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ABSTRACT

In contrast to currently used materials, membranes for the treatment of bone

defects should actively promote regeneration of bone tissue beyond their

physical barrier function. What is more, both material properties and biological

features of membranes should be easily adaptable to meet the needs of partic-

ular therapeutic applications. Therefore, the role of preparation methods (non-

solvent-induced phase separation and thermal-induced phase separation) of

poly(ε-caprolactone)-based membranes and their modification with gel-derived

bioactive glass (BG) particles of two different sizes (\45 and\3 μm) in modu-

lating material morphology, polymer matrix crystallinity, surface wettability,

kinetics of in vitro bioactivity and also osteoblast response was investigated.

Both surfaces of membranes were characterised in terms of their properties. Our

results indicated a possibility to modulate microstructure (pore size ranging

from submicron to hundreds of micrometres), wettability (from hydrophobic to

fully wettable surface) and polymer crystallinity (from 19 to 60%) in a wide

range by the use of various preparation methods and different BG particle sizes.

Obtained composite membranes showed excellent in vitro hydroxyapatite

forming ability after incubation in simulated body fluid. Here we demonstrated

that bioactive layer formation on the surface of membranes occurred through

ACP–OCP–CDHA–HCA transformation, that mimic in vivo bone biomineral-

ization process. Composite membranes supported human osteoblast prolifera-

tion, stimulated cell differentiation and matrix mineralization. We proved that

kinetics of bioactivity process and also osteoinductive properties of membranes

can be easily modulated with the use of proposed variables. This brings new
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opportunities to obtain multifunctional membranes for bone regeneration with

tunable physicochemical and biological properties.

Introduction

Tissue engineering (TE) offers a promising approach

to repair damaged tissues and/or to promote new

tissue growth using highly porous biomaterials, cells

and signalling molecules [1]. Biomaterials for TE,

depending on their target applications, are prepared

in the form of three-dimensional scaffolds or porous

membranes. Scaffolds act as temporary, artificial

extracellular matrix (ECM) for cell attachment, pro-

liferation, migration, differentiation and create a

unique environment that enables and/or induces

tissue regeneration [1, 2]. In turn, porous membranes

are mainly used for guided tissue/bone regeneration

(GTR/GBR), to prevent connective tissue ingrowth

into the bone defects and to maintain a suitable space

for bone regeneration processes [3, 4]. Another

application for porous membranes is at the interfaces

between soft and hard tissues, e.g. cartilage/bone

interface [5]. Porous biomaterials for TE have to meet

several requirements: (1) uniformly distributed and

interconnected highly porous structure with suit-

able pore size and shape to provide adequate space

for cells seeding or growth, blood vessel ingrowth

and flow transport of nutrients and metabolic waste;

(2) biodegradable or bioresorbable with a controllable

degradation and resorption rate, appropriate to

match tissue growth in vivo and with non-cytotoxic

degradation products; (3) suitable surface topogra-

phy, chemistry and wettability for cell attachment,

proliferation and differentiation; (4) mechanical

properties matching those of the tissues at the site of

implantation [2, 6, 7]. Furthermore, materials for bone

tissue engineering (BTE) should possess bone-bond-

ing ability, as well as osteoconductive/osteoinduc-

tive properties [8, 9].

Phase separation methods, predominantly the non-

solvent-induced phase separation (NIPS, also called as

immersion-precipitation) [3, 10, 11] and the thermal-

inducedphase separation (TIPS) [10, 12–15] techniques

have been used to obtain porous polymer, as well as

polymer-ceramic composite scaffolds andmembranes

for TE applications. The obtained material morphol-

ogy, as well as the corresponding pore size and shape

may vary widely depending on the manufacturing

process conditions; from dense to highly porous, and

with pores size from submicron scale to tens of

microns. TheNIPSmethod includes three components

(polymer, solvent and non-solvent). The polymer

solution is cast on a glass support and immersed in a

coagulation (non-solvent) bath. The phase separation

occurs because of the exchange of solvent and non-

solvent. Many parameters such as polymer crys-

tallinity, polymer concentration in the solution, tem-

perature of the casting solution and of the coagulation

bath, type of solvent and non-solvent and theirmutual

affinity affect phase separation process and conse-

quently the finalmorphology and properties of porous

materials [11, 16]. On the other hand, TIPS method is

composed of only two components (polymer and sol-

vent). The polymer solution is cast onto a plate cooled

to the temperature well below the solvent freezing

point. Solvent crystallization (solid–liquid separation)

occurs, and polymer is separated from the solvent

crystallization front. Solvent crystals, after removing

by freeze-drying or extraction, provide pores in the

material. TIPS is a versatile processing method allow-

ing considerable control over membrane and scaffold

microstructure. Adjusting the parameters of the TIPS

process, such as polymer type, polymer concentration,

quenching temperature and time, and the cooling rate,

can lead to porous polymer and composite constructs

with distinctive architectures, tailored to the target

applications [14, 15, 17].

Besides the various preparation methods, incor-

poration of the inorganic phase (e.g. bioactive glasses,

glass–ceramics, silica, wollastonite, calcium phos-

phates) in biodegradable polymer matrix is another

strategy for modulating a number of properties of

porous materials for TE [3, 8]. Such approach is

particularly suitable for BTE applications because of

the polymer/ceramic composites ability to mimic the

structure of natural bone [9].

Poly(ε-caprolactone) (PCL)-based composites rein-

forced with bioactive glass particles have been draw-

ing increasing interest as materials for BTE

applications [9, 18]. Such composites combine excel-

lent biocompatibility, relatively high mechanical

strength, ease of processing, aswell as lowdegradation

rate of PCL [9, 18–20] with excellent bone-bonding
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ability, osteoconductive and/or osteoinductive char-

acter, stiffness and high hydrophilicity of bioactive

glasses [8, 9, 18, 21, 22]. Furthermore, there is a possi-

bility to use sol–gel-derived glass particles that have a

larger surface area and –OH groups present in their

structure, and therefore usually exhibit higher bioac-

tivity than conventional melt-derived glasses [23, 24].

