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Abstract

In this study, clinoptilolite (CLN) was employed as a reinforcement in a polymer‐based

composite scaffold in bone tissue engineering and evaluated in vivo for the first time.

Highly porous, mechanically stable, and osteogenic CLN/PCL‐PEG‐PCL (CLN/PCEC)

scaffolds were fabricated with modified particulate leaching/compression molding

technique with varying CLN contents. We hypothesized that CLN reinforcement in

a composite scaffold will improve bone regeneration and promote repair. Therefore,

the scaffolds were analyzed for compressive strength, biodegradation, biocompatibil-

ity, and induction of osteogenic differentiation in vitro. CLN inclusion in PC‐10 (10%

w/w) and PC‐20 (20% w/w) scaffolds revealed 54.7% and 53.4% porosity, higher dry

(0.62 and 0.76 MPa), and wet (0.37 and 0.45 MPa) compressive strength, greater

cellular adhesion, alkaline phosphatase activity (2.20 and 2.82 mg/gDNA/min), and

intracellular calcium concentration (122.44 and 243.24 g Ca/mgDNA). The scaffolds

were evaluated in a unicortical bone defect at anterior aspect of proximal tibia

of adult rabbits 4 and 8 weeks postimplantation. Similar to in vitro results,

CLN‐containing scaffolds led to efficient regeneration of bone in a dose‐dependent

manner. PC‐20 demonstrated highest quality of bone union, cortex development,

and bone‐scaffold interaction at the defect site. Therefore, higher CLN content in

PC‐20 permitted robust remodeling whereas pure PCEC (PC‐0) scaffolds displayed

fibrous tissue formation. Consequently, CLN was proven to be a potent reinforcement

in terms of promoting mechanical, physical, and biological properties of polymer‐based

scaffolds in a more economical, easy‐to‐handle, and reproducible approach.
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1 | INTRODUCTION

Intensive research in tissue engineering field has provided various pro-

cessing techniques means and materials to produce bone tissue scaf-

folds. Combination of polymers and nanoclays in composite scaffolds

allows the fabrication of tailor‐made scaffolds with extensive intercon-

nected pores and surface properties that permit cellular adhesion,
wileyonlinelibrary.com/
migration, and tissue ingrowth (Ambre, Katti, & Katti, 2013; Cao et al.,

2015). These scaffolds can also be designed to possess goodmechanical

strength to accommodate compression from surrounding bone and to

provide easier handling during the surgical operation (Zhai et al., 2017).

Among the biocompatible synthetic polymers, poly‐ε‐caprolactone

(PCL) appears as the most utilized polymer (Bañobre‐López et al.,

2011; Dash & Konkimalla, 2012). PCL is a semicrystalline
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TABLE 1 Scaffold groups and weights of components in preparation
of scaffolds with a target porosity of 50%

Scaffold annotation PCEC (mg) CLN (mg) NaCl (mg)

PC‐0 100 ‐ 180

PC‐10 90 10 180

PC‐20 80 20 180

Abbreviation: CLN, clinoptilolite.
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thermoplastic polyester having low glass transition (~−60°C) and mod-

erate melting point (~60°C). Therefore, it has been used as the poly-

mer in composite scaffolds for various tissue engineering

applications to grant mechanical stability at 37°C (Correa, Carmona,

Simão, Capparelli Mattoso, & Marconcini, 2017; Kai et al., 2016).

The degradation process may take a long time despite the fact that

PCL may undergo hydrolytic cleavage (Dziadek, Pawlik, Menaszek,

Stodolak‐Zych, & Cholewa‐Kowalska, 2015). For this reason, PCL

can be modified with bioresorbable hydrophilic polymer polyethylene

glycol (PEG) to improve degradation kinetics by increasing the amount

of interacting water molecules per chain (Nagasaki, 2011). Accord-

ingly, copolymers of PCL and PEG can be utilized for scaffolding to

promote faster biodegradation while preserving mechanical strength

of the overall structure (Stanković et al., 2014; Wang et al., 2017).

Nanoclays have been used to enhance mechanical, chemical, and

biological properties of the thermoplastic polymers (Gaharwar et al.,

2014; Marras, Kladi, Tsivintzelis, Zuburtikudis, & Panayiotou, 2008).

One of the naturally occurring nanoclays is clinoptilolite (CLN;

(KNa2Ca2(Si28Al7)O72·24H2O)). It is a mesoporous aluminosilicate,

which can coordinate mono‐ and divalent metal ions such as sodium,

potassium, magnesium, and calcium (Rožić et al., 2005). Furthermore,

it has been successfully used as a feed supplement in animal hus-

bandry and fertilizer in agriculture (Eroglu, Emekci, & Athanassiou,

2017; Polat, Karaca, Demir, & Onus, 2004). In addition, we previously

reported that inclusion of CLN can improve mechanical (compressive

strength and modulus) and chemical properties (serum protein adsorp-

tion) of scaffolds and enhance osteogenic differentiation of stem cells

in vitro without inclusion of any other osteogenic factor (Pazarçeviren,

Erdemli, Keskin, & Tezcaner, 2017).

