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Abstract 

 

BIO-POLYMERIC DRUG-DELIVERY 

STRAND FOR MEDICAL DEVICE 

APPLICATION 

 

By 

 

Beom Kang Huh 

 

Interdisciplinary Program in Bioengineering 

The Graduate School 

Seoul National University 

 

The present thesis focuses on the design, fabrication and 

evaluation of strand-based drug delivery medical devices that can 

support the function of implantable medical devices. In order to 

ensure biocompatibility of strand-based drug delivery medical 

devices post-implantation, the strands were prepared using the 

electrospinning and electro-spraying methods using a bio-polymer. 

In recent years, numerous medical devices have been 

developed to diagnose, cure, treat, and prevent diseases in humans 



 

ii 

 

and other animals. However, the materials used in manufacturing 

these medical devices are foreign substances to the body and, 

therefore, can cause pain, abnormal fibrosis, as well as capsular 

contracture from inflammation. The approaches commonly used to 

solve these issues include oral drug administration and drug injection; 

however, these approaches may also cause secondary side effects 

such as hepatotoxicity or additional pain.  Despite advances in recent 

research on local drug delivery systems of medical devices where a 

considerable reduction of these side effects was reported, there are 

still limitations such as difficulty of transferring the controlled amount 

of drugs or the reduction in devices’ functionality.  

In order to solve the aforementioned problems, in the present 

study, I developed the individual drug delivery carrier based on 

strands. This carrier releases an appropriate amount of drugs to a 

local area without compromising the functionality of the device.  

In the first experiment, a new drug delivery medical device 

containing a strand-based controllable drug delivery system was 

developed. The developed drug delivery strand can maintain the 

original functionality of the suture and mitigate the pain arising from 

inflammation. This strand, manufactured using the electro-spraying 

method, was cut into 1.5 mm in width and then was physically braided 

to the suture. As shown by the results, the drug delivery strand 

braided suture was able to maintain the mechanical strength of the 

suture and consistently released drugs for 10 days while 

simultaneously suppressing pain arising from inflammation.  
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In the second experiment, with the aim of reducing the 

inflammation caused by silicone implants, I fabricated an elastic net 

that had a controlled drug delivery system. This elastic net was 

fabricated by 4 strands of 3 mm in width. At this time, the strands 

were electrospun with mixture of polyurethane and a steroidal drug. 

It is widely known that inflammation from the insertion of silicone 

implants can cause abnormal fibrosis, which then leads to the creation 

of a capsular contracture. This capsular contracture can not only 

induce pain in, but also result in the need for an additional surgery. 

However, as shown by the results of the second experiment, the 

manufactured elastic net suppressed inflammation, abnormal fibrosis, 

and the development of a capsular contracture. Furthermore, due to 

its elastic material properties, it was also able to cover implants of 

various sizes.  

These strand-based drug delivery carriers have individual 

properties, such as controllable drug delivery and elasticity. Since 

each strand can apply to commercialized medical device, the device 

can maintain its own functionality in the human body, but also has an 

additional function to resolve the adverse effects or limitations of 

drug delivery system. Therefore, these strand-based drug delivery 

carriers have proven to be effective medical devices that can 

accurately control and deliver drugs while maintaining full 

functionality of the original medical device. 
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Chapter 1 

 

 

Introduction 

 

1.1 Medical devices and Inflammation 

 

By definition, a medical device is an instrument, implant, 

machine, or other similar item approved for medical use by US 

Pharmacopoeia. The intended functions of medical devices include 

diagnosis, treatment, and prevention of diseases in humans or other 
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animals (1). Another function of medical devices is helping the body 

to function properly so that to maintain an appropriate quality of life 

of patients. Due to the growing demand for medical devices and the 

functions that they are able to perform, recent years have witnessed 

a rapid growth and expansion of the medical device market. Various 

medical devices are still being developed for better disease diagnosis, 

treatment, and prevention. Overall, medical devices can be broadly 

categorized into implantable and non-implantable. Devices from the 

latter group are used on the skin or near the body to monitor or treat 

various body functions. Relevant examples of non-implantable 

medical devices include electrocardiography, blood pressure monitors, 

and defibrillators, all of which have been previously commercialized. 

By contrast, devices from the former category, i.e. implantable 

medical devices, are usually used under the skin to replace damaged 

body functions or to connect organs and tissues. Relevant examples 

of implantable medical devices are surgical sutures, silicone implants, 

coronary stents, artificial bones, and heart (2). Of note, while non-

implantable medical devices generally have no effect on the human 

body, implantable medical devices can induce severe side effects (3-

5). 

One of the most severe side effects induced by implantable 

medical devices is inflammation (6). Inflammation is a process 

whereby the body’s white blood cells and substances produced by 



 

3 

 

those cells protect the body from infection. When medical devices are 

implanted under the human skin, the foreign body reaction occurs 

immediately, triggering secretion, by several cytokines and 

polymorphonuclear leukocytes (i.e., PMNs), of variety of pro-

inflammatory cytokines, such as interleukins and tumor necrosis 

factor-α (TNF-α) (7). As a consequence of the foreign body 

reaction, inflammation develops around the implanted sites and causes 

pain, abnormal fibrosis, capsular contractures, and scars (6).   

In order to reduce inflammatory reactions triggered by the 

foreign body reaction, oral drug administration and injection have been 

widely used. However, despite the seeming ease of these approaches, 

they also can have secondary side effects. For example, oral drug 

administration limits drug bioavailability and causes inconveniences to 

the patients by the requirement of frequent administration. Moreover, 

this approach may cause toxicity in the gastrointestinal tract or lead 

to hepatotoxicity (8). With regard to the drug injection approach, it 

also has its limitations, such as inducing pain in patients. Another 

limitation of the drug injection approach is that, due to the fast 

clearance of the drug, it can be difficult to deliver the drug in a 

sustained manner at the site of action, so multiple treatments will be 

needed. 

In order to reduce the side effects outlined above, more 

methods to effectively deliver drugs to specific action sites within the 
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body have been developed. One direction of research has been the 

development of medical devices that can facilitate a drug’s direct 

reaching the site of action. One a medical device of this type can reach 

the target site, only a small amount of drug will be needed to do the 

work, which can effectively reduce adverse side effects associated 

with the oral drug administration and drug injection methods. 

 

1.2 Previous Approaches of Local Drug Delivery in 

Medical Devices 

 

As discussed in Section 1.1, due to its convenience, oral drug 

administration is most commonly used approach to suppress 

inflammation. However, the limitations of this approach include low 

drug bioavailability and potentially adverse side effects (9). By 

contrast, local drug delivery devices can effectively treat diseases 

while suppressing inflammation and reducing side effects (10). 

One type of such local drug delivery devices are surgical 

sutures. Most surgical sutures are dip-coated in the drug solution to 

provide the local delivery system. For a better controlled release, 

drug impregnation, immobilization, and micro-particles are used (11-

14). Along with the antibacterial suture that has already been 

commercialized, many other types of surgical sutures capable of 

delivering other drugs to reduce side effects have been proposed (see 
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Figure 1.1).  

First of all, there is a large group of surgical sutures for the 

delivery of various anti-infection drugs. For example, there are 

sutures coated with biocompatible hydrogel materials that had been 

immersed into drug solutions, such as tetracyclin, rifampin, or 

chloramphenicol, for the sustained release (15). In another study, the 

oxygen plasma treatment was used to impregnate amoxicillin into the 

suture core so that to considerably enhance the hydrophilicity of muga 

(Antheraea assama) silk fibroin (AASF)-based sutures (16). This 

suture revealed a clear zone of inhibition against Escherichia coli (E. 

coli) involved in the antibacterial activity. Furthermore, following the 

commercialization of the Ethicon antibacterial suture in 2004, 

triclosan-coated surgical sutures have been widely used. The 

antimicrobial activity of antibacterial surgical suture has been 

confirmed in many in vitro and in vivo studies(11, 17-23). A clear 

zone of inhibition of E. coli was exhibited by reducing 96.7 % of 

bacterial population as compared to the conventional suture, and a 

better inhibition of bacterial colonization was obtained in the suture 

implanted site using the mouse and the guinea pig models (17, 18). 

Besides these dip-coating methods, nanofibers were also used to 

comprise the body of suture. In one of relevant studies, the 

electrospinning method was used to fabricate nanofibers by poly (L-

lactic acid) (PLLA) and either tetracycline or cefotaxime; afterwards, 
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the obtained sutures were braided to make a multifilament suture (24, 

25). In addition, the coaxial fibers where the drug is located in the 

middle of each fiber for a better sustained release were also 

developed. The drug was released more than 10 days, and the 

antibacterial activity was clearly shown in the clear zone of inhibition 

against E.coli. 

Anti-inflammatory surgical sutures were developed by other 

research groups as well (14, 26-28). For example, sutures were 

dip-coated with ibuprofen, a nonsteroidal anti-inflammatory drug 

(NSAID), prepared in the organic solvent dichloromethane (14). As a 

result, sutures could swell to load a larger amount of the drug into the 

suture core, which subsequently resulted in a longer (7 days) release 

period. In another case, sutures were coated with dexamethasone 

loaded poly (lactic-co-glycolic acid) (PLGA) microparticles (27). In 

this study, microparticles were coated with polyethyleneimine to have 

a positive charge which, by electrostatic interactions, could 

immobilize onto the negatively charged suture surface. As a result, 

the release period extended to 28 days. 

However, despite considerable advances in the development 

of different drug loading methods, all these methods have several 

limitations. First of all, mechanical strength of sutures can be affected 

by an organic solvent that is used. Since many drugs can be dissolved 

in various organic solvents, the drug coating solution can also dissolve 
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the suture itself. If this dissolution occurs, the mechanical strength of 

the suture decreases. Yet, the mechanical strength of a suture is its 

decisive property as a medical device, as a suture needs to tie the 

wound or organs. Moreover, given that drugs have different solubility 

in various solvents, an individual coating procedure may be needed to 

properly coat the sutures.  

