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ABSTRACT
Aim: Arteriovenous fistula (AVF) is a cannulation method that is accessed by a peripheric vein and an artery. AVF provides vascular access for 
chronic kidney disease patients so they can receive hemodialysis. AVF could be created by surgical intervention and facilitates arterial to venous 
circulation for rapid recovery. However, AVF maturation depends on venous proliferation and luminal diameter which allows the optimum flow rate 
for continuing circiulation and hemodialysis. Due to multiple unexpected conditions, non-maturation of AVFs limits the efficacy of the hemodialysis 
so patients must receive another surgery for AVF cannulation.

Materials and Methods: In this study, we aimed to utilize the effects of melatonin (MT), which is known to have antioxidant, anti-inflammatory, 
and antiapoptotic effects, to provide longer and more effective use of AVFs via a novel technique. For this purpose, firstly by electrospinning method, 
polylactic-co-glycolic acid (PLGA) nanofiber membranes were developed. After MT is loaded into the PLGA and characterized. Biodegradation and 
drug release profiles were analyzed. An in vivo study was performed in Wistar Albino male rats (n=18). Rats were randomly divided into three 
experimental groups; Sham, PLGA, and MT/PLGA respectively (n=6). AVF model was established in all groups between arteria carotica and vena 
jugularis under general anesthesia. The Sham group did not receive any treatment or biomaterial application. The developed membranes were 
placed onto the AVFs in PLGA and MT/PLGA groups. All rats were sacrificed on the 28th of the experiment. The anastomosis sites of all animals were 
harvested for histopathological analysis. 

Results: Our results showed MT/PLGA group indicated increased maturation levels conmpared to Sham group (p<0.05).

Conclusion: The results showed that PLGA/MEL may be a promising material for early AVF maturation.

Keywords: Arteriovenous fistula, melatonin, PLGA, biocompatible materials, maturation, venous proliferati 

ÖZ
Amaç: Arteriyovenöz fistül (AVF), periferik bir ven ve bir arterden erişilen bir kanülasyon yöntemidir. AVF, kronik böbrek hastalığı hastalarının 
hemodiyaliz alabilmeleri için vasküler erişim sağlar. AVF cerrahi müdahale ile oluşturulabilir ve hızlı iyileşme için arteriyel-venöz dolaşımı kolaylaştırır. 
Ancak AVF’nin olgunlaşması, sirkülasyonun ve hemodiyalizin devamı için optimum akış hızına izin veren venöz proliferasyona ve lümen çapına 
bağlıdır. Birçok beklenmedik durum nedeniyle, AVF’lerin olgunlaşmaması hemodiyalizin etkinliğini sınırlar, bu nedenle hastaların AVF kanülasyonu 
için başka bir ameliyat olması gerekir.
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INTRODUCTION

Chronic kidney disease (CKD) treatment in the early stages 
is primarily aimed at preserving the existing kidney function 
and includes methods such as diet, adequate fluid intake, 
medical treatments such as the use of angiotensin inhibitors, 
lifestyle changes, and increased physical activity. In advanced 
renal failure, hemodialysis and peritoneal dialysis are the main 
treatments applied, while kidney transplantation is the last 
resort for end-stage renal failure patients1. According to the 
Global Diagnosis Burden 2017 data, CKD affects approximately 
700 million people worldwide. Due to the extreme increase in 
the number of patients and the shortage of organ donors, CKD 
patients can only survive with hemodialysis2. Hemodialysis is 
indispensable for CKD patients to balance minerals in circulating 
blood and control blood pressure3. For long-term hemodialysis, 
patients need permanent vascular access established between 
arteries in a venous line, called an arteriovenous fistula (AVF). 
AVF is the most common cannulation method for long-term 
hemodialysis patients4. Primary maturation failure is the main 
limiting factor for AVF use due to internal remodeling and 
lumen stenosis. Previous studies have claimed that vein luminal 
diameter below 2 mm is prone to deterioration. In addition, it is 
widely accepted that the vein diameter should be higher than 
the anastomotic artery diameter5. Therefore, early maturation 
is urgent for long-term use of AVF. Otherwise, patients have to 
undergo several surgeries to have another AVF cannulation for 
hemodialysis treatment.