In this study, we hypothesized that CLN can act as a cost‐effective

reinforcement in a polymer‐based bone tissue scaffold promoting

faster regeneration. Additionally, CLN/PCEC scaffolds were fabricated

and tested in vivo environment for the first time. Mechanically stable,

highly porous and 3D CLN/PCEC scaffolds were prepared with modi-

fied particulate leaching/compression molding technique. The scaf-

folds were analyzed for compressive strength, biodegradation,

biocompatibility, and osteogenic differentiation prior to in vivo analy-

sis. Then, scaffolds were evaluated in a unicortical bone defect at

anterior aspect of proximal tibia of adult rabbits. To test our hypothe-

sis, histological analyses were conducted at fourth and eighth weeks

postimplantation to determine the rate of bone union, cortex develop-

ment, and interaction between scaffold and bone.

2 | MATERIALS AND METHODS

2.1 | Materials

ε‐caprolactone, PEG (Mn = 4,000 Da), lipase from porcine pancreas, eth-

anol (absolute), Triton X‐100, sodium ethylenediamine tetraacetic acid

(EDTA), para‐nitrophenyl phosphate, para‐nitrophenol, magnesium chlo-

ride hexahydrate, β‐glycerphosphate, L‐ascorbic acid, Trishydroxyamino

methane, o‐cresopthalein complexone, 8‐hydroxyquinone‐5‐sulfonic

acid, 2‐amino‐2‐methyl‐1,3‐propanediol, paraformaldehyde, and
dexamethasone were purchased from Sigma‐Aldrich (Missouri, USA).

Dulbecco's Modified Eagle's Medium/F‐12, fetal bovine serum,

penicillin‐streptomycin were obtained from Biowest (Texas, USA) and

Alamar Blue, protease inhibitor cocktail and Hoechst 33258 DNA

staining reagent from Invitrogen (California, USA). CLN was kindly

provided by Rota Mining Corporation (İstanbul, Turkey). The compo-

nents of Movat's pentachrome staining were all reagent grade.

2.2 | Scaffold preparation

Composite scaffolds were prepared with PCEC and CLN by modified

particulate leaching/compression molding technique. Briefly, PCEC

(ε‐CL:PEG in 24:1 w/w) was synthesized through ring opening poly-

merization of ε‐caprolactone monomer and PEG initiator (PEG, Mn =

4,000 Da) using dibutyltin dilaurate as catalyst under 140°C with con-

tinuous N2 gas flow. CLN (d[50] = 7.5 μm) was used after being

decontaminated in acetone for 2 hr and dried under vacuum. After

that, PCEC, CLN, and sodium chloride were blended in absolute etha-

nol to obtain a homogenous slurry. Then, the blend was dried in vac-

uum and compressed under 250 MPa to 5 × 2 mm (diameter ×

length) cylindrical composite. Finally, the composites were placed in

distilled water at 37°C for 3 days for NaCl leaching to obtain highly

porous PCEC/CLN scaffolds. In order to reach homogenous porosity

in the final structure, NaCl porogen was ball milled for 40 min at 20

s according to preliminary optimization and passed through a metal

mesh to obtain a particle size between 180 and 210 μm. The scaffolds

were prepared in predetermined ratios of components as given in

Table 1. It is important to note that density of the components play

an important role in determination of individual weight of compo-

nents. For this reason, an equation was devised to calculate final

weights of components where density values of PCEC, NaCl, and

CLN discs prepared by compression at 250 MPa were found as 1.20,

2.15, and 2.00 g/cm3, respectively (Equation 1):

mNaCl

mPCEC þmCLN
¼ ρPCEC*x%þ ρCLN* 100 − xð Þ%

ρNaCl *
y

100 − y
: (1)

2.3 | Morphological and porosity analysis

Composite scaffolds were photographed using a conventional camera

after dripping 50 μl methylene blue (0.1% w/v in distilled water;

Figure 1) on top to determine interconnectivity within the structure.

Porosity of the scaffolds (n = 6) was determined in absolute ethanol

(nonsolvent) by using Equation (2) given below:



FIGURE 1 Scaffolds after salt leaching (a), and after being stained with methylene blue to observe porosity (b), scanning electron microscopy
(SEM) images of side surface (c), cross‐section (d), surface (e), and closer view of cross‐sections of PC‐20 scaffold (f), and wet compressive
properties of representative scaffolds from each group, and image of wet PC‐20 scaffold before and after compressive analysis is presented as an
inset [Colour figure can be viewed at wileyonlinelibrary.com]
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Open porosity %ð Þ ¼ Total volume of scaffold − residual volume
Volume of ethanol in pores − residual volume*

100%:

(2)

Surface and cross‐sectional electrographs were taken using scan-

ning electron microscopy (SEM) and the overall elemental content of

the scaffolds was determined with energy dispersive X‐ray spectros-

copy (EDX, JEOL JSM‐6335F FEG/SEM equipped with analytical

EDX attachment, Japan).

