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Diabetic wounds pose a significant challenge in clinical settings, primarily due to uncontrolled blood sugar levels and 

compromised immune systems observed in diabetes mellitus. Curcumin (CUR), a well-known anti-inflammatory and antioxidant 
agent, has shown potential for wound regeneration. However, its limited bioavailability and stability necessitate the development 
of a novel scaffold to overcome these limitations. In this study, we investigated the wound-healing properties of extracted CUR 
from Curcuma longa rhizomes and their combination with organic polymers by developing and evaluating a biomimetic composite 
3D scaffold specifically designed for diabetic wounds. Incorporating CUR and Ethyl cellulose (EC) nanoparticles onto Alginate 
and Chitosan (SA/CS) scaffolds was achieved through the electrospraying method, resulting in an average particle size of 784±35.1  
nm for CUR/EC nanoparticles. The interaction between different concentrations of CUR1 and CUR3 (1mg/1ml and 3mg/1ml) with 
EC on scaffolds was analyzed using FTIR spectroscopy, providing insights into the chemical composition of the scaffolds. The 
structural properties of the scaffolds and nanoparticles were examined to assess their morphological characteristics. 
Furthermore, the swelling and degradation behaviors of the scaffolds were investigated under in vitro conditions. The release 
profile of CUR was determined, and cytotoxicity testing was performed on the L929 cell line using an MTT assay to evaluate the 
biocompatibility of CUR/EC-coated scaffolds, as indicated by viable and proliferating cells in vitro study. In addition, the potential 
of CUR/EC-coated scaffolds to support tissue regeneration was evaluated using a DAPI staining assay and scanning electron 
microscopy (SEM). 
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1. Introduction 

 
Chronic wounds, which represent a prevalent 

complication of diabetic wound healing, have 
become a significant public health concern of 
substantial magnitude [1]. Emerging evidence 
suggests that the impaired healing of chronic 
diabetic wounds is primarily attributed to heightened 
inflammatory responses, oxidative stress, and 
persistent infections [2]. In order to confront these 
challenges, there has been a growing research 
focus on tissue engineering materials, which have 
garnered widespread application as potential 
interventions. Diabetic wounds often become 
trapped in a persistent inflammatory phase 
characterized by an ongoing influx of neutrophils. 
These neutrophils release cytotoxic enzymes, free 
radicals, and inflammatory mediators, leading to 
significant collateral damage to the surrounding 
tissue [3]. The healing process of diabetic wounds 
poses a formidable challenge, necessitating a 
comprehensive and intricate treatment approach to 
attain full recovery. Amidst many surgical and non-
surgical modalities available for managing chronic 
wounds, wound dressings emerge as one of the 
prevailing methodologies[4]. 

The scaffolds serve as a supportive 
framework within the diabetic wound 
microenvironment, exerting regulatory influence 
over cellular behaviors such as proliferation, 
migration, and differentiation. By providing  

 instructive cues, these scaffolds play a vital role in 
facilitating efficient wound closure and optimizing 
the healing process [5]. Scaffolds and nanoparticle-
loaded scaffolds have gained considerable 
popularity in the field of tissue engineering, 
particularly in the context of diabetic wound healing, 
due to their ease of manufacturing and vast potential 
for applications. The scaffolds also feature porous 
microstructures endowed with cell-binding sites, 
facilitating cellular infiltration and adhesion. 
Furthermore, they facilitate the diffusion of essential 
nutrients and metabolites, possess adjustable 
degradation mechanisms, and function as reservoirs 
capable of retaining bioactive agents. These 
bioactive agents, in turn, play a crucial role in 
triggering the activation of innate tissue repair 
mechanisms [6]. Alginate and chitosan were chosen 
as biomaterials for 3D-printed scaffolds due to their 
exceptional biocompatibility and desirable 
mechanical properties [7]. Researchers Baruch and 
Machluf [8] elucidated that the alginate-chitosan 
system exhibited favorable mechanical 
characteristics and demonstrated prolonged viability 
for cell encapsulation. 

Curcumin(CUR), a natural polyphenol derived 
from the rhizome of Curcuma longa, has garnered 
significant research interest due to its established 
neuroprotective effects and potent antioxidant 
properties [9]. Moreover, its traditional usage as a 
medicinal remedy for inflammation and wound 
healing has been well-documented over time [10].  
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The topical administration of CUR has been 
reported to play a significant role in wound healing 
mechanisms. In the realm of diabetes research, 
CUR, the most active constituent of turmeric, has 
attracted scientific attention as a promising 
therapeutic agent for experimental diabetes and 
managing diabetes-related complications in patients 
[11]. The molecular structure of CUR manifests a 
multifaceted capacity to target diverse pathological 
conditions, thereby rendering it a potential 
candidate for translation into therapeutic or 
nutraceutical applications. CUR possesses the 
capability to modulate oxidative and inflammatory 
imbalances, address metabolic syndrome, 
ameliorate arthritis, alleviate anxiety, and manage 
hyperlipidemia [12]. 

Ethyl cellulose(EC), an ether cellulose 
polymer characterized by its water-insolubility, non-
biodegradability, and ability to form robust, resilient 
films with favorable adhesion properties even at low 
concentrations, is a widely employed material for the 
production of polymeric nanoparticles. [13]. EC 
nanoparticles have been a notable surge in interest 
regarding the utilization of EC nanoparticles as 
stabilizers [14]. Specifically, EC nanoparticles have 
been extensively studied for their application in 
pharmaceutical encapsulation [15], [16] owing to 
their low toxicity, environmentally responsible 
nature [17], and notable capability to stabilize foams 
[18]. This has contributed to the growing interest in 
exploring the potential of EC nanoparticles as a 
versatile and promising stabilizing agent. 

