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A B S T R A C T   

Empagliflozin (EM) was successfully loaded in polycaprolactone/poly (L-lactic acid)/polymethyl methacrylate 
(PCL/PLA/PMMA) fibers. In the rat β-cell line (BRIN-BD11), the insulin expression ratio of pancreatic β-cells was 
stimulated at high and low glucose by culturing with tri-layer EM-loaded fiber (EMF) for 48 h. The expression 
ratios of glucokinase and GLUT-2 proteins increased after EMF treatment. According to the in vitro drug release 
test, 97% of all drug contained in fibers was released in a controlled manner for 24 h. The pharmacokinetic test 
revealed that the bioavailability was improved ~4.8-fold with EMF treatment compared to EM-powder and 
blood glucose level was effectively controlled for 24 h with EMF. Oral administration of EMF exhibited a better 
sustainable anti-diabetic activity even in the half-dosage than EM-powder in streptozotocin/nicotinamide- 
induced T2DM rats. The levels of GLP-1, PPAR-γ, and insulin were increased while the levels of SGLT-2 and 
TNF-α were decreased with EMF treatment. Also, EMF recovered the histopathological changes in the liver, 
pancreas, and kidney in T2DM rats and protected pancreatic β-cells. Consequently, EMF is suggested as an un
precedented and promotive treatment approach for T2DM with a higher bioavailability and better antidiabetic 
effect compared to conventional dosage forms.   

1. Introduction 

Diabetes Mellitus (DM) is one of the most important diseases that can 
cause serious side effects and even death. DM is characterized by chronic 
hyperglycemia as a result of impairment in protein, carbohydrate, and 
fat metabolism caused by insulin resistance or deficiency in insulin 
secretion and exhibits elevated glycosylated hemoglobin A1C (Cam 
et al., 2020; Glovaci et al., 2019). It may occur with symptoms such as 
blurred vision, polyuria, polydipsia, thirst, and weight loss. In addition 

to chronic hyperglycemia, it causes acute and chronic complications 
such as neuropathy, coma, nephropathy, retinopathy, cardiovascular 
and cerebrovascular diseases, and ketoacidosis, especially because of its 
damage to the nerves, veins, and organs over time. There are two major 
types of diabetes: Type 1 and type 2 diabetes. Type 1 diabetes (T1DM) is 
caused by a complete loss in insulin secretion capacity as a result of 
autoimmune destruction of β cells in the pancreas, while type 2 diabetes 
(T2DM) is characterized by a decreased insulin sensitivity in the skeletal 
muscle, adipose tissue, and liver (Alberti and Zimmet, 1998; DeFronzo, 
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1999; Fonseca et al., 2000; Imagawa et al., 2000; Nathan, 1993). 
According to the data on DM prevalence, it is a global health crisis 

that has increased from approximately 30 million to 135 million patients 
in 10 years and is expected to reach 300 million by 2025 (Hjelm et al., 
2003). The World Health Organization (WHO) predicts that DM will be 
the seventh cause of death in 2030 (Mathers and Loncar, 2006). In 
addition, the estimated numbers of adults that have T1DM, T2DM, and 
other DM types in 2016 were 1.3 million, 21.0 million, and 0.8 million 
according to the National Health Interview Survey (NHIS), respectively 
(Bullard et al., 2018; Zghebi et al., 2017). 

The pathophysiology of DM, which is one of the most serious and 
chronic diseases affecting a large population with acute and chronic 
complications worldwide, continues to be investigated nowadays. There 
are five major oral antidiabetic drug groups used to treat the currently 
known pathophysiology of T2DM: a) Drugs that delay the absorption of 
glucose - α-glycosidase inhibitors, b) insulin-releasing drugs - sulfonyl
ureas and benzoic acid derivatives (glinides), c) drugs to reduce insulin 
resistance - biguanides and thiazolidinedione derivatives, d) incretin 
mimetic drugs - dipeptidyl peptidase-4 inhibitors (DPP4-I) and 
glucagon-like peptide-1 receptor agonists (GLP-1A), and e) sodium- 
glucose co-transporter-2 (SGLT-2) inhibitors (Çubuk and İnce, 2015; 
Modi, 2007) Empagliflozin (EM), which is a strong and selective in
hibitor of SGLT-2, has approved for the treatment of T2DM in 2014 by 
Food and Drug Administration (FDA). The mechanism of action of EM in 
T2DM treatment is to increase urinary glucose excretion by decreasing 
the reabsorption of filtered glucose inhibiting the SGLT-2 receptors in 
kidneys regardless of cell function and insulin resistance. Thus, it leads 
to a decrease in the level of plasma glucose due to this mechanism 
(Barnett et al., 2014; Tikkanen et al., 2015). On the other hand, EM 
protects diabetic pancreatic cells by inhibiting the activation of the 
nucleotide-binding oligomerization domain-like receptor protein 3/cas
pase-1/ Gasdermin D pathway in pancreatic β cells (Liu et al., 2021). 

Nanotechnology is one of the most important technological de
velopments in the areas of chemistry, biosensor, biotechnology, bio
electronics, genetic engineering, tissue engineering, and medicine to 
produce controllable nanoscale materials usually 100 nm or smaller 
with new functions and features such as having high surface–volume 
ratio, which provides higher activities for them in surface-related phe
nomena compared to bulky systems of the same mass (Alenezi et al., 
2021; Farokhzad and Langer, 2009; Nasrollahzadeh et al., 2019; Papa
dopoulos and Taghiyari, 2019). The development of nanotechnology has 
brought innovation to science in drug delivery systems. High drug 
loading capacity and efficiency, homogeneity in the size of the drugs, 
and long-term and therapeutic drug delivery could be given as examples 
of these developments in nanotechnology (Park, 2007). 

Electrospinning (ES), which has a special principle based on using 
the interaction between the working fluid and electrical energy is 
preferred as a common technology for the production of micro or nano- 
scaled fibers (Zhao et al., 2021). A metal needle system is preferred as a 
spinneret that belongs to the ES process for collecting a polymeric so
lution towards an electrically grounded collector roll as a fiber by being 
exposed to a high electric voltage. However, using one metal needle is 
one of the biggest problems, especially in the case of the needle clogging 
alongside being cumbersome and slow. Therefore, multi-needle spin
nerets have been invented to overcome the clogging problem, provide to 
produce multiple-chamber nanostructures, and generate sustained 
release medicated nanofibers by using core and sheath solutions (Martin 
et al., 2022; Panić et al., 2022; Partheniadis et al., 2022; Wang et al., 
2023; Wang et al., 2020). 

The concentric spinneret, working fluids, and suitable working 
conditions are very important for the fabrication of core-sheath fibers, 
which is the most popular one among electrospun multiple-chamber 
nanostructures (Jiang et al., 2022). Firstly, a spinneret for producing a 
two-layer nanofiber has been developed by using two different solu
tions. The whole circle of the spinneret was fully charged by these two 
fluids. In this system, two working fluids can not have any connection 

point in the two-parallel metal capillary format however, they can 
contact each other through an enlarged surface area of the capillary 
system. After that, this two-layer nanofiber production method was 
further improved by pumping three working fluids for creating the 
three-layer nanofibers (Liu et al., 2022b). The tri-axial electrospinning 
(tES) is a technique used in the production of small-diameter fibers 
ranging from micron size to 100 nm (Yu et al., 2023). Ceramic, metal, 
polymer, and composite could be used as materials in this production 
technique (Frenot and Chronakis, 2003; Ramakrishna, 2005; Teo and 
Ramakrishna, 2006). The three working fluids in tES exhibit great po
tential to produce core–sheath fibers. In this system, the unspinnable 
solvent can be utilized as an outer working fluid to make easier the 
production of functional fibers compared to traditional single-fluid 
electrospinning (Zhou et al., 2022). Furthermore, this unspinnable sol
vent has a positive influence on the convenience between the two other 
working fluids by decreasing the difficulty of the production of core–
sheath fibers (Liu et al., 2022c). In addition, nanofibers produced from 
polymers create an environment suitable for the targeting of drugs and 
showing the rapid onset of drug effects. Moreover, polymers provide 
drugs to be released as showing controlled, rapid, and sustained release 
properties from nanofibers (Ogueri and Laurencin, 2020; Verma et al., 
2010). Therefore, exhibiting sustained drug release provides reduced 
administration time, keeps a constant blood drug concentration, and 
shows safer therapeutic effects for patients (Liu et al., 2022a). 

The oral administration route is the most suitable and preferred way 
of administration due to the several advantages compared to other 
routes of administration. These advantages are painless and easy 
application, economically cheap, no special training for drug utilization, 
high patient compliance, low immune system response, and maintaining 
drug absorption along the gastrointestinal tract. To take the advantage 
of both oral administration and fiber dosage form, EM was loaded in tri- 
layer nanofibers to be applied by oral route for the treatment of T2DM 
(Shahriar et al., 2019; Verma et al., 2010). 

The denaturation problems of the one-layer fibers are reduced by 
increasing the number of fiber layers and thus, inner layers and their 
components are protected from electric charges during tES. In addition, 
the increased porosity, expanded surface area, and improved cell 
adhesion are provided by using bioactive surface groups. Therefore, 
polycaprolactone (PCL), poly (L-lactic acid) (PLA), and polymethyl 
methacrylate (PMMA), which are FDA-approved and hydrophobic 
polymers, were used in the inner, middle, and outer layers of core-sheath 
fibers, respectively. PMMA is a low-cost thermopolymer and improves 
the mechanical strength of nanotechnological products whereas, PLA 
and PCL are biodegradable, biocompatible, bioabsorbable, hydropho
bic, and synthetic polymers (Aydin et al., 2022; Pandey et al., 2019; 
Rashahmadi et al., 2017). EM-powder degrades quickly in the blood
stream and acidic gastric juice. Therefore, the metabolic instability and 
poor water solubility of EM restrict its practical clinical application. For 
this reason, EM was loaded in PCL in the inner layer. Thus, the 
controlled release of the drug and its protection from the acidic envi
ronment of gastric juice was provided by choosing the hydrophobic 
polymers in the production of core-sheath fiber and loading the drug in 
the inner layer (Alenezi et al., 2019; Ghoroghchian et al., 2006; Hrkach 
et al., 1996; Mishra et al., 2020; Shimko and Nauman, 2007; Sperling 
et al., 2016; Tang et al., 2005; Xie et al., 2022). 