As concerns silicone implants, in previous research, 

inflammation around silicone implant was treated by a local injection 

of a steroidal drug. As a result, the capsular contracture was 

successfully reduced when treated with triamcinolone, a steroidal 

drug (29) (see Figure 1.2). However, effective methods to fabricate 

a local drug delivery system have not been proposed yet. In the study 

referred to above, the injected drug cleared out fast, which 

necessitated the use of additional medication ultrasound guidance to 

inject drug in the appropriate position. In another study, triamcinolone 

was spray-coated on the surface of the silicone implant shell to 

release triamcinolone in a sustained manner (30). Due to the swelling 

effect of silicone, the drug was deeply diffused and released up to 12 

weeks. Inflammation and capsular contracture were reduced in vivo. 

However, considering that the spray condition is fixed, this method is 

applicable only to a single-sized silicone implant shell. Therefore, it 

is necessary to develop another process that would make it possible 

to coat silicone implants of different sizes and to ensure that all them 
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have the same effect of the spray-coated implant. In clinical settings, 

since different amounts of drugs are needed to properly suppress 

inflammation and capsular contracture in the patients of different body 

proportions, different sizes of silicone implants are needed. Therefore, 

an additional method for drug loading process that would enable 

appropriate drug delivery methods has to be developed.  

In this context, in order to overcome the limitations outlined 

above, the present study focused on stand-based carriers that can 

deliver drugs without changing the functions of medical devices. The 

carrier developed in the present study can be applied to v implantable 

medical devices of various sizes. Furthermore, in the proposed carrier, 

the release of drug can be controlled. Therefore, the carrier 

developed in the present study can be competitive in many medical 

device markets. 
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Figure 1.1. Commercialized antibacterial suture by Ethicon (31) 
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Figure 1.2. Schematic drawing of the surgical procedure. The needle 

tip is inserted into a capsule of the implant under ultrasound guidance. 

Dotted line = contracted capsule. 
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1.3 Research Aims 

 

In this dissertation, my major goal was to develop the strand-

based controllable drug delivery carrier that could maintain 

functionality of the original medical device and be applicable to 

medical devices of various sizes and shapes. To this end, using the 

electrospinning and electro-spraying methods, I fabricated drug 

delivery sheets with anti-inflammatory drugs. Thereafter, the drug 

delivery strands were prepared by cutting the sheets to a certain 

width based on the specific requirements of the medical device 

application. The strands had individual mechanical properties, such as 

rigidity and flexibility, and the controlled drug release was enabled by 

the use of different polymers or the polymer to drug ratios. Moreover, 

in order to ensure biocompatibility, a bio-polymer was used. Finally, 

due to the individual covering system on the medical device, the 

strands also acquired the anti-inflammatory effect. Due to these 

advantages of strands, the strand-based controllable drug delivery 

carrier can be applicable to many medical devices of various sizes and 

shapes. 

In Chapter 2 of the present dissertation, I report the 

development of a surgical suture that could release the drug in a 

sustained manner to relieve the local, persistent inflammation around 

a surgical wound site. As mentioned above, the mechanical strength 
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is a crucial characteristic of a suture, as the major function of surgical 

sutures is to close the wound or connect organs and tissues. 

Considering that, due to the natural human body reaction, using a 

suture can easily induce inflammation around the wound site, 

inflammation-related pain is inevitable until natural healing is 

completed. This emphasizes the need of a controllable drug delivery 

system that would carry the anti-inflammation drug to the wound site 

and release it until recovery is completed. In the present study, I 

accurately delivered the non-steroidal anti-inflammatory drug 

(NSAID) to reduce inflammation and pain during an acute 

inflammatory period that normally requires a larger amount of the 

drug to reduce severe pain. To this end, using the electro-spraying 

method, I fabricated a strand of 1.5 mm in width with diclofenac; 

thereafter, this strand was physically braided around the surgical 

suture to maintain the mechanical strength. The fabricated 

controllable drug delivery strand can consistently release the drug 

until the natural healing process is over, to ensure that pain is 

successfully suppressed throughout the inflammatory period. Due to 

the simple physical attachment of the strand, its mechanical strength 

is preserved. 

In Chapter 3, I report creating the elastic sheet of 

polyurethane and triamcinolone (glucocorticoid) using the 

electrospinning method to be further used for the drug delivery of 
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silicone implant. This elastic sheet was also cut the strands 3 mm in 

width strand, and 4 of these strands were crossed to make an elastic 

net. Since silicone implants require the elasticity that can mimic the 

human body, the fabricated elastic net also had to mimic the 

mechanical properties of the silicone implant. Furthermore, silicone 

implant has a wide range of volume depending on the body types and 

patients’ demands. To meet these requirements and to cover the 

entire range of clinically used silicone implants, each of the fabricated 

elastic strands had to be enlarged by more than 100 percent in length. 

Additionally, the drug delivery elastic net could control the drug 

delivery system regardless of whether or not the net was stretched. 

As shown by the results, the fabricated elastic net could deliver 

triamcinolone for 4 weeks of the acute inflammatory phase. During 

this period, as revealed by the results, the production of inflammatory 

cytokines and fibrosis that typically occurs in the chronic 

inflammatory phase could both be successfully suppressed.  

In summary, in the present study, I developed a controllable 

drug delivery strand to be attached to surgical sutures and silicone 

implants without any degradation in physical properties. In medical 

applications, surgical sutures are used to close and connect tissues, 

while silicone implants are frequently used during breast 

reconstruction, which causes a large wound when they are inserted. 

Under these circumstances, inflammation that causes pain, scars, 
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abnormal fibrosis, and capsular contractures is inevitable. In order to 

rule out inflammation and its side effects, I developed a drug delivery 

carrier based on strands to suppress inflammation around the 

implanted sites.  

Testing the fabricated strand-based delivery carrier to be 

attached to surgical sutures and silicone implants shows that the 

carrier did not compromise the functionality of medical devices and 

did not require any further modification of medical devices. 
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Chapter 2 

 

 

Surgical Suture Braided with a 

Diclofenac-loaded Strand for Local, 

Sustained Pain Mitigation 

 

2.1 Introduction 
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To treat local, surgical pain in clinical settings, patients are 

often prescribed drugs, such as nonsteroidal anti-inflammatory drugs 

(NSAIDs), to be administered systemically via the oral route or 

injection (32, 33). As pain generally persists after surgery, long-

term, repeated drug administrations are required until the surgical 

wounds have completed healing. Such long-term systemic drug 

exposure can cause adverse side effects, including Reye's syndrome, 

platelet dysfunction and renal impairment (34, 35). Moreover, for oral 

administration, drug bioavailability, especially at the local level in the 

wounded site of interest, could be low due to the first-pass 

metabolism of the liver (36, 37). Therefore, to be effective, frequent 

oral administrations or high drug doses are often needed, which may 

cause gastric hemorrhage, ulcer perforation or gastrointestinal tract 

obstruction (38, 39).  

As such, local drug delivery is considered advantageous for 

treating pain at surgical wound sites. Therefore, in this study, I 

pursued to alleviate the pain via local drug delivery only in a way of 

promoting the pain relief efficacy, as well as minimizing the side 

effects possibly caused by conventional systemic drug exposure. In 

this sense, surgical sutures can be considered good candidate devices 

for incorporation with local drug-delivery functionality. Sutures could 

close wounds while concurrently relieving pain via local drug release. 

Many surgical sutures already available for clinical use are made of 
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various biocompatible polymers, such as polycaprolactone, 

polydioxanone, poly(lactic acid), poly(glycolic acid) and poly(lactic-

co-glycolic acid) (PLGA) (40-42). Sutures eluting the anti-

infective drug, triclosan, have already been commercialized (20). For 

drug elution, sutures have mostly been dip-coated in a drug solution 

(11-14, 26). However, this strategy may degenerate the inherent 

mechanical properties of the suture, which are required for proper 

wound closure (14).  

The sustained release of a pain-reliever is advantageous for 

treating pain persisting during wound healing. However, this type of 

release is not easily achievable via conventional dip-coating 

processes (43). Therefore, I propose a biodegradable surgical suture 

that is physically braided with a drug-delivery carrier to allow local, 

sustained drug release while maintaining its own mechanical 

properties. To accomplish this, I separately fabricated a polymer 

strand containing a pain-relief drug and physically braided it with a 

commercially available surgical suture (VICRYL™, Ethicon, USA). 

According to this approach, I could modulate drug-release scenarios 

by varying the drug-delivery strand without affecting the suture itself. 

In this study, I employed diclofenac (DF) as an NSAID pain-reliever 

(44). DF is a COX-2-specific targeted inhibitor that reduces the 

secretion of prostaglandin, which is a known factor involved in the 

generation of pain (45, 46). For pain-relief indications, DF is already 
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approved for clinical use via both oral administration and injection (47, 

48).  

In this work, to achieve sustained drug release, I first prepared 

a sheet by electrospraying a solution containing a blend of the 

biodegradable polymer, PLGA and DF. The drug-loaded sheet was 

then cut into strands to be braided with a surgical suture (VICRYL™ 

W9114, Ethicon, USA). I characterized the drug-delivery strand via 

X-ray diffraction and Fourier transform infrared (FTIR) 

spectroscopic analyses. To examine the mechanical properties of the 

suture braided with the drug-delivery strand (i.e., the drug-delivery 

suture), a tensile strength test was performed. The drug-delivery 

suture was also applied in an induced-pain rat model to examine in 

vivo pain-relief efficacy. 
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2.2 Materials and Methods 

 

2.2.1 Materials 

 

PLGA (50:50; end-capped; average MW = 58 kDa; inherent 

viscosity = 0.41 dl/g) was obtained from Lakeshore Biomaterials 

(Birmingham, USA). Diclofenac sodium and phosphoric acid were 

purchased from Sigma-Aldrich (MO, USA). The biodegradable 

surgical sutures (3-0 VICRYL™ W9114) were purchased from 

Ethicon (NJ, USA). Dimethylformamide (DMF), dichloromethane 

(DCM), potassiumphosphate and sodium hydroxide (NaOH) were 

acquired from Daejung (Siheung, Korea). Acetonitrile (ACN) was 

purchased from JT Baker (NJ, USA). Zoletil 50 was purchased from 

Virbac (TX, USA), and xylazine was purchased from Bayer 

(Lerverkusen, Germany). Paraformaldehyde (4%) was supplied from 

Korea CFC (Ansan, Korea). For the hematoxylin and eosin (H&E) 

staining, xylene, ethanol and hydrochloric acid (35–37%) were 

purchased from Duksan Pure Chemicals (Ansan, Korea). Ammonia 

solution (28–30%) was obtained from Junsie Chemical (Tokyo, Japan). 

