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Abstract: In this study, a novel Polycaprolactone suture assembled with Tadalafil was investigated to
improve wound healing processes via vascular stimulation. Tadalafil/Polycaprolactone (TP) suture was
developed by the electrospinning method. The designed suture was characterized by SEM, mechanical
properties assessments, tensile strength measurements and the drug release study. For in vivo tests, rats
were classified into two study groups. An incision was made on their back skin and they were sutured
with TP suture and Polycaprolactone suture as control. Rats were sacrificed at 7 days following surgery
for histopathological examinations with Hematoxylin and Eosin staining. Results of Tensile test
demonstrated that the lowest tensile strength belonged to 3 and 4 % wt and the highest tensile strength
belonged to 1 and 2 % wt of TP suture. The rate of Tadalafil release showed that the highest drug release
was related to 3 and 4% wt which were about 125 to 210 μg during 15 days. The histopathology revealed
that the number of blood vessels, collagen fibers, fibroblast, polymorphonuclear leukocytes, and
epithelization was remarkable in Tadalafil/Polycaprolactone group during 7-day.
A novel
Tadalafil/Polycaprolactone suture improved the processes of wound healing by releasing the Tadalafil
drug around the sutured wound and can be used in medical applications.
Keywords: Suture; Wound; Tadalafil; Polycaprolactone.
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1. Introduction
Sutures are surgical threads used to repair surgical cuts by a strand of natural or
synthetic origins [1]. To select suture material and manage wounds, depth of suture placement,
the number of tissue layers, suture removal time, tension across the wound, presence of
oedema, adequate strength, and inflammatory reactions play a pivotal role [2]. To better
perform suturing, strands should be pliable and flexible. They should also be easy to tie knot,
knots should be highly secure, and materials should be free from irritating or infectious
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substances [3]. Highly flexible sutures should be employed to manage surgical sutures [4, 5].
Commercially available suture materials can meet most, but not all the requirements. The
wound healing process after surgery is almost disrupted due to surrounding inflammations in
spite of histocompatible materials and minimally invasive procedures newly introduced; in
other words, surgical research is focused on the optimization of the tissue healing process.
Different factors contribute to the healing process; i.e. underlying diseases, old age, poor
nutrition, immune deficiencies, and sepsis. Hence, the stimulation of healing process is the
main target of current studies [6-9].
Recent advances in medicine introduced new sutures with significant advantages in
order to customize and improve suturing outcomes; for example, antimicrobial sutures [10],
bioactive sutures containing DNA [11, 12], drugs [13, 14], antibodies [15], proteins [16],
growth factors [17], or silver [18]. In spite of the attractiveness of the topic, commercially
available products with such properties are very few [19, 20]. Such systems facilitate the
delivery of the substance at the surgical site, which ensures biological activity due to a
sufficient level of the drug. to minimize immune reactions, toxicity, and side effects, the carrier
materials should be biologically absorbable and compatible; they should not cause local
inflammations or physical blocking due to incomplete metabolism since it may suppress the
healing process [5, 21]. They have to be made of sterilizable and flexible components in order
to facilitate substance delivery. The substances should not be absorbed before exerting the
effects; hence, they have to be chosen from constant release drugs [4]. Postoperative
complications including infection of the surgical site can be controlled and wound healing
process can be accelerated by using drug-eluting sutures depending on the drug used [22].
Using drug-eluting sutures obviates the need for supplemental drugs, in which
systematic administrations reduce their potency or availability at the surgical site. Utilization
of constant release drugs at the surgical site sustains concentration for a prolonged time, while
there is no toxic effect on the systemic circulation [2]. The employment of antimicrobial sutures
in some procedures reduces the risk of infection and is cost-effective [19, 20, 23]. Since this
therapeutic approach seems very promising, researchers try to fabricate sutures loaded with
antithrombotic, analgesic, antineoplastic and anti-proliferative agents [1]. Drug-eluting sutures
should maintain the drug concentration at the desired level and preserve the mechanical
properties, while using degrading polymers and controlling drug release strategies [2].
Different procedures including dip method to coat the surface [24], grafting [25], and
electrospinning are used to develop the sutures [1]. An electrostatic spinning, a versatile
polymer processing technique, a polymer solution or melt is exposed to a high electric field,
which in turn forms nano-dimension fibers that form a nonwoven fabric, which is applicable
to a number of purposes. electrospinning is easy to use, highly efficient, cost-effective, and
highly reproducible [26, 27]. Polycaprolactone, a semi-crystalline, aliphatic, slow
biodegradable, high biocompatible, and good drug permeable polymer [28].
Polycaprolactone, unlike poly(D,L-lactic-co-glycolic acid) commonly used as a
biodegradable polymer, cannot produce acidic environments due to degradation [29]. Hence,
Polycaprolactone can be considered as a promising biomedical polymer due to its good
mechanical properties and lower cost. Polycaprolactone products called electrospun fibers and
co-polymers can be employed in a variety of spinning solutions and conditions. Casalini et al.,
in a study made a bioresorbable suture loaded with lidocaine and evaluated the release rate in
tissue in a theoretical model. They reported that drug-eluting potency of the suture was
improved by increasing the diffusion coefficient and the drug half-life [30]. In comparison with
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Polycaprolactone fibers loaded with diclofenac, the release rate and mechanical features of the
melt spun bioactive sutures modified with diclofenac hydrotalcite nano-hybrid were much
better [1]. Tadalafil is an advantageous inhibitor of phosphodiesterase enzyme type-5 (PDE5), currently used to treat pulmonary arterial hypertension and erectile dysfunction. Breakdown
of nitric oxide-driven cGMP in vascular smooth muscle cells and platelets is prohibited by
inhibiting PDE-5 using Tadalafil; it vasodilates peripheral arteries in smooth muscles and
inhibits adhesion and aggregation of platelets [31]. Tadalafil protects myocardium, lung, brain
and skin flap, against ischemia [32-35]. Therefore, the current study aimed to evaluate the
vascular stimulation of a newly produced Polycaprolactone/Tadalafil suture to accelerate the
healing process around the wound.
2. Materials and Methods
2.1. Materials.

