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Abstract
In tissue engineering (TE) and regenerative medicine, the accessibility of engineered scaffolds that modulate 
inflammatory states is extremely necessary. The aim of the current work was to assess the efficacy of metformin 
(MET) incorporated in PLGA/Collagen nanofibers (Met-PLGA/Col NFs) to modulate RAW264.7 macrophage 
phenotype from pro-inflammatory status (M1) to anti-inflammatory status (M2). Given this, MET-PLGA/Col NFs 
were fabricated using an electrospinning technique. Structural characterization such as morphology, chemical 
and mechanical properties, and drug discharge pattern were assessed. MTT assay test exposed that MET-PLGA/
Col NFs remarkably had increased cell survival in comparison with pure PLGA/Collagen NFs and control (p < 0.05) 
72 h after incubation. Based on the qPCR assay, a reduction in the expression of iNOS-2 and SOCS3 was found in 
the cells seeded on MET-PLGA/Col NFs, demonstrating the substantial modulation of the M1 phenotype to the 
M2 phenotype. Moreover, it was determined a main decrease in the pro-inflammatory cytokines and mediator’s 
expression but the growth factors amount related to anti-inflammatory M2 were meaningfully upregulated. Finally, 
MET-PLGA/Col NFs possibly will ensure a beneficial potential for effective variation of the macrophage response 
from an inflammatory phase (M1) to a pro-regenerative (M2) phase.
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Introduction
The most common wounds in the world, after surgical 
incisions and slight abrasions, are diabetic, venous ulcers, 
and pressure sores [1]. While surgical incisions and lacer-
ations are classified as a critical wounds that heal quickly, 
wounds with little sequelae are chronic wounds that do 
not heal and demand effective treatments [2]. Recently, 
there have been 4.5, 9.7, and 10 million cases of pressure 
ulcers, venous ulcers, and diabetic ulcers, respectively 
[1]. Regrettably, the soaring incidence of chronic, non-
recovery wounds is outpacing the development of new, 
effective treatments [2]. Macrophages are highly elastic 
and adaptive cells that may be maintained in a variety of 
pro-inflammatory phenotype (M1) or anti-inflammatory 
phenotype (M2) as a result of environmental signals [3]. 
Numerous studies have shown that macrophages serve 
multiple roles as regulators of wound healing, and that 
they play several functions to guarantee adequate heal-
ing [2]. It is widely known that the phenotype of macro-
phages changes as wound healing progresses [4]. After 
an injury, pro-inflammatory macrophages, also known as 
“M1” macrophages, invade the site to clear it of germs, 
foreign debris, and dead cells [5]. To ensure successful 
microbial eradication, these macrophages secrete inflam-
matory cytokines including IL-6, IL-1β, and TNFα, as 
well as increase the production of reactive oxygen and 
nitrogen species and increase the expression levels of 
MHC I/II, CD80, and CD86 [6]. In acute wounds, the 
general population of macrophages changes to a popu-
lation with anti-inflammatory effects (called M2 mac-
rophages), as well as the proliferation and migration of 
endothelial cells, keratinocytes and fibroblasts to repair 
the vasculature, epidermis, and dermis in that order, 
when the tissue begins to repair [5]. Anti-inflammatory 
cytokines such TGF-β, IL-4, and IL-10 are abundant in 
M2 macrophages [5]. The anti-inflammatory and regen-
erative abilities of M2 macrophages are also associated 
with the enhanced effect of Arg 1 and the mediated sur-
face expression of the macrophage mannose receptor 
(MMR) [7]. Macrophages also play a critical function in 
vascularization, assisting in the stability and fusing of 
newly formed blood vessels by placing themselves near 
them [8]. Therefore, regulating the phenotypic switch of 
macrophages from an inflammation (M1) to proliferative 
process (M2) at specific interval may offer a principal via-
ble technique in regenerative medicine [9].

Several natural and synthetic drugs have been found 
to control the inflammatory pathway from M1 to M2 
[10]. Recently, several studies have effectively demon-
strated that the inflammatory pathway may be switched 
from an inflammatory pathway to an anti-inflammatory 
pathway by the pharmacological application of sev-
eral natural analogues [11]. MET is a synthetic guani-
dine derivative derived from Galega officinalis extracts 

[12–14]. Although, MET is one of the blood sugar-
lowering drugs often prescribed for people with type 
2 diabetes, little research has been done on its effect on 
wound healing [15]. MET suppressed the generation of 
pro-inflammatory cytokines, prevented oxidative dam-
age, and directed macrophage polarization in vivo and 
in vitro, according to new findings [16]. Medicinal nano-
encapsulation is gaining traction as a viable option for 
reducing drug adverse effects while achieving controlled 
release and site-specific delivery [17, 18]. MET-loaded 
nanocarriers have been rationally engineered in recent 
years to increase their therapeutic effectiveness in anti-
inflammatory, weight-loss, and neuroprotection [19].

Polymers have long been touted as the most alterna-
tive for encapsulating a wide range of molecules, such as 
pharmaceuticals. In addition, they are biocompatible and 
biodegradable, as well as release desired load through 
several mechanisms, including temperature, pH, conju-
gation, and surface modification [20, 21]. Polylactic-co-
glycolic acid (PLGA) is a copolymer synthesised from 
glycolic acid and lactic acid used for controlled drug 
delivery of small molecules approved by the Food and 
Drug. Administration (FDA) [22]. It is now widely used 
in biomedical engineering, mainly for the controlled 
release of drugs, bone materials and surgical suture mate-
rials for eye surgery [23]. PLGA can easily be formed into 
designed shapes with relatively high mechanical strength, 
but their hydrophobic surface is not favorable for cell 
seeding [24]. Collagen is the main structural protein in 
the extracellular matrix and collagen fibers are capable of 
accelerating wound healing process [25, 26]. Since Colla-
gen is highly hydrophilic, it can improve the interaction 
of cells with the scaffold. Also, it has the ability to trigger 
biological signals to support cell adhesion and prolifera-
tion [27]. In current years, blends of collagen with other 
polymers have been investigated for development of new 
materials. Such materials may show improved character-
istics required in the biomedical field and cosmetic prep-
arations [28].

Incorporated of MET in polymeric nanofibers can give 
a prolonged release and greater effectiveness at lower 
doses. Furthermore, adverse effects can be controlled by 
using a lower dose form [29]. So far, several approaches 
have been discovered to generate fibers, such as electro-
spinning, that involves attractive/repulsive forces to form 
fiber polymeric structures of different sizes [30]. Elec-
trospinning is easy and useful process for modifying and 
regulating the shape, diameter, and surface characteris-
tics of fibers [31, 32].