Based on the facts discussed above, in the present

investigation, PCL-based porous membranes were

obtained using two phase separation methods: the

non-solvent-induced phase separation (NIPS) and the

thermal-induced phase separation (TIPS). Materials

were modified with gel-derived SiO2–CaO–P2O5

bioactive glass particles of two different sizes:\3 and

\45 μm. The effect of these variables on surface

morphology and wettability, as well as polymer

matrix crystallinity was studied. Depending on glass

particle size and membrane preparation method,

kinetics of in vitro apatite formation, as well as

response of normal human osteoblasts, including cell

proliferation, alkaline phosphatase activity (ALP) and

matrix mineralization, were investigated.

Materials and methods

Materials

Poly(ε-caprolactone) (PCL; Mn 80 kDa, Mw/Mn\2;

Sigma-Aldrich, USA) and A2 bioactive glass particles

were used as composite components. Bioactive glass

(SBG) of the following composition (mol%) 40SiO2–

54CaO–6P2O5 was produced using the sol–gel

method described in our previous work [25]. In order

to prepare composite membranes, two different sol-

vents were used: 1,4-dioxane (DIOX) and N,N-

dimethylformamide (DMF) (POCh, Poland).

Bioactive glass preparation

Tetraethoxysilane (TEOS; Si(OC2H5)4), triethylphos-

phate (TEP; OP(OC2H5)3) (Sigma-Aldrich, USA) and

calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) (POCh,

Poland) were used as basic components of the sol–gel

process. 1 M HCl solution (POCh, Poland) was used

as a catalyst in the hydrolysis and condensation

reactions. The molar ratios of TEOS:TEP:Ca(NO3)2:

H2O:HCl were 1:0.3:1.4:4:0.2. Formed gel was grad-

ually dried at the temperature increasing in the range

from 40 to 120 °C for 7 days and then subjected to the

thermal treatment at 700 °C for 20 h. Two glass par-

ticle sizes were obtained: \45 μm by grinding and

sieving and\3 μm by milling in an attritor with ZrO2

grinding balls in isopropyl alcohol medium. Particle

size distributions in powder aqueous suspensions

were analysed using laser diffraction method

(Mastersizer 2000, Malvern, UK).

Composite membrane preparation

The PCL–bioactive glass membranes were fabricated

with two methods: thermal-induced phase separation

(TIPS) and non-solvent-induced phase separation

(NIPS). Polymer–bioactive glass suspensions were

prepared by mixing glass particles with 5 w/v% PCL

solutions in DIOX (for TIPS) and DMF (for NIPS), on

a magnetic stirrer for 24 h.

Thermal-induced phase separation The suspensions

were cast onto glass Petri dishes (diameter 90 mm),

covered with glass Petri dish lids (diameter 100 mm)

and placed in a laboratory freezer at the temperature

of −80 °C for 24 h. Afterwards, freeze-drying process

was performed using freeze-dry system (FreeZone

6 l, Labconco, USA) for 48 h.

Non-solvent-induced phase separation The suspen-

sions, heated to 60 °C,were cast onto preheated (60 °C)
glass plate using a custom-made doctor blade with a

250-μmgap to obtain a uniform polymer solution film.

Immediately after casting, the glass plate with sus-

pension was immersed in distilled H2O at the tem-

perature of 10 °C for 10 min. Afterwards, membranes

were thoroughly rinsed with distilled H2O and dried

under ambient conditions to constant weight.

The reference membranes (pure PCL) were pre-

pared with the use of PCL solutions in appropriate

solvents applying the same methods as mentioned

above. The resulting membranes were examined with

consideration for the differences between the speci-

men surfaces. The surface that had been in contact

with glass Petri dish or glass plate during casting was

marked as GS, while the other one was marked as AS.

Material evaluation

SEM/EDX analysis

Surface morphology and chemical composition were

determined using scanning electron microscopy
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(SEM, Nova NanoSEM 200 FEI Europe Company)

coupled with energy dispersion X-ray (EDX) anal-

yser. The SEM evaluation was also used for estima-

tion of surface pore size and shape. The samples were

covered with a carbon layer.

Apparent water contact angle measurements

Surface wettability was evaluated by the apparent

water contact angle measurements. The contact angle

was determined by sessile drop method with an

automatic drop shape analysis system DSA 10 Mk2

(Kruss, Germany). UHQ-water droplets of 0.25 µL
were applied on every, pure and dry, sample. Mea-

surements were carried out at constant conditions

(temperature and humidity). The apparent contact

angle was calculated as an average of ten measure-

ments and was expressed as mean ± standard devi-

ation (SD). Furthermore, the evolution of the contact

angle over time was registered.

DSC analysis

Degree of crystallinity and melting temperature of

PCL were measured with power compensation dif-

ferential scanning calorimetry (DSC, PerkinElmer

DSC-7, USA). The melting temperature (Tm) was

determined at the maximum of the melting endo-

therm during a single heating run. The degree of

crystallinity (χc) was estimated using the enthalpy of

melting change according to the equation:

χc = ΔHm/(1 − x)ΔHm
0 , where ΔHm and ΔHm

0 were

the enthalpy of melting of the sample and of fully

crystalline PCL (139.5 J g−1) [20], respectively, and

x was the weight fraction of the bioactive glass par-

ticles. All of the samples (average weight 10 mg) were

placed in standard aluminium pans. The specimens

were scanned from 20 to 100 °C with the heating rate

of 10 °C min−1, using nitrogen as a purge gas. The

results were average from the three measurements

and were expressed as mean ± SD.

In vitro bioactivity test

In vitro bioactivity was evaluated by incubation of

materials in simulated body fluid (SBF) prepared

according to Kokubo [26]. The samples were

immersed in SBF solution and incubated at 37 °C in

separate polypropylene containers for 3, 7 and

14 days. The sample weight to SBF volume ratio was

10−3 g ml−1. Afterwards, the samples were washed

with anhydrous ethanol and air-dried at room tem-

perature to a constant weight. Both surfaces of each

sample were examined with SEM/EDX (Nova

NanoSEM 200 FEI Europe Company) and ATR-FTIR

(Bruker VERTEX 70 V spectrometer, USA) methods.