The immaturity of AVFs is mostly due to thickening of the 
vascular intima due to underlying pathological mechanisms 
consisting of oxidative stress, inflammation or hypoxia, which 
leads to abundant migration and proliferation of smooth 
muscle cells and accumulation of extracellular matrix6. Studies 
have reported that AVF failure mostly occurs in the early weeks 
after surgery7. At approximately 4 to 6 weeks, if blood flow is 
less than 500 mL/min. and the vessel diameter is less than 4 
mm, urgent reoperation is required to reestablish a new AVF 
access8. Therefore, establishing successful AVF cannulation 

as well as ensuring AVF maturity are essential for long-term 
hemodialysis. Despite the use of improved surgical techniques 
and new pharmacotherapy agents, there is no gold standard 
method to prevent AVF failure. Therefore, in this study, we 
aimed to prevent early maturation of AVF and avoid stenosis 
to prevent insufficient blood flow between artery and vein.

At this point, tissue engineering offers promising results for 
the treatment of various pathologies with its biocompatibility 
properties9. Synthetic polymers are the most widely used 
carriers in the field of tissue engineering studies. Polylactic-co-
glycolic acid (PLGA) is one of the preferred synthetic polymers 
for carrying various agents, cells or molecules. It consists of 
lactic acid and glycolic acid that can activate cell migration, 
proliferation and adhesion10. Due to its biocompatibility 
and biodegradability, PLGA provides beneficial effects for 
tissue healing or regeneration11. In our study, the effects of 
melatonin (MT) loaded PLGA nanofibers on AVF maturation 
were investigated. MT loaded PLGA biomaterials are frequently 
preferred in the field of tissue engineering. Since MT and PLGA 
are Food and Drug Administration (FDA)-approved molecules, it 
is stated that they are quite suitable for clinical translation12-14. 
In addition, the anti-inflammatory and antioxidant properties 
of MT provide a treatment-enhancing feature in the treatment 
of many pathogenesis15. On the other hand, the feature of PLGA, 
which mimics the extracellular matrix of cells, strengthens this 
synergy and provides various positive results in experimental 
studies16. MT is a hormone secreted from the pineal gland, 
with a hydrophilic structure that allows all cell compartments 
to show their effects. The antioxidant and anti-inflammatory 
effects of MT are well known17,18. In addition, MT has healing 
effects on the cardiovascular system by reducing iNOS and 
eNOS synthesis and increasing angiogenesis19. Controlled 
release studies of MT have gained importance in recent years 
15. The reasons for this may be that oral or parenteral use of 
MT limits its effect in the first pass through the liver and does 
not provide sufficient bioavailability20.

In an experimental abdominal adhesion model where MT-
loaded PLGA nanofibers were applied, it was reported that 

Gereç ve Yöntem: Bu çalışmada, antioksidan, anti-enflamatuvar ve anti-apoptotik etkileri olduğu bilinen melatoninin (MT) etkilerinden yararlanarak 
yeni bir teknikle AVF’lerin daha uzun süre ve daha etkin kullanımını sağlamayı amaçladık. Bu amaçla ilk olarak elektrospinning yöntemi ile polilaktik-
ko-glikolik asit (PLGA) nanofiber membranlar geliştirilmiştir. Daha sonra PLGA içine MT yüklenmiş ve karakterize edilmiştir. Biyobozunum ve 
ilaç salınım profilleri analiz edilmiştir. Wistar Albino erkek sıçanlarda (n=18) bir in vivo çalışma gerçekleştirilmiştir. Sıçanlar rastgele üç deney 
grubuna ayrılmıştır; sırasıyla Sham, PLGA ve MT/PLGA (n=6). Tüm gruplarda genel anestezi altında karotis arter ve jugular ven arasında AVF 
modeli oluşturulmuştur. Sham grubuna herhangi bir tedavi veya biyomateryal uygulaması yapılmadı. Geliştirilen membranlar PLGA ve MT/PLGA 
gruplarındaki AVF’lerin üzerine yerleştirildi. Tüm sıçanlar deneyin 28. gününde sakrifiye edildi. Tüm hayvanların anastomoz bölgeleri histopatolojik 
analiz için toplandı.

