
JOURNAL OF TEXTILES AND POLYMERS, VOL. 8, NO. 1, JANUARY 2020				          		         17

Fuzzy VIKOR Optimization for Designing High Performance 
Hydroxyapatite/Polycaprolactone Scaffolds for Hard 

Tissue Engineering
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Abstract- Electrospinning (ES) is a process affected by 
different factors including solutions, apparatus, and 
environmental parameters. Selecting ES parameters 
having effects on final scaffold properties is a multi-
criteria decision-making problem. The use of statistical 
methods for multi-criteria decision-making can save time, 
energy and cost of the process and improve the efficiency 
of the final product. So in this study, the fuzzy VIKOR 
method with Shannon entropy weighting method was 
used for optimizing electrospun scaffold for bone tissue 
healing. For this, in the first step by trial and error, the 
percentage of polycaprolactone (PCL) in solution was 
selected. Then composite scaffolds were prepared with 
different hydroxyapatite (HA) concentrations and ES 
parameters (flow rate, ES distance, and the voltage). 
ES parameters, as well as HA concentration affected the 
studied characteristics of scaffolds. The obtained data 
were used for deploying weights of seven criteria based on 
Shannon entropy concept in fuzzy method optimization.  
Fiber diameter and distribution, surface and volume 
porosity, fiber alignment, surface roughness, and stable ES 
process were the 7 criteria considered in this study and 40 
electrospun scaffolds were ranked with the fuzzy method 
by these criteria, then best-ranked samples redesigned. The 
redesigned samples were studied with SEM, AFM, TGA, 
Raman spectroscopy, water contact angle, tensile test, MTT 
assay, live/dead cells, and ALP activity tests. The diameter 
of the redesigned optimized scaffolds was obtained between 
204 and 13 nm; and the surface and volume porosity were 
67%-91% and 65%-86%, respectively. No toxicity was 
found and scaffolds had a positive effect on cell growth.
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I. INTRODUCTION

Every year more than 2 million people require bone 
grafting surgery for healing bone defects caused by 

accidents, trauma or diseases (like tumor resection) and 
is associated with treatment costs exceeding billions of 
dollars, societal productivity loss, and individual disability 
[1-3]. Human bone is a dynamic tissue that can regenerate 
after any kinds of defects but complete healing still is a 
challenge in orthopedic surgery. The bone remodeling 
needs osteoblast and osteoclast communication and 
suitable microenvironment for the cell growing [4,5]. 
On the other hand, the proper bone healing process takes 
some months depend on fracture or defect size and kind 
and patient characteristics (such as age, gender, diet). 
Autologous bone grafts and allografts are some common 
materials for bone reconstruction but allergic or body 
reaction and their mismatch lifespan are just some of 
their problems [6-8]. So many new natural and synthetic 
biomaterials and techniques have been investigated yearly 
for biomedical tissue engineering applications. Among 
them, electrospun fibrous scaffolds have attracted much 
attention due to their high surface area to volume ratio, 
porous communicated network, variety kinds of polymers 
and blends used, tailored characteristic depending on final 
usage and ease of electrospinning method itself [10-12].

Electrospun tissue scaffolds act as templates for tissue 
formation and typically a number of key considerations 
(such as biodegradation, biocompatibility, architecture 
mechanical properties, surface and volume porosity, fiber 
diameters, thermal stability, etc.) must be taken into account 
for designing and preparing a suitable scaffold for use in bone 
tissue engineering [13-15]. For designing an electrospun 
scaffold two main parameters categories are considered: 
(1) electrospinning parameters including solution flow 
rate, electrospinning distance, and the voltage; (2) polymer 
solution properties such as concentration, viscosity, ionic 
strength, and conductivity. Electrospinning scaffolds can 
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be fabricated with a wide scope of biomaterials containing 
natural and synthetic polymers and bioceramics [16-18]. 

