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Abstract 

 

Background and purpose: Biomaterials, scaffold manufacturing, and design strategies with acceptable 

mechanical properties are the most critical challenges facing tissue engineering.  

Experimental approach: In this study, polycaprolactone (PCL) scaffolds were fabricated through a novel 

three-dimensional (3D) printing method. The PCL scaffolds were then coated with 2% agarose (Ag) hydrogel. 

The 3D-printed PCL and PCL/Ag scaffolds were characterized for their mechanical properties, porosity, 

hydrophilicity, and water absorption. The construction and morphology of the printed scaffolds were evaluated 

via Fourier-Transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The attachment 

and proliferation of L929 cells cultured on the scaffolds were investigated through MTT assay on the cell 

culture study upon the 1st, 3rd, and 7th days. 

Findings/Results: The incorporation of Ag hydrogel with PCL insignificantly decreased the mechanical 

strength of the scaffold. The presence of Ag enhanced the hydrophilicity and water absorption of the scaffolds, 

which could positively influence their cell behavior compared to the PCL scaffolds. Regarding cell 

morphology, the cells on the PCL scaffolds had a more rounded shape and less cell spreading, representing 

poor cell attachment and cell-scaffold interaction due to the hydrophobic nature of PCL. Conversely, the cells 

on the PCL/Ag scaffolds were elongated with a spindle-shaped morphology indicating a positive cell-scaffold 

interaction. 

Conclusion and implications: PCL/Ag scaffolds can be considered appropriate for tissue-engineering 

applications. 
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INTRODUCTION 
 

Exploring more sophisticated options to 

enhance the healthcare of the aged and diseased 

population has remained a global challenge               

(1, 2). Besides the increase in age-related 

degenerative problems and tissue loss, the 

growing trend in life expectancy makes it 

essential to use allogenic or autologous grafts 

for tissue-repairing targets (3). Among the 

several strategies toward fulfilling this goal, 

tissue engineering and regenerative medication 

(TERM) has gradually become a promising 

technique to satisfy the requirement of sufferers 

in the future. TERM aims to manufacture a 

three-dimensional (3D) cell/biomaterial 

composite, which has the same activity as a 

living tissue/organ and may be used to renew or 

regenerate a damaged tissue/organ. The 

essential factors in preparing such a complex 

are its ability to improve cell growth, nutrients 

and waste transportation, and gas exchange (2).  
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Tissue engineering (TE) has been 

increasingly known as a valuable process for 

palliating the universal disease burden (4). This 

approach combines some factors, including 

cells, scaffolds, biochemical and 

physicochemical agents, and applies 

engineering technologies to modify or 

exchange biological tissues (5,6). Among them, 

scaffolds have widely attracted the attention of 

researchers since they can be used in the 

assessment, restoration or reinforcement of 

human tissues or organs. They provide 

structural support as an artificial extracellular 

matrix (ECM), facilitate cell proliferation, and 

protect their differentiation functions. 

Designing an ideal TE scaffold, with the ability 

to imitate the natural extracellular condition of 

the tissue, is, therefore, critical to succeed in 

tissue regeneration. Biocompatibility and 

biodegradability are other significant 

requirements that should be considered to 

promote cell adhesion. Furthermore, they 

should have sufficient mechanical properties to 

maintain 3D construction and a highly porous 

architecture with suitably interconnected pores 

to enhance cell growth and nutritious transport, 

thus increasing cell growth and nutrient 

transportation (7-9). 

Salt leaching, solvent casting, gas foaming, 

phase separation, melt molding, and 

electrospinning are different methods for 

fabricating 3D scaffolds (9,10). However, 

conventional methods cannot control the pore 

size, porosity, geometry, and interconnectivity 

in the pores of the scaffolds, and fabricated 

scaffolds cannot be certainly modified to 

improve cell differentiation and tissue 

regeneration (11). These problems can be 

resolved through new 3D printing technologies 

based on computer-aided design and computer-

aided manufacturing (12). The origin of 3D 

printing, referred to as additive manufacturing 

or rapid prototyping, dates back to the past few 

decades (13). A 3D printer can create a definite 

external and internal structure and regulate 

design parameters, including print speed and 

height of each layer (12). Fused deposition 

modeling (FDM) technology is a widely used 

3D printing process based on extruding a 

molten polymer. Zhao et al. (14) reported that 

Hella cells in 3D printing models presented 

higher protein expression, resistance to 

chemotherapy, and proliferation rates when 

compared to the cells cultured in 2D media. In 

2020, Honarvar et al. (15) also revealed that the 

presence of fibrin in polycaprolactone 

(PCL)/fibrin/ECM scaffolds fabricated via 3D 

printing had been improved in terms of 

mechanical properties, water absorption, 

porosity, and cell viability, as compared to 

particle leaching scaffolds. 

