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Abstract This work studies the influence of dynamic

biomimetic coating procedures on the growth of bone-

like apatite layers at the surface of starch/polycaprolactone

(SPCL) scaffolds produced by a 3D-plotting technology.

These systems are newly proposed for bone Tissue Engi-

neering applications. After generating stable apatite layers

through a sodium silicate-based biomimetic methodology the

scaffolds were immersed in Simulated Body Fluid solutions

(SBF) under static, agitation and circulating flow perfusion

conditions, for different time periods. Besides the typical

characterization techniques, Micro-Computed Tomography

analysis (μ-CT) was used to assess scaffold porosity and as a

new tool for mapping apatite content. 2D histomorphometric

analysis was performed and 3D virtual models were created

using specific softwares for CT reconstruction. By the pro-

posed biomimetic routes apatite layers were produced cover-

ing the interior of the scaffolds, without compromising their

overall morphology and interconnectivity. Dynamic condi-

tions allowed for the production of thicker apatite layers as

consequence of higher mineralizing rates, when comparing

with static conditions. μ-CT analysis clearly demonstrated

that flow perfusion was the most effective condition in or-

der to obtain well-defined apatite layers in the inner parts

of the scaffolds. Together with SEM, this technique was a
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useful complementary tool for assessing the apatite content

in a non-destructive way.

1 Introduction

Tissue Engineering (TE) has been emerging as a strik-

ing approach to the current therapies for bone regenera-

tion/substitution. The appropriate surface chemistry for cell

attachment and proliferation is a key issue that needs to be ad-

dressed while designing a scaffold for Bone TE. To combine

Ca-Ps as coatings on the outermost surface of a polymeric

scaffold can be a challenging, but yet attractive approach

to better promote bone formation. Several methods for pro-

ducing Ca-P coatings on the surface of different biomaterials

have been proposed over the years, as reviewed elsewhere [1].

The biomimetic synthesis of apatite layers under presence of

simulated body fluid (SBF) solutions, initially proposed by

Kokubo et al. [2], has gained attention in recent years as an al-

ternative low-temperature coating methodology. Besides its

osteoconductive properties, a biomimetic apatite layer dis-

closes a carrier potential for biologically relevant molecules

such as protein growth factors, enzymes or pharmaceutical

drugs used in bone related diseases, due to the physiological

operating conditions of temperature and pH.

When considering porous biodegradable polymeric

scaffolds there are rather few works reporting the coating of

these architectures due to the complex features related with

coating composition, thickness distribution or the adhesion

to the substrate. Moreover, pH changes due to possible

degradation of substrates’ surface during the coating process

have also to be taken into consideration. Nevertheless, in our

research group these biomimetic coatings have been effec-

tively produced on the surface of starch based biodegradable

polymers [3, 4]. In fact, in a previous work [3] it was possible
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to overcome some of these difficulties by developing a

biomimetic methodology using a sodium silicate gel as nu-

cleating agent to produce well-defined bone-like apatite coat-

ings covering the surfaces of starch based 3D architectures.

In case of bone TE applications, dynamic mineralization

environments can better mimic the in vivo scenario, where

the flow of body fluids is present, besides being suitable to

promote a homogeneous formation of the Ca-P layer in the in-

terior of the scaffold. In this work is presented a comparative

study of static and dynamic biomimetic routes for growing

apatite layers on the surface of biodegradable scaffolds pro-

duced by a rapid prototyping technology. These systems are

newly proposed for bone Tissue Engineering applications.