2.4 | Mechanical analysis

Mechanical properties of the scaffolds were determined through com-

pression analysis. The composite scaffolds were with an aspect ratio

of 2/1 to ascertain compressive properties such as compressive

strength and modulus. They were soaked in phosphate‐buffered saline

(PBS) at 37°C overnight and were compressed at 1 mm/min uniaxially

up to 25% compressive strain (n = 4; Univert Cellscale, Canada).
2.5 | Biodegradation analysis

Biodegradation analysis was used to study the loss of structural integ-

rity and mechanical properties of scaffolds (n = 4) in time in an envi-

ronment mimicking in vivo conditions. Prior to analysis, scaffolds

were sterilized in 70% (v/v) ethanol‐distilled water and UV irradiation

for 1 hr. Biodegradation analysis was conducted by incubating scaf-

folds (n = 3) in a lipase solution (110 U/L in PBS) for various time

points (0, 3, 5, 7, 14, 21, and 28 days). At the end of each incubation

period, the scaffolds were rinsed, dried, weighed, and change in

weight against the initial weight was recorded as percent weight loss.

Lipase solution was refreshed daily.

2.6 | In vitro study

As a preliminary study to in vivo analysis, cytocompatibility of the

composite scaffolds was tested in vitro. Briefly, the UV sterilized com-

posite scaffolds were seeded with human fetal osteoblast cell line

http://wileyonlinelibrary.com
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(hFOB, Passage 4) at a density of 25,000 cells per scaffold for cellular

attachment, proliferation, and osteogenic differentiation analyses.

2.6.1 | Cellular attachment and proliferation analyses

hFOB seeded scaffolds (10,000 cells per scaffold, n = 6) were placed in

tissue culture plates and incubated for 1, 4, and 7 days in 500‐μl

growth medium (composed of Dulbecco's MEM/F‐12 nutrient

medium, 10% (v/v) fetal bovine serum, and 1% (v/v) penicillin‐

streptomycin) at 37°C in carbon dioxide incubator (Panasonic, Japan).

At the end of each incubation period, scaffolds were rinsed with PBS,

placed in new well plates, and cellular viability analysis by Alamar Blue

reagent was conducted according to supplier's protocol (Invitrogen,

USA). Relative cellular viability of hFOB on scaffolds was calculated

as percent cellular viability where cell viability on pure PCEC scaffolds

was taken as 100%. Furthermore, a randomly selected scaffold from

each group was thoroughly rinsed with PBS, fixed in 4% (w/v) parafor-

maldehyde and dehydrated in diluted ethanol series in distilled water

(50% to absolute) at the end of Day 1. These samples were examined

by SEM to observe the morphology of the cells attached on the

samples.

2.6.2 | Osteogenic differentiation analysis

In order to study osteogenic response of the hFOB on scaffolds, hFOB

seeded scaffolds (10,000 cells per scaffold, n = 5) were cultured in

osteogenic media (growth medium containing 10‐mM β‐

glycerphosphate, 50‐μg/ml ascorbic acid and 10−8 M dexamethasone)

for 2 weeks. After incubation of predetermined time periods (2

weeks), scaffolds were rinsed with PBS and placed into cell lysis buffer

(1% Triton X‐100 containing 200 times diluted protease inhibitor

cocktail (Thermo Fisher, USA) and 50‐mM sodium EDTA). Aliquots

from cell lysates were taken for determining the total DNA amount,

alkaline phosphatase activity, and intracellular calcium (ICa) concentra-

tion of cells. Cell‐free scaffolds of each group (n = 2) incubated in oste-

ogenic media were used as negative control.

DNA quantitation

DNA amounts in cell lysates were determined using Hoechst 33258.

Initially, aliquots from cell lysates (250 μl) and 5,000 times diluted

Hoechst 33258 DNA staining reagent (1,750 μl) in TE buffer (100‐

mM sodium chloride, 10‐mM Trishydroxyamino methane, and 1‐mM

EDTA at pH 9.00) were mixed (25°C, 5 min). Then, fluorescence of

the obtained solutions was measured using a fluoremeter (Turner

Biosystems, USA). DNA amounts were determined in cell lysates were

determined using the calibration curve constructed with different con-

centrations of calf thymus DNA in cell lysis buffer (0–250 ng/ml)

Alkaline phosphatase activity of cells

Alkaline phosphatase activity of cells on the scaffolds was determined

by determining cellular ALP activity per cellular DNA. An aliquot from

each sample was reacted with para‐nitrophenyl phosphate solution

(supplemented with 10‐mM magnesium chloride in distilled water) at
37°C for 1 hr. At the end of reaction, optical density at 405 nm mea-

sured. The concentration of the product, para‐nitrophenol, was deter-

mined using the calibration curve constructed with different

concentrations of para‐nitrophenol in lysis buffer (0–1,000 μg/ml).