Biopolymeric particles offer significant 
potential for enhancing the stability of bioactive 
molecules, protecting them from degradation, 
improving their absorption, and facilitating targeted 
delivery [19]. Moreover, these particles can serve as 
efficient carriers for controlled release, enabling 
sustained and controlled release of their 
encapsulated ingredients [20]. Furthermore, the 
classification of biopolymeric particles is typically 
based on their preparation methods, such as 
inclusion complex formation, as well as their nano-
dimensions, which encompass various forms such 
as nanofibers, nanospheres, and others [21]. These 
versatile particles provide a promising platform for 
advanced drug delivery systems and have gained 
considerable attention in the field of biomedical 
research. Due to these inherent properties, 
incorporating nanoparticles onto the scaffold 
emerges as a notably superior and distinct approach 
compared to simply mixing nanoparticles within the 
scaffold matrix. Through the exploration of this 
approach, we anticipate that the subsequent 
release kinetics will demonstrate the rapid release. 
In our study, we utilized electrospraying to 
encapsulate CUR/EC nanoparticles onto 3D printed 
SA/CS scaffolds, aiming to evaluate their potential 

 
 

 as therapeutic agents for diabetic wound healing. 
To assess the impact of CUR/EC-coated scaffolds 
on cellular responses, we conducted various 
analyses, including cytotoxicity assessment, 
fluorescence imaging, and SEM. These analyses 
allowed us to investigate the effects of 
encapsulated CUR/EC nanoparticles on cell 
viability, proliferation, and attachment within the 
scaffolds. Furthermore, we examined the release 
kinetics, swelling behavior, degradation rate, and 
mechanical properties of the CUR/EC-coated 
scaffolds. By investigating these characteristics, we 
gained insights into the scaffold's ability to deliver 
CUR/EC-coated and respond to the wound site. By 
employing these multidimensional analyses, we 
aimed to better understand the therapeutic potential 
of CUR/EC-coated scaffolds for diabetic wound 
healing. The findings from our study contribute to 
the advancement of wound healing strategies and 
may pave the way for the development of effective 
therapies for diabetic patients. 
 
2. Materials and Methods 
 
2.1. Materials 

Sigma-Aldrich (Istanbul, Turkey) provided SA 
that had an average molecular weight of 216.121 
g/mol, while Merck (Darmstadt, Germany) supplied 
calcium chloride dihydrate (CaCl2.2H2O), which 
was used as a crosslinker. EC used as a carrier 
(Ref. 433837-250G, viscosity of 46 cP, CAS 9004-
57-3) was purchased from Sigma Aldrich Chemical 
(St. Louis, MO, USA). CS of molecular weight (Mw) 
45 KDa was purchased from Sigma-Aldrich 
(448877–250G). Ethanol (%99.9 purity, v/v) was 
purchased from Sigma-Aldrich (UK). Dulbecco's 
modified eagle medium and Ham's F-12 medium 
(DMEM/F-12), fetal bovine serum (FBS), 
penicillin/streptomycin solution, and Trypsin-EDTA 
(0.25%) were purchased from Gibco. Phosphate-
buffered saline (PBS), dimethyl sulfoxide (DMSO), 
4',6-diamidino-2-phenylindole (DAPI), phenazine 
methosulfate (PMS), and 10% formalin were 
obtained from Sigma-Aldrich. 2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide 
(XTT) was purchased from Biomatik. 

 
2.2.Preparation of CUR Extracts 

Curcuma longa rhizomes were acquired from 
a supplier located in the Istanbul province of Turkey. 
To ensure the preservation of their bioactive 
constituents, the rhizome parts of C. longa were 
subjected to a controlled drying process using an 
oven set at 105 °C. Subsequently, the dried 
rhizomes were sieved to obtain a finely powdered 
extract, thereby promoting a more homogeneous 
composition. To maintain the integrity and potency 
of the plant material, the obtained powder was 
stored in a refrigerated environment, mitigating the 
potential degradation caused by moisture or other 
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detrimental factors. Subsequently, a soxhlet 
extraction method was employed to extract the 
desired constituents from the plant material. The 
powdered plant material was carefully packed into a 
thimble, which was then inserted into the soxhlet 
apparatus. For the extraction process, acetone was 
chosen as the solvent. The acetone solvent was 
gradually introduced into the Soxhlet apparatus, 
allowing for the extraction of bioactive compounds 
from the plant material over an extended period. 
This extraction process was conducted for 8 hours, 
maintaining a constant temperature of 60 °C to 
optimize the extraction efficiency. Following the 
conclusion of the extraction process, the resulting 
extract underwent a concentration step employing a 
vacuum-assisted rotary evaporator. This 
sophisticated methodology enabled the careful 
elimination of the acetone solvent under precisely 
controlled conditions, specifically at a temperature 
of 35 °C [22]. 
 
2.3.Preparation of solutions 

Two separate solutions were prepared: one 
for the synthesis of nanoparticles through 
electrospraying and another for the fabrication of 
3D-printed scaffolds. 

For the synthesis of nanoparticles, precise 
proportions of CUR were meticulously incorporated 
into an ethanol/water (80:20) solution containing 5% 
(w/v) EC. Different concentrations of CUR were 
used 1mg/1ml (CUR1/EC) and 3mg/1ml 
(CUR3/EC). The optimization of EC concentration in 
this study was conducted based on previous 
research findings [14]. The CUR was methodically 
dispersed within the solution using gentle stirring, 
ensuring the achievement of a homogeneous 
mixture at room temperature. 

Regarding the SA/CS included solution was 
meticulously formulated for the purpose of 3D 
printing scaffolds. The scaffold formulation was 
prepared with the precise incorporation of 8% (w/v) 
SA and 0.5% (w/v) CS in 10ml acetic acid at room 
temperature with a magnetic stirrer. The acetic acid 
solution served as a suitable solvent for the polymer 
blend, ensuring proper dissolution and 
homogenization of the SA and CS [23]. Calcium 
chloride was used as a crosslinking agent for a 3D 
printed SA/CS scaffold. 
 