Herein, we hypothesized that combining MET, a natu-
ral immunomodulatory drug, with polymeric nanofibers 
might provide a unique platform to deliver MET sustain-
ably to repair infected and diabetic wound. As a result, 
we incorporated MET into PLGA-Col NFs and tested 
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their ability to shift macrophage functional polarity 
toward anti-inflammatory M2 phenotypes. Furthermore, 
morphological assessment, chemical and physical com-
position, drug release behaviors, and in-vitro cytotoxic-
ity assessment of NFs were studied. An overview of our 
work is shown in Fig. 1.

Materials and methods
Polylactic-co-glycolic acid (PLGA) (PLA, Mw ~ 160,000 g/
mol), Metformin hydrochloride (Merck, ≥ 99.9%), 
Dimethyl sulphoxide (DMSO), MTT powder (3(4, 
5-dimethyl thiazol-2-yl) 2, 5-diphenyl-tetrazolium bro-
mide), Collagen type I, and 1,1,1,3,3,3-hexafluoro-2-pro-
panol (HFIP) were purchased from Sigma–Aldrich (Saint 
Louis, MO, USA). Fetal bovine serum (FBS), Dulbecco’s 
Modified Eagle’s Medium (DMEM), pen-strep, trypsin 
EDTA, and TRIZol reagent were obtained from Gibco 
(Invitrogen, Carlsbad, CA).

Methods
PLGA-Col NFs fabrication
PLGA and collagen with a ratio of PLGA: Col 4:1 were dis 
solved in HFIP as common solvent (20% w/v). The reac-
tion was then followed under magnetic stirring condition 
at room temperature for 16  h. Also, the resultant was 
irradiated in an ultrasonic bath for another 2 h to remove 
air particles that were formed during the fusion process. 
Finally, the polymer solution was then injected into a 
high-voltage electrostatic spinner machine in a plas-
tic syringe (2.5 mL, 500  mm, TL-01, Shenzhen, China). 

With a mixture input rate of 1.2  ml/h, the electrospin-
ning method was performed under a high voltage power 
source of 15  kV. A rotating ground cylinder measuring 
20 × 15 cm was employed 12 cm from the needle to col-
lect the electrospun membranes. Aligned parallel fibers 
were stacked at a rotation speed of 1000 revolutions per 
minute (RPM), while random fibers were stacked at 10 
rpm [33]. The PLGA/Col NFs obtained from electros-
pinning were dried in a vacuum-drying oven for 48 h to 
remove the residual organic solvent.

Fabrication of MET-loaded PLGA/Col NFs
To synthesize MET-loaded PLGA/Col, an appropriate 
amount of MET (5, 10 and 15 wt %) with respect to the 
PLGA/Col content was added to PLGA and Col solution 
with a weight ratio of 80:20 (wt:wt%) and stirred magnet-
ically overnight at 25  °C. The electrospinning condition 
to generate electrospun nanofibers was optimized as fol-
lowed: voltage in the range of 20 kV, collecting distance of 
18 cm, a flow rate of 0.3 mL.h-1, and ambient conditions 
of 40 °C. The mats were dried in a vacuum dryer for 48 h 
in a vacuum-drying oven to remove the residual solvent, 
and this sample was applied for further characterizations.

Evaluation of drug loading percentage
The drug-loaded NFs membranes were cut into a square 
sample of 5 × 5 cm, and the mass was precisely calculated 
and dissolved DMSO of 5 mL. After complete dissolu-
tion, 0.5 mL was taken and diluted to 10 mL. The amount 
of the MET was detected at 280  nm with an UV–Vis 

Fig. 1  Schematic illustration of the present study
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spectrophotometer, in which the concentration was 
obtained using a standard curve from known concentra-
tions of MET solutions.

Characterization of MET-loaded PLGA/Col NFs
Scanning electron microscopy analysis  The pore mor-
phology, size, distribution, and interconnectivity of the 
electrospun NFs was characterized using field emission 
scanning electron microscopy (FE-SEM) (MIRA3 TES-
CAN, Czech) at 25 kV. The average diameter and the dis-
tribution of the NFs were determined from the FE-SEM 
photographs using image analysis software (Image J, 
National Institutes of Health, Bethesda, VA).

Fourier-transform infrared (FTIR) analysis  To identify 
the structural information and chemical analysis of sam-
ples was determined by Bruker Tensor 270 spectrometer 
spectroscopy over a range of 4000–400 cm− 1 [34, 35].

Mechanical properties  The mechanical properties of 
the electrospun fibrous membranes were determined 
using a material testing machine (Shimadzu; Kyoto 
Japan). The tensile specimens were prepared by fixing the 
nanofiber on a stretching fixture, which the gage length L 
was 15 mm and the crosshead speed was 5 mm/min. All 
samples were prepared in the form of a rectangular shape 
with dimensions of width × length = 4 mm × 20 mm from 
the electrospun fibrous membranes [36].

Drug release study
MET was released from PLGA/Col NFs at 37 °C. In a cen-
trifuge tube (15 mL), PBS (pH 7.4, 10 ml) was included to 
an electrospun PLGA/Col fibrous film (area: 3 cm2) that 
had been combined with MET. At predetermined time 
points, 3 mL of the buffer was replaced with by another 
3 mL of fresh PBS (pH 7.4) to maintain a constant vol-
ume. Utilizing UV-Vis spectrophotometry (PerkinElmer 
Fremont, CA), [37] the absorption at 280 nm was tested 
to assess the consistency of MET in the release solution. 
Then, it was calculated how much MET was released as a 
function of time. The measures were all done three times.

Isolation and purification of C57BL/6 mouse macrophages
All of the in vivo trials were approved using the Guide-
line for the Care and Use of Laboratory (The Ministry of 
Health and Medical Education of Iran) adjusted accord-
ing to the National Research Council’s Guide for the 
Care and Use of Laboratory Animals (IR.TBZMED.VCR.
REC.1400.071) [38]. Mice of the C57BL/6 strain, aged 
6–8 weeks, were bought from the Pasteur Institute’s Ani-
mal Breeding Facility Centre (ABFC) in Karaj, Iran. Tib-
ias and Femurs were taken out in bilaterally to acquire 
bone marrow-derived macrophages (BMDMs), and 

marrow core were washed utilizing DMEM containing 
FBS. Then, mice were euthanized with 100 µL of a 10:1 
mixture of ketamine (100  mg/mL; Ketaset, Fort Dodge, 
Fort Dodge, IA) and xylazine (100 mg/mL; Anased, Lloyd 
Laboratories, Shenandoah, IA) delivered either retro-
orbitally or by injection into the lateral tail vein. After a 
medium wash, cells were cultured in DMEM enriched 
with FBS (10%), 1% penicillin/streptomycin, and 10 ng/
ml recombinant mouse CSF (PEPROTECH #315 02). M 
CSF induces a macrophage phenotype in bone marrow 
cells (7–10 days). According to F4/80 immunohistochem-
ical staining, macrophages were present in 99 ± 0.8% of 
cells. After digestion, cells were resuspended in macro-
phage medium.