Modified Mayer's Hematoxylin and Eosin Y solutions were supplied 

by Richard-Allan Scientific (MI, USA). Paraffin was supplied from 

Merck (NJ, USA). 
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2.2.2 Fabrication of Drug-delivery Strands and Sutures 

 

In this work, I first prepared a PLGA sheet loaded with DF. 

For this, both PLGA (4% w/v) and DF (5% w/w) were dissolved in a 

solvent mixed with DMF and DCM (1:100, v/v), and the solution was 

then electrosprayed for 3 h under the following conditions (Nano NC, 

Siheung, Korea): voltage, 25 kV; infusion rate, 10 ml/h; distance 

between tip and collector, 10 cm; and needle, 24 G. I also prepared a 

sheet of PLGA only as a control by electrospraying a PLGA solution 

in DCM (4% w/v) under the same conditions stated above. The 

resulting sheet was cut into strands, 1.5 mm in width, which were then 

braided with a VICRYL™ surgical suture, as shown in Figure 2.1. 

Thus, I prepared two distinct strands: the strand cut from a PLGA 

sheet loaded with DF (i.e., the PLGA_DF strand) and the strand cut 

from a sheet of PLGA only (i.e., the PLGA strand). The assembled 

sutures were treated at 47 ºC for 1 h to improve strand attachment 

and were then sterilized using an ethylene oxide gas (49). Thus, I 

employed three distinct sutures in this work: the intact VICRYL™ 

suture (i.e., the original suture); the suture assembled with a 

PLGA_DF strand (i.e., the PLGA_DF suture); and the suture with a 

PLGA strand (i.e., the PLGA suture). 
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Figure 2.1. Schematic showing the process of preparing the drug-

delivery suture. 

 

 

 

 

 

 

  



 

22 

 

2.2.3 Characterization Methods 

 

To measure the thickness of a strand, 5 different locations 

from a single strand were randomly selected and measured using a 

micrometer (Mitutoyo America, IL, USA). To examine the presence 

of DF and PLGA, the strand was examined by FTIR (JASCO, Japan) 

in a range of 400–4000 cm−1 with a resolution of 4 cm−1 using the KBr 

disk method. The strands were also assessed with an X-ray 

diffractometer (D/MAXRINT 220-Ultima, Rigaku, Japan), where Ni-

filtered CuKα radiation at a wavelength of 1.5418 Å was used to scan 

the samples at a constant rate of 2 º/min and a tube voltage of 40 kV 

with a current of 30 mA. To measure the residual solvent, 8 mg of the 

PLGA_DF strand was fully dissolved in chloroform, and 2 μl of the 

resulting solution was assessed with gas chromatography–mass 

spectrometry (GC–MS; Agilent technologies 7890B/5977A GC/MSD, 

USA) under selected ion monitoring mode using an Agilent DB-624 

column (30 m × 0.25 mm × 1.4 μm). During measurement, the 

flow rate was set at 1 ml/min, and the temperature was increased from 

50 ºC to 100 ºC at a rate of 5 ºC/min and from 100 ºC to 240 

ºC at a rate of 20 ºC/min.  

I imaged all the sutures with scanning electron microscopy 

(SEM; 7501F, JEOL, Japan). To investigate the mechanical properties 

of the sutures, the straight- and knot-pull tests were performed 
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using a universal testing machine (UTM; Instron 5543, MA, USA) 

with a 1-kN load cell (50); the sutures were pulled at a cross-head 

speed of 200 mm/min. In addition, I dip-coated original suture for 2 

hours in various organic solvent such as DCM, DMF, ethyl acetate, 

ethanol and tetrahydrofuran to compare the ultimate mechanical 

strength of sutures (14). To measure the amount of loaded DF, 4 cm 

of the PLGA_DF suture was fully dissolved in 10 ml of DMF, an aliquot 

of which was measured at 276 nm with a spectrophotometer (UV-

1800, Shimadzu, Japan) (51). 

 

2.2.4 In vitro Drug-release Study 

 

To examine the in vitro drug release profiles, the PLGA_DF 

suture was cut into 1-cm pieces, and 4 randomly selected pieces 

were placed into 1 ml of pH 7.4 phosphate-buffered saline (PBS), 

which was shaken at 125 rpm at 37 °C. At the scheduled times of 1, 

2, 3, 5, 7 and 10 days, 1-ml aliquots were collected and replaced by 

an equal volume of fresh PBS. The aliquot was measured via high-

performance liquid chromatography (HPLC; 1260 Infinity Quaternary 

LC system, Agilent, CA, USA) with a C18 analytical column (150 mm 

× 4.6 mm; 5 μm) (52). The UV detection was set at 270 nm, and 

the mobile phase consisted of ACN and 20 mM PBS at pH 2.5 (40:60, 

v/v). 
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2.2.5 In vivo Pain-relief Evaluation 

 

To evaluate pain relief in vivo, I prepared an induced-pain 

animal model based on the protocol I used in a previous study (53). 

For this evaluation, 9-week-old Sprague-Dawley rats were used, 

and the animals were maintained under a 12-h light/dark cycle with 

free access to food and water. All in vivo procedures were approved 

by the Institutional Animal Care and Use Committee at Seoul National 

University Bundang Hospital (BA1309-137-082-01). In brief, to 

prepare an induced-pain animal model, the animals were anesthetized 

via an intraperitoneal injection of zoletil and xylazine (1:1 v/v) cocktail 

at 1 ml/kg. Then, the skin on the right leg was incised to expose the 

quadriceps femoris muscle, which was then incised to prepare a 

wound 1 cm in length and 2 cm in depth. The animals with induced 

pain were divided into three distinct groups, i.e., that in which the 

muscle wound was sutured with 4 cm of the original suture, the PLGA 

suture or the PLGA_DF suture. While suturing, detachment of the 

strand was not observed. For all groups, the skin was closed with a 

nylon 4-0 suture (Ethicon, USA). I prepared a sham animal group, 

where no incision was made in the muscle, and only the skin on the 

right leg was incised and sutured with a nylon 4-0 suture. For all 

animals, the incision site was disinfected with iodine solution. 

Therefore, a total of five different animal groups were employed in 
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this work: the naïve (i.e., the untreated), sham, original suture, PLGA 

suture and PLGA_DF suture groups. Five animals were assigned to 

each animal group; hence, a total of 25 animals were used in this study. 

To evaluate pain relief, I examined the motility of the animals by 

measuring the rearing count and movement velocity (54). For 5 min 

on each scheduled day, I counted the instances of rearing, which were 

defined as when infrared beams set at 12 cm above the ground 

(Photo-beam & Video motion analysis, In Electronics Design, Korea) 

were disrupted. The movement velocity of the animals was measured 

1 day after surgery. For this, I recorded the movement of the animal 

with a camera (HVR3300CA, High Vision, Korea) while it walked 

through a transparent cage (150 cm × 13 cm × 16 cm). 

 

2.2.6 Histological Evaluation 

 

For the histological evaluation, tissue including the suture was 

biopsied 14 days after surgery. The tissue was fixed in 4% 

paraformaldehyde, and after 1 day, it was treated with xylene and 

ethanol. Subsequently, the tissue was paraffinized and sliced into 4-

μm-thick sections using a microtome. These sections were stained 

with H&E, imaged, and then analyzed by a professional pathologist 

(×4; Carl Zeiss, Germany). To evaluate the degree of inflammation, 

the images were each scored semi-quantitatively (0: none; 1: mild; 
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2: moderate; and 3: severe) (55). For the quantitative analysis, I also 

measured the thickness of the inflammatory region around the suture; 

in each image, I found and measured the shortest length between the 

boundary of the suture and the end point of inflammatory region 

around the suture (56). At least five animals were examined per 

animal group. 

 

2.2.7 Statistical Analysis 

 

To compare the rearing counts and velocities among the four 

different animal groups (i.e., the sham, original suture, PLGA suture 

and PLGA_DF suture groups), the Kruskal–Wallis test followed by the 

Bonferroni correction was performed (p < 0.05) (57). The Kruskal–

Wallis test was also performed to compare the inflammation grades 

and thicknesses of the inflammatory region among the animal groups 

(p < 0.05). 
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2.3 Results and Discussion 

 

2.3.1 Characterization of Strands and Sutures 

 

In this study, I first prepared PLGA and PLGA_DF strands via 

electrospraying, and their thicknesses were measured to be 46.0 ± 

0.8 μm and 47.6 ± 1.9 μm, respectively. I assessed the FTIR 

spectra to examine the presence of PLGA and DF in the strands, as 

shown in Figure 2.2. For the intact PLGA, the absorption band 

strongly appeared at 1762 cm−1 due to C=O stretching vibrations (58), 

and the band found at 3545 cm−1 represented hydroxyl (O-H) 

stretching (59); these bands were also observed for both the PLGA 

and PLGA_DF strands. For the intact DF, the characteristic bands 

appeared at 1504 cm−1 and 745 cm−1 due to the C=C stretching in the 

aromatic rings and the C-Cl stretching, respectively (60, 61). The 

characteristic bands of both intact PLGA and DF were observed to be 

overlapped in the spectra of the PLGA_DF strand. According to the 

X-ray diffraction patterns shown in Figure 2.3, the characteristic 

peaks were observed with intact, crystalline DF (62), while the intact 

PLGA and PLGA strands did not exhibit these peaks due to the 

amorphous nature of PLGA (63). For the PLGA_DF strand, the 

characteristic peaks observed for the intact DF were absent, 

suggesting a noncrystalline, molecular-level distribution of DF in the 
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strand (62). Regarding residual solvent, DCM was not detected and 

10.54 ppm of DMF was measured in the PLGA_DF strand, which was 

much lower than the amount of DMF permitted in pharmaceuticals 

(880 ppm) (64). However, future study is needed to develop a proper 

drying procedure to further remove residual DMF. 