ICa concentration of cells

ICa concentration of the cells on the scaffolds was ascertained

employing o‐cresophthalein complexone assay as conducted else-

where (Türkkan et al., 2017). Aliquots from cell lysate samples were

combined with o‐cresopthalein complexone, 8‐hydroxyquinone‐5‐

sulfonic acid, and 2‐amino‐2‐methyl‐1,3‐propanediol 1:1:2 (v/v/v)

solutions, and their optical densities at 560 nm were determined. Cal-

ibration curve constructed with known concentrations of calcium

chloride in distilled water was used to determine the amounts of ICa

of cells on the scaffolds.
2.7 | In vivo study

2.7.1 | Surgical procedure and postoperative
observation

New Zealand white rabbits (3–3.5 kg, adult female) were maintained in

a room with controlled temperature (approximately 22°C) and under

12‐hr light/dark cycle kept at the Animal Care Facility of Afyon

Kocatepe University Experimental Research Centre. The approval

has been received from Afyon Kocatepe University Institutional Ani-

mal Ethics Committee (AKUHADYEK‐515‐15). A total of 24 (n = 4

for each scaffold and time period of analysis) rabbits were

anesthesized with an intramuscular injection of 2% (w/v) Alfazyne (5

mg/kg Xylazine hydrochloride) and 10% (w/v) Alfamine (25 mg/kg

Ketamine hydrochloride). At the proximal tibia of each rabbit, muscles

and periosteum were dissected. With a microelectric drill, unicortical

anterior tibial defect of a 5 mm radius was opened and washed with

sterile PBS continuously to discard debris and prevent thermal necro-

sis (Figure 3a,b). Finally, implants (5 mm diameter × 2 mm thickness)

were press‐fitted. Rabbits were placed in standard cages, allowed to

access water and food ad libitum. At the end of fourth week and

eighth week, rabbits were euthanized with overdose Ketamine hydro-

chloride, and tibiae with the implants were harvested.
2.7.2 | Evaluation of defect healing

Preparation of samples

Harvested tibiae samples were placed in natural buffered 10% formal-

dehyde (v/v) solution for 1 day and then put into EDTA decalcification

solution for 21 days. Subsequently, samples were dehydrated through

graded ethanol series in water and cleared by xylol. Finally, samples

were embedded in paraffin and 5‐μm sections were placed on poly‐L‐

lysine treated cover slips (VWR, Belgium) for histological analysis.

Histological analysis

Paraffin sections were stained with Movat's pentachrome stain (saf-

fron was replaced with tartrazine): Nuclei are stained in black, fibrous
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tissues (FTs) in turquoise, cartilage in blue, newly forming bone in

pink–red and mineralized bone in yellow–brown. Histological assess-

ments were made according to Table S1. Quality of union was evalu-

ated in terms of formation of fibrous, fibrocartilaginous, and bony

tissue in and around the scaffolds. Cortex development was deter-

mined through new bone formation, and bone‐scaffold incorporation

was scaled according to the properties of interphase between newly

forming bone and biodegradable scaffold.
2.8 | Statistical analysis

Data were analyzed by one‐way analysis of variance withTukey's post

hoc test for multiple comparisons using SPSS software (ver. 23.0; IBM

Corporation, New York, USA). Differences were considered significant

at p < .05. The histological scores given for each group at the end of

analysis were analyzed with nonparametric Mann–Whitney U test

(Gibson‐Corley, Olivier, & Meyerholz, 2013). Data are given as average

± standard deviation.
3 | RESULTS AND DISCUSSION

3.1 | In vitro studies

PCEC‐based composite scaffolds were previously fabricated by our

group with various compositions using nonsolvent blended compres-

sion molding technique (Pazarçeviren et al., 2017). Compared with

our previous study, porogen leaching method was optimized to pro-

vide better surface porosity with higher surface and cross‐sectional

pore size for improved cellular invasion and colonization. Therefore,

in this study, a predetermined NaCl size distribution was selected,

and density‐based target porosity was calculated as aforementioned.

Then, the scaffolds were prepared by modified particulate

leaching/compression molding technique, and they were designed to

possess 50% porosity with macropores and microporous channels to

conserve mechanical strength in vivo (Figure 1). Additionally, implant

press‐fitting requires a stiff material to fit in the defected area. There-

fore, moderate porosity plays a vital role in manageable implantation,

protection of overall scaffold macrostructure, and primary fixation of

scaffold, which improves implant success (Knecht et al., 2007). Fur-

thermore, scaffolds were shown to maintain interconnective structure

as observed in micropore openings in the pore walls (Figure 1).

