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Abstract

Local and Controlled Delivery of 

Triamcinolone for the Prevention of 

Fibrosis around Silicone Implants

Beom Su Jeon

Interdisciplinary Program in Bioengineering

The Graduate School

Seoul National University

I propose silicone implants capable of the local, controlled release of a 

glucocorticoid drug, triamcinolone acetonide (TA), for the prevention of 

fibrosis. The shells of these silicone implants were coated with two different 

loading amounts of TA, which could release the drug in a sustained manner 

for 12 weeks. The drug-loaded implants were inserted into the subcutaneous 

space in living rats, and the tissues were biopsied at scheduled times during 

12 weeks. For the drug-coated implants, the capsule thickness and collagen 

density decreased compared with those of the non-coated implant. Because 

of the effect of TA, inflammation and the expression of pro-inflammatory 

cytokines, such as TNF-α and IL-1β, were downregulated, thereby 

decreasing the number of monocytes during acute inflammation. This effect 

in turn decreased the number of macrophages at the later stage of 
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inflammation, leading to the expression of less TGF-β and consequently 

fewer fibroblasts and myofibroblasts. Notably, with an appropriate dose of 

TA, skin and muscle atrophy, major side effects of TA, could be avoided 

while still effectively reducing fibrosis. Therefore, I conclude that the local, 

sustained release of an appropriate dose of a glucocorticoid drug can be a 

promising strategy for safely preventing fibrosis around silicone implants. 

Keywords: Controlled release, Silicone implant, Fibrosis, Inflammation,

Glucocorticoid, Triamcinolone

Student Number: 2016–21177



iv

Contents

Abstract................................................................................ ii

Contents ...............................................................................iv

List of Figures ......................................................................vi

1. Introduction.......................................................................1

1.1 Background knowledge........................................................ 1

1.2 Strategy................................................................................ 2

2. Materials and Methods ......................................................4

2.1 Materials .............................................................................. 4

2.2 Preparation of silicone implant samples................................ 5

2.3 Characterization ................................................................... 7

2.4 In vitro drug release experiments.......................................... 7

2.5 In vivo animal study ............................................................. 8

2.6 Staining................................................................................ 9

2.7 Stained image analysis ....................................................... 10

2.8 Statistical analysis .............................................................. 12

3. Results.............................................................................13

3.1 Implant characterization..................................................... 13

3.2 Anti-fibrotic effects............................................................ 17

3.3 Inflammation ..................................................................... 20

3.4 Fibrotic factors................................................................... 26



v

3.5 Drug side effects ................................................................ 30

4. Discussion .......................................................................33

5. Conclusion ......................................................................36

6. References.......................................................................37

국문초록 ............................................................................42



vi

List of Figures

Figure 1. ................................................................................................14

Schematic of the preparation for silicone implant sample. 

Figure 2. ................................................................................................14

Scanning electron micrographs of the surfaces of the (a) IP, (b) 

TA_IP_H and (c) TA_IP_L. The scale bars are 100 µm.

Figure 3. ................................................................................................15

In vitro drug release profiles of the TA_IP_H and TA_IP_L.

Figure 4. ................................................................................................17

(a) Profiles of capsule thickness around the silicone implants. 

The asterisk (*) represents a statistically significant difference 

compared with the IP (P <0.05). (b) Representative histological 

images obtained at 12 weeks after implant insertion. The black 

arrow indicates capsule thickness, and the white arrow shows 

the location of the implanted sample. The scale bars are 500 

μm.

Figure 5. ................................................................................................18

(a) Profiles of collagen density in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically 



vii

significant difference compared with the IP (P <0.05). (b) 

Representative histological images obtained at 12 weeks after 

implant insertion. The scale bars are 20 μm.

Figure 6. ................................................................................................21

(a) Profiles of degree of inflammation in the capsule tissue 

around silicone implants. The asterisk (*) represents a 

statistically significant difference compared with the IP (P 

<0.05). (b) Representative histological images obtained at 2 

and 4 weeks after implant insertion. The white arrow shows the 

location of the implanted sample. The scale bars are 100 μm.

Figure 7. ................................................................................................22

(a) Profiles of TNF-α expression in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically 

significant difference, compared with the IP (P <0.05). (b) 

Representative histological images obtained at 2 and 4 weeks 

after implant insertion. The scale bars are 20 μm.