To assess the apatite content in the inner parts of a scaf-

fold is another relevant issue that needs to be taken into con-

sideration. Tomography using X-rays is a well established

technique that is gaining popularity since the interior of the

specimen can be studied in great detail, without resorting to

physical sectioning nor using toxic chemicals. On the other

hand, it provides precise quantitative and qualitative infor-

mation on the 3D morphology of the specimen [5]. After

scanning, the intact samples can be subjected to other tests,

therefore resolving the problem of sample scarcity. One of

the main advantages of μ-CT is that it is able to evaluate the

material (polymeric or ceramic) volume based on 3D spatial

distribution. It can be applied to very large [6] samples such as

body parts and whole organs of humans down to the nanome-

tre scale of a single cell [7]. This means tomography can be

used in a hierarchical fashion—from the human, to an organ,

a tissue and down to the cell. This technique has been used

to characterize the 3D trabecular bone microarchitecture and

quantify bone repair responses in vivo [8]. For Bone TE appli-

cations, μ-CT imaging provides an efficient, non-destructive

tool to quantitatively measure the amount and distribution

of mineralized matrix formation throughout 3D constructs

in vitro [9] and in vivo [10]. In the herein presented study

is μ-CT is proposed as a new tool for mapping the distribu-

tion of biomimetic Ca-P coatings throughout the surfaces of

starch/polycaprolactone (SPCL) 3D architectures.

2 Materials and methods

2.1 Preparation of the scaffolds

As a natural polymer, starch exhibits a great poten-

tial to be used in bone related applications [11–14]. In

this work, the studied material is based on a blend of

starch/polycaprolactone (SPCL). The blend contains around

30% of starch and 70% of poly(epsilon-caprolactone) by

weight. The selected biomaterial presents a good biological

behaviour and has been proposed for Bone Tissue Engineer-

ing applications [15–17].

Rapid prototyping (RP) technologies are considered as

potential routes for the production of complex scaffolds for

Bone TE applications, as they present superior control over

design, manufacturing and reproducibility of TE scaffolds

[18]. Moreover, when coupled with adequate image acquisi-

tion software, RP allows for the production of anatomically

adapted 3D scaffolds based on the patient’s own defect. SPCL

scaffolds were produced using a 3D plotting technology (Bio-

plotter, EnvisionTec GmbH, Germany). In this case, consec-

utive alternated layers were plotted with a 0◦/90◦/. . . /0◦/90◦

orientation pattern to produce cubic samples with a lateral

side of L = 5 mm. Each layer was plotted using a distance of

2 mm between layer strands and an in-plane absolute offset

distance of 1 mm between consecutive equivalent layers. 3D

plotting RP enables high control over scaffold morphology,

namely controlled porosity and interconnectivity.

2.2 Apatite coating formation

To produce an apatite coating on the surfaces of the obtained

SPCL scaffolds a biomimetic methodology was used based

on a previously developed sodium silicate methodology [3].

Briefly, the samples were “impregnated” for 1 h with a

sodium silicate gel from SIGMA-ALDRICH (Na2SiO3·H2O,

containing ∼14% NaOH and ∼27% SiO2, pH ≈13), un-

der mild agitation. Sodium silicate gel was herein used with

concentration and SiO2/Na2O molar ratio as received. Af-

ter this treatment the solution with the samples was diluted

with 50% vol. of distilled water and stirred for 5 min. This

procedure was aimed at diminishing the viscosity of the gel

in order to produce a homogeneous and thin layer of vitri-

fied sodium silicate in the surface of the materials. The scaf-

folds were then removed from the solution and then dried

in vacuum for 3 h and moved to a controlled atmosphere

(23 ± 1◦C; 55% RH) for 24 h. A more detailed description

on the coating methodology can be found elsewhere [3].

An aqueous solution was prepared comprising all major

inorganic ions present in the human’s blood plasma and pre-

senting its approximate ion concentration, in order to pro-

mote in vitro apatite formation. The different salts were dis-

solved in de-ionized H2O and the pH adjusted to neutral

using tris(hydroxymethyl)aminomethane and hydrochloric

acid. This simulated body fluid solution (SBF) was devel-

oped by Kokubo and co-workers [19].

The as-treated scaffolds were immersed in the SBF so-

lution for 7 days. During this period the solution was re-

newed every 2 days and an apatite layer was allowed to

nucleate and grow on the surface of the samples. Follow-

ing this period, the samples were divided into 3 different

groups and placed in contact with a renewed SBF solution

under different conditions: static, agitation by shaking in a

thermostatic bath (Selecta, Unitronic, Spain, 80 strokes/min)

and circulating flow perfusion in a bioreactor (volume flow
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Table 1 Static and dynamic conditions for coating apatite layers on the SPCL scaffolds

