
 

Nanomed J. 12(4): 768-788, Autumn 2025 

 

 

 

 
Effect of manufacturing angle on surface characteristics and fibroblast 

adhesion of poly-caprolactone/hyaluronic acid scaffold for tissue 

engineering 
 

Nilofar Khodami Moghari1, Azadeh Asefnejad 1* 

 
1Department of Biomedical Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran 

 

ABSTRACT 
Cell adhesion to surfaces plays a crucial role in tissue engineering and is influenced by surface characteristics and 

material properties. Hydrophilicity is an important property for scaffolds to facilitate cell adhesion and growth, but 

most synthetic polymers lack this property, unlike natural polymers such as gelatin, sodium alginate, and 

hyaluronic acid (HA). Therefore, the objective of this study is to investigate the impact of the manufacturing angle 

on the surface characteristics and fibroblast adhesion of a three-dimensional scaffold made of poly-caprolactone 

and HA. The scaffolds were produced using 3D printing with various angles (60-60°, 45-90°, and 30-30°) and 

subsequently coated with a solution containing HA, zinc nanoparticles (ZnO), and drugs. Mechanical and 

biological properties of the scaffolds, including swelling, biodegradability, biocompatibility, and cell viability, 

were evaluated, while the drug release rate was measured. Optical and scanning electron microscopes (SEM), 

energy-dispersive X-ray spectroscopy (EDAX), and mapping were employed to conduct morphological and 

elemental analyses. The findings demonstrate that the manufacturing angle significantly influences the scaffold's 

surface characteristics and fibroblast adhesion, and surface coating can improve the scaffold's properties for tissue 

engineering applications. The coated scaffolds exhibited higher swelling percentage, lower degradation 

percentage, and a drug release rate of 27% over 10 hours, while maintaining excellent biocompatibility with 102% 

cell coverage. 
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INTRODUCTION 

Tissue engineering is a promising approach for 
repairing and regenerating damaged tissues in the 
human body [1]. Different types of materials, 
including autografts, allografts, xenografts, and 
synthetic materials, have been used in tissue 
engineering [2-3]. However, these types of grafts 
have limitations such as limited supply, inability to 
treat defects, and high failure rates [3-4]. 3D 
printing technology can be used to fabricate 
scaffolds with adjustable mechanical properties 
and porosity, which can improve cell growth and 
prevent tension in damaged tissues. Besides 
mechanical properties and porosity, an ideal 
scaffold should possess other important features 
such as biocompatibility, suitable surface, and 
biodegradability [5]. Natural materials are often 
preferred for tissue engineering due to their 
biological signals and mechanical properties [6]. 

Polymers are widely used in medicine, including 
constructing scaffolds for various tissue 
engineering applications. The design of polymer 
scaffolds plays a crucial role in proper cell growth, 
and the properties of biocompatibility, 
biodegradability, and mechanical strength must be 
considered [7]. Hyaluronic acid (HA) is a large 
molecule that possesses unique properties such as 
the ability to bind to water and form a gel-like 
consistency, store growth factors, and enhance cell 
adhesion and migration [8].  

3D printing technology offers several 
advantages such as cost and time savings, 
reliability, and material diversity. It enables the 
precise fabrication of complex scaffolds by layering 
materials and can mix several types of materials to 
produce diverse sample. This research aims to 
design and fabricate 3D scaffolds using 
polycaprolactone (PCL) and HA through 3D printing 
technology, which offers several advantages for 
tissue engineering applications. The scaffolds may 
be designed with different angles to evaluate their 
physical, morphological, and biological properties 
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using various tests. Soft tissue repair requires 
suitable alternative structures with biomimetic 
properties, and scaffold topography is crucial for 
cell adhesion. This study is innovative as it explores 
the combination of PCL and HA to produce a 
biomimetic tissue scaffold, which has not been 
studied before. Integrins, proteins present in the 
extracellular matrix (ECM), play a critical role in 
mediating cell adhesion and signaling. In laboratory 
conditions, cell patterning depends on creating an 
adhesive layer with controlled size and chemical 
properties. Various surfaces, including metals, 
polymers, ECM proteins, and promoter peptides, 
have been studied to control the selective adhesion 
of cells at the microscopic level. Additionally, the 
resistance of different surfaces to cell adhesion has 
been investigated [9-10]. Cell patterning methods 
typically involve selectively attaching cells to a pre-
made adhesive or non-adhesive surface using 
conventional photochemical or soft lithography 
techniques. However, direct patterning methods 
allow for the direct placement of cells in specific 
locations without pre-patterning. Another direct 
patterning technique is matrix-assisted pulsed laser 
evaporation (MAPLE), which utilizes focused laser 
pulses to transfer cells through an optically 
transparent quartz substrate that is coated with a 
biopolymer containing the cells [11-14]. The cells 
are transferred to a receiving medium, typically a 
microscopic glass slide coated with a biopolymer 
that allows for cell adhesion and growth. Material 
transfer is accomplished by focusing the laser at the 
boundary between the transparent quartz 
substrate and the light-absorbing biological layer 
containing cells. The computer-controlled 
movement of the receiving substrate enables the 
formation of desired patterns [12]. PCL is a versatile 
and relatively inexpensive linear synthetic 
biodegradable aliphatic polyester that can 
transform into various forms, making it an 
attractive material for scaffold development in 
tissue engineering applications. PCL is an FDA-
approved polyester with excellent thermal stability 
and is commonly used in medical applications due 
to its ease of processing. However, PCL's 
hydrophobic nature and sensitivity to surface 
changes may affect its properties, such as 
degradation and cellular attraction [15-18]. 
Therefore, PCL is often combined with natural 
polymers or functionalized using short chains of 
amino acids and peptide chains to increase its 
biocompatibility and promote adhesion, 
proliferation, and differentiation of seeded cells 
[19-22]. The ideal scaffold for tissue engineering 
should possess interconnected porous architecture, 
porosity, controlled degradation, sufficient 