 
2.4. Electrospraying of Nanoparticles for 

Integration with 3D Printed Scaffold 
The scaffolds were designed using computer-

aided design (CAD) software, specifically 
SolidWorks®, with dimensions of 20 × 20 × 1 mm³ 
and an average porosity of approximately 75%. A 
preliminary scaffold structure was created in the 
software and then converted into an STL 
(stereolithography) file, which is the required format 
for 3D printing. The designed scaffold in STL format 
was imported into the RepetierHost program,  

which facilitated the printing process using a 3D 
printer (AXO-A3, Axolotl Biosystems). During 
scaffold production, the fill density was set at 70%, 
ensuring a balance between structural integrity and 
porosity. A nozzle with a diameter of 0.35 mm was 
employed, and the printing speed was set to 240 
mm/min for the control SA scaffolds. The scaffolds 
were printed in 8 layers, maintaining consistent 
layer thickness throughout. For the internal 
structure of the scaffolds, a rectilinear infill pattern 
with a 90-degree fill angle was chosen. This pattern 
and square pore morphology were selected based 
on previous studies [24], [25], which demonstrated 
that square pores offer superior compressive 
strength and modulus compared to other pore 
morphologies. The mentioned parameters, such as 
infill pattern and pore morphology, were determined 
through optimization studies, ensuring the scaffolds' 
mechanical properties met the desired 
specifications. The consolidation and removal of the 
printed scaffold were facilitated by utilizing a CaCl2 
crosslinker solution. The scaffolds were immersed 
in the CaCl2 solution for a duration of 15 minutes to 
allow for effective consolidation. Following the 
immersion, the scaffolds were carefully dried until 
complete. This process allowed for the safe and 
intact transfer of the scaffolds for subsequent 
spraying procedures. 

The CUR and 5% (w/v) EC solution is loaded 
into a syringe or a reservoir attached to a syringe 
pump. The solution is then connected to a 
conductive needle or nozzle. A high voltage is 
applied between the needle/nozzle and a grounded 
collector or target substrate through an 
electrospinning device (NS24, InovensoCo, 
Turkey). This creates an electric field at the 
needle/nozzle tip. The voltage was set at 18 kV, and 
the collector was covered with aluminum foil to 
collect the electrosprayed droplets, maintaining a 
distance of 12 cm between them. The syringe pump 
(NE-300, USA) was set to a flow rate of 0.5 mL/h, 
and the electrospraying process was initiated. The 
applied electric field caused the formation of 
charged droplets containing the CUR1/EC and 
CUR3/EC nanoparticles. The propelled droplets 
were directed toward the SA/CS scaffolds situated 
on the glass slide, which was positioned on the 
aluminum foil. Simultaneously, the solvent 
underwent evaporation during the flight of the 
droplets, ensuring the deposition of the desired 
material onto the scaffold surfaces. The 
experimental design and methods utilized in this 
study are visually depicted in Figure 1.  

 
 2.5.Characterizations 
2.5.1.Morphological Characterizations of the 

Scaffolds 
To gain insight into the surface morphology of 

the scaffolds and nanoparticles, we employed SEM 
using an EVA MA 10 ZEISS instrument (Jena, 
Germany). 
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Fig. 1 - Graphical representation of the experimental design and methods employed in this study. 
 
Prior to imaging, the scaffolds and nanoparticles 
underwent gold (Au) and palladium (Pd) coating in 
a sputter coating machine (Quorum SC7620, 
Quorum Technologies Ltd., East Sussex, UK) for 
120 seconds, ensuring conductivity and high-
resolution image quality. The resulting micrographs 
were then analysed using Analysis5 software from 
Olympus (Münster, Germany) to determine the 
average pore size of each scaffold and the size of 
nanoparticles. 

 
2.5.2.Chemical Characterizations of the 

Scaffolds 
The scaffolds were analysed for molecular 

and chemical interactions through the use of fourier 
transform infrared spectroscopy (FTIR) using a 
Jasco FT/IR 4700 instrument (Tokyo, Japan). The 
spectra were captured at a resolution of 4 cm-1 over 
a range of wavelengths from 450 to 4000 cm-1. 

 
2.5.3. Thermal Characterizations of the 
Scaffolds 

The thermal behavior of the scaffolds was 
analyzed using differential scanning calorimetry 
(DSC) (Shimadzu, Japan). Each scaffold was 
placed in an aluminum pan and subjected to a 
temperature range of 25°C to 400°C, allowing for 
the measurement of thermal properties such as 
glass transition temperature (Tg) and melting 
temperature (Tm). The analysis was performed at a 
scanning rate of 10°C/min by monitoring the heat 
flow required to maintain a constant temperature.  

 2.5.4. Mechanical Properties of the Scaffolds 
The tensile strength and elongation at the 

break of the scaffolds were measured using a 
Shimadzu (EZ-LX, Beijing, China) tensile testing 
machine. All scaffolds were measured and placed 
uniaxially between the upper and lower sections of 
the device for testing. Mean tensile strength and 
strain values were calculated by conducting 
triplicate measures of each scaffold to ensure the 
precision and reliability of data. 
2.5.5.In vitro release of CUR 

For the in vitro drug release analysis, the 
CUR solution was prepared in PBS at six different 
concentrations (0.2, 0.4, 0.6, 0.8, and 1 mg/ml) at a 
wavelength range of 300-460 nm. This allowed us 
to accurately determine the concentrations of the 
CUR nanoparticles on scaffolds, a standard 
calibration curve was prepared prior to the release 
test. CUR/EC-coated scaffolds were first cut into 5-
mg pieces and placed into eppendorf tubes. Then, 
3 mL of PBS solution at pH 7.4 and 37 °C was 
added to the tubes, and they were placed in a 
shaking incubator operating at 37 °C and 200 rpm 
for the test duration. At predetermined intervals, 3 
ml of the PBS solution was withdrawn from the 
tubes and measured using a UV-vis 
spectrophotometer at 248 nm. After each 
measurement, 3 mL of fresh PBS was added to the 
tubes to maintain the release. The drug release test 
was conducted for 600 min to obtain a 
comprehensive understanding of the drug release 
behavior of the scaffolds. The Shimadzu UV-3600 
spectrophotometer (Japan), which has high  
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accuracy and sensitivity, was utilized to ensure 
precise measurements and reliable results. 
 
2.5.6. CUR release kinetics 

Various mathematical models, namely the 
zero-order, first-order, Higuchi, and Hixson-Crowell 
models, were employed to analyze the drug release 
kinetics from scaffolds [26]. The fractional amount of 
drug release at a specific time is represented by Q 
in equations (1) through (4). Each equation uses a 
different set of kinetic constants, namely K୭, Kଵ, Kୌେ 
and Kୌ  for the zero-order, first-order, Hixson-
Crowell, and Higuchi, respectively. 

