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ABSTRACT

Type 2 diabetes mellitus (T2DM) is a long-term metabolic disease that is commonly character-
ized by insulin deficiency or resistance, and prevalence has been increasing gradually all over the 
world. The aim of this study is to produce Metformin-loaded 3D printed scaffolds for an alter-
native drug delivery application in the treatment of Type 2 DM with two different biopolymers. 
Sodium Alginate (SA)/Polyethylene glycol (PEG) scaffolds loaded with varying concentrations 
of Metformin (0.5 and 2 wt.%) were prepared by adding 9 wt.% of SA to 3 wt.% of PEG. The 
physical analyses of the solutions were examined after the production process, and as a result, no 
significant changes were observed in the viscosity, density, and surface tension of the solutions 
with the addition of Metformin. Morphological (SEM), molecular interaction (FTIR), thermal 
analysis (DSC), tensile strength analyses were done. SEM images and histograms showed that 
the desired pore structure was obtained in the scaffolds produced by the 3D printing method, 
and the average pore sizes were 236.14±18.999, 255.28±14.168, and 318.83±13.038 μm for SA/
PEG, 0.5% and 2% Metformin-loaded scaffolds, respectively. A drug release test was performed 
by UV spectroscopy. Metformin from both 0.5% and 2% scaffolds showed a burst release in 
30 minutes because of the high solubility of SA and PEG in water. More than 97% of the drug 
was released from both scaffolds. However, they displayed sustained release up to 24 hours. 
Therefore, Metformin-loaded 3D-printed scaffolds have promising potential for the treatment 
of T2DM as they are an alternative to the oral administration of the drug.
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INTRODUCTION

Type 2 Diabetes Mellitus (T2DM) is a chronic dis-
ease that occurs because of the dysfunction of β-cells 

in the pancreas, resulting in impaired insulin resistance 
and insulin secretion in the body [1]. According to 2019 
data from the International Diabetes Federation 9.3% of 
adults aged between 20–79, nearly 463 million people, are 
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suffering from diabetes [2]. Oral antidiabetic drugs such 
as Metformin, sulfonylureas (SU), and thiazolidinediones 
(TZD) have been used for the treatment of T2DM as they 
provide better glycaemic control [3,4]. However, Metformin 
is accepted as first-line therapy due to its good safety pro-
file, improved glycaemic control without the hypoglycemia 
risk, and low cost [5]. Metformin is a biguanide derivative 
that works as an insulin sensitizer by acting on insulin resis-
tance. Metformin is an orally administered, low bioavail-
able, and not metabolized drug [5]. The half-life (t1/2) of 
the drug is between 2-5 hours in patients with normal renal 
function, and nearly %90 of the drug is eliminated in 12 
hours [6]. Metformin has no serious side effects, but drug 
overdose can cause lactic acidosis, especially in people with 
certain medical conditions [7]. Several drug delivery sys-
tems have been designed to increase the bioavailability and 
effect of orally administered antidiabetic drugs [8]. 

3D printed scaffolds are used in many areas due to 
their advantages, such as fast and low-cost production [9]. 
Scaffolds can produce from different materials with differ-
ent porosities and pore sizes. They are biocompatible, and 
also can show structural and mechanical similarities with 
the host tissues [10]. Extrusion-based 3D printing systems 
are used computer-aided design (CAD) files to fabricate 
scaffolds [11]. This method has so much potential due to 
low cost, diversity with the design, and material selection 
[12]. The 3D printing method allows the production of tis-
sue scaffolds with different drug release profiles in various 
geometries and designs [13]. Natural and synthetic poly-
mers and their composites can be used to manufacture 3D 
scaffolds [14]. 