Cell viability assay
Phosphate buffered saline (PBS) was used to wash the 
samples three times. Then, BMDMs were exposed for 
one week with fibers containing MET at various con-
centrations. The prepared samples were then incubated 
using CCK-8 reagent (Biotim, China) at a proportion of 
1:10 (CCK 8: medium). Cells were kept at 37 °C for 2 h. A 
100 mL aliquot was then added to a 96-well plate and the 
absorbance was read utilizing an ELISA reader at 450 nm 
(Multiskan MK3, Thermo Scientific, USA).

Gene expression analysis
By monitoring changes in the gene expression marker of 
M1 (iNOS2) and M2 (Arg1) expression, and inflamma-
tory mediators such as IL-1β, IL 6 and TNF-α in BMDMs, 
it was possible to assess the extent of well-being. MET-
loaded PLGA/Col NFs functioned in vitro to regulate 
the polarization of macrophages from pro-inflammatory 
to anti-inflammatory subtype and their M2 phenotype 
properties. By seeding macrophages induced with LPS 
on electrospun NFs (1 cm2) in 24-well plates, Real Time 
PCR test was evaluated. After 72 h, RNA was separated 
using of the TRIzol reagent based on the manufacturer’s 
instructions. quantity and quality of RNA were measured 
by the NanoDrop spectrophotometer (ND-2000, Thermo 
Fisher Scientific, Waltham, MA). In addition, the isolated 
RNA integrity was evaluated by gel electrophoresis (1.5% 
agarose gel) containing GelRedTM (Biotium, Inc., Hay-
ward, CA). Based on the manufacturer’s recommenda-
tion SYBR Premix EX Taq II for Qpcr, the PrimeScript 
kit (Takara, Dalian, China) was applied to generate cDNA 
from total RNA (500 ng). Then, the test was carried out 
utilizing a combination of primers, SYBR Premix EX 
Taq II, cDNA, and deionized water. A reaction cycle at 
95 °C for 5 min was followed by 38 cycles of decomposi-
tion (96 °C for 12 s), heating (54 °C for 30 s), and exten-
sion (74  °C for 18  s). Lastly, melting curve analysis was 
performed at 65–95  °C using the amplicon as a result, 
β-actin gene as a homemaking gene was utilized in qPCR 
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to measure gene expression level using the ΔΔCt method. 
For each sample, three replicates were performed.

Cytokine release from cells
Production of cytokines was measured from prompted 
macrophage seeded (106) on electrospun NFs (1 cm2 / 
24 well). 2 hours later, the supernatant was collected to 
perform an ELISA test to quantify the levels of M2 phe-
notype-related growth factors bFGF, VEGF, and TGF-β1, 
also pro-inflammatory cytokines comprising IL-6, IL-1β 
and TNF-α. All ELISA kits have been bought from eBio-
science Affymetrix Company.

Statistical analysis
Three independent experiments were performed for each 
trial. The outcomes were stated using mean and standard 
deviation. All statistical analysis was carried out with 
GraphPad Prism (version 6.01). A two-way ANOVA test 
was applied to compare the results. (Statistical impor-
tance is shown by P < 0.05).

Results and discussion
NFs characterization
The electrospinning-fabricated fiber membrane has high 
porosity, hole interconnectivity, and specific surface 
for cell adhesion [39, 40]. The capacity of electrospun 
fibers to resemble the extracellular matrix (ECM) helps 
to reduce wound progress by increasing hemostasis and 
wound secretions absorption [41]. Electrospun nanofi-
bers (NFs) have been discovered that have wide applica-
tions in wound healing filtration [42], protective clothing 
[43], drug delivery [44], and medicinal fields [45] such 
as scaffolding for tissue engineering [46]. Biodegradable 
materials have been broadly used in medical treatment 
due to their probable degradation products, suitable 
biocompatibility, and identical degradation mechanisms 
in vitro and in vivo [47]. In the current study, two FDA 
approved and broadly used biopolymers for the construc-
tion of tissue engineering scaffolds, PLGA, and Collagen 
were chosen [48]. PLGA is a biocompatible and biode-
gradable linear co-polymer and has been approved by the 
FDA for antigen delivery.

The FE-SEM micrographs of electrospun PLGA/
Col NFs and MET-PLGA/Col NFs are shown in Fig.  2. 
These randomly oriented nanofibers were found to have 
a smooth, bead-free surface and nearly consistent diam-
eters throughout their lengths. The diameter distribu-
tion of the NFs was not affected by MET loading. These 
composite nanofibers’ sizes were found to be between 
150 and 300 nm (Fig. 2C). In comparison to NFs loaded 
with only PLGA/Col, the presence of a 20 wt% signifi-
cantly of MET did not considerably change the shape or 
frequency of fiber dispersion. Additionally, the surface 
of the fibers did not contain any MET aggregates. Under 

optimal conditions, a 20% (w/w) maximum concen-
tration of MET could be loaded into PLGA/Col NFs to 
produce bead-free electrospun meshes. The fibers in the 
PLGA/Col electrospun mat revealed modest connectivity 
between them, but the hybrid scaffolds including MET 
displayed a point-bonded fiber structure (Fig. 2 (A, B)).

Because of biocompatible, biodegradable, non-toxic, 
and non-immunogenic qualities of PLGA-Col-based 
NFs, they have been proposed as promising nano-deliv-
ery method [49, 50]. Samy and et al. fabricated poly(ε-
caprolactone)/gelatin (Gel) nanofiber mats (5-FU-PCL/
Gel NFs) and showed that the loading of 5-FU with three 
different concentrations (5, 10, and 15 wt%) enhanced 
PCL stabilization in the formic acid/acetic acid system 
[51]. In another study, PLGA/GEL NFs sheet materials 
loaded with mesoporous silica nanoparticles were manu-
factured using an electrospinning technique. The aver-
age diameters of the NFs were 641 ± 24 nm and 418 ± 85 
for pure PLGA NFs and PLGA scaffolds/silica nanopar-
ticles respectively [52]. Ranjbar-Mohammadi and et al. 
successfully fabricated curcumin (Cur)-loaded NFs and 
showed that enhance of Cur concentration resulting in 
the increase of PCL fiber diameter, narrowing the diam-
eter distribution, and to the increase of polymer solution 
viscosity [53].