Periods (days) SBF Conditions

7 1 X Static

14 1 X Static Agitation Flow perfusion

21 1.5 X Static Agitation Flow perfusion

Volume of SBF available per sample 50 mL 50 mL 50 mL

Solid-to-liquid ratio 1 g/400 mL/week 1 g/400 mL/week 1 g/400 mL/week

Fluid flow None Turbulent flow (80 strokes/min) Laminar flow (Q = 4 mL/min; tR = 15 s)

SBF - Simulated body fluid solution.

rate (Q) of 4 mL/min; Residence Time (tR) of 15 s) for

periods up to 14 days. In all the conditions the total vol-

ume of SBF available per sample was 50 mL and the so-

lution was renewed every 2 days (solid-to-liquid ratio of 1

g/400 mL/week). Table 1 summarizes the different coating

conditions.

For circulating flow perfusion a special bioreactor was

designed according with the schematic drawing of Fig. 1.

After 7, 14 and 21 days the samples were removed from

solution, washed in distilled water and dried in a controlled

atmosphere (23 ± 1◦C; 55% RH).

2.3 Scanning electron microscopy (SEM) and energy

dispersive spectroscopy (EDS)

The morphological characterisation to the scaffolds was car-

ried out by Scanning Electron Microscopy (SEM) analysis,

in a LEICA Cambridge S360, United Kingdom. All the sam-

ples were coated with a thin film of carbon, by ion sput-

tering, prior to any observation. The electron beam energy

was 10 KeV and 12 KeV. The scaffolds were observed in

3 different orientations: from the top, lateral side and bot-

tom, for the different tested periods and conditions in SBF.

The corresponding cross-sections were also analysed and the

thickness of the apatite layers was calculated by performing

measurements in six fibres per scaffold (3 measurements per
fibre). Since these coatings are constituted by fused spherical

apatite nuclei they present an irregular surface. Therefore, in

order to ensure that the measure would be done in the same

way for all the conditions the basis of these nuclei was estab-

lished as the limit for the coating. In this way the measured

average values are the minimum thickness values for all the

samples.

Fig. 1 Schematic drawing of the bioreactor designed for coating an apatite layer under flow perfusion
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2.4 X-ray diffraction (TF-XRD)

Thin-Film X-ray Diffraction (TF-XRD, Philips X’Pert MPD,

The Netherlands) was used to identify any crystalline phases

present in the apatite layers formed during the immersion in

SBF. The data collection was performed by 2θ scan method

with 1◦ as incident beam angle using CuKα X-ray line and a

scan speed of 0.05◦/min in 2θ .

2.5 Fourier transformed infra-red (FTIR)

The chemical structure of the apatite coatings formed on

the surface of the SPCL scaffold fibres after the different

time periods and conditions in SBF was analysed by Fourier

Transform Infrared Spectroscopy (FTIR). The surface of the

fibres was scratched and the resulting particles were milled

with KBr powder and shaped by compression into pellets for

further analysis. All spectra were recorded using 64 scans and

2 cm−1 resolution in an FTIR spectrophotometer (Perkin-

Elmer 1600 Series, USA).

2.6 Inductively coupled plasma spectroscopy (ICP)

The composition of the resulting Ca-P coatings was accessed

by analysing the solution resulting from the dissolution of

the coated scaffolds in 0.1 M HCl, under agitation for 24 h

(the scaffolds were examined by SEM afterwards to confirm

the total dissolution at the surface). The elemental concen-

tration was measured by inductively coupled plasma optical

emission spectroscopy (ICP-OES, JY 70 plus, Jobin Yvon,

France). Duplicate samples were analysed for each condition

and immersion time. From these results Ca/P ratios were cal-

culated. The following relations were also considered: (Ca +
Na + Mg + K)/P; (Ca + Mg + K)/P; Na/Ca; Mg/Ca; K/Ca

in order to investigate the possible presence of Mg2+, Na+

and K+ in the SBF, substituting the Ca2+ in the crystalline

network of the apatite.