Bulgular: Sonuçlarımıza göre, MT/PLGA grubunda histopatolojik olarak vasküler proliferasyon ve fibroblastik hücre çoğalması açısından 
değerlendirildiğinde matürasyon düzeyinin Sham grubuna göre anlamlı düzeyde arttığı belirlendi (p<0,05).

Sonuç: Elde ettiğimiz veriler MT/PLGA nanoliflerinin erken AVF olgunlaşması için umut verici bir materyal olabileceğini göstermiştir.

Anahtar Kelimeler: Artetiyovenöz fistül, melatonin, PLGA, biyouyumlu materyaller, matürasyon, venöz proliferasyon
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MT-loaded nanofibers prevented adhesion in the early period 
and reduced inflammatory cell infiltration and fibrosis21. In 
another study investigating the effects of MT-loaded PLGA 
nanoparticles on radiation-induced lung injury, it was reported 
that they reduced lung inflammation and apoptosis in rats22. 
In an experimental in vivo study in which MT-loaded PLGA 
biomaterials were applied on carbon tetrachloride-induced 
liver injury, it was observed that MT exhibited protective effects 
on the liver and reduced the adverse effects of toxicity23.

In this study, the effects of MT on the maturation of AVF 
were investigated by controlled release application to the 
anastomosis region where AVF was created. To our knowledge, 
this is the first study on the controlled local release of MT-
loaded PLGA to the AVF region.

MATERIALS AND METHODS

Production of Biomaterial

Production of PLGA Nanofibers

PEG6000 was used to optimize PLGA nanofibers to achieve 
optimum biodegradation. For this purpose, nanofibers were 
developed by electrospinning at 0.8 mL/h flow rate, 20 cm 
distance and 20 kV voltage 21. The electrospinning method 
used for this purpose is spraying the prepared solution onto 
a collector surface known as Taylor Cone with the help of an 
injector and obtaining nanofiber membranes with a thickness 
of less than approximately 1 mm24. All preparation procedures 
were carried out under red light to prevent MT weight loss.

Production of MT Loaded PLGA Nanofibers

The MT dose loaded into the nanofibers was started as 50% 
MT by weight of the PLGA nanofibers and continued until a 
homogeneous fiber distribution was obtained. The MT dose in 
the final composition was optimized to be 1 mg MT in the 1x3 
cm rectangular material to be applied to rats.

Determination of Biodegradation Profile of MT Loaded 
Nanofibers 

The biodegradation of MT-loaded PLGA nanofibers was 
optimized to undergo at least 90% biodegradation in 28 days 
to provide early AVF maturation. For this purpose, the prepared 
MT-loaded PLGA nanofibers were first incubated in 10 mL 
phosphate-buffered saline (PBS) (0.1M, pH 7.4). The material 
was followed up to 30 days to plot the biodegradation curve. 
PBS was replaced with new solution every 3 hours. All samples 
were weighed every 24 hours and weight loss was calculated 
as percentage (%)25.

Determination of Drug Release Profile

For drug release evaluation, MT-loaded PLGA nanofibers were 
exposed to 50 ml of pH 7.4 PBS. MT release was monitored 
at 300-190 nm wavelength with UV spectrophotometer 
(Shimadzu, Japan) for 3 h periods26.

In vivo Experiments

Animal Material

All experimental studies were carried out in the Experimental 
Research Application and Research Center of Çanakkale Onsekiz 
Mart University. Eighteen Wistar Albino male rats (3-4 months 
old; 250-300 g) were used in this study. Rats were housed 
at 22±2 °C, 12 h dark/light cycle. Rats were fed ad libitum 
and had free access to water. Ethical approval for this study 
was obtained from the Local Ethics Committee for Animal 
Experiments at Çanakkale Onsekiz Mart University (decision 
number: 2022/01-03, date: 21.01.2022). All procedures were 
carried out in accordance with the “Guide for the Care and Use 
of Laboratory Animals”. Rats were randomly divided into three 
groups (n=6) as follows;

Sham (n=6): An AVF model was created between the carotid 
artery and jugular vein. The surgical site and anastomosis line 
were washed with 100 IU/mL heparin.

PLGA (n=6): After creating the AVF model between the carotid 
artery and jugular vein, the surgical area and anastomosis line 
were washed with 100 IU/mL heparin and the anastomosis area 
was covered with pure PLGA matrix.