Mechanical properties
Mechanical properties hold dominant significance for 
nanofibrous scaffold, as the underlying matrix must have 
strong mechanical strength to effectually ease tissue 
repair [54]. Assessing the nanofibrous scaffolds’ tensile 
strength (TS) calculated in MPa was completed through 
the assessment of strain-stress curves. Figure 3 shows the 
stress strain curves of PLGA/Col and 5% MET-PLGA/Col 
NFs, 10% MET-PLGA/Col NFs and 15% MET-PLGA/Col 
NFs mats. The 5% MET-PLGA/Col NFs mat displayed 
mechanical properties with a TS of 3.5 MPa and elonga-
tion at break of 97%. The nonwoven mat of 15% MET-
PLGA/Col NFs had a TS of 6.2  MPa and elongation at 
break of 119%. We found that the TS of MET-PLGA/Col 
NFs were greater than PLGA/Col NFs. As displayed in 
Fig.  3, TS of blended mat was enhanced with the pres-
ence of MET. The nanofibrous mats need a specific level 
of mechanical strength since they would be utilized as an 
effective scaffold in TE.

FTIR
FTIR was used to investigate the interactions between 
MET and PLGA/Col functional groups (Fig. 4). The main 
PLGA typical bands at 2942 and 2866 cm− 1 attributed to 
the asymmetric and symmetric stretching of CH2 bonds, 
respectively. Also, the distinctive peaks pertaining to 
PLGA at 1720  cm− 1, and 1240  cm− 1 were assigned to 
the C = O, C-O stretching vibrations. The typical peaks 
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Fig. 2  FE-SEM images and corresponding diameter distribution for PLGA (A), PLGA/Col (B), 5% MET- PLGA/Col (C) and 15% PLGA/Col (D) electrospun 
fibers, respectively
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of amide I and amide II (N-H Transformation) for Col 
fibers were found at 1651 and 1540 cm− 1, respectively. In 
fibrous mats, new peaks were created by the addition of 
MET. It is found that C-H is known bands at 2631, 2710 
and 2921 cm− 1. In addition, a double band can be seen in 
the ɣ benzopyrone ring in the region of 1653 cm− 1 cor-
responding to the stretching vibrations of carbon in the 
benzene and ɣ pyrone rings, as well as the absorption 
bands in the regions of 1612, 1576 and 1450 cm− 1 attrib-
uted to the vibrations of the C–O group. The findings 
showed the association and existence of MET in PLGA/
Col NFs. Drug-polymer systems may interact through 
hydrogen bonds leading to systems with much-improved 
drug loading, dissolution performance, and overall stabil-
ity [55].

MET loading percentage and release from MET-PLGA/Col 
NFs
Therapeutic biomaterials release pattern from the car-
rier-system has a high correlation with the therapeutic 
efficacy [56]. The outcomes presented that 83% of the 
applied drug was loaded in the NFs. Figure 5 shows the 
results of this investigation of the MET release profile 
of electrospun PLGA/Col NFs as a function of immer-
sion time. A burst release of MET was significant for 
the initial 24 h in a human physiology simulation (37 °C, 
pH = 7.4), and it was followed gradually released over the 
next 2 weeks. Approximately 92% of MET were released 
from MET-loaded fibers after 2 weeks. The initial burst 
release might had been caused by rapid solubilization of 
amorphous drug-aggregate on the nanofiber surface and 

leaching of near-surface entrapped drugs in direct con-
tact phosphate buffer. The primary explanation of the 
sustained release is a longer diffusion path from the thick 
nanofibers, as well as slow degradation of the PLGA/
Col fibers [57]. In a study, glybenclamide(Gb) and MET-
loaded bacterial cellulose/gelatin NFs synthesized and 
evaluated drug release behaviors and in-vitro cytotoxic-
ity. The results reveal that Met and Gb loaded NFs in a 
sustained release form has high potential for diabetic 
wound healing with high bioavailability and fewer sys-
temic side effects [58]. A previous study developed a bio-
degradable core-shell NFs loaded with fish sarcoplasmic 
protein (FSP) and MET to investigate drug release profile 
for diabetic wound healing uses. They result showed that 
the prepared NFs with prolonged and sustained release 
characteristics had a good potential to be used in the 
treatment of diabetic ulcers [59].

Macrophage viability
Electrospun nanofibrous scaffolds must assess bio-
compatibility and cytotoxicity tests before being used 
in regenerative medicine and tissue engineering [60]. 
At 72  h after cell seeding on TCP, PLGA/Col NFs, 5% 
MET-PLGA/Col NFs, 10% MET-PLGA/Col and NFs 15% 
MET-PLGA/Col NFs, cell viability was evaluated using 
the CCK-8 colorimetric assay to investigate the poten-
tial cytotoxicity of MET-PLGA/Col NFs on stimulated 
macrophage cells. As a displayed in Fig. 6, the presence 
of MET into PLGA/Col NFs effected improved cell via-
bility after 3 days of incubation, proposing that cellular 
uptake as well as intracellular release of MET from NFs 
take place relatively slow without affecting viability of the 
cells.

Though, viability of macrophages on PLGA/Col NFs 
and MET-PLGA/Col NFs were like after 1 d of culture, 
substantially higher cell viability was detected on MET-
PLGA/Col NFs in comparison with PLGA/Col NFs after 
culture for 3 d. These outcomes prove that MET-PLGA/
Col NFs have high biocompatibility, minimal toxicity and 
biomimetic features in comparison with the PLGA/Col 
NFs. Furthermore, using co-polymerized PLGA with Col 
has prepared highly biocompatible, nonimmunogenic, 
biodegradable, hydrophilic, and non-toxic biopolymer 
[48]. These results were similar with the preceding stud-
ies showed by our team and in which it was discovered 
that Chrysin-loaded PLGA/PEG nanoparticles in com-
parison with free Chrysin have an insignificant effect on 
the proliferation and viability of the macrophages [10].

These results demonstrate that EO-PCL/PEG nanofi-
bers have high biocompatibility compared with PCL/PEG 
nanofibres.

Fig. 3  Tensile stress–strain curves for PLGA/Col fiber mats spun with dif-
ferent additive content
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In vitro repolarization study
qPCR was used to measure the expression of iNOS, a 
marker of M1 macrophages, and Arg-1, a marker of M2 
macrophages, in LPS/IFN γ-stimulated bone marrow-
derived macrophages grown on NFs for 72 h to investi-
gate its efficacy. MET-PLGA/Col NFs for macrophage 
response from inflammation (M1) to regeneration phase 
(M2) (Fig. 7).

Arginase-1, an enzyme that prevents the formation of 
extracellular NO by metabolizing its precursor L-argi-
nine to ornithine and polyamines, is produced by M2 
macrophages [61].