mechanical strength, and biocompatibility. Recent 
advances in tissue engineering have led to the 
development of scaffolds with ideal properties 
using composites and blends, as the 
biocompatibility and slow degradation of synthetic 
polymers, including PCL, limit their use. The primary 
goal of this investigation is to construct a 
biomimetic scaffold that shows mechanical 
properties and biological behaviors appropriate 
and compatible with the growth of fibroblast cells. 
Furthermore, the study aims to fabricate and 
characterize a 3D scaffold using poly-caprolactone 
and HA through 3D printing technology, which can 
be utilized for various orthopedic fractures. 

 
MATERIALS AND METHODS 

In this work a prepared films of PCL with varying 
percentages of 5, 10, and 15% using chloroform 
solvent. After the solvent completely evaporated, 
the films were removed from the glass plate. We 
found that a 5% concentration was optimal for 
printing the PCL scaffold. Using a 3D printer (X 
BioFab4), the authors printed the scaffold with 
three different positioning angles. Figure 1 shows 
the fabricated film composed of 5% 
polycaprolactone (PCL). The image highlights the 
physical properties of the film, including its texture 
and uniformity, which are critical for assessing its 
suitability for various applications in tissue 
engineering. The concentration of 5% PCL is 
significant as it influences the mechanical strength 
and biocompatibility of the film, making it a vital 
component in the design of scaffolds for 
regenerative medicine. Figure 2 (a-c) presents 
images of printed scaffolds manufactured at 
various angles to investigate their structural 
properties. Figure 2 (a) shows the scaffold with an 
angle configuration of 0 × 60 × 60, while Figure 2 (b) 
features the configuration of 0 × 90 × 45, and Figure 
2 (c) shows the 0 × 30 × 30 arrangement. These 
differing angles are essential for examining how 
scaffold orientation affects surface characteristics, 
mechanical stability, and cellular adhesion in tissue 
engineering applications. To improve the scaffold's 
surface properties, the authors coated it with a 
solution containing hydrophilic polymers, zinc 
nanoparticles (ZnO), and cloxacillin. The scaffold 
was immersed in the solution for 15 minutes and 
then dried in the oven. The authors printed the 
circular scaffold structures with a diameter of 2 cm 
and 5 layers using a 3D printer (X2 Biofab). Figure 3 
(a) shows the solution used for coating the 
scaffolds, while Figure 3 (b) illustrates the stages of 
scaffold immersion. Despite advancements in direct 
patterning techniques like matrix-assisted pulsed 
laser evaporation (MAPLE) for cell transduction, 
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several research gaps remain. First, there is limited 
understanding of the long-term viability and 
functionality of cells after transfer, particularly 

regarding how different biopolymer compositions 
affect cellular behavior post-patterning. 

 

 
Fig. 1. Fabricated film, 5% PCL 

 

 
 

Fig. 2. The image of printed scaffolds with different angles, A) 0 × 60 × 60, B) 0 × 90 × 45, C) 0 × 30 × 30 
 

 

a 

 

b 

 
Fig. 3. Schematic of preparation of HA-ZnO-Drug 

A B C 
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 Additionally, the influence of varying laser 

parameters on cell integrity and pattern resolution 
requires further investigation. Lastly, the scalability 
of MAPLE for clinical applications, including its 
integration with existing tissue engineering 
methodologies, has not been thoroughly explored, 
showing the need for comprehensive studies to 
assess its practical utility in real-world scenarios. 