2.7 Micro-computed tomography (μ-CT)

Micro-Computed Tomography (μ-CT) of the uncoated and

coated scaffolds was carried out using μ-CT 20 equipment

(SCANCO Medicals, Switzerland). The X-ray scans were

performed in high resolution mode of 11 μm x/y/z and an

integration time of 250 ms × 2 (500 ms). The rotation step

used was 500/180◦. The energy of the scanner used was 50

keV with 180 μA current. Around 400 slices of the materials

were obtained in order to scan the entire scaffolds. Mimics

from Materialise (Belgium), CT Analyser and CT Vol Re-

alistic 3D Visualization both from SkyScan (Belgium) were

used as image processing softwares, for CT reconstruction,

to create and visualize the 3D representation. The 2-D histo-

morphometric analysis of the scaffolds was performed using

a threshold of 51 to determine the porosity and a threshold of

133 to identify the apatite content along the scaffold (from

0–4500 μm) (grey values).

3 Results and discussion

3.1 Stabilization of the apatite layer

Figure 2 presents SEM micrographs of the SPCL scaffolds

as processed and after the nucleation of a biomimetic apatite

layer for 7 days.

3D plotting technology allowed for the processing of fibre-

based 3D constructs with a controlled morphology and poros-

ity (Fig. 2(a) and (b)) in a reproducible manner. Sodium

silicate treatment followed by immersion in SBF solution

for 7 days has resulted in the nucleation of a well-defined

apatite layer at the surface of the fibres which covered the

entire surface of these porous materials while maintaining

their initial architecture (Fig. 2(c)). The mechanism for the

nucleation and growth of an apatite layer on a sodium silicate

gel is well known and has been described elsewhere [3, 20].

The resulting Ca-P coating presents a needle-like structure

(Fig. 2(d)) corresponding to the typical morphology obtained

by this biomimetic route [3]. By TF-XRD and FTIR it was

possible to confirm that a poorly crystalline carbonated ap-

atite similar to bone was formed after 7 days of immersion

in SBF (data not shown). This coating was present both in

the outside and in the inside of the scaffold, as it can be ob-

served in Fig. 2(d) and (e) that present a cross-section from

the interior of the scaffold, from which strong adherence of

the coating to the surface of the fibres is evident. Apatite nu-

cleation is clearly controlled by the surface [21, 22] , which

serves as template for the formation of the apatite layer.

3.2 Growing of the apatite layer under static and dynamic

conditions

After the formation of a stabilized bone-like apatite layer

in the surface of the SPCL constructs for 7 days in static

SBF, the scaffolds were divided into 3 groups and immersed

in SBF solutions under 3 different hydrodynamic conditions:

static, agitation and flow perfusion, for periods up to 21 days.

Figure 3 presents the typical FTIR spectra of the apatite

coatings produced in the different SBF conditions, for the

periods of 14 and 21 days.

The bands detected at 1630 cm−1 are assigned to water

molecules in the apatite structure. Another broad band as-

signed to water was also detected in the region of 3400 cm−1.

In fact, apatite contains water incorporated in its structure, ei-

ther chemically bonded, i.e. structural water or also adsorbed

due to its hydroscopic character [23]. The bands at 866, 1412

and 1452 cm−1 result from the presence of carbonate (CO2−
3 )
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Fig. 2 SEM micrographs of SPCL scaffolds (a), (b) as processed and (c)–(f) after growing a biomimetic apatite layer for 7 days in SBF

Fig. 3 FTIR spectra obtained from the analysis of apatite layers after immersion in SBF for 21 days from which 14 days under static and dynamic
conditions. All the spectra were obtained from the same side of the scaffold
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Fig. 4 TF-XRD spectra obtained from the analysis of the SPCL scaffolds before and after immersion in SBF for (a) 14 and 21 days in static and
dynamic conditions

incorporated in the apatite lattice [23, 24]. The presence of

these bands clearly indicates that a carbonated apatite was

formed, as it is found in bone apatite. The bands at 558 and

572 are assigned to the ν4 bending mode of the O P O bonds

in the apatite, indicating some degree of crystallinity. The

bands at 1024 cm−1 indicate the ν3 stretching mode of P O

bonds [23]. The detected FTIR bands correspond to the char-

acteristic ones of a carbonated apatite.

Figure 4 presents the typical TF-XRD spectra of the apatite

coatings produced in the various static and dynamic SBF

conditions.