It was aimed to increase the effect of EM on the targeted tissue by 
loading in tri-layer PCL/PLA/PMMA fibers in the present study. Hereby, 
side effects will be reduced and the solubility, pharmacokinetic, and 
pharmacodynamic profiles of the drug will be improved. In addition, the 
characterization tests of the solutions used in the production of fibers; in 
vitro drug release kinetics, degradation and swelling, SEM, DSC, FTIR, 
XRD, tensile, and in vitro cell culture tests of the fibers were performed, 
and in vivo animal studies, biochemical, and histological analysis were 
done to investigate the antidiabetic activity of the fibers. A schematic 
illustration of the study was given in Fig. S1, Supporting Information. 
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2. Materials and methods 

2.1. Materials 

Poly (L-lactic acid) (PLA) 2003D was obtained from Nature Works 
LLC, Minnetonka, MN. Polycaprolactone (PCL, Mw ~ 80,000 g mol− 1), 
polymethyl methacrylate (PMMA, Mw ~ 120,000 g mol− 1), streptozo
tocin (STZ, Mw ~ 265.2 g mol− 1), empagliflozin (EM, Mw = 450.9 g 
mol− 1), chloroform, barbital, acetonitrile, and phosphate buffer saline 
(PBS, pH = 7.4) were purchased from Sigma-Aldrich (Poole, UK). 
Orthophosphoric acid and triethanolamine were kindly provided by 
Dermo Clean Laboratories (Istanbul, Turkey). All these materials were of 
the analytical grade. ELISA kits were purchased from Bioassay Tech
nology Laboratory, Korain Biotech Co., Ltd (Shanghai, China). 

2.2. Preparation and characterization of solutions 

Three different solutions were prepared using PCL, PLA, and PMMA 
polymers to produce tri-layer PCL/PLA/PMMA fibers. PCL was dissolved 
in a mixed solvent (chloroform:methanol, 3:1, v/v) at the concentration 
of 10% (w/v) by stirring using a magnetic stirrer for an hour at room 
temperature. PMMA was mixed for 2 h at 60 ◦C in chloroform at 20% 
(w/v). PLA was dissolved in chloroform at the concentration of 8% (w/ 
v) by stirring at room temperature for an hour. EM at a concentration of 
8.4 mg/ml was added to the PCL core solution for the production of EM- 
loaded PCL/PLA/PMMA nanofibers (EMF). It was stirred at room tem
perature for an hour. Physical parameters such as density, electrical 
conductivity, surface tension, and viscosity were measured for the so
lutions by using the electrical conductivity probe (Cond 3110 SET 1, 
WTW, Germany), standard density bottle (10 ml, Boru Cam Inc., 
Turkey), viscometer (DV-E, Brookfield AMETEK, USA), and force 
tensiometer (Sigma 703D, Attension, Germany), respectively. All the 
measurements were repeated three times at ambient temperature. These 
equipments were calibrated prior to measurements. 

2.3. Preparation and characterization of fibrous mats 

The pure nanofibers and tri-layer EMF were produced at room 
temperature by tES (NS24, Inovenso Co., Turkey) using three concen
trically nested needles. The outer (OD) and inner diameters (ID) of the 
inner, middle, and outer needles were (OD:1.47 mm, ID:1.07 mm), (OD: 
2.13 mm, ID: 1.88 mm), and (OD: 3 mm, ID: 2.87 mm), respectively. 
PCL, PLA, and PMMA were used for the inner, middle, and outer layers, 
respectively. Other components of the equipment included three syringe 
pumps (New Era Pump Systems, Inc., USA), a high-voltage power sup
ply, and a rotating collector wrapped with wax paper, which is 
employed as a collector. Distance ranges, flow rate, and different volt
ages were applied for the production of tri-layer PCL/PLA/PMMA fibers 
and the most suitable parameters were selected for each layer. The 
morphologies and diameters of fibers were analyzed using SEM. Thus, 
the core-sheath fibers which have the best properties were produced. 

2.4. Scanning electron microscopy (SEM) 

Fiber diameters and morphological characteristics of electrospun 
pure fibers and tri-layer EMF were evaluated using scanning electron 
microscopy (SEM) (EVO LS 10, ZEISS, USA). The surfaces of the fiber 
samples were coated with palladium and gold using the sputter coater 
(SC7620, Quorum) to render them electrically conductive for 120 s 
before investigating with SEM. Afterward, 100 fibers for each sample 
were selected to determine the average fiber diameter by using image 
software ImageJ (Brocken Symmetry Software). 

2.5. Focused ion beam-scanning electron microscopy (FIB-SEM) 

The cross-sectional morphologies of the samples were analyzed by a 

focused ion beam-scanning electron microscope (FIB–SEM) using a 
Hitachi ETHOS NX5000. A rough beam (12 nA) was utilized to cut a 
section with a depth of 10 μm and length of 11 μm. After that fine 
etching was performed on the cross-section for analysis using a mid- 
beam (1.5 nA) to cut a length of 10 μm and a depth of 5 μm. The 
applied accelerating voltage to take the cross-sectional SEM images was 
20–30 kV and the working distance was 4 mm. The AFM images were 
obtained on a Bruker Dimension Icon utilizing the ScanAsyst mode. An 
AFM probe (Bruker, Model: TAP525A) providing a resonant frequency 
of 525 kHz and a spring constant of 200 N/m was used. 

2.6. X-Ray powder diffraction (XRD) 

Cu Kα radiation and D / Max-BR diffractometer (RigaKu, Tokyo, 
Japan) were used to analyze the crystal forms and structures of the raw 
materials (PCL, PLA, PMMA, and EM), pure fiber, and tri-layer EMF. 
After that, analyses were performed at 40 mV and 30 mA over 2θ range 
of 5–80◦ at a rate of 2◦/min, and the data obtained using the OriginPro 
7.0 software (OriginLab Corporation, MA, USA) was converted in 
diffractograms. 

2.7. Fourier-transform infrared spectroscopy (FTIR) 

FTIR (Jasco, FT / IR 4700) was used to evaluate the chemical 
structures and contents of pure fibers and tri-layer EMF. It was evaluated 
whether PCL, PLA, PMMA, and EM were loaded successfully in the fi
bers. Measurements were obtained between 500 and 4000 cm− 1 wave
numbers with a resolution of 4 cm− 1 at room temperature. OPUS Viewer 
version 6.5 software was used during the analysis. 

2.8. Tensile tests of fibers 

After the tensile strength of core-sheath fibers was determined at 
room temperature by using an Instron 4411 tensile testing machine and 
then, it was analyzed with Bluehill 2 software (Elancourt, France). It was 
tested by taking three samples from each fiber sample (10 × 50 mm). 
The thickness of the samples was measured using a digital micrometer 
(Mitutoyo MTI Corp., USA). Both ends of each sample were compressed 
by the top and bottom grip and the tensile test was performed on a 5 mm 
min− 1 test speed and 10 mm distance between grips. 

2.9. Differential scanning calorimeter (DSC) 

The thermal properties of the core-sheath fibers were determined 
under a dynamic argon atmosphere (20 ml min− 1) at a heating rate of 
10 ◦C min− 1 between 0 and 200 ◦C by using Perkin Elmer Jade DSC and 
Pyris software (PerkinElmer Inc., Mass., USA). Temperature calibration 
of DSC was performed according to the indium melting point and 
melting enthalpy. 

2.10. Drug encapsulation efficiency 

Encapsulation efficiency (EE) was described as the actual amount of 
drug loaded in fibers / theoretical amounts of the drug in fiber. A 
standard assay procedure was used to define the EM content inside the 
fibers. Briefly, the core-sheath fibers dissolved completely in their 
mixture of solvents, and detection was actualized by UV at 267 nm 
(Padmaja et al., 2018). EMF was weighed (5 mg) and dissolved in 10 ml 
of their solvent mixtures in a volumetric flask. The flask was gently 
mixed for an hour to completely dissolve EM from the core-sheath fibers 
into the solvent mixtures. 1 ml of solution was taken and detected by 
using a UV–visible spectrophotometer at 267 nm (Shimadzu UV-3600, 
Japan). All measurements were repeated in triplicate. 
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2.11. In vitro EM release kinetic assay 

Firstly, EM was prepared in 5 different concentrations (2, 4, 6, 8, and 
10 μg/ml) to construct a linear calibration curve. The analysis was 
performed to investigate the release kinetics of EM from core-sheath 
fibers. EMF was cut into an average weight of 5 mg each and then 
firstly, it was immersed to pH 1.2 (for 2 h), then transfer to pH 6.8 (for 2 
h), and subsequently to pH 7.4. It was held on a rotary shaker that was 
set to 250 rpm and 37 ◦C to evaluate the drug release kinetics for a 
period of 48 h. PBS was removed from each sample at the scheduled 
times (0, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, and 48 h) and 1 ml of fresh PBS 
was added again to continue the release test. UV spectroscopy (Shi
madzu UV-3600, Japan) was used for analyzing the EM releasing profile 
at 267 nm (Javanbakht et al., 2019; Padmaja et al., 2018). 

2.12. In vitro EM release kinetics 

Five different mathematical models were used to simulate the EM 
release kinetics from the core-sheath nanofibers. These kinetic models 
are Korsmeyer-Peppas, zero-order, first-order, Higuchi, and Hixson 
Crowell models (Aguzzi et al., 2010). The equations belonging to the 
drug release kinetic mathematical models are below (Table 1): 

In these equations, Q is the fractional amount of drug release at time 
t; K, K0, K1, Kh, and Khc are the kinetic constants for Korsmeyer-Peppas, 
zero-order, first-order, Higuchi, and Hixson-Crowell models, respec
tively. n is the diffusion exponent which is indicative of the drug release 
mechanism. 

2.13. In vitro degradation test 

The degradation test of nanofibers was performed using conven
tional methods. Briefly, the dried nanofibers were cut into small square 
pieces. Each cut specimen was exactly measured for the initial weight 
(~5 mg). Then, firstly, they were immersed in 1 ml of HCl for 2 h for 
simulating stomach acid, and then, it was continued with PBS (pH 7.4) 
in a 37 ◦C shaking incubator for up to 41 days. The PBS solution was 
changed after each measurement with fresh one. Specimens were 
removed at 1, 4, 8, and 12 h, and on days 5, 9, 13, 17, 21, 24, 29, 33, 37, 
and 41. The water on the surface was gently removed with filter paper 
after the removal of the specimens. Then specimens for each time point 
were weighed and subsequently dried in a vacuum until a constant 
weight was obtained. The degradation of mass loss (%) was calculated as 
follows: 

Degradation test(%) = [(Wb − Wt)/Wb] × 100 

where Wb is the original weight, and Wt is the weight of the degraded 
sample at incubation time (t). 

2.14. In vitro swelling test 

The swelling behavior of nanofibers was evaluated by measuring the 
initial weight of the dry samples and then, nanofibers were immersed in 
PBS (pH 7.4, 37 ◦C) for different periods of time intervals (0.5, 1, 2, 3, 8, 
and 24 h). Three replicates were performed for each sample. Before 
measuring the weight of the swollen samples, the water on the surface 

was gently removed with filter paper after the removal of the samples. 
The swelling ratio was calculated using the following equation: 

Swelling ratio : (Wt − Wb)/Wbx100 

where Wb is the original weight, and Wt is the weight of the swollen 
sample at incubation time (t). 

