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A B S T R A C T   

The medicinal plant of Styrax liquidus (ST) (sweet gum balsam) which extracted from Liquidambar orientalis Mill 
tree, was loaded into the 3D printed polylactic acid (PLA)/chitosan (CS) based 3D printed scaffolds to investigate 
its wound healing and closure effect, in this study. The morphological and chemical properties of the ST loaded 
3D printed scaffolds with different concentrations (1 %, 2 %, and 3 % wt) were investigated by Scanning Electron 
Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FT-IR), respectively. In addition, the me
chanical and thermal properties of the materials were investigated by Tensile test and Differential Scanning 
Calorimetry (DSC), respectively. The antimicrobial activities of the ST loaded 3D printed scaffolds and their 
incubation media in the PBS (pH 7.4, at 37 ◦C for 24 h) were investigated on two Gram-positive and two Gram- 
negative standard pathogenic bacteria with the agar disc diffusion method. The colorimetric MTT assay was used 
to determine the cell viability of human fibroblast cells (CCD-1072Sk) incubated with free ST, ST loaded, and 
unloaded 3D printed scaffolds. The 1 % and 2 % (wt) ST loaded PLA/CS/ST 3D printed scaffolds showed an 
increase in the cell number. Annexin V/PI double stain assay was performed to test whether early or late 
apoptosis was induced in the PLA/CS/1 % ST and PLA/CS/2 % ST loaded groups and the results were consistent 
with the MTT assay. Furthermore, a wound healing assay was carried out to investigate the effect of ST loaded 3D 
printed scaffolds on wound healing in CCD-1072Sk cells. The highest wound closure compared to the control 
group was observed on cells treated with PLA/CS/1 % ST for 72 h. According to the results, novel biocompatible 
ST loaded 3D printed scaffolds with antimicrobial effect can be used as wound healing material for potential 
tissue engineering applications.   

1. Introduction 

The wound healing and tissue repair process consists of sequential 
interrelated stages, called inflammatory, proliferative, and remodeling, 
at the molecular and cellular levels [1]. In acute wounds, the wound 

healing process is rapid and depends on the proper progression of these 
stages. Chronic wounds, unlike acute wounds, do not exhibit a proper 
wound healing process, causing a delay in healing time and this leads to 
a decrease in individual life quality along with an increased financial 
burden [2]. The treatment of wounds requires surgical operations, 
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debridement (removal of dead/inflamed tissue), or applying wound 
dressing materials [3]. 

Commercially available traditional wound dressing materials, 
including gauze, natural/synthetic bandages or lint have some disad
vantages because they couldn't provide a moist environment for better 
wound healing, and thus they are required frequent change [4]. These 
limitations have created the necessity for new strategies for better 
wound management. 

In recent years, polymeric hydrogel based 3D printed wound dres
sing materials have drawn attention due to their superior properties 
such as creating a three-dimensional extracellular matrix (ECM) like 
moist environment for the cells where they can migrate and proliferate, 
allowing oxygen penetration through porous structure, and inducing 
wound healing process along with cell attachment [5]. In the literature, 
effective dressing materials have been successfully produced by using 
different combinations of natural/synthetic polymer composites in the 
3D printing system for the development of wound dressings with 
biocompatible and biodegradable properties [6]. Besides, it is possible 
to incorporate biologically active agents (drugs, plant extracts, nano
particles) during the 3D fabrication process of wound dressing material. 
This enables the controlled and sustained release of bioactive agents at 
the wound site as locally [7]. 

Chitosan (CS), a derivative of chitin, is commonly used with other 
polymers due to its desired biological properties, such as biocompati
bility, biodegradability, low toxicity, homeostatic function, pain relief, 
and antimicrobial activity [8]. CS provides a non-protein matrix for 3D 
tissue growth and activates macrophages. CS based hydrogels could 
stimulate fibroblast proliferation, angiogenesis, regular collagen depo
sition, and increase the level of natural hyaluronic acid (HA) synthesis at 
the wound site [9]. Owing to these properties of CS, it can be used as a 
copolymer with polylactic acid (PLA) to enhance the biological activity 
in the wound environment and to fabricate biologically active wound 
dressing material. 

PLA is one of the Food and Drug Administration (FDA) approved 
biomaterials, with non-immunogenic, biocompatible, biodegradable, 
and high mechanical properties [10,11]. Domínguez-Robles et al. re
ported 3D printed PLA and lignin composite material that can be used in 
wound dressing applications due to its antioxidant effect [12]. Calamak- 
Ermis fabricated 3D printed Ag functionalized PLA based composite 
material, which has the potential to be used in wound healing applica
tions [13]. 

Styrax Liquidus (ST) is a resinous exudate extracted from the 
wounded bark (in the form of balsam) of the Liquidambar orientalis Miller 
tree, grown in the eastern Mediterranean region of Turkey. ST has been 
used since ancient times, particularly in Turkish folk medicine for the 
treatment of various health complications such as wounds, burns, and 
peptic ulcers [14]. 

In this study, ST loaded PLA/CS based composite 3D printed scaf
folds for wound dressing application were fabricated by 3D printing 
technology. With this study, the incorporation of ST into 3D printed 
scaffolds and its controlled release from the scaffolds are reported for the 
first time in the literature. 

In the literature, several studies have reported that either free ST or 
encapsulated ST have antibacterial and antioxidant activities. [15,16]. 
Demir et al. investigated the antibacterial and antioxidant effects of ST 
incorporated Poly (ε-caprolactone) (PCL) electrospun composite nano
fibers for wound dressing application. The results of the study showed 
that the effective biological activity of ST depends on its weight ratio. 
The different weight ratios of ST (25, 50, and 100 %, wt) were loaded to 
the hybrid nanofibers based on the PCL polymer weight by electro
spinning method. In their study, PCL/ST nanofibers loaded with 100 % 
(wt) ST have shown better cell viability with mouse embryonic fibro
blast (MEF) cells. Besides, cytotoxicity analysis of ST on MEF cells 
revealed that fibrous scaffolds increased cell number with high viability 
[17]. Contrastly, in this study, high cytotoxicity was observed in human 
fibroblast cells when the loaded ST ratio exceeds even 2 % (wt) in the 3D 

printed scaffolds. In addition, 3D printed PLA/CS based scaffolds loaded 
with 5, 10, and 15 % (wt) ST were also produced which showed high cell 
toxicities in the human fibroblast cell line (Fig. S1). 

The antimicrobial activities of the ST loaded 3D printed scaffolds and 
their incubation mediums were investigated on two Gram-positive and 
two Gram-negative standard pathogenic bacteria (Staphylococcus aureus 
ATCC 29213, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 
25922, Pseudomonas aeruginosa ATCC 27853) with the agar disc diffu
sion method. The incubation medium of ST loaded 3D printed scaffolds 
and free ST has shown an excellent antibacterial effect against S. aureus. 
This result could give an idea for new research to prevent infections 
caused by colonized S. aureus in the wound area. 