Q =  K୭t                                 (1) 
In (1 − Q)  =  −Kଵt                 (2) 
Q ଵ/ଷ =  Kୌେt                           (3) 
Q =  Kୌt.ହ                              (4) 

2.5.7. Swelling and Degradation Behaviors of 
Scaffolds 

The swelling and degradation properties of 
scaffolds were assessed through a series of tests. 
To determine the swelling properties, scaffolds were 
immersed in PBS solution with a pH of 7.4 and 
placed in a thermal shaker (BIOSAN TS-100) at 
37°C. The initial weights of the scaffolds were 
recorded, and the wet weights were measured daily. 
This allowed for the calculation of the swelling ratio, 
which was used to evaluate the capacity of the 
scaffolds to absorb fluids. The swelling value, 
denoted as S, was determined through the 
utilization of equation (5)[27]: 

S =
౭ି


 x 100                     (5) 

The variable Ww represents the weight of the 
samples after swelling, while Wo denotes the weight 
of the samples before the swelling process. 

The degradation properties of the scaffolds 
were determined by monitoring changes in their 
morphology and mass over time. The degradation 
test was performed in PBS solution (pH 7.4) at 37°C. 
At specific time intervals, the dried weights of the 
scaffolds were measured to evaluate their 
degradation behavior. The degradation value (D) 
was determined using equation (6): 

           D =
భିమ

భ
 x 100                      (6) 

This equation involves the weights of the 
scaffolds before and after degradation, represented 
by Wଵ and Wଶ, respectively. 

 
2.5.8. Cell culture and imaging 

L929 mouse fibroblast cells (ATCC; CCL-1™) 
were cultured in DMEM/F-12 supplemented with 
10% FBS and 1% penicillin/streptomycin under 
standard conditions: 37°C temperature and a 5% 
CO2 incubator. The culture medium was refreshed 
every 2-3 days, and cell growth and adhesion were 
monitored using an inverse-phase contrast 
microscope (BEL, INV100). Once the cells reached 
a 70-80% confluent monolayer, they were detached  

 from the culture flask using a trypsin/EDTA solution. 
The cell suspension was then centrifuged at 1000 
rpm for 5 minutes, and the cells were resuspended 
in the culture medium. Subsequently, the cells were 
seeded into 96-well plates at a density of 1×104 

cells/well and maintained in a humidified incubator 
at 37°C with 5% CO2 for 24 hours. For the indirect 
cell viability assay, the scaffolds were first sterilized 
using overnight UV light exposure. After 
sterilization, the scaffolds were placed in a growth 
medium containing DMEM/F12 with 10% FBS and 
1% penicillin/streptomycin. The scaffolds were then 
incubated with the medium for 1, 3, and 7 days in a 
37°C, 5% CO2 incubator. Following incubation, the 
scaffold medium was collected and cultured with 
L929 mouse fibroblast cells at 37℃, 5% CO2, for 24 
hours according to ISO Standard 10993-5[28]. Cells 
were incubated with an XTT solution containing 
DMEM/F12 and PMS for 4 hours in a dark 
environment, and the absorbance values were 
measured at 450 nm wavelength using an ELISA 
microplate reader (Lab-Line Instr., Inc.). The 
percentage of cell viability was calculated using the 
following equation (7): 
 
Cell viability (%) =

ୣୟ୬ ୭୮୲୧ୡୟ୪ ୢୣ୬ୱ୧୲୷ ୭ ୱୟ୫୮୪ୣୱ 

ୣୟ୬ ୭୮୲୧ୡୟ୪ ୢୣ୬ୱ୧୲୷  ୭ ୡ୭୬୲୰୭୪  
 x100     (7)                                                              

DAPI staining was utilized to assess the 
adherence of L929 fibroblast cells on scaffolds. 
L929 fibroblast cells were seeded onto scaffolds at 
a density of 1×104 cells/well and incubated with the 
scaffolds for 1, 3, and 7 days. Following the 
incubation period, the cell growth medium was 
removed. The scaffolds were then fixed with a 10% 
formalin solution at room temperature for 30 
minutes and subsequently rinsed with PBS. 
Following fixation, each sample was stained with 
DAPI solution for 30 minutes at 37℃ 5% CO2 
incubator and examined under an inverted 
fluorescent microscope (BEL, INV100-FL)[29].  

 
2.5.9.Statistical Analysis 

The experiment was conducted with three 
repetitions for each group, and the data were 
presented as the mean ± standard deviation (SD). 
A comparison between the means of the sample 
and control groups was performed using an 
unpaired Student's t-test. Statistical analysis was 
carried out using GraphPad software (GraphPad 
Inc., CA, USA). Differences were considered 
statistically significant if p < 0.05*, p < 0.005**, and 
p < 0.001*** compared to the control. 
 
3.Results and Discussion 
 
3.1. Morphological behaviors of scaffolds 

Pores' dimensions and architectural 
configuration constitute critical parameters in the 
context of tissue scaffold utilization. 3D printed 
porous scaffold facilitates cell adhesion and  
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Fig. 2 - The figure showcases scanning electron microscopy (SEM) images capturing the morphology and structure of both nanoparticles 

and CUR/EC-coated scaffolds (a). A detailed analysis of the nanoparticles reveals their particle size distribution (b), while the pore 
size of the scaffolds is depicted (c), providing valuable insights into the overall architecture and porosity of the constructs. 

 
proliferation while promoting cellular migration 
towards the regenerative sites during the wound-
healing cascade. The presence of open and 
interconnected pores assumes paramount 
significance, as it ensures mechanical support, 
cellular nourishment, gas permeability, and the 
effective elimination of toxic by-products from the 
surrounding tissues [30]. Elevated porosity levels 
are conducive to enhanced nutrient transport within 
tissues yet concurrently lead to diminished 
structural density due to compromised mechanical 
stability. Selecting optimal pore size values for 
tissue scaffolds poses a formidable task owing to 
the inherent variability across diverse cell types and 
tissue compositions. Nevertheless, certain ranges 
of pore sizes have been suggested as potential 
optima for specific cell and tissue categories [25]. 
The researchers observed that the scaffold section 
characterized by a certain pore size range of 186–
200 μm exhibited superior fibroblast growth [31]. To 
facilitate effective cell seeding within the scaffold, 
employing a scaffold with suitable porosity that 
allows for sufficient space is advisable. This 
recommendation ensures optimal cell integration 
and proliferation within the scaffold, enhancing its 
applicability for biomedical applications [32]. 