For bone tissue engineering scaffolds, it is known that 
hydroxyapatite (HA) is a major mineral constituent of a 
bone matrix and has an ability to promote osteogenesis due 
to having osteoconductive and osteopromotive properties 
[19]. 70% of bone is composed of HA and in mammals, it 
is the main mineral [20]. In many studies, the researchers 
reported that by using HA bioactive ceramics in tissue 
scaffolds, stem cell growth and proliferation are good but 
the major drawback of HA is its rather brittle behavior and 
limited strain compliance. Therefore, some investigations 
have done on preparing composite scaffold by blending 
biomaterials with HA to improve its properties as an 
implant. PCL/HA [21], Polyurethane (PU)/HA [22], HA/silk  
fibroin [23], HA/collagen [24], metal ions-doped HA [25], 
HA/graphene oxide(GO) [26], and poly(trimethylene 
carbonate)(PTMC)/HA [27] are some attempts for 
improving the final functionality by producing a composite 
instead of using materials individually. 

So in this study, HA and PCL were selected for 
electrospinning a composite scaffold for bone tissue 
application. From the wide array of polymeric materials 
available, PCL, a Food, and Drug Administration-approved 
biomaterial, is regarded as a soft- and hard-tissue-
compatible bioresorbable material. PCL is often selected 
for electrospun tissue scaffold due to being non-toxic, easily 
obtainable, biodegradable and biocompatible. However, 
its poor hydrophilicity, improper mechanical properties 
and smooth surface (not proper for cell adhesion) reduce 
its activities in cell culture and also limit its use in hard-
tissue engineering [28,29]. Co-electrospinning of PCL with 
different biopolymers or nanoparticles has provided an 
alternative strategy for producing high-performance PCL 
nanofibrous scaffolds. Many pieces of literatures reported 
that adding nanoparticle could improve the final composite 
scaffold properties if the volume of these nanoparticles be 
optimized as well as other processing parameters [30,31]. 

Therefore, in this investigation, we designed three steps 
plans for fabricating proper PCL/HA composite scaffold for 
bone tissue regeneration. The first step was a trial and error 
step which was an experimental part including preparing 
electrospinning solution with different biomaterials 
concentration, fabricating PCL/HA composite scaffold with 
different ES parameters (solution flow rate, ES distance, 
voltage) and evaluating the result correspondent to natural 
bone properties. In the second step by using the first step 
data, all the parameters took the weight with Shannon 
entropy and then the fuzzy method used for ranking the 
scaffolds. The VIKOR method is based on an aggregating 
function representing “closeness to the ideal”. This method 

of compromise ranking determines a compromise solution, 
providing a maximum “group utility” for the majority and 
minimum of an individual regret for the opponent, which 
is an effective tool in multi-criteria decision making. This 
method is notable in a situation where the decision maker 
is not able or does not know to express its preference at the 
beginning of system design [32-34]. At last, the PCL/HA  
composite scaffold was redesigned and the optimized 
samples were studied with physicochemical, mechanical 
and biological tests.

II. EXPERIMENTAL
A. Materials
PCL (Mn=70000-90000; CAS No. 24980-41-4) was 
purchased from Sigma Aldrich, USA. Synthetic HA 
nanoparticles were obtained from Pardis Pajohesh 
Yazd, Iran, with a particle size in the range of 40-70 nm.  
Methanol and chloroform and other chemicals were of 
analytical grade and purchased from Sigma Aldrich, 
USA. Phosphate buffered saline (PBS) and penicillin/
streptomycin (antibiotics) were supplied by Sigma (USA). 
Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s 
medium (DMEM) were purchased from GIBCO (USA). 
Human osteoblast mesenchymal stem cells were obtained 
from Iran cell bank. All components were used as received.