Ca/P molar ratios of the layers formed on GS

surfaces of the membranes were calculated based on

a semi-quantitative analyses of the EDX spectra col-

lected from at least three different points of each

sample. The ATR-FTIR spectra were registered with

the use of a platinum single crystal diamond ATR

unit in the 550–4000 cm−1 wavenumber range, and

128 scans were accumulated at 4 cm−1 resolution.

Furthermore, the changes in the concentration of

calcium, phosphorus and silicon in the SBF during

membrane incubation were analysed for each testing

time using inductively coupled plasma atomic emis-

sion spectrometry (ICP-OES; Plasm 40, Perkin Elmer,

USA). The test was performed in triplicate and

expressed as mean ± SD.

In vitro osteoblast response

Material sterilization For the cell culture, membranes

(round samples matching the size of wells of 48-well

culture plate) were sterilized by soaking in 70%

ethanol for 30 min, further both sides of samples were

sterilized with UV-C light for 30 min each and

washed with sterile phosphate-buffered saline (PBS,

HyClone, USA).

Cell culture The normal human osteoblasts (NHOst,

Lonza, USA) were expanded in 75 cm2 tissue culture

flasks (Nunc™, Denmark) in complete osteoblast

growth medium OGM BulletKit (Lonza, USA) con-

taining 10% FBS, 0.1% ascorbic acid and 0.1% GA-

1000 (gentamicin sulphate and amphotericin-B) at

37 °C in a humidified, 5% CO2 atmosphere. Medium

was changed every 3 days until a 70% confluent cell

monolayer had developed. Then cells were detached

from culture flasks using 5% Trypsin–EDTA

(HyClone, USA).

The prepared sterile membranes were placed at a

bottom of 48-well culture plate wells (Nunc™, Den-

mark) and held by ultrapure silica glass inserts to

prevent samples floating. NHOst cells were seeded

on the GS surface of membranes at a density of

1.5 9 104 cells/mL/well and cultured for 7, 14 and

21 days in complete osteoblast growth medium OGM
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supplemented with differentiation kit SingleQuots

(Lonza, USA), containing hydrocortisone-21-

hemisuccinate and β-glycerophosphate. The bottom

surfaces of tissue culture polystyrene (TCPS) wells

served as a control.

Microscopic observation After 21 days of culture,

membranes were rinsed with PBS and then cells were

fixed with 3% glutaraldehyde solution in sodium

cacodylate buffer, pH 7.4 (POCh, Poland) for 1 h.

Subsequently, the cells were dehydrated in graded

series of ethanol solution (70, 80, 90, 96 and 100%)

and dried in air. Cell morphologies were evaluated

using SEM (Nova NanoSEM 200 FEI Europe Com-

pany) after coating with carbon.

After 14 days of culture, the cells were stained with

0.01% acridine orange (AO) solution (Sigma-Aldrich,

USA) for 1 min. Next, the samples were rinsed with

PBS, observed, and photographed under the fluo-

rescence microscope (Olympus CX41, Japan).

Cell proliferation and material cytotoxicity In order to

determine proliferation rate of NHOst cells and

cytotoxic effect of obtained materials, ToxiLight™

BioAssay Kit and ToxiLight™ 100% Lysis Reagent Set

(Lonza, USA) were used according to manufacturer’s

protocol. The kit was used to quantify adenylate

kinase (AK) in both supernatant (representing dam-

aged cells) and lysate (representing intact adherent

cells). The results were expressed as mean ± SD from

eight samples for each experimental group.

Alkaline phosphatase activity Alkaline phosphatase

(ALP) activity measurement is based on the hydrol-

ysis reaction of 4-MUP (4-methylumbelliferyl phos-

phate, the substrate for ALP expressed by

differentiated osteoblasts), to highly fluorescent pro-

duct 4-MU (4-methylumbelliferone). After 7 days of

culture, NHOst cells were disrupted via a cyclic

freezing/thawing in order to release intracellular

ALP. Cell lysates in triplicates were transferred to

OptiPlate-96 microplate (PerkinElmer) and incubated

with an equal volumes of 4-MUP Liquid Substrate

System (Sigma-Aldrich, USA) solution for 1 h. Fluo-

rescence was determined at 360/440 nm (excitation/

emission wavelengths) using POLARstar Omega

microplate reader (BMG Labtech, Germany). The

results were expressed as mean ± SD from eight

samples for each experimental group.

ECM mineralization Extracellular matrix (ECM)

mineralization in cell culture was analysed using

fluorescent OsteoImage™ Mineralization Assay

(Lonza, USA) after 14 and 21 days of culture

according to manufacturer’s protocol. The results

were expressed as mean ± SD from four samples for

each experimental group.

Statistical analysis

The results were analysed using one-way analysis of

variance (ANOVA) with Duncan post hoc tests,

which were performed with Statistica 10 (StatSoft®,

USA) software. The results were considered statisti-

cally significant when p\ 0.05.

Results

Surface morphology

Figure 1 shows the morphologies of both AS and GS

surfaces of the membranes obtained with the NIPS

and TIPS methods. Evident differences between AS

and GS surfaces of obtained polymer and composite

membranes were found. AS surfaces of materials

prepared by TIPS method exhibited open, irregular,

cellular microporous structure, a typical morphology

formed by solid–liquid phase separation [12–14].

Pore size decreased, and their shape become more

regular upon addition of BG particles. However,

particle size did not show obvious effect on the

overall membrane porosity. Smaller glass particles

(\3 μm) were evident on the AS surfaces of mem-

branes, confirmed by EDX analysis (Si, Ca and P

derived from the glass were detected), while larger-

sized ones (\45 μm) were not detected. GS surface of

the PCL/TIPS membrane showed elongated pores

oriented in one direction. The addition of BG parti-

cles significantly reduced porosity of the GS surface

of PCL/TIPS membrane. GS surface of PCL/

A2 \ 45 μm/TIPS was mainly consisted of glass

particles, which was also confirmed by EDX analysis,

indicating intensive sedimentation of \45 μm BG

particles in polymer solution during preparation

process.