Composite scaffolds were intended to possess 50% porosity, and

final 3D and interconnective porous scaffolds were obtained at 55%,

54.7%, and 53.4% porosities for PC‐0, PC‐10, and PC‐20, respec-

tively (Table S2). During salt leaching step, leaching of loosely

interlocked components could have resulted in higher porosity

(>50%). Moreover, increment in weight ratio of CLN led to nonsignif-

icant decrease in porosity (Table 1). It can be speculated that CLN

reinforcement might improve compaction owing to plasticizing effect

of mineral particles during molding process thus lower porosity was

achieved (Khan, Islam, & Khan, 2012).
Scaffolds were incubated in lipase solution in favor of accelerated

hydrolytic degradation. Lipase is an esterase present in human blood

serum in the range of 30–190 U/L (Azevedo & Reis, 2005). Scaffolds

displayed a slow rate of weight loss (max. 3.7 ± 0.8% for PC‐20 in

28 days) in lipase solution (110 U/L). Significantly higher weight loss

was observed for PC‐20 having greater CLN content than PC‐0

(Table S2). This suggests that the plasticizing effect of CLN on PCEC

chains might have resulted in further bulk degradation due to

increased water resorption and thus movement of polymer chains

(Salmasi, Nayyer, Seifalian, & Blunn, 2016).

During mechanical analysis, all scaffolds bulged in the middle and

started consolidation (Figure 1g). Because stiff materials are expected

to display a similar phenomenon, it can be stated that 3D composite

porous scaffolds were proven tomaintainmechanical strength after salt

leaching process (Thadavirul, Pavasant, & Supaphol, 2014). In addition,

presence of CLN was shown to reinforce compressive strength (UTS)

and modulus (CM) and imparting stiffness (Table S3). It can be stated

that increasing the weight ratio of the CLN (dCLN = 2.00 g/cm3) by

sacrificing the volume of PCEC (dPCEC = 1.20 g/cm3) permittedCLNpar-

ticles to assume larger volume in PC‐20 scaffolds thus providing better

compressive characteristics. Montmorillonite (MNT), an aluminosilicate

clay, is one of the highly utilized clays in bone tissue engineering field

(BTE) as a nanoreinforcement, which improves mechanical properties

significantly (Guo et al., 2019). In a study by Torres, Fombuena, Valles‐

Lluch, and Ellingham (2017), a PCL‐based composite scaffold was pre-

pared with halloysite (HS) and hydroxyapatite (HAp). It was observed

that starting from 2.5% HS to 7.5% HS presence without altering HAp

concentration in the scaffold improved elastic modulus steadily (Torres

et al., 2017). In another study, Villaca et al. (2017) combined MNT with

chitosan to produce a composite guided bone regeneration membrane.

They determined that tensile strength of the membranes reached to

15.2 ± 3.5 MPa, which was higher than that of pure chitosan (9.5 ± 1.5

MPa). Again, it was observed that clays could be introduced to improve

mechanical properties of membranes and scaffold which are prepared

for BTE (Villaca et al., 2017).

UTS and CM significantly decreased after enzymatic degradation

although a small weight loss was obtained after degradation study

(Table S2). Enzymatic cleavage of PCEC by lipase might have induced

bulk degradation by which polymer chains were broken without an

immense weight loss. Compressive stress caused propagation of chain

movement due to decrease in ester bonding after degradation, which

led to declined UTS and CM (Bawolin, Li, Chen, & Zhang, 2010). Díaz,

Sandonis, and Valle (2014) fabricated nanoHAp (nHA)/PCL scaffold

and observed higher mechanical strength and higher weight loss with

nHA/PCL scaffolds than pure PCL counterparts (Díaz et al., 2014).

Another similar finding was observed by Chern, Yang, Shen, and Hung

(2013) with their PCL‐based microHA, nHA, and alumina (Al2O3) rein-

forced scaffolds. As observed in our study, Chern et al. reported that

the presence of inorganic reinforcements increases porosity while

exceptionally improving mechanical and biodegradation properties.

Consequently, CLN/PCEC composite scaffolds could be pointed out

as a 3D composite scaffold structure with good mechanical and phys-

icochemical properties.
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Proliferation study revealed that all scaffolds were biocompatible

and permitting cellular proliferation because a significant increase in

dye reduction was observed from first to seventh day (Figure 2a).

SEM analysis was performed to observe overall morphology of hFOB

after 1‐day incubation on scaffold. It was observed that cells preferred

anchoring adjacent to CLN particles detected by EDX analysis (Fig-

ures 2d and 3e). This finding was further affirmed by the fact that

CLN increment in the scaffolds, such as PC‐20 with highest CLN

amount, generated a better synthetic environment for hFOB to attach

and grow (Figure 2a). In a similar study, Prabha et al. (2019) fabricated
FIGURE 2 In vitro analysis for viability of cells on scaffolds during 7 days
concentration (C) of human fetal osteoblast (hFOB) cells on scaffolds that w

attachment on the scaffolds at the end of first day (d) and presence of cel
dispersive X‐ray spectroscopy (EDX; e), were shown (yellow arrows show
particles.) [Colour figure can be viewed at wileyonlinelibrary.com]
a laponite (LPN) clay containing PCL scaffolds having high porosity via

solvent casting and lyophilization (Prabha et al., 2019). At the end of 7

days of incubation, they observed that cells increased in number at

around 1.5 fold of initial seeded number. Interestingly, in our study,

CLN was shown to induce cellular proliferation enabling almost 1.5

fold increase after 1 week of incubation (Figure 2a).