The peaks detected at 2θ = 20, 21 and 24 are assigned

to SPCL crystalline phases. After producing the biomimetic

coatings in different conditions the main characteristic peaks

attributed to HA were detected. The peak at 2θ = 26◦ is

assigned to (002) plane in the apatite crystalline lattice. An-

other important diffraction peak is detected around 2θ = 32◦

and is related to the overlapping of planes (211, 112) and

(300). This broad peak indicates that the apatite structure is

composed by small crystallites. Similar XRD profiles were

obtained when comparing the different static and dynamic

coating conditions. From 14 to 21 days of immersion in SBF

a slight increase in the intensity of the apatite peaks indicates

that the apatite coatings tend to be more crystalline in the

presence of SBF 1.5 ×. The intensity of the SPCL peaks di-

minishes considerably in case of dynamic conditions after 21

days (Fig. 3(b)), which is related with an increase of thickness

of the apatite layers.

When comparing Fig. 3(a) with 3(b), and 4(a) with 4(b) no

marked differences in the obtained spectra were detectable

between the apatites coated after 14 days in SBF (Figs. 3(a)

and 4(a)) and those coated after 21 days (Figs. 3(b) and 4(b))

or between each different condition. In the same way, FTIR

and TF-XRD analysis performed to different sides in each

scaffold did not reveal any clear differences in the spectra

(data not shown). The presented results were obtained from

the bottom side of the scaffold. By the present technique

it was not possible to assess any clear modification of the

chemical structure or crystallinity of the apatite layers when

dynamic flows were present.

ICP analysis to the solutions resulting from dissolving the

apatite coatings allowed for comparing the chemical compo-

sition of the coatings prepared under the different biomimetic

conditions. In static conditions the calculated Ca/P ratio af-

ter 14 days of immersion in SBF was 1.53. Since the es-

tablished value for bone-apatite is 1.67, the herein prepared

biomimetic apatites are Ca-deficient. This ratio increases

when considering the presence of other ions in the structure

replacing for Ca such as K, Mg and Na to a value of 1.67. The

elemental composition obtained for the apatite layers formed

under agitation and flow perfusion is very similar (1.57 and

1.51, respectively), indicating that besides the chemical struc-

ture and crystallinity, the chemical composition of the apatite

layers was also not altered by the presence of the dynamic

flow conditions.

In order to evaluate the effect of the studied biomimetic

procedures on the morphology and integrity of the result-

ing apatite layers SEM analysis was performed to the top,

bottom and lateral sides of the cubic shaped scaffolds. The

interior of the scaffolds was also characterized by examin-

ing cross-sections performed in the centre of the scaffolds.

Therefore, these observations were intended to investigate
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Fig. 5 SEM micrographs of the coated lateral sides of the scaffolds after immersion in SBF in static (a, b), agitation (c, d) and flow perfusion (e, f)
conditions for 14 (a, c, e) and 21 (b, d, f) days

the efficiency of the methodologies on coating the overall

surfaces of the constructs and were also a useful compara-

tive mean to evaluate the applicability of the μ-CT analysis

for the visualization and quantification of the apatite layers

throughout the constructs.

Figure 5 presents the lateral sides of the scaffolds after

being coated for 14 and 21 days in the different conditions.

The correspondent cross-sections are shown in Fig. 6.

For all the studied conditions the integrity of the apatite

layer nucleated in static SBF (Fig. 2(c)) was maintained dur-

ing the growth stage, even when dynamic conditions were

present. The apatite layers have grown and clearly covered

the fibres of the scaffolds without compromising its overall

morphology and porosity. Nevertheless, in case of the static

condition (Figs. 5(a) and 5(b)) apatite tended to accumulate

in some of the intersections of the fibres, particularly those

at its outer region. A possible explanation for this effect can

be a local increase of the concentration of Ca2+ and PO4
3−

ions in the SBF due to re-dissolution, in some extent, of the

pre-established coating, which will induce a higher forma-

tion of apatite in those restricted areas. In case of agitation

and flow perfusion conditions apatite coating has shown to

better follow the fibres contour, as presented in Fig. 5(c–f).