The study utilized various essential equipment 
for the experiments, as detailed in Table 1. The C-
MAG HS7 magnetic stirrer from IKA® was used for 
stirring solutions, while the STM-50 traction device 
from SANTAM facilitated mechanical testing. 
Imaging was conducted using an MP-bell optical 
microscope and a SEM. The controlled environment 
was ensured with the AIS2100 laboratory hood 
from SERONTECHNOLOGIES, and optimal growth 
conditions were maintained in an incubator. Precise 
measurements were taken using the MWMMERT – 

IPP55Plus scales from Germany. Table 2 shows the 
polycaprolactone (PCL) bioinks, including 
formulations with varying concentrations: 5 grams 
(A), 10 grams (B), and 15 grams (C) of PCL in 100 cc 
of chloroform. Table 3 describes the design of 
three-dimensional scaffolds, with the first scaffold 
(0×60×60A) consisting of 5 grams of PCL without 
additional components. The second and third 
scaffolds (45×90×0B and 0×30×30C) lack specific 
details, while an A/HA/ZnO formulation 
incorporates hyaluronic acid, zinc oxide, and a drug 
for enhanced properties. Finally, Table 4 shows the 
weight and atomic percentages of elements from 
energy-dispersive X-ray spectroscopy (EDS) 
analysis, providing insights into the scaffolds' 
elemental composition and biocompatibility, 
crucial for their effectiveness in tissue engineering 
applications. 

 
 
 

Table 1. Equipment used in the experiments 

Device model Device brand Device name 

C-MAG HS7 IKA® stirrer (magnetic stirrer) 

STM-50 Santam Traction device 

MP-bell Bell/Italy optical microscope 

  Scanning Electron Microscope (SEM) 

AIS2100 SERONTECHNOLOGIES Laboratory hood 

--- Equipping server Incubator 

MWMMERT – IPP55Plus Germany scales 

 

 

Table 2. Polycaprolactone bioink coding 

PCL Description Created solution code 

5 gr PCL in 100 cc Chloroform 

The solutions were prepared using a 
magnetic stirrer. 

A 

10 gr PCL in 100 cc Chloroform B 

15 gr PCL in 100 cc Chloroform c 

 

 

Table 3. Design of three-dimensional scaffold 

 PCL HA ZnO Drug Description 

A=60×60×0 
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--- --- --- Temperature 
was not used in 

any stage for 
construction. 

B=0×90×45 --- --- --- 
C=30×30×0 --- --- --- 
A/HA/ZnO 5 gr HA in 100cc DW 3 gr ZnO in 100cc DW 5 gr Drug in 100cc DW 
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Table 4. Weight and atomic percentage of elements in 3D scaffolds using EDS analysis 

Elements 
60-60 45-90 30-30 

W% A% W% A% W% A% 

C 37.41 49.54 43.86 55.13 38.72 49.88 
N 5.10 5.80 4.79 5.17 5.98 6.61 
O 39.64 39.41 38.24 36.08 40.83 39.49 
Cl 4.41 1.98 3.10 1.32 2.96 1.29 
Zn 13.44 3.27 10.01 2.31 11.51 2.73 

 100.00 100.00 100.00 100.00 100.00 100.00 

Morphology observation 
An optical microscope was used for the initial 

observation of the scaffolds and the morphology of 
the pores and strands. The optical microscope used 
is the MP-Bell model, which was used for 3D 
samples with and without cover. A scanning 
electron microscope (SEM) was used to evaluate 
the scaffolds and examine the surfaces. First, the 
samples were coated with gold, and then imaging 
was done and the diameter of the strands and the 
area of the coating particles on the scaffolds were 
measured by Image-J software. The scanning 
electron microscope used is the AIS2100 model, 
which was imaged for the samples with and without 
coating. 

 
Element Identification Analysis (EDS) 

It will be possible to identify the constituent 
elements of the sample in a semi-quantitative way. 
For EDS analysis, at least 5 mg of particle sample is 
required. The EDS test is calculated semi-
quantitatively and the energy spectrum will also be 
presented. The EDS device used is the EVO®MA 
model, which was performed for the samples that 
were evaluated for bioactivity. 

 
MAP analysis 

In MAP analysis, it may be possible to present 
the frequency distribution of the elements in an 
image. Analysis has been done for the samples that 
were evaluated.   

 
Mechanical testing 

The tensile test is a destructive test used to 
subject a sample to a one-dimensional tensile force 
until it reaches the breaking point while recording 
elongation and applied force simultaneously. The 
test results are used for quality control purposes 
and to predict the material's reaction under other 
types of forces. The engineering stress-strain curve 
is drawn based on the applied force-elongation 
values, and the data obtained from this test are 
used to determine the material's mechanical 
properties, including yield stress, ultimate tensile 
strength (UTS), ductility, modulus of elasticity or 
Young's modulus, and toughness. The uniaxial 

tensile test is used for isotropic materials, while the 
biaxial test is used for anisotropic materials such as 
composites. The test involves applying a tensile 
force to the sample until it fails, and the force 
required to cause elongation is reported, and the 
force-elongation curve is plotted.   