Figure 8. ................................................................................................23

(a) Profiles of IL-1β expression in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically 

significant difference compared with the IP (P <0.05). (b) 



viii

Representative histological images obtained at 2 and 4 weeks 

after implant insertion. The scale bars are 20 μm.

Figure 9. ................................................................................................24

(a) Profiles of number of monocytes/macrophages in the 

capsule tissue around silicone implants. The asterisk (*) 

represents a statistically significant difference compared with 

the IP (P <0.05). (b) Representative histological images 

obtained at 2 and 12 weeks after implant insertion. The scale 

bars are 100 μm.

Figure 10. ................................................................................................26

(a) Profiles of TGF-β expression in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically 

significant difference compared with the IP (P <0.05). Double 

asterisks (**) represent statistically significant differences 

between the TA_IP_H and TA_IP_L (P < 0.05). (b) 

Representative histological images obtained at 12 weeks after 

implant insertion. The scale bars are 20 μm.

Figure 11. ................................................................................................27

(a) Profiles of fibroblast number in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically 

significant difference compared with the IP (P <0.05). (b) 



ix

Representative histological images obtained at 8 and 12 weeks 

after implant insertion. The scale bars are 20 μm.

Figure 12. ................................................................................................28

(a) Profiles of myofibroblast number in the capsule tissue 

around silicone implants. The asterisk (*) represents a 

statistically significant difference compared with the IP (P 

<0.05). Double asterisks (**) represent statistically significant 

differences between the TA_IP_H and TA_IP_L (P < 0.05). (b) 

Representative histological images obtained at 8 and 12 weeks 

after implant insertion. The scale bars are 20 μm.

Figure 13. ................................................................................................30

Evaluation of drug side effects in the tissue around silicone 

implants. (a1) Profiles of skin thickness. The asterisk (*) 

represents a statistically significant difference compared with 

the IP (P <0.05). (a2) Representative histological images of the 

skin obtained at 2 weeks after implant insertion. The scale bars 

are 500 μm. (b1) Profiles of muscle thickness. The asterisk (*) 

represents a statistically significant difference compared with 

the IP (P <0.05). (b2) Representative histological images of the 

muscle obtained at 12 weeks after implant insertion. The scale 

bars are 500 μm.



1

1. Introduction

1.1 Background knowledge

Silicone implants have been widely used in clinical settings for 

augmentation mammoplasty and reconstruction surgery [1]; however, this 

usage has been associated with capsular contracture, which is considered one 

of the most common and serious complications [2]. Because of capsular 

contracture, over 10% of patients are required to undergo replacement 

surgery of the silicone implant, which can increase the financial burden, 

surgery-related risks and side effects [3].

Capsular contracture is mainly caused by excessive fibrosis, which is 

the result of an abnormally upregulated and prolonged inflammatory 

response. In general, after the insertion of a silicone implant, acute 

inflammation begins with the recruitment of inflammatory cells, such as 

neutrophils and monocytes, and this recruitment is constantly promoted by 

cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) 

and other signal factors released from the tissues around the implant [4-6]. 

Because of the constant presence of the silicone implant, the inflammatory 

response enters the chronic stage, in which monocytes are differentiated into 

macrophages that are responsible for releasing transforming growth factor-β 

(TGF-β) and other pro-inflammatory cytokines to upregulate the 

proliferation and activation of fibroblasts [4, 7]. Those fibroblasts synthesize 

excessive collagen and are also differentiated into myofibroblasts, causing 
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mechanical tension throughout the peripheral collagenous tissue around the 

inserted silicone implant and hence inducing capsular contracture [7, 8]. 

1.2 Strategy

From the perspective of inflammation modulation, glucocorticoids are 

potentially good candidate drugs for preventing capsular contracture 

originating from overactive inflammation [9, 10]. Glucocorticoid drugs are 

known to suppress the overall inflammatory cytokines, including TNF-α and 

IL-1β, by binding to glucocorticoid receptors and inhibiting transcription 

factors in inflammatory cells [11-13]. These drugs can also downregulate the 

expression of chemoattractants and adhesion molecules that are essential for 

the recruitment of inflammatory cells [9].