Therefore, the results of the study demonstrated that the delayed 
wound healing process caused by infection can be prevented due to the 
antimicrobial effect of ST. In addition, the high wound closure tendency 
obtained in the wound closure tests performed with 1 % (wt) ST loaded 
scaffolds in human fibroblast cells reveals that these wound dressings 
are the best candidate for the fast wound healing process. 

2. Materials and methods 

2.1. Materials 

Poly (L-lactic acid) (PLA) 2003D (good biocompatibility for cells 
[18]) was obtained from Nature Works LLC, Minnetonka, MN. Low 
molecular weight chitosan (CS, low molecular weight,) was purchased 
from Sigma-Aldrich (St. Louis, USA). Chloroform (CAS: 67-66-3) and 
acetic acid (CH3COOH) were obtained from Sigma-Aldrich. Human 
fibroblast cells (CCD-1072Sk) were purchased from American Type 
Culture Collection (ATCC) for cell culture studies. DMEM (Dulbecco's 
Modified Eagle Medium), %10 FBS (fetal bovine serum), penicillin/ 
streptomycin, BSA (bovine serum albumin), and phosphate buffer saline 
(PBS) were purchased from Thermo Fisher Scientific (Massachusetts, 
USA). 

Ethanol (99 % purity, vol./vol.), (3-(4,5-dimethyl-2-thiazol)-2,5- 
diphenyl-2H-tetrazolium bromide) MTT, Trypsin/EDTA solution at 
0.25 % (w./v.), Triton X-100, paraformaldehyde, and hexamethyldisi
lazane (HMDS) (99 % purity, vol./vol.) were purchased from Sigma- 
Aldrich (St. Louis, USA). 

2.2. Preparation of Styrax Liquidus (Liquidambar orientalis Miller) oil 

Styrax Liquidus (ST) is obtained from the wounded bark of the 
Liquidambar orientalis Miller tree (Hamamelidaceae family), which is 
known as the sweetgum tree and widely found in the Mugla region of 
Turkey. To convert it to balsam form, ST is processed by boiling and 
pressing. It has a brownish color, a paste-like texture, and a unique 
aroma. ST was purchased from a local herbalist in Mugla-Koycegiz. 

2.3. Preparation of the 3D printing solutions 

Firstly, PLA and CS solutions were prepared separately. 15 % (w/v) 
PLA was dissolved in chloroform and 2 % (w/v) CS was dissolved in 90 
% acetic acid, then put on the magnetic stirrer overnight. After complete 
dissolution was achieved, PLA and CS were mixed in a volume ratio of 
2:1, respectively. The different concentrations of ST (1 %, %2, and 3 % 
wt) were prepared by adding them to PLA/CS mixed solution. All pro
cesses were done at room temperature (23 ◦C). 

2.4. Fabrication of the 3D printed scaffolds 

The scaffold configuration was designed in a square shape with 20 
mm × 20 mm × 1 mm dimensions and 7 layers using the Solidworks 
program and converted to G-codes by Simplify3d software. In the 
fabrication of composite scaffolds, an extrusion-based 3D printer (Hyrel 
3D, SDS-5 Extruder, GA, USA) was used. A polymer solution, containing 
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PLA and CS, was placed into a 10 ml syringe which is connected to the 
28 Ga needle tip. 

In order to obtain an ideal pore shapes and non collapse printed 
strips, following printing parameters were optimized as: the printing 
rate = 10 mm/s, the flow rate = 1 ml/h, the infill density = 96 %, the 
total layer = 7, and the infill pattern was rectilinear. 

Fig. 1 schematically represents the 3D printing of ST loaded PLA/CS 
based composite scaffold. 

2.5. Characterization of the chemical and physical properties of 3D 
printed scaffolds 

2.5.1. Rheological analysis of 3D printing solutions 
The physical properties of all prepared solutions (viscosity, density, 

and surface tension) were determined. The solution viscosity was 
measured at room temperature with a digital viscometer (DV-E, 
Brookfield AMETEK, USA). To analyze solution density, a standard 10 
ml density bottle, DIN ISO 3507-Gay-Lussac (Boru Cam Inc., Republic of 
Turkey) was used. The surface tension of the solutions was obtained by 
using a tensiometer (Sigma 703D, Attention, Germany). Each test was 
repeated three times. Before experiments, all equipment was calibrated. 

2.5.2. Scanning electron microscopy (SEM) 
The morphological properties and the pore size of 3D printed scaf

folds were evaluated by SEM (EVO LS 10, ZEISS, USA). Prior to SEM 
analysis, the printed scaffolds were coated with gold and palladium for 
120 s using a sputter coating machine (Quorum SC7620, USA). The 
morphological appearance and pore size differences of each scaffold 
were analyzed by digital image software (Olympus AnalySIS, USA). 
Thereafter average pore size was determined by the SPSS analysis 
program. 

2.5.3. Fourier transform infrared spectroscopy (FT-IR) 
Chemical characterization of each 3D printed scaffold was conducted 

by FT-IR (Jasco, FT/IR 4700) with the spectra ranging between 4000 
and 400 cm− 1 at 4 cm− 1 resolution and averaged over 32 scans. Each 
spectrum was recorded at room temperature. Prior to analysis, ST 
loaded and unloaded 3D printed scaffolds were cut into small pieces. ST 
was also analyzed in liquid form to ensure the encapsulation efficiency 
of the different concentrations of ST (%1, %2, %3 wt) in 3D printed 
scaffolds. 

2.5.4. Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) (Shimadzu, Japan) was used 

to investigate the thermal properties of the 3D printed scaffolds such as 
glass transition temperatures (Tg) and melting temperature (Tm). The 3D 
printed scaffolds were placed into aluminum pans and DSC was per
formed in the temperature range from 25 to 300 ◦C at the scanning rate 
of 10 ◦C/min. 

2.5.5. Mechanical properties of the scaffolds 
The stress/strain curves of the 3D printed scaffolds were obtained by 

using a tensile test device (SHIMADZU, EZ-LX, CHINA) with a 5 mm/ 
min test speed. Five groups of scaffolds (2 cm × 1,5 cm in size) were 
analyzed and 2 samples were selected as a subgroup. The thicknesses of 
the samples were measured by a digital micrometer (Mitutoyo MTI 
Corp., Aurora, IL). 