In this work, I braided a PLGA or PLGA_DF strand around a 

VICRYL™ surgical suture and observed the resulting cross-sections 

via SEM. As shown in Figure 2.4 and 2.5, the original VICRYL™ 

suture used herein was composed of multiple filaments. In addition, 

for the PLGA and PLGA_DF sutures, the braided strand around the 

suture was clearly observed. To examine the mechanical properties 

of the sutures, I performed the straight- and knot-pull tests using a 

UTM. As shown in Table 2.1, the ultimate tensile strength of both the 

PLGA and PLGA_DF sutures did not decrease compared with the 

original suture. However, the ultimate tensile strength of other dip 

coated suture groups decreased compared with the original suture. 

The amount of DF loaded in the PLGA_DF suture was measured to be 

23.7 ± 1.2 μg/cm. To a large extent, the mechanical strength of the 

PLGA_DF used herein originated from the core suture of the body, 

i.e., the original VICRYL™ suture. When implanted, the PLGA_DF 

strand present at the suture surface would degrade faster than the 

VICRYL™ suture due to its lower density: the strand was made by 

electrospraying a polymer and drug solution while the VICRYL™ 
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suture was made by melt-spinning. In this sense, the breaking 

strength retention (BSR) or bioabsorption profile of the PLGA_DF 

herein would depend mostly on that of the original VICRYL™ suture. 

However, evaluating the BSR profile will be important, for the 

commercialization of this material (65). 

According to the in vitro drug-release profile shown in Figure 

2.6, the PLGA_DF suture released approximately 90% of the loaded 

DF (i.e., 21.4 ± 0.2 μg/cm) in a sustained manner for the first 3 

days; subsequently, the rest of DF was slowly released until 10 days. 

As determined by visual examination, no sutures became 

disassembled or broken during this period. Additionally, when the 

drug concentration was measured using HPLC, the retention time was 

not observed to be shifted, suggesting that the DF was stable for 10 

days. In my previous work, I also separately fabricated a polymeric 

strand loaded with ibuprofen via electrospinning to prepare a drug-

delivery surgical suture (53). However, the strand possessed a 

nanofibrous structure, and due to its high porosity, prolonged drug 

release was not easily obtained. To resolve this, I adopted a more 

complicated, multiple-step electrospinning procedure, which could 

fabricate additional layers as drug-diffusion barriers around the 

strand. In the current work, the strands were prepared via 

electrospraying, where small droplets of a polymer and drug solution 

were sprayed and deposited to form a denser structure in the strand 
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instead of forming nanofibers (66). Therefore, although the water 

solubility of DF herein (39 mg/ml) (67) was much higher than that of 

ibuprofen (0.06 mg/ml) (68), the electrosprayed strand prepared in 

this work allowed for more-sustained drug release even using a 

single-step electrospraying procedure. 
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Figure 2.2. Fourier transform infrared spectra of intact DF, intact 

PLGA, PLGA strand and PLGA_DF strand. 
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Figure 2.3. X-ray diffraction patterns of intact DF, intact PLGA, PLGA 

strand and PLGA_DF strand. 
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Figure 2.4. Cross-sectional SEM images of (a) original suture, (b) 

PLGA suture and (c) PLGA_DF suture. The inserts in (b) and (c) 

show more detailed images of the sutures obtained at larger 

magnification. The scale bars in the main images and insets are 

100μm and 10μm, respectively. 
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Figure 2.5. Cross-sectional SEM images of (a) PLGA suture and (b) 

PLGA_DF suture, which are the larger images of the insets in Figure 

2.4 (b) and (c), respectively. The scale bars are 10μm. 
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Table 2.1. Mechanical properties of the sutures 

Test Suture type 

Tensile 

strength at 

break (N) 

Straight-pull test Original suture 42.61 ± 1.33 

 PLGA suture 42.19 ± 3.31 

 PLGA_DF suture 43.95 ± 1.48 

Knot-pull test Original suture 22.95 ± 1.12 

 PLGA suture 22.40 ± 1.61 

 PLGA_DF suture 23.28 ± 1.89 

Straight-pull test Suture dip-coated in DCM 38.35 ± 1.02 

 Suture dip-coated in DMF 38.00 ± 1.14 

 Suture dip-coated in THF 38.14 ± 1.18 

 Suture dip-coated in Ethyl Acetate 38.80 ± 2.74 

 Suture dip-coated in Ethanol 39.89 ± 0.56 
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Figure 2.6. In vitro drug release profiles of the PLGA_DF suture. 
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2.3.2 In vivo Efficacy Evaluation 

 

To evaluate pain relief, I first assessed the rearing activity of 

the animals with induced pain treated with the different sutures 

described herein and compared this activity with that of the sham 

group (53). A higher rearing activity suggested less pain, and vice 

versa. As shown in Figure 2.7, the rearing counts of both the original 

and PLGA suture groups, where the muscle incision was treated with 

the suture without DF, were significantly lower than that of the sham 

group up to 7 days, indicating the presence of untreated, prominent 

pain. After 9 days, the rearing counts became more similar, as the 

wounds had healed to a large extent. However, for the PLGA_DF 

suture group, the rearing activity was continuously similar to that of 

the sham group throughout the testing period, including the first 7 

days after surgery. This result suggests that the PLGA_DF suture 

presented herein could mitigate the pain throughout the wound-

healing period via sustained drug release (Figure 2.6) 

I also examined the velocity of the animals with induced pain 

treated with the different sutures on 1 day after surgery, when the 

presence of relatively high pain was expected. Thus, a higher velocity 

suggested less pain, and vice versa. I compared the velocity profile of 

the suture groups with that of the sham group, where only the skin 

was incised and thus, there was no pain induced in the muscle. As 
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shown in Figure 2.8, the original and PLGA suture groups exhibited 

velocities significantly lower than that of the sham group, suggesting 

the presence of untreated pain. However, for the PLGA_DF suture 

group, the velocity was more similar to that of the sham group and 

was higher than those of the original and PLGA suture groups. This 

result suggested that the DF released on the first day could properly 

mitigate the relatively high pain experienced in the short-term after 

surgery. 
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Figure 2.7. Rearing activity obtained in the animal groups; * p<0.05, 

significantly different from the sham group. 
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Figure 2.8. Velocity profiles obtained in the animal groups at 1 day 

after surgery; * p<0.05, significantly different from the sham group. 
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2.3.3 Histological Evaluation 

 

To examine the biocompatibility and anti-inflammatory effect 

of DF, I performed a histological analysis of the tissues around the 

original, PLGA and PLGA_DF sutures, which were biopsied at the end 

point of the experiment, i.e., 14 days after surgery. As shown in 

Figure 2.9, for all suture groups, inflammation was indeed present 

probably due to the acidic by-products of PLGA degradation. 

However, the PLGA_DF suture group exhibited significantly lower 

inflammation scores and inflammatory tissue thicknesses compared 

with the original suture group. These results suggested that a 

sustained, local release of DF indeed exerted an anti-inflammatory 

effect on the surrounding tissue, suppressing inflammatory cell 

recruitment and activation (69). This decreased inflammation also 

suggests that the biocompatibility of the PLGA_DF suture is 

comparable to that of the original VICRYL™ suture already approved 

for clinical use. 
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(a) 

 

(b) 
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(c) 

Figure 2.9. Histological analysis of the tissues around the sutures, 

based on H&E staining. The tissues were biopsied 14 days after 

surgery. (a) Representative histological images (A: original suture, B: 

PLGA suture and C: PLGA_DF suture). The scale bars are 100μm. 

(b) Inflammation grade scores and (c) inflammatory tissue 

thicknesses; *<0.05, significantly different from the sham group. 
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2.4 Conclusion 

 

In this study, I developed a surgical suture that could release 

DF in a sustained manner to relieve the local, persistent pain present 

around a surgical wound site. I aimed to attain this drug-delivery 

functionality while retaining the inherent mechanical strength of the 

surgical suture. Therefore, I separately prepared a drug-loaded 

strand via electrospraying a solution containing both DF and PLGA 

and physically braided it with a surgical suture already in clinical use. 

As a result, the drug-delivery suture presented herein could release 

DF in a sustained manner for up to 10 days, and its mechanical 

properties were not degraded compared with the original surgical 

suture in clinical use. My in vivo experimental results revealed that 

this drug-delivery suture could decrease pain throughout the tested 

period and that it possesses good biocompatibility. Therefore, I 

conclude that a surgical suture braided with a polymeric strand loaded 

with a pain-reliever is a promising device for the treatment of local 

pain at surgical wound sites. 
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Chapter 3 

 

 

Elastic Net of Polyurethane Strand for 

Sustained Release of Triamcinolone 

Around Silicone Implant of Various 

Sizes 
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3.1 Introduction 

 

Silicone implants are medical devices utilized for augmentation 

and reconstruction in clinical settings (70-72). However, capsular 

contracture around inserted implants has been one of the most severe 

complications (73-75). It has been reported that up to 30% of 

patients experience capsular contracture, and more than 10% of those 

patients need replacement surgery, which can increase the chance of 

surgery-related risks as well as the financial burden for the patients 

(73, 76-78). 