Membranes prepared with the use of NIPS method

showed high porosity of both surfaces, without dense

nonporous top layer, characteristic for some mem-

branes produced using this method [27]. AS surfaces
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of membranes prepared by NIPS technique showed

uniformly distributed submicron and micron-sized

pores, as it was observed using SEM. The addition of

BG particles of both sizes did not change AS surface

microstructure significantly. The only difference was

that AS surface of the PCL/A2\ 3 μm/NIPS mem-

brane contained greater amount of glass particles

compared to the same surface of the PCL/

A2 \ 45 μm/NIPS material, which was also con-

firmed by EDX analysis. The presence of fraction of

smaller particles on the AS surface of the PCL/

A2\45 μm/NIPS membrane indicates higher rate of

membrane formation in NIPS method reducing sed-

imentation of BG particles in polymer solution. GS

surface of the PCL/NIPS membrane consisted of two

different pore size ranges. Large pores, sized from

tens to hundreds of micrometres, and much smaller

submicron and micron-sized pores (similar to that on

AS surface) in the walls of the large pores and on the

membrane surface were developed. When BG parti-

cles were introduced into the PCL/NIPS matrix, an

open and regular pores were formed with an average

pore size of 50–80 μm and 150–200 μm on the GS

surface of the PCL/A2 \ 3 μm/NIPS and PCL/

A2 \ 45 μm/NIPS membranes, respectively. BG

particles were uniformly distributed within the pore

walls of the membranes; however, the overall

porosity of the PCL/A2\ 45 μm/LIPS seemed to be

slightly lower compared to material with smaller BG

particles.

Static water contact angle

The average values of static water contact angle mea-

sured immediately after the water drop application on

both GS and AS surfaces of obtained membranes are

shown in Fig. 2a. In case of membranes prepared with

TIPS method, GS surfaces of the PCL/TIPS and PCL/

A2\3 μm/TIPS materials showed significantly lower

values compared to AS surfaces, while between both

surfaces of the PCL/A2\45μm/TIPS composite there

was no significant difference in the contact angle value.

The addition of BG particles of\3 μm size into the

PCL/TIPS matrix resulted in reduction in contact

angle of both AS and GS surfaces, while larger-sized

particles (\45μm) led to adecrease only forAS surface.

When considering membranes obtained with the use

of NIPS technique, wettability was significantly

improved with respect to the polymer and composite

PCL/TIPS membranes, which is also showed in

Fig. 2b, where contact angle changes over time are

presented. The polymer PCL/NIPS membrane

showed opposite trend to the PCL/TIPS material,

namely GS surface exhibited significantly higher con-

tact angle values compared to AS surface. As in case of

the PCL/A2\3 μm/TIPS membrane, GS surfaces of

both composites obtained with NIPS method showed

significantly improved wettability compared to AS

surface. In particular, when the water drop contacted

GS surface of the PCL/A2\ 3 μm/NIPS membrane,

complete wetting occurred, therefore that contact

angle could not have been measured. The incorpora-

tion of BG particles of\3 μm size into the PCL/NIPS

matrix resulted in reduction in contact angle of bothAS

and GS surfaces. Particles of\45 μm size influenced

both surfaces of the PCL/NIPS membrane in an

opposite manner: contact angle of GS surface was

reduced, while AS surface tends to be more

hydrophobic compared to the surfaces of polymer

PCL/NIPS membrane, but yet both surfaces were

more hydrophilic than the PCL/A2 \ 45 μm/TIPS

material.

The changes in water contact angle over time

confirmed that the membranes obtained with NIPS

method were more hydrophilic compared to the

group of TIPS materials (Fig. 2b). What is more,

contact angle of these latter membranes did not

change significantly over time, regardless of tested

surface. Similar behaviour showed polymer PCL/

NIPS material. In case of the PCL/A2\ 3 μm/NIPS

and PCL/A2\45 μm/NIPS membranes, spreading/

penetration of a water droplet over time occurred.

This suggests that modification of the PCL/NIPS

membrane with BG particles affected wettability

more effectively compared to materials produced

with TIPS method. Furthermore, the rate of droplet

spreading on GS surface of the PCL/A2 \ 45 μm/

NIPS composite was noticeably higher compared to

AS surface. These results indicate that GS surface of

composite obtained with NIPS technique was more

hydrophilic. Even though the AS surface of the PCL/

A2 \ 45 μm/NIPS material exhibited significantly

higher contact angle compared to the same surface of

the PCL/NIPS membrane, droplet spreading assess-

ment showed that this surface was more wettable.

bFigure 1 SEM images and EDX spectra (averaged for the entire
analysed surface) of both GS and AS surfaces of membranes
obtained with the use of TIPS and NIPS methods.
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DSC analysis

The results of the melting temperature (Tm) and the

degree of crystallinity (χc) of obtained membranes

estimated according to DSC analysis are shown in

Table 1. It was found that degree of crystallinity of

membranes prepared with the use of NIPS method

was lower in comparison with values recorded for

materials obtained with TIPS technique. In particular,

χc value of the PCL/NIPS membrane (29.19%) was a

half of that for the PCL/TIPS material (60.25%).

Furthermore, the PCL/NIPS material showed sig-

nificantly lower melting temperature (53.33 °C)
compared to the PCL/TIPS membrane (59.17 °C),
implying smaller/thinner PCL crystallites/lamellae

and/or the decrease in crystalline perfection [20, 28].

In vitro bioactivity

SEM/EDX analysis

Obtained membranes were examined in terms of

in vitro bioactivity by soaking them in SBF for 3, 7

and 14 days. Figures 3 and 4 show SEM images and

EDX spectra of GS and AS surfaces of the membranes

obtained with the use of TIPS and NIPS techniques,

respectively, after incubation in SBF. The PCL/NIPS

and PCL/TIPS did not reveal morphological and

chemical changes even after 14-day incubation (data

not shown). All composite membranes showed the

evolution of the calcium phosphate layer formation

process during the in vitro bioactivity test. Just after

3 days of immersion, both surfaces of all composites

were rich in calcium (Ca) and phosphorus (P). Fur-

thermore, a small amount or lack of silicon (Si)

derived from glass particles was detected, indicating

that the layer uniformly covered the surfaces of

composite membranes. The layers morphologies and

Ca/P molar ratios (Fig. 5a) suggested the formation

of HAp precursors (ACP, OCP). As the immersion

time increased, distinct spherical crystals appeared

bFigure 2 Average values of static water contact angle measured
immediately after application of the water drop on the both GS
and AS surfaces of obtained membranes (a) and the changes in
water contact angle over time (b). Results are expressed as
mean ± SD. Statistically significant differences (p \ 0.05):
between membranes are indicated by lower (for GS surface) and
upper (for AS surface) case; between the GS and AS surfaces of
the same material are indicated by asterisk (*).
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on the surfaces of the composites and grew in size.