However, after 21 days some cracking of the apatite coatings

was observed, particularly in case of agitation (Fig. 5(d)) and

flow perfusion (Fig. 5(f)) conditions.

When considering the cross-sections of the centre of the

scaffolds it is possible to confirm that for static conditions

Springer



218 J Mater Sci: Mater Med (2007) 18:211–223

Fig. 6 SEM micrographs of the cross-sections of a fibre in the middle of the scaffold after immersion in SBF in static (a, b), agitation (c, d) and
flow perfusion (e, f) conditions for 14 (a, c, e) and 21 (b, d, f) days

(Fig. 6(a) and (b)) the formed apatite layers follow the shape

of the fibres while for agitation (Fig. 6(c) and (d)) a gap at the

interface between the surface and the coating became visible

in a considerable number of fibres. In case of flow perfusion

a thicker apatite layer was formed after immersion in SBF for

14 days (Fig. 6(e) and (f)), following better the contour of the

substrate. After 21 days the coating presented some extent of

detachment which can be attributed mainly to the formation

of a thick and cohesive apatite layer (Fig. (e)). In this case

the cohesive forces tend to prevail over the adhesive forces at

the interface coating/substrate. Nevertheless, one has to take

into consideration that the observed coated scaffolds were

previously subjected to high vacuum environments during

sputtering and SEM observations and also to shear stresses

during cross-section preparation which may have affected the

coating integrity and adhesion. In spite of these situations,

the apatite coating did not completely detach.

The calculated average thickness of the apatite layers mea-

sured per condition is plotted in Fig. 7. The SEM micro-

graph illustrates the procedure used to perform the measure-

ments, starting from the basis of the apatite nuclei to the

Fig. 7 Average thickness of the apatite coatings formed during the
biomimetic process in static and dynamic conditions, measured by SEM
analysis

interface. In this way, it was assured that the measurements

were performed in the same way for all the conditions. The

obtained values are the minimum thickness values for all the

samples.
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The estimated apatite thickness after 7 days of immer-

sion in SBF was 1.77 ± 0.31 μm (n = 6), corresponding to

a growth rate of 0.25 μm/day, during nucleation period. Sub-

sequent immersion in SBF allowed for the apatite to grow,

particularly in case of dynamic conditions. After 21 days,

the calculated average thickness was 2.76 ± 0.33 μm in

static conditions, 3.47 ±0.19 μm in case of agitation and

7.90 ± 1.34 μm for flow perfusion. The rates for apatite

growth were respectively: 0.04, 0.17 and 0.45 μm/day.

Although a continuous increase in thickness was observed,

the apatite has grown at lower rates than in the nucleation

stage for all the conditions since the nucleation agent (sodium

silicate) was no longer participating in the mineralization

process. When dynamic conditions were present the rate for

apatite formation increases, which indicates that the growing

process is ion transport controlled, possibly by a combination

of diffusion and convection phenomena right at the interface

surface/fluid [25–27].

Only a few authors have studied the induction and growth

of an apatite layer on the surface of bioactive materials on

dynamic SBF. In fact, to the authors’ knowledge [28–32],

this kind of approach has been only proposed for accessing

the SBF in vitro mineralization of materials in with intrin-

sic bioactivity like silica-based ceramics [28, 30–32] or their

composites [29]. However, no straight comparison can be

establish with the present study due to the different and con-

ditions used (e.g. solid/liquid ratio, flow rate) and the nature

of the substrates.

3.3 μ-CT evaluation of the coated scaffolds

In the current study, μ-CT is originally used as an additional

tool to complement the SEM morphological characterization,

in order to evaluate the in vitro apatite coatings for static

and dynamic conditions in 3D-plotted polymeric scaffolds

as function of time. The average apatite content measured in

the scaffolds is presented in Fig. 8, as function of time and

static/dynamic conditions. The degree of induced in vitro
mineralization occurring in the polymeric 3D-plotted scaf-

folds is presented as a percentage of the overall scaffolds’

volume.

The 2D histomorphometric analysis allowed for compar-

ing the apatite content after coating in static and dynamic

conditions. After a period of 14 days, an increase in the ap-

atite content was observed when flow perfusion was applied.

