits a certain degree of roughness
n the pore wall surfaces, but not an excess of high peaks, we  suggest
hat it might lead to less stress and better acceptance by the host
issue. Fig. 3 shows the cross-linked GE-HA scaffolds prepared using
wo different concentrations of the cross-linked agent (TA); no dif-
erences can be appreciated among transversal and longitudinal
iews. Scaffolds retain their macroporous structure and roughness
Rku = 2.261 and Rsk = 1.425) with a reduction of the mean pore
iameter to 72.5 ± 8.9 �m,  an increased interconnection and valley

andscapes on its topography profile. The fiber structure is clearly
isible forming a random mesh network and no significant differ-
nces can be appreciated on scaffolds’ morphology and roughness
mong the selected TA concentrations.

.1.2. Thermal properties
It is important to carry out studies on the thermal properties

f the scaffolds because of changes in thermal stability are good
ndicators of structuration and cross-linking. Although gelatin is
he denatured form of collagen [31]; under the proper conditions,
.e., a scaffolding process activated by a cross-linking agent, the
hains are able to undergo into a conformational disorder–order

ransition and to recover a percentage of the triple-helix struc-
ure by a partial renaturation process [31]. The differential scanning
alorimetric (DSC) thermograms of the GE-TA and GE-HA-TA scaf-
olds, shown in Fig. 4, displayed two transitions due to heating. The
/g GE sample: (a) transversal and (b–d) longitudinal views. (e–h) 33.3 mgTA/g GE
nd (c,d,g,h) 2 �m.

temperature of the first transition was determined as a point of a
sudden increase in the thermogram base line (line i–ii),  whereas the
temperature of the second one was evaluated as the maximum of
its endothermic peak (peak iii). These temperatures represent the
glass (Tg) and the melting (Tm) transition, respectively. Glass tran-
sition seemed to overlap with an enthalpy relaxation phenomena.
Several sub-Tg relaxations can be detected in biopolymers [32], as
observed in collagenous materials, they could correspond to the
intermolecular mobility of tropocollagen molecules (� relaxation
mode) and to the intermolecular mobility of polar sequences (�
relaxation modes) [33]. These chains’ movements are highly sen-
sitive to hydration and the formation of H-bonds; an increment of
cross-linking agent concentration or the presence of HA nano-rods
provokes the resolution of these transitions and the determina-
tion of a sub-Tg temperature, probably due to alterations of the
intermolecular bonds and to the rearrangements of gelatin’s chains
segments linked by these hydrogen bonds. The obtained Tg values
were summarized in Table SM2; a higher glass transition tempera-
Fig. 4. DSC thermograms of GE-TA and GE-HA-TA scaffolds.
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ith high content of TA and HA nano-rods, DSC thermograms
xhibited an endothermic overshoot in the temperature range of
he glass to liquid transition. This overshoots are the main signature
f enthalpy relaxation during physical aging [34]. They systemati-
ally shift to lower temperatures and intensify in magnitude with
he presence of HA nano-rods, Table SM2. For the uncross-linked
elatin sample, Tm is referred to as the helix–coil transition [35].
he area underneath the endotherm melting peak divided by the
otal sample weight (�H, J/g) indicates the percentage of structural
rder in the scaffold. The stability of the helix is primarily depen-
ent on the special features of three polypeptide strands that were
eld together in a helical conformation by hydrogen bonds, supple-
ented by inter-chain hydrogen bonds at the positions occupied

y glycine [36]. It should be noticed that all the samples used in the
SC analysis were lyophilized exhibiting a negligible water content,
hich would exclude their potential influence on the denatura-

ion temperature and the enthalpy of helix–coil transition, and
ence, the differences in their respective thermal behaviors were

 consequence of processing and cross-linking. In all cases cross-
inking increases the melting temperature; cross-linked agent plus
he presence of HA nano-rods cause a rising of thermal stability
n comparison with uncross-linked gelatin sample, Table SM2. The
ntensification of the transition enthalpy associated with this peak
s related to the relative amount of triple helical structure in the
amples, and it is significantly greater for the scaffolds containing
igher amounts of TA and HA nano-rods. In addition, the superior
nthalpy value for the scaffolds prepared with the incorporation of
A nano-rods indicates that it had greater renaturation level than

heir counterparts, which would result to an improved percentage
f elongation values and mechanical strength [37].