Depositions exhibited spherical cauliflower-like

morphology, typical of carbonated hydroxyapatite

(HCA) [1]. It seemed that faster formation of well-

developed crystal forms covering entire surfaces of

samples after 14-day incubation occurred for mem-

branes containing smaller BG particles (\3 μm).

The Ca/P molar ratios of layers formed on the GS

surfaces of composite membranes upon immersion in

SBF were evaluated with EDX analysis. The results of

Ca/P molar ratios as a function of immersion time

are shown in Fig. 6a. The Ca/P ratios of layers on the

composite surfaces gradually increased over time;

however, some differences between materials were

observed. After 3 days of incubation, layers devel-

oped on the surfaces of membranes containing BG

particles of\45 μm size were characterized by lower

Ca/P molar ratios compared to materials with

smaller BG particles (\3 μm). In particular, layers on

the PCL/A2\ 45 μm/NIPS and PCL/A2\ 45 μm/

TIPS materials exhibited Ca/P molar ratios in the

range of 1.16–1.21, which can indicate the formation

of amorphous calcium phosphate (ACP) [29]. In turn,

for the PCL/A2 \ 3 μm/NIPS membrane the ratio

was 1.33, what is a characteristic value of octacalcium

phosphate (OCP) [29], and 1.42 for the PCL/

A2\ 3 μm/TIPS composite. After 7 days of incuba-

tion, the ratios were similar for all composite mem-

branes and reached values in the range of 1.50–1.57,

what is typical for calcium-deficient hydroxyapatite

(CDHA, 1.50–1.67). Further incubation of membranes

obtained with TIPS method resulted in the increase in

Ca/P ratios (1.60–1.63 after 14 days); however, the

ratios still remained in the range of values charac-

teristic for CDHA. In turn, the layers formed on the

PCL/A2\ 45 μm/NIPS and PCL/A2\ 3 μm/NIPS

membranes showed significant increase in Ca/P

ratios (1.81 and 1.92, respectively), which was higher

than the stoichiometric value for hydroxyapatite

(1.67). This can indicate the formation of a carbonated

HAp of B-type HCA (HAp with carbonate ions CO3
2−

substituting for phosphate ions PO4
3−) [30].

ATR-FTIR analysis

Figure 5a–f shows ATR-FTIR spectra of the GS and

AS surfaces of obtained membranes before and after

3, 7 and 14-day incubation in SBF. In case of both

polymer membranes, no significant changes indicat-

ing the formation of CaP layer after 14-day incuba-

tion in SBF were found (Fig. 6a, d). FTIR spectra of all

composite materials revealed appearance of new two

bands in the range of 560–602 cm−1 and single

intensive band at 1020 cm−1 originated from CaP

precipitations just after 3 days of soaking, and grad-

ual reduction in intensity of bands characteristic for

PCL. New bands can be assigned to O–P–O bending

mode and P–O stretching mode, respectively [31].

The reduction in intensity of PCL bands can be con-

nected with increasing thickness and/or tightness of

CaP layer covering material surface. Therefore, by

comparing ATR-FTIR spectra of materials after the

lengthening periods of incubation in SBF, the layer

formation kinetics can be estimated. For the GS and

AS surfaces of membranes with smaller BG particle

size (PCL/A2\ 3 μm/TIPS and PCL/A2\ 3 μm/

NIPS), the bands originating from PCL vanished at a

similar rate, which can suggest similar rate of CaP

layer development on both surfaces. The situation

was different with regard to membranes with BG

particles of \45 μm size. In case of GS surface,

especially of the PCL/A2\ 45 μm/TIPS membrane,

significantly faster decrease in intensities of bands

arising from PCL compared to AS surface was

observed. The rate of band intensity reduction for GS

surfaces of membranes with BG particles of\45 μm
size was similar to that rate for both surfaces of

membranes with smaller BG particles (\3 μm).

Moreover, it seems that the development of a CaP

layer occurred faster for AS surface of membrane

obtained with the NIPS method (PCL/A2\ 45 μm/

NIPS) compared to the same surface of the PCL/

A2\ 45 μm/TIPS material.

ICP-OES

The changes in the concentrations of Ca, P and Si in

the SBF during membrane incubation are shown in

Table 1 Melting temperature (Tm) and crystallinity (χc) of
polymer matrix of obtained membranes

Material Tm (°C) χc (%)

PCL/TIPS 59.17 ± 0.19 60.25 ± 1.26
PCL/A2\ 3 μm/TIPS 54.50 ± 0.20 30.60 ± 1.15
PCL/A2\ 45 μm/TIPS 54.67 ± 0.14 30.60 ± 0.99
PCL/NIPS 53.33 ± 0.28 29.19 ± 1.26
PCL/A2\ 3 μm/NIPS 53.67 ± 0.11 19.77 ± 1.53
PCL/A2\ 45 μm/NIPS 54.54 ± 0.32 20.31 ± 1.44

Results are expressed as mean ± SD (n = 3)
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Figure 3 SEM images and EDX spectra (averaged for the entire analysed surface) of both GS and AS surfaces of composite membranes
obtained with the use of TIPS method after 3-, 7- and 14-day incubation in SBF.
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Figure 4 SEM images and EDX spectra (averaged for the entire analysed surface) of both GS and AS surfaces of composite membranes
obtained with the use of NIPS method after 3-, 7- and 14-day incubation in SBF.
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Fig. 6b–d, respectively. Ion concentrations in SBF for

both polymer PCL/TIPS and PCL/NIPS membranes

did not change significantly over soaking time. In

general, Ca concentration in SBF was affected both by

the release from the glass structure and the con-

sumption of Ca resulting from formation of calcium

phosphate layer on the material surfaces during

incubation [32]. The variations in the Ca concentra-

tions for the composite materials were dependent on

preparation method (Fig. 5b). Furthermore, the Ca

release/consumption profiles for the composites

containing A2\45 μm and A2\3 μm glass particles

showed similar trend within TIPS and NIPS groups.