Sodium Alginate (SA) is a natural polymer consist-
ing of β (1-4) linked D-mannuronic acid (M), and α (1-4) 
linked L-guluronic acid (G) units [15]. SA is a water-sol-
uble polysaccharide mostly obtained from brown algae. It 
is commonly used in tissue engineering applications due 
to the advantages of its non-toxicity, biodegradability, and 
biocompatibility [16]. SA shows good swelling behaviour, 
but this also causes deformation of the material easily. To 
prevent this SA can be blended with natural and synthetic 
polymers such as collagen, gelatin, elastin, chitosan, poly-
acrylamide, polystyrene, polyurethane, polyvinyl alcohol, 
and polyethylene glycol [15]. PEG is a synthetic and hydro-
philic polymer used in biomedical applications [17]. PEG 
addition to the polymer solution can help to control the 
degradation [18]. PEG’s favorite properties are non-toxicity 
and biocompatibility [19]. In previous studies, Metformin 
has been produced with other oral antidiabetics or as a 
stand-alone oral dosage form. The fused deposition model-
ing (FDM) method and thermoplastic polymers have been 
widely used. 

In this study, biocompatible, biodegradable, and non-
toxic 3D scaffolds were designed and produced as an 
alternative route to oral administration of Metformin. 
Transdermal drug delivery systems can increase the effi-
ciency and bioavailability of Metformin, which is used as a 

first-line drug in the treatment of type 2 diabetes. Due to the 
widespread use of SA and PEG polymers in drug delivery 
systems, the scaffolds were produced with these polymers.

MATERIALS AND METHODS

Materials
Poly (ethylene glycol) (PEG, MW:4000 g/mol), Sodium 

alginate (SA, MW:216000 g/mol), and dimethyl sulfoxide 
(DMSO) were provided from Sigma-Aldrich. Calcium 
chloride (CaCl2) was bought from Yasin Teknik Company. 
Metformin was obtained as a powder form from Sigma-
Aldrich, USA.

Methods

Preparation of the polymer solutions
PEG/SA solutions with diverse Metformin concentra-

tions were prepared. SA solution was dissolved in 10 mL 
distilled water at 9% (w/v). It was stirred at room tempera-
ture for about 1 hour using a magnetic stirrer (WiseStir®, 
MSH-20A, Germany). After that, PEG was dissolved in 10 
mL distilled water at 3% (w/v). The solution was stirred 
for 20 minutes. Subsequently, PEG and SA solutions were 
formed in different beakers, and mixed in a 5:1 ratio, respec-
tively. To obtain the final SA/PEG solution, the mixture was 
stirred for 30 minutes using a magnetic stirrer. When the 
SA/PEG mixture was optimized, Metformin was added to 
the solution and prepared in the same conditions. The drug 
was dissolved in distilled water with PEG and mixed with 
SA. 0.5 and 2% (w/v) Metformin were added into the 6 mL 
SA/PEG solutions. After that, the solutions were stirred 
well at room temperature and prepared for printing.

Design and production of the 3d printed scaffolds
The printing process of the scaffolds was carried out with 

an extrusion 3D printer (Hyrel 3D, SDS-5 Extruder, GA, 
USA). Firstly, scaffolds were designed using Solidworks, a 
3D drawing program, and it was converted to G-codes by 
Simplify 3D slicing software. The scaffolds were designed 
to be square, and their dimensions were 20 mm x 20 mm 
x 1 mm. Then, a 10 mL syringe directly connected to the 
needle tip (25 Ga) was filled with the prepared polymer 
solution. The printing parameters were adjusted for each 
scaffold such that the fill density was 96%, the total layer 
7, and the fill pattern was rectilinear. During the printing 
process, the flow rate was 1 mL/h and the printing rate 10 
mm/s. Lastly, all scaffolds were sprayed with CaCl2 solution 
for 5 minutes for crosslinking.

Characterization of physical properties of the solutions 
The physical properties of the polymer solutions, such 

as density, surface tension, and viscosity, were analysed. 
The density of the polymer solutions was investigated using 
DIN ISO 3507-Gay-Lussac (Boru Cam Inc., Republic of 
Turkey) with a 10 mL standard density bottle. The surface 
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tension was measured with a force tensiometer (Sigma 
703D, Attention, Germany), and the viscosity of the poly-
mer solutions was determined by using a digital viscometer 
(DV-E, Brookfield AMETEK, USA). Both analyses were 
carried out at room temperature. Each test was performed 
3 times. Also, each piece of equipment used in the analyses 
was calibrated beforehand.