2.5.6. Swelling and degradation behaviors of scaffolds 
The swelling and degradation behaviors of 3D printed scaffolds were 

examined in phosphate-buffered saline solution (PBS; pH 7.4) at 37 ◦C 
and maintained at 250 rpm in the thermal shaker (BIOSAN TS-100) 
during each time interval (day 1, 3, 5, 7, 14, 21 and 28). The PBS so
lution was refreshed at each time interval for the maintenance of bio
logical environment activity. 3D printed PLA, PLA/CS, and different 
concentrations of ST loaded (1 %, 2 %, and 3 % wt) PLA/CS scaffolds 
were weighed to get the initial weights (W0) of the scaffolds and placed 
into 1 ml PBS media (pH 7.4) in eppendorf tubes. Two samples were 
tested for each group for degradation and swelling tests. For the swelling 
test, each scaffold was removed on days 1, 3, 5, 7, 14, 21, and 28. The 
removed scaffolds were slightly dried with filter paper before being 
weighed in the wet condition (Ww). The swelling value (S) was calcu
lated by using Eq. (1) [19]: 

S = (Ww–Wo)/Wo× 100 (1) 

For the degradation test, each scaffold was removed on days 1, 3, 5, 
7, 14, 21, and 28. The removed scaffolds were washed with deionized 
water and then dried for 24 h at room temperature (23 ◦C) and weighed 
(Wt). The degradation value (D) was calculated by using Eq. (2) [19]: 

D = (Wo − Wt)/Wo × 100 (2)  

2.5.7. In vitro ST release and release kinetic assay 
To evaluate the release kinetics of ST at different concentrations (1 

%, 2 %, and 3 % wt) from 3D printed PLA/CS composite scaffolds, each 
scaffold was immersed in 1 ml of PBS (pH 7.4) and maintained in a 
horizontally shaking thermal shaker (BIOSAN TS-100) (at 37 ◦C, 250 
rpm). At defined time intervals (0, 0.25, 0.5, 0.75, 1, 2, 3, 5, 8, 24, 48, 
72, 96, 168, 336, 504 h), 1 ml PBS was removed from each sample for 
UV analysis and 1 ml of fresh PBS was added to all samples to continue 
the releasing study. The released amount of ST in PBS at each time in
terval was monitored by measuring the UV absorbance of the maximum 
peak at 274 nm with a UV–vis spectroscopy (Shimadzu UV-3600 spec
trometer). In order to calculate the released amount of ST from scaffolds, 
the standard calibration curve was constructed with 5 different con
centrations (2, 4, 6, 8, and 10 mg/ml) of ST solution which were pre
pared in ethanol. The samples at all time points were run in triplicate (n 
= 3). The cumulated ST release ratio was calculated with Eq. (3) for each 
time interval [18]. 

ST release ratio% = Mt/M∞ × 100 (3)  

Fig. 1. Schematic representation of experimental setup and 3D printed Styrax liquidus-loaded PLA/CS 3D scaffold.  
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where Mt is the amount of ST released at time t and M∞ is the total 
amount of ST added theoretically loaded into the 3D printed scaffolds. In 
addition, the in vitro release kinetics were evaluated for each concen
tration of ST. 

The kinetics and mechanism of ST release were evaluated for all the 

3D printed scaffold formulations by fitting the data to the different ki
netic models. All formulations were given in Supporting information 
(SI). 

The encapsulation efficiency (EE %) of ST loaded 3D printed scaf
folds was calculated using Eq. (4): 

EE (%) = Dm/Dt × 100 (4)  

where, Dm is the actual amount of ST in the 3D printed PLA/CS scaffolds 
and Dt is the initial amount of ST used for the fabrication of 3D printed 
PLA/CS [20,21]. 

For EE (%) calculation, 3D printed scaffolds were weighed and dis
solved completely in their solvent system via vortex mixing. Then, the 
samples were centrifuged at 600 rpm for 5 min. Then, supernatants were 
collected and measured for their absorbance by using a UV–visible 
spectrophotometer (Shimadzu UV-3600, Japan) at 274 nm. All mea
surements were repeated three times. 

2.6. Antibacterial assay 

The in vitro antibacterial activity of free ST and ST loaded (1 %, 2 %, 
and 3 % wt) 3D printed PLA/CS scaffolds was examined. Two Gram- 
positive and two Gram-negative standard pathogenic bacteria (Staphy
lococcus aureus ATCC 29213, Enterococcus faecalis ATCC 29212, Escher
ichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853) were used 
to study with the agar disk diffusion method. Fresh subcultures on 5 % 
sheep blood agar of bacteria were used to adjust 0.5 McFarland turbidity 
standard solutions (1.5 × 108 CFU/mL) in tubes containing sterile sa
line. Processed bacterial solutions were inoculated on Muller Hinton 
Agar with a sterile swab. Disks (5 mm in diameter) were cut from 
different concentrations ST loaded 3D printed scaffolds and exposed to 
UV light (254 nm) for 1 h for sterilization. Sterilized disks were placed 
on the surface of bacteria-inoculated Mueller-Hinton agar (bioMérieux) 
plates. Sterile disks containing levofloxacin (5 μg) were used as a posi
tive control for all bacteria. Plates were incubated at 37 ◦C for 18 h, and 
growth inhibition zones around disks were measured and evaluated 
according to the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) criteria [22]. 

2.7. Cell viability assay 

Human fibroblast cells (CCD-1072Sk) were purchased from Amer
ican Type Culture Collection (ATCC) and maintained in Dulbecco's 
modified Eagle medium containing 10 % fetal bovine serum and 100UI/ 
ml penicillin/streptomycin at 37 ◦C in a 5 % CO2 incubator. Cell viability 
was determined using Thiazolyl Blue tetrazolium bromide (MTT) re
agent (Alfa Aesar, Thermo Scientific). Before treatment of the cells, 
scaffolds (PLA only, PLA/CS, PLA/CS/1 %, 2 %, 3 %, 5 %, 10 % and 15 % 
wt ST) were cut into equal pieces (1 cm × 1 cm) for each well and 
sterilized under UV for at least 1 h. Cells were seeded into 24 well plates 
at a density of 5 × 104 cells/well and were incubated with scaffolds for 
24, 48, and 72 h. At the end of the incubation, scaffolds were removed 
and MTT reagent was added to each well with a final concentration of 
0.1 mg/ml, and cells were further incubated for 2 h at 37 ◦C in a 5 % CO2 

incubator till formazan crystals were observed under microscopy. All the 
media inside the wells were discarded and DMSO was added to each 
well. Absorbance values were read at 570 nm by Thermo Multiskan GO 
microplate spectrophotometer (Fisher Scientific). Cell viability was 
calculated according to Eq. (5):  

2.8. Wound healing assay 

CCD-1072Sk cells were plated on 6 well plates at a density of 2 × 105 

cells/well and incubated with scaffolds (PLA only, PLA/CS, PLA/CS/1 
%, 2 %, and 3 % wt ST) for 24, 48, and 72 h. A scratch with constant 
width was done in the monolayer of cells using a 200 μl pipette tip. Cells 
were washed twice with PBS to remove any suspended cells and further 
cultured in a media. Wound closure was monitored at different time 
points (24, 48, and 72 h) with brightfield microscopy and analyzed by 
using the ImageJ MRI wound healing tool. 