Both natural and synthetic biodegradable 

polymers have been studied as 3D porous 

scaffolds for various biomedical applications. 

Among the synthetic polymers used in 3D 

printing scaffolds, PCL has been widely used 

for biomedical and drug delivery applications 

(15). Simple and easy processability, slow 

biodegradability, non-toxicity of its 

degradation products, good biocompatibility, 

high flexibility, strong mechanical properties, 

and resistance to high temperature during the 

melt extrusion are some advantages of this 

semi-crystalline linear polyester (12,15). PCL 

has also been approved by Food and Drug 

Administration (FDA) for biomedical 

applications. Although the absence of cell 

affinity in PCL because of its hydrophobicity is 

its drawback in TE applications (16), it can be 

enhanced through combining or coating with 

hydrophilic biopolymers such as gelatin, 

collagen, alginate, hyaluronic acid, and agarose 

(Ag) (17,18).  

Ag is a natural polymer obtained from 

marine red algae which contains repeating units 

of agarobiose (a disaccharide of D-galactose 

and 3,6-anhydro-l-galactopyranose). Thermo-

reversible gelation behavior, good 

biocompatibility and biodegradability, 

controllable oxygen and nutrient penetration, 

and low immune rejection potential are 

different features of this polymer (19,20).                      

Ag has the same structure as ECM and                       

high water absorbance, which can increase               

cell growth, differentiation, and proliferation 

(21). Due to the production of hydrogen                

bonds, cross-linking agents are not required 

(20). It has been demonstrated in a study                  

that cells cultured in agarose produce more 

glycosaminoglycans than those cultured                       

in other materials such as methacrylated             

gelatin (17).  
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For this research, PCL scaffolds were 

produced using a novel 3D printing technology; 

then they were coated with Ag to form PCL/Ag 

scaffolds. The hybrid scaffolds were studied for 

their in vitro cell culture properties, as well as 

their mechanical strength, morphology, 

hydrophilicity, and water absorption. 

 

MATERIALS AND METHODS 

  

PCL (80,000 g/mol) was purchased from 

Sigma-Aldrich (USA). Ag powder (Sinaclon, 

Cat. No. EP5053) was bought from Zist Exir 

Co. (Iran). Ultrapure water was used when 

preparing gels. Dulbecco's modified eagle 

medium-F12 (DMEM F12), phosphate-

buffered saline (PBS), MTT powder (L11939 

Alfa Aesar), and dimethyl sulfoxide (DMSO) 

were purchased from Merck (Germany). 

Trypsin-ethylenediaminetetraacetic acid 

(EDTA) and glutaraldehyde were purchased 

from Sigma-Aldrich (USA). Fetal bovine 

serum (FBS) was bought from Gibco (USA).  

 

Preparation of PCL and PCL/Ag scaffolds 

Scaffold design and 3D-printing 

The 3D-printed scaffolds were designed by 

SOLIDWORKS® 2018 (Dassault Systèmes 

Solidworks Corp., Waltham, MA) software. 

The computer-aided design model was saved as 

a stereolithography (.stl) file, which allowed for 

direct import into the printer software. PCL 

granules were then melted in a heating cylinder 

at 80 °C, and 3D printing scaffolds were 

fabricated via Bioplotter (Envisiontec GmbH, 

Gladbeck, Germany). A heated nozzle extruded 

PCL strands onto a plate by utilizing layer-by-

layer deposition (15,22). The scaffolds were 

prepared in conditions including 300 µm as the 

nozzle size, 7 mm/s as the printing speed,                

700 µm as the distance between strands, and             

27 G as the precision of the nozzle tip. The 

scaffolds were first printed in the dimensions of 

20 × 20 × 4 mm3 and then cut into a square 

prism shape with 5 × 5 × 4 mm3 (23,24). 

  

Hydrogel preparation and coating 

To form a transparent hydrogel, purified Ag 

powder was dissolved in ultrapure water at                

90 °C and then cooled up to 40 °C (25). 

 

Coating process 

Ag powder (2 g) and ultrapure water                 

(100 mL) were mixed to make a 2 w/v% Ag 

solution (26,27). Ag was solubilized by boiling 

the solution in a microwave oven. To aid in the 

visualization of the composites, two drops of 

blue food coloring were added. The obtained 

solution was cooled and maintained at 45 °C 

using a hot-plate device (below the melting 

temperature of PCL and above the gelation 

temperature of Ag). The Ag solution (100 mL) 

was poured into the PCL scaffolds with the 

dimensions of 5 × 5 × 4 mm3 in a vertically 

placed 0.5 mL EP tube. After that, the EP tube 

was placed under centrifugation at 4 °C to 

ensure a homogeneous gel distribution within 

the porous scaffold. Finally, after removing 

from the tube, the PCL/Ag scaffolds were 

stored at 4 °C for 30 min to allow the gelation 

of Ag (28). 
 