Scaffolds were further analyzed to determine their osteoinductive

properties. For this purpose, scaffolds were seeded with hFOB cells,

and osteogenic differentiation of hFOB cells was studied by determin-

ing ALP activity and ICa concentration. ALP activity of hFOB cells on
of incubation in growth media (a), ALP activity (b), intracellular calcium
ere incubated in osteogenic differentiation media for 2 weeks. Cellular

ls around clinoptilolite (CLN), particles which were detected by energy
the attached cells, red circles and arrows show the locations of CLN

http://wileyonlinelibrary.com


FIGURE 3 Overview of unicortical tibial defect formed (a), after
implantation of a scaffold from PC‐20 group (b), tibia harvested at
the end of fourth week (c) and at the end of eighth week (d) after
implantation [Colour figure can be viewed at wileyonlinelibrary.com]
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all scaffolds peaked at the second week (Figure 2b). Cells seeded on

PC‐20 scaffolds displayed the highest ALP activity (p < .05) and

showed the lowest activity on PC‐0 scaffolds without CLN (Figure 2

b). ICa increase followed a similar trend with ALP activity results.

ALP activity leads to orthophosphate production and cells tend to

store calcium prior to mineralization (Othman, Mustafa, Loon, & Noor,

2016). Osteogenic commitment of hFOB was observed as an increase

in ALP and ICa amounts (Figure 2). Significantly higher ICa was

observed in CLN containing PC‐10 and PC‐20 scaffolds. The crosstalk

between mechanical stimuli and biochemical cues has been studied

intensively. In a study by Sun et al. (2018), it was reported that incre-

ment in substrate mechanical strength could upregulate osteogenic

lineage markers such as ALP. Through a similar method employed in

our study, Demir (2018) prepared zinc‐montmorillonite (Zn‐MNT)‐

PCL composite scaffolds by solvent casting/particulate leaching
technique (Demir, 2018). A decrease in porosity and an increase in

compressive strength were observed when Zn‐MNT was introduced.

Additionally, it was shown that MNT only (no Zn‐MNT) could itself

trigger an increase in ALP activity of cells. Therefore, in our study, it

is thought that the increase in mechanical strength endowed by the

presence of CLN might have led to enhancement of ALP activity and

ICa. In addition, CLN as a natural CLN can carry divalent metal ions,

especially calcium and readily involve in ion exchange with monova-

lent ions (Bacakova, Vandrovcova, Kopova, & Jirka, 2018). Conse-

quently, CLN could provide a local increase in calcium ions that

might induce osteogenic differentiation (Akmammedov, Huysal, Isik,

& Senel, 2018). All in all, it can be stressed that physical (porosity

and pore size), mechanical (compressive strength), and chemical (ion

make‐up and ion release) properties could manifest a combinatorial

effect on both cellular growth and cellular proliferation. In this study,

it was displayed that CLN could improve previously mentioned prop-

erties and can be utilized as a reinforcement in BTE applications.
3.2 | In vivo studies

In vivo performance of the CLN/PCEC scaffolds was investigated by

implanting scaffolds in unicortical tibial defect model in rabbits. The

studywas designed as a brief study that involved evaluation of the bone

formation at the defect site at fourth and eighth weeks postimplanta-

tion (Figures 1d and 3c). Proximal tibia was selected for forming a 5‐

mm diameter unicortical defect because this area had been reported

as a slow healing and remodeling zone (Gómez‐Barrena et al., 2015).

Initial observations on the harvested tibia at the end of fourth

weeks of scaffold implantation revealed that PC‐0 did not prompt

healing as efficiently as PC‐10 and PC‐20 scaffolds (Figure 5a). More-

over, CLN containing scaffolds accomplished an early closure in defect

zone despite the fact that it was superficial to some extend compared

with tibia obtained at the end of eighth week (Figure 5b). It is thought

that the implant bed and the quality of tissue at defect site play crucial

roles in bone healing in addition to biocompatibility and design of

implants (Parithimarkalaignan & Padmanabhan, 2013). A healthy and

intact host bone around the defect area can trigger bone healing very

rapidly owing to presence of osteoblast niche and readily diffusible

blood (Keramaris, Calori, Nikolaou, Schemitsch, & Giannoudis, 2008).

As a result, a complete recovery on the defect area can be seen for

all scaffolds at the end of the study (Figure 5b). However, histological

analyses affirmed that although bone growth was observed for PC‐0,

bone ingrowth and fusion were not achieved (Figure 5a,b). Extensive

FT growth in and around the PC‐0 scaffolds was observed (Figure

5a). Moreover, PC‐0 showed incorporation with the FT and fibroblasts

(black arrows, Figure 5b).

