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ABSTRACT 
 

Background: Solvent casting/particulate leaching is one of the most conventional methods for fabricating 
polymer/ceramic composite scaffolds. In this method, the solvent generally affects resulting scaffold properties, 
including porosity and degradation rate. Methods: Herein, composite scaffolds of PLGA/nHA with different 
percentages of nHA (25, 35, and 45 wt. %) were prepared by the solvent casting/particle leaching combined with 
freeze drying. The effects of two different solvents, DIO and NMP, on morphology, porosity, bioactivity, 
degradation rate, and biocompatibility of the resulting scaffolds were investigated. Results: The results revealed 
that increasing the nHA percentages had no significant effect on the porosity and interconectivity of scaffolds (p > 
0.05), whereas altering the solvent from DIO into NMP decreased the porosity from about 87% into 71%, 
respectively. Moreover, scaffolds of DIO illustrated the high results of cell proliferation compared to those of 
NMP; the cell viability of GD25 decreased from 85% to 65% for GN25. The findings also indicated that scaffolds 
prepared by NMP had a higher rate of losing weight in comparison to DIO. Adding nHA to PLGA had a significant 
effect on the bioactivity of scaffolds (p < 0.05), composite scaffolds with 45 wt % nHA had at least 30% more 
weight gain compared to the neat polymer scaffolds. Conclusion: The DIO scaffolds have higher rates of porosity, 
interconnectivity, bioactivity, and biocompatibility than NMP scaffolds due to its high evaporation rate.  
DOI: 10.52547/ibj.25.6.408 
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INTRODUCTION 

 

uring recent years, biodegradable synthetic 

polymers have widely been used for the 

production of porous scaffolds in order to 

provide tissue-based artificial organs
[1-3]

. Among these 

polymers, PLGA, PLA, and PGA have received a great 

attention for biomedical applications due to their 

appropriate biocompatibility
[4,5]

, suitable mechanical 

properties
[4,6,7]

, high thermal stability
[8-10]

, and 

acceptable cell adhesion features
[7,11]

. These polyesters 

are also among the few FDA approved biodegradable 

polymers
[12]

.  

Different techniques have been proposed for the 

preparation of polymer scaffolds such as gas 

foaming
[13,14]

, solvent casting/particulate leaching
[15,16]

, 

phase separation
[15,17]

, emulsion freeze drying
[18]

 or 

some combinations. Among these methods, the solvent 
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casting/particulate leaching has extensively been 

employed in the fabrication of temporary supports 

because it provides an easy control of the pore 

structure
[15]

. Briefly, the steps of solvent casting for 

scaffolds are the dissolution of the polymer in a solvent 

and then adding porogens or ceramic particles if 

intendant and finally casting the solution into a 

predefined three-dimensional mold. In this method, the 

pore structure and pore size, and also their morphology 

can easily be adjusted using the porogens of different 

particle sizes and morphologies
[15,17]

. The other notable 

point in this process is the solubility of polymer in 

solvent, which is related to polymer crystallinity, 

hydrophilicity, hydrogen bonding, and molecular 

weight. Therefore, concentration of a polymer 

dissolved in various solvents depends on polymer type 

and its molecular weight. Normally, the high molecular 

weight polymers tend to solidify faster and give higher 

solution viscosities than the low molecular weight 

polymers
[19]

. According to the solubility parameters of 

PLGA, organic solvents such as dimethylformamide, 

chloroform, and DIO
[13]

 should be used. However, 

toxicity of these solvents and their residues may 

negatively affect the biocompatibility and cell 

proliferation properties of the resulting scaffolds
[14,20]

. 

To resolve this problem, a technique, namely freeze 

drying, was combined with this method to eliminate 

the remnant solvent in scaffolds as far as possible. 

In this research, not only a combination of solvent 

casting and freeze drying was used to prepare the 

nanocomposite scaffolds based on PLGA and nHA but 

also NMP was examined as a substitution solvent for 

the toxic solvents, which is commonly used to dissolve 

PLGA. NMP is a biocompatible solvent approved by 

FDA for parenteral applications and broadly used for 

the preparation of transdermal or injectable drug 

delivery systems
[18]

. As an example, Eligard®, an in 

situ forming implant, containing a luteinizing 

hormone-releasing hormone agonist, i.e. Leuprolide 

acetate (3% w/w), in a carrier system composed of 

PLGA 75/25 (33% w/w) dissolved in NMP (64% w/w) 

as a solvent
[21,22]

 is mostly administered for the 

management of advanced prostate cancer.  