B. Methods
B.1. PCL/HA Composite Scaffold Preparation
Fibrous PCL/HA composite scaffolds were developed 
through electrospinning technique. Different concentrations 
of PCL were dissolved in methanol/chloroform (75/25 v/v%)  
under continuous stirring for 2 h to obtain 8-14 w/w% 
solutions. HA nanoparticles were added to achieve  
0.2-2.2 w/w% concentration in the solution and stirred for 1 h  
to obtain homogeneous solution. Electrospun PCL and 
PCL/HA scaffolds were prepared separately for studying 
concentration effect on scaffold morphology. Then 
electrospinning parameters (flow rate, electrospinning 
distance, and voltage) were changed to investigating their 
effect on composite scaffold properties and furthermore, 
they were chosen for the most influential electrospinning 
parameters. The applied voltage was in the range of  
14-20 kV, the solution flow rate was in the range of  
0.5-1.5 mL.h-1 and with the electrospinning distance 
between 10 and 18 cm for 1 h. The resultant non-woven 
composite scaffolds were left in a fume cupboard for 2 days  
and then stored in a desiccator.

B.2. Characterization of Electrospun Nanofibrous Scaffolds
Scanning electron microscopy (SEM) (VEGA\\TESCAN; 
Czech Republic) and atomic force microscopy (AFM) 
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(NanoWizard® II; Germany) were used for the surface 
morphological evaluation of scaffolds. Before observation 
with SEM, the samples were sputter-coated by a thin layer 
of gold. SEM and AFM images were used for calculating 
average fiber diameters, scaffold surface porosity (Eq. (1)),  
surface roughness, diameter distribution, and fiber 
alignment with utilizing of Image J software. After 
choosing a defined number of fibers randomly in each 
SEM image, the most frequency of fiber alignment angle 
was characterized according to Rahmani et al. reports [35]. 
Fiber distribution was calculated by using AFM results 
on scaffold surface in combination with 20 fibers chosen 
randomly on each SEM image.

(1)

In which Ve is the empty space of surface, VT is the total 
scaffold surface, and Ps is the surface porosity of scaffold. 
Furthermore, scaffold volume porosities were calculated 
using Eqs. (2) to (5):

(2)

(3)

(4)

(5)

ρa is the scaffolds apparent density; ρb is the bulk density 
of scaffold; PV is the volume porosity percent; m is the 
scaffolds mass; V is the scaffolds volume; L, w, and T are 
the length, width and thickness of scaffolds, respectively. 
The density of PCL/HA composite was calculated 
according to ρb=(w1+w2)/(w1/ρ1 +w2/ρ2) by assuming that 
the total volume of the materials did not change before and 
after composite formation. Here, w1 and w2 are the weight 
fractions of each component in the composites (note that 
w1+w2=1). The average measurements were reported for 
each scaffold.

B.3. Wettability
Water contact angles measuring were conducted with a 
Kruss tester machine of Germany in order to evaluate 
the hydrophobic characteristics of PCL/HA and PCL 
scaffolds. Wettability property is an effective feature in 
cell activity interaction. Water droplets were dropped 
gently by deposing a 2 µL drop of dH2O on to the surface 
of the scaffold. The results were reported as the average 

of 5 measurements.

B.4. Thermal Gravimetry
Thermal properties of PCL/HA and PCL scaffolds were 
measured using a thermal gravimetry instrument (TGA; 
Perkin Elmer; USA). About 10-15 mg of scaffolds were 
placed in a platinum sample pan of a TGA. The heating rate 
was 10 °C/min and the scaffolds were heated up to 600 °C.

B.5. Spectroscopy
Raman spectroscopy (FRA 106/s; Bruker Co.; Germany) 
was used to determine the molecular constituents of 
composite scaffolds and confirm the presence of PCL and 
HA in electrospun scaffolds.  

B.6. Tensile Test
Unidirectional tensile testing of scaffolds was performed 
on a Zwick universal testing machine at room temperature. 
The samples were cut to a rectangular shape (20×5×0.3 mm3  
in length, width, and thickness) and tested at a crosshead 
speed of 5 mm.min-1 with a 100 N load cell. In all kinds of 
samples, five specimens were measured and the mean and 
standard deviation were calculated.