Fourier transform infrared spectroscopy analyses
Fourier transform infrared spectroscopy (FTIR) (Jasco, 

FT/IR 4700) was used to identify the chemical interactions 
and molecular structures in the scaffolds. Analysis was per-
formed in transmission mode, and the wavelength ranged 
between 450 and 4000 cm-1.

Thermal analysis of the scaffolds
The thermal properties such as glass transition and the 

melting temperature of the scaffolds were characterized 
with a differential scanning calorimetry (DSC) (Shimadzu, 
Japan) in the closed pan. During the process, the tempera-
ture ranged from 25–400 °C, and the heating rate was set 
to 10 °C/min. Inert nitrogen gas was used as purge gas at a 
flow rate of 25 mL/min.

Scanning electron microscopy (SEM)
The pore sizes and the surface morphologies of the 3D 

printed scaffolds were investigated with Scanning Electron 
Microscopy (EVA MA 10, ZEISS, USA). Before the process, 
the scaffolds were coated with gold (Au) for 120 seconds 
with a sputter coating machine (Quorum SC7620, ABD). 
Measurements of the pore sizes were done with Analysis5, 
Olympus (USA) software, and for each scaffold, the pore 
sizes were adjusted.

Mechanical properties of the scaffolds
A tensile test machine (SHIMADZU, EZ-LX, China) 

was used to measure the tensile strength of the scaffolds. 
Before the test, each scaffold was fully dried. The tensile 
test was done in which the upper and lower sides of each 
sample were located horizontally in the respective part of 
the device.

Drug release study
At first, Metformin was prepared in 6 different concen-

trations (4, 6, 8, 10, 12, and 14 μg/mL) to draw a calibration 
curve. Release kinetics of scaffolds with different Metformin 
(0.5 and 2 wt. %) ratios were analysed. Firstly, the scaffolds 
were weighted, then put in different Eppendorf tubes, and 

1 mL of PBS solution (pH 7.4 at 37 °C) was added to the 
tubes. The test was performed in a shaking incubator (37 
°C, 200 rpm) for 24 hours. 1 mL of the solution was taken 
from the tubes at different time periods, and to measure 
the released drug amount, the solution was analysed in a 
UV−vis spectrophotometer (Shimadzu UV-3600, Japan) at 
233 nm. Lastly, 1 mL of fresh PBS was added to the tubes to 
sustain the same volume.

RESULTS AND DISCUSSION

Characterization of Rheological Properties of Solutions
In this study, the solutions were prepared by adding 

different Metformin concentrations into the PEG and SA. 
The rheological properties are accepted as key parameters 
because of their impact on the printability of the scaffolds. 
Significantly, the viscosity is the most important one as it 
should be high enough to keep solutions in shape while 
printing. Also, viscosity directly affects pore size and the 
connection between pores. The surface tension determines 
the shape of the drop coming out from the nozzle. Higher 
surface tension makes it difficult to print one layer on top 
of the other, but the lower surface tension can cause a leak 
of the solution from the nozzle tip. Density directly con-
nects with the viscosity of the solution, so it influences the 
3D printing process [20]. The density, viscosity, and surface 
tension of the solutions were investigated to determine the 
rheological properties (Table 1). As seen in Table 1, there 
was a slight difference between the density values of SA/
PEG and Metformin-loaded solutions. SA/PEG solutions 
had the most significant surface tension, but the surface 
tension of drug-loaded solutions decreased gradually with 
the increased amount of the drug. Viscosity values, on the 
other hand, decreased insignificantly with increasing drug 
concentrations.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR analysis was done to identify the molecular and 

chemical structure of the scaffolds. The analysis results for 
Metformin, SA, PEG, SA/PEG scaffolds, and Metformin-
loaded SA/PEG scaffolds have shown in Figure 1. The 
infrared spectra of Metformin (Figure 1a) show the N-H 
stretching and bending vibrations of the primary amine 
group in order of 3147 and 1574 cm-1. At 1621 cm−1 there 
are N-H bending, C-N stretching, and C=O stretching 
bands. CH3 asymmetric bending, C-H bending, and the 