In the present study, nanocomposite-based scaffolds 

of PLGA with various percentages of nHA and two 

different solvents were fabricated. The solvents used 

were comprised of NMP as a biocompatible solvent 

and DIO as a common organic solvent. The solvent 

casting/particulate leaching and freeze-drying 

technique were designated to prepare scaffolds, and 

finally the porous structure, bioactivity, degradation 

rate, and biocompatibility of the resultant scaffolds 

were assessed.  

 

MATERIALS AND METHODS 

 

Materials 

Calcium chloride, sodium hydroxide, NMP, and 

NaCl were purchased from Merck (Darmstadt, 

Germany). NaCl crystals were sieved to attain a 300-

500 μm size range beforehand. CMC was obtained 

from Sigma-Aldrich (Milwaukee, USA). Diammonium 

hydrogen phosphate and DIO were obtained from 

Scharlau (Barcelona, Spain). Chemicals were all of 

reagent grade and used as received without further 

purification. PLGA with 85:15 copolymer composition 

and intrinsic viscosity of 5.1 dl/g (LG 857) was 

procured from Boehringer Ingelheim (Ingelheim, 

Germany). The NHA was synthesized in house and 

thoroughly characterized as previously reported
[23]

.  

 

Preparation of nanocomposite scaffolds  
To fabricate PLGA/nHA composite scaffolds, we 

combined solvent casting/particulate leaching 

technique with phase separation process by freeze 

drying. Two different solvents, NMP and DIO, were 

used to fabricate the scaffolds. Briefly, PLGA solutions 

(7% w/v) were prepared in the two mentioned solvents. 

NHA was dispersed in 4.5 ml of the same solvents as 

polymers, separately, using CMC (%1 w/v) to stabilize 

the dispersion. NHA dispersions were then stirred for 

another 30 min at 50 C and kept in an ultrasonic bath 

for 5 min before mixing with the polymer solutions. To 

include 25, 35, and 45% w/w of nHA in the final 

compositions, a specific volume of the ceramic 

dispersions was added to the similar polymer solutions. 

Then porogens, i.e. NaCl crystals (300-500 μm size 

range) were added to the mixture composed of the 

polymer and nHA. After that, the mixtures were 

thoroughly mixed in a dual centrifugal mixer 

(SpeedMixer
®
 DAC 150, Hauschild Engineering, 

Germany) at 3000 rpm for 30 seconds. The 

compositions were poured into a polyethylene cylinder 

mold and freeze-dried for 48 h. Thereafter, the 

nanocomposites were immersed in deionized water for 

24 h to remove the embedded salt completely. The 

deionized water was thoroughly replaced every 6 h. 

Compositions of the prepared nanocomposite scaffolds 

are tabulated in Table 1. 

 

Physical characterization of the scaffolds 

To illustrate the effects of different solvents on pore 

morphology of scaffolds, the cross-sectional view of 

samples was evaluated by scanning electron 

microscopy (Vega II XMU, Tescan, Czech Republic). 

The samples firstly sputtered in liquid nitrogen, and 

then their surface was coated with a thin layer of gold 

under vacuum. Porosity of the nanocomposite scaffolds  
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                                  Table 1. Compositions and abbreviations of the PLGA/nHA samples 

DIO 

(ml) 

NMP 

(ml) 

CMC 

(g) 

NaCl 

(g) 

nHA 

(g) 

nHA 

(%) 

PLGA 

(g) 
Abbreviation Sample 

0.0 4.5 0.00 1.8 0.00 0 0.3 GN0 PLGA 

0.0 4.5 0.01 1.8 0.01 25 0.3 GN25 PLGA/25 nHA 

0.0 4.5 0.01 1.8 0.16 35 0.3 GN35 PLGA/35 nHA 

0.0 4.5 0.01 1.8 0.25 45 0.3 GN45 PLGA/45 nHA 

4.5 0 0.00 1.8 0.00 0 0.3 GD0 PLGA 

4.5 0 0.01 1.8 0.01 25 0.3 GD25 PLGA/25 nHA 

4.5 0 0.01 1.8 0.16 35 0.3 GD35 PLGA/35 nHA 

4.5 0 0.01 1.8 0.25 45 0.3 GD45 PLGA/45 nHA 

 