Therefore, I hypothesize that the local, sustained delivery of a 

glucocorticoid drug can prevent fibrosis around a silicone implant. 

Continuous drug exposure during the period of acute inflammation would 

suppress the recruitment and activation of polymorphonuclear cells (PMNs) 

and monocytes. Consequently, fewer macrophages and thus less TGF-β would 

be produced during the chronic inflammation stage, which in turn would 

suppress the proliferation and activation of fibroblasts, thereby causing less 

collagen synthesis [8, 14, 15]. Despite its efficacy, a glucocorticoid drug may 

cause side effects, such as skin and muscle atrophy [16], especially when the 

patient is exposed to excess drug. In this sense, accurate control of the dose of 
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a glucocorticoid drug is important to allow safe treatment for preventing 

fibrosis. 

Therefore, I propose the use of a silicone implant capable of the local, 

sustained delivery of a glucocorticoid drug, triamcinolone acetonide (TA), to 

prevent fibrosis. Most importantly, I also pursue to find an appropriate dose of 

TA that can minimize drug side effects while maintaining the drug’s efficacy 

in inflammation modulation. To meet both aims, therefore, I employed the 

shells of a silicone implant that is actually in clinical use and coated them with 

varied drug-loading amounts such that the silicone shell itself could absorb 

the drug and serve as the controlled-delivery carrier. The coated implant was 

then inserted in the subcutaneous space of live rats, and the tissue around the 

implant was biopsied and assessed at scheduled times until 12 weeks after 

implantation. To determine the in vivo drug efficacy in fibrosis prevention, I 

examined the capsule thickness and degree of inflammation and the collagen 

density, using hematoxylin and eosin (H&E) and Masson's trichrome (MT) 

staining, respectively. The inflammatory cells (i.e., monocytes/macrophages, 

fibroblasts and myofibroblasts) and cytokines (i.e., TNF-α, IL-1β and TGF-β) 

of interest were analyzed from immunofluorescence (IF)-stained images. To 

examine the degree of drug side effects, I assessed the thickness of the muscle 

and skin in tissues around the implant after in vivo sample insertion.
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2. Materials and Methods

2.1 Materials

The shells of silicone implants in clinical use (BATT-H 295) were 

generously provided by Hans Biomed (Korea). TA was purchased from 

Tokyo Chemical Industry (Japan). Acetone and dimethylformamide (DMF) 

were obtained from DaeJung (Korea) and acetonitrile (ACN) was obtained 

from J.T. Baker (USA). Medical epoxy (EPO_TEK® 301-2) was purchased

from Epoxy Technology (USA). Paraformaldehyde (4%) and isoflurane were 

supplied by Dreamcell (Korea) and Hana Pharm (Korea), respectively. 

Xylene, ethanol and acetic acid solution (1%) were purchased from Duksan 

Pure Chemicals (Korea). Modified Mayer’s H&E Y solutions were supplied 

by Richard-Allan Scientific (USA). Biebrich scarlet-acid fuchsin, 

phosphomolybdic acid, phosphotungstic acid, aniline blue solutions and 

hydrochloric acid were obtained from Sigma-Aldrich (USA). Antigen-

retrieval solution (10X) and antibody diluent were purchased from Dako 

(Denmark). Blocking solution (AR-6591-02) was obtained from 

ImmunoBioScience (USA). VECTASHIELD mounting solution containing 

4’,6-diamidino-2-phenylindole (DAPI) was purchased from Vector 

Laboratories (USA). Anti-TGF-ß (sc-146), anti-TNF-α (sc-52746) and anti-

IL-1ß (sc-7884) antibodies were obtained from Santa Cruz Biotechnology 

(USA). Anti-α-SMA (ab5694) and anti-CD163 antibodies were supplied by 

Abcam (USA) and Bio-Rad (USA), respectively. Secondary antibodies (goat 

anti-mouse IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor® 
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488 (A11001); and goat anti-rabbit IgG (H+L) cross-adsorbed secondary 

antibody, Alexa Fluor® 594 (A11012)) were purchased from Life 

Technologies (USA).