The activation energy (Ea) values for denaturation of scaffolds
re higher than the obtained for uncross-linked gelatin sample, see
able SM2. This clearly shows that more energy is required to dena-
ure the scaffolds systems when compared to native gelatin. We
urn to consider the heat capacity change due to cross-links, which
s much less pronounced than the effect over Tm and the subsequent
nthalpy contribution. The results for GE-TA-HA scaffolds with the
ighest cross-linking agent show a slight �Cp increase as compared
ith the sample before cross-linking. However, the changes are

oo small to establish if the cross-links affect the configurational
nd vibrational contributions of protein stability. Heat capacity can
e expressed as the covariance in enthalpy-entropy fluctuations,

p = ıHıS⁄kT , that is an estimation of the entropy-enthalpy com-
ensation [38]. From values of �H  and �Cp listed in Table SM2, we
an infer that entropy changes are important.

.1.3. Biomimetic mineralization
Mineralized collagen fibers arranged in a complex hierarchical

tructure are the responsible for bone tissue mechanical prop-
rties [2]. Therefore, in addition to a cross-linked structure, it is
ecessary to replicate the mineralization process of the collagen
bers in bone tissue to provide the synthetic scaffold the cor-
ect body-load properties. In general, the mineralization process

ay  be affected by the morphology of the scaffold where the
rystals are inserted as well as the presence of nucleation cen-
ers that act as growth initiators. In the previous sections it was
eported that, although having an influence on the structure and
hermal stability of the scaffold, the selected TA concentrations
id not affect their morphology and roughness, so its influence

n the mineralization process was discarded. Nevertheless, the
resence of pre-embedded HA nanoparticles that can act as crys-

allization nucleation centers could have a clear control on the

ineralization’s progression. Their impact on the scaffold miner-
lization will be analyzed below. The recorded SEM images, Fig.
M4, revealed that mineralization occurred in both cross-linked GE
 Biointerfaces 145 (2016) 382–391 387

scaffolds regardless of nano-HA particles incorporation, and that
took place not only on the material surface but also in the pore inte-
rior, forming a core-shell GE-mineral structure that bundles and
eventually forms a continuous network. The crystal morphology of
the deposited layer varies from one sample to another: hexagonal
plate-like and needles-like crystals grew on the scaffold not con-
taining nanoparticles (GE-TA), Fig. SM4a–d, while only plate-like
shaped crystals of different size are deposited on GE-HA-TA scaf-
fold, Fig. SM4e and SM4f . X-ray diffraction patterns (DRX) indicated
that both in GE-TA and GE-HA-TA scaffolds the crystalline phase
involved in mineralized matrices resembles to poor crystallized
hydroxyapatite, exhibiting a similar peak configuration than the
calcium deficient hydroxyapatite (cdHA) present in bone [39], Fig.
SM5. Using crystal structure refinement from molecular modeling
and Rietveld method [40], detailed information is given in Figs. SM6
and SM7, it can be observed that there is a slight difference between
experimental diffraction data and the theoretical data computed for
the stoichiometric crystal of hydroxyapatite, Fig. 5a. Consistently,
we have obtained a reproduction of a defective HA crystal with a
minimal discrepancy with the experimental measurements, Fig. 5b.
No peaks suggesting the existence of other calcium phosphate poly-
morph different than cdHA were detected in the analyzed X-ray
diffraction patterns; however the X-ray energy dispersive (EDX)
microanalysis shows a Ca/P molar ratio of 1.56 and 1.33 for the
mineralized GE-HA-TA and GE-TA scaffolds respectively, detailed
information is given in Figs. SM8  and SM9  . The reduced Ca/P molar
ratio observed on the mineralized GE-TA scaffold can be asso-
ciated with the existence of a mixture of cdHA and amorphous
calcium phosphate (ACP) phases. ACP possess a chemical formula of
CaxHy(PO4)z·nH2O, n = 3–4.5 with a 5–20 wt%  of water content and
a variable Ca/P molar ratio of 1.2-2.2 [41]. This polymorph presents
an X-ray diffraction pattern without discernible peaks from lattice
periodicities [42]. In spite of the apparent similitude of the min-
eralized scaffolds X-ray diffraction profiles, slight differences can
be attained from the analysis of interplanar d-spacing, Fig. SM10,
and the computed crystallographic parameters, Table SM3. The d-
spacing values position as well as an increment in unit cell volume
may  vary with partial dehydration in agreement with our previ-
ously exposed impression suggesting the presence of ACP in the
GE-TA scaffold’s mineralized phase.