MT/PLGA: (n=6): After creating the AVF model between 
the carotid artery and jugular vein, the surgical site and 
anastomosis line were washed with 100 IU/mL heparin and 
then the anastomosis site was covered with pure MT/PLGA 
matrix.

Surgical Procedure

AVF was created as previously described27. Briefly, all rats were 
anesthetized with an intraperitoneal injection of ketamine (70 
mg/kg) and xylazine (7 mg/kg). After the neck skin was shaved, 
an incision was made in the right neck. The submandibular 
tissue and muscles were clamped, and the jugular vein was seen. 
To prevent massive bleeding, all vascular branches were ligated 
with 6.0 proline sutures. Then, the jugular vein was irrigated 
with 100 IU/mL heparin-containing saline solution. The entire 
surgery was performed with loop goggles. Then, the carotid 
artery was dissected and clamped. A minimal incision was made 
at the midpoint of the carotid artery and then connected to 
the jugular vein end and sutured with 8.0 proline. Blood flow 
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was observed with an intravascular cannula. In the biomaterial 
group, 1×3 cm rectangular membranes were covered around 
the anastomosis (Figure 1). The AVF model was also created in 
the Sham group, but no biomaterial was given. All rats were 
then taken to recovery and 0.9% NaCl was applied to prevent 
hypovolemic shock.

On day 28 of the experiment, all rats were sacrificed by cervical 
dislocation under general anesthesia. Anastomotic lines were 
immediately collected for histopathological analysis and kept 
in 10% buffered formaldehyde until analysis.

Statistical Analysis

Histopathological Analysis 

After euthanasia, AVF region samples obtained under general 
anesthesia were stored in paraformaldehyde for 48 hours. 
Then, they were washed under water overnight and exposed 
to increasing alcohol series. Finally, the samples were washed 3 
times with toluene for transparency and embedded in paraffin 
(Slee, MPS, Mainz, Germany). Four µm sections were taken 
from paraffin blocks and stained with hematoxylin-eosin 
according to the kit protocol. Stained slides were evaluated 
with an Olympus BX40 (Olympus, Japan) microscope for 
vascular proliferation, fibroblastic cell proliferation and 
fibrosis parameters (0=none, 1=low, 2=moderate, 3=high) by 
a blinded investigator28. Vascular proliferation and fibroblastic 
cell scores were considered together as maturation scores and 
were included in statistical evaluation.

The obtained data were analyzed within the scope of SPSS 24.0 
package program. Differences between groups were determined 
by Kruskal-Wallis, and comparisons between two groups were 
determined by post-hoc Tukey HSD tests. Statistical significance 
was accepted as p<0.05. Data were summarized with mean ± 
standard deviation (mean ± SD).

RESULTS

Our study findings include material characterization and 
tissue analysis results performed on the AVF anastomosis line 
obtained from rats in vivo. There was no loss of rats during the 
entire study.

In vitro and In vivo Biodegradation Findings

In vitro biodegradation was approximately 85-90% complete 
on day 28 of the assay. In vivo macroscopic observation showed 
that the implanted biomaterial was not completely degraded 
in 2 animals from the PLGA group.

In vitro Drug Release Profile Findings 

According to in vitro drug release assay, PLGA and MT were 
released at almost the same timepoint at 220 nm wavelength.

Hematoxylin-Eosin Staining Findings

Vascular proliferation and fibroblastic cell proliferation 
parameters were evaluated as the level of maturation 
with hematoxylin-eosin staining results. According to 
histopathological scoring, a significant increase was 
determined in the MT/PLGA (3.67±0.25) group compared to 
the Sham group (p<0.05). On the other hand, there was no 
significant difference between the MT/PLGA group and the 
PLGA (3.16±0.65) group (p>0.05). However, no significant 
difference was found between the Sham (2.4±0.4) and PLGA 
groups (Figure 2, Figure 3). The data of these examinations are 
given in Table 1.

Another parameter examined histopathologically was fibrosis. 
According to the results obtained, no significant difference was 
detected in terms of fibrosis between the MT/PLGA (1.25±0.25), 
PLGA (0.83±0.40) and Sham (0.2±0.2) groups (p>0.05).