First, it was discovered that LPS/IFN-γ treated cells in 
culture expressed more iNOS than untreated cells, this 
shows that the cell’s polarization towards the inflam-
mation phenotype (M1) was effective, that the electros-
pun nanofibrous scaffolds were able to increase the arg1 
expression in LPS/IFN γ induced cells 72 h after incuba-
tion, but the scaffolds without met had a significant effect. 
Moreover, iNOS production in LPS/IFN γ-stimulated 
cells significantly decreased with MET-PLGA/Col NFs 
after three days of culture, but iNOS expression level was 
maintained in cells cultured in NFs without MET. These 
results indicated that the repolarization of bone marrow-
derived macrophages from the M1 to the M2 phenotype 

Fig. 4  FTIR results of MET (A), PLGA (B), PLGA/Col (C) and MET- PLGA/Col NFs (D)
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may be successfully facilitated by MET containing elec-
trospun nanofibrous scaffolds. The expression profile of 
certain biomarkers, such as chemokines, cytokines, and 
surface markers secreted in response to regional envi-
ronmental stimulus, is used to define the phenotype of 
macrophages. The known M1 phenotypic marker iNOS 
is controlled by a range of lipid mediators and inflam-
matory cytokines Overproduction of nitric oxide (NO) 
is activated by nuclear factor kappa B (NF-κB) signaling 
in response to inflammatory stimuli [62]. On the other 
hand, M2 phenotypes were discovered to show higher 
amounts of Arg1 and lower amounts of iNOS. The iNOS/
Arg1 proportion is often used to explain a simple method 
to determine whether a polarized macrophage is M1 or 
M2 [63]. In a study, anti-inflammatory potential effect 
of Phyllolobium chinense Fisch flavonoids (PCFF) was 

assessed in in vivo and in vitro. Their results showed that 
PCFF meaningfully reduced NO overproduction and 
iNOS gene overexpression in LPS sitimulated pro-inflam-
matory M1 macrophages [62]. Farajzadeh and et al. syn-
thetized Cur loaded-CD44-targeting HA-PLA NPs and 
evaluated the effect of free and nanofurmolated of Cur 
on the modulation of macrophage polarity. They proved 
that Cur loaded-CD44-targeting HA-PLA NPs reduced 
inflammation in peritoneal macrophages affected by LPS 
by reducing of pro-inflammatory expression level [5].

In vitro anti-inflammatory properties of MET-PLGA/
Col NFs on the induction (relative mRNA levels) and 
release (protein expression levels) of three proinflam-
matory cytokines including IL-1β, IL-6 and TNF-α was 
studied. In M1 macrophages incubated on PLGA/Col 
and PLGA/Col NFs loaded with MET following the 

Fig. 6  In vitro Cytotoxicity of MET-PLGA/Col NFs on LPS-induced RAW264.7 macrophage cells assessed after 3 days’ incubation using MTT colorimetric 
assay (P < 0.05). Values are expressed as mean ± SD of three parallel measurements

 

Fig. 5  Cumulative release profiles of MET from 5% MET- PLGA/Col NFs and 15% MET- PLGA/Col NFs - PLGA/Col electrospun fibers. Results are expressed 
as the mean ± SEM (n = 3)
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transition of macrophage phenotype to M2 type on NFs 
(Fig.  8). According to Fig.  8, compared with untreated 
cells, LPS/IFN γ stimulation considerably improved the 
levels of IL-1β, IL-6 and TNF-α in macrophages seeded 
on PLGA/Col NFs. After 3 days of macrophage culture 
on MET-PLGA/Col NFs, the expression level of IL 1β, 
IL-6 and TNF-α decreased significantly. This response 
further demonstrates that MET may successfully reduce 
IFNγ/LPS induced inflammation in macrophages.

Results from ELISA show that the highest levels of 
IL-1β, IL-6, and TNF-α production were found in the 
cells incubated on PLGA/Col NFs mats. As shown in 
Fig.  8, compared with pure NFs, it was observed that 
MET-PLGA/Col NFs could considerably decrease the 
protein concentration of mediastors of inflammation in 
LPS/IFN γ induced cells (≤ 0.01). The levels of IL-1β, IL-6, 
and TNF-α were also considerably greater in the LPS-
activated macrophages imbedded on the MET-PLGA/
Col NFs compared to the neat PLGA/Col demonstrating 
that the MET induce anti-inflammatory factors expres-
sion. According to our results, various in vivo and in 

vitro studies have revealed that MET could diminish the 
expression level of inflammatory cytokines and reduce 
the production of NO [64].

An appropriate wound healing medical device ought 
capable of reducing inflammation and promote cell 
proliferation. Thus, the progress of new connective tis-
sue, re-epithelialization, and neovascularization are an 
important in order to address factors that contribute to 
nonphysiological remodeling and impaired tissue regen-
eration [65]. In a study, Le et al. designed the nanosized 
hydroxyapatite (HA) and showed that HA bioceramics 
noticeably ameliorate early inflammation by mediating 
macrophage polarization to the M2 phenotype, as well as 
reducing the secretion of inflammatory factors [66].

Conclusion
In conclusion, we successfully manufactured smooth, 
uniform and bead-free MET-PLGA/Col NFs using elec-
trospinning method. In vitro treatment of the macro-
phages with MET-PLGA/Col considerably upregulated 
M2 markers (Arg-1 and Fizz) and downregulated M1 

Fig. 7  In vitro polarization study. Relative mRNA expression levels of M2 markers (A) Arg-1 and (B) Fizz and M1 markers iNOS (C) and SOCS3 (D) in macro-
phages treated with MET-PLGA/Col NFs in various concentrations after 24 h incubation. (*P < 0.05, **P < 0.01; ***P < 0.001), Results are mean ± SEM (n = 3)
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markers (iNOS and SOCS3) expression levels in com-
pared with PLGA/Col demonstrating the macrophage 
re-polarization from pro-inflammatory M1 to anti-
inflammatory phenotype. Consequently, our research 
proposes an innovative therapeutic approach for treat-
ing inflammatory diseases by managing inflammation 
through handling of macrophage act using biomaterials, 
showing potential applications in the future.

Acknowledgements
Authors would like to thank the Department of Medical Biotechnology, 
Faculty of Medicine, Tabriz University of Medical Sciences for financial 
supporting this project (Grant NO: 2904).

Author contributions
AFA and ASA: Investigation, Methodology, Data curation, Preparation 
of original draft. SK, AM, HM and MR: Writing- Reviewing and Editing. 
Methodology, Validation, Visualization. MD: Supervision, Conceptualization, 
Funding acquisition, Reviewing and Editing. All authors reviewed the 
manuscript.

Funding
The funding body played no role in the design of the study and collection, 
analysis, interpretation of data, and in writing the manuscript.

Data Availability
The datasets generated during and/or analyzed during the current study are 
available from the corresponding author (M.D.) on reasonable request.

Declarations

Competing interest
The authors have no conflict of interest to declare.