B.7. MTT Assay
MTT assay and microscopic observation were employed 
to evaluate the viability and morphology of the human 
osteoblast cells treated with PCL/HA and PCL scaffolds 
containing different concentrations of HA and PCL. 
The human osteoblast cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM). The culture conditions 
were humidity controlled environment under 5% CO2 at  
37 °C. For cell seeding, the nanofibrous matrices (PCL/HA  
and PCL) were sterilized by immersing them in 70% 
alcohol for 30 min, washed twice with sterile PBS, and 
seeded with osteoblast cells at 104 cells well−1 in a 96-
well plate. After 72 h of culture, the cell morphology was 
first observed using an inverted phase contrast microscope 
with a magnification of 200x for each sample, and then 
the medium was replaced by MTT assay reagents. Briefly, 
10 μL of MTT solution (5 mg.mL−1 in fresh medium) was 
added to each well, followed by incubation at 37 °C cell 
incubator for 4 h. Then, the medium was removed, and the 
formed formazan crystals were dissolved by the addition of 
200 mL DMSO for 15 min, and subsequently the OD value 
at 490 nm was detected using a microplate reader (BioTek, 
USA). Mean and standard deviation from the triplicate 
wells for each sample was reported for 1, 3, 7, and 14 days.

B.8. Cell Proliferation
Human mesenchymal stem cells were cultured with a 
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growth medium that contained Dulbecco’s modified 
Eagle’s medium (DMEM) containing 10 (v/v%) FBS 
(fetal bovine serum). After cell seeding (1×105 cells/
scaffold), scaffolds were incubated for 30 min and after 
that cell media was added. The cell culture was maintained 
in a 95% humidity incubator with 5% CO2 at 37 °C. The 
medium was changed every 3 days. For the experiments, 
hMSCs at four passages were used. Live and dead cells 
were visualized with confocal fluorescence imaging at day 
1, 7, and 14 time points were first rinsed in sterile PBS 

and incubated in a PBS solution of 5 mM calcein AM and  
5 mM ethidium bromide homodimer (Invitrogen) for 
20 min prior to imaging. A Nikon fluorescent scanning 
confocal microscope was used to obtain a series of images 
through the top ~500 µm of each sample (live and dead 
cells labelling with green and red color, respectively). 

By using Cell Counting Kit-8 (CCK-8) assay kits 
(Dojindo, Japan) seeding efficiency and cell growth in 
the scaffolds and viable cells were determined. Moreover, 
absorbance was measured at 450 nm by a microplate reader 

No. Code
 Average diameter

(nm)
 Distribution

(%)
 Fiber alignment,
average angle (°)

 Surface porosity
(%)

 Volume porosity
(%)