In case of the PCL/A2/TIPS membranes, the Ca

concentrations did not change significantly up to

3 days of incubation, after which the Ca content in

SBF gradually decreased. The highest depletion of Ca

in SBF was observed from day 7 to day 14; however,

the decrease was greater for the membrane with

larger BG particle size (PCL/A2\ 45 μm/TIPS). In

contrary, for the PCL/A2/NIPS membranes Ca con-

centrations started to decrease just in the first 3 days

of incubation. Moreover, consumption of Ca at the

first stage of soaking was the fastest. Then, Ca content

in SBF gradually decreased from day 3 to day 14 and

at the end of incubation ion concentration reached

lower value for the membrane with smaller BG par-

ticle size (PCL/A2\ 3 μm/NIPS). These differences

bFigure 5 ATR-FTIR spectra of both GS and AS surfaces of PCL/
TIPS (a), PCL/A2\ 3 μm/TIPS (b), PCL/A2\45 μm/TIPS (c),
PCL/NIPS (d), PCL/A2\3 μm/NIPS (e), PCL/A2\45 μm/NIPS
(f) membranes before and after 3-, 7- and 14-day incubation in
SBF.

Figure 6 Variations of the Ca/P molar ratio of the formed layer after incubation in SBF (a) and the changes of Ca (b), P (c) and Si
(d) concentrations in SBF during 14-day soaking.
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between TIPS and NIPS groups probably resulted

from variations in Ca release profiles. It can be

observed that the release rate of Si to SBF from

membranes obtained with the use of TIPS method

was significantly higher (especially for the PCL/

A2\ 3 μm/TIPS membrane) compared to materials

produced with NIPS method (Fig. 6d). This can

suggest that the release rate of Ca was also higher for

these materials and consequently it compensated the

changes in ion concentrations resulting from their

uptake caused by formation of CaP layer. In addition,

this interpretation can be supported by the fact that

after 3 days of incubation, when CaP layer was

developed and simultaneously further Si and Ca

release from material structure was reduced, Ca

depletion was accelerated.

These findings coincided with the decrease in P

concentration confirming CaP layer formation on the

surfaces of composite membranes. The P consump-

tion profiles for each of the composite membranes

showed similar trend (Fig. 6c). In the first 3 days of

incubation, the decrease in P content was the fastest.

It can be observed that the reduction in ion content in

SBF for composites obtained with TIPS method was

higher (especially for the PCL/A2 \ 3 μm/TIPS

membrane) compared to membranes obtained with

the use of NIPS method.

In vitro osteoblast response

As shown in Fig. 7a, a significant increase in the

number of intact adherent cell between 7 and 14 days

of culture on all tested membranes was observed.

Nevertheless, the values recorded for the composite

membranes prepared with the use of TIPS method

(PCL/A2\3 μm/TIPS and PCL/A2\45 μm/TIPS)

after both culture periods were significantly lower

compared to other membranes and control material

(TCPS). Moreover, for these latter membranes and

TCPS, after 14 days of culture, cell number was on

similar level. No significant effect of BG particle size

on cell proliferation was detected.

Osteoblasts cultured for 7 days on all membranes

were uniformly distributed as it was shown in Fig. 7e

for the PCL/A2 \ 3 μm/TIPS. They were able to

penetrate into the pores and adhere to the pore sur-

faces, creating a three-dimensional cell–cell network.

Cytotoxicity of membranes, estimated based on the

measurement of adenylate kinase (AK) released from

the damaged cells, is shown in Fig. 7b. After 7 and

14 days of culture, cytotoxicity of all obtained mate-

rials was similar or even lower compared to TCPS,

indicating no cytotoxic effects on osteoblasts. More-

over, cytotoxicity of all membranes decreased over

time.

ALP activity was measured after 7 days of culture,

as an early marker of osteoblast differentiation. The

results were presented as ALP activity normalized to

cell number (Fig. 7c). The results showed that osteo-

blasts cultured on composite membranes obtained

with both TIPS and NIPS methods showed signifi-

cantly higher ALP activity compared to cells in con-

tact with the polymer PCL/TIPS and PCL/NIPS

membranes, as well as the TCPS, for which the

activity was on similar level. What is more, the ALP

activity of cells both on the PCL/A2 \ 3 μm/TIPS

and PCL/A2 \ 45 μm/TIPS membranes was the

highest. This early differentiation characteristic can

be correlated with the decrease in proliferation rate

after 7 and 14 days of culture [33]. No significant

effect of BG particle size on ALP activity of cells in

contact with materials was observed.

For all membranes and control material (TCPS),

matrix mineralization between 14 and 21 days of

culture was enhanced; however, the increase was

significantly higher for composite materials (Fig. 7d).

After 14 and 21 days of culture, osteoblasts cultured

on composites obtained with both TIPS and NIPS

methods showed significantly higher level of miner-

alization compared to cells on the polymer PCL/TIPS

and PCL/NIPS membranes, as well as on the TCPS.

As in case of ALP activity, osteoblasts cultured for

21 days on composites prepared with the use of TIPS

method exhibited the highest matrix mineralization.

After both culture periods, between the PCL/

A2 \ 3 μm/NIPS and the PCL/A2 \ 45 μm/NIPS

membranes there were no statistically significant

differences. In contrary, within the group of materials

prepared with the use of TIPS method, cells cultured

for 14 and 21 days on membrane with BG particles of

\3 μm size showed significantly higher values.