Ethics approval
Animal experiments were conducted according to the instructions and 
approval of the Laboratory Animal Center of Tabriz University of Medical 
Sciences. All procedures were approved by the Animal Ethics Committee of 
Tabriz University of Medical Sciences (Tabriz, Iran). The ethical approval for this 
paper was obtained from ethics committee of Tabriz University of Medical 
Sciences (IR.TBZMED.VCR.REC.1400.071).

Consent for publication
Not applicable.

Received: 20 June 2023 / Accepted: 11 December 2023

References
1.	 Mestas J, Hughes CC. Of mice and not men: differences between mouse and 

human immunology. J Immunol. 2004;172(5):2731–8.
2.	 Krzyszczyk P, Schloss R, Palmer A, Berthiaume F. The role of macrophages in 

Acute and Chronic Wound Healing and interventions to Promote Pro-wound 
Healing phenotypes. Front Physiol. 2018;9:419.

3.	 Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: 
time for reassessment. F1000Prime Rep. 2014;6:13–3.

4.	 Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activa-
tion. Nat Rev Immunol. 2008;8(12):958–69.

5.	 Farajzadeh R, Zarghami N, Serati-Nouri H, Momeni-Javid Z, Farajzadeh T, 
Jalilzadeh-Tabrizi S, Sadeghi-Soureh S, Naseri N, Pilehvar-Soltanahmadi Y. 
Macrophage repolarization using CD44-targeting hyaluronic acid-polylactide 
nanoparticles containing curcumin. Artif Cells Nanomed Biotechnol. 
2018;46(8):2013–21.

6.	 Wang N, Liang H, Zen K. Molecular mechanisms that influence the macro-
phage m1-m2 polarization balance. Front Immunol. 2014;5:614.

7.	 Zamani R, Pilehvar-Soltanahmadi Y, Alizadeh E, Zarghami N. Macrophage 
repolarization using emu oil-based electrospun nanofibers: possible 
application in regenerative medicine. Artif Cells Nanomed Biotechnol. 
2018;46(6):1258–65.

Fig. 8  The anti-inflammatory effect of MET-loaded PCL/GEL NFs evaluated on RAW264.7 cells stimulated with LPS/INF-γ. Histograms show the mean val-
ues of protein levels of (A) IL-6, (B) TNF-α, and (C) IL-1β and the amounts of (D) IL-6, (E) TNF-α, and (F) IL-1β after ELISA evaluation. All values are expressed 
as mean ± SEM. *P < 0.05, **P < 0.01; ***P < 0.001

 



Page 12 of 13Firouzi Amandi et al. BMC Biotechnology           (2023) 23:55 

8.	 Fantin A, Vieira JM, Gestri G, Denti L, Schwarz Q, Prykhozhij S, Peri F, Wilson 
SW, Ruhrberg C. Tissue macrophages act as cellular chaperones for vascular 
anastomosis downstream of VEGF-mediated endothelial tip cell induction. 
Blood. 2010;116(5):829–40.

9.	 Kiseleva V, Vishnyakova P, Elchaninov A, Fatkhudinov T, Sukhikh G. Biochemi-
cal and molecular inducers and modulators of M2 macrophage polarization 
in clinical perspective. Int Immunopharmacol. 2023;122:110583.

10.	 Firouzi-Amandi A, Dadashpour M, Nouri M, Zarghami N, Serati-Nouri H, Jafari-
Gharabaghlou D, Karzar BH, Mellatyar H, Aghebati-Maleki L, Babaloo Z. Chry-
sin-nanoencapsulated PLGA-PEG for macrophage repolarization: possible 
application in tissue regeneration. Biomed Pharmacother. 2018;105:773–80.

11.	 Amantea D, Certo M, Petrelli F, Tassorelli C, Micieli G, Corasaniti MT, Puccetti 
P, Fallarino F, Bagetta G. Azithromycin protects mice against ischemic Stroke 
injury by promoting macrophage transition towards M2 phenotype. Exp 
Neurol. 2016;275:116–25.

12.	 Dadashpour M, Mahmoudi H, Rahimi Z, Poodeh RJ, Mousazadeh H, Firouzi-
Amandi A, Yazdani Y, Asl AN, Akbarzadeh A. Sustained in vitro delivery of 
metformin-loaded mesoporous silica nanoparticles for delayed senescence 
and stemness preservation of adipose-derived stem cells. J Drug Deliv Sci 
Technol. 2023;87:104769.

13.	 Javan ES, Lotfi F, Jafari-Gharabaghlou D, Mousazadeh H, Dadashpour M, 
Zarghami N. Development of a magnetic nanostructure for co-delivery of 
metformin and silibinin on growth of Lung cancer cells: possible action 
through leptin gene and its receptor regulation. Asian Pac J Cancer Preven-
tion: APJCP. 2022;23(2):519.

14.	 Alagheband Y, Jafari-gharabaghlou D, Imani M, Mousazadeh H, Dadashpour 
M, Firouzi-Amandi A, Zarghami N. Design and fabrication of a dual-drug 
loaded nano-platform for synergistic anticancer and cytotoxicity effects on 
the expression of leptin in Lung cancer treatment. J Drug Deliv Sci Technol. 
2022;73:103389.

15.	 Qing L, Fu J, Wu P, Zhou Z, Yu F, Tang J. Metformin induces the M2 
macrophage polarization to accelerate the wound healing via regulating 
AMPK/mTOR/NLRP3 inflammasome singling pathway. Am J Transl Res. 
2019;11(2):655–68.

16.	 El-Bahy AAZ, Aboulmagd YM, Zaki M. Diabetex: a novel approach for diabetic 
wound healing. Life Sci. 2018;207:332–9.

17.	 Pouremamali F, Pouremamali A, Dadashpour M, Soozangar N, Jeddi F. An 
update of Nrf2 activators and inhibitors in cancer prevention/promotion. Cell 
Commun Signaling. 2022;20(1):100.

18.	 Nejati K, Rastegar M, Fathi F, Dadashpour M, Arabzadeh A. Nanoparticle-
based drug delivery systems to overcome gastric cancer drug resistance. J 
Drug Deliv Sci Technol. 2022;70:103231.

19.	 Chen Y, Shan X, Luo C, He Z. Emerging nanoparticulate drug delivery systems 
of metformin. J Pharm Invest. 2020;50:219–30.

20.	 Barzegar PEF, Mohammadi Z, Sattari S, Beiranvand Z, Salahvarzi M, Rossoli K, 
Adeli S, Beyranvand S, Maleki S, Kazeminava F. Graphene-MoS2 polyfunc-
tional hybrid hydrogels for the healing of transected Achilles tendon. Bioma-
terials Adv. 2022;137:212820.

21.	 Siapoush S, Mousazadeh H, Rezaei R, Hatami B, Mazhari S, Hashemi N, Zali 
MR, Baghaei K. Oral targeted delivery of Imatinib by pH responsive copoly-
mer modulates liver fibrosis in the mice model. Int J Pharm. 2023;641:123068.