 Representative SEM images of CUR3/EC 
nanoparticles and CUR3/EC scaffold are depicted 
in Figure 2(a). Figure 2 (b, c) presents the particle 
sizes of the EC, CUR3/EC nanoparticles and the 
average pore size of CUR3/EC scaffold. The 
CUR3/EC nanoparticles are utilized in the SA/CS 
scaffold. The average particle size of EC, CUR3/EC 
nanoparticles, and the pore size of the scaffolds 
were assessed via SEM, yielding measurements of  
697±20 nm,  784±35.1 nm, and 347±52 µm, 
respectively. In particular, the morphological 
characteristics of the drug at a high concentration 
were thoroughly examined to assess the irregularity 
of nanoparticle sizes resulting from agglomeration 
and variations in particle size upon the addition of 
CUR to EC particles. Including CUR led to 
noticeable changes in the average particle size, and 
identifying structural disparities provides insights 
into the encapsulation process. This investigation 
sheds light on the formation of encapsulated CUR 
within the nanoparticles. The analysis reveals the 
uniform and consistent distribution of CUR3/EC 
nanoparticles throughout the SA/CS scaffolds. This 
observation confirms the successful coating and  
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Fig. 3 - FTIR spectra comparison of SA/CS scaffold (a), CUR1/EC-coated and CUR3/EC-coated scaffolds (b, c), showing characteristic 

peaks for the functional groups present in each scaffold. 
 
dispersion of CUR3/EC nanoparticles on the 
scaffold's surface. 
 
3.2. FT-IR spectrophotometric analysis 

FTIR analysis was conducted to explore the 
chemical and molecular structures of the CUR/EC-
coated scaffolds, and the resulting spectrum is 
illustrated in Figure 3. This analysis revealed 
distinctive peaks in the infrared spectrum of 
scaffolds, demonstrating their molecular vibrational 
characteristics. In contrast to the morphological 
characteristics of the scaffolds, minimal disparity 
exists in their chemical compositions. The spectral 
patterns of CUR/EC-coated scaffolds in the 
analyzed regions are more similar to those SA/CS 
scaffolds. It is possible to observe the characteristic 
peaks of CUR/EC-coated and SA/CS scaffolds 
overlapped in certain regions of the spectrum. This 
overlapping phenomenon can be attributed to the 

 similarities in the chemical functional groups 
present in CUR/EC and SA/CS, such as carbonyl, 
hydroxyl, and aromatic groups. Scaffolds exhibited 
a peak at 3350 cm-1, corresponding to the O–H 
stretching vibration, and the spectrum is a common 
occurrence in polymeric systems due to the 
polymeric association of hydroxyl groups. 
Additionally, a peak at 1640 cm-1 was observed, 
indicating the stretching vibration of C=O (Amide I). 
Another peak at 1530 cm-1 was indicative of 
vibration N-H bending (Amide II). Furthermore, an 
aromatic (C=C) stretching vibration was identified at 
1427 cm-1, while a peak at 1262 cm-1 represented 
the bending vibrations of the C–O bond in the 
phenolic band of scaffolds. These findings provide 
valuable insights into scaffolds' molecular structure 
and functional groups. At 1033 cm-1, a peak was 
observed, indicating the stretching vibration of the 
(C–O–C) bond, which aligns with the findings 
reported in the literature [33], [34]. 
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Fig. 4 - (a) DSC thermograms of SA/CS scaffold and CUR/EC-coated scaffolds reveal changes in thermal behavior following drug 

incorporation, indicating potential alterations in material properties. (b, c) Mechanical testing of the SA/CS scaffold and CUR/EC-
coated scaffolds reveal distinct differences in the strain at break and tensile strength values. 

 
 
3.3. Thermal behaviors of scaffolds 

DSC is a valuable analytical technique 
utilized to assess physical transformations in 
materials concomitant with heat absorption. This 
study investigates the influence of CUR/EC 
nanoparticles on the melting point of scaffolds 
comprising SA and CS, thereby exploring the 
underlying intermolecular interactions. The DSC 
curves of unmodified scaffolds and CUR/EC-coated 
scaffolds, acquired within the temperature range of 
25–400 °C, are depicted in Figure 4a. Given that the 
reported literature range for the melting point of 
CUR [35] falls within (172.85–187°C), an 
investigation was conducted using DSC to examine 
the thermogram of CUR in conjunction with SA/CS 
scaffolds. The scaffolds exhibited distinct peaks in 
their glass transition temperatures (Tg), with values 
of 62.3°C, 55.7°C, and 64.7°C for SA/CS, 
CUR1/EC, and CUR3/EC, respectively. These Tg 

values are consistent with the reported literature 

 values for alginate-based materials [36]. The 
incorporation of CUR/EC nanoparticles onto the 
scaffolds resulted in a slight alteration of the Tg, 
indicating a subtle influence of CUR on the thermal 
behavior of the composite system. Furthermore, an 
exothermic peak is observed in the temperature 
range of 215-230°C for all the scaffolds, indicating 
the initiation of thermal degradation in the alginate-
based scaffolds. Moreover, another exothermic 
peak is observed at temperatures between 275-
280°C, suggesting the occurrence of two stages of 
thermal degradation. The weight loss observed in 
the first stage can be attributed to the volatilization 
of compounds, such as dehydration, while the 
weight loss observed in the second stage can be 
attributed to the decrosslinking of polymer networks 
[37]. Additional endothermic peaks within the 
temperature range of 220-250°C for all the scaffolds 
could potentially be linked to the desorption of water 
molecules bound to the hydrophilic groups present 
in alginate [34]. 

Particularly, the DSC analysis revealed the 
absence or disappearance of the distinctive  
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characteristic peaks associated with CUR. This 
observation suggests a potential alteration in the 
thermal behavior or interactions between CUR and 
the SA/CS scaffolds, leading to thermogram 
changes. The obtained results present strong 
evidence indicating the conversion of the crystalline 
structure of CUR into an amorphous state within the 
SA/CS scaffold. This conversion from the crystalline 
to the amorphous form is significant, as it enhances 
the solubility and stability of CUR. Furthermore, the 
absence of the characteristic CUR peak in the 
SA/CS scaffolds confirms the successful 
incorporation of the drug onto the scaffold. These 
findings underscore the potential of SA/CS scaffold 
as an effective matrix for the amorphous form of 
CUR, offering improved therapeutic performance. 