 

prepared via different solvents and nHA contents was 

determined by liquid displacement method
[24]

. Ethanol 

was used as the displacing liquid for the porosity 

structure as it effortlessly penetrates into the pores  

and does not induce shrinkage or swelling. First dry 

weight of each sample was measured, and then to gain 

submerged   weight,  the  samples  were  submerged  in 

ethanol for 24 h. Finally, the saturated weights of  

the samples were determined after they were exited 

from ethanol. The following formula was utilized to 

calculate the porosity of samples. Where Msaturated, 

Mdry, and Msubmerged stand for saturated, dry, and 

submerged weights, respectively. At least three 

specimen were examined for each presented porosity 

value to provide statistically consistent results. 

 

%Porosity= (Msaturated- Mdry)/(Msaturated- Msubmerged) × 100     (1) 

                   

In vitro characterization of the scaffolds 

Bioactivity assay 
The bioactivity of scaffolds were determined by 

measuring the weight increment of samples while were 

incubated in SBF. To this end, completely dried disks 

of the samples were first weighted (Wa) and then after 

sterilizing by ethanol were incubated in SBF for 48 h 

without any vibration disturbance. At the end, the 

samples were removed from the SBF and following  

twice washing with deionized water, were dried in a 

vacuum oven at 80 C for 2 h. The samples were 

weighed again (Wb), and according to the following 

formula, the percentage of weight increment was 

calculated: 

 

P = (Wb-Wa)/Wa × 100                   (2) 

 

Cell experiments 

 The human osteosarcoma cell line (G-292 colon 

A141B1; no. = C 116) was obtained from the National 

Cell Bank of Iran, Pasteur Institute of Iran (Tehran) 

and was then used to investigate the efficacy of 

nanocomposite scaffolds prepared by different solvents 

and compositions. DMEM (Gibco, Scotland) 

supplemented with 10% v/v of FCS (Seromed, 

Germany) and 100 IU/ml of penicillin and 

streptomycin (Sigma, USA) was used for cell cultures. 

The nanocomposite samples (e.g. GN0, GN25, GN35, 

GN45, GD0, GD25, GD35, and GD45) with the size of 

2 × 2 × 2 mm were prepared and sterilized by soaking 

into two changes of ethanol (70% v/v) for 30 min and 

then by soaking into three changes of PBS solution for 

15 min. The samples were finally incubated in a 

humidified atmosphere with 5% CO2 content at 37C 

overnight. Cell proliferation assay was carried out by 

MTT assay. Briefly, the cells were transferred into a 

96-well microtiter plate at 2 × 10
3
 cells/well and 

exposed to composite samples. Three wells (tissue 

culture polystyrene with media only) served as a 

negative control, and three wells, containing neat 

PLGA-based scaffold samples G0 (i.e. samples without 

any nHA), served as positive control. The plates were 

incubated at the same conditions as before with half 

media changed every day for seven days. The samples 

were then removed from the wells, and 10 μl of a 5 

mg/ml solution of MTT (Sigma-Aldrich,) was added to 

each well and then incubated at 37 C for 5 h. Formed 

formazan crystals were dissolved by the addition of 

100 μl/well of acidified isopropanol containing 0.05 N 

HCl (Sigma-Aldrich). Subsequently, the plates were 

incubated at 37 C for 10 min and changed to 4 C for 

15 min before absorbance measurements. A multiwall 

microplate reader (ICN, Switzerland) at 570 nm was 

used to record the OD. 
 

In vitro degradation test  

In vitro degradation test was set up to monitor the 

weight loss of the scaffolds in PBS medium for eight 

weeks. In this regard, completely dried disks were 

prepared from the scaffolds as previously discussed 

using both solvents and various contents of nHA, i.e., 

25%, 35%, 45%, then were cut into eight pieces and 

sterilized by ethanol. Dry samples were weighed (Wa) 

and incubated in PBS at 37 C in static conditions. At 

weekly intervals, the degradation media was renewed, 

and  three  samples  of  each  group   removed,  washed  
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Fig 1. SEM micrographs of scaffolds (A) GD0, (B) GD25, 

(C) GD35, and (D) GD45. 
 