1 P14H0.0f1.5d10V18 1810±3.03 71 63±1.02 41 40

2 P14H0.0f1.0d10V18 1740±3.08 75 64±1.10 43 41

3 P14H0.0f0.5d12V18 1520±2.83 78 61±0.98 40 38

4 P14H0.0f1.5d12V18 2260±3.14 70 59±1.05 38 35

5 P13H0.0f1.0d10V18 1780±2.95 74 63±1.12 41 37

6 P13H0.0f1.5d12V18 1560±5.08 42 60±1.24 42 40

7 P13H0.0f1.0d12V18 1230±4.35 57 58±1.18 38 37

8 P13H0.0f1.5d12V15 2050±3.61 68 54±0.95 36 34

9 P12H0.0f1.5d10V18 1030±3.17 73 59±0.89 43 41

10 P12H0.0f1.5d12V18 990±3.08 67 57±1.06 45 43

11 P12H0.0f1.0d12V18 750±2.77 59 54±1.20 43 42

12 P12H0.0f1.5d12V16 1660±2.53 68 51±0.91 41 38

13 P11H0.0f1.5d10V18 820±2.75 68 53±0.83 46 43

14 P11H0.0f1.5d12V18 670±3.98 45 54±1.15 48 47

15 P11H0.0f1.5d15V18 580±3.76 48 51±1.07 42 40

16 P11H0.0f1.5d12V15 1130±4.82 44 49±0.90 41 39

17 P10H0.0f1.5d10V18 940±5.07 43 47±1.16 49 46

18 P10H0.0f1.5d12V18 770±3.19 70 45±0.83 53 50

19 P10H0.0f1.5d15V18 430±4.37 56 47±1.11 51 47

20 P10H0.0f1.5d12V15 1020±5.48 47 43±1.00 47 45

21 P9.0H0.0f1.5d15V18 480±1.29 89 43±0.92 54 52

22 P9.0H0.0f1.5d12V18 410±1.37 87 41±0.76 57 54

23 P9.0H0.0f1.0d16V18 360±1.02 91 35±0.51 51 48

24 P9.0H0.0f1.0d15V16 570±3.40 73 40±1.05 48 44

25 P8.0H0.0f1.5d15V18 440±5.76 46 34±1.47 53 50

26 P8.0H0.0f1.5d12V18 260±6.14 38 30±1.63 57 55

27 P8.0H0.0f1.0d15V18 210±6.71 49 31±1.02 53 48

28 P8.0H0.0f1.0d15V16 480±6.63 55 30±1.19 50 46

TABLE I
 PCL SCAFFOLDS PROPERTIES WITH DIFFERENT PCL CONCENTRATIONS AND ES PARAMETERS

* ± is standard deviation.
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every 30 min and mean values were reported.
B.9. Alkaline Phosphate Activity
For alkaline phosphate (ALP) activity evaluation, hMSCs 
differentiated on scaffolds. ALP catalyzes the hydrolysis 
of the colorless p-nitrophenyl phosphate into a yellow 
p-nitrophenol product. After two times washing with PBS, 
hMSCs lysed in alkaline buffer at room temperature for 
30 min. All the scaffolds were homogenized and incubated 
in glycine buffer. ALP activity was determined by the ALP 
assay kit according to the manufacturer’s instructions. 
The relative ALP activity was then normalized to the total 
amount of protein concentration of each sample. Each 
experiment was performed three times in triplicate.

B.10. Statistical Analysis
One-way analysis of variance (ANOVA) was carried out to 
compare the obtained data groups. A probability value of 
95% (p<0.05) was used to determine significance. All data 
are presented as mean ± standard deviation.

III. RESULTS
A. PCL/HA Scaffold Fabrication and Characterization
For producing the desirable architecture of the scaffold, ES 
method parameters need to be optimized. For optimization 
of process, different ratios of biomaterial and ES 

parameters (ES flow rate, ES distance and voltage) must 
be applied in a way to have a beadles’ scaffold with proper 
size and homogenously distribution of porosity as well as 
fiber diameter. As PCL was the organic polymer and used 
as a substrate for HA nanoparticles, first the amount of PCL 
must be optimized in ES solution. For this, 8-14 w/w% of 
PCL were added to chloroform/methanol (75/25 v/v%) 
solvent because less than 8 w/w% could not be electrospun 
and more than 14 w/w% made a non-homogenous solution. 
For obtaining the best w/w% of PCL in ES solution, fiber 
diameter and distribution, surface and volume porosity, fiber 
arrangement as well as stable ES process were considered 
as selection parameters. This stage of optimization was 
done by trial and error. In other words, the level of ES and 
solution parameters were optimized by trial and error. In 
each step of trial and error, SEM and AFM images were 
taken to calculate the uniformity of electro spun scaffold 
by determining the scaffold diameter and its distribution, 
porosity, and fiber alignment according to 2.3. In Table I, 
PCL scaffolds and their characteristics are listed. Samples 
are named with PaHbfcdeVg code, in which P and H are 
PCL and HA symbols, a is PCL w/w% and b is HA w/w%; 
f means flow rate and c is its amount on mL/h; d is ES 
distance, and e is its amount on cm; V is the voltage and g 
is its amount on kV.

		            12 w/w%			   13 w/w%			          14 w/w%
Fig. 1. SEM images (2 µm magnification) of PCL scaffold with different PCL concentrations (flow rate=1.5 mL/h; ES distance=12 cm; voltage=18 kV).
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