 
3.4. Mechanical properties of scaffolds 

The inherent characteristics of porous 
scaffolds, including their pore sizes and porosity, 
play a crucial role in dictating their mechanical 
attributes, as well as their capacity for nutrient 
transportation. Moreover, these structural properties 
have the potential to influence the subsequent 
performance of such scaffolds upon their integration 
within the site of a defect [38]. The mechanical 
characteristics of all scaffolds were evaluated 
utilizing a tensile testing apparatus. Figure 4(b,c) 
illustrates the strain at fracture and tensile strength 
of the respective scaffolds. The experimental 
outcomes reveal that CUR3/EC-coated scaffolds 
exhibit superior tensile strength when compared to 
SA/CS scaffolds, rendering them the most durable 
among the tested scaffolds. The coating of CUR/EC 
particles onto SA/CS scaffolds resulted in an 
enhancement of their tensile strength; however, it 
also led to a reduction in strain at break in 
comparison to scaffolds without CUR/EC particles. 

The tensile strength results of the three 
scaffolds, namely SA/CS, CUR1/EC, and 
CUR3/EC, exhibited the following values, 
respectively: 3.18 ± 0.3 MPa, 3.96 ± 0.5 MPa, and 
4.10 ± 0.8 MPa. In terms of strain at break 
percentages, the SA/CS scaffold demonstrated a 
value of 5.77 ± 1.2%, while CUR1/EC and CUR3/EC 
exhibited values of 5.22 ± 1.8% and 4.82 ± 2.2%, 
respectively. It can be posited that the inclusion of 
alginate-based scaffolds yields a favorable impact 
on the mechanical strength properties, primarily 
attributed to the crosslinking process subsequent to 
3D printing. This crosslinking mechanism is pivotal 
in augmenting the strength values, consequently 
contributing to the measured MPa values. The 
obtained results play a pivotal role in assessing the 
flexibility and mechanical behavior of the product, 
which holds significant implications for its efficacy in 
facilitating successful wound treatment [39]. By 
comprehensively analyzing and interpreting these 
results, valuable insights can be gained regarding  

 the product's ability to withstand mechanical 
stresses, adapt to dynamic wound environments, 
and maintain structural integrity, ultimately 
influencing its overall performance and therapeutic 
outcomes in wound healing. 
 
3.5. Evaluation of Drug Release Kinetics from 

Scaffolds 
The release of CUR from CUR1/EC-coated 

and CUR3/EC-coated scaffolds was investigated in 
a pH 7.4 PBS solution maintained at 37 °C. To 
determine the concentration of CUR, UV spectra 
were obtained by measuring the absorbance of six 
different CUR concentrations ranging from 0.2 to 1 
mg/ml using a UV-Vis spectrophotometer, as 
shown in Figure 5(i). A standard calibration curve 
for CUR was established by measuring the 
absorbance values at 428 nm for various 
concentrations. These absorbance values were 
used to construct the calibration curve, as depicted 
in Figure 5(c). The drug release profiles of the 
investigated scaffolds are presented in Figure 5(f). 
The obtained results reveal distinct release patterns 
during the initial phase of the study. The differential 
release behavior and kinetics between the two 
scaffold formulations during the early stages of the 
release study were investigated. Specifically, the 
CUR3/EC-coated scaffolds exhibited a burst 
release of 65.3%, while the CUR1/EC-coated 
scaffolds demonstrated a comparatively lower burst 
release of 58.4%. Subsequently, over the course of 
the first 3 hours, the CUR1/EC-coated scaffolds 
released a total of 79.6% of the CUR, while the 
CUR3/EC-coated scaffolds released 85.7%. The 
CUR1/EC-coated and CUR3/EC-coated scaffolds 
exhibited sustained drug release profiles, with the 
cumulative drug release reaching 100% at 10 
hours. This controlled release behavior 
demonstrates the ability of these scaffolds to 
release the drug over a period of time. The achieved 
drug release profiles indicate the potential of these 
scaffold formulations to serve as effective drug 
delivery systems, providing controlled and 
sustained release of CUR over clinically relevant 
timeframes, but since all scaffolds coated with CUR 
are fully released within 10 hours, the usage of 
CUR/EC-coated scaffolds through electrospraying 
might not exhibit the capability to regulate the 
desired spatiotemporal drug delivery pattern finely. 
Consequently, it leads to substantial initial drug 
releases and high-dose administrations of CUR, 
which may potentially give rise to severe adverse 
effects [5].  

The mathematical modeling of drug release 
kinetics assumes a paramount role in the 
comprehensive analysis of drug release dynamics. 
By elucidating the underlying mechanisms, 
optimizing formulation parameters, and predicting 
the in vivo performance of drug delivery systems, 
mathematical modeling aids in advancing our  
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Fig. 5 -  Comprehensive characterization of drug release mechanisms, kinetics, swelling behavior, and degradation rate of scaffolds and 
CUR/EC-coated scaffolds. The study presents results for first-order (a), zero-order (b), absorbance at 428nm for CUR in a 
standard calibration graph (c), Hixson-Crowell (d), Higuchi model (e), a cumulative drug-release graph of CUR from the scaffolds 
(f), swelling behavior (g), and degradation rate (h) of the scaffolds. Additionally, the absorbance graph of CUR at different 
concentrations (i) is presented to provide further insights into the drug release behavior. 