Matrix mineralization process was also confirmed

with SEM/EDX analysis (Fig. 7f). After 21 days of

culture, a confluent layer of osteoblasts (confirmed by

the presence of sulphur in EDX analysis) covered

with mineral deposits rich in calcium and phospho-

rus was observed on the surface of the PCL/

A2\ 3 μm/NIPS membrane.
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Figure 7 Adenylate kinase (AK) level in the lysate corresponding
to the number of intact adherent cells (a), AK level in the
supernatant related to AK level in the lysate representing material
cytotoxicity (b), ALP activity normalized to cell number (c), ECM
mineralization (d). Results are expressed as mean ± SD. Statis-
tically significant differences (p\ 0.05) between each membrane

and TCPS after different cell culture periods are indicated by upper
and lower case, respectively. Fluorescence microscope image of
osteoblasts grown on the PCL/A2 \ 3 μm/TIPS membrane for
7 days (e), SEM image and EDX spectrum of a osteoblast layer on
the PCL/A2\ 3 μm/NIPS membrane after 21 days of culture (f).

12974 J Mater Sci (2017) 52:12960–12980



Discussion

Membranes for tissue engineering should possess

adequate porosity, pore size and shape, suitable sur-

face properties, including wettability, depending on

specific applications. What is more, materials for

bone regeneration should exhibit excellent and con-

trollable bone-bonding ability, support osteoblast

proliferation, induce their differentiation and extra-

cellular matrix mineralization. In present work, we

have proved that not only material properties, but

also biological features of the membranes can be

modified using proposed preparation methods in

combination with different glass particle sizes.

The differences between AS and GS surfaces mor-

phologies of the PCL/TIPS material probably arose

from various cooling rates of both surfaces. This might

have resulted in the different solvent crystallization

kinetics (nucleation and growth of 1,4-dioxane crystals

in the polymer solution) and therefore the different

pore architectures [34]. The introduction of BG parti-

cles into the polymer solution can hinder the solvent

crystallization process to some extent and thereby

reduce porosity of GS surface of the PCL/A2/TIPS

membranes due to intensive sedimentation of\45 μm
BG particles [12]. Obtained morphologies of NIPS

membranes resulted from good solvent-non-solvent

(DMF-water) miscibility. The higher the miscibility

between the solvent andnon-solvent is, themore likely

instantaneous demixing will occur and more porous

membrane will be obtained. In case of low miscibility,

an asymmetricmembranewith a dense nonporous top

layer is likely to be obtained [35].

According to Tang et al. [36], PCL molecules can

aggregate in different ways, depending on the polarity

of the solvent. For solvent with higher polarity, polar

“hydro-neutral” ester groups –C(O)O– [37] in PCL

tend to be presented on the surface, while non-polar,

highly hydrophobic polymer backbone chain tends to

aggregate away from the polar solvent. Therefore, the

surface of a material tends to be relatively more

hydrophobicwhen solventwith lower polarity is used.

It seems that this correlation is consistent with the

results obtained in present work. The PCL/TIPS

membrane, obtained from solvent with lower polarity

(1,4-dioxane, polarity 16.4 [38]), showedhigher contact

angle values (AS—121.57°; GS—107.45°) compared to

the PCL/NIPS material (AS—70.63°; GS—85.36°)
produced using N,N-dimethylformamide (polarity

40.4). What is more, during manufacturing process of

the PCL/NIPS membrane, direct exposure of the

polymer solution to a highly polar liquid (water) could

have led to similar polymer chain behaviour as inpolar

solvent.

The differences in water contact angle values

between individual membranes and also between

their two tested surfaces can result from various

surface topography, surface porosity and pore size,

as well as surface composition, namely the presence

and distribution of glass particles in the polymer

matrix. It is known that for hydrophobic materials (i.

a. PCL) surface roughness enhances the hydropho-

bicity [39, 40]. On the other hand, the water droplet

can be spread easier on the more porous surface of

membrane, which results in higher hydrophilicity

[41]. It was previously shown that bioactive glass

particles, as a hydrophilic material, remarkably

improve the hydrophilicity of PCL matrix [9, 18].

Nevertheless, a more pronounced effect was

observed for composites containing smaller bioactive

glass particles due to their homogenous distribution

in the PCL matrix and thus uniform exposition on the

surfaces [42, 43].

Polymer crystallinity is one of the factors that affect

many of the material properties such as mechanical

behaviour [44, 45], degradation rate [20, 46], bioac-

tivity [18], as well as cellular response [47, 48]. The

differences in crystallinity and melting temperature

may be due to various rates of membrane formation

and different phase separation mechanisms in the

NIPS and TIPS techniques. In case of NIPS method,

fast polymer solidification rate was induced by

immediate exchange of solvent and non-solvent after

immersion in coagulation bath, and therefore poly-

mer chain migration was blocked. Good solvent-non-

solvent (DMF-water) miscibility promoted fast sol-

vent-non-solvent exchange, and thus fast membrane

formation [35]. In TIPS technique, when a polymer

solution is cooled, the nucleation/crystallization of

the solvent gradually occurs. The remaining polymer

solution starts to demix because of the loss of the

solvent in the liquid phase and the reduced solubility

of polymer at lower temperatures. Demixing/phase

separation process leads to increase in the concen-

tration of polymer in the remaining liquid phase.

Polymer chains have more time to crystallize, what

may promote the crystallization process to yield

higher crystallinity and melting temperature [49].

The presence of bioactive glass particles in polymer

matrix reduced their melting temperature and degree
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of crystallinity. Such behaviour suggests the hinder-

ing effect of glass particles on crystallization process

caused by the limitation of PCL chain mobility and

therefore the reduction in ability to rearrange into

ordered regions [20]. In case of the materials obtained

with TIPS method, significant reduction in melting

temperature and degree of crystallinity (by half) was

observed. On the other hand, glass particles of both

sizes practically did not change Tm of the PCL/A2/

NIPS membranes, while χc values were reduced

(about 30%), but not to the same extent as in case of

the PCL/A2/TIPS composites. That also confirms

that thermal-induced phase separation occurred

slower than non-solvent-induced process, providing

more time for polymer crystallization. The changes of

Tm and χc seemed to be irrespective of glass particle

size.