Table 1. Physical properties of the solutions

Solutions Density (g/cm3) Surface Tension (mN/m) Viscosity (mPa.s)
SA/PEG 1.05±0.04 79.01±2.284 2644±3.183
SA/PEG/0.5MET 1.01±0.02 74.94±3.761 2640±2.047
SA/PEG/2MET 1.02±0.02 71.35±2.125 2632±5.972
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CH3 symmetrical bending vibration can be observed at 
1472, 1445, and 1417 cm−1, respectively. Also, at 1166 
cm−1 C=O tension band was seen [21]. The spectra of the 
pure PEG (Figure 1b) show stretching bands of C-H, C-O 
of alcohol, C-O-C of ether at 2900, 1250, and 1100-1060 
cm−1, respectively [22]. Also, the bending peak of C-H was 
observed at 1454 cm-1 [23]. The spectra of pure SA (Figure 
1c) show the stretching peaks of O-H, symmetric -COO-, 
asymmetric -COO- and -C-O-C- vibration at 3228, 1419, 
1593, and 1078 cm−1, respectively [24]. The spectra of SA/
PEG and Metformin-loaded scaffolds were similar to the 
spectra of SA due to the higher SA ratio in the solution. 
Because of the low drug ratio in Metformin-loaded scaf-
folds, very sharp peaks were not observed in the spectrum. 
However, increasing drug concentrations caused sharper 
peaks but there were no significant differences between SA/
PEG and drug-loaded scaffolds. The peaks were shifted in 
Metformin-loaded scaffolds. For Metformin characteristic 
N-H bending peak was at 3147 cm-1 but for 0.5 and 2 wt.% 
Metformin-loaded scaffolds peaks were observed at 2921 
and 2919 cm-1, respectively. Also, CH3 symmetrical bend-
ing vibration was observed at 1415 and 1417 cm-1 for 0.5 
and 2 wt.% Metformin-loaded scaffolds. The characteristic 
peaks of SA, PEG, and Metformin were observed together 
in Metformin-loaded SA/PEG scaffolds. As a result, it can 
be said that drug encapsulation is achieved. 

SEM Morphologıcal and Pore Size Analysıs
Porosity and pore size is one of the most important fac-

tors affecting drug release in 3D printed scaffolds. Scaffolds 
should have ideal pore sizes and interconnected pores to 
allow nutrient flow, cell growth, and migration [25]. Also, in 
drug delivery systems like mesoporous nanoparticles, pore 
size is an important parameter for both drug loading and 

drug release [26]. Different pore sizes are required for the 
intreactions of different cell types [27]. 3D scaffolds with 
a pore size of 200–250 μm show optimal proliferation for 
fibroblast cells [28]. In scaffolds, higher nutrient transport 
can be obtained with higher porosity only this causes poor 
mechanical strength as a result of reduced density [29]. In 
contrast, small pores cause limited cell migration around 
the scaffold [25].

In this study, SEM images and the pore size histograms 
were used to determine the surface morphology and the 
average pore sizes of the scaffolds. According to the stud-
ies, the scaffolds with pore sizes lower than 300 μm provide 
sufficient permeability [30]. As shown in Figure 2, the aver-
age pore size of the SA/PEG scaffold was 236.14±18.999 
μm. Pore sizes for SA/PEG/0.5MET and SA/PEG/2MET 
were 255.28±14.168 and 318.83±13.038 μm, respectively. 
The histograms show that the addition of Metformin has 
increased the average pore sizes, but still, there were no 
significant differences between scaffold morphologies. 
Samadzadeh et al. produced pure PLGA and Metformin-
loaded PLGA nanofibers and found that Metformin 
addition slightly increase the fiber diameter in Metformin-
loaded fibers [31].