The influence of dynamic conditions is even more noticeable

after a coating period of 21 days for both agitation and flow

perfusion conditions. As one can observe, in static conditions,

the evolution of the apatite content with time is negligible.

However, there is a general growth in the apatite content ob-

served from 14 to 21 days, related with the conjugated effect

of dynamic conditions and an increase in the SBF concentra-

tion (from 1 to 1.5 times). These results are consistent with

Fig. 8 In vitro apatite coating progress in the scaffolds measured by
μ-CT as function of time and test conditions

those obtained from the examination of the cross-sections of

the coated scaffolds (Fig. 6) and the correspondent thickness

measurements (Fig. 7).

In Fig. 9 is plotted the SPCL porosity profile together with

the apatite content distribution along the entire scaffolds as

function of static and dynamic conditions for 21 days in SBF.

As expected, SPCL porosity profile obtained throughout

the scaffolds presented a periodic variation, in agreement

with the pre-established design of the scaffolds (Fig. 2(a)).

The mean porosity of the developed scaffolds is 70.8 ± 12%.

As confirmed by SEM (Fig. 5) all the scaffolds were coated

from the top to the bottom regardless of the coating condi-

tions, following the porosity profile. In static conditions, the

average amount of apatite detected throughout the scaffold

content was below 1% (Fig. 8) of the overall polymer con-

tent. The profile of the apatite content followed the scaffolds’

periodic trend although this is not clear due to the low values

presented for this condition. A higher content was detected

in the top of the scaffolds which can be probably related

to some deposition of Ca-P precipitates in the scaffold up-

per side. In dynamic conditions, higher amounts of apatite

were detected. In case of agitation, the periodic pattern is

clearly indicating that the apatite coating follows the fibre

contour. When flow perfusion is used, the coating follows in

a more roughly way the periodic porosity profile but, if com-

plemented with the SEM observations (Figs. 5 and 6), one

can assure that the coating is well distributed along the fibres

while following the geometry of the scaffolds. In case of flow

perfusion, a general increase of the apatite coating from the

top to the bottom of the 3D-plotted scaffolds is detected. In

fact, for flow perfusion conditions, the side of the scaffold

facing the flow will have a higher ion supply, since SBF flow

rate is higher at the entrance of the chamber than in its centre.

This result correlates well with the obtained values for the

coating thickness presented in Fig. 7 where the calculated
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Fig. 9 SPCL porosity profile (- - -) and apatite content distribution (—) along the scaffolds after 21 days period as function of test condition

Fig. 10 Selected volume of interest (VOI) of the central and inner area of the scaffolds. This selection was applied for all the scanned scaffolds

apatite thickness presents a high standard deviation due to a

thickness gradient observed from the bottom to the top of the

apatite scaffolds. In fact, the fibres from the bottom surface

which were facing the flow presented a higher thickness, cor-

responding to the values in the upper limit of the error bar. To

avoid this effect, future studies will include cyclic inversion

of the flow.

Although the entire scaffolds were scanned essentially for

2D histomorphometric analysis, a volume of interest (VOI)

of the materials was selected from the μ-CT data set for 3D

visualization. This VOI corresponds to the central and inner

part of the scaffolds as illustrated in Fig. 10(a) and (b). The

selection of this region included the same area used for per-

forming the cross-sections. In this case, the main advantage

of μ-CT over SEM is that sectioning is not required. Further-

more, coating of the inner part of the scaffolds is presented

as a key challenge to the in vitro Ca-P coating technologies.

In Fig. 11 are presented different examples of cross-

sections in 2D X-ray images, binary images at the pre-defined

threshold used to identify the apatite content and finally,

built the 3D models of the selected central VOI. The same

threshold for binarization and to build the 3D models was

used in all the scaffolds. These results concern a coating

period of 21 days for the different tested conditions as the

same trend was observed for 14 days and lower amounts of

apatite.

The obtained 3D models of the apatite spatial distribution

on the inner part of the scaffolds show that for static and

agitation conditions the coating only partially covered the

SPCL fibres. In the flow perfusion condition, a well-defined
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Fig. 11 2D X-ray, 2D binary images and 3D models for the apatite coatings obtained for 21 days as function of static and dynamic conditions
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apatite layer covers all the inner parts of the scaffold, follow-

ing the available fibre surface area without compromising the

overall morphology and interconnectivity of the 3D-plotted

scaffolds. By SEM examination of the different scaffolds’

surfaces and cross-sections it was possible to observe the

constant presence of a continuous apatite layer covering the

entire fibres, which is in disagreement with the apatite 3D

models for both static and agitation conditions.