2.9. Apoptosis assay 

Apoptotic and necrotic cells were determined by using Annexin V- 
Propidium Iodide staining. CCD-1072Sk cells were incubated with 
scaffolds (PLA only, PLA/CS, PLA/CS/1 %, 2 %, and 3 % wt ST) for 72 h 
and washed with cold PBS (1×) twice and then 1 × 106 cells were sus
pended in 1× Binding Buffer. The rest of the assay was performed by the 
manufacturer's instructions (Annexin V:FITC Assay Kit, Bio-Rad). 
Stained cells were acquired by using BD Accuri C6 Flow Cytometer 
and data were analyzed by using Kaluza Analysis Software (Beckman 
Coulter). 

2.10. Statistical analysis 

Statistical analysis and pore size measurements of tissue scaffolds 
were performed using the SPSS 17.0 analysis program. One-way analysis 
of variance was used to test whether there was a statistically significant 
difference between the means of independent groups. The significance 
level was determined as p < 0.05 and data were labeled with (*) for p <
0.05 and (**) for p < 0.005. 

3. Result and discussion 

3.1. Morphological and rheological analysis of 3D printed scaffolds 

The basic fabrication process of 3D printed PLA/CS based composite 
scaffolds for wound dressing application is illustrated in Fig. 1. 

In order to develop printable PLA/CS based ST loaded ink solutions, 
the rheological behaviors of PLA and PLA/CS based 3D printing solu
tions were evaluated and optimized to determine the optimal ink 
formulation for 3D printing. The three different concentrations of ST (1 
%, 2 %, and 3 % wt) loaded into PLA/CS solution were selected as 
optimal ink formulations for feasibility during the 3D printing process. 
The optimized rheological properties including viscosity, surface ten
sion, and density of 3D printed scaffolds are given in Table 1. Besides, 
the macrographs of 3D printed pure PLA, PLA/CS, and different con
centrations of ST loaded PLA/CS scaffolds with optimized solution pa
rameters were also given in Table 1. 

Among the rheological properties, especially the viscosity of the 3D 
printing solution has a direct impact on achieving high-resolution 
printing through precise three-dimensional extrusion [23]. 

Cell viability% = (Mean absorbance of the treatment)/(Mean absorbance of the control)× 100 (5)   
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PLA is an excellent polymer for 3D printing due to its good rheo
logical properties which do not degrade when extruded [24]. However, 
it has a hydrophobic surface structure and has no functional groups that 
promote bioactivity [25]. In this study, PLA was reinforced with CS, a 
natural polymer, to enhance the bioactivity of 3D printed scaffolds. The 
pure PLA 3D printing solution exhibited good printability as can be seen 
in the macrograph of the pure PLA 3D printed scaffold in Table 1. The 3D 
printed scaffolds were fabricated as 7 layers with uniform opened pores 
and the printed strips did not show any tendency to spread. These results 
can be seen clearly in SEM images with a pore diameter of 519,62 μm 
(Fig. 2a). In addition, no clogging was observed at the needle tip during 
extrusion under constant mechanical pressure. These results are directly 
related to the well-adjusted rheological properties of the 15 % (w/v) PLA 
solution. In order to increase the biological functionality of PLA, CS was 
added to the optimized 15 % (w/v) PLA solution, and rheological 
analysis of the mixed solutions was performed for the fabrication of 
PLA/CS composite 3D printed scaffolds. CS is known to improve cell 
adhesion, proliferation, and differentiation, but shows very poor me
chanical properties [26]. In the literature, there are studies in which 
PLA/CS based biomaterials with high mechanical strength and bioac
tivity are produced and applied by combining PLA mechanical strength 
with CS bioactivity, especially in tissue engineering applications 
[24,26]. Also, when CS is applied to wounds, it helps with blood clotting 
[27]. From this point of view, a 3D printed PLA/CS based composite 
scaffold was considered to be a suitable carrier platform in this study, 
which is aimed at wound healing patch fabrication. 

The macrograph of the PLA/CS based 3D printed scaffold which is 
prepared by mixing the 15 % PLA (w/v) and 2 % (w/v) CS solution can 
be seen in Table 1. The optimized rheological properties of PLA/CS so
lution can be also seen in Table 1. 

In the PLA/CS SEM image (Fig. 2b), it can be clearly seen that the 

square pore structures with the overlapped layer strips are easily 
distinguishable from each other which is similar to the SEM image of 
PLA (Fig. 2a). The macrograph and SEM images revealed that this PLA/ 
CS solution feasibility is suitable for 3D printing, although the PLA/CS 
solution viscosity value (4495 mPA.s) is approximately 2 times higher 
than the PLA solution. This result is consistent with the literature. In the 
study of Elviri et al., 3D printing studies were carried out with different 
concentrations of CS solution. Raffinose was added to the CS solution as 
a viscosity modifier [28]. The study revealed that the viscosity of the CS 
solution plays a fundamental role in the printability and final structural 
quality of the 3D printed scaffolds. The group prepared the different 
concentrations of CS solution varying between 5 and 7 % (w/v) and the 
obtained suitable viscosity values increased from 5000 to 45,000 cP. In 
the study, 3D printability was properly achieved at all these viscosity 
levels. Ilhan et al. carried out 3D printing studies with PLA/CS solutions 
with 15 % (wt) PLA solution and different concentrations of CS, 1 %, 3 
%, and 5 % (wt) [19]. They revealed that low concentrations of CS (1 % 
wt) reduced viscosity and this led to the spread of strips, while high 
concentrations of CS (5 % wt) increased viscosity and caused clogging of 
the needle when mixed with 15 % wt PLA. Therefore, in the study, the 
solution containing 3 % (wt) CS with 15 % (wt) PLA was selected as a 
suitable solution for 3D printing. 

Thus, in this study, the optimized PLA/CS with 15 % PLA (wt) and 2 
% CS (wt) solution was determined as the ST carrier scaffold. The 
different concentrations of ST as 1 %, 2 %, and 3 % (wt) were added to 
the optimized PLA/CS solution. When the macrographs given in Table 1 
and SEM images (Fig. 2c, d, e) were compared, it was observed that as 
the ST ratio increased, the scaffold strips tended to spread and layer 
clarity decreased. This result was also associated with decreasing vis
cosity values as ST increased. As can be seen from the SEM images, the 3 
% (wt) ST loaded 3D printed scaffold exhibited strip spreading due to the 

Table 1 
The macrographs of the scaffolds and the rheological properties of the solutions.  

3D scaffold images 3D scaffold composition 
(% wt) 

Viscosity (mPa.s) Density (kg/m3) Surface Tension (mN/m) Pore size 
(μm) 

PLA 2273 ± 13.05 1416 ± 30 28.23 ± 0.15 519.62 ± 10.51 

PLA/CS 4995 ± 7.81 1262 ± 20 27.47 ± 0.99 512.68 ± 14.18 

PLA/CS/1 % ST 5331 ± 7.09 1265 ± 20 26.63 ± 1.02 581.99 ± 29.34 

PLA/CS/2 % ST 5004 ± 4.50 1273 ± 30 30.77 ± 1.84 525.73 ± 39.32 

PLA/CS/3 % ST 975 ± 5.00 1269 ± 30 29.53 ± 0.51 476.22 ± 43.71  
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Fig. 2. SEM images and pore size analysis of PLA (a), PLA/CS (b), PLA/CS/1 % ST (c), PLA/CS/2 % ST (d), PLA/CS/3 % ST (e), scaffolds.  
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very low viscosity compared to other composite solutions. This 
spreading resulted in the ovalization of the square pore structure and 
thus resulted in a smaller diameter size compared to other scaffolds. 