2.15. Cell proliferation assay (WST) 

To conduct the assay, nanofibers were first cut into circular sheets (5 
mm in diameter) and pre-incubated in 200 µl per sheet of DMEM 
(Thermo, Gibco, Paisley, UK) supplemented with 10 % fetal bovine 
serum (Thermo, Gibco) and %1 Pen-Strep (Thermo, Gibco) for 24 h at 
37 ◦C. This conditioned medium was later used for cytotoxicity assay. 
Human fibroblast cells were seeded in 96-well plates at a density of 1.0 
× 104 cells per well (n = 6) and incubated in DMEM at 37 ◦C in a hu
midified atmosphere of 5 % CO2 for 24 h. The medium was removed 
completely and replaced with 200 µl of conditioned medium. After the 
incubation of cells for 48 h at 37 ◦C in the humidified atmosphere of 5 % 
CO2, cell viabilities were evaluated with quantification of their meta
bolic activity using the WST-1 cell proliferation assay (Roche, Man
nheim, Germany) according to the instructions of the manufacturer. 
Briefly, the medium was replaced with 10 % WST-1 solution in DMEM, 
and the cells were incubated for 2 h at 37 ◦C. The formation of the 
soluble formazan dye can be quantified with the measurement of 
absorbance at 450 nm. The cell viability was expressed as a percentage 
of control cultures (performed in DMEM without the conditioning with 
nanofiber). 

2.16. In vitro cell culture 

The effect of EM on insulin expression was analyzed on rat β-cell line, 
BRIN-BD11. BRIN-BD11 cells were cultured in DMEM/F12 (Gibco, 
Thermo, Paisley, UK) supplemented with 10% FBS (Gibco) and 1% 
penicillin–streptomycin (Gibco) under the standard culture condition at 
37 ◦C in a humidified atmosphere with 5% CO2. After cells reached 
70–80% confluency, cells were passaged by 0.25% trypsin-EDTA 
(Gibco), and reseeded on the new culture dish at a 1:3 ratio. 

The basal medium (DMEM/F12) contains 5.5 mM glucose (low 
glucose medium). To induce insulin secretion by glucose, the basal 
medium was supplemented with D-glucose (high glucose medium) to 
obtain the final glucose concentration of 25 mM. To observe the dif
ference in insulin expression at different glucose concentrations, the 
cells were cultured for 48 h. The effect of pure fibers and EMF were 
compared on the cells cultured in both low and high-glucose media. 

The effect of EM on β-cells was evaluated by the expression analyses 
of insulin (Ins), glucokinase, and glucose transporter (GLUT) proteins. 
Total RNA was extracted by Aurum Total RNA Mini Kit (Bio-Rad, Her
cules, CA) using the protocol supplied by the manufacturer. cDNA was 
generated by iScript cDNA Synthesis Kit (Biorad) using the protocol 
supplied by the manufacturer. The gene expression was evaluated by 
using iTaq Universal SYBR Green Supermix (Biorad) in LightCycler 480- 
II system (Roche). PCR amplification followed a two-step cycling pro
gram: 30 s pre-denaturation at 95 ◦C, 45 cycles at 95 ◦C for 15 s, and 
60 ◦C for 60 s. Cp values were determined by LightCycler 480 Software 
(release 1.5). ActB gene amplification was used as a housekeeping gene 
in the calculations. 

2.17. In vivo test 

All in vivo experiments were approved with the permission of Mar
mara University Animal Experiments Local Ethics Committee (permis
sion number: 77.2019.mar). Adult female and male Sprague Dawley rats 
(225–250 g) at the age of 3–4 months were obtained from Marmara 
University, The Experimental Animal Implementation and Research 
Centre. The rats were placed in a controlled temperature (20 ± 2 ◦C), 

Table 1 
The drug release kinetic mathematical models and their 
equations.  

Kinetics Model Equations 

Korsmeyer-Peppas Q = Ktn 

Zero-order Q = K0t 
First-order In (1 − Q) = − K1t 
Higuchi Q = Kht1/2 

Hixson Crowell Q1/3 = Khct  
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humidity (40–60%), and 12 h dark/light cycle-regulated rooms with 
free access to standard rodent food and tap water. All necessary pre
cautions were taken before the experiment and the factors that could 
negatively affect the parameters were diminished during the study. 

2.17.1. Induction of T2DM 
32 Sprague Dawley rats were fasted for 12 h and then administrated 

with nicotinamide (NA) (100 mg/kg, solved in saline) for once to 
minimize STZ-induced pancreatic β-cell damage. 15 min later, rats were 
injected with STZ (55 mg/kg, solved in 0.1 M citrate buffer, pH = 4.5) to 
induce diabetes 72 h after injection, blood samples were taken from the 
tail vein of rats and high blood glucose levels (BGL) was measured using 
a glucometer (Contour Plus, Bayer Diagnostics). The rats that have BGL 
above 200 mg/dL were considered T2DM. Later on, 8 rats were taken for 
the pharmacokinetic study, and the remaining 24 rats were taken for the 
antidiabetic activity test. All treatments have begun and lasted for 21 
days in the antidiabetic activity test for analyzing the antidiabetic effect 
of EMF with the comparison of EM powder (Badole et al., 2015; Cam 
et al., 2019). 

2.17.2. Pharmacokinetic study 

2.17.2.1. Pharmacokinetic evaluation of EMF. The amount of EM 
released from EMF was determined for 72 h by high performance liquid 
chromatography (HPLC). After EMF (5 mg/kg) and EM-powder (10 mg/ 
kg) intragastric (i.g.) administrations to the rats, 0.5 ml of blood samples 
were collected from the retro-orbital plexus at the scheduled times (0 
and 30 min; 1, 2, 4, 6, 8, 12, 24, 48, and 72 h) to detect the amount of EM 
and measure BGL. The glucose measurement was performed using 
Contour™ TS, Bayer Diagnostics blood glucose meter (Shewamene 
et al., 2015). 

The area under the curve (AUC) for serum EM level was calculated 
using GraphPad Prism 8.0 statistical program. Cmax and tmax were 
determined from AUC. The relative bioavailability (BAR) was calculated. 
BAR of nanofibers after oral administration was calculated using the 
following equation: 

BAR =
AUC(nanofiber) x Dose(powder)

AUC(powder) x Dose(nanofiber)
x100% 

where AUC is the total area under the plasma insulin concentration 
vs. time curve. 

2.17.2.2. Experimental scheme for pharmacokinetic evaluation. There are 
randomly divided into 2 groups for the pharmacokinetic evaluation and 
4 animals in each test group as follows: Powder Group (EM): Diabetic 
rats were given a single dose of 10 mg/kg/day (i.g.) of EM (Michel et al., 
2015). Fiber Group (EMF): Diabetic rats were given a single dose of 5 
mg/kg/day (i.g.) of EMF. 

2.17.2.3. Chromatographic conditions. The liquid chromatographic sys
tem used consisted of an Agilent Technologies 1200 series instrument 
equipped with a quaternary solvent delivery system, Agilent series G- 
13158 photodiode array detector, and G1367B Agilent 1200 Series high- 
performance autosampler. Chromatographic data were collected and 
processed using HP-Vectra VL-DOO DT software. 

The separation was performed at ambient temperature on a reversed- 
phase KROMASIL 100-5C18 column (4.6 mm × 150 mm, 5 µm particle 
size). A Waters Symmetry C18 analytical guard column packed with the 
same sorbent was used. The mobile phase consisted of the acetonitrile: 
triethanolamine phosphate buffer solution (30: 70, pH 3.0) delivered at 
a flow rate of 1.0 ml/min. The injection volume was 50 µl. The analytes 
were monitored using a PDA detector at 230.4 nm. 

Preparation of triethanolamine-phosphate buffer: 1 ml triethanol
amine was dissolved in 1000 ml bidistilled water. The final pH of the 
solution was adjusted to 3.0 with orthophosphoric acid. Stock solutions 

of EM and barbital (internal standard): 1 mg of each was weighed and 
dissolved in 100 ml methanol and preserved at + 4 ◦C. The working 
solutions were freshly prepared by the appropriate dilution of the stock 
solutions with the mobile phase containing 200 ng/ml of barbital in each 
solution as an internal standard with EM in the range of 50–500 ng/ml. 

2.17.2.4. Plasma sample preparation. 200 µl of plasma samples and 200 
µl of barbital solution were taken into the tube. The mixture was vor
texed for 2 min, and 1 ml of tetrahydrofuran was added into the tube. 
Subsequently, the samples were vortexed for 3 min and centrifuged for 
10 min at 10000 rpm. The supernatant was filtered through a 0.2 μm 
syringe filter, and 600 µl of the mobile phase was added and transferred 
into an HPLC vial. 

Calibration curves were constructed from plasma samples spiked 
with 200 ng/ml of barbital solution and EM solutions of 50–500 ng/ml. 

2.17.2.5. Method validation. The validation of the method was carried 
out by performing specificity, linearity, limit of quantification (LOQ), 
precision, accuracy, recovery, and matrix effect experiments. The 
specificity was analyzed by comparing the chromatography of blank rat 
samples with that of the EM-spiked rat plasma samples. 

The linearity was studied using the concentrations of EM in rat 
plasma at 50, 100, 200, 500, 1000, 2000, 5000, and 10000 ng /ml. LOD 
samples were prepared at a concentration of 50 ng/ml. Quality control 
(QC) samples were performed in three respects low, medium, and high 
concentrations (50, 500, and 5000 ng/ml) to evaluate the precision and 
accuracy of the method. 

The recovery of the QC and IS samples were obtained by calculating 
the peak area ratio between the peak areas of extracted analytes and 
those of the reference solutions added to the extracted blank plasma 
samples. The matrix effect was evaluated by comparing the response of 
EM (50, 500, and 5000 ng/ml) and barbital (200 ng/ml) in the rat matrix 
with respect to that in the solvent. 

2.17.3. Antidiabetic activity test 

2.17.3.1. Experimental scheme for antidiabetic activity test. There are 
randomly divided into 4 groups in the antidiabetic activity test and 6 
animals in each test group as follows: Control Group (C): Pure fibers 
were given to healthy rats (in the same size with EMF per day, i.g.). 
Diabetes Group (DM): Pure fibers were given to diabetic rats (in the 
same size with EMF per day, i.g.). Fiber Treatment Group (DM + EMF): 
Diabetic rats were given EMF (5 mg/kg/day, i.g.). Powder Treatment 
Group (DM + EM): Diabetic rats were given EM-powder (10 mg/kg/day, 
i.g) (Michel et al., 2015). 