Capsular contracture results mostly from pathological fibrosis, 

which originates from an upregulated and prolonged inflammatory 

response around an implant (4, 79, 80). Thus, the implant is 

eventually surrounded by excessive fibrotic tissue and thereby 

isolated from the body. At first, the wound from the implantation 

procedure causes acute inflammation at the surgical site, where 

polymorphonuclear leukocytes (PMNs) secrete numerous 

proinflammatory cytokines (4, 81). Due to the presence of a large 

wound along with a nondegradable implant, acute inflammation can 

become chronic, in which fibroblasts are recruited and activated by 

cytokines, such as transforming growth factor-β (TGF-β), and 

excessive collagen bundles are synthesized around the implant (82, 

83). TGF-β also causes fibroblasts to differentiate into 
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myofibroblasts, which contract collagen bundles, causing capsular 

contracture around the implant (84). 

Therefore, the local delivery of an anti-inflammatory drug 

around a silicone implant would be beneficial for modulating the 

upregulated inflammation and thus preventing capsular contracture 

(85, 86). Considering the occurrence of prolonged inflammation due 

to silicone implants, sustained drug release would be more 

advantageous, and polymeric coatings have often been employed over 

the entire surface of silicone implants to serve the purpose of a drug-

diffusion mediator (7, 86, 87). However, from manufacturing 

perspective, silicone implants are produced in a variety of sizes (88, 

89); thus, for each implant size, a specific coating process may need 

to be developed to optimize the coating stability and the drug dose. 

Therefore, to be applicable to silicone implants of various 

sizes, I propose an elastic net made of a biocompatible polymer as a 

local, sustained drug delivery carrier. In this work, a drug-delivery 

net (DDN) was made of elastic strands of polyurethane loaded with 

an anti-inflammatory drug, triamcinolone, which is known to suppress 

fibrosis around silicone implants (29, 30, 90). Thus, I hypothesized 

that due to the elastic property of the DDN, DDNs of a single size 

carrying the same triamcinolone dose could tightly wrap silicone 

implants of various sizes and still release triamcinolone in a sustained 

manner locally from the surface of the implant to prevent fibrosis. 
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To test the DDN herein, I prepared implant samples using 

polydimethylsiloxane (PDMS) with volumes of 1 ml and 7 ml, 

representing the smallest and largest volumes of the silicone breast 

implants often employed in clinical settings, respectively (91-93). 

Thus, the DDN was prepared to just fit the 1 ml sample but was also 

applied to the 7 ml sample. To evaluate the efficacy of the DDN, the 

different implant samples, which were wrapped with DDNs of the 

same size and triamcinolone dose, were each inserted subcutaneously 

in living rats. Then, the tissue was biopsied at scheduled times for 12 

weeks to analyze inflammation and fibrosis.  
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3.2 Materials and Method 

 

3.2.1 Materials 

 

A kit for a silicone elastomer with a PDMS base and curing 

agent was obtained from Dow Corning (SYLGARD 184, USA). 

Polyurethane and acetonitrile (ACN) were purchased from Sigma-

Aldrich (USA) and Fisher Scientific (USA), respectively. 

Triamcinolone (TA) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) 

were purchased from Tokyo Chemical Industry (Japan). I obtained 

dimethylformamide (DMF) and ammonium acetate from Dae-Jung 

(Korea). Isoflurane was purchased from Hana Pharm (Korea). 

Paraffin and paraformaldehyde (4%) solutions were obtained from 

Merck (USA) and KCFC (Korea), respectively. Xylene and ethanol 

were supplied from Duksan Pure Chemical (Korea). Mayer-modified 

hematoxylin and eosin Y solutions were purchased from Thermo 

Fisher Scientific (USA). I obtained biebrich scarlet-acid fuchsin, 

phosphomolybdic acid, phosphotungstic acid, aniline blue and 

hydrochloric acid from Merck (USA). VECTASHIELD was supplied 

by Vector Laboratories (USA). An antigen-retrieval solution (10X) 

and antibody diluent were obtained from Dako (USA). Anti-TGF-β 

(sc-146) and anti-vimentin antibodies were supplied by Santa Cruz 

Biotechnology (USA) and Abcam (UK), respectively. I purchased 
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Alexa Fluor® 488 (A11001) from Life Technologies (USA). 

 

3.2.2 Preparation of Silicone Samples and DDN 

 

While I prepared small silicone implant samples suitable for 

implantation in living rats, the volume range and shape mimicked those 

of implants in clinical use (91, 92). Thus, I prepared two different 

hemispherical molds, 2 and 4 cm in diameter, into which the PDMS 

base was poured and cured at 100 ºC for 1 h to produce samples of 

approximately 1 ml and 7 ml, respectively. The 1 ml and 7 ml samples 

(i.e., the SI and LI, respectively) represented the smallest and largest 

volumes of silicone breast implants in clinical use (88). To prepare 

the DDN herein, a solution dissolved with polyurethane (8% w/v) and 

triamcinolone (5% w/w) was prepared in HFP, which was electrospun 

(Nano NC, Korea) to produce a polyurethane sheet loaded with 

triamcinolone. The electrospinning conditions were as follows: 

voltage, 20 kV; infusion rate, 1 ml/h; distance between tip and 

collector, 10 cm; needle gauge, 20 G; and duration, 5 h. As a control, 

a sheet of polyurethane was also fabricated to produce the elastic net 

without triamcinolone (i.e., the EN), for which the solution of 

polyurethane in HFP (8% w/v) was electrospun under the same 

conditions described above. I cut the resulting sheet into strands 3 

mm in width and 6 cm in length, four of which were rolled and attached 
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by heat to prepare the net, as depicted in Figure 3.1e. I prepared six 

different implant samples: a 1 ml implant without the net (i.e., the SI); 

a 7 ml implant without the net (i.e., the LI); a 1 ml implant wrapped 

with the EN (i.e., the EN_SI); a 7 ml implant wrapped with the EN 

(i.e., the EN_LI); a 1 ml implant wrapped with the DDN (i.e., the 

DDN_SI); and a 7 ml implant wrapped with the DDN (i.e., the DDN_LI).   
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Figure 3.1. Scanning electron micrographs of the surfaces of the 

strands for (a) EN_SI, (b) DDN_SI, (c) EN_LI and (d) DDN_LI. Scale 

bars are 1 µm. and optical images of (e) DDN, (f) SI and DDN_SI, and 

(g) LI and DDN_LI. Scale bars are 1 cm. 
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3.2.3 Characterizations 

 

To assess the morphology, I observed each of the strands of 

the EN and DDN by scanning electron microscopy (SEM; 7800F Prime, 

JEOL, Japan). Strands elongated up to 72% strain, which would be the 

maximum strain needed to wrap the LI sample in this work, were also 

examined. To evaluate the mechanical properties, the strands were 

subjected to a straight-pull test with a universal testing machine 

(UTM; Instron-5543, Instron, USA). The strands were also 

evaluated by X-ray diffractometer (XRD; D/MAX RINT 220-Ultima, 

Rigaku, Japan) under Ni-filtered CuKα radiation at a wavelength of 

1.5418 Å; the samples were scanned at a constant rate of 2˚/min at 

a tube voltage and current of 40 kV and 30 mA, respectively. I also 

optically observed and imaged the nets, intact implant samples, and 

net-wrapped implant samples using a camera (HD Pro Webcam 

C920r, Logitech, Switzerland). To measure the loaded amount of 

triamcinolone, 1 cm of the strand material composing the DDN was 

dissolved in 5 ml of DMF, and the concentration of triamcinolone was 

measured by high-performance liquid chromatography-mass 

spectrometry (HPLC-MS; 1260 series, Agilent Technologies, USA) 

using a C18 analytical column (Poroshell, 2.7-µm pore size, 4.6 x 100 

mm, Agilent Technologies) under the following conditions: flow rate, 

5 ml/min; and injection volume, 10 µl. For this examination, I prepared 
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the mobile phase by mixing 2 mM ammonium acetate at pH 3.2 and 

ACN (55:45, v/v). 

 

3.2.4 In vitro Drug Release Study 

 

To assess the drug release behavior, in vitro drug release 

experiments were conducted for the implant samples wrapped with 

the DDN, i.e., the DDN_SI and DDN_LI. Each sample was fully 

submerged in pH 7.4 PBS (10 ml) at 37˚C under shaking at 125 rpm 

in an incubator (SI-600R; JeioTech, Korea). At predetermined time 

points up to 28 days, the whole volume of release medium (10 ml) 

was fully extracted and replaced with fresh PBS. The triamcinolone 

concentration in the obtained medium was measured by HPLC-MS as 

described above. The experiment was repeated three times for 

DDN_SI and DDN_LI. 

 

3.2.5 In vivo Experiments 

 

For the in vivo evaluation, I used male Sprague-Dawley rats 

(8 weeks old, 250-300 g), which were maintained under a 12/12 h 

light/dark cycle in a specific-pathogen-free (SPF) laboratory with 

free access to food and water. The experimental protocol was 

approved by the Institutional Animal Care and Use Committee of Seoul 
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National University Bundang Hospital (approval number: BA1102-

077/006-01), and all procedures were in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals. I assigned the 

animals to six different groups according to implant type, i.e., the SI, 

LI, EN_SI, EN_LI, DDN_SI and DDN_LI groups, with 8 animals in each 

group. 

For implantation, the animal was first anesthetized by 

isoflurane inhalation. Then, the fur on the dorsal region was removed, 

and the skin was then disinfected with 70% alcohol and betadine. After 

making a skin incision, the sample was inserted into the subcutaneous 

pocket, and the incision was closed with nylon 4/0 surgical sutures 

(Ethicon, USA), followed by disinfection. At 2 and 8 weeks after 

implantation, four animals per group were sacrificed via carbon 

dioxide inhalation to biopsy the tissue around the sample. 