For proper 3D printing, the value of the surface tension is just as 
important as the value of the viscosity. The surface tension of the solu
tion used determines the shape of the solution exiting the needle tip and 
its adhesion to the print surface. The surface tension value should 
generally be between 28 and 350 mN m− 1, which is suitable for additive 
manufacturing [29]. As can be seen in Table 1, the surface tension values 
were suitable for 3D printing for all compositions. 

3.2. Fourier transform infrared spectroscopy (FT-IR) 

FT-IR spectra of pure PLA, CS, ST, 3D printed PLA/CS, 3D printed 
PLA/CS/ST, and FT-IR spectra of different concentrations of ST loaded 
3D printed PLA/CS/ST were presented in Fig. 3 (a, b) respectively. Pure 
PLA (C––O vibration peak at 1747 cm− 1, CH3 asymmetrical scissoring at 
1454 cm− 1, C–O asymmetrical stretching and CH3 twisting at 1180 
cm− 1, C-O-C stretching at 1080 cm− 1, C-CH3 stretching at 1045 cm− 1 

and C-COO stretching at 868 cm− 1) [18] and pure CS (N–H stretching at 
3283 cm− 1, C–H vibration at 2820 cm− 1 and primary amide C––O 
stretching at 1589 cm− 1) [30] characteristic peaks were obtained 
(Fig. 3a). It was also clearly seen that the characteristic peaks of PLA and 
CS were located in the 3D printed PLA/CS scaffold spectrum that C––O 

Fig. 3. FT-IR spectrum of pure PLA, CS, ST, 3D printed PLA/CS, 3D printed PLA/CS/ST (a), and FT-IR spectrum of different amounts of ST loaded 3D printed PLA/ 
CS/ST (b). 

Fig. 4. DSC thermogram of the PLA, PLA/CS and different amounts of ST loaded 3D printed PLA/CS/ST.  
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at 1747 cm− 1 and C–H at 2820 cm− 1, respectively (Fig. 3a). This 
coexistence of the characteristic peaks of PLA and CS at the 3D printed 
PLA/CS spectrum revealed that PLA/CS scaffolds have been produced 
successfully. For pure ST, related peaks were found at 2940 cm− 1, 1704 
cm− 1, 1633 cm− 1, and 1160 cm− 1 which were marked in Fig. 3b [31]. 
Demir et al. stated that the peak at around 1640 cm− 1 corresponding to 
the double bond stretching vibration corresponds to C––C styrene which 
is the main component of styrax [31]. In Fig. 3a, the characteristic bonds 
of PLA, CS, and ST were clearly observed in the PLA/CS/ST spectrum. 
This result revealed that ST was successfully loaded into 3D printed 
PLA/CS scaffolds. 

Additionally, Fig. 3b demonstrates the changes in chemical bonding 
that can occur when loading different concentrations of Styrax into 3D 
printed PLA/CS scaffolds. In the spectra of the PLA/CS scaffolds loaded 
with ST (Fig. 3b), it can be clearly seen that the spectral intensity of the 
peaks has increased with the increase in the concentrations of ST. 

3.3. Differential scanning calorimetry (DSC) 

The thermal properties of different concentrations of ST loaded PLA/ 
CS based 3D printed scaffolds were investigated by DSC thermograms to 
observe the ST effect on the glass transition temperature (Tg) and 
melting temperature (Tm). The DSC curves with Tg and Tm values of PLA, 
PLA/CS, and different concentrations of ST loaded PLA/CS 3D printed 
scaffolds are shown in Fig. 4. 

The results of the DSC analysis demonstrated that Tg and Tm values of 
3D printed PLA scaffolds were compatible with the literature [32]. As 
can be seen in Fig. 4, the 3D printed PLA scaffolds had Tg and Tm values 
of 63.74 ◦C and 154.74 ◦C, and the PLA/CS scaffolds had Tg and Tm 
values of 62.82 ◦C and 152.01 ◦C, respectively. The fact that PLA/CS 

scaffolds have a lower melting point than PLA scaffolds can be explained 
by the effect of the amorphous structure of CS on the melting point of 
PLA. Similar results were found in the study by Nguyen et al. [33]. On 
the other hand, the Tg and Tm values of PLA/CS scaffolds decreased with 
an increasing amount of ST. This result can be explained by the plasti
cizing effect of ST on PLA. Studies using different types of oil in polymer- 
based biomaterials have shown similar results [32,34]. 

3.4. Mechanical properties of the 3D printed scaffolds 

The changes in the mechanical behavior of PLA/CS based 3D printed 
scaffolds caused by the addition of different amounts of ST are shown in 
Fig. 5 (a-d). A sharp decrease was observed in the strain value of PLA/CS 
scaffolds (0.02 ± 0.24 mm/mm) by CS addition to PLA scaffold (0.32 ±
0.06 mm/mm), while there was no significant change in the stress 
values. It can be clearly seen in Fig. 5b that the PLA scaffold achieved a 
maximum force of 2.59 (N) with an elongation at a break of 6.6 mm, the 
PLA/CS scaffold achieved a maximum force of 1.06 (N) with an elon
gation at break of 0.50 mm. Nguyen et al. have observed the same 
reduction in strain value in the production of PLA/CS core/shell nano
fiber mats in comparison to PLA nanofiber mats [33]. In addition, a 
direct proportional increase was observed in the strain values of the 
scaffolds with the addition of 1 % and 2 % (wt) ST. On the other hand, 
the addition of ST resulted in a slight decrease in stress values compared 
to PLA and PLA/CS 3D printed scaffolds (Fig. 5 a-c). When 3 % (wt) ST 
was added to PLA/CS scaffolds, significant changes occurred in both 
strain and stress values (Fig. 5 a-d). Compared to all other scaffolds, the 
stress value decreased to 1.09 ± 0.12 MPa, while the strain value 
increased to 0.98 ± 0.06 mm/mm. Nejati-Koshki et al. have observed 
the same improvement in elongation with the addition of emu oil extract 

Fig. 5. Mechanical test results of all scaffold for stress/strain (a), force vs. displacement (b), comparing of stress vs strain values for different amount of ST loaded 
scaffolds ©, digital image of tensile test of PLA/CS/ 3 % ST scaffold. 
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to PCL/collagen nanofibers [35]. Besides, the sharp decrease in viscosity 
of the 3 % (wt) ST loaded 3D printing solution may also be the cause of 
the reduction in stress value compared to the others (Table 1). On the 
other hand, the mean pore size of the 3D printed scaffold loaded with 3 
% (wt) ST was 476.22 ± 43.71 nm, which was the lowest value of the 
pore diameter compared to the others. Ilhan et al. loaded Satureja 
cuneifolia (SC) into sodium alginate (SA)/polyethylene glycol (PEG)- 
based 3D printed scaffolds at different ratios. The same study found that 

the tensile strength of the lowest pore-size scaffolds decreased with SC 
loading [19]. 