EM was dissolved in saline and given to rats in the DM + EM group 
(10 mg/kg/day in 5 ml/kg). Pure fibers were given to the C and DM 
groups in the same size as drug-loaded fibers. EM-powder and EMF were 
given to rats using stainless steel gavage needles. EM concentration was 
2 times higher in the DM + EM group (10 mg/kg) compared to the DM +
EMF group (5 mg/kg). The antidiabetic efficiency of EMF, which 
released EM in a sustained manner for up to 24 h (97% of all EM) ac
cording to in vitro drug release test, was compared with EM-powder, 
which was the currently used form of EM in the treatment of T2DM. 
All these treatments were given for 21 days. A schematic illustration of 
the in vivo study was given in Fig. S2, Supporting Information. 

2.17.3.2. Determination of body weight and BGL. Body weight and BGL 
of all groups were measured weekly and blood samples were collected 
from the tail vein for monitoring BGL using a glucometer. 

2.17.3.3. Oral glucose tolerance test (OGTT). OGTT is a commonly used 
clinical test to diagnose glucose intolerance and T2DM. After 12 h of 
fasting, treatments were applied and 30 min later, a single dose of 2 g/kg 
glucose was given by oral gavage. Glucose concentrations were 
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monitored in the blood taken from the tail vein at 0, 30, 60, and 120 min 
following the glucose injection (Cam et al., 2017). 

2.17.3.4. Insulin tolerance test (ITT). After 12 h of fasting, treatments 
were administered and insulin was injected into rats (1 U/kg, i.p.). BGLs 
from blood samples taken from the tail vein were measured using a 
glucometer at 0, 30, 60, 90, 120, 150, and 180 min following the insulin 
injection (Boland et al., 2019). 

2.18. Biochemical analysis 

Pancreas, liver, kidney, and intestinal tissue samples were collected 
after decapitation. After the rat tissues were homogenized, biochemical 
analyzes were performed using ELISA kits from Bioassay Technology 
Laboratory, Korain Biotech Co., Ltd (Shanghai, China). All procedures 
were made in compliance with the instructions of the manufacturer. 

2.19. Histological analysis 

To examine the light microscopic analysis, the liver, pancreas, and 
kidney tissues obtained were quickly washed with saline and fixed for 
72 h in 10% neutral buffered formalin after the experimental animals 
were sacrificed. Tissues were then dehydrated by passing through 
increasing alcohol series (70%, 90%, 96%, and 100%), cleared in xylene 
for 2x10 min, and embedded in paraffin. Hematoxylin and Eosin (H&E) 
staining was applied to perform the morphological evaluation on sec
tions taken from paraffin blocks about 4 μm thick, then, sections were 
examined by light microscopy (LEICA DM 1000) and photographed. 

2.20. Immunohistochemistry analysis 

Immunohistochemistry for insulin in pancreas tissues was performed 
as follows: The sections were deparaffinized followed by rehydration in 
a graded series of alcohols, and then immersed in 3% H2O2 to suppress 
endogenous peroxidase activity, and microwaved in 10 mM sodium 
citrate (pH 6.0) for 20 min for antigen retrieval. Then, avidin and biotin 
were applied to eliminate endogenous biotin-related background 
staining. The sections were then incubated with primary antibody (anti- 
insulin (ab181547)) or PBS (negative control) at 4 ◦C overnight and 
incubated, respectively, with a biotinylated secondary antibody and 
HRP-conjugated streptavidin (ABCAM, ab236466) for 15 min at room 
temperature. The slides were washed and the chromogen was developed 
for 5 min with liquid 3,30-diaminobenzidine (DAB) before observation. 
Contrasting staining with hematoxylin was performed. The expression of 
both primary antibodies was photographed under light microscopy. 

2.21. Statistical analysis 

SEM results are presented as mean ± standard deviation. The in
teractions between different groups in cell culture and animal tests were 
studied using analysis of variance (ANOVA) with a 95% confidence in
terval and Tukey’s post hoc test. The results were expressed as mean ±
standard error of the mean, and values of p greater than 0.05 were not 
considered significantly different, whereas values of p < 0.05 were 
considered significant. Data analysis was performed using GraphPad 
Prism 8.0 software (GraphPad, San Diego, CA, USA). 

3. Results 

3.1. Physical properties of solutions 

Different solutions were prepared for the production of EMF and 
pure core-sheath fiber. The distance, voltage, and flow rate are among 
the key factors that change the diameter, homogeneity, and structure of 
the core-sheath fibers produced using tES. The solution properties are 

affected by viscosity, density, surface tension, and electrical conduc
tivity (Alfares et al., 2021; Ibrahim et al., 2019). PCL (10% w/v), PLA 
(8% w/v), and PMMA (20% w/v) were prepared for the production of 
tri-layer fibers and EM was loaded in the PCL layer. After the addition of 
EM in the PCL solution, density increased from 1.30 g/ml to 1.32 g/ml 
and the surface tension decreased from 24.2 mN/m to 22.5 mN/m. The 
viscosity increased from 4030 mPas to 5980 mPas, while the electrical 
conductivity decreased from 3.3 µS/cm to 1.5 µS/cm. The density, sur
face tension, electrical conductivity, and viscosity of PLA are 1.44 g/ml, 
26.50 mN/m, 2 µS/cm, and 290 mPas, respectively. The density of 
PMMA is 1.435 g/ml, and the surface tension and the viscosity are 35.2 
mN/m and 3944 mPas, respectively. Electrical conductivity could not be 
measured for PMMA. The core-sheath fiber diameter increased after 
loading of EM in core-sheath fibers. The viscosity, surface tension, and 
density increased while the electrical conductivity decreased in the PCL 
solution by adding EM (Fig. S3, Supporting Information). 

3.2. Morphological characterization of fibers 

The tri-layer nanofibers were consisted of PCL (10%, w/v), PLA (8%, 
w/v), and PMMA (20% w/v) from the inner to the outer layer, respec
tively, and EM was loaded in the PCL layer. The fibers were produced by 
tES using three concentrically nested needles. After the addition of EM in 
fibers, the diameter of fibers increased from 773.1 ± 195.5 to 961.0 ±
443.2 nm. 

The distance, voltage, and flow rate parameters were changed to 
produce the core-sheath fibers. The flow rate for the PCL layer was 
applied between 0.1 and 0.8 ml/h during the production of pure fibers. 
It was tried between 0.8 and 1.5 ml/h for PLA and PMMA layers. On the 
other hand, the distance was tested between 12 and 18 cm, and the 
voltage was applied between 12 and 25 kV for all three layers. The most 
suitable pure fiber production was obtained at the flow rate of 0.1 ml/h 
for PCL, 1.2 ml/h for PLA, and 1.2 ml/h for PMMA. The applied voltage 
and working distance for pure fibers were 20 kV and 15 cm, respectively. 
After loading EM in the PCL layer, the distance remained constant, while 
the voltage increased to 25 kV. The flow rate was determined as 0.1 ml/ 
h, 1.3 ml/h, and 3.5 ml/h for PCL, PLA, and PMMA, respectively. Thus, 
fiber production without beads in suitable diameters and morphological 
structures was successfully carried out in these parameters (Fig. 1a-b). 

The internal structure of tri-layer EMF was examined using FIB-SEM. 
Fig. 1c demonstrated the SEM images of a cross-section obtained by 
cutting via FIB. Following the FIB section, it can clearly be seen that the 
fibers were successfully produced and demonstrated three distinct layers 
by the thickness of 85, 95, and 770 nm from outer to inner, respectively. 
Each layer is labeled accordingly in Fig. 1c and d. 

3.3. X-Ray powder diffraction (XRD) 

XRD results show that three peaks at 2θ = 21.4◦, 22.0◦, and 23.5◦

demonstrate the semi-crystalline nature of PCL (Fig. S4a, Supporting 
Information) (Abdelrazek et al., 2016; Liu et al., 2018). Pure PMMA 
exhibits four different amorphous peaks at 2θ = 15.0◦, 22.49◦, 30.0◦, 
and 41.41◦ (Fig. S4b, Supporting Information) (Abdelrazek et al., 2016; 
Devikala et al., 2016). Major peaks at 2θ = 14.52◦, 18.6v4◦, 20.18◦, and 
25.0◦ demonstrate the crystal nature of EM (Fig. S4c, Supporting In
formation) (Niguram et al., 2020). Pure PLA shows a semi-crystalline 
nature and gives characteristic peaks at 2θ = 12.5◦, 14.7◦, 16.6◦, 
19.1◦, and 22.3◦ (Fig. S4d, Supporting Information) (Chew et al., 2013; 
Kaczmarek et al., 2013). According to XRD results, it was shown that 
PCL, PMMA, and PLA polymers were practically loaded in all fiber 
samples (Fig. S4e, Supporting Information). Different peaks were 
observed in EM-loaded core-sheath fiber compared to pure core-sheath 
fiber due to the crystal structure of EM. Thus, it was proved that EM was 
successfully loaded in fibers (Fig. S4f, Supporting Information). 
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3.4. Fourier-transform infrared spectroscopy (FTIR) 

The molecular structures of pure PCL, PMMA, PLA, EM, pure fiber, 
and EMF were shown in Fig. S5, Supporting Information. The band of C 
= O stretching vibration of PLA was detected at 1745 cm− 1. Bending 
vibrations of CH2 for PLA are observed in the range of 1300–1500 cm− 1 

and the bands of C-O-C stretching vibrations and backbone vibration 

with CH3 rocking mode were observed at 1181 cm− 1 and 866 cm− 1, 
respectively (Pamuła et al., 2001). The C = O stretching band for 
carbonyl group of PCL were located around 1727 cm− 1 while the sym
metrical and asymmetrical stretching bands of CH2 were observed at 
2943 cm− 1 and 2864 cm− 1, respectively. The stretching bands of C–C 
and C-O groups were obtained at 1294 cm− 1 and 1167 cm− 1, respec
tively (Khatiwala et al., 2008). In the spectra of pure PMMA, the 

Fig. 1. SEM images and fiber diameter distributions of pure and EM-loaded fibers produced by using tES: (a) Pure fibers, (b) EM-loaded fibers. In all diameter 
distributions, and (c, d, and e) FIB-SEM image of EM-loaded fibers, n = 100. 
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characteristic C–H asymmetric and symmetrical stretching bands were 
detected at 2978 cm− 1 and 2877 cm− 1, respectively, and the C–H vi
bration bands at 1387 cm− 1 and 1456 cm− 1 were also observed. C-O-C 
band due to ether moiety was also seen at 1025 cm− 1. Furthermore, the 
band of C = O groups for pure PMMA was observed at 1730 cm− 1 (Khan 
et al., 2008). In the spectra of EM, OH-free stretching bands, OH-bonded 
stretching bands, C–H stretching bands, aromatic C = C bands, and C-O- 
C deformation bands were seen at 3977–3815 cm− 1, 3479 cm− 1, 2874 
cm− 1, 1616–1504 cm− 1, 997–775 cm− 1, respectively (Bhole and Tam
boli, 2018). In the IR spectrum of pure and EM-loaded core-sheath fiber, 
the bands at 2944. cm− 1, 2865 cm− 1, and 1722 cm− 1 were attributed to 
pure PCL while the band at 1365 cm− 1 was attributed to PLA. The bands 
appertaining to PMMA were seen at 1434 cm− 1 and 1394 cm− 1. The 
bands at 1294 cm− 1 and 1159 cm− 1 belonging to PCL were also 
observed. Additionally, the characteristic bands for EM were observed at 
2980 cm− 1, 1720.19, and 1066 in only EMF’s IR spectrum. Thus, this 
revealed that EM was loaded successfully. 