Characterization of 3D-printed scaffolds 

Morphological analysis  

Scanning electron microscopy (SEM; JEOL, 

JSM-5200, Japan) was utilized to investigate 

the shape of the pores as well as their 

interconnectivity. The surfaces of the scaffolds 

were coated with gold via a sputter-coating 

machine (SC7620, Japan). The SEM images 

were analyzed via image processing software 

(Image J 1.51, Java 1.6.0_24 (64-bit), National 

Institute of Health; USA). (n = 3) (15,29). 

 

Porosity measurements 

The liquid displacement method was used to 

assess the porosity of the scaffold (30). Briefly, 

each scaffold was transported to a graduated 

cylinder containing a specified volume of 

normal hexane (V1). The increase in hexane 

volume was calculated after putting the scaffold 

in the container (V2). The scaffold was removed 

after 5 min of hexane absorption, and the 

container's remaining volume was estimated 

(V3). The porosity percentage was calculated 

based on the equation (1): 

Porosity percentage (%) =
(V1−V3) 

(V2−V3)
× 100                    (1) 

 

where (V1−V3) is the volume of pores in the 

scaffold, and (V2−V3) is the total volume of the 

scaffold (n = 3) (15). 
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Hydrophilicity 

A water contact angle test was conducted, 

under the standard ASTM D7334, to evaluate 

the scaffolds' hydrophilicity. At first, a distilled 

water droplet was dropped on the surface of the 

square prism PCL and PCL/Ag scaffolds               

(5 × 5 × 4 mm3) in a horizontal plane. A photo 

at the 10th second was taken from the droplet by 

the contact angle video system (CA-ES10, Fars 

EOR Tech; Iran) (31). The angle between the 

specimen surface and the drop was measured as 

the contact angle via image processing software 

(Image J 1.51, Java 1.6.0_24 (64-bit), National 

Institute of Health; USA). The average of                   

the right and left contact angles was calculated 

for each specimen (1). The data were                                  

reported as mean ± standard deviation (SD),                 

(n = 3). 

 

Fourier-Transform infrared spectroscopy 

analysis 

To recognize the functional groups of pure 

PCL, Ag and the PCL/Ag mixture, as well as 

the presence of each component of materials in 

the scaffolds, Fourier-transform infrared 

spectroscopy (FTIR) was used in the attenuated 

total reflectance mode (FTIR-ATR, JASCO 

6300; Japan). The wave number range for the 

spectra was 4000-400 cm-1. 

 

Water absorption capacity  

Water absorption of PCL and PCL/Ag 

scaffolds was measured according to the 

ASTM-D-5964 standard. Briefly, the samples 

were cut into almost equal dimensions. They 

were first dehydrated at room temperature and 

then weighed; after that, each one was 

submerged in 10 mL of 10 mM PBS (pH 7.4). 

The scaffolds (n = 3) were exited from the 

solution after 48 h and weighed immediately 

after their excess water was removed (15,29). 

The amount of water absorption for each 

scaffold was calculated according to equation 

(2), where Wd and Ww are the weights of the 

specimen before and after submersion in the 

PBS, respectively (32). 

𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =
𝑊𝑤−𝑊𝑑

𝑊𝑤
 × 100                      (2) 

Mechanical properties 

The compressive modulus of each scaffold 

(5 × 5 mm2) was assessed according to the 

ASTM E74 standard by a universal testing 

machine (Lloyd LRX, UK), with a load cell of 

500 N, at room temperature in a dry state. The 

scaffolds were vertically compressed at 3 

mm/min until they were reduced up to 70% of 

their initial thickness. The compressive 

modulus was calculated using the slope of the 

linear portion of the stress-strain curve at the 

20% compressive strain (n = 3) (15,33). 

 
Cellular evaluation 

Cell preparation 

L-929 mouse fibroblast cell line was 

obtained from Pasteur Ins. (Iran). DMEM-F12 

supplemented with 10% FBS and 1% 

penicillin/streptomycin was consumed as the 

cell culturing medium. The cells were cultured 

in a 75 cm2 culture flask and kept in a tissue 

culture incubator at 37 °C and 5% CO2 

atmosphere. Every 2 days, the culture medium 

was changed (30,34). 