DSC Thermograms
DSC was done to examine the thermal properties of the 

scaffolds. SA is an almost amorphous polymer. SA shows 
an endothermic peak ~81 °C, which is a result of the evap-
oration of hydration water molecules, and an exothermic 
peak ~220 °C shows the oxidative degradation of SA [32, 
33]. PEG shows an endothermic peak around 67-66°C [34]. 
Due to the crystalline structure of Metformin a sharp endo-
thermic peak at ~232°C [35]. Figure 3 represents the DSC 
thermograms of SA/PEG and Metformin-loaded scaffolds. 
The thermogram of SA/PEG showed that PEG addition to 
the SA decreased the Tg value ~75°C, but it increased the 
Tm value to 240°C. Metformin in different concentrations 
shifted the peak Tg peak ~65°C. However, it didn’t have a 
significant impact on the thermal behaviour of the scaf-
fold. Previous studies have also shown that the addition of 
Metformin was shifted the peaks of unloaded micropar-
ticles, but sharp peaks of Metformin are not observed in 
thermograms. In addition, as a result of the interaction of 
electrostatic forces between Metformin and the polymer, it 
was concluded that the drug was dissolved in the matrix 
and encapsulation took place [35].

Tensile Properties of Engineered Scaffolds
Mechanical properties of the SA/PEG, 0.5 and 2 wt.% 

Metformin-loaded SA/PEG scaffolds were analysed with 
the tensile tests. SA is a polysaccharide-based polymer, and 
they are known for its poor mechanical strength [36]. PEG 
is a type of plasticizer, and it decreases the tensile strength 
of the SA [37]. However, the mechanical properties of 
these scaffolds have been upgraded by blending with other 
polymers or crosslinking methods [36]. Table 2 shows the 

Figure 1. FTIR spectrums of Metformin (a), PEG (b), SA 
(c), SA/PEG (d), SA/PEG/0.5MET (e), SA/PEG/2MET (f).
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tensile strength and elongation at break values for each scaf-
fold. The tensile strength of the scaffolds varied between 
4.557 and 7.048 MPa. In general, Metformin addition to the 
scaffolds has increased the tensile strength of the scaffolds 
from 4.557 to 7.048 MPa for 0.5MET and 6.163 MPa for 
2MET but increasing concentrations of the drug decreased 
the tensile strength. The elongation of Metformin-loaded 
scaffolds was smaller when compared with the SA/PEG 
scaffold. Furthermore, the elongation decreased with the 
increasing drug concentration. However, Zhu et al.’s study 
showed Metformin decreased both the elongation and the 
tensile strength of PCL/CS nanofibrous membranes from Figure 3. DSC thermogram of the 3D printed scaffolds.

Figure 2. SEM images and pore size histograms of the SA/PEG(a), SA/PEG/0.5MET (b), SA/PEG/2MET (c) scaffolds.
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5.4±1.0 to 4.7±0.7 and 5.1±0.2 to 4.5±0.4, respectively [38]. 
Overall, there were no significant changes between SA/
PEG scaffold and drug-loaded scaffolds. Ebrahimi et al. 
produced PCL/PVA scaffolds containing different concen-
trations of Metformin (0, 1, 5, 10, and 15 wt.%) and showed 
that increased Metformin concentrations did not signifi-
cantly affect the tensile strength of the scaffolds [39].