 
 

twice with deionized water and ethanol and dried in a 

vacuum oven (10
-2 

bar, 40 C, 90 min). Samples were 

weighed again (Wb), and weight loss percentage was 

calculated according to the formula (3):  

 
         P = (Wa-Wb)/Wa × 100%                          (3) 

 

 

 
 

Fig. 2. SEM micrographs of scaffolds (A) GN0, (B) GN25, 

(C) GN35, and (D) GN45. 

 

Statistical analysis  

Differences of normally distributed data were 

analyzed by two-way ANOVA (the analysis of 

variance) in Minitab 19 software. The type of solvent 

and nHA percentages were two different independent 

variables, and differences considered statistically 

significant in p < 0.05, very significant in p < 0.01, and 

highly significant in p < 0.001. 

 
 

 
 

 
 

 Fig. 3. SEM micrographs of porous PLGA/nHA scaffolds by 

(A) NMP and (B) DIO as a solvent.  

 

 

RESULTS AND DISCUSSION 

 

Physical characterization 

The physical characteristics of scaffolds can be 

described by shape, interconnectivity, average size, and  

size distribution of the pores
[24]

. Pore size and 

interconnectivity of the prepared scaffolds were studied 

by SEM. the increased amount of nHA into the PLGA 

scaffold had no significant effect on pore size and 

porosity (Figs. 1 and 2). SEM photomicrographs of 

GN25 and GD25 depicts the effect of solvent type 

(Fig. 3). It was observed that both groups had the pore 

size in the range of about 50-200 µm, which is advised 

for bone scaffolds
[25]

. However, the pore size for GD25 

was generally smaller than GN25. A minimum pore 

size of >100 μm is generally required for a scaffold to 

be ideal in tissue engineering applications
[14,26,27]

. 

Proper interconnectivity between pores is also required 

for scaffolds to transport nutrients and waste 

products
[28]

;  pore  shape  and  roughness  leading  high  
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Fig. 4. Porosity percentages of various nHAs containing 

scaffolds (*p < 0.05). 

 

 
cell   spreading, as well

[29]
. It  has  been  reported  that  

any change in the fabrication process, e.g. porogen 

type and  its percentages
[30]

, and also  solvent  type  

and its density
[13]

 can significantly affect the 

morphological characteristics of the scaffold. Since the 

solvent casting, freeze drying, and particle leaching 

were used for both groups of scaffolds; the difference 

in interconnectivity could be related to their used 

solvent. In solvent casting method, the solvent 

evaporation rate is more vital in shaping scaffold 

microstructure and help to have admissible porous 

scaffold with decent interconnection between pores
[31]

. 

Sander et al.
[31]

, prepared 75/25 PLGA scaffolds using 

the solvent casting/particle leaching method with three 

different solvents of acetone, chloroform, and 

methylene chloride. Scaffolds were prepared by 

methylene chloride showed lower interconnectivity due 

to its lower evaporation rate in comparison with the 

other solvents. Freeze drying is a processing method 

based on the sublimation phenomenon. In this 

technique, not only freeze drying properties, such as 

condenser temperature, chamber pressure, and freeze-

drying time, can affect the properties of scaffold but 

also properties of used materials, such as composition, 

formulation, and concentration, can be significant. 

Therefore, the chemical composition of the used 

solvent can be affective. In this study, as indicated in 

Figure 3, the scaffold prepared by DIO as volatile 

solvent
[32]

 with the higher evaporation rate compared to 

NMP
[17]

 presented the higher porosity and 

interconnectivity. 

The total porosity percentage of the samples was 

investigated by water displacement method. The results 

are shown in Figure 4. Increasing the nHA content 

reduced the porosity of both groups of scaffolds in 

small quantities, although NMP scaffolds showed the 

more declination. The nHA particles may occupy a free 

space in pore and cause a reduction in the scaffold 

porosity
[13]

. Statistical analysis based on two-way 

ANOVA exposed that increasing the nHA percentages 

had no significant effect on the porosity of scaffolds (p 

> 0.05). Qian et al.
[25]

 have also noticed that adding 

nHA into PLGA had negligible effect on porosity. The 

statistical analysis also revealed that the solvent type 

had the high significant effect on porosity (p < 0.001). 