The results of in vitro bioactivity test can suggest

that CaP layer formation on the surfaces of obtained

membranes occurred through ACP–OCP–CDHA–

HCA transformation process, however, in a different

rate depending on the BG particle size and mem-

brane preparation method. In the literature, process

of the CDHA layer formation on the conventional

sol–gel glass surface upon immersion in SBF occurs

through the direct crystallization of ACP [50]. Tem-

plate (mesoporous) glasses show the same trend

concerning the initial formation of an ACP layer

upon soaking in SBF; however, additional interme-

diate phase OCP formation and its maturation into

CDHA take place [29]. ACP–OCP–CDHA maturation

process was reported as similar to in vivo bone

biomineralization [42, 44]. In case of bioactive glasses,

bioactivity process depends mainly on their chemical

composition, as well as textural (porosity, specific

surface area) and structural characteristics

[21, 22, 50]. Nevertheless, when considering bioactive

response of composite materials, in which bioactive

glass particles are dispersed in polymer matrix, other

parameters such as BG particle distribution in matrix,

composite porosity, specific surface area, surface

topography and wettability must also be taken into

account.

According to Tamjid et al. [18] submicron BG

particles improve the nanotopography and

hydrophilicity of the PCL film surface and conse-

quently enhance composite bioactivity in contrast to

BG microparticles. Furthermore, the larger surface

area of BG particles allows a faster ion exchange with

the surrounding medium enhancing ability of HAp

layer formation on the composite surfaces [31]. Our

previous studies indicated that the uniform distri-

bution of smaller BG particles (A2\3 μm) in the PCL

matrix of solvent-cast films resulted in crystallization

of carbonated hydroxyapatite (HCA) on the AS sur-

face. In contrary, the same surface of films with A2

glass particles of\45 μm size revealed no significant

morphological and chemical changes after incubation

in SBF [42]. In present work, CaP layer formation

occurred on both surfaces of membranes containing

smaller particles size (PCL/A2 \ 3 μm/TIPS and

PCL/A2\3 μm/NIPS) at similar rate. Nevertheless,

AS surfaces of both materials containing larger-sized

particles (\45 μm) were also covered with bioactive

layer just after 3 days of incubation. This may result

from high porosity of obtained membranes in con-

trast to above-mentioned solvent-cast films. More-

over, higher rate of layer development on AS surface

of the PCL/A2\ 45 μm/NIPS membrane compared

to the same surface of the PCL/A2 \ 45 μm/TIPS

may occur because of improved wettability and also

differences in topographic/microstructural charac-

teristics of these two membranes.

Jaakkola et al. [51] and Caridade et al. [31]

observed that faster consumption of both Ca and P,

as well as faster release of Si occurred in case of

composites containing smaller BG particles size.

Apart from Ca release/consumption profiles affected

by above-mentioned compensation process, these

findings correlate with results obtained in present

work only for materials produced with the use of

TIPS method. In case of composites obtained with

NIPS technique, release/consumption profiles prac-

tically did not depend on particle size of BG. Probable

reason for this differences and also variations in Si/

Ca release between materials fabricated with the use

two methods result from differences in distribution

of BG particles in the polymer matrix. In our previous

work [10] the effect of preparation method of PCL/

BG composite scaffolds on their bioactivity was also

observed.

The results indicate that PCL/BG composite

membranes can stimulate osteoblast differentiation

and also matrix mineralization process. Similar effect

of the BG particles addition into polymer matrix on

osteoblastic cell activity was reported in the literature

[52, 53]. Furthermore, it seems that osteoblast

response was dependent mainly on preparation

method of materials. This may be due to differences

in Ca and Si release from membranes prepared with
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TIPS and NIPS methods, as shown in the ICP-OES

analysis (Fig. 6b, d). The soluble Ca and Si have been

shown to stimulate the genes that control osteoblast

differentiation in vitro [54], as well as promote their

proliferation and collagen secretion [55] when pre-

sent at a particular ratio and at a particular concen-

tration range in the culture medium. On the other

hand, diversified microstructure of the membranes

prepared with two different techniques may be

another explanation for the various osteoblast beha-

viours. Osteogenic differentiation in vitro has been

shown to depend on pore size [56] and material

porosity [57]. Our previous work has indicated that

preparation methods of PCL/BG composite scaffolds

affected ALP activity of normal human osteoblasts

[10].

Conclusions

In present work, the role of membrane preparation

methods (TIPS and NIPS) and their modifications

with gel-derived bioactive glass particles of two dif-

ferent sizes (\45 and \3 μm) in modulating mem-

brane microstructure, surface wettability, polymer

matrix crystallinity and kinetics of in vitro bioactivity,

as well as osteoblast response was investigated. Our

results indicated a possibility to control microstruc-

ture (pore size ranging from submicron to hundreds

of micrometres), wettability (from hydrophobic to

fully wettable surface) and polymer crystallinity

(from 19 to 60%) in a wide range by the use of various

preparation methods and different BG particle sizes.

Obtained composite membranes showed excellent

in vitro bioactivity, as evidenced by the formation of

uniform calcium phosphate layer on their surfaces

just after 3-day immersion in SBF. Moreover, we have

demonstrated that bioactive layer formation on the

surfaces of membranes occurred through ACP–OCP–

CDHA–HCA transformation, that mimic in vivo bone

biomineralization process. The presence of BG parti-

cles was shown to impart osteoinductive properties

to obtained membranes, supporting normal human

osteoblast attachment and proliferation, as well as

stimulating cell differentiation and also matrix min-

eralization process in vitro. This proves that obtained

membranes can actively promote regeneration of

bone tissue. We showed that kinetics of bioactivity

process and also osteoinductive properties of mem-

branes can be easily modulated with the use of

proposed variables. We have presented new oppor-

tunities to design and fabricate multifunctional

composite membranes with tunable physicochemical

and biological properties that can meet complex

requirements of bone tissue engineering. However,

further in vitro and in vivo studies are needed to

determine the effect of the preparation methods and

BG particle sizes on the biological properties of the

composite membranes and to correlate them with

their physicochemical parameters and to show real

usefulness in BTE.
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