In Vitro Drug Release Test
Drug release studies were performed by using 0.5 and 2 

wt.% Metformin-loaded SA/PEG scaffolds. Figure 4a shows 
the UV absorbance spectra of Metformin in different con-
centrations (4, 6, 8, 10, 12, and 14 μg/mL). For the quan-
titative determination of drug release, a linear standard 

calibration curve was created using the absorbance val-
ues of Metformin (𝑅2 = 0.99) at 233 nm (Figure 4b). In 
this study, drug release from Metformin-loaded scaffolds 
was investigated in a neutral environment at 37 °C for 24 
hours. Because of the high water-solubility of SA and PEG, 
the scaffolds showed a fast release of the drug in the first 
30 minutes, but there were differences between 0.5 and 2 
wt.% Met-loaded scaffolds (Figure 4c). The first 5-hour 
drug release of 0.5 wt.% Met-loaded scaffolds were 53.45, 
61.34, 64.64, 67.00, 69.11, 70.94, and 75.84%. These rates 
were 32.73, 62.83, 75.43, 82.26, 87.47, 90.69 and 94.18% for 
the 2 wt.% Metformin-loaded scaffolds. In 12 hours, more 
than 97% of the drug for both scaffolds was released, and 
it reached 100% in 24 hours. Das et al. produced 5% (w/v) 
SA beads, which were cross-linked with 5% CaCl2, beads 
released more than 50% of the drug in the first 4 hours and 
it reached 100% in 6 hours. Increasing SA concentrations 
and the type of crosslinking agents provide a more sus-
tained release of the drug. Crosslinking with CaCl2 creates 
a tight junction between the guluronic acid residues and 
result in delayed degradation of the SA in PBS solution at 
pH 7.4 [40]. Also, the increased drug content in the scaf-
folds caused a faster release of the drug. Previous studies 
indicated that increasing solution viscosity reduces polymer 

Table 2. Mechanical properties of the scaffolds

Scaffolds Tensile strength 
(MPa)

Strain at break 
(%)

SA/PEG 4.557±0.028 7.120±1.028
SA/PEG/0.5MET 7.048±0.191 7.104±2.130
SA/PEG/2MET 6.163±3.145 6.824±1.315

Figure 4. UV absorbance spectra of Metformin (a), the calibration curve for Metformin at 233 nm (b), and In-vitro release 
studies of the 0.5MET and 2MET scaffolds.
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erosion and drug release. This shows there is a direct effect 
of the drug/polymer ratio of the solution on the release 
kinetics of the drug [41]. Sriamornsak et al. investigated 
the effect of drug loading method and drug content on the 
drug release from calcium pectinate gel beads and found 
that higher drug content causes faster drug release, which 
may be the effect of decreased polymer-to-drug ratio [42].

CONCLUSION
In this study, Metformin-loaded 3D printed scaffolds 

were produced for an alternative drug delivery application 
in the treatment of T2DM. SA/PEG scaffolds loaded with 
different concentrations of Metformin (0.5 and 2 wt.%) were 
prepared by adding 9 wt.% of SA to 3 wt.% of PEG. SA was 
chosen before its excellent biocompatibility and biodegrad-
ability. Metformin, an oral antidiabetic drug, was preferred 
because it is a drug with proven effectiveness for T2DM. 
When the SEM images of the scaffolds were examined, the 
desired porosity was obtained with the 3D printing method. 
Except for the SA/PEG/2MET scaffold, the average pore size 
of the other scaffolds was below 300 μm. All the scaffolds had 
desired mechanical properties, but Metformin-loaded scaf-
folds showed better resistance to the break than the SA/PEG 
scaffolds. Both 0.5 and 2 wt.% Metformin-loaded scaffolds, 
drug release occurred rapidly in the first 30 minutes due to 
the high water-solubility of the polymers used in the scaf-
folds, but the release lasted up to 24 hours. As expected, drug 
release from the scaffold containing 2 wt.% Metformin was 
faster than that of 0.5 wt.%. This may be due to increased 
drug concentration in the polymer matrix and/or decreased 
viscosity of the solution. According to the results obtained 
in this study, Metformin-loaded 3D-printed scaffolds have 
promising potential for oral administration of anti-diabetics 
used in the treatment of T2DM.
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