2.2 Preparation of silicone implant samples

Using the shells of silicone implants in clinical use (BATT-H 295, Hans 

Biomed, Korea), I prepared three different implant samples: the shells of 

intact implant without the drug (IP), those coated with a high dose of TA 

(TA_IP_H) and those coated with a low dose of TA (TA_IP_L). To prepare 

the samples, I first cut the shell of silicone implant with a thickness of 1 mm 

into circular pieces with a diameter of 2 cm. To prepare the IP, the inner 

surfaces of two intact circular shells were attached using medical epoxy 

(EPO-TEK® 301-2). To prepare the TA_IP_H and TA_IP_L, solutions of TA 

at 0.01% w v-1 and 0.005% w v-1, respectively, were prepared in acetone and 

then were sprayed on the outer surface of two circular shells under the 

following conditions: nozzle orifice: 0.8 mm (Dawon Metal, Korea), 

spraying pressure: 1.03 bar, sample/nozzle distance: 20 cm; and spraying 

time: 2 s. The spraying procedure was repeated twice with an interval of 30 

min, and then the sprayed sample was dried at 45 °C for 1 h to remove the 

residual solvent. The inner surfaces of the two drug-sprayed circular shells 

were then attached with medical epoxy as done with the IP (Figure 1). Thus, 

all implant samples herein possessed an exposed surface area of 6.28 cm2.
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(a)

(b)

Figure 1. (a) Schematic of the preparation for silicone implant sample. (b)  

Silicone shell which is cut into circular pieces with a diameter of 2 cm. The 

scale bar is 0.5 cm.
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2.3 Characterization

I imaged the surface of the implant samples with scanning electron 

microscopy (SEM; 7800F Prime, JEOL, Japan). Prior to this, the samples 

were sputter-coated with platinum on the SEM sample holder for 1 min 

(208HR, Cressington Scientific, England). To measure the drug-loading 

amount in the TA_IP_H and TA_IP_L, I immersed the samples in 5 ml of 

DMF for a day and then removed and analyzed an aliquot by high-

performance liquid chromatography (HPLC; Agilent 1260 series, Agilent 

Technologies, USA) using a Diamonsil column (C18, 150 x 4.6 mm, 5 µm; 

Dikma, USA). The mobile phase comprised of a mixture of phosphate-

buffered saline (PBS) at pH 2.5 and ACN (1:1, v v-1). The flow rate and 

injection volume were set at 1 ml min-1 and 50 µl, respectively, and the UV 

absorbance of the sample was measured at 254 nm [17]. And, to ensure that 

the drug is loaded stably in the TA_IP_H and TA_IP_L, I stretched each of 

them to 150 % of its original length for 3 min in a 360° twisted state with 

universal testing machine (UTM; NANOHITECH, Korea) and measure the 

drug-loading amount of them in the same manner as described above. The 

experiments were performed in triplicate for each type of sample.

2.4 In vitro drug release experiments

I performed the in vitro drug release experiments with the TA-loaded 

implant samples, i.e., the TA_IP_H and TA_IP_L. Each sample was 

immersed in 5 ml of pH 7.4 PBS, which was placed in a shaking incubator 
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(SI-600R; Jeio Tech, Korea) at 37 °C with agitation at 125 rpm. At 

predetermined periods, I collected 5 ml of the release medium and added 

back to the solution an equal amount of fresh PBS. The obtained media were 

each tested via HPLC as described above. This experiment was performed in 

triplicate for each type of sample.

2.5 In vivo animal study

To examine the in vivo effect of the drug-coated implants, 8-week-old 

Sprague Dawley (SD) male rats weighing 250 g were used. The animal 

experiment protocols were approved by the Institute of Animal Care and Use 

Committee (IACUC) at the Seoul National University Bundang Hospital 

(BA1608-207/056-01). The animals were raised under specific-pathogen-

free (SPF) conditions and were maintained in a 12/12 h light/dark cycle with 

free access to food and water. In this work, the animals were divided into 

three distinct groups, which were implanted with the IP, TA_IP_H or 

TA_IP_L. Five rats were assigned to each of the four different biopsy times, 

i.e., 2, 4, 8 and 12 weeks after implantation, for a total of twenty rats for 

each sample type. To insert the sample, hair on the surgery site was removed, 

and the exposed skin was disinfected with betadine as the rats were 

anesthetized with isoflurane. Then, the skin was incised, and the implant 

sample was inserted into a subcutaneous pocket. The skin incision was then 

closed with a nylon surgical suture (4/0 Nylon B430; WooRiMedical, Korea). 
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To biopsy the tissues, five rats were selected at the scheduled times after 

implantation and euthanized using carbon dioxide. The biopsied tissue, 

which contained the epidermis, dermis, capsule and implant, was fixed in 

4% paraformaldehyde and embedded in paraffin. For deparaffinization, the 

tissue slide was incubated at 60 °C for 1 h to melt the paraffin and was 

immersed in xylene three times for 5 min each. The animal experiment was 

performed with the Department of Plastic and Reconstructive Surgery, Seoul 

National University Bundang Hospital.