In the current study, Tadalafil and Polycaprolactone were obtained from SigmaAldrich. The methanol, chloroform and solvents were purchased from Carlo Erba (Italy) and
Sigma-Aldrich (USA).
2.2. Preparation of drug-delivery sutures.

Polycaprolactone, chloroform, methanol, and Tadalafil were used to produce suture.
Firstly, Polycaprolactone and Tadalafil powder with a solvent were mixed on hot plate with a
stirring to prepare a homogeneous solution for 1 hour. Polycaprolactone and Tadalafil were
dissolved in methanol and chloroform, respectively. Therefore, the volume ratio of methanol
to chloroform (1:9) was used for achieving the best homogeneous solution. The concentration
of Polycaprolactone and Tadalafil was 14 and 1-4 gr in a 100 ml solution, respectively. Next
step, the prepared solution was fed into a syringe of the electrospinning apparatus. The rotating
speed of the collector was set at 1500 rpm and the distance between the needle tip to the drum
surface was fixed at 8 cm. After electrospinning, the samples were grounded under the
conditions of 9 kilovolt and 0.3 ml/h feed rate to form fiber bundles and they were kept to
evaporate the solvent completely for 24 h. Finally, the fibers were twisted into yarns using
hand-driven twist tester (Alfred Suter Co. Inc) (Figure 1A) [36].
2.3. Tensile Strength Measurement.

A DMA 6800 (TA Instruments, Timonium, MD) was employed to determine the
medicinal properties of the suture. samples were vertically clamped in 3-cm long and a 5newton (N) load cell was applied at 0.05 N/min to stretch the sample until tearing.
2.4. In vitro drug release study.