σ = P/A0       Eq. 1 

e = L/L0       Eq. 2 

The stress-strain curves, engineering stress (σ) 
represents the force divided by the initial cross-
sectional area, while engineering strain (e) 
represents the increase in length divided by the 
initial gage length. These parameters are 
independent of the geometry and shape of the 
material [23-28]. The linear portion of the stress-
strain curve up to the yielding point is called the 
elastic region, where stress and strain have a linear 
relationship, and Hooke's law is established as 
follows: 

E = σ/e    Eq. 3 

 The constant E in the equation above is known 
as the elastic modulus or Young's modulus, which is 
specific to each material. We evaluated the 
mechanical properties of the samples using a 
strength testing machine according to the ISO-6824 
standard. The samples were attached to a 10 × 30 
mm square paper frame [29-37] and subjected to a 
tensile strength test. The paper frame was placed 
between the jaws of the stretching machine, 3 cm 
apart, with an applied force of 10 N. The stretching 
speed was set at 5 mm/min, and the test was 
conducted at 30% humidity and 23 ± 2°C using an 
SMT-20 model device.   

 
Inflation evaluation 

In order to check the amount of water 
absorption on the coated and non-coated scaffolds, 
first cut the scaffolds to a certain size and weigh 
them, and then put them in a beaker filled with 
phosphate buffer saline (PBS) solution and weigh 
them again. To be place the obtained numbers in 
the following formula and get the percentage of 
inflation. 

WRV = m3-m4/m4       Eq. 4 
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WRV is equal to the percentage of water 
absorption, m3 is the mass of the sample after 
swelling and m4 is the mass of the dry sample. 
Inflation was done for 120 minutes for samples with 
and without coating. 

 
Biodegradability evaluation 

Biodegradability test was used in order to check 
the level of stability and measure the rate of 
degradation in the external environment. For this 
purpose, the scaffold was first weighed (dry weight) 
and placed in phosphate buffered salt for 20 days. 
Every 24 hours, the samples were removed from 
the solution and dried with filter paper and the 
weight of the sample was measured. The authors 
conducted the in vitro cell culture test in 
accordance with the ISO10993-5 standard to 
evaluate the cultivation of fibroblast cells on 
nanoscaffolds. To prepare one-day extracts, a 3 
square centimeter sample was placed inside a 
sterile microtube, and 1 milliliter of RPMI culture 
medium without FBS was added. The sample was 
then incubated at 5% carbon dioxide gas, 90% 
humidity, and 37°C. The MTT test with a 
concentration of 0.5 mg/ml was used to assess 
toxicity. For this, 5000 L929 cells in 100 microliters 
of culture medium (RPMI) containing serum were 
added to three wells of a 96-well plate for each of 
the two samples, and one column was used as a 
control. After one day, the culture medium was 
removed, and 100 microliters of extract containing 
10% serum was added to each well, while FBS 
medium was added to the control column. After 24 
hours, the extract was removed, and 100 
microliters of MTT solution was added to each well. 
The optical density (OD) of the substance dissolved 
in isopropanol was calculated at a wavelength of 
545 nm using an ELISA reader (StatFax 2000). The 
well with more cells showed a higher OD than the 
well with fewer cells, and the relationship below 
was used to compare the well with more cells with 
the control sample. 

Toxicity (%) 1 – (mean OD of sample/mean OD of control) × 100 

Eq. 5 

Viability (%) = 100 -Toxicity (%)         Eq. 6 

 The authors used the change in color 
concentration of MTT in mitochondria to measure 
the amount of living cells. The survival percentage 
of cells was presented in the graphs in the following 
chapter, indicating the non-toxicity of the samples. 
For the cell adhesion test, sterilized samples were 
placed in a sterile 12-well plate, and 20,000 cells in 
80 microliters of volume were added to each 
sample and incubated for 4-5 hours. After cell 
adhesion, a culture medium containing 10% FBS 

was added to each well. The samples were fixed 
with 3.5% gluteraldehyde for 2 hours and then 
washed with deionized water and varying 
concentrations of alcohol. Cell adhesion was 
observed using an AIS2100 SEM. To draw the 
standard curve for drug release, the authors used 
cloxacillin at an initial concentration of 2 ppm, 
which was diluted with PBS to prepare samples with 
4 different concentrations. The absorbance of the 
samples was measured using a UV 
spectrophotometer at a wavelength of 203 nm, and 
the area under the peak was calculated for all 
concentrations. The standard curve of cloxacillin 
concentration was then plotted based on the 
amount of UV absorption. The line equation of the 
standard graph of cloxacillin was obtained as y = 
0.0001x + 0.0001 with R2 = 1. 