3.5. Tensile test of fibers 

Tensile strength, strain at break, and stress–strain curve of samples 
were given in Fig. 2a-c. It was determined that pure fiber has greater 
tensile strength than EMF. Tensile strength decreased from 195.5 ± 26 
kPa to 84.2 ± 21 kPa after loading the drug in pure fibers. Furthermore, 
it was observed similar outputs in the results of strain at break. In 
addition, after loading EM in pure fibers, fiber diameters increased and it 
was observed that the tensile strength and strain at break decreased. 

3.6. Differential scanning calorimetry (DSC) 

In Fig. 2, the DSC curves of fibers were examined between 0 and 
200 ◦C. Fig. 2d shows the DSC curve of pure fiber. Apparently, the glass 
transition temperature (Tg) of PLA is seen around 60 ◦C, and the melting 
temperature (Tm) of PCL is also observed at the same temperature as the 
Tg value of PLA. For this reason, it is hidden under the PCL endotherm 
(Kelnar et al., 2016). On the other hand, the Tm value of PLA was ob
tained between 150 and 180 ◦C whereas, the Tg of PCL is noticed at 
approximately − 61.5 ◦C (Aydin et al., 2022; Wachirahuttapong et al., 
2016). Therefore, it could not be evaluated in the current working range. 
PMMA shows no melting steps and crystallization because of its fully 
amorphous structure (Mangin et al., 2020). 

The Tm value of EM is exhibited at around 152 ◦C (Niguram et al., 
2020). Therefore, the pure fiber exhibited Tg and Tm endothermic peaks 
at 64.6 ◦C and 155.3 ◦C in Fig. 2d. The working temperature ranges 
between Tg and Tm slightly decreased to 61.5 ◦C and 151.7 ◦C after 
loading EM. In the case of comparing EMF and pure fibers, the reason for 
this drop in Tg and Tm temperatures may be due to the physical or 
chemical interactions between EM and polymers or the crystal structure 
of EM. 

3.7. In vitro drug release 

In vitro drug release kinetic assays for tri-layer EMF were done and 
examined at five different release kinetic models. In the beginning, five 
different concentrations of EM between 2 and 10 μg/mL were prepared 
at and measured by UV spectra (Fig. 3A-a). The linear standard cali
bration curve was constructed from EM absorption values (R2 = 0.9693) 
obtained for the quantitative determination of drug release (Fig. 3A-b). 
The released EM was detected by UV at 267 nm. Moreover, the EE of EM 
loaded in tri-layer fibers was calculated by 89.3 ± 4.5% (Fig. 3A-c). 
Afterward, in vitro drug release test was performed to investigate the 
releasing profile of encapsulated EM in core-sheath fiber in PBS by 
mimicking the pH of the simulated gastric fluid (pH 1.2, at 37 ◦C), the 
first zone of intestinal fluid (pH 6.8, at 37 ◦C), and the second intestinal 
zone fluid and plasma (pH 7.4, at 37 ◦C) for 48 h. 

It is seen in Fig. 3A-d, all of the EMF demonstrated a burst drug 

release by releasing 42.8% in the first 30 min. Furthermore, 97% of all 
drug contained in fibers was released in a controlled manner in 24 h 
compared with the first 30 min. In pharmacokinetic evaluation, EM- 
powder lost its blood glucose lowering effect in 24 h while EMF 
showed longer blood glucose lowering effect by its sustained release 
profiles for 48 h. Consequently, EMF exhibited a longer release time, 
better protection against drug release at low pH, and a controlled release 
in the alkali conditions due to its strong degradation mechanism caused 
by the hydrophobic character and tri-layer structure of PCL/PLA/PMMA 
nanofiber (Javanbakht et al., 2019). 

3.8. In vitro drug release kinetics 

The different release kinetic models are the Korsmeyer-Peppas, zero- 
order, first-order, Higuchi, and Hixson-Crowell were used to evaluate 
the release kinetic of EM from core-sheath nanofibers (Table 2). The 
results showed that EM with higher R2 values (0.8637) was released 
from core-sheath nanofibers according to the Hixson-Crowell release 
model (Fig. 3B). Hixson–Crowell model is described as a system in which 
the surface changes by time and the cube root of the released amount of 
the encapsulated drug are linearly related to time (Aydin et al., 2022; 
Jahromi et al., 2020). 

Furthermore, the values of n that corresponds to different transport 
mechanisms were used to characterize the Korsmeyer–Peppas release 
model. The range of n values was exhibited in Table 3. The range of n 
value was found between 0.45 < n < 0.89 in this study. Thus, it was 
shown that EM was released from nanofibers through the Non-Fickian 
transport mechanism. 

3.9. In vitro degradation test 

In this study, PLA, PCL, and PMMA polymers were used in the pro
duction of nanofibers due to their biodegradable properties. Therefore, 
their features make polymer metabolizations easier in medical appli
cations used in the human body (Dong et al., 2009). Fragmentation and 
hydroxylation of high molecular weight chains of PCL perform with/ 
without enzyme in the degradation mechanism of PCL (Meng et al., 
2010). In addition, the degradation process of PLA and PMMA is due to 
the hydrolysis of the functional group of ester and thermal degradation, 
respectively (Ferriol et al., 2003; Zong et al., 2003). On the other hand, 
nanofibers that have thinner diameters degrade faster due to larger 
surface area (Shao et al., 2011). Therefore, pure nanofibers exhibited 
faster degradation than EMF in the study. The degradation test for pure 
fibers and EMF lasted for 6 weeks. 37.8% and 34.5% of pure nanofibers 
and EMF degraded at the end of the 41 days, respectively. In addition, 
the movement of EM, which is a water-soluble drug, from nanofibers 
was restricted by hydrophobic polymers used in the production of 
nanofibers. In that case, sustained release of EM could have resulted 
from the degradation mechanism (Liu et al., 2016). The mass loss 
evaluation of the nanofibers during their degradation process was 
shown in Fig. 4a. 

3.10. In vitro swelling test 

The swelling behavior is an important parameter for the character
ization of nanofibers. The swelling ratio of nanofibers is highly depen
dent on surface area contact with water molecules, porosity, and the 
average diameters of nanofibers (Xu et al., 2016). Moreover, the pres
ence of hydroxyl groups in the chemical structure of components of 
nanofiber makes water molecules easily penetrate into nanofiber 
(Entekhabi et al., 2016). In addition, the rate of swelling behavior also 
affects the drug release behavior of nanofibers (Lee and Fu, 2003). In 
this study, pure tri-layer nanofibers have quite low water absorption 
values due to their hydrophobic structure. The swelling ratios of the 
pure nanofibers and EMF were found as 496.6% and 839.2%, respec
tively. The reasons for the higher swelling ratio belonging to EMF 
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Fig. 2. Tensile properties of fibers: (a) Tensile strength, (b) strain at break, (c) stress–strain curve. DSC results of fibers: (d) Pure PCL/PLA/PMMA fiber and (e) EM- 
loaded PCL/PLA/PMMA fiber. 
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Fig. 3. A. In vitro drug release profile of EM-loaded 
PCL/PLA/PMMA fiber: (a) Absorption spectra of EM 
at different concentrations, (b) EM calibration 
curve, (c) Encapsulation efficiency of EMF, and (d) 
EM release profiles within 48 h. All the measure
ments were repeated three times and the errors were 
less than 5%. B. The release kinetic models of EM 
from PCL/PLA/PMMA core-sheath nanofibers: (a) 
Korsmeyer-Peppas, (b) zero-order, (c) first-order, 
(d) Higuchi, and (e) Hixson-Crowell models.   
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compared to pure nanofibers are hydroxyl groups of EM and increased 
fiber diameters. The swelling ratios increased by 6 and 9 times compared 
to their initial weights of pure nanofibers and EMF, respectively, were 
shown in Fig. 4b. 

3.11. Cell proliferation assay (WST) 

Pure nanofibers and EMF were analyzed to determine whether they 
have any cytotoxic effect on human fibroblast cells. After 48 h of culture, 
the number of living cells was measured by spectrophotometer and the 
cell viability of fibroblast cells in the medium that has pure fiber (101.8 
± 5.0 %) has shown no significant difference compared to the control 
culture. On the other hand, the cell viability of culture that has EMF 
reduced to approximately 93.4% compared with control cells but there 
is no significant difference between the groups (Fig. 5a). 

3.12. Cell culture 

The effects of pure nanofiber and EMF were analyzed on rat 
pancreatic β-cell lines (BRIN-BD11). Pure nanofiber does not affect the 
expression of insulin or the glucose sensor proteins (glucokinase and 
GLUT-2). At high glucose concentrations, BRIN-BD11 cells expressed 
glucose transporter-2 (GLUT-2) and glucokinase proteins 2.0-fold and 
2.4-fold higher than cells cultured at low glucose concentrations, 
respectively. The induction of expression of these two proteins provides 
to increase in pancreatic β-cells, Ins1, and Ins2, by 2.1- and 1.6-fold in 
high glucose medium. The effect of EM on rat pancreatic β-cells was 
found that it is significant. In the low glucose media that has EMF, GLUT- 
2 and glucokinase expressions were increased by 2.3- and 3.0-fold 
compared with control cultures. In the same culture, the expressions 

of Ins1 and Ins2 were induced by 2.1- and 1.7-fold, respectively, without 
the effect of the high glucose concentration. At the 25 mM glucose 
concentration, cells cultured with EMF demonstrated a 2.7- and 4.4-fold 
increase in the expression of GLUT-2 and glucokinase, respectively. In 
parallel to the expression of these two proteins, the expression of Ins1 
and Ins2 was further induced by 4.6- and 2.7-fold under the effects of 
EMF and high glucose media compared with the cells cultured in the low 
glucose media without EM or fiber (Fig. 5b-c). 

3.13. Pharmacokinetic evaluation 

The calibration curve of EM evaluated the equation y 105941.x (R2 

0.9957) with high linearity throughout the concentration range of 
50–500 ng/ml. The retention time for barbital and EM were recorded at 
the range of 2.94 and 9.95 min, respectively. 

The relative standard deviation (RSD) of the intra-day and inter-day 
precision was less than 2%. The recovery of EM at 50, 500, and 5000 ng/ 
ml concentrations ranged from 95%, 98%, and 102%, respectively and 
the RSD of each concentration was less than 2%. The matrix effect of EM 
at 50, 500, and 5000 ng/ml concentrations ranged and the internal 
standard was 93%, 95%, and 98% respectively. In conclusion, the 
method was accurate and applicable for determining the concentration 
of EM in rat plasma. 