Moreover, PC‐0 showed a limited area of soft callus formation and

immature bone union with hard callus formation (Han, Bhavsar,

Leppik, Oliveira, & Barker, 2018). At the end of the study, this group

also displayed nonunion with the newly formed spongy bone (SB)

through FT. Specifically, incorporation zone at the end of eighth week

revealed a thick FT layer (showed in yellow rectangle) as an intermedi-

ary in between PC‐0 and formed SB (Figure 6a). The closer

http://wileyonlinelibrary.com


FIGURE 4 Gross observations for Movat's
pentachrome staining of sections obtained
from the defect site after 4 and 8 weeks
postimplantation (C: Cartilagenous tissue, CB:
Compact bone, FT: Fibrous tissue, HB: Host
bone, M: Mineralized tissue, P: Periosteum, S:
Scaffold, SB: Spongy bone, ZoE: Zone of
entry). The bar scale is 50 μm [Colour figure
can be viewed at wileyonlinelibrary.com]

TABLE 2 Histological scores of each scaffold of PC‐0, PC‐10, and PC‐20 are given (average as avg. and sample standard deviation as St.Dev)

Scaffold Quality of union (1–5) Cortex development (1–5) Bone–scaffold interaction (1–5)

PC‐0 at fourth 2 1 1

PC‐0 at fourth 1 2 1

PC‐0 at fourth 2 1 1

PC‐0 at fourth 1 1 1

Avg. ± St.Dev 1.5 ± 0.58 1.25 ± 0.50 1

PC‐10 at fourth 2 2 1

PC‐10 at fourth 3 2 2

PC‐10 at fourth 2 1 1

PC‐10 at fourth 2 2 1

Avg. ± St.Dev 2.25 ± 0.5 1.75 ± 0.5 1.25 ± 0.5

PC‐20 at fourth 3 1 2

PC‐20 at fourth 3 2 1

PC‐20 at fourth 3 3 2

(Continues)
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TABLE 2 (Continued)

Scaffold Quality of union (1–5) Cortex development (1–5) Bone–scaffold interaction (1–5)

PC‐20 at fourth 2 2 2

Avg. ± St.Dev 2.75 ± 0.5 2 ± 0.82 1.75 ± 0.5

PC‐0 at eighth 2 2 1

PC‐0 at eighth 2 2 1

PC‐0 at eighth 3 1 1

PC‐0 at eighth 2 3 2

Avg. ± St.Dev 2.25 ± 0.5 2 ± 0.82 1.25 ± 0.5

PC‐10 at eighth 2 2 2

PC‐10 at eighth 3 3 2

PC‐10 at eighth 4 2 3

PC‐10 at eighth 4 4 3

Avg. ± St.Dev 3.25 ± 0.96 2.75 ± 0.96 2.5 ± 0.56

PC‐20 at eighth 4 3 3

PC‐20 at eighth 4 4 3

PC‐20 at eighth 5 3 3

PC‐20 at eighth 4 4 2

Avg. ± St.Dev 4.25 ± 0.5 3.5 ± 0.58 2.75 ± 0.5

FIGURE 5 Detailed images of Movat's pentachrome staining results at the end of fourth week postimplantation for PC‐0 (a, b), PC‐10 (c, d, e),
and PC‐20 (f, g, h). Abbreviations: S: Scaffold, FT: Fibrous tissue, SB: Spongy bone, ZoE: Zone of entry, green arrow: New bone formation, purple
arrow: Lacunae, orange arrow: Osteoblast lining, yellow rectangle: Incorporation zone and red rectangle: Closer view of the area of interest
[Colour figure can be viewed at wileyonlinelibrary.com]
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observation of incorporation zone showed recently grown SB with

lacunae (Figure 6c, purple arrows). Moreover, new bone in pinkish

color could be observed (Figure 6d). However, a complete healing or

cortex formation was only detected in a limited number of PC‐0 scaf-

folds at the end of the in vivo analysis (Figure 6).

After fourth week postimplantation, PC‐10 samples exhibited SB

formation with presence of hypertrophic cartilage (Clarkin & Olsen,

2010). Consequently, it can be stressed that bone healing at the

defect area had started earlier than 4 weeks, and most of the healing

steps were successfully undergone without interruption (Figures 4 and

5c). Still, PC‐10 showed an interphase with FT growth in and around

scaffolds (Figure 5d). When further focused in incorporation zones,

less FT and SB formation with fresh lacunae can be observed

(Figure 5e). At the end of eighth week, further decrease in size of FT

was observed (Figure 6e), and it was replaced with mineralized tissue

along with cartilage as an intermediate phase (Figure 6e,f), and a fully

constituted periosteum was formed (Figure 6g).

Similar to PC‐10, PC‐20 implanted host bone showed a fast

healing and covered the zone of entry at the end of fourth week

(Figure 4). PC‐20 showed formation of cartilage as early as fourth

week postimplantation, as an initial step of ossification (Figure 5f).