To measure the amount of cloxacillin loading 
and drug release, the authors used UV 
spectrometry. To prepare the dialysis bag for the 
release test, it was immersed in a solution 
containing 2% baking soda by weight and 0.05% 
EDTA by weight for 30 minutes, washed with double 
distilled water, and boiled in double distilled water. 
For the release test, the authors sealed one end of 
the dialysis bag before adding 4 mg of scaffold 
containing cloxacillin to it and sealing the other end. 
The dialysis bag was immersed in 30 ml of PBS 
solution in a container, which was placed in a water 
bath at 37°C and shaken. Sampling was conducted 
every 30 minutes for the first 2 hours, followed by 
hourly sampling for the next 8 hours. During each 
sampling interval, 4 ml of PBS solution around the 
dialysis bag was taken as a sample, and 4 ml of new 
PBS solution was added to the container. The lid of 
the container was kept closed during the sampling 
intervals. The amount of drug released from the 
scaffold at different time points was calculated 
using UV spectrometry and expressed as a 
percentage of drug release according to the 
cloxacillin release file using the following formula: 

Drug release (%) = (concentration of drug loaded in the 
system / concentration of released drug in different hours) × 100  

   Eq. 7 

 
RESULTS AND DISSCUSION 

Various methods, such as electrospinning, rapid 
prototyping, salt leaching, phase separation, gas 
foam, spin coating, and melt deposition modeling, 
have been reported for PCL scaffold fabrication [29-
34]. However, the choice of a cost-effective method 
that uses less time and energy while providing 
adequate architecture remains challenging. The 
CS/PCL-HA bilayer scaffold had an average fiber 
diameter within the range of collagen fibers found 
in extracellular matrices. The electrospun mats 
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exhibited no cytotoxic effects in laboratory studies, 
and HA and KR in the fiber structure synergistically 
increased cell viability and proliferation. The fibers 
made by both emulsion and coaxial methods 
containing HA and KR were found to be efficient for 
wound healing applications. Fluorescence images 
showed a significant increase in cell number 
between days 3 and 7, with no difference observed 
in cell density for the core and shell structures and 
the emulsion that did not contain any biogenetic 
material on the seventh day [38-45]. The optical 
microscope is a low-cost and non-destructive tool 
used to study the shape and arrangement of 
scaffolds. Microscopes with 1000 times 
magnification are suitable for studying the 
approximate thickness of the strands produced by 
3D printing, which is in the range of micrometers. 
Figure 4 (a-f) shows the samples were taken to 
study the effective parameters on the printed 
scaffold. Figure 4 (a-f) shows the 3D printed scaffold 
with different angles, while Figure 4 shows the well-
coated surface of the scaffolds. SEM images was 
used for more detailed examination of the 
morphology. Figure 4 shows the images of printed 
scaffolds using SEM at 2 different magnifications, 
illustrating that the 3D printing is done well. Figure 
4 is related to the 60 × 60 scaffold, with an average 
pore size of 0.46 mm in the range of 0.40 to 0.50 
mm. The average pore size of the 90 ×45 scaffold in 
Figure 4 is 0.49 mm, in the range of 0.46 to 0.51 
mm. Figure 4 shows the 30 × 30 scaffold with an 
average pore size of 0.46 mm, in the range of 0.45 
to 0.49 mm. Figure 5 (a-c) shows SEM images of 
uncoated scaffolds fabricated at different angle 
configurations. Figure 5 (a) shows the scaffold with 

a 60-60 orientation, Figure 5 (b) illustrates the 45-
90 configuration, and Figure 5 (c) shows the 30-30 
arrangement. The SEM images show detailed 
insights into the surface morphology and structural 
features of the scaffolds, which are critical for 
evaluating their potential in tissue engineering 
applications, particularly in relation to cell adhesion 
and proliferation. Figure 6 (a-c) shows the well-
coated surface of all three scaffolds with HA 
material containing ZnO. EDS analysis was used to 
determine the amount of elements in the 
constructed scaffolds. Spectra obtained from the 
elements in the scaffolds coated with HA and ZnO, 
along with the drug, are shown in Figure 7 (a-d). 

 Figure 7 (a-d) shows the chemical formula of 
HA, zinc oxide, and cloxacillin. Oxygen (O), 
hydrogen (H), and nitrogen (N) are found in all bio-
materials, while chlorine (Cl) is related to medicine. 
The distribution of elements on the coated 
scaffolds using Map analysis is illustrated in Figure 
8 (a-d), which shows that the Zn element is 
uniformly placed on the entire surface. Figure 8 (a-
d) illustrates the mapping of elemental distribution 
in covered scaffolds using energy-dispersive EDX. 
Figure 8 (a) represents the 60-60 scaffold 
configuration, Figure 8 (b) shows the 45-90 
configuration, and Figure 8 (c) shows the 30-30 
arrangement. The elemental maps show the spatial 
distribution of key components within the 
scaffolds, showing valuable information on the 
chemical composition and uniformity of the 
coatings. This analysis is essential for understanding 
the scaffolds' interactions in tissue engineering 
applications. 
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d 

 

e 

 

f 

 
Fig. 4. Light microscope, uncoated scaffolds, a) 60-60, b) 45-90, c) 30-30, coated scaffolds, d) 60-60, e) 45-90, f) 30-30 
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c 

 

 

Fig. 5. SEM images of uncoated scaffolds, a) 60-60, b) 45-90, c) 30-30 
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Fig. 6. Scanning electron microscope (SEM), coated scaffolds, a) 60-60, b) 45-90, c) -30 
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d 

 
 