When the c/a ratios of the unit-cell parameters are evaluated,
Table SM3, it can be noted that the c/a ratio that correspond to
the inorganic phase of mineralized GE-HA-TA scaffold (c/a = 0.7333)
is slightly larger than the c/a ratio of hexagonal standard HA
(c/a = 0.7306) but comparable to the value reported by Smith and
Smith [43], and Meneghini et al. [39] for adult bone biogenic apatite
(c/a = 0.7326). In addition to phase recognition and the resolution
of the unit-cell dimensions, XRD can be used to determine the ori-
entation of crystalline facets. The profiles of GE-TA and GE-HA-TA
mineralized-sample patterns show signs of strong anisotropy in the
peak broadening. From a close inspection of the diffraction profiles
reported in Fig. SM5, it is noticeable that the 00l reflections ((001),
(002) and (004)) in both samples are sharper than the other reflec-
tions of the XRD pattern. The sharper 00l reflections suggest that
the coherent diffraction domains preferentially extend along the
crystallographic c direction, as in biogenic apatite crystals [39]; in
fact, there was a 73% of c-plane orientation degree (  ̊ %) in both
mineralized-scaffolds, Table SM3. The extension of crystallographic
domains along c-axis and lengthwise to the scaffolds mineral-
ized fibrils was confirmed by inspection of mineralized scaffolds
by H-TEM, Fig. 6. Selected – area electron diffraction (SAED) pat-
terns extracted from the Fourier transform (FFT) of high resolution

TEM images by digitalized image processing analysis confirmed
the crystalline nature of cdHA phase and the inter-planar distance
of 0.341 ± 0.041 nm that corresponds to the (002) crystallographic
plane, further analysis is presented in Figs. SM11 and SM12 .
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Fig. 5. Molecular modeling of (a) stoichiometric and (b) defective crystal of HA. X-ray diffraction patterns: (blue) theoretical data, (red) experimental data and (pink)
correlation of theoretical and experimental data, a perfect correlation should be represented by a straight line. (For interpretation of the references to colour in this figure
legend,  the reader is referred to the web version of this article.)

Fig. 6. (a–c) H-TEM microphotographs of GE-HA-TA (12.4 mg TA/g GE) mineralized scaffolds; (d, e) selected area electron diffraction analysis (SAED) exhibiting the (002)
planes; (f) interlayer distance profile of plane (002). Scale bars (a, b) 50 nm and (c) 20 nm.
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Fig. 7. (a) Stress-Strain curves obtained for GE-TA

The obtained results suggest an intimate relationship between
he presences of pre-embedded HA nanoparticles on gelatin scaf-
olds and the mineralized phase deposition denoting their potential
ole in the process of bio-mineralization.