In the stress/strain curve, it can be clearly seen that the tensile stress 
of the 3D printed scaffolds increases with increasing amounts of ST (in 
weight %). It has been reported in the literature that human skin has a 
tensile strength in the range of 1–32 MPa and a tensile strain in the range 
of 17–207 % [36]. On the basis of these values, it can be said that 2 % 
and 3 % (wt) ST loaded PLA/CS scaffolds have mechanical properties in 

Fig. 6. Degradation(a) and Swelling (b) of PLA, PLA/CS and different amounts of ST loaded 3D printed PLA/CS/ST scaffolds in PBS 7.4 at 37 ◦C.  

Fig. 7. Absorption spectra of ST at different concentrations (a), Calibration curve of ST (b) and (c) Cumulative ST release profiles from different amounts ST loaded 
PLA/CS/ST 3D scaffolds, and Encapsulation efficiency of ST loaded 3D PLA/CS/ST scaffolds (d). 
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the range which are suitable for tissue engineering and wound dressing 
applications. Given that the resistance of the dressing material to 
different human tissue pressures is related to its durability [37], it can be 
said that the scaffolds loaded with increasing amounts of ST (% wt) are 
durable wound dressings. 

3.5. Swelling and degradation behaviors of scaffolds 

In tissue engineering applications, biodegradable scaffolds can be 
seeded with cells and growth factors to enable tissue regeneration, while 
in smart drug delivery systems, the loaded drug is released from 
biodegradable scaffolds to deliver the drug to the target tissue [38,39]. 
The biodegradability of the 3D printed scaffolds was investigated in 
Fig. 6a, which shows the weight loss of PLA, PLA/CS, and ST loaded 
scaffolds in PBS (pH 7.4) at predetermined time points. 

As seen in Fig. 6a, the weight loss of the 3D printed PLA scaffolds was 
very low. This result confirms that PLA, in relation to its hydrophobicity 
and biological inertness, has the disadvantages of low cell adhesion and 
low degradation rate [40]. This low biodegradation rate of PLA results in 
low ST release from PLA scaffolds and prevents water and living cell 
populations from penetrating PLA scaffolds [41]. For an ideal bioma
terial to exhibit good biocompatibility, it must have a good degradation 
rate. To this end, CS biopolymer was added to the polymer structure to 
increase the biocompatibility of the 3D printed scaffold. CS is widely 
preferred in tissue engineering studies due to its high biocompatibility 
and biodegradability. As expected, the addition of CS to the 3D printed 
scaffolds resulted in a significant increase in the degradation rate of 
PLA/CS (Fig. 6a). Also, the increase in the degree of swelling can be 
attributed to the hydrophilic nature of CS, which has the effect of 
increasing the water absorption capacity [42]. In addition, it was 
observed that the degradation rate of PLA/CS 3D printed scaffolds 
increased when increasing concentrations of ST was added. As shown in 
Fig. 6a, the 3 wt% ST loaded scaffolds showed approximately 22 % 
degradation. While the degradation rate was observed as 15 % of the 
scaffold loaded with 2 % wt ST, the degradation rate of the 1 % wt ST 
loaded scaffold was determined as 7 %. The degradation results are also 
directly related to the swelling properties of the scaffolds. The swelling 
profiles of the scaffolds were given in Fig. 6b. Depending on the 
degradation rates, the highest swelling rate was observed in the scaffold 
loaded with 3 wt% ST, which reached up to 151 %, followed by the 
scaffold loaded with 2 wt% ST with 140 %. These results are consistent 
with the literature. In their study, Demir et al. loaded ST into PCL 
nanofibers at different rates and observed that the water absorption 
capacity of the samples increased as the ST ratio increased. They 
attributed this result to the improvement in the hydrophilic properties of 
the samples with the addition of ST [17]. The study found that pure PCL 
membranes with a hydrophobic structure became slightly hydrophilic 
with the addition of ST. The good degradation and swelling properties of 

ST loaded PLA/CS scaffolds indicate that cells can attach, spread and 
proliferate on these scaffolds at any time. 

3.6. In vitro ST release profiles and kinetic assays 

A standard calibration curve was plotted using the absorbance values 
at 274 nm in the UV spectra taken from the concentration range of ST 
between 2 and 10 mg/ml to calculate the release of ST, loaded into the 
3D printed scaffolds, from the polymer matrix into the PBS media 
(Fig. 7a and b). The ST calibration curve (y = 1041×-0,0598, R2 =
0.9423) was used to calculate the concentration of ST in the PBS media 
(pH 7.4). The time-dependent cumulative curves of ST release from 3D 
printed scaffolds at different concentrations are shown in Fig. 7c. 

As can be observed in Fig. 7c, all ST concentrations (1 %, 2 %, and 3 
% wt) showed sustained release profiles in the first 24 h, which were 
36.2, 24.10, and 24.43 % of the total amount of ST, respectively. At the 
end of 21 days, the release profiles reached 82.69 %, 74.61 %, and 74.89 
% of the total ST amount, for 1 %, 2 %, and 3 % wt ST loaded scaffolds, 
respectively. These results indicated that sustained release of ST could 
last over 1 month. The sustained controlled release of ST from 3D 
printed scaffolds over time has demonstrated that these biomaterials can 
be used as a direct, effective wound healing material when applied 
locally to damaged tissue. 

The release data were also fitted to the various kinetic models to 
evaluate the kinetics and mechanism of ST release from 3D printed PLA/ 
CS based scaffolds for all formulations. Zero order, first order, Higuchi's, 
Hixson-Crowell, and Korsmeyer–Peppas models were evaluated for all 
formulations, respectively. The kinetic rate constant (k), the correlation 
coefficient (R2), and for the Korsmeyer-Peppas model the release 
exponent (n) were given in Table S1. 

It was found that the in vitro drug release of ST with different 
amounts was best fitted by Higuchi's equation, as the plots showed the 
highest linearity (R2 = 0.9078), (R2 = 0.9607) and (R2 = 0.9661) for 1 
%, 2 %, and 3 % wt ST loaded 3D printed scaffolds, respectively. The 
high linearity of the fit shows that the drug diffuses at a comparatively 
slower rate as the diffusion distance increases, which can be explained 
by square root kinetics (or Higuchi kinetics) [43]. 

The encapsulation efficiency (EE) of different concentrations of ST 
loaded PLA/CS based 3D printed scaffolds was calculated and given in 
Fig. 7d. As can be seen from the bar graphs, the highest EE% belongs to 
the 1 % concentration with 65.93 %. 