Fig. 7. EDS spectroscopy of coated scaffolds, a) 60-60, b) 45-90, c) 30-30, and d) coated material formula 
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Fig. 8. Pointing of elements using Map from covered scaffolds, a) 60-60, b) 45-90, and c) 30-30 
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Fig. 9. Identification and examination of elements on three-dimensional scaffolds using Map analysis 

 
 

Table 5. Examination of mechanical properties of scaffolds using tensile test 

sample %E Young’s Modulus (MPa) 

30-30 17.87% 1.32 

60-60 15.46% 0.73 

90-45 13.68% 0.45 
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 Figure 9 shows the elements on each scaffold, 
indicating that the placement of elements is 
uniform due to the well-coated surface of the 
scaffolds. To evaluate the mechanical properties of 
uncoated scaffolds, a tensile test was conducted, 
and Table 5 shows the amount of stretch, stretch 
percentage, and elastic modulus. The elastic 
modulus for the 30-30 scaffold is higher than that 
of the other scaffolds (1.32 MPa), while the Young's 
modulus for the 60-60 and 45-90 scaffolds is 0.73 
and 0.45 MPa, respectively. Many studies show that 
decreasing the angles of the strands improves 
mechanical properties. The design of the strands for 
all three scaffolds is the same in size but with 
different angles, as shown in Figure 10 (a-d). 
Decreasing the angles results in smaller pores and 
increased mechanical properties, as illustrated in 
Figure 10 (a-d). The force-tension diagram is shown 
in Figure 10. The moist healing environment is 
favorable for the growth of granulation, facilitates 
cell proliferation, and promotes wound healing 
according to previous research [46-52]. The 
swelling properties of scaffolds immersed in 
distilled water and phosphate buffered salt at 
various times were investigated. Figure 11 shows 
the percentage of inflation of scaffolds with and 
without coating, indicating that the percentage of 
inflation can be divided into two categories. The 

lower diagrams in the figure, which are related to 
scaffolds without coating, show a small difference 
in their swelling rate of 25-28% after 120 minutes, 
as the material used (PCL) is the same for all 
scaffolds. The upper diagrams in the figure, which 
are related to coated scaffolds with different 
angles, show a higher inflation rate of 42-47%.The 
swelling and deformation of porous media under 
varying saturation conditions is a common 
phenomenon in geotechnical, engineering, and 
biological tissue issues. Numerical models have 
been developed to study swelling and deformation 
of materials, such as the model for inflation based 
on the exploitation of the entropy inequality, and a 
numerical model. These models explain the effect 
of swelling and deformation on hydraulic 
parameters like the capillary pressure-saturation 
curve, permeability, and porosity using empirical 
equations. The presence of pore water inside a 
porous medium affects its behavior during 
deformation, which in turn affects its hydraulic 
properties. Any change in the structure of the 
porous medium causes a change in its permeability, 
such as a decrease in porosity resulting in a 
decrease in permeability. The presence of pores in 
the 3D scaffolds is an effective reason for water 
absorption according to the researchers' studies. 

 

   

 
 

Fig. 10. Design of three-dimensional scaffolds and placement of strands, a) 90-45, b) 30-30, c) 60-60, d) diagram of mechanical 
properties of scaffolds based on force-tension 

b 

c 
d 

a 



 
N. Khodami Moghari & A. Asefnejad / Effect of manufacturing angle on surface characteristics and fibroblast adhesion of poly-caprolactone/hyaluronic acid 

 

782                                                                                                                                                       Nanomed J. 12(4): 768-788, Autumn 2025  

 
 

 
 

 
Fig. 11. Checking the swelling percentage of the scaffold with and without coating using HA and ZnO for 120 minutes. 

The results obtained indicate that the addition 
of HA increases swelling, which is consistent with 
similar findings in other studies. This is because HA 
can loosen the structure of the hydrogel 
membrane and allow molecular chains to expand 
more easily. Scaffolds made of HA and ZnO show 
good swelling behavior due to the hydrophilic 
nature of the HA molecule, which is a common 
hydrophilic polymer. The coated scaffolds 
maintain stable swelling ability due to the stronger 
intermolecular hydrogen bonds between the 
hyaluronic acid/ZnO layer and PCL. The high water 
absorption of scaffolds is attributed to the 
hydrophilic groups in the HA molecular chains and 
the porosity of the 3D scaffold, which facilitates 
water absorption. The ability of all coated 
scaffolds to swell makes them suitable for stable 
scaffolds in tissue engineering applications, 
preventing the loss of body fluids and nutrients in 

in vivo experiments, and increasing cell 
attachment and proliferation on the 3D scaffold. 
Therefore, they can be ideal scaffolds for tissue 
engineering therapy .Table 3 shows the 
percentage of degradation of 3D scaffolds with 
and without coating when placed in phosphate 
buffer salt for 20 days. Scaffolds without coating 
show a degradation rate of 14-16% in 20 days, 
which increases with the addition of a coating to a 
range of 24-26%. Figure 12 shows the degradation 
process on different days, illustrating that the 
coated scaffolds undergo slow degradation on the 
20th day, which is not significantly different from 
the 15th day. This is because the HA is completely 
destroyed and separated from the surface of the 
scaffold, while the degradation of PCL occurs 
slowly. 