The plasma EM concentration–time profiles, reduction of initial 
glucose levels vs. time, and the pharmacokinetics parameters were 
shown in Fig. 6a, 6b, and Table 4, respectively. 

In the EM group, the BGL was reduced for 4 h till 40.5 ± 4.0 % of its 
initial BGL and then started to increase. The decrease returned to 61.3 ±
4.9 % after 24 h and reached its beginning level in 48 h. As expected, 
EM-powder lost its blood glucose-lowering effect in 24 h. On the other 
hand, a longer blood glucose lowering period was achieved with EMF 
and BGL decreased to 35.9 ± 3.9 % of its initial level in 6 h and then 
started increasing to 40.2 ± 4.1 % in 24 h. After 48 h, BGL increased to 
58.3 ± 5.4 % of its initial BGL and this phenomenon revealed that a 
sustained release was achieved with EMF for 48 h. The blood glucose 
lowering effect disappeared after 48 h and EM could not be detected in 
blood samples of the EMF group. The same situation occurred in 24 h for 
the rats treated by EM-powder. The release time was longer with the 
EMF group due to the strong hydrophobic character and tri-layer 

Fig. 4. (a) In vitro degradation test of pure and EM-loaded PCL/PLA/PMMA nanofibers and (b) in vitro swelling behavior of samples in different time intervals. The 
tests were performed by taking three samples from each nanofiber. Data represent the mean ± standard error of the mean (n = 3). 

Table 2 
Results of drug release kinetic models for all nanofibers. EM: Empagliflozin released from EM-loaded PCL/PLA/PMMA nanofibers.   

Korsmeyer-Peppas Zero-Order First-Order Higuchi Hixson-Crowell 

Sample R2 n R2 K0 R2 K1 R2 Kh R2 Khc 

EMF 0.3236 0.6180 0.3350 1.1575 0.8494 − 0.0372 0.6173 11.5740 0.8637 0.0103  

Table 3 
Transport mechanism types according to the ranges of n value.  

The ranges of n values Transport Mechanisms 

0.45 ≤ n Fickian diffusion mechanism 
0.45 < n < 0.89 Non-Fickian transport 
n = 0.89 Case II (relaxational) transport 
n > 0.89 Super case II transport  
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Fig. 5. (a) WST-1 assay of cell viability and (b-c) the expression 
of insulin, glucokinase, and glucose transporter-2 (GLUT-2) 
proteins in rat β-cell line, BRIN-BD11. Cells were cultured in the 
medium with 5.5 mM glucose, pure fiber, EM-loaded fiber, and 
without fibers. Insulin expression was stimulated by high 
glucose (25 mM) medium. The expression levels were presented 
as fold-expression compared with the control cultures. ActB was 
used as the housekeeping gene. Data represent the mean ±
standard error of the mean (n = 3). Significance differences 
were found at *** p < 0.001, ** p < 0.01, * p < 0.05 between 
groups. HG: High glucose.   
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structure of PCL/PLA/PMMA nanofiber. It was proved that EMF in a half 
dosage compared to EM-powder demonstrated higher bioavailability 
and EMF can be used in the antidiabetic activity test in the half dosage of 
EM-powder. 

The EM group revealed a higher Cmax (449 ng/mL) and tmax (2 h) 
than the EMF group, which has a Cmax at 337 ng/mL and tmax at 1 h. 
There is a rapid increase in the amount of EM in the EM group in 2 h 
(43% of the total amount) and then, there is a sharp decrease after 6 h. It 
decreased from 341 to 136 ng/mL from the 6th h till the 8th h. In 
contrast, although there is a rapid increase in 1 h (32% of the total 
amount) in the EMF group, the amount of EM gradually decreased in the 
blood samples of the EMF group. EM could not be detected in the EM 
group after 12 h. Nevertheless, the amounts of EM were detected as 103 
and 82 ng/mL after 24 and 48 h, respectively. As a result, 4% of the total 
amount was released between 24 and 48 h and this result was matched 
with the in vitro drug release test in which 3% of the total amount was 
released in this period. The AUC levels and BAR belonging to the EMF 
group were ~ 2.5-fold (6.9 ± 0.8 vs. 2.8 ± 0.3 μg/mL) and ~ 4.8-fold 
(476 ± 33 vs. 100%) higher compared with the EM group, respectively. 

3.14. Antidiabetic activity test 

3.14.0.1. Body weight 
Animals of the same weight range (225–250 g) were used in the 

experiment. The body weight of the DM group decreased by almost 7% 
in 3 weeks as a result of muscle wasting and catabolism of tissue pro
teins, which are the characteristic features of T2DM and causing body 
weight loss in diabetic rats. Oral administration of EM-powder provided 
the body weight of the rats to be maintained for 3 weeks. However, EMF 
provided the body weight not to be changed for 2 weeks but 6% body 
weight loss was observed between 2 and 3 weeks. As a result, the body 
weight of the DM group slightly decreased compared with the group C 
on week 3 (p < 0.05) (Fig. 7a). Except for that, there is no significant 

difference between groups for 3 weeks. 

3.14.1. Blood glucose levels. Fig. 7b demonstrates the alterations in BGL 
of the rats in all groups for 3 weeks. The BGL of group C was almost 90 
mg/dl for 3 weeks and it is within the normal glycemic range for rats. 
When the rats were divided into 3 groups after inducing T2DM, it is 
clearly seen that there is no significant difference between them. As 
expected, group C has the lowest BGL in the beginning (89.7 ± 3.7 mg/ 
dl). In the first week, the BGL of the DM group increased to 425.5 ± 14.2 
mg/dl. However, the BGLs of the DM + EM and DM + EMF groups 
significantly decreased (p < 0.001) to 122.2 ± 7.2 and 129.2 ± 13.7 
mg/dl in a week. In the second week, the BGLs of group DM + EM were 
kept constant but they continued to decrease in group DM + EMF (100.3 
± 3.4 mg/dl). Before the decapitation of rats, the BGLs were measured as 
94.0 ± 3.9 mg/dl, 427.0 ± 9.0, 99.8 ± 4.6, and 75.5 ± 6.0 mg/dl for 
groups C, DM, DM + EM, and DM + EMF. As a result, EM treatments in 
powder and fiber form provided a strong blood glucose-lowering effect 
but EM-loaded core-sheath fibers supplied similar effects in the half- 
dosage of EM-powder. 

3.14.2. Oral glucose tolerance test (OGTT). To compare the effect of EM- 
powder and EM-loaded core-sheath fiber on glucose tolerance, OGTT 
was applied to rats after 12 h fasting (Fig. 7c). As the usual process in 
OGTT, treatments were carried out in all groups and a single dose of 
glucose (2 g/kg, b.w.) was applied 30 min later. The time that glucose 
was given to rats has been accepted as time 0 and BGLs were started to 
be measured for 120 min. The slope of the curve of BGL was significantly 
higher in the diabetic rats than in treated and healthy rats during the 
first 30 min but an important increase in BGL in this time range was 
observed and it is verifying the induction of hyperglycemia. The effect of 
both EM-powder and EMF started on time 0 but EMF prevented the 
increase of BGL stronger than EM-powder as it is clearly seen from the 
slope of the curves between 0 and 30 min. In addition, it was shown in 
the in vitro drug release study that 42.8% of all the drug core-sheath fiber 
contained released within the first 30 min. It can be the reason for fiber 
preventing the increase of BGL more potent than the powder form. The 
BGL of the healthy and diabetic rats continued to increase by between 30 
and 60 min by 21.8% and 26.7%, respectively. Group DM + EM 
demonstrated a slight increase by 3.7% and the only treatment that 
showed a slight decrease in BGL by 30 min was EMF. The BGL of the 
group DM + EMF continued to decrease in a similar trend and reached 
95.0 ± 6.3 mg/dl, which is lower than its beginning BGL (106.3 ± 15.3 
mg/dl). Groups C and DM + EM showed similar trends between 60 and 
120 min. It can be interpreted that treatment groups and healthy rats 
tolerated BGL very well but the group DM + EMF showed better and 

Fig. 6. (a) Plasma EM levels vs. time profiles and (b) BGL of the EM and EMF groups in STZ/NA-induced type 2 diabetic rats. Each group (n = 4) represents mean ±
standard error of the mean. (EM: EM-powder given group, EMF: Empagliflozin-loaded three-layer fiber given group, and BGL: Blood glucose levels). 

Table 4 
Pharmacokinetic parameters of EMF in type 2 diabetic rats.   

EM-powder EMF 

Dose (mg/kg) 10 5 
Cmax (ng/mL) 449 337 
Tmax (h) 2 1 
AUC (μg/mL) 2.8 ± 0.3 6.9 ± 0.8 
BAR (%) 100.0 476 ± 33 

Maximum plasma concentration (Cmax), the time to maximum concentration 
(Tmax), the area under the curve (AUC), and bioavailability (BAR %). 
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faster glucose tolerance than the group DM + EM. 

3.14.3. Insulin tolerance test (ITT). To evaluate the insulin sensitivity of 
all groups, 1 U/ kg (i.p.) insulin was applied to rats after 12 h of fasting, 
and BGL was measured just before the injection and 30, 60, 90, 120, 150, 
and 180 min after the injection. Ideal insulin tolerance was observed in 
group C and BGL was completely tolerated in 180 min. The BGL of group 
C was 102.7 ± 3.8 mg/dl in the beginning and significantly decreased 
for 60 min, and then it was well tolerated and reached 109.5 ± 3.6 mg/ 
dl in 180 min. Whereas, the BGL of the group DM was not tolerated and 
it decreased from 140.3 ± 10.6 to 51.0 ± 4.1 mg/dl in 180 min. It is 
clearly seen from the slope of the curve belonging to the groups DM +
EMF and DM + EMF, the BGL of these groups decreased for 120 min and 
their BGL was similar in 120 min. Later on, their BGL started to increase 
but the group DM + EMF (100.7 ± 4.3 mg/dl) tolerated it better and 
faster than the group DM + EM (63.3 ± 13.5 mg/dl) in 180 min 
(Fig. 7d). 

3.15. Biochemical analysis 

According to the results of biochemical analysis, the glucagon-like 
peptide 1 (GLP-1) levels decreased to 384.0 ± 12.2 and 293.5 ± 7.6 
ng/g in pancreas and ileum of the group DM compared to the group C 
(628.5 ± 12.3 and 453.0 ± 22.2 ng/g, respectively). In the both tissues 
for GLP-1, significant increases were observed in the EMF and EM 
treatment groups (p < 0.001 and p < 0.01, respectively) compared to the 
group DM (Fig. 8a). GLUT-2 levels increased from 19.5 ± 1.5 ng/g to 
25.3 ± 0.9 ng/g in the ileums of the group DM. In contrast, GLUT-2 
levels decreased from 11.3 ± 0.7 to 7.3 ± 0.3 in the group DM 
compared to the group C. It was seen that GLUT-2 levels were improved 
with EMF and EM treatments (13.1 ± 0.8 and 11.9 ± 0.7 ng/g; 17.9 ±

0.4 and 18.7 ± 0.4 ng/g in the pancreas and ileum, respectively) 
(Fig. 8b). 