Comparing the porosity values of scaffolds 

demonstrates that scaffolds prepared by DIO have 

more porosity than NMP ones. Some characteristics of 

polymer solution like concentration and viscosity can 

affect the porosity and pore size of scaffold
[33]

. 

Consequently, the composite scaffolds prepared by 

NMP, compared to the DIO samples, have lower 

porosity.  

 

Bioactivity assay 

Formation of a biologically active bone-like apatite 

layer on artificial  material  is a  necessary requirement 

for bonding to the living bone
[34,35]

. Bioactive materials 

are intended to induce a biological activity, which can 

lead to strong bonding to bone
[36]

. Bioactivity of GN0, 

GN25, GN35, GN45, GD0, GD25, GD35, and GD45 

scaffolds were investigated by their incubation in SBF 

solution (Table 2)
[37]

. Figure 5 shows the weight 

changes for scaffolds after incubation in SBF for 48 h. 

Statistical analysis based on two-way ANOVA showed 

that adding nHA to PLGA had a significant effect on 

the bioactivity of scaffolds (p < 0.05). Increasing the 

amount of nHA as a bioactive filler increased the 

weight gain of the nanocomposites for both scaffold 

groups, which is in accordance with the results 

obtained by Salmasi et al.
[38]

. In contrast, neat samples, 

i.e.   scaffolds    without   any   ceramic   phase  (nHA), 

demonstrated weight loss or little weight gain in SBF 

in the  result of polymer degradation without formation  

 

 
 

                  Table 2. Ionic concentration of SBF and human blood plasma 
 

  Ion concentration (mM) 

  Na+ K+ Ca2+ Mg2+ Cl- HPO4
- HCO3

- SO4
2- 

Blood  142.0 5.0 2.5 1.5 103.0 1.0 27.0 0.5 

SBF  142.0 5.0 2.5 1.5 147.8 1.0 4.2 0.5 
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Fig. 5. Weight gain value of the samples after incubation in 

SBF for 48 h. Three samples of each group were selected and 

examined. 
 

 

of Ca-P layer. The results also displayed that the 

scaffolds prepared by DIO were more bioactive than 

NMP, which can be attributed to their interconnected 

morphology; in this morphology, the more surfaces 

contact to SBF environment, the more weight gain
[39]

. 

 

Degradation assay 
Degradation of biodegradable polyesters like PLGA 

mostly occurs by the uptake of water and followed by 

the hydrolysis of ester bonds in the initiation period. 

Many different factors, such as chemical composition, 

processing history, environmental conditions, device 

size and morphology (e.g. porosity), and distribution of 

additives or chemically reactive compounds within the 

matrix
[8,37,40]

, can strongly affect degradation kinetics. 

Herein, we separately  investigated  both the  effects 

of different percentages of nHA content and solvent 

type on the in vitro degradation of each group of 

scaffolds; the results of losing  weight of  samples are 

depicted in Figures 6 and 7, respectively. As can be 

seen in Figure 6, nanocomposites of PLGA/nHA have 

lower losing weight rate in comparison with the neat 

polymer of PLGA. The acidic degradation products of 

PLGA accelerated the losing weight rate of scaffolds, 

while the presence of nHA particles in PLGA 

neutralized environment pH
[28,41]

. The degradation rate 

of nHA is inherently lower than copolymer of PLGA, 

and the addition of nHA to PLGA scaffold increases 

the corrosion resistance of nanocomposites. Moreover, 

nHA as reinforcement elevates the bioactivity of 

scaffold and motivates the formation of Ca-P layer on 

surface
[42]

, which restricts and declines the scaffold 

degradation rate. The results also show that the rate of 

destruction in the first two-three weeks is more severe 

than in the following weeks, which may be a result of 

morphological alterations of the polymeric structure. In 

the early weeks, amorphous structures were destroyed 

due to the easier penetration of water into them, and 

then the crystal structures started to break down. 

Results from Figure 7 revealed that scaffolds 

prepared by NMP had a higher rate of losing weight in 

comparison to DIO, which can be attributed to the 

different morphologies of these two types of scaffolds. 

As mentioned above, the scaffolds prepared using 

NMP were of a closed-cell type; therefore, the acidic 

byproducts resulted from degradation process were 

accumulated possibly inside the device, which will in 

turn cause an autocatalytic effect
[43]

.  