Figure 1. Performing the surgical procedure. (A) Retraction of the jugular vein and carotid artery, (B) performing the AVF, (C) 
Applying the biomaterial

AVF: Arteriovenous fistula
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DISCUSSION

Functional vascular access is the lifeline for patients with 
terminal CKD. For this purpose, AVF anastomoses are commonly 
used by creating an arterial and venous junction. However, 
the tendency for AVFs to fail before and after hemodialysis 
makes it impossible to provide permanent vascular access29. 

Lack of vascular maturation significantly increases the risk 
of morbidity in patients with terminal kidney disease30. 
Therefore, in addition to new surgical methods to provide 
long-term usable and functional vascular access, the urgent 
need for supportive applications for rapid maturation and its 
permanence has increased. For this purpose, our study aimed 
to develop a new method for successful and permanent 

Table 1. Maturation score and fibrosis assessment according to groups
Sham PLGA MT/PLGA

Rat number Maturation score Fibrosis Rat number Maturation score Fibrosis Rat number Maturation score Fibrosis

1 1 0 1 3 0 1 4 1

2 2 0 2 3 0 2 3 1

3 2 1 3 1 2 3 4 1

4 0 1 4 2 0 4 4 1

5 2 1 5 1 0 5 3 2

6 1 0 6 3 2 6 4 1

MT/PLGA: Melatonin/Polylactic-co-glycolic acid

Figure 2. Hematoxylin-eosin staining. (A) Sham, (B) PLGA, (C) MT/PLGA. Results black arrows indicate vessel remodeling and 
vascular proliferation

MT/PLGA: Melatonin/Polylactic-co-glycolic acid

Figure 3. Statistical graphical representation of the maturation score based on the evaluation of vascular proliferation and 
fibroblastic cell proliferation in histopathological evaluation (*p<0.05)

MT/PLGA: Melatonin/Polylactic-co-glycolic acid
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vascular access by examining the effectiveness of MT-loaded 
PLGA nanofibers on AVF maturation.

In controlled release studies, it is possible to optimize the 
biomaterial produced in accordance with the healing process 
of the pathological mechanism. For this purpose, various 
synthetic or naturally sourced polymeric materials are used31,32. 
In recent years, there are biomaterials developed in the field 
of tissue engineering and biomaterials that have successfully 
completed experimental processes for use in the treatment 
of many diseases. Among these, synthetic biomaterials have 
become more preferred due to their lack of immunogenicity. 
Among these, PLGA is more preferred due to its biocompatibility, 
biodegradability and ability to mimic the extracellular matrix, 
which is higher than other natural and synthetic polymers33. 
PLGA is a polymeric material approved by the FDA and is a 
type of synthetic polymer widely used in the field of tissue 
engineering due to its biocompatibility, biodegradability 
and extracellular matrix mimicry properties34. PLGA provides 
antiadhesive effects and is a good choice for loading several 
different molecules and agents35. Biodegradation of PLGA 
nanofibers can be optimized according to the needs of specific 
tissue healing36-38. In our study, we aimed to develop PLGA 
nanofibers with a structure in the form of a covering membrane. 
For this purpose, a biodegradable barrier containing MT and 
providing controlled release of MT for AVF maturation and 
vascular proliferation was produced, and its in vitro release 
and degradation profile and in vivo efficacy were determined. 
For this purpose, firstly PLGA nanofibers were produced and a 
matrix containing 1 mg MT per 1x3 cm2 was developed. In vitro 
experiments were conducted on this matrix to investigate MT 
release and biodegradation of its mass. As a result of In vitro 
studies, it was revealed that nanofibers lost 85-90% of their 
mass on the 28th day.