For this purpose, 4-cm in length drug-delivery sutures were immersed with continuous
agitation in 2 mL PBS (pH 7.4) at 37oC. Then, 1 mL of the aliquot was replaced with 1 mL
PBS and then the absorbance rate was read at 264 nm by a spectrophotometer (UV-1800,
Shimadzu, Japan).
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Figure 1. A: Fabricated Tadalafil/Polycaprolactone suture, B: in vivo test with Tadalafil/Polycaprolactone and
Polycaprolactone sutures.

2.5. In vivo vascularization evaluation.

The study protocol for experiments and animal caring was approved by the Ethical
Committee for Animal Research of Baqiyatallah University of Medical Sciences, Tehran, Iran.
Wistar male rats (weigh 200-250 g) purchased from Pasteur Institute, Tehran, Iran. Rats were
kept in stainless steel cages at 22°C with 12:12 h light/dark cycle. For acclimation, the animals
were kept at their cages for one week with free access to standard rodent chow pellets. Animals
were assigned to two experiment groups (n= 6 in each group) based on time as seven days. To
induce anesthesia, ketamine/xylazine (90/10 mg/kg) was used, and then, middle back of rat
was opened with two incisions (4 cm length) and followed with shaving the site and scrubbing
with Povidone-iodine. Tadalafil/Polycaprolactone (TP) and Polycaprolactone (P) suture
(control group) were used in the current study and one incision was stitched with TP suture and
another incision was stitched with P suture. Rats were sacrificed after seven days from surgery
and the samples were prepared for next step (Figure 1B).
2.6. Histological examination.

After surgery, the rats were euthanized to obtain the suture surrounding tissue and
examine the biocompatibility of sutures. The tissue was rinsed in saline and fixed in
paraformaldehyde (10%). And then, samples were embedded in paraffin and sectioned into 5µm slices using microtome. And then, the sections were stained with Hematoxylin and Eosin
staining. Finally, sections were observed by a light Microscope (Leica Microsystems, Wetzlar,
Germany). Some important factors which can affect the healing process such as
reepithelization, PMNL (Polymorphonuclear leucocytes), fibroblasts, new vessels, and new
collagen was evaluated by semi-quantitative method in this study. Sections were evaluated
according to the scale: 0, 1, 2, 3, 4 (Table 1) by two independent observers [37].
2.7. Statistics.

Mean values ± SEM were calculated for each parameter and data from the semiquantitative evaluation were analyzed using non-parametric Kruskall-Wallis test. The level of
significance was set at p <0.05.
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Table 1. Explanation of used scale in the semi-quantitative evaluation of histological sections (ST – surrounding
tissue, i.e. tissue out of GT; DL – demarcation line; SCT – subcutaneous tissue; GT – granulation tissue).
Scale
0
1
2
3
4

Epithelization
Thickness of cut edges
Migration of cells (<50%)
Migration of cells (>50%)
Bridging of excision
keratinization

PMNL
Absent
Mild-ST
Mild-DL/GT
Moderate DL/GT
Marked-DL/GT

Fibroblasts
Absent
Mild-ST
Mild-GT
Moderate-GT
Marked-GT

New Vessels
Absent
Mild-SCT
Mild-GT
Moderate-GT
Marked-GT

Collagen
Absent
Minimal-GT
Mild-GT
Moderate-GT
Marked-GT

3. Results and Discussion
3.1. Tensile strength and in vitro drug release results.

Tensile test results of melt-spun filaments are shown in figure 2A. The PT suture 1 and
2 % wt had the highest tensile strength about 1.03 and 1.02 N, respectively. This amount of
tensile strength was reduced with increasing of Tadalafil concentration to 4 % wt. The lowest
tensile strength belonged to 3 and 4 % wt of PT suture approximately 0.98 and 0.96 N,
respectively. The rate of Tadalafil release from suture was measured in media and in different
concentrations of chloride and phosphate to determine drug release. The complete release of
Tadalafil from the suture was ensured by PBS in order to measure its release on fibers. In all
concentrations of Tadalafil, the drug release was gradually increased during 15 days. The
Tadalafil 1 and 2% wt showed that the lowest drug release was 50 and 75 μg to near 110 and
140 μg during 15 days. The highest drug release was related to 3 and 4% wt which were about
125 to 210 μg during 15 days (Figure 2B). Tadalafil/Polycaprolactone 4% wt was selected for
the next step according to obtained results.