.2. Cross-linked gelatin-HA scaffolds as potential platforms for
one tissue engineering
.2.1. Mechanical against structural attributes
The proportion and circumstances of bone-implant integration

ave been associated to a requirement on pore size, open poros-
ty volume fraction and interconnectivity, both as a function of

ig. 8. Biomimetic growth of HA crystals after (a–b) 7 days; (c–d) 14 days and (e–f) 21 da
E-HA-TA scaffold kinetic degradation process. Scale bars (a–e) 2 �m and (f) 10 �m.
E-HA-TA scaffolds; (b) Compression parameters.

structural permeability and mechanics [2]. To determine how the
mineralized scaffolds behave mechanically and if their properties
are appropriate to avoid collapse during handling and during the
patient’s normal activities, uniaxial compression tests were per-
formed under controlled environmental conditions. The obtained
stress-strain curves are shown in Fig. 7a and the material prop-
erties described by both compression modulus and strength data
are summarized in Fig. 7b. All materials displays plots that deviate

from linearly regarding to plastic deformation, similar than bone
tissue [44]. There is an increased stiffness and strength of the scaf-
fold, revealed by the expansion of the compressive modulus and
the ultimate and yield strength parameters, by rising the amount of

ys of immersion in SBF. (g) FT-IR of GE-HA-TA scaffold after immersion in SBF. (h)
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rosslinking agent and the presence of HA nano-particles. However
he combination of high amounts of cross-linked agent to the pres-
nce of nanoparticles decreases the scaffold strain capacity. The
ncrease in mechanical properties can be attributed to the ability of
A nano-rods to reinforce the covalently cross-linked GE-TA net-
ork and their effect on scaffold mineralization along the polymer

etwork.
As the scaffold was over-cross-linked, as happened with GE-

A-TA (33.3 mg  TA/g GE), the gelatin walls became brittle and were
asily broken displaying a reduction of the ultimate strain. The com-
ressive E values of the obtained scaffolds are comparable to those
eported in the literature for healthy cancellous bone [45]. The
caffold open porosity is an important property in tissue engineer-
ng, increased open porosity and pore size facilitate bone ingrowth
26,27], however its presence result in a reduction of mechanical
roperties, since this compromises the structural integrity of the
caffold [16]. All tested scaffolds exhibited an average open porosity
olume fraction of about (70 ± 8) % without any significant statisti-
al difference, Fig. SM 13. The open porosity is in accordance with
he results derived from SEM analysis. In spite of not exhibiting sig-
ificant differences in their open porosity, large contrasts among
heir permeability abilities can be appreciated, Fig. SM13. Highly
ross-linked scaffold shows a facilitated entrapment of water in
heir framework, due to a narrow pore distribution which captures
nd holds water through capillary action. In addition the swelling
ehavior of GE-HA-TA scaffolds is superior which may  be due to the

ncorporation of nano-HA particles that contribute to the increase
f water uptake because of its water adsorbing properties [46].
rom comparing scaffolds prepared with the smallest amount of
rosslinking agent (GE-TA and GE-HA-TA containing 12.4 mg  TA/g
E), it can be exposed that the high open porosity volume fraction
ffects the structural integrity of the material and for that reason the
caffold displayed an inferior mechanical strength; nevertheless
he presence of nano-HA particles and their effect on the reinforce-

ent of the structure is sufficient to overcome this fact. The effect
f HA nano-particles on the scaffold mechanical strength was also
oticeable in the material prepared with higher amount of cross-

inking agent; however in this case it also provokes a reduction of
he ultimate strain.

.2.2. Assessment of bone-bonding potential and in vitro
io-degradability

On basis of the previous results, the mineralized GE-HA-TA
12.4 mg  TA/g GE) scaffold was selected as the specimen with the
est mechanical properties, thermal stability, open porosity vol-
me  fraction and structural permeability to indirectly evaluate
heir potential use in bone tissue reparation. In vivo, degrad-
bility can be attained by simply dissolution in biological fluids
r cell mediated interactions [21,47]. The scaffolds degradability
as analyzed in three different situations: (i) dissolution under

H = 7.4 conditions concerning to physiological fluids; (ii) disso-
ution under pH = 4.2 conditions regarding to resorption process in
harge of osteoclast and (iii) dissolution by enzymatic catalyzed
ecomposition. The results, Fig. 8h, clearly show that the initial
egradation rate as well as the scaffold maximum degradation
as attained after enzymatic catalyzed conditions, followed by the

egradation under resorption conditions (pH = 4.2). The scaffold
lso experiment a partial degradation (15%) under physiological
uids conditions and that affect the deposition of biogenic HA crys-
als, Fig. 8a–f, an essential processes to ensure osseo-integration
25].