Wounds occur as a result of deterioration in the anatomical and 
functional integrity of living tissue. Wound healing is defined as the 
formation of new tissue as a result of regular and sequential cellular and 
biochemical events following this deterioration. The healing of wounds 
is an extremely complex process [44]. In a nutshell, it is made up of four 
phases and hemostasis can be achieved through the correct progression 
of these inflammatory, proliferative, and remodeling phases (Fig. 8). 

Fig. 8. Schematic illustration of wound healing phases consisting of inflammation, proliferation, and remodeling phases along with sustained ST release from 3D 
printed PLA/CS based 3D scaffold and its effect on wound healing process. 
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The basic principle of wound healing is to provide adequate tissue 
perfusion and oxygenation, and an appropriate nutritional and hydra
tion environment to maintain the anatomical and functional integrity of 
the affected area [45]. 

3.7. Antibacterial assay 

The results of the antibacterial activity of PLA, PLA/CS and different 
amounts of ST loaded PLA/CS/ST 3D printed scaffolds with agar disk 
diffusion tests were given in Fig. 9. However, no antibacterial activity 
was observed against four standard bacteria with different concentra
tions of ST loaded PLA/CS 3D printed scaffolds, while the antibacterial 
activity of diluted 200 μg ST (free) was observed only against Staphy
lococcus aureus ATCC 29213. Okmen et al. also found the antibacterial 
activity of ST extracts in three different solvents (acetone, ethanol, and 
methanol) against Staphylococcus aureus showing a 12 mm zone of in
hibition as we observed [46]. Extracts of ST showed antibacterial ac
tivity against Staphylococcus aureus and some other bacteria while they 

did not show against Escherichia coli [47]. In the antibacterial assay, the 
most common bacterial species were chosen which were isolated from 
wounds and abscesses and these bacterias are E. coli [22], E. faecalis 
[46], P. aeruginosa [47], and S. aureus [48]. Among them, especially 
S. aureus is a highly colonized bacteria in the wound environment 
[48,49]. According to the obtained results, it can be thought that ST 
loaded 3D printed scaffolds release ST slower than the growth rate of the 
selected bacteria. This may be one reason why S. aureus is resistant to 3D 
printed ST loaded scaffolds while being sensitive to ST itself. However, 
considering that these scaffolds can release ST in a biological environ
ment in a controlled manner, it can be thought that the rates of ST 
released in biological environment conditions will increase propor
tionally with the release analysis. In addition, it was also observed zone 
diameters in expected normal intervals against levofloxacin according to 
EUCAST criteria [50]. 

The results of the antibacterial activity of PLA, PLA/CS, and different 
concentrations of ST loaded PLA/CS/ST 3D printed scaffolds with agar 
disc diffusion tests are shown in Fig. 9. 

Fig. 9. The inhibition zone of PLA and PLA/CS 
3D printed scaffolds and levofloxacin (5 μg) 
against 4 standard pathogenic bacteria (Escher
ichia coli ATCC 25922, Enterococcus faecalis ATCC 
29212, Pseudomonas aeruginosa ATCC 27853, 
Staphylococcus aureus ATCC 29213 from a to d, 
respectively) after 18 h incubation at 37 ◦C. No 
zone was detected in 3D printed scaffolds (up). 
The inhibition zone of different concentrations of 
ST loaded 3D printed scaffolds and levofloxacin 
(5 μg) against 4 standard pathogenic bacteria 
after 18 h incubation at 37 ◦C. No inhibition zone 
was detected at different doses of loaded 3D 
printed scaffolds on each bacteria (bottom).   

Fig. 10. The inhibition zones of incubation media of 
different amount of ST loaded 3D printed scaffolds 
and levofloxacin (5 μg) against 4 standard pathogenic 
bacteria (E. coli ATCC 25922, E. faecalis ATCC 29212, 
P. aeruginosa ATCC 27853, S. aureus ATCC 29213, 
respectively after 18 h incubation at 37 ◦C as I- ST 
itself (12 mm), II- incubation media of loaded PLA/ 
CS/1 % ST (11 mm), III- incubation media of loaded 
PLA/CS/2 % ST (10 mm), IV- incubation media of 
loaded PLA/CS/3 % ST (10 mm).   

Table 2 
The inhibition zone values of free ST, the incubation media of ST loaded 3D scaffolds and levofloxacin (5 μg) against four standard pathogenic bacteria: E. coli ATCC 
25922, E. faecalis ATCC 29212, P. aeruginosa ATCC 27853, S. aureus ATCC 29213.   

Escherichia coli Enterococcus faecalis Pseudomonas aeruginosa Staphylococcus aureus 

(Levofloxacin)a (up) (Fig. 9)  31  22  29  22 
(Levofloxacin)a (btm) (Fig. 9)  33  22  29  22 
(Levofloxacin)a (Fig. 10)  33  22  29  22 
ST (free) (Fig. 10)  0  0  0  12 
PLA/CS/%1 ST (media) (Fig. 10)  0  0  0  11 
PLA/CS/%2 ST (media) (Fig. 10)  0  0  0  10 
PLA/CS/%3 ST (media) (Fig. 10)  0  0  0  10  

a All inhibition zones detected with Levofloxacin were in expected normal intervals according to EUCAST Quality Control Standards. All inhibition zone diameters 
are in mm. 
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Since no inhibition zones could be obtained from the antibacterial 
tests of the directly ST loaded 3D printed scaffolds, the different amounts 
ST loaded 3D printed scaffolds were incubated in PBS for 24 h to mimic 
the biological environment and the antibacterial activities of the incu
bation media were tested by using agar disc diffusion method. The agar 
disc diffusion test results of incubation media of ST loaded PLA/CS/ST 
3D printed scaffolds in PBS for 24 h are shown in Fig. 10. 

As can be seen in Fig. 10, the inhibition zones were observed against 
only S. aureus bacteria both free ST and all different concentrations of ST 
loaded 3D printed scaffold incubation media. The inhibition zone di
ameters (mm) were given in Table 2. 

The obtained results showed that despite no inhibition zones could 
be obtained from the antibacterial tests of the directly ST loaded 3D 

printed scaffolds against S. aureus strains, antibacterial activities against 
S. aureus strains were seen with their incubation media in PBS for 24 h. It 
can be said that the hydrophobic structure of PLA prevents sufficient ST 
release from ST loaded PLA/CS based 3D printed scaffolds in agar me
dium for effective antibacterial effect, and therefore inhibition zones 
against S. aureus strains are not observed. In addition, as previously 
mentioned the biological environment triggers the release mechanism as 
it initiates the biodegradation of the active agent loaded biopolymers. In 
the antibacterial tests carried out with the media of the samples loaded 
with ST at three different concentrations and incubated in PBS for 24 h, 
the size of inhibition zones were observed at approximately the same 
rate as with the free ST. When the results are compared with the release 
analyses, they are in agreement, considering that approximately 25 % of 
the ST was released from ST loaded samples at each concentration at the 
end of the first 24 h. 