 

3.2.6 Histological and Immunofluorescence Analysis 

 

For this evaluation, the biopsied tissue was fixed in 4% 

paraformaldehyde, embedded in paraffin, and sectioned at 4 µm for 

staining. For evaluation of the capsule, skin and muscle thickness, and 

inflammation degree, the sections were stained with hematoxylin and 

eosin (H&E). Each section was treated with hematoxylin solution and 

then washed with water. Next, the section was treated with 0.3% HCl 
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and 70% ethanol and was then dipped into a 0.1% ammonium 

hydroxide solution. Finally, the section was treated with eosin Y 

solution and dehydrated sequentially with ethanol and xylene. The 

section was then observed and imaged at x50 magnification (Imager 

A1; Carl Zeiss, Germany). To assess the capsule thickness, I 

measured the thinnest region of the capsule tissue (94, 95). The 

thickness of the skin and muscle was measured in three distinct, 

randomly selected regions for each corresponding tissue. To examine 

the inflammation degree, each section was observed at x200 

magnification and scored semiquantitatively, as follows: 0; none, 1; 

mild, 2; moderate, and 3; severe. 

 To evaluate the collagen density, each section was stained 

with Masson’s trichrome (MT) by sequential treatment with biebrich 

scarlet-acid fuchsin, phosphotungstic-phosphomolybdic acid and 

aniline blue. To determine the collagen density, images of the sections 

were obtained at x400 magnification, and the area of blue color 

(ImageJ software, NIH, USA) was calibrated as a percentage based 

on the area of the whole image. To assess the number of fibroblasts 

and the degree of TGF-β expression, immunofluorescence (IF) 

staining was conducted according to the manufacture’s instructions 

using primary anti-vimentin and anti-TGF antibodies, respectively, 

at a dilution of 1:250 (55). To stain the cell nuclei, the sections were 

also treated with VECTASHIELD mounting medium containing DAPI. 
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Thus, for the IF-stained sections, the green and blue double-positive 

cells were counted in images obtained at x400 magnification. To 

assess the degree of TGF-β expression, the images were scored 

semiquantitatively, as follows: 0; none, 1; mild, 2; low, 3; medium, 4; 

high, and 5: severe. 

For the EN and LI samples, which were not wrapped, 8 images 

were analyzed at each biopsy time. For the wrapped samples, two 

distinct areas of tissue that was in contact with the surface of the net 

(+) or bare silicone (–) were assessed; thus, a total of 16 images (i.e., 

8 images for each tissue area) were assessed at each biopsy time. 

Therefore, there were five different tissue groups for each implant 

size: SI, EN_SI(+), EN_SI(–), DDN_SI(+) and DDN_SI(–) for the 1 

ml implant; and LI, EN_LI(+), EN_LI(–), DDN_LI(+) and DDN_LI(–) 

for the 7 ml implant. The images were analyzed by a professional 

pathologist in a blinded manner. 

 

3.2.7 Statistical Analysis 

 

For each implant size, the nonparametric Kruskal–Wallis test 

was used to compare the evaluated values among the five tissue 

groups for dependent variables, which included the biopsy time and 

observed tissue area for each implant type. The evaluated values 

were the thicknesses of the capsule, skin and muscle, the collagen 
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density, the scores of inflammation and TGF-β expression, and the 

number of fibroblasts, respectively. Then, comparisons were made 

between two of the five tissue groups using the Mann–Whitney U test 

and Bonferroni correction, where P < 0.01 was considered statistically 

significant. 
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3.3 Results 

 

3.3.1 Strand Characterization 

 

To prepare the EN and DDN, I first fabricated strands of 

polyurethane and strands of polyurethane and triamcinolone, 

respectively, via electrospinning. Therefore, all strands herein were 

composed of nanofibers regardless of the presence of triamcinolone 

(Figures 3.1a-d). When the strands were elongated enough to be able 

to wrap the LI (72% strain), the nanofibers in the EN and DDN were 

observed to be slightly stretched; however, the strands did not exhibit 

major defects or cracks (Figures 3.1c, d). Due to the randomly 

oriented direction of the nanofibers, the strain applied to each 

nanofiber appeared to be lower than that applied to the whole strand 

in a single longitudinal direction (96). The 72% strain needed to wrap 

the LI was much lower than the maximum strain at break of the EN 

and DDN strands, which was measured to be 265.97 ± 23.94% and 

281.28 ± 36.36, respectively. With those strands, I prepared the EN 

and DDN, as shown in Figure 3.1e, in a size just sufficient to wrap the 

SI (Figure 3.1f). Due to the elastic property of the polyurethane, the 

same size DDN could also wrap the larger LI sample, as shown in 

Figure 3.1g. 

The XRD results in Figure 3.2 demonstrate the presence of 
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triamcinolone, as indicated by characteristic peaks originating from its 

crystallinity (97); however, there were no apparent peaks in the 

pattern of the strand used for the EN, without triamcinolone, due to 

the amorphous nature of the polyurethane (98). The pattern of the 

strand used for the DDN also did not exhibit the characteristic peaks 

even with the presence of triamcinolone, which suggested that the 

triamcinolone was distributed at a molecular level without crystal 

formation when loaded in the strand. For the DDN strand, the amount 

of loaded triamcinolone was measured to be 1.38 ± 0.07 μg/cm. 
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Figure 3.2. X-ray diffraction patterns of intact triamcinolone, and the 

strands for EN and DDN. 
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3.3.2 In vitro Release Profiles of Triamcinolone 

 

I carried out in vitro drug release studies using implant 

samples of both sizes, each wrapped with the same DDN, i.e., DDN_SI 

and DDN_LI, both of which exhibited a similar pattern of sustained 

drug release for up to 28 days (Figure 3.3). The strain applied to the 

DDN to wrap the larger LI herein did not appear to influence the drug 

release property of the nanofibers in the DDN. The initial burst 

release on the first day could be ascribed to the drug present at the 

strand surface. Subsequently, the drug was released slowly at a rate 

of approximately 1.1%/day. 
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Figure 3.3. In vitro cumulative drug release profiles of the DDN_SI 

and DDN_LI plotted in percent and the amount. 
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3.3.3 In vivo Evaluation 

 

To investigate the antifibrotic efficacy of triamcinolone, I 

assessed the capsule thickness around the implant samples prepared 

in this work, as shown in Figures 3.4a, b. At 2 weeks, a difference in 

the capsule thickness was not evident among the samples, as the 

capsule was be composed mostly of inflammatory cells. Thus, fibrosis 

was not yet fully developed at this early stage of inflammation (99). 

At 8 weeks, however, a decrease in capsule thickness was evident 

with the presence of triamcinolone, i.e., in both the DDN_SI and 

DDN_LI groups, compared with the SI and LI groups, respectively (P 

< 0.01). The density of collagen, a major constituent of fibrotic tissues, 

was also decreased in the DDN_SI and DDN_LI groups compared with 

the SI and LI groups, respectively (Figures 3.4c, d). For the samples 

wrapped with the EN, without the drug, both the capsule thickness 

and collagen density were similar to those of the unwrapped SI and LI 

samples, respectively (P > 0.05). I also examined the degree of TGF-

β expression and the number of fibroblasts as a major cytokine and 

cell type involved in massive collagen synthesis during fibrosis (82). 

Figures 3.7 and 3.9 show that there was significantly lower TGF-β 

expression and fewer fibroblasts around all samples wrapped with the 

DDN (P < 0.01). In the EN_SI and EN_LI groups, these parameters 

were similar to those measured in the SI and LI group, respectively 
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(P > 0.05). 

It should be noted that for the samples wrapped with the DDN, 

the decrease in capsule thickness and collagen density was prominent, 

along with the decrease in TGF-β expression and fibroblast number; 

these values did not significantly differ according to sample size or 

tissue location (P > 0.05), i.e., tissue in contact with either the DDN 

or bare silicone surface. This result suggests that the same DDN could 

release the drug with similar efficacy over the entire surface of both 

implant sizes employed in this work. As shown in Figure 3.11, the 

overall inflammation was indeed lowered by the DDN regardless of 

the implant size and tissue location, which again suggests prolonged 

action of the anti-inflammatory drug, triamcinolone, over the entire 

surface of the implant sample. 

Albeit effective for modulating inflammation, triamcinolone 

may cause muscle and skin thinning as side effects of overexposure 

(100-102). To assess the safety of the triamcinolone dose employed 

in this work, I examined the thickness of both the muscle and skin. As 

shown in Figure 3.13, no samples wrapped with the DDN exhibited a 

significant change in muscle or skin thickness compared with the 

intact SI and LI samples during the whole testing period of 8 weeks 

(P > 0.05). 

 

 



 

66 

 

 

(a1) 

 

(a2) 

2 8
0

200

400

600

800

1000

Time (week)

C
a

p
su

le
 T

h
ic

k
n

es
s 

(
m

)

SI

EN_SI (+)
EN_SI (-)

DDN_SI (+)

DDN_SI (-)

*
*



 

67 

 

 

(b1) 

 

(b2) 

2 8
0

200

400

600

800

1000

Time (week)

C
a

p
su

le
 T

h
ic

k
n

es
s 

(
m

)

LI

EN_LI (+)
EN_LI (-)

DDN_LI (+)

DDN_LI (-)

* *



 

68 

 

 

(c1) 

 

(c2) 

2 8
0

20

40

60

80

100

Time (week)

C
o

ll
a

g
en

 d
e
n

si
ty

 (
%

)

SI
EN_SI (+)

EN_SI (-)

DDN_SI (+)

DDN_SI (-)

*
* *

*



 

69 

 

 

(d1) 

 

(d2) 

2 8
0

20

40

60

80

100

Time (week)

C
o

ll
a

g
en

 d
e
n

si
ty

 (
%

)

LI
EN_LI (+)

EN_LI (-)

DDN_LI (+)

DDN_LI (-)

*

*

*
*



 

70 

 

Figure 3.4. Evaluation of fibrotic capsules around the silicone implant 

samples. Profiles of capsule thickness in the tissues around the 

silicone implant samples of (a1) small and (b1) large sizes. Asterisk 

(*) represents a statistically significant difference compared with the 

intact SI and LI, respectively (P < 0.01). Representative H&E-

stained images of the tissues around the silicone implant samples of 

(a2) small and (b2) large sizes obtained at 8 weeks after implantation. 

Black arrows indicate the capsule thickness. Scale bars are 500 µm. 