Bioactivity is defined as the property of materials to develop

 direct, adherent and strong bonding with bone tissue. A sim-
ler method to estimate the bone-bonding potential of materials
onsists of the immersions of this material in simulated body fluid
SBF). According to Kokubo et al. [25], an essential requirement is
 Biointerfaces 145 (2016) 382–391

the formation of a calcium phosphate layer on the material sur-
face, usually called bone-like apatite. This bone-like apatite seems
to activate signaling proteins and cells to start the cascade of events
that results in bone formation. [48] In others words, in vitro a way to
evaluate the in vivo behavior is from the bioactivity test by immer-
sion of the synthetic material into SBF solution [12]. Fig. 8a–e show
the SEM microphotographs of apatite coatings deposited on the
studied materials after 7, 14 and 21 days incubation in 1.5 SBF.
After the first 7 days of immersion a continuous layer of mineral
coating, exhibiting a spherulitic micro-morphology, grew on scaf-
fold surfaces, Fig. 8a and b. The nuclei were spherical-like globules
with 2 �m in diameter composed by agglomerates of plate-like
nano-morphology crystals of ∼150 nm length. After 14 days of
immersion in 1.5 SBF, the HA crystal coatings exhibited the same
basic micro-morphology but with a reduction of resolution; the
perfect spherulitic agglomerates of HA crystals that were visible
after 7 days, looked elongated and eroded, Fig. 8c and d. Subse-
quently, completed the 21 days of immersion it can be appreciated
gaps between the spherulitic structures, Fig. 8e and f. We  assume
that it is due to a partial degradation of the scaffold and thereby to
a partial destruction of the structure that supports the deposited
HA layer. As seen in the FT-IR spectra, there is a reduction of the
peaks relating to hydroxyapatite with the rise of immersion, Fig. 8g.
EDX microanalysis, Figs. S14–S16, showed that after the bioac-
tivity assay the material with spherulitic-like coating showed a
Ca/P = 1.64 that would be ascribed to HA crystals. A reduction of
Ca/P ratio can be appreciated with the increment of immersion
time, in agreement with the scaffold degradation time evolution.
However at all times the Ca-P globules covering the scaffold sur-
face exhibited a Ca/P ratio close to that exists in the trabecular and
cortical bone, and their morphology is similar to that considered
essential for the development of events involving osteoblasts to
attain osseo-integration [25,48].

4. Conclusions

We  have developed mechanically robust scaffolds, exhibiting a
highly interconnected fiber mesh structure, by optimizing the dis-
tribution of HA nano-rods within the gelatin-TA network. Samples
showed a definite degree of roughness in the pore wall surface,
a quality required to attain a suitable host tissue acceptance.
The TA cross-linked effect has a little impact on the framework
structure and the roughness parameters, while generates a signif-
icantly augment of the scaffold thermal stability. In addition, the
homogenously distribution of HA nano-rods among TA and protein
chains results in a higher GE renaturation level in comparison with
uncross-linked GE leading to an improved strength scaffolding. The
presence of nano-HA particles, also induce an enhanced scaffold
mineralization, achieving a crystal growth of the shape, composi-
tion and orientation equivalent to that presented by the mineral
phase of calcified tissues. Highly cross-linked scaffold facilitated
the entrapment of water in its framework and this fact leads us to
believe that they would have promising water retention proper-
ties to prevent the loss of body fluid and nutrients. The mineralized
GE-HA-TA (12.4 mg  TA/g GE) scaffold was  selected as the speci-
men with the best mechanical properties, thermal stability, open
porosity volume fraction and structural permeability to indirectly
evaluate their potential use in bone tissue repair. Its degradation
properties in different biological conditions, and also their capac-
ity to induce, under physiological fluids, a biogenic hydroxyapatite

coating, were assessed. These conditions are necessary for its inte-
gration into the host tissue, and were met  satisfactorily. In a future
work, we  will test the scaffold abilities to induce the appropriate
cellular interactions.
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