The peroxisome proliferator-activated receptors gamma (PPAR-γ) 
levels in the EMF treatment group were almost the same as those of the C 
group (7.1 ± 0.2 ng/g) in pancreas while this level was 10.7 ± 0.5 ng/g 
in the EM treatment group. There is no significant difference between 
groups in the level of PPAR-γ in the ileum (Fig. 8c). On the other hand, a 
significant increase (p < 0.001) was obtained in the sodium-glucose 
cotransporters-2 (SGLT-2) levels of DM group compared with the C 
group, while a decrease (p < 0.001) was seen in the EMF treatment 
group compared with the DM group. Furthermore, the levels of SGLT-2 
belonging to the EMF treatment group in the pancreas and kidney (9.0 
± 0.4 and 10.1 ± 0.6 ng/g, respectively) were lower than in those of the 
EM treatment group (12.0 ± 0.4 and 14.8 ± 0.5 ng/g, respectively) 
(Fig. 8d). 

The insulin levels of group C were 6.1 ± 0.1 mIU/g and 14.3 ± 0.3 
mIU/L in the pancreas and serum, respectively. In the pancreas, the 
insulin level of the EMF treatment group (6.2 ± 0.2 mIU/g) was similar 
to the group C and also, the amount of insulin in the EMF (13.4 ± 0.3 
mIU/L) group almost reached those of the group C in serum. EMF 
treatment succeeded to recover insulin to the condition of healthy rats. 
(Fig. 8e). The level of tumor necrosis factor-alpha (TNF-α) was found to 
be increased in the pancreas of the group DM (193.7 ± 14.9 ng/g), EMF 
(149.0 ± 3.4 ng/g), and EM treatment groups (158.8 ± 2.9 ng/g) 
compared to the group C (123.30 ± 2.8 ng/g). It was also observed that 
there was a significant decrease (p < 0.01) in the EMF treatment group 
compared to the group DM. There was no significant difference between 
the EMF and EM treatment groups. Our results showed that EMF 
recovered inflammation in the body (Fig. 8f). 

Fig. 7. (a) Body weight and (b) BGL of rats in a period of 3 weeks, (c) oral glucose tolerance test, and (d) insulin tolerance test in rats. Each group (n = 6) represents 
the mean ± standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001 in comparison with diabetes group. (C: Control group, DM: Diabetes group, DM + EMF: 
Empagliflozin-loaded three-layer fiber treatment group, DM + EM: Empagliflozin-powder treatment group, and BGL: Blood glucose levels). 
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3.16. Islet β-cell morphology and structural changes 

Cellular damage was observed in the liver, pancreas, and kidney 
tissues of diabetic animals compared with the C group. In the DM group, 
liver morphology was characterized by severe activation of Kupffer cells, 
degenerated hepatocytes, and growth of sinusoids. The treatment with 
EM-powder and EMF provided the regeneration of the liver parenchyma 
in diabetic rats. Degeneration in the endocrine area and apoptosis/ne
crosis together with hypertrophy around the acine were observed in 
pancreatic injury. The pancreatic morphology of diabetic rats that were 

treated with EM-powder and EMF was found to be the same as the C 
group. In kidney morphology, there was degeneration in glomeruli and 
tubules (both proximal and distal) characterized by tubule enlargement 
and basement membrane separation. Kidney morphologies of the groups 
DM + EM and DM + EMF exhibited an almost regular appearance of 
glomeruli and tubules. Tissue reorganization was observed more 
prominently in the renal parenchyma of the group DM + EMF compared 
to the group DM + EM (Fig. 9a). 

The pancreatic tissue was stained immunocytochemically, using an 
antibody to insulin, and the number of positively stained cells decreased, 

Fig. 8. Effects of EMF and EM-powder (EM) treatments on biochemical parameters in the pancreas, ileum, kidney, and serum. a) GLP-1, b) GLUT-2, c) PPAR-γ, d) 
SGLT-2, e) Insulin, and f) TNF-α levels. Each group (n = 6) represents the mean ± standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001 in comparison 
with each other. (C: Control group, DM: Diabetes group, DM + EMF: Empagliflozin-loaded three-layer fiber treatment group, DM + EM: Empagliflozin-powder 
treatment group). 
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hence, insulin staining was decreased in the DM group compared with 
the C group. It demonstrates that pancreatic β-cells were damaged after 
the establishment of the animal model (Fig. 9b). An intense insulin 
staining was detected in the C group, however, this intensity was 
decreased in the DM group. With EM and EMF treatments, the intensity 
in the islets was improved similar to the C group and it is showing that 
treatments were successful in protecting pancreatic β-cells. 

4. Discussion 

SGLT-2 inhibitors show their effect by decreasing the reabsorption of 
glucose from the kidneys and increasing the excretion of urine glucose 
(Nauck, 2014). One of the advantages of SGLT-2 inhibitors is their 
original mechanism of action independent of insulin. Nevertheless, it is 
expected that SGLT-2 inhibitors increase glycosuria due to their func
tions as osmotic diuretics. The improved glucose control and arterial 
blood pressure, and reduced body weight by using SGLT-2 inhibitors 
provide positive effects on cardiovascular risk factors. SGLT-2 inhibitors 
can be used as a monotherapy in diet-treated patients or in combination 
with another glucose-lowering agent due to their low drug-drug in
teractions (Fioretto et al., 2016; Scheen, 2015). Therefore, EM, which is 
one of the most selective SGLT-2 inhibitors, was chosen due to its many 

advantages mentioned above. 
Oral administration is the most preferable drug administration route 

among all routes due to its features such as easy-to-apply, high patient 
compliance, low immune system response, no special training for drug 
utilization, and being painless and economical. Besides these advan
tages, it is expected to encounter also some disadvantages such as the 
effects of gastric pH, enzymatic degradation, physiological obstacles, 
first-pass effect, and late-onset of action in case of using this drug 
administration route. 

Nanofibers have several different advantages such as having small 
size and high surface area, reducing the frequency of dosage and 
toxicity, increasing bioavailability, overcoming pharmacokinetic and 
pharmacodynamic limitations, controlling the drug release, and 
improving the efficiency of drug delivery system (Ghosh et al., 2019; 
Kermanizadeh et al., 2018; Kesharwani et al., 2018). Therefore, hy
drophobic polymers were used to provide the controlled release of the 
drug. The release time of EM was prolonged by increasing the number of 
layers, hence the frequency of drug dosage was reduced and the body 
was protected against undesirable effects. Furthermore, EM was pro
tected from the high electrical field and denaturation during the fiber 
production process of tES by loading in the inner layer of produced PCL/ 
PLA/PMMA tri-layer nanofiber. Besides, the pharmacological properties 

Fig. 9. (a) Representative photomicrographs of the liver, pancreas, and kidney tissue in experimental rat groups. Group C: Regular parenchyma morphology of liver, 
pancreas, and kidney (A1, B1, C1, respectively); Group DM; Increased active Kuppfer cells (arrowhead), dense hemorrhage (black arrow), sinusoidal separations 
(Asterix), and inflammatory cell infiltration between hepatocytes were observed in the liver tissue (A2). In the pancreatic tissue, degeneration in the endocrine area 
(arrowhead) and dense apoptotic cells (arrow) together with hypertrophy in the acinar cells (Asterisk) were observed (B2). Tubular enlargement (asterisk) and 
basement membrane separation (arrow) were seen in the kidney tissue (C2). Groups DM + EM and DM + EMF: Partly active Kuppfer cells (arrowhead) and mild 
sinusoidal separations (Asterisk) were observed in the liver of both treatment groups (A3,4). In both applications of empagliflozin in pancreatic tissue, a fairly regular 
acin periphery and endocrine regeneration were observed (B3,4). Similar morphology to the control was observed in the kidney tissue (C3,4). Hematoxylin & Eosin 
staining; scale bar: 100 μm; insert: 50 μm. (b) Immunohistochemical staining for insulin-positive cells (brown color) in the pancreatic islets of rats in the experimental 
groups. Scale bar: 100 μm. (C: Control group, DM: Diabetes group, DM + EM: Empagliflozin-powder treatment group, and DM + EMF: Empagliflozin-loaded three- 
layer fiber treatment group). 
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of EM were protected from the acidic environment of the stomach and 
degradation in the gastrointestinal system by loading in nanofiber. Also, 
it provides the controlled and sustained release of the drug, thus 
reducing the frequency of drug dosage, improving patient compliance, 
and increasing the bioavailability of the drug compared to the EM 
powder form. Furthermore, the drug release test demonstrated that 97% 
of empagliflozin was released in 24 h. If we make only two-layer it 
would be released faster and we need to repeat the dose for the second 
time in 24 h, but our target is giving the drug once daily. Consequently, 
having more layers provides excellent protection, an extended half-life, 
and increased degradation time according to the results from pharma
cokinetic and degradation tests (Ghoroghchian et al., 2006; Ghosh et al., 
2019; Hrkach et al., 1996; Kermanizadeh et al., 2018; Shimko and 
Nauman, 2007; Sperling et al., 2016; Tang et al., 2005). 

In this study, all combinations of the tES parameters were tested to 
determine the optimized parameters by SEM with regard to the 
morphological structure and diameters of the core-sheath fibers. It was 
proven that all polymers and EM were successfully loaded in core-sheath 
nanofibers according to the results of FTIR and XRD tests. On the other 
hand, fiber diameters were found to be increased after loading EM in 
core-sheath fibers. Meanwhile, tensile strength and strain at break 
declined with the addition of EM in fibers. According to the stress–strain 
curve, the structure of pure fiber was stronger and more flexible than 
EMF. It was found compatible with the literature that tensile strength 
decreased with the increase of fiber diameter (Cam et al., 2021; Huang 
and Young, 2019; Nair et al., 2001; Wong et al., 2008). In addition, a 
decrease in the Tm and Tg values was observed after EM loading in the 
DSC test (Alenezi et al., 2019; Wong et al., 2008). The reason for this 
decrease is thought to be due to physical or chemical interactions be
tween EM and polymers or the crystal structure of EM. On the other 
hand, the nanofibers that have thinner diameters degrade faster due to 
larger surface area (Shao et al., 2011). In addition, an increase in 
swelling ratios by the addition of EM in nanofibers was observed due to 
the hydroxyl groups of EM and increased fiber diameters (Entekhabi 
et al., 2016). 