Further, it triggered integration to the native bone and developing

cortex (Figure 5g). This situation could be a result of effective pri-

mary contact with blood in the defect zone (Figure 3). The initial clot
FIGURE 6 Detailed images of Movat's pentachrome staining results at the
PC‐20 (H‐J). Abbreviations: S: Scaffold, FT: Fibrous tissue, SB: Spongy bone
Lacunae, orange arrow: Osteoblast lining, yellow rectangle: Incorporation zo
can be viewed at wileyonlinelibrary.com]
formation, which is brought about by blood contact, leads to forma-

tion of cytokine gradient allowing attachment molecules to adhere

on the surface of construct to both induce cellular attachment and

formation of specialized FT, namely, collagenous matrix (Patel et al.,

2018). Moreover, presence of SB and declining FT demonstrated

the starting of complete healing stage (Figure 5h). Therefore, PC‐20

scaffolds showed integration with the newly formed cortex and a

thin FT (Figure 6h). In addition, growth of bone through mineralized

cartilage within the scaffolds was also observed (Figure 6i,j). Further-

more, according to nonparametric Mann–Whitney U test, PC‐20

scaffolds were significantly different at both fourth and eighth than

PC‐0 for all three categories. However, there was no statistically sig-

nificant difference observed between PC‐10 and PC‐20 in both time

points except for bone‐scaffold interaction. PC‐20 appeared superior

to other groups (Table 2).

Clay‐polymer composite scaffolds are one of the highly studied

area in BTE. However, there are few studies evaluating clays and

their composite scaffolds in vivo. Here, we studied CLN/PCEC scaf-

folds in a unicortical tibial defect model, and CLN was shown to

induce bone regeneration in vivo for the first time (histological scores

can be seen in Table S1). In a similar study by Baker, Maerz, Saad,

Shaheen, and Kannan (2015), MNT was studied in a poly(D‐lactic

acid)‐based composite scaffold for bone regeneration capacity (Baker

et al., 2015). Although MNT was shown to support bone growth, it
end of eighth week postimplantation for PC‐0 (A‐D), PC‐10 (E‐G), and
, ZoE: Zone of entry, green arrow: New bone formation, purple arrow:
ne and red rectangle: Closer view of the area of interest [Colour figure

http://wileyonlinelibrary.com
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was observed that growth factor and/or HA presence was required

to achieve osteogenesis. Zhai et al. (2017) applied LPN, a smectite sil-

icate, in a composite scaffold with poly(N‐acryloyl glycinamide)

(PNAGA) in a rat tibial defect model (Zhai et al., 2017). They used

20% LPN/PNAGA scaffolds in vivo and observed that thicker new

bone formation at the periphery of the LPN/PNAGA than blank scaf-

folds. However, no further analyses were made. In our study, we

clearly observed complete cortex and bridging with a surrounding

host connective tissue in both PC‐10 and PC‐20 (Figure 4). More-

over, cortex area was replaced with mineralized collagen matrix

evolving into healthy bone structure, especially in PC‐20. In addition,

presence of cartilage fragments within mineralized tissue points out

the samples were in last stage of the bone healing, which is remodel-

ing (Panteli, Pountos, Jones, & Giannoudis, 2015). Additionally, we

observed the formation of osteoid pockets in the PC‐20 by which

it was evidently shown that CLN has high osteogenic and therapeutic

potential for BTE (Table 2).
4 | CONCLUSION

This study demonstrates the first work in osteogenic characterization

of CLN in a polymer‐based composite scaffold in vivo. We focused on

employing CLN as a reinforcement to fabricate cost‐effective, rapid,

and easy‐to‐handle BTE scaffolds. Here, CLN presence provided an

overall enhancement in the highly anticipated properties such as

mechanical, physical, and biological properties of the polymer‐based

scaffolds in vitro. Compressive strength was improved with the inclu-

sion of CLN in scaffolds. In addition, biochemical and biological prop-

erties such as cell attachment and maturation substantiated the

effectiveness of CLN as an osteogenic reinforcement in vitro.

Improvement of osteogenic potential of the scaffolds was in direct

correlation with the concentration of CLN within composite scaffolds.

Amelioration of bioactivity was also demonstrated in in vivo study.

Specifically, PC‐20 scaffolds implanted in unicortical tibial defect of

rabbits resulted in the formation of completely bridged cortex while

remodeling of the bone occurred. Moreover, PC‐20 demonstrated

greatest quality of bone union, cortex development, and bone‐scaffold

interaction at the defect site. As a result, higher CLN content in PC‐20

permitted bone remodeling whereas pure PCEC (PC‐0) scaffolds

displayed FT formation. Therefore, osteogenic potential of CLN was

successfully shown in vivo as a functional part of PCEC‐based scaffold

and can be employed in BTE applications.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Table S1. Histological scoring parameters used for evaluating the

degree of healing (Adapted and revised from (Öztürk et al., 2006)).

Table S2. Porosity of scaffolds and total weight loss observed in scaf-

folds after 28 days of incubation (n = 4).

Table S3. Compressive properties of the scaffolds (n = 4).
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