Maturation of AVF anastomoses involves complex steps 
including vascular repair, neointimal hyperplasia and 
inflammation. In these processes, the success of AVF 
depends on vascular proliferation and rapid fibroblastic cell 
proliferation. When vascular proliferation and fibroblastic 
cell proliferation processes are suppressed, abnormal vascular 
remodeling is observed. This leads to primary vascular access 
failure39. Therefore, it is critical to ensure vascular proliferation 
and fibroblastic cell proliferation in the AVF anastomosis line. 
In the in vivo part of our study, histopathological examinations 
were performed with hematoxylin-eosin staining on tissue 
samples taken from rats. Hematoxylin-eosin staining results 
and vascular proliferation and fibroblastic cell proliferation 
parameters were evaluated in terms of maturation level. 
According to the histopathological scoring, a significant 
increase was determined in the MT/PLGA group compared to 
the Sham group (p<0.05). It is possible to say that MT, which 
was released from MT-loaded PLGA nanofibers for 28 days, 

provides vascular proliferation and supports AVF maturation 
by increasing fibroblastic cell proliferation. Studies have shown 
that MT regulates vascular proliferation by suppressing abnormal 
proliferation of smooth muscle cells40,41. The histopathological 
findings of our study suggest that MT increases vascular 
proliferation to provide AVF maturation and prevents intimal 
hyperplasia. It is likely that MT achieves this effect by increasing 
nitric oxide release on vascular smooth muscle and reducing 
oxidative stress42. However, a signaling pathway or molecular 
mechanism in this direction was not examined in our study.

Among tissue engineering studies, considering the current 
literature, controlled release agents have been used to suppress 
intimal hyperplasia and increase vascular proliferation in 
biomaterial studies to ensure maturation of AVF anastomoses. 
In one of these studies, the vascular maturation effects of 
vascular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF) loaded PLGA nanofibers were 
evaluated. The results of this study showed that VEGF and 
PDGF loaded PLGA nanofibers increased vascular maturity 
in the first 21 days of the experiment43. In another study, 
angiogenic factor-loaded PLGA nanofibers were implanted 
subcutaneously in mice to study subcutaneous vascular 
formation. Application of nitric oxide-releasing nanomatrix 
gel to rats with AVFs provided better results in outward 
remodeling and inhibited intimal hyperplasia at 28 days44. 
Rapamycin-loaded nanofibrous membranes were used to 
evaluate the maturation effects of the material in an animal 
model of AVF anastomosis. After 4 weeks, the anastomosis 
sites were harvested and evaluated for further analysis. As 
a result of this study, it was stated that rapamycin-loaded 
nanofibrous membranes reduced intimal hyperplasia 
and facilitated AVF maturation45. The findings obtained 
from our study suggest that MT-loaded PLGA nanofibers 
increased vascular proliferation on day 28 and provided AVF 
maturation. The sustained release of MT in the AVF line with 
a biocompatible biomaterial for 28 days indicates that it 
contributes to vascular proliferation in addition to its anti-
inflammatory and antioxidant effects.

In our study, another parameter investigated to investigate 
the effects of MT-loaded PLGA nanofibers on AVF maturation 
was fibrosis. Fibrosis is the accumulation of extracellular 
collagen matrix in the vascular intima46. The extent to which 
the presence of medial fibrosis indicates the success of the 
anastomosis for AVF fistula maturation is still a matter of debate 
in the literature. There are studies showing that increased 
arterial fibrosis and venous fibrosis ensure the success of AVF 
maturation, and there are study results showing that increased 
fibrosis causes AVF immaturity47,48. In our study, no significant 
results were found between the experimental groups in terms 
of fibrosis evaluations made from vascular sections.
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In our study, we used MT-loaded PLGA nanofibers as a cover 
material around the AVF line. Our results revealed that MT 
increased vascular maturity in the early stages of remodeling. 
In addition, MT’s excellent antioxidant andante-inflammatory 
properties suggest that it contributes to maturation by 
preventing oxidative and inflammatory damages at the surgical 
site and anastomosis line. PLGA seems to be a good option for 
loading different agents in vascular tissue engineering.

In summary, it was observed that the MT-loaded PLGA 
biomaterial developed in our project initiated AVF maturation 
on the 28th day by providing vascular proliferation at both 
macroscopic and microscopic levels.

Study Limitations

In our study, biomaterial production was optimized and the 
effectiveness of the produced biomaterial on AVF maturation 
was investigated with in vivo experiments. In our study, 
histopathological analysis was performed only on the tissue 
obtained from the anastomosis line. 

CONCLUSION

However, it has not been determined by which molecular 
signaling mechanism MT exerts these effects. In addition, 
biodegradation after degradation of MT-loaded PLGA 
nanofibers has only been determined macroscopically. It is 
aimed to eliminate these limitations with further research and 
experimental planning.
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