 

 

 
Fig. 12. Investigation of the percentage of biodegradability of the scaffold with and without coating using HA and ZnO for 20 days 
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In the absence of HA coating and ZnO, the 3D-
scaffold showed less degradation. The presence of 
poly-caprolactone in the scaffold slows down the 
degradation process, making it a potential option 
for use in biological scaffolds due to its 
biodegradability, non-toxicity, and biocompatibility 
with many drugs and biopolymers. Moreover, the 
slower degradation rate of poly-caprolactone 
compared to other biodegradable polymers makes 
it suitable for constructing tissue engineering 
scaffolds that require longer degradation times. Ali 
et al. [18] investigated the degradation of poly-
caprolactone in implantable implants using GPC, 
DSC, and SEM tests and hypothesized that HO 
radical is an important reason for the degradation 
of poly-caprolactone. Chen et al. [19] compared the 
in vitro degradation behavior of poly-caprolactone 
microparticles and poly-caprolactone film in PBS 
solution with pH 7.4 at 37 ± 1°C and found that the 
form of poly-caprolactone has no significant effect 
on its degradation rate, indicating homogeneous 
degradation. Huang et al. [20] found that the 
degradation rate of poly-caprolactone is affected by 
the percentage of other substances present. They 
created a film of poly-caprolactone and polyvinyl 
alcohol, which showed cracks after dissolving in 
water due to the dissolution of polyvinyl alcohol 
and subsequent degradation of poly-caprolactone. 
Hydrolysis is a major mechanism of degradation in 
the presence of tissue water, and research on 
hydrolytic degradation of tissue engineering 
scaffolds with biodegradable polymers is essential 
for biodegradation. Over time, structures in a 
water-based degradation environment undergo 
chemical interactions and bond failure, with all 
polymer hydrogel scaffolds primarily subjected to 
bulk and surface degradation facilitated by 
hydrolysis [46-51]. These changes lead to weight 
reduction of the hydrogel scaffolds, which absorb 
physiological solution and swell during the 
degradation period. Hydrolysis is facilitated by the 
diffusion of water inside the matrix, ultimately 
leading to significant destruction of the scaffolds. 

Recent research has demonstrated significant 
advancements in biomaterials for tissue 
engineering, particularly through the integration of 
various polymers and composites. One study 
developed a porous sodium alginate-CaSiO3 
polymer reinforced with graphene nanosheets, 
highlighting the importance of optimal fabrication 
techniques [46-53]. Many other investigation 
explored the synergistic effects of magnetic 
nanoparticles for hyperthermia therapy and 
controlled drug delivery, showcasing innovative 
approaches for bone substitutes [54-58]. 
Additionally, research into self-healing polymers 
suggests potential enhancements in scaffold 
longevity [59-62]. Efforts have also been made to 
improve osseointegration and mechanical 
properties in orthopedic applications using diverse 
composite materials. Many research results show 
the need for continued exploration of scaffold 
design, mechanical stimuli, and drug delivery 
systems to optimize biocompatibility and 
functionality in biomedical applications, paving the 
way for future innovations in regenerative medicine 
[62-67]. Cloxacillin is frequently used to treat 
infections caused by penicillinase-producing 
staphylococcal species. This study evaluated the 
release rate of cloxacillin from the 60-60/HA/ZnO 
scaffold. The drug release occurred in two stages 
with different gradients, with an initial explosive 
release of approximately 16% of the loaded drug 
due to surface abrasion and release of drugs 
attached to the surface of the scaffold, followed by 
a slower release due to penetration inside the 
scaffold and continued degradation of the polymer, 
resulting in a total release rate of 27%. The MTT test 
confirmed the non-toxicity of the prepared system 
and investigated the effect of cloxacillin release on 
the proliferation and survival of fibroblast cells. 
Biocompatibility was examined for scaffolds with 
and without coating, with the coated scaffold 
showing better biocompatibility due to the 
presence of HA, an important glycosaminoglycan of 
the ECM.  

 

 
Fig. 13. Release percentage of cloxacillin drug from 60-60/HA/ZnO scaffold 
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Fig. 14. Examining the biocompatibility of scaffolds with and without coating using the MTT method 

 