After achieving a confluence of about 90%, 

the cells were detached using 0.025% trypsin 

and 0.01% EDTA in the PBS solution; they 

were transferred to a centrifuge tube containing 

the culture medium. The cells were centrifuged, 

re-suspended in fresh culture media and 

counted before being seeded to the                   

scaffolds (35). 

 
In vitro cell behavior studies 

The scaffolds were screened for cytotoxicity 

to determine their biocompatibility and 

potential for usage as TE scaffolds (36). 

 
3D cell seeding 

PCL and PCL/Ag scaffolds were sterilized 

via ethanol 70% overnight. They were washed 

three times with PBS; eventually, each side of 

them was exposed to UV radiation for 30 min 

(30,36). Before cell seeding, sterilized scaffolds 

were put in non-adherent cell culture 

microplates (Sartstedt, Nümbrecht, Germany) 

and submerged in the culture medium for                    

30 min at 37 °C to ensure cell adhesion. The 

corresponding cell density (2 × 104 cells) was 

prepared in a small-medium volume (14 µL). 

The cell suspension was pipetted in a drop-by-

drop manner onto the center of the scaffolds. 

The scaffolds were incubated at 37 °C and 5% 

CO2 atmosphere for 3 h to allow cell adhesion. 
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Next, the culture medium was perfused gently 

into the well along the wall until it entirely 

covered the scaffolds (1500 µL) (30,37). 2D 

cell culture in adherent cell culture microplates 

(Sartstedt, Germany) was employed as a             

control (30). 

 

Cell morphology 

After 4 days of cell culturing on the 

scaffolds, they were first washed twice with 

PBS and fixed with 4% glutaraldehyde (Merck, 

Germany) for 2 h. They were then gradually 

dehydrated with the incremental concentrations 

of ethanol (50, 70, 80, 90, and 100% ethanol for 

30 min each). After drying, PCL and PCL/Ag 

scaffolds containing fixed cells were coated 

with gold and evaluated via SEM (XI30, 

Philips, Netherlands) (36,38). 

 

Cell viability 

The cell viability of the scaffolds was 

evaluated through the MTT assay. The                      

cell-seeded scaffolds were incubated at 37 °C in 

5% CO2 and cultured for the MTT assay on the 

1st, 3rd, and 7th days (15,39). The medium was 

replaced every 2 days (30). 

In the MTT assay, the yellow tetrazolium 

salt was converted to violet formazan crystals 

through dehydrogenases produced by the 

mitochondria of metabolically active cells. The 

quantity of viable cells determines how many 

crystals are made from violet formazan. In this 

study, the culture medium was aspirated first, 

and scaffolds were washed with PBS twice. To 

analyze only the cells attached to the scaffolds, 

we transferred them to new wells (30,40). Next, 

400 µL of the culture medium and 40 µL of the 

MTT solution (5 mg/mL in PBS) were added to 

the samples of each plate well. After that, it was 

incubated at 37 °C, 5% CO2, for 4 h. After 

discarding the medium, 400 µL DMSO was 

added to each well and incubated for 2 h at 

room temperature. DMSO dissolves the 

formazan crystals and creates a purple color. 

Finally, 100 µL of each well was transferred to 

96-well microplates, and the optical density 

(OD) was recorded at a wavelength of 570 nm 

with an ELISA microplate reader device 

(ZEISS, Germany). The cell viability was 

calculated according to equation (3), where As 

is the absorbance of cells on scaffolds, Ab1 is 

the absorbance of the scaffolds without cells, Ac 

is the absorbance of the cells on a 24-well plate, 

and Ab2 is the absorbance of the medium 

without cells (29,41).  

Survival rate (%) =  
As−Ab1 

Ac−Ab2
 ×  100                                  (3) 

During each incubation period, 3 samples 

were evaluated, and each test was carried                   

out in triplicate (42). The sample containing the 

cells plus the culturing medium without any 

scaffold was regarded as the cell control 

sample, also referred to as the tissue                        

culture plate.  

 

Statistical analysis  

All of the quantitative data were                        

reported as mean ± SD. One-way analysis of 

variance (ANOVA) followed by LSD was 

applied to analyze the data using statistical 

software (IBM, SPSS software version 11.5).                        

P-values < 0.05 were considered statistically 

significant. 
 

RESULTS 
  

Morphological analysis  

The SEM images of the 3D printing 

scaffolds displayed a macroporous arrangement 

along with interconnected and well-organized 

open pores with a uniform shape and size                 

(Fig. 1A-C). Coating the PCL scaffolds with Ag 

and fabricating PCL/Ag scaffolds led to 

forming smooth and straight strands. Ag 

hydrogel successfully penetrated the scaffolds 

due to their open pores without filling pores 

(Fig. 1D-F). None of the high-magnification 

SEM images indicated agglomeration or 

clumping of the polymer or Ag. 