22.	 Zhu RT, Tan MH, Zhang P, Zhang L, Chen XM, Yang FW. Morphological 
structure and thermal property of PLA/PCL nanofiber by electrospinning. In: 
Advanced materials research: 2014. Trans Tech Publ: 418–22.

23.	 Chen LL, Verpoorte R, Yen HR, Peng WH, Cheng YC, Chao J, Pao LH. Effects 
of processing adjuvants on traditional Chinese herbs. J Food Drug Anal. 
2018;26(2s):96–s114.

24.	 Kim MS, Ahn HH, Shin YN, Cho MH, Khang G, Lee HB. An in vivo study of 
the host tissue response to subcutaneous implantation of PLGA-and/
or porcine small intestinal submucosa-based scaffolds. Biomaterials. 
2007;28(34):5137–43.

25.	 Chen J-P, Chang G-Y, Chen J-K. Electrospun collagen/chitosan nanofibrous 
membrane as wound dressing. Colloids Surf a. 2008;313:183–8.

26.	 Powell HM, Supp DM, Boyce ST. Influence of electrospun collagen on wound 
contraction of engineered skin substitutes. Biomaterials. 2008;29(7):834–43.

27.	 Yang Y, Zhu X, Cui W, Li X, Jin Y. Electrospun composite mats of poly [(D, 
L-lactide)‐co‐glycolide] and collagen with high porosity as potential scaffolds 
for skin tissue engineering. Macromol Mater Eng. 2009;294(9):611–9.

28.	 Zeugolis DI, Khew ST, Yew ES, Ekaputra AK, Tong YW, Yung L-YL, Hut-
macher DW, Sheppard C, Raghunath M. Electro-spinning of pure col-
lagen nano-fibres–just an expensive way to make gelatin? Biomaterials. 
2008;29(15):2293–305.

29.	 Andrade RGD, Reis B, Costas B, Lima SAC, Reis S. Modulation of macrophages 
M1/M2 polarization using carbohydrate-functionalized polymeric nanopar-
ticles. Polym (Basel) 2020, 13(1).

30.	 Bi H, Feng T, Li B, Han Y. In Vitro and in Vivo Comparison Study of Electrospun 
PLA and PLA/PVA/SA Fiber membranes for Wound Healing. Polym (Basel) 
2020, 12(4).

31.	 Cheng J, Jun Y, Qin J, Lee SH. Electrospinning versus microfluidic spinning of 
functional fibers for biomedical applications. Biomaterials. 2017;114:121–43.

32.	 Dias J, Granja P, Bártolo P. Advances in electrospun skin substitutes. Prog 
Mater Sci. 2016;84:314–34.

33.	 Li G, Chen S, Zeng M, Kong Y, Zhao F, Zhang L, Yang Y. Hierarchically aligned 
gradient collagen micropatterns for rapidly screening Schwann cells behav-
ior. Colloids Surf B. 2019;176:341–51.

34.	 Pourgholi A, Dadashpour M, Mousapour A, Amandi AF, Zarghami N. Anti-
cancer potential of silibinin loaded polymeric nanoparticles against Breast 
cancer cells: insight into the apoptotic genes targets. Asian Pac J Cancer 
Prevention: APJCP. 2021;22(8):2587.

35.	 Hassani N, Jafari-Gharabaghlou D, Dadashpour M, Zarghami N. The effect 
of dual bioactive compounds artemisinin and metformin co-loaded in 
PLGA-PEG nano-particles on Breast cancer cell lines: potential apoptotic and 
anti-proliferative action. Appl Biochem Biotechnol. 2022;194(10):4930–45.

36.	 Rasouli S, Montazeri M, Mashayekhi S, Sadeghi-Soureh S, Dadashpour M, 
Mousazadeh H, Nobakht A, Zarghami N, Pilehvar-Soltanahmadi Y. Synergistic 
anticancer effects of electrospun nanofiber-mediated codelivery of Curcumin 
and Chrysin: possible application in prevention of Breast cancer local recur-
rence. J Drug Deliv Sci Technol. 2020;55:101402.

37.	 Farshi Azhar F, Rezaei M, Olad A, Mousazadeh H. The effect of montmoril-
lonite in graphene oxide/chitosan nanocomposite on controlled release of 
gemcitabine. Polym Bull. 2022;79(8):5861–83.

38.	 Ahmadzadeh-Gavahan L, Hosseinkhani A, Palangi V, Lackner M. Supplemen-
tary feed additives can improve Lamb Performance in terms of Birth Weight, 
body size, and Survival Rate. Animals. 2023;13(6):993.

39.	 Li H, Williams GR, Wu J, Wang H, Sun X, Zhu LM. Poly(N-isopropylacrylamide)/
poly(l-lactic acid-co-ɛ-caprolactone) fibers loaded with ciprofloxacin as 
wound dressing materials. Mater Sci Eng C Mater Biol Appl. 2017;79:245–54.

40.	 Rezvani Z, Venugopal JR, Urbanska AM, Mills DK, Ramakrishna S, Mozafari M. 
A bird’s eye view on the use of electrospun nanofibrous scaffolds for bone 
tissue engineering: current state-of-the-art, emerging directions and future 
trends. Nanomedicine. 2016;12(7):2181–200.

41.	 Ito T, Otani N, Fujii K, Mori K, Eriguchi M, Koyama Y. Bioadhesive and 
biodissolvable hydrogels consisting of water-swellable poly(acrylic acid)/
poly(vinylpyrrolidone) complexes. J Biomed Mater Res B Appl Biomater. 
2020;108(2):503–12.

42.	 Jiang T, Zhang G, He W, Li H, Jin X. The tissue response and degradation of 
Electrospun Poly(< i > ε-caprolactone)/Poly(trimethylene-carbonate) Scaffold 
in Subcutaneous Space of mice. J Nanomaterials. 2014;2014:837695.

43.	 Huang X, Brazel CS. Analysis of burst release of proxyphylline from poly (vinyl 
alcohol) hydrogels. Chem Eng Commun. 2003;190(4):519–32.

44.	 Islam MS, Karim MR. Fabrication and characterization of poly(vinyl alcohol)/
alginate blend nanofibers by electrospinning method. Colloids Surf a. 
2010;366:135–40.

45.	 Ouyang Y, Huang C, Zhu Y, Fan C, Ke Q. Fabrication of seamless electrospun 
collagen/PLGA conduits whose walls comprise highly longitudinal aligned 
nanofibers for nerve regeneration. J Biomed Nanotechnol. 2013;9(6):931–43.

46.	 Sreerekha P, Menon D, Nair S, Chennazhi K. Fabrication of fibrin based Elec-
trospun Multiscale composite scaffold for tissue engineering applications. J 
Biomed Nanotechnol. 2013;9(5):790–800.