Figure 13 illustrates the release percentage of 
cloxacillin from the 60-60/HA/ZnO scaffold over a 
specified time period. Cloxacillin, an antibiotic 
effective against certain bacterial infections, was 
incorporated into the scaffold matrix to evaluate its 
release profile. The data presented reflect the 
cumulative drug release at various time intervals, 
showcasing how the scaffold facilitates the 
controlled release of the drug. This analysis is 
crucial for understanding the scaffold's potential for 
sustained therapeutic effects in tissue engineering 
applications. The incorporation of HA and ZnO is 
expected to influence the release kinetics, with HA 
enhancing biocompatibility and ZnO providing 
antibacterial properties. The results show the 
scaffold's ability to deliver cloxacillin effectively, 
suggesting its potential utility in preventing 
infections at the implantation site while promoting 
tissue regeneration. Figure 14 shows the results of 
a biocompatibility assessment conducted on 
scaffolds both with and without coating, utilizing 
the MTT assay. The MTT method is a widely 
recognized colorimetric assay that measures cell 
viability based on the metabolic activity of living 
cells. In this analysis, scaffolds were exposed to 
cultured cells, and the subsequent conversion of 
MTT to formazan crystals was quantified, providing 
insights into the scaffolds' compatibility with 
biological tissues. The comparison between coated 
and uncoated scaffolds highlights differences in cell 
viability, offering critical implications for their 
potential applications in tissue engineering. 
Enhanced cell proliferation on coated scaffolds 
suggests improved biocompatibility, which is 
essential for successful integration and 
functionality in vivo. Recent studies have 
highlighted the significant role of salivary C-reactive 
protein (CRP) in both systemic and oral disorders, 
indicating its potential as a diagnostic marker. 
Research has also examined periodontal health and 

hygiene practices among diabetic and nondiabetic 
adolescents, revealing important differences that 
could inform preventive strategies [65-70]. 
Additionally, the relationship between clinical 
findings and oral health in rheumatoid arthritis 
patients underscores the interconnectedness of 
systemic conditions and oral status. These insights 
contribute to a better understanding of how 
systemic diseases impact oral health and vice versa. 
Fibroblast cells, which continuously regenerate the 
connective tissue by synthesizing the ECM and 
secreting growth factors, were used for the 
biocompatibility study. The uncoated scaffold 
exhibited 96% biocompatibility, while the coated 
scaffold exhibited 102% biocompatibility. While the 
current study has demonstrated the potential of 
PCL/ HA scaffolds for tissue engineering 
applications, several limitations should be 
addressed in future research. Firstly, the study was 
conducted in vitro, and the performance of the 
scaffolds under in vivo conditions needs evaluation 
to better understand their suitability for real-world 
clinical applications; factors such as the host 
immune response, vascularization, and long-term 
integration with surrounding tissues should be 
investigated to ensure the scaffolds' viability and 
efficacy in a physiological environment. 
Additionally, drug release kinetics could be further 
optimized by exploring different coating 
compositions and techniques to achieve a more 
controlled and sustained release profile, while 
investigating various drug loadings and their 
influence on the scaffold's mechanical and 
biological properties would also be valuable. 
Furthermore, expanding the study to include a 
wider range of cell types, such as osteoblasts or 
chondrocytes, could provide insights into the 
scaffolds' suitability for different tissue engineering 
applications. Future research should also focus on 
scaling up the manufacturing process and 
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evaluating the feasibility of mass production to 
facilitate the clinical translation of these scaffolds. 
Addressing these limitations and exploring these 
avenues for further research will help advance the 
development of these biomimetic scaffolds and 
their potential for tissue regeneration. 

 
CONCLUSION 

Tissue engineering and the repair of damaged 
tissues are critical areas in medical science. The 
production of scaffolds made of natural and 
synthetic polymers with favorable properties for 
the purpose of reconstructing damaged tissues has 
been expanding. These scaffolds may be made from 
natural, artificial, or mineral materials, which must 
be biocompatible and biodegradable. 
Hydrophilicity is also an important property for 
effective scaffolds, as a hydrophilic surface 
promotes enhanced cell adhesion and growth. 
However, most synthetic polymers lack the 
necessary hydrophilicity for use in tissue 
engineering. This study utilized 3D printing 
techniques to create a three-dimensional scaffold 
based on poly-caprolactone, with different angles 
of placement. The scaffolds were then coated in a 
solution containing HA, ZnO, and drugs. 
Morphological examination was done using an 
optical microscope and a SEM, with element 
identification analysis conducted using elemental 
spectroscopy and mapping. The swelling and 
biodegradability of the scaffolds were measured in 
phosphate buffered salt solution, and the 
mechanical and biological properties were 
determined using tensile tests, bioavailability and 
cell viability. A drug release test was also conducted 
using a dialysis bag. The results showed that the 
coated scaffolds had better swell and 
biodegradability, and a higher rate of drug release 
than the uncoated scaffolds. The coated scaffolds 
also exhibited better biocompatibility. Thus, the 
study supports the potential of using poly-
caprolactone-based scaffolds in tissue engineering. 
The study highlights the potential of poly-
caprolactone/ HA scaffolds for tissue engineering 
but identifies several limitations for future 
research. Key areas include evaluating scaffold 
performance in vivo, investigating host immune 
responses, vascularization, and long-term 
integration. Optimizing drug release kinetics 
through different coating techniques and exploring 
various drug loadings are crucial. Additionally, 
including more cell types, such as osteoblasts or 
chondrocytes, and focusing on scaling up 
manufacturing for clinical translation may advance 
the development of these scaffolds for tissue 
regeneration. 
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