  

Porosity measurements 

Porosity is one of the essential parameters in 

selecting suitable scaffolds for cell culture and 

TE applications (43). In this study, porosity was 

higher than 80% in both groups. There was, 

however, no significant difference between 

groups regarding porosity (P > 0.05).                          

The average porosity of the PCL scaffolds               

was 87.35%, and each pore was less than                  

400 µm. The PCL/Ag scaffolds had the porosity                         

of 85.8% and a pore size of 250-400 µm                                

(n = 3; Table 1).  



PCL/agarose scaffold for tissue engineering 
 

571 

 

 

Fig. 1. Scanning electron micrographs of 3D printed scaffold. (A-C) PCL scaffold, the white arrow indicates PCL fiber, 

and the yellow arrow shows square interconnected pore, (D-F) PCL/Ag scaffold, yellow arrows indicate Ag coated PCL 

fiber (white arrow). (Scale bar 100 µm and 50 µm). 

 

 
Table 1. Effects of Ag hydrogel on the compressive strength, compressive modulus, and porosity. P ˃ 0.05.  

Samples Compressive strength (MPa) Compressive modulus (MPa) Porosity (%) 

Polycaprolactone 

Polycaprolactone/agarose 

34.76 ± 1.4 

29.75 ± 5.1 

0.56 ± 0.2 

0.44 ± 0.2 

87.35 ± 2.1 

85.8 ± 3.2 

 

 

 

Fig. 2. Water contact angle of the scaffolds; (A) water drop on the PCL scaffold, (B) water drop on the PCL/Ag scaffold, 

and (C) contact angle comparison bar diagram of PCL and PCL/Ag scaffolds. *P ˂ 0.05 Indicates a significant difference 

between the designated groups. PCL, Polycaprolactone; Ag, agarose. 

 

Hydrophilicity 

The results of the water contact angle test at 

the 10th second are demonstrated in Fig. 2A and 

B. The PCL/Ag scaffolds with a contact angle 

of 34.76 ± 2.35° showed more hydrophilicity, 

compared to the PCL scaffolds with a contact 

angle of 59.19 ± 5.05° (Fig. 2C). As it was 

expected, the high contact angle of the PCL 

scaffold indicated its hydrophobicity (44). 

   

FTIR analysis 

Figure 3 represents the FTIR spectra of pure 

components and the scaffold samples. In the Ag 

spectrum, the relatively weak peak at 889 cm-1 

was related to the bending vibrations of the                

C-H anomeric carbon bond. The relatively 

weak peak at 929 cm-1 corresponded to the                 

3,6-anhydrogalactose compound (45,46). The 

relatively strong peaks at 1074 cm-1 and 1158 

cm-1 could be attributed to the symmetric 

stretching vibrations of the C-O bond. The peak 

at 1641 cm-1 corresponded to the bending 

vibrations of the OH groups (46). The peaks 

that appeared at 2927 cm-1 and 2887 cm-1 could 

be attributed to the symmetric and asymmetric 

vibrations of C-H groups, respectively (45).  
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Fig. 3. Fourier-transform infrared spectroscopy spectra of pure PCL, pure Ag, and PCL/Ag scaffolds. PCL, 

Polycaprolactone; Ag, agarose. 

 
On the other hand, the wide peak in the wave 

number range of 3062-3699 cm-1 was related to 
the symmetric stretching vibration of OH 
(45,46), indicating the presence of water 
molecules in the structure of Ag. In the PCL 
spectrum, the peaks in the 900-1060 cm-1 range 
were related to C-O bonds (31). The relatively 
strong peak at 1157 cm-1 could be attributed to 
the amorphous phase of PCL and corresponded 
to C-O and C-C bonds (31,47). Meanwhile, the 
peak at 1255 cm-1 corresponded to the 
stretching vibrations of C-O and C-C in the 
polymer crystal phase. The fingerprint of the 
ester group in PCL, as a polyester, was visible 
as a strong peak at 1723 cm-1 that was related to 
the carbonyl group (C=O). The relatively strong 
peaks at 2867 cm-1 and 2946 cm-1 corresponded 
to the symmetric and asymmetric stretching 
vibrations of CH2, respectively (47). 
Observable peaks related to PCL and Ag in the 
PCL/Ag scaffold spectrum indicated the 
incorporated properties of both materials in the 
composite. A small increase in the intensity of 
the peaks at 1258 cm-1 (corresponding to C-O 
and C-C stretching vibrations in the polymer 
crystalline phase) and 1161 cm-1 (symmetric 
stretching vibrations of the C-O bond in Ag and 
amorphous PCL phase) in the PCL/Ag 
spectrum could indicate an increase in the 
number of carbon and oxygen atoms.                             
A stronger bond between the molecules and 
ions in the structure followed this. The 
reduction in the number of free ester bonds, or, 
in other words, the decrease in the polarity of 
the bonds in the composite, led to a slight 
decline in the wave intensity of the ester group 
at 1721 cm-1; this could indicate a more 
involvement of atoms and molecules in the 