47.	 Drelich JW, Sikora-Jasinska M, Mostaed E, Liu H, Maier P, Seitz J-M, Hort N. 
Biodegradable materials for medical applications II. JOM. 2020;72:1830–2.

48.	 Guzmán-Soria A, Moreno-Serna V, Canales DA, García-Herrera C, Zapata PA, 
Orihuela PA. Effect of Electrospun PLGA/Collagen scaffolds on Cell Adhesion, 
viability, and collagen release: potential applications in tissue Engineering. 
Polymers. 2023;15(5):1079.

49.	 Mir M, Ahmed N, Rehman AU. Recent applications of PLGA based nanostruc-
tures in drug delivery. Colloids Surf B Biointerfaces. 2017;159:217–31.

50.	 Gupta S. PLGA-based macrophage-mediated drug targeting for the treat-
ment of visceral Leishmaniasis. Pharm Biomedical Res. 2017;3(1):41–7.

51.	 Samy M, Ekram B, Abd El-Hady BM, Ayoub MM. In vitro release study of 
electrospun poly (ε-caprolactone)/gelatin nanofiber mats loaded with 5-fluo-
rouracil. Polym Bull 2023:1–20.



Page 13 of 13Firouzi Amandi et al. BMC Biotechnology           (2023) 23:55 

52.	 Mehrasa M, Asadollahi MA, Ghaedi K, Salehi H, Arpanaei A. Electrospun 
aligned PLGA and PLGA/gelatin nanofibers embedded with silica nanopar-
ticles for tissue engineering. Int J Biol Macromol. 2015;79:687–95.

53.	 Ranjbar-Mohammadi M, Bahrami SH. Electrospun curcumin loaded poly 
(ε-caprolactone)/gum tragacanth nanofibers for biomedical application. Int J 
Biol Macromol. 2016;84:448–56.

54.	 Wang J, Cui X, Zhou Y, Xiang Q. Core-shell PLGA/collagen nanofibers loaded 
with recombinant FN/CDHs as bone tissue engineering scaffolds. Connect 
Tissue Res. 2014;55(4):292–8.

55.	 Hashem HM, Motawea A, Kamel AH, Bary EA, Hassan SS. Fabrication and char-
acterization of electrospun nanofibers using biocompatible polymers for the 
sustained release of venlafaxine. Sci Rep. 2022;12(1):18037.

56.	 Firouzi Amandi A, Jokar E, Eslami M, Dadashpour M, Rezaie M, Yazdani Y, 
Nejati B. Enhanced anti-cancer effect of artemisinin-and curcumin-loaded 
niosomal nanoparticles against human colon Cancer cells. Med Oncol. 
2023;40(6):170.

57.	 Ajmal G, Bonde GV, Mittal P, Pandey VK, Yadav N, Mishra B. PLGA/Gelatin-
based electrospun nanofiber scaffold encapsulating antibacterial and antioxi-
dant molecules for accelerated tissue regeneration. Mater Today Commun. 
2023;35:105633.

58.	 Cam ME, Crabbe-Mann M, Alenezi H, Hazar-Yavuz AN, Ertas B, Ekentok C, 
Ozcan GS, Topal F, Guler E, Yazir Y. The comparision of glybenclamide and 
metformin-loaded bacterial cellulose/gelatin nanofibres produced by a 
portable electrohydrodynamic gun for diabetic wound healing. Eur Polymer 
J. 2020;134:109844.

59.	 Sena S, Sumeyra KN, Ulkugul G, Sema A, Betul K, Muge SB, Sayip EM, Muham-
met U, Cevriye K, Mahir M. Controlled release of metformin hydrochloride 
from core-shell nanofibers with fish sarcoplasmic protein. Medicina. 
2019;55(10):682.

60.	 Ahmadi S, Dadashpour M, Abri A, Zarghami N. Long-term proliferation and 
delayed senescence of bone marrow-derived human mesenchymal stem 
cells on metformin co-embedded HA/Gel electrospun composite nanofibers. 
J Drug Deliv Sci Technol. 2023;80:104071.

61.	 Weigert A, Brüne B. Nitric oxide, apoptosis and macrophage polarization dur-
ing Tumor progression. Nitric Oxide. 2008;19(2):95–102.

62.	 Fan H, Wu Q, Peng L, Li D, Dong Y, Cao M, Liu P, Wang X, Hu X, Wang Y. Phyl-
lolobium Chinense Fisch flavonoids (PCFF) suppresses the M1 polarization of 
LPS-stimulated RAW264. 7 macrophages by inhibiting NF-κB/iNOS signaling 
pathway. Front Pharmacol. 2020;11:864.

63.	 Brown BN, Sicari BM, Badylak SF. Rethinking regenerative medicine: a 
macrophage-centered approach. Front Immunol. 2014;5:510.

64.	 Taher I, El–Masry E, Abouelkheir M, Taha AE. Anti–inflammatory effect of 
metformin against an experimental model of LPS–induced cytokine Storm. 
Experimental and Therapeutic Medicine. 2023;26(3):1–7.

65.	 Siavashani AZ, Mohammadi J, Maniura-Weber K, Senturk B, Nourmohammadi 
J, Sadeghi B, Huber L, Rottmar M. Silk based scaffolds with immunomodula-
tory capacity: anti-inflammatory effects of nicotinic acid. Biomaterials Sci. 
2020;8(1):148–62.

66.	 Li X, Liu M, Chen F, Wang Y, Wang M, Chen X, Xiao Y, Zhang X. Design of 
hydroxyapatite bioceramics with micro-/nano-topographies to regulate the 
osteogenic activities of bone morphogenetic protein-2 and bone marrow 
stromal cells. Nanoscale. 2020;12(13):7284–300.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Fabrication and characterization of metformin-loaded PLGA/Collagen nanofibers for modulation of macrophage polarization for tissue engineering and regenerative medicine
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Methods
	﻿PLGA-Col NFs fabrication
	﻿Fabrication of MET-loaded PLGA/Col NFs
	﻿Evaluation of drug loading percentage
	﻿Characterization of MET-loaded PLGA/Col NFs
	﻿Scanning electron microscopy analysis
	﻿Fourier-transform infrared (FTIR) analysis
	﻿Mechanical properties



	﻿Drug release study
	﻿Isolation and purification of C57BL/6 mouse macrophages
	﻿Cell viability assay
	﻿Gene expression analysis
	﻿Cytokine release from cells
	﻿Statistical analysis
	﻿Results and discussion
	﻿NFs characterization
	﻿FTIR
	﻿MET loading percentage and release from MET-PLGA/Col NFs
	﻿Macrophage viability
	﻿In vitro repolarization study

	﻿Conclusion
	﻿References