Figure 2. A: Tensile strength, B: in vitro drug release of Tadalafil/Polycaprolactone and Polycaprolactone
groups.

3.2. Histopathology results.

The microscopic results revealed that the blood vessels were increased in
Tadalafil/Polycaprolactone 4% wt suture in comparison with Polycaprolactone around the
sutured wound. In addition, the number of collagen fibers and fibroblasts in the
Tadalafil/Polycaprolactone group was more than the Polycaprolactone group after 7 days
(Figure 3). Polymorphonuclear leukocytes (PMNL) were considerably increased in the
Tadalafil/Polycaprolactone group in comparison with the Polycaprolactone group. Figure 4
shows the significant migration of cells around Tadalafil/Polycaprolactone suture and this
amount was considerable and more than the Polycaprolactone group.
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Figure 3. Semi-quantitative analysis of histological after surgery (7 days, *p<0.05).

Figure 4. Hematoxylin and Eosin staining of Tadalafil/Polycaprolactone and Polycaprolactone groups
(magnification, × 40 and 100).

3.3. Discussion.

It is still essential to select a suitable suture for a patient. In this regard, any allergic
reactions of soft tissue to the suture material should be considered [21]. Sutures are surgical
threads used to repair surgical cuts by a strand of natural or synthetic origins. Although staples,
tapes, and glues are the commercially available devices to clinically manage cuts, sutures are
the most common ones with an annual market of 1.3 billion US$ [38]. However, no ideal
product that can meet all the requirements is available thus far and they are mostly selected in
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surgeries based on availability and familiarity [39]. A suture should be mechanically
appropriate, have a good resorption rate and low risk of infection and inflammation. To better
fulfill such requirements, new materials are developed in recent years. Development of
medicated sutures containing a bioactive compound with constant release profile in order to
better help tissue repair is currently the goal of many studies [1]; in this regard, much attention
is attracted to drug-eluting sutures for different clinical purposes [21]. These sutures, in
addition to closing the cuts, can prevent complications and even play a therapeutic role [30].
The new generation of sutures has additional advantages of local constant drug release [40].
However, poor tensile strength, constant drug release, and scale of commercial viability are the
main obstacles that limit the development of drug-eluting sutures [21, 40-42]. These sutures
can easily be used in surgeries since they are very thin [43]. About 12 million ocular procedures
are performed annually worldwide that use nylon sutures to close wounds and incisions [44].
In this study, a novel Polycaprolactone suture was assembled with Tadalafil to improve
wound healing processes via vascular stimulation. The development of a suture loaded with
Tadalafil and absorbable Polycaprolactone was described in the current study. A drug-delivery
suture that could alleviate the liver pain during wound healing was introduced in an animalmodel study by Lee et al. They reported that the suture could constantly control the pain, in
addition to its biocompatible and mechanical properties. the PLC sheet was also used in the
suture to deliver ibuprofen in order to alleviate the pain and the results showed that it could
control the pain similar to oral administration of the drug, but with lower doses and good invivo biocompatibility [21]. An animal-model study by Fuchs et al. used sutures coated with
insulin-like growth factor-I for local delivery. Monofilament sutures were used to create
anastomoses of the colon in animals. They reported that the growth factor was locally delivered
to the site using sutures coated with bioabsorbable poly (D, L-lactide) suspension. Hence, the
wound was locally managed with no need to expose the whole organism to the damaging doses
[4]. In a rat hernia model study by Korenkov et al., TGF-β1 was applied into the abdominal
wall to increase the strength, but the results were not affirmative [45]. To investigate postsurgical pain control, the efficacy of a suture coated with sedatives was assessed in a study by
Mahantesha et al. A total of 20 patients undergoing flap surgery received phase I therapy. They
reported that the patients’ pain level reduced using sedative-coated suture that serves as a local
drug delivery system, and minimizes the side effects of conventional systemic drug exposure