composite structure than PCL and Ag alone 
(31). The two wide peaks at 2869 cm-1 and              
2950 cm-1 corresponded to symmetric and 
asymmetric stretching vibrations of CH2, 
respectively (47). These peaks were also visible 
in the pure PCL and Ag spectra. The wide               
peak in the range of 3148-3571 cm-1 in the 
composite spectrum was related to the 
symmetric stretching vibrations of hydroxyl 
(OH) groups due to the presence of Ag in the 
structure. 

 

Water absorption capacity 
The results of the water absorption test are 

reported in Fig. 4. It could be concluded that the 
combination of Ag and PCL scaffolds (PCL/Ag 
scaffolds) had significantly increased water 
uptake capacity, as compared to the PCL 
scaffolds. According to the obtained results, the 
water absorption capacity of PCL/Ag scaffolds 
was 59.53 ± 8.2%, and that of PCL scaffolds 
was 25.59 ± 9.5% (n = 3). 
 

Mechanical properties 
The 3D-printed PCL and PCL/Ag scaffolds 

were evaluated using the compression test. 
Compressive modules of the scaffolds were 
also calculated from the beginning gradient of 
the stress-strain curves (Fig. 5). Mechanical 
properties of the scaffolds should be in 
accordance with their elastic modulus and 
structure (48). The compressive moduli of the 
PCL and PCL/Ag 3D printing scaffolds were 
0.56 ± 0.2 and 0.44 ± 0.2 mPa, respectively, and 
the compressive strength of the PCL and 
PCL/Ag 3D printing scaffolds was 34.76 ± 1.4 
and 29.75 ± 5.1 mPa (n = 3; Table 1; P > 0.05), 
respectively.   
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Fig. 4. Water absorption of PCL and PCL/Ag scaffolds. 

*P ˂ 0.05 Indicates a significant difference between the 

designated groups. PCL, Polycaprolactone; Ag, agarose.  

 

Fig. 5. Representative stress-strain curves of                              

PCL and PCL/Ag scaffolds. PCL, Polycaprolactone; Ag, 

agarose. 

 

 

Fig. 6. Scanning electron microscopy images of L929 cells (white arrows) and pseudopodia-like extended morphology 

(orange arrows) on (A and B) PCL scaffold, (C and D) PCL/Ag scaffold, scale bar = 5 µm. PCL, Polycaprolactone; Ag, 

agarose. 

 
Cellular evaluation 
Cell morphology 

Cell adhesion and morphology on the 
scaffolds were evaluated using SEM (49). 
Figure 6 shows the SEM images from the 
morphology of the L929 cells on the surface of 
PCL and PCL/Ag scaffolds. The SEM images 
on the 4th day after cell seeding revealed that the 
PCL/Ag scaffolds had a more favorable cell 
attachment. The morphology of the cells had a 
more spherical shape and less cell spreading on 
the PCL scaffold compared to the more 
stretched shape of the L929 cells on the 
PCL/Ag scaffold. On the other hand, the cells 
were significantly flattened and regularly 
spread with a spindle or star-like shape 
morphology on the PCL/Ag scaffold. 
 
Cell viability 

The scaffolds' biocompatibility and ability to 
support cell differentiation, adhesion, and 

support cell differentiation, adhesion, and 
proliferation are significant for TE applications 
(3,44). In this way, the cytocompatibility of                   
the 3D printed PCL and PCL/Ag scaffolds                    
and the impact of Ag coating were evaluated 
using the L929 cell line. Cell viability is a 
profitable procedure to evaluate the 
biocompatibility of the used materials for cells 
(50). The results of the MTT assay on the 1st, 
3rd, and 7th days of cell culturing on the PCL and 
PCL/Ag scaffolds are demonstrated in Fig. 7. In 
this experiment, the cells showed the best 
proliferation rate at all-time points in PCL/Ag 
scaffolds (Fig. 7). Although PCL scaffolds 
presented growing cell viability and 
proliferation of the cell culture period, the cell 
viability of the PCL/Ag scaffold was 
significantly higher than that of other                
samples including tissue culture plate and the 
pure PCL scaffold. 
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Fig. 7. Viability of L929 cells on the PCL and PCL/Ag scaffolds evaluated by MTT assay at 1st, 3rd, and 7th days; n = 6. 