Profiles of collagen density in the tissues around the silicone implant 

samples of (c1) small and (d1) large sizes. Asterisk (*) represents a 

statistically significant difference compared with the intact SI and LI, 

respectively (P < 0.01). Representative MT-stained images of the 

tissues around the silicone implant samples of (c2) small and (d2) 

large sizes obtained at 8 weeks after implantation. Scale bars are 

100μm. 
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(c) 

Figure 3.5. The capsule thickness around the silicone implants. 

Representative histological images of (a) SI and (b) LI groups 

obtained at 2 weeks after implantation. (c) show the comparison of 

DDN_SI and DDN_LI. The black arrows signify capsule thickness and 

the scale bars are 500μm. 
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(c) 

 

Figure 3.6. The collagen density around the silicone implants. 

Representative histological images of (a) SI and (b) LI groups 

obtained at 2 weeks after implantation. (c) show the comparison of 

DDN_SI and DDN_LI. The black arrows signify capsule thickness and 

the scale bars are 100μm. 
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Figure 3.7. Profiles of TGF-ß expression in the tissues around the 

silicone implant samples of (a1) small and (b1) large sizes. Asterisk 

(*) represents a statistically significant difference compared with the 

intact SI and LI, respectively (P < 0.01). Representative IF-stained 

images of the tissues around the silicone implant samples of (a2) 

small and (b2) large sizes obtained at 8 weeks after implantation. 

White arrow heads indicate the locations of the cells with a double 

positive signal of green and blue. Scale bars are 100μm. 
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(c) 

 

Figure 3.8. The TGF-β expression in the capsule tissue around the 

silicone implants. Representative histological images of (a) SI and (b) 

LI groups obtained at 8 weeks after implantation. (c) show the 

comparison of DDN_SI and DDN_LI. The scale bars are 100μm. 
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Figure. 3.9. Profiles of fibroblast number in the tissues around the 

silicone implant samples of (a1) small and (b1) large sizes. Asterisk 

(*) represents a statistically significant difference compared with the 

intact SI and LI, respectively (P < 0.01). Representative IF-stained 

images of the tissues around the silicone implant samples of (a2) 

small and (b2) large sizes obtained at 8 weeks after implantation. 

White arrow heads indicate the locations of the cells with a double 

positive signal of green and blue. Scale bars are 100μm. 
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(c) 

 

Figure 3.10. The fibroblast number in the capsule tissue around the 

silicone implants. Representative histological images of (a) SI and (b) 

LI groups obtained at 2 weeks after implantation. (c) show the 

comparison of DDN_SI and DDN_LI. The white arrows signify double 

signaling of fibroblast and the scale bars are 100μm. 
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Figure 3.11. Profiles of inflammation degree around the silicone 

implant samples of (a1) small and (b1) large sizes. Asterisk (*) 

represents a statistically significant difference compared with the 

intact SI and LI, respectively (P < 0.01). Representative H&E-

stained images of the tissues around the silicone implant samples of 

(a2) small and (b2) large sizes obtained at 2 weeks after implantation. 

Scale bars are 100μm. 
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(c) 

 

Figure 3.12. The degree of inflammation in the capsule tissue around 

the silicone implants. Representative histological images of (a) SI and 

(b) LI groups obtained at 8 weeks after implantation. (c) show the 

comparison of DDN_SI and DDN_LI. The scale bars are 100μm. 
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Figure 3.13. Side effect evaluation of the silicone implant samples. 

Profiles of muscle thickness around the silicone implant samples of 

(a1) small and (b1) large sizes. Asterisk (*) represents a statistically 

significant difference compared with the intact SI and LI, respectively 

(P < 0.01). Representative H&E-stained images used for muscle 

thickness evaluation around the silicone implant samples of (a2) small 

and (b2) large sizes obtained at 8 weeks after implantation. Black 

arrows indicate the muscle thickness. Scale bars are 500μm. Profiles 

of skin thickness around the silicone implant samples of (c1) small 

and (d1) large sizes. Asterisk (*) represents a statistically significant 

difference compared with the intact SI and LI, respectively (P < 0.01). 

Representative H&E-stained images used for skin thickness 

evaluation around the silicone implant samples of (c2) small and (d2) 

large sizes obtained at 8 weeks after implantation. Black arrows 

indicate the skin thickness. Scale bars are 500μm.  
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3.4 Discussion 

 

Fibrotic capsule formation is a major complication of silicone 

implants and is caused mainly by upregulated and prolonged 

inflammation after implant insertion (4, 80, 83). Therefore, the local, 

sustained delivery of an anti-inflammatory drug, such as 

triamcinolone, around silicone implants could be beneficial by 

modulating inflammation and ultimately suppressing fibrosis (103). 

However, silicone implants are produced in various sizes to meet the 

needs of patients and specific purposes (88, 104). Thus, from a 

practical perspective, it would not be easy to develop a manufacturing 

procedure to prepare a coating with reproducible drug loading and 

delivery profiles applicable for all available implant sizes. Silicone 

implants for breast augmentation and reconstruction are generally 

produced in various sizes, with the largest implant being 

approximately 6 - 7 times larger than the smallest (91, 92). 

 Therefore, I suggest a net made of biocompatible, elastic 

polyurethane for the local, sustained delivery of triamcinolone around 

silicone implants of various sizes. The drug-loaded elastic net, i.e., 

the DDN herein, was prepared as a prototype, which could just wrap 

the small silicone implant sample (i.e., the SI sample) without strain. 

My results reveal that the same DDN could also wrap the implant 

sample 7 times larger in size (i.e., the LI sample) with a strain of 72% 
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due to the elastic property of polyurethane (Figures 3.1c, d). 

Importantly, the strain needed to wrap the LI sample was much lower 

than the strain at break (260 - 280%) of the DDN used in this work.  

 Under this condition, each of the nanofibers appeared to not 

be under much strain due to their arrangement in random directions 

(Figures 3.1a-d), and possibly because of this, the drug release 

profiles did not vary between the unstrained and strained DDNs 

(Figure 3.3). Therefore, when implanted in living animals, an 

antifibrotic effect of triamcinolone was evident around both the large 

and small implant samples wrapped with the same DDN, which was 

similarly effective across the entire surface of the implant (Figures 

3.4-13). 

My in vivo results also showed that the DDN did not exhibit 

the side effects of triamcinolone, such as muscle and skin thinning, 

around the wrapped implant samples (Figure 3.13). The triamcinolone 

dose for the strand was selected to be 1.38 ± 0.07 μg/cm; thus, the 

total dose for the DDN was 25.16 ± 1.23 μg, considering the total 

length of the drug-loaded strand used to prepare a single DDN (18.28 

cm). Therefore, the drug dose per unit surface area of the implant 

sample could be calibrated to 3.19 and 1.08 μg/cm2, given the total 

surface area of 7.88 and 23.32 cm2 for the SI and LI samples, 

respectively. These doses of triamcinolone are within the range 

reported in my previous work (30), in which fibrosis was effectively 
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suppressed without causing side effects. 

 In addition to silicone implants, there are many different 

implantable medical devices available for clinical use, and their 

implantation often involves a relatively large wound. Therefore, 

postimplantation complications, such as pain, infection or impaired 

wound healing, can occur (76, 105). To resolve such a specific issue, 

the DDN could also be applied for the local, sustained release of other 

drugs of interest around an implanted device (106-108). More 

importantly, the DDN could be produced in a single size standardized 

for each category of implantable medical device, such as orthopedic 

fixation devices, electronic devices (e.g., pacemakers, deep brain 

stimulators) or drug infusion pumps (109-116). Thus, DDNs of a 

single size can be applied around the surface of medical devices of 

various sizes simply through a postprocess during manufacturing and 

still effectively modulate inflammation, prevent infection or even 

facilitate wound repair around the implanted device.  
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3.5 Conclusion 

 

I propose a drug-loaded net made of an elastic, biocompatible 

polymer to wrap silicone implants produced in various sizes. The DDN 

can be made with electrospun, randomly oriented polyurethane 

nanofibers and thus be stretched to cover an implant 7 times larger in 

size without noticeable defects or changes in the drug release profile. 

When wrapped with the same DDN, therefore, all silicone implants in 

this size range can suppress fibrosis with similar efficacy due to the 

reproducible, local, sustained release of triamcinolone. Triamcinolone 

released from the strands of the DDN can also diffuse to cover the 

entire surface of the implant, resulting in a similar antifibrotic effect 

on both tissues in direct contact with the DDN and bare silicone. 

Therefore, I conclude that an elastic DDN loaded with triamcinolone 

has the potential to prevent fibrosis around silicone implants 

manufactured in various sizes. 
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Chapter 4 

 

 

Conclusion and Perspectives 

 

Recent years have witnessed a rapid growth of the medical 

device market. In order to meet diverse patients’ demands, 

numerous devices have been developed. Each device has its own 

purpose and use, including, for instance, tissue connection and 

replacement of the human breast. However, the use of such medical 

devices may cause some unexpected side effects, such as 
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inflammation, which leads to pain, large scars, abnormal fibrosis, and 

capsular contractures, to the effect of requiring an additional surgery. 

To overcome these side effects, various drug delivery systems—most 

commonly, oral drug administration and local injection—have been 

developed and used in clinical practice.  

However, conventional administration routes have limitations, 

such as low drug bioavailability, hepatoxicity, and aichmophobia (fear 

of needle) in patients. In the present dissertation, I developed a 

strand-based drug delivery carrier that has many advantages, such 

as providing full control of the drug delivery function and individual 

flexibility or rigidity. Since I developed the individual drug delivery 

carrier based on the strand, it is compatible with many medical 

devices such as surgical suture, silicone implant and, therefore, does 

not require any changes or modifications of current functions and 

modes of usage of medical devices.  

More specifically, I physically braided the strands on surgical 

sutures so as to create a local drug delivery system. Therefore, 

through controlling the drug delivery profile, the manufactured strand 

can reduce inflammation and pain without compromising on the 

mechanical strength of suture.  