 

understanding and enhancing the efficacy of drug 
release processes [40]. In order to investigate the 
release kinetics of CUR from the scaffolds, four 
distinct mathematical models were employed. 
Figure 4 (a, b, d, e) presents the regression 
coefficients (R2) corresponding to these models, 
along with specific details regarding each model. 
The analysis revealed that CUR1/EC exhibited the 
highest degree of conformity with the first-order 
model (R2: 96.9 %), indicating a favorable fit. 
Moreover, the Hixson-Crowell (R2: 90.8 %) and 
Higuchi models (R2: 86.8 %) displayed 
comparatively better agreement with the 
experimental data. With an increase in CUR 
concentration, a notable decrease in the values 
representing the kinetic patterns of CUR release 
from the CUR3/EC-coated scaffolds can be 
observed. Specifically, the first-order (R2: 88.4 %), 
Higuchi (R2: 83.6 %), and Hixson-Crowell (R2: 
78.7%) models remain the most suitable 
representations for the release kinetics of CUR, 
albeit with decreasing release values as the 
concentration of CUR increases. In contrast, the 
zero-order model exhibited the least agreement for 
both CUR1/EC and CUR3/EC with the observed 

 release kinetics of CUR from the scaffolds. In the 
context of CUR/EC-coated scaffolds with varying 
concentrations, it was observed that the Hixson-
Crowell model exhibited superior suitability 
compared to the Higuchi model as the CUR 
concentration increased. This finding suggests that 
the release mechanism from these scaffolds is 
influenced by factors beyond pure diffusion, as 
implied by the evolving drug release behavior 
observed in the experimental data. 
 
3.6. Swelling and degradation behaviors of 
scaffolds 

The immersion method was employed to 
ascertain the absorption capacity of all scaffolds. 
The capacity for water absorption facilitates the 
transportation of vital nutrients and oxygen to the 
internal regions of the fabricated scaffolds [41]. As 
widely recognized, the primary material utilized in 
the 3D printed scaffolds in this research was SA. 
Upon surveying the literature, it is evident that SA-
based scaffolds typically exhibit remarkably high 
water absorption capacity, rendering them highly 
desirable for applications in wound healing, owing 
to this notable attribute [42]. In Figure 5(g), the  
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swelling behavior of both the scaffolds and CUR-
coated scaffolds was monitored over a 5-day period. 
Remarkably, even at the conclusion of the first day, 
a significant swelling capacity of approximately 120-
150% was observed. After 5 days, the SA/CS 
scaffold exhibited an impressive swelling capacity of 
342%, while the CUR1/EC-coated and CUR3/EC-
coated scaffolds reached swelling capacities of 
287% and 230%, respectively. Notably, when 
considering their swelling capacity, the scaffolds 
coated with CUR/EC demonstrated comparatively 
lower swelling properties, particularly in the case of 
high CUR concentrations, where a reduced swelling 
capacity was observed compared to drug-free 
scaffolds. This outcome can be attributed to the 
hydrophobic nature of CUR[43], which suggests that 
it absorbs less water compared to SA/CS scaffold. 

Additionally, upon analyzing the swelling 
capacities among the CUR/EC-coated scaffolds, a 
progressive increase was observed over time. This 
phenomenon can be attributed to the gradual 
dispersion of CUR/EC nanoparticles in the 
surrounding PBS solution, resulting in a diminishing 
presence of the hydrophobic drug on the scaffold 
and subsequently augmenting the swelling capacity. 
The findings indicate that all scaffold demonstrates 
stability and possesses a substantial water 
absorption capacity suitable for tissue engineering 
applications, particularly in the production of 
biomaterials for wound healing purposes. 

The process of scaffold degradation assumes 
a crucial role in the field of tissue engineering, 
contributing significantly to the development and 
refinement of novel tissue engineering strategies 
[44]. An essential attribute inherent to scaffolds is 
their ability to undergo degradation, resulting in a 
concomitant reshaping process that harmonizes 
with the dynamic formation of new tissue [45]. To 
enhance the aqueous solubility and stability of CUR, 
a compound known for its high hydrophobicity and 
chemical instability, it was encapsulated within EC 
nanoparticles. This encapsulation strategy aimed to 
overcome the inherent challenges associated with 
CUR's poor solubility in aqueous environments and 
susceptibility to degradation. The incorporation of 
CUR/EC nanoparticles onto the scaffolds exhibited 
minimal influence on the degradation process, as 
evidenced by the complete disintegration of the 
scaffolds within a period of 4 days in Figure 5(h). By 
the end of the initial day, the degradation level of all 
scaffolds approached approximately 50%, 
indicating that over half of the scaffolds had 
undergone degradation within this time frame. 
Notably, CUR3/EC-coated scaffolds displayed a 
slightly lesser degree of degradation compared to 
the other groups within the same time frame. It may 
reduce scaffold disintegration due to heightened 
local activity of CUR nanoparticles. 

 Additionally, the encapsulation of CUR within EC 
nanoparticles might offer protective benefits, 
shielding the drug from degradation and enhancing 
its overall stability during storage and 
transportation. This approach demonstrates the 
potential of nanoparticle-based delivery systems for 
addressing the stability and solubility limitations of 
hydrophobic and chemically sensitive compounds 
like CUR. Moreover, considering the degradation in 
relation to the overall scaffold weight, it is apparent 
that the layers of nanoparticles undergo a 
concomitant degradation process in tandem with 
the scaffold, indicating an integrated degradation 
pattern. 
 
3.7. Cell culture assay 

Figure 6 presents the cytotoxicity evaluation 
of the fibers on L929 mouse fibroblast cells at 1, 3, 
and 7 days, employing the XTT assay. Fibroblasts, 
the primary cellular constituents responsible for the 
modulation of extracellular matrix (ECM) protein 
synthesis [46], assume a pivotal role in 
orchestrating essential mechanisms crucial for 
proficient wound healing. These multifaceted cells 
actively participate in various processes vital for the 
progression of normal wound healing, 
encompassing the degradation of fibrin clots, 
synthesis of novel ECM components to provide 
structural support to other cell populations involved 
in effective wound repair, and the facilitation of 
wound contraction [47].  

The results reveal that the viability of the cells 
exposed to the scaffolds exhibited no statistically 
significant difference compared to the control 
group. A comparative analysis of experimental data 
with the negative control group showed that all 
scaffolds exhibited significantly higher cell viability 
compared to the control group. Moreover, no 
discernible inhibition of cell proliferation was 
observed across days 1, 3, and 7. This implies that 
the presence of the scaffolds did not adversely 
affect the survival and growth of the fibroblast cells 
over the entire duration of the experiment. As the 
concentration increased in all scaffolds, a marginal 
decline in cell viability was observed. However, 
specifically in the SA/CS scaffold, at a concentration 
of 3 mg/ml, the viability decreased to 93%, which 
fell below the viability of the control group. The 
scaffolds incorporating CUR/EC displayed a 
noticeable disparity in viability at the 1-day mark, 
which subsequently diminished at 3 and 7 days. 
However, overall, the viability of CUR/EC-coated 
scaffolds was better. 