* P ˂ 0.05, **P ˂ 0.01, and ***P ˂ 0.001 indicate significant differences between the designated groups 

 

DISCUSSION 

 

There is a growing demand for engineered 

human tissue equivalents for clinical and 

experimental purposes. TE combines cells, 

scaffolds, and growth factors to recover tissues 

or replace damaged or diseased ones (2). The 

3D porous network is one of the most crucial 

components of the scaffold that plays a very 

significant role in increasing cell viability. In 

the FDM process, the nozzle diameter can range 

from 300 to 800 µm because of the viscosity of 

the molten polymer. Some studies suggest a 

thinner layer to increase surface quality and 

dimensional accuracy (51). Also, the printing 

direction and layer thickness play an essential 

role in the physical and mechanical properties 

of the scaffolds (52). In this investigation, we 

considered the layer thickness of 300 µm, the X 

direction of print, and the low temperature for 

the printing process. Thermo-oxidization of 

printing materials could be due to the high 

temperatures, which would cause scaffold 

degradation or deformation (53). PCL extrusion 

at 70 °C produced discontinuous and 

nonhomogenous strands. At the extrusion 

temperatures of 80 °C, 90 °C, and 100 °C, we 

obtained continuous and homogenous strands 

(54). Furthermore, Altan et al. (55) found that 

polymer could be relaxed or expanded at higher 

temperatures, thus implying that higher 

extrusion temperatures might increase 

dimensions. Also, the printing speed has to 

make a balance between the material extrusion 

rate and its solidification to obtain a suitable 

morphology. In this paper, in order to achieve 

excellent porosity along with appropriate 

morphology and mechanical strength, we chose 

a printing speed of 7 mm/s that improved the 

process efficiency by reducing the fabrication 

time. In another study, Soufivand et al. (56) 

concluded that decreased printing speed could 

reduce scaffold porosity due to the changes in 

filament morphological properties. Another 

research study also stated that elements printed 

with the highest printing speed had the best 

dimensional accuracy (57). 

Cell adhesion and proliferation are greatly 

influenced by pore size (58). A range of                   

60-90% is the desired porosity in appropriate 

TE scaffolds. The 3D printing process is a 

promising method to achieve the desired 

porosity compared to currently available 

manufacturing methods (43). Pores that are too 

small can inhibit cell migration, while those that 

are too large can reduce the surface area 

available for cell adhesion (59). In this                    

study, the size of pores varied from 250 to                

400 µm, which could improve the cell's ability 

to absorb oxygen and nutrients and excrete 

metabolites. The results were also in agreement 

with another study that had reported the pore 

size to be from 118 to 456 µm (59). According 

to the FTIR results, the small change in                      

the wave number values and also, the presence 

of hydroxyl peaks in the composite structure,                

it could be stated that some physicochemical 

interactions had occurred between                                  

the functional and ionic groups of Ag and                

PCL indicating a successful biomimetic   

coating for the supplemental biological 

investigations. 

Water absorption capacity promotes the 

distribution of cells and the movement of 
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nutrients and waste in the scaffold (36). A wide 

range of factors, including chemical 

composition and permeable microstructure, 

could affect the scaffolds' ability to associate 

with water molecules (60). Hydrophilic 

scaffolds have been reported to enhance the 

cell-scaffold interactions, circulation of 

nutrients, secretion of ECM, and tissue growth 

(23,61). Our results implied that the presence of 

Ag increased the water absorption of the 

scaffolds due to their hydrophilic nature and 

swelling behavior. In agreement with the 

previous investigations, the 3D printable PCL-

gelatin blends absorbed more water than the 

PCL scaffolds (62). 3D printed scaffolds have 

been reported to increase liquid exchange and 

absorption rates compared to fabricated 

scaffolds using other standard methods (15,63). 

Control of the design parameters and 

calculation of the nozzle size, porosity, 

interconnectivity, pore size, shape, strand 

distance, and orientation could be done by using 

the 3D printing method (24,64). In our work, 

Ag and 3D printing processes improved the 

PCL/Ag scaffold water absorption. The surface 

hydrophilicity of the scaffolds is an influential 

parameter improving protein adsorption 

tendency, cell attachment and proliferation. It 

was evaluated through the water drop contact 

angle test (65,66). PCL scaffolds showed an 

average contact angle value equal to                          

59.19 ± 5.05°, which was better than the 

previously reported values of electrospun PCL 

scaffolds (109° and 118°) and 3D-printed PCL 

scaffold (80°) (62,67,68). In addition, our work 

proved that combining Ag as a hydrophilic and 

naturally derived polymer with PCL as a 

synthetic polymer significantly increased the 

hydrophilicity of the scaffolds. 