Secondly, I developed an individual drug delivery elastic net 

to cover flexible silicone implants so as to reduce inflammation around 

the wound site. According to recent estimates, more than 30% of 
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patients suffer from abnormal fibrosis caused by inflammation, which 

can eventually lead to the formation of capsular contractures, bringing 

pain and potentially necessitating a second surgery. Furthermore, 

considering that patients’ body sizes can vary considerably, an 

effective drug delivery system for various sizes of silicone implants 

is necessary. However, creating such system is difficult, and silicone 

implants may require additional procedures to reduce inflammation. In 

the present study, I managed to create the drug delivery elastic net 

that can not only cover the entire range of different sizes of silicone 

implants, but also deliver drugs up to 4 weeks of the acute 

inflammatory period. Through in vivo experiments, I demonstrated 

that stretched or non-stretched elastic net groups had similar drug 

release patterns and anti-inflammatory effects. These results 

suggest, regardless of that whether the strand was stretched or not, 

it did not alter or destroy the nano-fibrous structure and, therefore, 

successfully sustained the drug release profile.  

The results of my experiments showed that individual strands 

can function as a controllable drug delivery system on medical devices 

without changing the functions of the latter. Therefore, the 

manufactured system has a great potential in terms of its further 

applications in the medical field. For instance, various drugs can be 

loaded to electrospun or electrosprayed sheet which can easily 

control the drug release profiles (98, 117-121). These approach can 
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apply to my developed strand where can be used in other medical 

devices. And, the use of the fabricated strand-based carrier can 

expand to other medical devices beyond sutures and silicone implants 

I tested in the present study. Specifically, the manufactured strands 

can be attached to the surface of an implantable medical device and 

elongate up to 250% of its original size. Moreover, the strand-based 

carrier can deliver the drug directly to the local site within the 

therapeutic window. Furthermore, it also requires a smaller amount 

of drugs as compared the oral administration or injection approaches. 

In summary, the developed strand-based controllable drug delivery 

system can effectively deliver anti-inflammatory drugs and 

successfully fits various sizes of implantable medical devices. 
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Abstract in Korean 

국문 초록 

 

본 논문은 이식 가능한 의료기기의 기능을 지원할 수 있는 스트랜드 

(Strand) 기반 약물 전달 의료기기의 설계, 제작 및 평가에 초점을 

맞추고 있다. 이식 후 스트랜드 기반 약물 전달 의료기기의 생체적합성을 

유지시키기 위해, 전기 방사 및 전기 분사 방법을 사용하여 생체 

고분자를 이용한 스트랜드를 준비했다. 

최근 몇 년 동안, 인간과 다른 동물의 질병을 진단, 치료, 치료, 

예방하기 위해 수많은 의료기기가 개발되었다. 그러나, 의료기기를 

제조하는데 사용되는 재료는 신체에 이질적인 물질이며, 따라서 

염증으로부터 구형구축뿐만 아니라 통증과 비정상적인 섬유증을 일으킬 

수 있다. 이러한 문제를 해결하기 위해 흔히 사용되는 접근법에는 경구 

약물 투여와 약물 주사가 있으나, 이 접근법은 간독성이나 추가 통증과 

같은 2차 부작용을 일으킬 수 있다. 의료기기의 국소 약물 전달 

시스템을 통하여 이러한 부작용이 감소된 최근 연구의 발전에도 

불구하고, 제어 된 약물 전달의 어려움 또는 의료기기의 기능 저하와 

같은 제한 사항이 여전히 남아 있다. 

앞서 언급한 문제를 해결하기 위해, 본 연구에서는 스트랜드를 

기반으로 개별 약물 전달 캐리어를 개발했다. 이 캐리어는 의료기기의 

기능을 손상시키지 않고 적정량의 약물을 국소 부위에 방출한다.  

첫 번째 실험에서는, 스트랜드 기반의 약물 제어 전달 시스템을 
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포함하는 새로운 의료기기를 개발하였다. 개발된 약물전달 스트랜드는 

봉합사의 원래 기능을 유지하고 염증으로부터 발생하는 고통을 완화시킬 

수 있다. 이 스트랜드는 전기분사 방법으로 제조된 시트를 너비가 

1.5mm로 절단한 후 봉합사에 물리적으로 결합하였다. 그 결과로, 이 

약물전달 스트랜드가 결합된 봉합사는 염증으로 인한 고통을 억제함과 

동시에, 봉합사의 기계적 강도를 유지하고 10일동안 지속적으로 약을 

방출할 수 있었다.  

두 번째 실험에서 실리콘 보형물에 의한 염증을 줄이기 위한 

목적으로, 나는 약물 제어 전달 시스템을 가지고 있는 탄성망을 제작했다. 

이 탄성 망은 너비가 3mm인 4개의 스트랜드로 제작되었다. 이때 

스트랜드들은 폴리우레탄과 스테로이드제의 혼합물을 전기방사하여 제작 

하였다. 실리콘 삽입으로 인한 염증이 비정상적인 섬유증을 유발할 수 

있다는 것은 널리 알려져 있으며 구형구축으로 이어진다. 이 구형구축은 

통증을 유발시킬 뿐만 아니라 추가 수술을 필요로 한다. 그러나, 두 번째 

실험의 결과에서 보듯이, 제조된 탄성 망은 염증을 억제하고, 비정상적인 

섬유증, 그리고 구형구축의 발달을 억제했다. 또한 탄성 소재 특성상 

다양한 크기의 임플란트에 감싸는 것이 가능할 수 있었다.  

이러한 스트랜드 기반의 약물 전달 캐리어는 약물의 제어전달이 

가능하며 탄성과 같은 각각의 개별적인 특성을 갖는다. 이 스트랜드는 

상용화 된 의료기기에 적용 할 수 있기 때문에, 의료기기 각각의 기능을 

유지하면서 약물 전달 시스템의 부작용이나 한계를 해결할 수 있는 

추가적인 기능을 가지고 있다. 이 스트랜드 기반의 약물 전달 캐리어들은 

원래 의료기기의 완전한 기능을 유지하면서 약물을 정확하게 제어하고 
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전달할 수 있는 효과적인 의료기기임이 입증되었다. 

키워드: 염증, 약물 제어 전달, 스트랜드, 바이오폴리머, 의료기기 

 

Student Number: 2013-31001  



 

115 

 

Acknowledgement 


	Chapter 1. Introduction 
	1.1 Medical Devices and Inflammation 
	1.2 Previous Approaches of Local Drug Delivery in Medical Devices   
	1.3 Research Aims 

	Chapter 2. Surgical Suture Braided with a Diclofenac-loaded Strand for Local, Sustained Pain Mitigation  
	2.1 Introduction 
	2.2 Materials and Methods 
	2.2.1  Materials 
	2.2.2  Fabrication of Drug-delivery Strands and Sutures 
	2.2.3  Characterization Methods 
	2.2.4  In vitro Drug-release Study 
	2.2.5  In vivo Pain-relief Evaluation 
	2.2.6  Histological Evaluation 
	2.2.7  Statistical Analysis 

	2.3 Results and Discussion 
	2.3.1  Chracterization of Strands and Sutures 
	2.3.2  In vivo Efficacy Evaluation 
	2.3.3 Histological Evaluation 

	2.4 Conclusion 

	Chapter 3. Elastic Net of Polyurethane Strand for Sustained Release of Triamcinolone Around Silicone Implant of Various Sizes 
	3.1 Introduction 
	3.2 Materials and Methods 
	3.2.1  Materials 
	3.2.2  Preparation of Silicone Samples and DDN 
	3.2.3  Characterization 
	3.2.4  In vitro Drug Release Study 
	3.2.5  In vivo Experiments 
	3.2.6  Histological and Immunofluorescence Analysis 
	3.2.7  Statistical Analysis 

	3.3 Results 
	3.3.1 Strand Characterization 
	3.3.2  In vitro Release Profiles of triamcinolone 
	3.3.3  In vivo Evaluation

	3.4 Discussion 
	3.4 Conclusion 

	Chapter 4. Conclusion and perspectives 
	References 
	Abstract in Korean 
	Acknowledgement 


<startpage>20
Chapter 1. Introduction  1
 1.1 Medical Devices and Inflammation  1
 1.2 Previous Approaches of Local Drug Delivery in Medical Devices    4
 1.3 Research Aims  11
Chapter 2. Surgical Suture Braided with a Diclofenac-loaded Strand for Local, Sustained Pain Mitigation   15
 2.1 Introduction  15
 2.2 Materials and Methods  19
  2.2.1  Materials  19
  2.2.2  Fabrication of Drug-delivery Strands and Sutures  20
  2.2.3  Characterization Methods  22
  2.2.4  In vitro Drug-release Study  23
  2.2.5  In vivo Pain-relief Evaluation  24
  2.2.6  Histological Evaluation  25
  2.2.7  Statistical Analysis  26
 2.3 Results and Discussion  27
  2.3.1  Chracterization of Strands and Sutures  27
  2.3.2  In vivo Efficacy Evaluation  37
  2.3.3 Histological Evaluation  41
 2.4 Conclusion  44
Chapter 3. Elastic Net of Polyurethane Strand for Sustained Release of Triamcinolone Around Silicone Implant of Various Sizes  45
 3.1 Introduction  46
 3.2 Materials and Methods  49
  3.2.1  Materials  49
  3.2.2  Preparation of Silicone Samples and DDN  50
  3.2.3  Characterization  53
  3.2.4  In vitro Drug Release Study  54
  3.2.5  In vivo Experiments  54
  3.2.6  Histological and Immunofluorescence Analysis  55
  3.2.7  Statistical Analysis  57
 3.3 Results  59
  3.3.1 Strand Characterization  59
  3.3.2  In vitro Release Profiles of triamcinolone  62
  3.3.3  In vivo Evaluation 64
 3.4 Discussion  95
 3.4 Conclusion  98
Chapter 4. Conclusion and perspectives  99
References  103
Abstract in Korean  112
Acknowledgement  115
</body>