According to the results of the drug release test, it was seen that 97% 
of all drug contained in fibers was released in a controlled manner at the 
end of 24 h as intended, while 42.78% of this release was performed as 
to be a burst release in the first 30 min. There is no negative influence of 
the crystal state of EM on drug release. In addition, EM was loaded in the 
fibers successfully with a very high EE value. Although half of the EM- 
powder treatment dosage used for rats was loaded in the fibers, the re
sults of animal tests proved that fiber treatment is more successful than 
the powder form, which is the currently used dosage form for EM. Thus, 
it was tried to create a new treatment strategy that has better anti- 
diabetic effects and fewer side effects using core-sheath nanofibers. 

The cell viability maintained at the same as equal as the group C 
since the fiber materials have no effects on cells negatively. On the other 
hand, the cells cultured on EMF showed moderate loss of cell viability 
after 48 h, nevertheless, the percentage of the cell viability was above 
the threshold value of 70%. According to ISO 10993–5, the test item is 
considered to be non-cytotoxic if the percentage of viability is equal to or 
greater than 70% of the group C (ISO 2009). Therefore, the produced 
new nanotechnological product could be considered to be well-suited 
due to their effects on cell viability for clinical application. 

The use of EMF in the cell culture substantially improved the β-cell 
function due to its EM content (Al Jobori et al., 2018). Both GLUT-2 and 
pancreatic isoform of glucokinase was shown to be a part of the pe
ripheral glucose-sensing mechanism in β-cells for the detection of the 
increased BGL that are an obstacle to maintaining a proper homeostasis 
(Uranga et al., 2017). The expression of GLUT-2 and glucokinase pro
teins was considerably increased after the EMF treatment and the 
expression of insulin was improved by these fibers. The ratio of insulin 
expression at high glucose levels compared to low glucose levels 
remained unchanged during the treatment with EM. The expression 
levels of GLUT-2 and glucokinase increased by more than 2 times due to 

the induction effect of EM, also, this situation might be led to an increase 
in the expressed level of insulin in the β-cells. 

In the studies using hydrophobic polymers such as PLA, PCL, and 
PMMA, bioavailability has been improved (Nie et al., 2020). In a study, 
bioavailability has been increased 3.6-fold in a micelle formulation 
prepared with PLA in rats (Mu et al., 2010). A significant increase in the 
oral bioavailability has been found for didehydroandrographolide- 
loaded PCL nanoparticles, which was 10.8-fold higher than the free 
DDA and demonstrated a slow and sustained drug release from the 
polymer matrix in STZ/NA-induced diabetic rats (Nagalakshmi, K., 
Sujatha, S., Alwin, D., 2017). In the current study, the bioavailability 
was improved by ~ 4.8-fold by loading EM to tri-layer PCL/PLA/PMMA 
fibers compared to EM-powder. In order to improve EM bioavailability 
by producing a tri-layer nanofiber is an unprecedented and promotive 
treatment approach according to the results of the pharmacokinetic test 
applied on rats. 

It is known that muscle loss and catabolism of tissue proteins cause 
the decrease in body weight seen in the T2DM group (Cam et al., 2017; 
Kheiripour et al., 2019). In previous studies, EM treatment has been 
reported to reduce weight gain in rats even in the case of there being 
more food intake compared to untreated rats (Assaly et al., 2018). Also, 
fluid loss due to the osmotic diuresis effect of EM may contribute to a 
faster weight reduction by the beginning of treatment. It is thought that 
EM treatment slightly decreased muscle loss and catabolism of tissue 
proteins caused by STZ/NA, and urinary glucose excretion caused by 
weight loss. In our study, there was no difference between the EM and 
EMF treatment groups in the change of body weight. 

In addition, the high BGL seen in diabetes was decreased by using the 
EM and EMF treatments. There is no difference in BGLs between the EM 
and EMF treatment groups. It has been shown in previous studies that 
BGL was successfully reduced in rats with EM treatments administered 
at a dose of 10 mg/kg (Steven et al., 2017). In our study, the same 
success was achieved with 5 mg/kg of EMF. The reason for the decrease 
in BGL is due to the fact that EM provides glucose excretion with urinary 
excretion (Frampton, 2018). Furthermore, in all groups, a decrease in 
BGL was observed initially due to the effects of insulin in ITT. The 
decrease in both the EM and EMF treatment groups continued up to 120 
min, and after 120 min, the glucose level increased sharply according to 
the results of ITT. It can be seen that EMF tolerated BGL more success
fully than EM treatment. 

According to the OGTT, the results of the EM and EMF groups were 
found similar to the results of the T2DM group, only EMF treatment 
seemed to be more successful in decreasing glucose compared to EM 
treatment at 90th min measurement. Successful blood glucose-lowering 
effect in the treatment groups shows that EM enhances the delayed in
sulin response seen in diabetes, inhibits glucose reabsorption in the 
kidney to control glucose levels without hypoglycaemic side effects, 
provides weight loss, and therefore increases the usability of glucose by 
cells (Cam et al., 2017; Park et al., 2019). These effects of EM are 
thought to be due to increased insulin sensitivity, reversing glucotox
icity, and normalizing glucose homeostasis in T2DM, apart from the 
main mechanism of action (Cheng et al., 2016). 

In this study, the level of GLP-1, GLUT-2, PPAR-γ, SGLT-2, insulin, 
and TNF-α were evaluated in different tissues for the determination of 
their effects on glucose metabolism in the human body. Thus, the GLP-1 
receptor agonist prevents T2DM since provides lowered body weight 
and hyperglycemia (Moritoh et al., 2010; Tornehave et al., 2008; Xu 
et al., 2006). In our study, the EMF treatment group provided an in
crease in GLP-1 in diabetic rats. GLUT-2 provides higher glucose to 
transfer into β-cells and the reduction of GLUT-2 levels has resulted in 
the onset of DM (Amalan et al., 2016; Arya et al., 2012). The GLUT-2 
levels were increased in the pancreas and reduced in the ileum by 
EMF treatment in this study. In addition, PPAR-γ has effects on glucose 
and lipid metabolism as a regulator and it is also contributed to the 
improvement of response to T2DM and insulin resistance by these effects 
(Fiévet et al., 2006; PAHEL et al., 2004). In our study, PPAR-γ and 
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insulin levels of the C group were almost the same as those of the EMF 
treatment group. On the other hand, SGLT-2 has a crucial role in glucose 
reabsorption from the proximal tubules of the kidney. The excretion of 
glucose in the urine is increased in the treatment of T2DM by using 
SGLT-2 inhibitors (Grempler et al., 2012; Kojima et al., 2015). TNF-α, 
which is a proinflammatory cytokine, has significant regulatory func
tions in carbohydrate and protein metabolism, and insulin resistance 
(Pedersen et al., 2003; Stewart et al., 2001). As a result of this study, 
SGLT-2 and TNF-α levels in the DM group increased while a significant 
decrease in these parameters was observed in the EMF treatment group. 
Thus, it was proven that the EMF treatment group has anti-diabetic ef
fects in this study. 

In diabetes condition, severe activation of Kupffer cells, degenerated 
hepatocytes, and growth of sinusoids in the liver; degeneration in the 
endocrine area and apoptosis/necrosis together with hypertrophy 
around the acine in the pancreas; and degeneration in glomeruli and 
tubules (both proximal and distal) characterized by tubule enlargement 
and basement membrane separation in the kidney are observed (Miller 
and Zachary, 2017). The cellular damage in the liver, pancreas, and 
kidney tissues was improved with EM and EMF treatments. 

Chronic increase in BGL (i.e., glucotoxicity) impairs β-cell function. 
In contrast, it was proved in both in vitro and in vivo studies that reducing 
BGL improves insulin secretion (Al Jobori et al., 2018). SGLT-2 in
hibitors such as dapagliflozin and EM reduce or normalize BGL and 
improve β-cell function in preclinical studies of diabetic animal models 
(Ferrannini et al., 2014; Merovci et al., 2015). In a study conducted by 
Cheng et al., it has been indicated that β-cell area/total pancreatic area 
and Ki-67 (co-stained with insulin) expression, which is a cell prolifer
ation marker, were significantly increased with EM treatment according 
to the immunohistochemical analysis (Cheng et al., 2016). In another 
study, it has been shown that EM protected diabetic pancreatic cells by 
inhibiting the activation of the nucleotide-binding oligomerization 
domain-like receptor protein 3/caspase-1/ Gasdermin D pathway in 
pancreatic β cells according to the results of in vitro and in vivo studies 
(Liu et al., 2021). In the immunohistochemical assessment of the insulin 
content in pancreatic β-cells of the current study, although there is a 
decrease in the intensity of type 2 diabetic islets in rats, the number of 
positively stained cells was increased with EM and EMF treatments. 

Consequently, as a result of all these completed tests, it was proved 
that half of the EM-powder dosage used for rats was successfully loaded 
in tri-layer PCL/PLA/PMMA fibers. It was also shown that EMF with its 
serious advantages effectively treated T2DM by the oral route. 

5. Conclusion 

Oral tri-layer EM-loaded PCL/PLA/PMMA fibers were successfully 
produced by using tES for the treatment of T2DM. The anti-diabetic 
effects of these core-sheath fibers were compared with EM-powder 
dosage form by in vivo animal and in vitro cell culture tests. Tensile 
strength, Tm, and Tg values decreased by adding EM in fiber. The 97% of 
all drug contained in fibers was released in a controlled manner at the 
end of 24 h as intended. Thus, the frequency of dosage was reduced due 
to the sustained release of EM. The cell viability in the rat β-cell line 
(BRIN-BD11) was maintained by both EMF and pure fibers. The ex
pressions of glucokinase and GLUT-2 that are relevant for the glucose- 
sensing mechanism increased due to the effect of EM. The induction of 
expression for these proteins provided to increase in the expression of 
Ins1 and Ins2. The bioavailability was enhanced ~4.8-fold with the EMF 
treatment compared to EM-powder and BGL was controlled for 48 h 
with EMF. Furthermore, oral EMF demonstrated better sustainable anti- 
diabetic activity even in the half dosage than EM-powder dosage form by 
providing a significant decrease in body weight and BGL, improvements 
in glucose tolerance, and insulin sensitivity of STZ/NA-induced T2DM 
rats. While the levels of GLP-1, PPAR-γ, and insulin increased, the levels 
of SGLT-2, GLUT-2, and TNF-α decreased in comparison with the DM 
group after EMF treatment. On the other hand, it was proven that the 

observed cellular damages in the liver, pancreas, and kidney tissues of 
diabetic animals were improved with EMF treatment according to the 
histological analysis. Furthermore, in immunohistochemical analysis, 
pancreatic β-cells were protected and an intense insulin staining was 
observed with EMF treatment. Consequently, oral administration of tri- 
layer EMF, which is a promising approach as a new treatment strategy, 
has a high potential for the treatment of T2DM according to the detailed 
investigations. 
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