At the initial 24-hour time point, the CUR1/EC 
0.5 mg/ml concentration demonstrated the highest 
level of viability at an impressive 115.4%, 
surpassing other concentrations. It was closely 
followed by the CUR3/EC 0.1 mg/ml concentration, 
exhibiting a viability of 113.3%, and the SA/CS 
scaffold at the 0.5 mg/ml concentration, which  
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Fig. 6 -  Assessment of scaffold biocompatibility through XTT viability assays at 1, 3, and 7 days post-seeding. Differences were considered 

statistically significant if p < 0.05*, p < 0.005**, and p < 0.001*** compared to the control. 
 

achieved commendable viability of 109%. 
Subsequently, on the third day, the CUR1/EC 0.5 
mg/ml concentration maintained its prominence with 
viability of 111.5%, signifying its sustained impact. 
The SA/CS scaffold at the 0.1 mg/ml concentration 
also showed noteworthy viability at 108.9%, while 
the CUR3/EC 0.1 mg/ml concentration maintained  

 respectable viability of 108.3%. Shifting to the 
seventh day, the CUR1/EC 0.1 mg/ml concentration 
exhibited the highest viability among all conditions, 
displaying a robust viability of 109.4%. The 
CUR3/EC concentration followed closely behind, 
which retained a commendable viability of 107.2%. 
Particularly, the SA/CS scaffold at the 0.5 mg/ml  
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Fig.7- Visualization of cellular attachment and proliferation on scaffolds using DAPI staining and fluorescent microscopy at 1, 3, and 7 

days. DAPI is a fluorescent stain that binds to DNA, allowing for the visualization of cell nuclei. These images provide valuable 
insights into the temporal dynamics of cell attachment and proliferation on the scaffolds.  

 

concentration showcased its highest viability at 
105.9%, demonstrating its potential as a viable 
platform for sustained cellular survival. 

According to ISO standard 10993-5, if the 
relative cell viability of the highest concentration of 
the scaffolds is equal to or exceeds 70% compared 
to the control group, it is deemed that the scaffold 
exhibits non-cytotoxic properties. Thus, it becomes 
apparent that all scaffolds can be cautiously applied 
at the wound site without posing any risk of 
cytotoxicity. These findings indicate the absence of 
cytotoxic effects and suggest favorable 
biocompatibility of the tested scaffolds. 

Cell viability on the scaffolds was assessed on 
days one, three, and seven using fluorescence 
microscopy to observe the survival of the cells. The 
nuclei of DAPI-stained fibroblasts are shown in 
Figure 7. Based on the fluorescent images, it was 
evident that the 3D-printed scaffolds exhibited a 
higher density and a more dispersed arrangement  

 of cells on the first day compared to the subsequent 
days. Observations reveal a reduced occurrence of 
aggregation within the fluorescent images of the 
scaffolds incorporated with CUR/EC, particularly 
after a span of 7 days. 

SEM analysis was employed to investigate the 
interplay between the scaffold materials and 
fibroblast cells, as well as to assess the 
morphological characteristics. The observations 
were made on the first, third, and seventh days of 
incubation. Figure 8 visually presents the findings, 
illustrating that the scaffolds demonstrated 
favorable fibroblast attachment and proliferation 
throughout the incubation period. Enhanced 
adhesion and proliferation of cells on the scaffold 
were prominently observed in scaffolds coated with 
CUR/EC. Within a 7-day timeframe, a noticeable 
augmentation in cell spreading and clustering was 
determined in CUR3/EC-coated scaffolds. Similar 
to these results, Ravanfar et al. observed a,  
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Fig. 8- SEM images of scaffolds after 1, 3, and 7 days of treatment. The scale of the images is 10 μm, providing high-resolution views of 
the scaffold surface morphology and structure over time. These images offer valuable insights into how the scaffolds respond to cellular 
interactions. 
 

significant acceleration of cellular proliferation and a 
shortened inflammatory phase following CUR/EC 
addition [48]. In the CUR3/EC-coated scaffold 
conspicuous and luminous structures are observed 
in close proximity to the cells residing on the 
scaffold. These distinct bright structures are 
attributed to CUR, as CUR possesses multiple 
phenolic groups on its surface, imparting a positive 
charge. Specifically, turmeric, from which CUR is 
derived, exhibits antioxidant properties and is rich in 
phenolic groups that bear positively charged 
hydrogen atoms [49]. 
 
4. Conclusion 

An optimal scaffold should establish a 
homeostatic milieu conducive to expediting diabetic 
wound healing while concurrently regulating 
oxidative stress, enzymatic activities, and hypoxic 
conditions. Furthermore, it should impart 
mechanical support and mitigate the risk of 
infection, thereby effectively addressing the 
multifaceted challenges inherent to the wound 
microenvironment. This investigation elucidates the 
potential of incorporating CUR/EC nanoparticles 
onto scaffolds to facilitate sustained release in the 

 context of diabetic wounds. CUR3/EC exhibited the 
most rapid release, surpassing CUR1/EC, with an 
impressive 85.7% release observed within the initial 
3-hour period. All CUR/EC-coated scaffolds 
revealed an outstanding outcome in terms of cell 
viability, with rates exceeding 100%. Furthermore, 
SEM and DAPI images provided supportive 
evidence for the adhesion and proliferation of 
fibroblast cells on the scaffold. Regarding the 
mechanical assessment, it is evident that the 
inclusion of CUR/EC nanoparticles has notably 
enhanced the mechanical robustness of the 
scaffolds. Specifically, the tensile strength of the 
CUR3/EC-coated scaffold demonstrated a 
substantial increase, reaching approximately 4.10 
MPa. These findings underscore the feasibility and 
versatility of employing CUR/EC-coated scaffolds 
as a therapeutic approach for diabetic wound 
management, thereby paving the way for future 
advancements in this field. 
 
Data availability 
The raw data will be made available upon request. 
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