Mechanically strong biomedical scaffolds 

are required to successfully regenerate different 

tissues since the formation of new tissues and 

the support of their physical shape and structure 

highly depend on sufficient mechanical 

properties (69). Our results indicated that the 

presence of the Ag hydrogel in PCL/Ag 

scaffolds slightly decreased the mechanical 

properties of the scaffolds. In other words, the 

strength of the scaffolds was mostly due to PCL 

(70). The obtained results, thus, confirmed the 

investigations conducted by Dong and 

coworkers, which had fabricated PCL/chitosan 

scaffolds in a design different than ours (50). 

They concluded that adding chitosan hydrogel 

to the 3D-printed PCL scaffold did not 

significantly affect the PCL scaffold's 

mechanical properties. Buyuksungur et al. (70) 

also printed methacrylated gelatin hydrogel 

between the PCL fibers and found similar 

results, indicating that hydrogel had essentially 

no contribution to the mechanical properties of 

the PCL scaffold. In other words, the 3D 

printing method enables us to have a suitable 

macro and micro construction. Hydrogel 

degrades more quickly than PCL does; hence 

PCL will support the mechanical strength of the 

hybrid scaffold during tissue regeneration (70). 
Biocompatibility, such as cell spreading, 

adhesion, proliferation, and migration on the 
scaffolds, is a critical perspective to assess the 
qualification for tissue regeneration (44). The 
cell morphology results were in line with the 
previous experiments that had refined cells on 
the PCL/gelatin scaffold, revealing spread 
shape morphologies with pseudopodia-like 
structures stretched to the scaffolds (71). The 
same type of morphology of L929 cells on the 
scaffold was shown in the other studies (72,73). 
The cells not only migrated on the surface of the 
scaffolds but also penetrated into interior 
interconnected pores. The morphology of the 
cells and their adhesion to the PCL/Ag scaffold 
confirmed that PCL and Ag had no adverse 
effect on the cytocompatibility of the L929 
cells, thus presenting no toxicity. Unique 
biological properties of Ag, such as high 
biocompatibility and similarity to the natural 
ECM, can support cell attachment and growth, 
indicating that Ag can accelerate cell 
proliferation (20). These, thus, proposed the 
suitable biocompatibility of hybrid scaffolds 
compared to the hydrophobic pure PCL, due to 
a highly hydrated environment provided by the 
hybrid scaffolds. Subsequently, the hybrid 

scaffold indicated a biomimetic 
microenvironment for better cell maintenance, 
growth, and distribution. Ag provided a 
cytocompatibility environment due to its 
characteristic cell attachment, common 
swelling properties, a structure similar to that of 
ECM, and controllable infiltration to oxygen 
and nutrients, which could provide sufficient 
nutrient and gas exchange for the encapsulated 
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cells (20,74). A research study conducted by 
Moffat et al. (75) revealed that collagen content 
per DNA of human mesenchymal stem cells on 
day 28 in agarose hydrogel was higher than that 
of the cells in the PEG hydrogel (12). Honarvar 
et al. (15) also incorporated fibrin by adding the 
fibrin solution onto a 3D-printed PCL scaffold 
and showed that PCL/fibrin did not provide 
optimal conditions for cell attachment. 

The PCL scaffolds printed with a suitable pore 
size could provide an appropriate condition for a 
simple penetration in the hydrogels and facilitate 
the transportation of oxygen and nutrients (76). 
Hence, the appropriated spatial pores in our 
constructs could also be beneficial for cell 
penetration and viability. 

 

CONCLUSION 

 
To summarize, 3D-printed scaffolds are one 

of the most advantageous substrates that have 
recently become popular in the TE field. Using 
the FDM technique, we fabricated a porous 
PCL scaffold with open and interconnected 
pores, as well as good mechanical properties. 
The arranged PCL scaffolds were coated with 
2% Ag hydrogel to create the PCL/Ag scaffold 
in the TE field. Chemical interaction among the 
molecules of PCL and Ag in the PCL/Ag 
scaffold was shown by FTIR. Our research 
showed that PCL/Ag scaffolds could be more 
suitable for cell ingrowth than PCL ones. Ag 
can increase the wettability and water absorption 

of PCL/Ag scaffolds. High proliferation rate, 
admirable cell attachment, and characteristic 
fibroblast cell morphology over the scaffold 
could well indicate that the PCL/Ag scaffolds 
displayed in this study afforded unique 
openings for the TE application.  
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