 

MTT assay 

Direct MTT assay was used to determine the 

biocompatibility of prepared scaffolds. The results 

compared    with    the    control    group-tissue   culture 

polystyrene (wells containing only culture media) are 

shown in Figure 8. Scaffolds of DIO illustrate the high 

results of cell proliferation compared to those of NMP. 

On a macroscopic scale, the pore shape, size, and 

interconnectivity of scaffolds can be the significant 

parameters for cell seeding, mass transport, and three- 

dimesional  tissue   formation
[24,44]

.  Scaffolds  of   DIO 

 
 

 
 

Fig. 6. Effect of nHA content in a weight loss of nanocomposite scaffolds (a) NMP and (b) DIO as solvents. 
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Fig. 7. Effect of solvent on the degradation of nanocomposite for PLGA/nHA (A) 0%, (B) 25%, (C) 35%, and (D) 45%. 

 

 

presented a higher explosion of osteoblasts through its 

porous structure. Morphologic characterization of the 

scaffolds of DIO was elucidated more porosity and 

more interconnectivity structures than those of NMP, 

which yield them to be more bioactivity and 

biocompatibility. Besides, the results of degradation 

tests  showed  scaffolds  prepared  by  NMP had  

higher rates of degradation; therefore, pH of the culture 

medium nearby the samples may be changed at a short 

time and may restrict the growth of osteoblast cells
[45]

. 

Comparison between the biocompatibility of the 

scaffolds with different percentages of nHA and the 

same solvent demonstrates that increased percentages 

of nHA decreases the OD of composite scaffolds. As 

Aboudzadeh et al.
[23]

 described before, nHA particles 

have a high capacity for ions adsorption to form Ca-P 

(biologic apatite) layer; hence, a high amount of these 

particles disturbs the ionic equilibrium in the 

extracellular fluids and culture media, which 

significantly reduce the proliferation of osteoblast cells 

at in vitro assay. However, in the body, the circulation 

of fluids may lessen this ionic turbulence and its 

effects. Nevertheless, more cell proliferation was 

obtained by GN25 in comparison to GN0 (as control 

group) samples; therefore, more biocompatibility will 

be attained using nHA in polymeric structure in 

optimum percentages. 

PLGA/nHA composite scaffolds with different 

percentages of nHA (0, 25, 35, and 45 wt.%) were 

prepared   by   a   combined   solvent   casting,   freeze-

drying and particle leaching techniques using two 

different solvents consisting of NMP and DIO. The 

scaffolds of DIO revealed more porosity and 

interconnected pores in comparison with the scaffolds 

of NMP’s due to its high evaporation rate. The results 

showed that this interconnected structure in the 

composite scaffold has a high level of contact with 

SBF, which increases the bioactivity. Furthermore, 

adding  the  nHA particles  to  PLGA as  reinforcement  

 

 

 
 

Fig. 8. Cell proliferation assay for G-292 cells grown on 

nanocomposite scaffolds. (*p < 0.05 and **p < 0.01). 
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increase both the bioactivity and corrosion resistance 

of scaffolds. These nanoparticles motivate the speed of 

biologic apatite formation on  the  surface of implants. 

The MTT assay also revealed that nanocomposite 

scaffolds prepared by DIO with the optimum 

percentage of nHA (25 wt%) have the closet cell 

viability with the negative control. 

In conclusion, PLGA/nHA composite scaffolds with 

different percentages of nHA (0, 25, 35, and 45 wt.%) 

were prepared by a combined solvent casting, freeze-

drying and particle leaching techniques using two 

different solvents consisting of NMP and DIO. The 

scaffolds of DIO revealed more porosity and 

interconnected pores in comparison with the scaffolds 

of NMP’s due to its high evaporation rate. The results 

showed that this interconnected structure in the 

composite scaffold has a high level of contact with 

SBF, which increases the bioactivity. Furthermore, 

adding the nHA particles to PLGA as reinforcement 

increases both the bioactivity and corrosion resistance 

of scaffolds. These nanoparticles motivate the speed of 

biologic apatite formation on the surface of implants. 

Based on the MTT assay, nanocomposite scaffolds 

prepared by DIO with the optimum percentage of nHA 

(25 wt. %) have the closet cell viability with the 

negative control. 
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