S. aureus can be colonized in the human skin and in the nasal vesti
bules [51]. After colonization, it could cause many types of infections 
such as infected diabetic foot ulcers [52], chronic wound infections 
[53], infected pressure ulcers [54]. Other important infections caused by 
S. aureus have been diagnosed in patients hospitalized in intensive care 
units. The bacteria was shown to cause pneumonia in mechanically 
ventilated patients, and their mortality rate was high compared with 
other microorganisms and uninfected patients [55]. 

This wide range of infections and the ability of S. aureus to develop 
resistance to antimicrobial drugs has led scientists to look for new ways 
to combat it [56]. It is important to neutralize the microbe at the site of 
colonization before it causes infection or septicemia. The antibacterial 
activity of ST against S. aureus that we have observed in our tests could 
provide an idea for new research into the prevention of infections and 
sepsis that could be caused by colonized S.aureus. 

3.8. Cell viability 

In order to test the biocompatibility of the various concentrations of 
ST loaded PLA/CS based 3D printed scaffolds, cell viability assay was 
performed on CCD-1072Sk human fibroblast cell line. Before performing 
MTT assays, brightfield images of the cells treated with PLA, PLA/CS 
and PLA/CS/ 1 %, 2 %, 3 % ST were taken (Fig. 11). 

It was noted in 48 h that 3 % wt ST loaded scaffolds decreased cell 
viability to 59 % and at 72 h it was decreased to 33 %. There was no 
significant cell viability difference between the control and PLA/CS/ 1 % 
and 2 % ST at any time point (Fig. 12). 

On the other hand, to visualization of cell attachment and prolifer
ation on the 3D printed ST loaded scaffolds, the surfaces of PLA, PLA/CS, 
PLA/CS/1%ST and PLA/CS/2%ST samples were scanned with SEM at 
the end of 72 h of incubation with CCD-1072Sk human fibroblast cell 
line. It is clearly seen in Fig. 13 that the human fibroblast cell structure 
attaches to the scaffold surfaces and proliferates. 

The principle of the MTT viability test is based on the mitochondrial 
activity of the cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium in the cell cytoplasm to formazan crystals. Therefore this 
assay by itself is not enough to conclude whether any early apoptotic 
process was initiated or not with the ST loaded scaffold treatments in the 
fibroblast cells. In order to test whether early or late apoptosis was 
induced at PLA/CS/ 1 % and 2 % ST groups Annexin V/PI double stain 
assay was performed. There was no significant increase between control 
and PLA/CS/ 1 % and 2 % ST groups in terms of early or late apoptotic 
cell %. However there was a significant increase at early apoptotic cells 
at PLA/CS/ 3 % ST group to 60.17 % compared to control group 1.08 % 
and also for the late apoptotic cells as well (Fig. 14). 

ST loaded 3D printed scaffolds were also tested for their ability of 
increasing wound healing at CCD-1072Sk cells by the wound healing 
assay. Due to the toxicity of the 3 % ST loaded scaffolds this group was 
not included into the wound healing assay. First of all, the wounds were 
opened on human fibroblast cells for all groups and brightfield images 
were taken under microscope (Fig. 15, 0 h). Afterwards CCD-1072Sk 

Fig. 11. Brightfield images for high concentrations of ST induces cell death on 
human fibroblast cells for 24, 48 and 72 h. Scale bar: 50 μm. 

Fig. 12. Cell viability of CCD-1072Sk cells incubated with different scaffolds 
containing various concentrations of ST for 24, 48 and 72 h. Columns show 
mean values of three independent experiments (±SD). SD, standart deviation. 
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Fig. 13. The 3rd day high to low magnification SEM images of PLA, PLA/CS, PLA/CS/1%ST and PLA/CS/2%ST 3D scaffolds that incubated with CCD-1072Sk cells 
(From left to the right). Scale bars are between 100 and 20 μm related to the magnification. 

Fig. 14. Flow cytometry analysis of early and late apoptotic cells after 72 h of treatment with ST loaded PLA/CS scaffolds. Dot plot graphics of flow cytometry nalysis 
of CCD-1072Sk cells treated with PLA, PLA/CS, PLA/CS/1 %, 2 % and 3 % ST labeled with Annexian V-FITC (x-axis) and propidium iodide (y-axis). Early and late 
apoptotic cells were shown at the upper and lower right quadrant of each panel (a). Representative bar graph of early apoptotic cell % (b), Representative bar graph 
of late apoptotic cell % (c). Columns show mean values of three independent experiments (±SD). SD, standart deviation. *p < 0,05 and **p < 0,005. 
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cells were treated with PLA, PLA/CS, PLA/CS/ 1 % and 2 % ST scaffolds 
for 24, 48 and 72 h. At the end of each incubation time, scaffolds were 
removed and brightfield images of wounds were taken at 4× magnifi
cation. Highest wound closure compared to the control group was seen 
on cells treated with PLA/CS/ 1 % ST for 72 h (Fig. 15). There was no 
significant change in terms of wound closure between control, PLA/CS 
and PLA/CS/ 2 % ST groups. 

4. Conclusion 

In this study, ST loaded PLA/CS scaffolds were successfully fabri
cated with 3D printing technology. To test the ability to accelerate the 
wound healing process and reduce the risk of potential infection, the 
PLA/CS based 3D printed scaffolds were loaded with different amounts 

of ST. The antimicrobial test and wound healing analysis results 
revealed that 1 % ST loaded PLA/CS based scaffolds exhibited a good 
antibacterial effect on S. aureus and a high wound closure effect. It has 
been reported in the literature that the wound closure effect is related to 
cell attachment and proliferation on the scaffold surface. Owing to the 
advantages of 3D printing technology, scaffolds with pores that provide 
cell attachment and proliferation have been obtained. It is seen that the 
average pore size of the produced PLA/CS/1%ST scaffold is <600 μm. 
CCD-1072Sk human fibroblast cells were observed to adhere to PLA, 
PLA/CS, PLA/CS/1%ST, and PLA/CS/2%ST scaffolds. Consistent with 
the cell viability results and SEM images, while CCD-1072Sk human 
fibroblast cells adhered to PLA, PLA/CS, PLA/CS/1%ST and PLA/CS/% 
2ST scaffolds, no cell adhering was not seen to PLA/CS/3%ST scaffold 
since it was found toxic. Considering that all tests were performed with 

Fig. 15. Effects of ST loaded scaffolds on human fibroblast wound healing process. Wound healing analysis of CCD-1072Sk cells incubated with different scaffolds 
containing various concentrations of ST for 24, 48 and 72 h. Images were taken at 0, 24, 48 and 72 h under brightfield microscopy, 4× magnification, scale bar: 
50 μm. 
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human fibroblast cells, it can be said that 3D printed scaffolds loaded 
with 1 % ST could be a promising material for wound dressing appli
cations in tissue engineering. 
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