[5]. Liu et al. in an in-vitro study evaluated the antimicrobial properties of the Yarns with
established diameter and crystallinity, and the release rate from the Yarns that contained
ampicillin in different doses. The results showed by adding ampicillin into the polymer, the
diameter of the fiber reduced and lower diameter variations were observed. The inhibition zone
test results of the Yarns against Staphylococcus aureus and Klebsiella pneumonia indicated a
constant release rate of ampicillin after the production and antimicrobial activity of the as-spun
Yarns. They reported that the e-spun nanofiber Yarns can potentially be used as biomaterials
for surgical purposes to decrease the infection rate in the site [36].
An antibiotic-eluting suture developed by Kashiwabuchi et al. was used for ophthalmic
surgery. Poly (L-lactide), polyethylene glycol, and levofloxacin were employed to produce the
suture by wet electrospinning. Histological analyses were performed on sections of
surrounding sutures tissue implanted into Sprague-Dawley rat corneas to investigate the
biocompatibility of the suture. The results showed that the suture could successfully deliver the
drug locally with constant release rate; in addition, wet electrospinning provided a suitable
platform to meet size requirements for ophthalmic surgeries; however, tensile strength should
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be improved [43]. A medicated suture was developed by a novel method in the study by Lee et
al., in which a polymeric sheet loaded with a sedative was covered on a common suture. The
suture has mechanical advantages with a six-day drug-release profile. To design a bioactive
suture and optimize its effects, it is of great importance to control its drug release rate [21].
Catanzano et al. used Polycaprolactone in their study to develop a composite bioactive suture
with anti-inflammatory effects that were loaded with diclofenac (Dic) or one of its nanohybrids
while the drug was intercalated in a synthetic hydrotalcite (HT–Dic). The melt-spinning
method was employed to prepare the fibers at different POLYCAPROLACTONE /HT–
Dic/Dic ratios. According to their results, adding Dic or HT–Dic could significantly affect the
fibers tensile strength; the knots, however, had a low effect on the mechanical behavior of the
suture. But Dic-loaded fibers could significantly exert anti-inflammatory effects in-vivo [1].
In this study, the lowest tensile strength belonged to 3 and 4 % wt of PT suture
approximately 0.98 and 0.96 N, respectively. This amount of Tadalafil could decrease the
strength of suture and on the other side, the highest drug release belonged to these
concentrations of Tadalafil and could release about 125 to 210 μg during 15 days.
Tadalafil/Polycaprolactone 4% wt was selected for in vivo test in rats. Histopathological results
showed that the Tadalafil could increase the number of blood vessels around the sutured wound
and also, the remarkable migration of cells around suture was detected in
Tadalafil/Polycaprolactone group. Collagen fibers and epithelization were considerable in the
Tadalafil/Polycaprolactone group in comparison to the Polycaprolactone group due to the
proliferation of blood vessels around the sutured wound after seven days.
4. Conclusions
An appropriate suture must have some prperties such as mechanically, resorption rate
and low risk of infection and inflammation. Development of sutures contains a bioactive
compound with constant release profile in order to help tissue repair. This research
demonstrated a assembled novel Polycaprolactone suture with Tadalafil to improve wound
healing processes via vascular stimulation. the lowest tensile strength and highest drug release
(about 125 to 210 μg, 15-day) related to 3 and 4 % wt. Tadalafil/Polycaprolactone 4% wt was
selected for the next step according to obtained results. The number of blood vessels, collagen
fibers, fibroblast, polymorphonuclear leukocytes, and epithelization was remarkable in
Tadalafil/Polycaprolactone suture group. Utilization of constant release drugs at the surgical
site sustains concentration for a prolonged time, while there is no toxic effect on the systemic
circulation. It can be concluded that Tadalafil/Polycaprolactone suture could accelerate the
wound healing process by releasing the Tadalafil drug during 7 days. This suture can be
considered as a suitable product for medical applications due to the simplicity of its fabrication
and being a cost-effective product.
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