This can be explained by the lower thickness of the pro-

duced apatite layers for these conditions. The resolution

mode used in these scans was 11 μm, which has shown to

be insufficient to detect very thin coatings. In fact, high con-

trasts between phases are required for better quantification

[33]. Theoretically at the pre-established threshold and with

the present resolution it would not be possible to visualize

the correct 3D representation of apatite layers with a thick-

ness less 11 μm (value obtained from Fig. 7). Nevertheless,

one can clearly observe the coating on the scaffold in case

of flow perfusion condition after 21 days in SBF, being the

calculated thickness in this case around 8 μm (please see

Fig. 7). As explained above, the measured thickness by SEM

analysis corresponds to the minimum average values since

they refer to the distance starting from the basis of the apatite

nuclei to the interface of the coating. This means that con-

sidering the nuclei above the most dense layer the coating

thickness will be, in average, higher that 8 μm. Furthermore,

even though the resolution was 11 μm, (pixel size: 11 μm)

the equipment/software is capable of detecting Ca-P coating

under this limit due also to the high diffraction of this ceramic

when comparing with the polymer. Of course in this case the

definition is lower. In future studies high resolution should

be applied (decreasing the scaffolds size and increasing, in

this way, the scan magnification) in order to obtain 3D mod-

els with more reliance. The herein utilized equipment (μ-CT

20) has an optimal resolution of 8 μm/pixel. Nevertheless,

by complementing with SEM observations and 2D histomor-

phometric analysis it is possible to state that the coating is

present in all the area of the scaffolds.

Microtomograph histomorphometric analysis revealed to

be a useful complementary tool to characterize the induced

in vitro mineralization and study different static and dynamic

influence in the coatings growing. The apatite coating can be

also quantified in terms of the overall scaffolds volume and

its distribution along the scaffolds can be easily assessed

without damaging the constructs. Nevertheless, the correct

choice of adequate thresholds and the use of high resolu-

tion modes are extremely important steps in order to ob-

tain the correct visualization of the apatite coatings. The

herein presented results provide the first insights on the

potential of this non-destructive technique for the overall

morphological characterization of biomimetic apatite layers,

which would be impossible to achieve with the currently used

techniques.

μ-CT analysis has clearly demonstrated that flow perfu-

sion was the most effective apatite coating procedure, as al-

ready indicated by SEM technique. The advantages of this

system when comparing with simple agitation and static con-

ditions are numerous: (i) unlike static conditions, the accu-

mulation of precipitates is avoided; (ii) it can closer mimic in

vivo apatite mineralization; (iii) a higher control of coating

process is achieved by the controlling the flow rate; (iv). the

scaffolds and the coatings can better preserve their integrity

because they are static in the chamber, which does not occur

for agitation condition; (v) a higher rate for apatite formation

is obtained which means that the time for the coating process

can be greatly reduced. Moreover, flow perfusion conditions

can allow for the sequential incorporation of biologically

interesting molecules in the context of TE. This subject to-

gether with studies on cell differentiation and proliferation

will be investigated in the future.

4 Conclusions

Static and dynamic biomimetic routes allow for the effective

coating of a bone-like apatite layer on newly developed SPCL

scaffolds. Dynamic conditions mimic better the biological

milieu, allowing for the coating of complex architectures at

higher rates for the production the apatite layers, particularly

in case of flow perfusion. By this process the time required

for apatite formation was highly reduced and more stable

and well-defined apatite layers were formed. Morphological

analysis by SEM and μ-CT gave valuable information on the

architecture of the scaffolds and on the dimension and distri-

bution of the coatings. The herein presented results, obtained

using μ-CT, provided the first insights on the potential of

this non-destructive technique for the overall morphological

characterization of biomimetic apatite layers, which would

be impossible to achieve with the typically used characteri-

zation techniques.
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