2.6 Staining

For H&E staining, the tissue slide was placed into 100%, 95%, 90%, 

80% and 70% v v-1 ethanol solutions sequentially for 5 min to rehydrate. 

Next, the slide was dipped in a hematoxylin solution for 3-5 min and then 

was rinsed with deionized water and a mixed solution of HCl and 70% 

ethanol (1:400, v v-1). The slide was then immersed in eosin Y solution for 1 

min and dehydrated with xylene and ethanol.

For MT staining, the tissue slide was immersed in Biebrich Scarlet-Acid 

Fuchsin solution for 5 min and washed with deionized water. Next, the slide 

was incubated in working phosphotungstic/phosphomolybdic acid solution 

for 5 min. The slide was placed in aniline blue solution for 5 min to stain 

collagen blue and was then immersed in 1% acetic acid solution for 2 min. 

The slide was dehydrated using xylene and ethanol.
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For IF staining, the slide was first incubated in 1X antigen-retrieval 

solution and microwaved for 15 min. After cooling at room temperature, the 

slide was washed with pH 7.4 PBS three times for 5 min each. Next, the 

slide was treated with goat serum solution for 1 h to block nonspecific 

antigen binding. The slide was then incubated with diluted primary 

antibodies in a dark chamber overnight. To evaluate TNF-α, IL-1ß and TGF-

ß expression, anti-TNF-α, anti-IL-1ß and anti-TGF-ß antibodies were used at 

dilutions of 1:200, 1:200 and 1:300, respectively. To evaluate 

monocytes/macrophages, fibroblasts and myofibroblasts, anti-CD163, anti-

vimentin and anti-α-SMA antibodies were used at dilutions of 1:200, 1:250 

and 1:50, respectively. After that, the slide was incubated with secondary 

antibodies at a dilution of 1:2000 at room temperature for 1 h. Anti-mouse 

antibodies were used for TNF-α, monocytes/macrophages and 

myofibroblasts. Anti-rabbit antibodies were used for TGF-ß, IL-1ß and 

fibroblasts. Then, the slide was washed thoroughly with PBS and finally 

stained with DAPI to stain cell nuclei.

2.7 Stained image analysis

To measure the thicknesses of the capsule, skin and muscle and the 

degree of inflammation, I examined the H&E-stained tissue slides. For the 

thickness assessment, images were obtained at 40x magnification (BX43, 

Olympus, Japan), and I measured the thinnest region of the capsule, skin and 
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muscle from each of the images. I observed the capsule in the region 

between the lower part of the dorsal subcutaneous muscle and the upper part 

of the silicone implant [15, 18, 19]. To evaluate the skin thickness, I 

measured a whole layer that included epidermis, dermis and subcutaneous 

tissue. For the evaluation of muscle thickness, I measured the layer of dorsal 

subcutaneous muscle. To assess the degree of inflammation, on each slide, 

three randomly selected sites adjacent to the silicone implant were observed 

at 200x magnification [20], and the degree of inflammation was graded 

semi-quantitatively as none, mild, moderate and severe (i.e., 0, 1, 2 and 3 

points, respectively). To analyze the collagen density, I assessed the MT-

stained images at 400x magnification. In each image, the area of blue-stained 

collagen was measured using ImageJ software (ver. 1.47 software, National 

Institutes of Health, USA). This area was divided by the whole area of the 

tissue to give a percentile value [15, 21]. 

The expression levels of TNF-α, IL-1β and TGF-β and the number of 

monocytes/macrophages, fibroblasts and myofibroblasts were evaluated with 

the IF-stained images, which were obtained using a florescent microscope 

(Imager A1; Carl Zeiss, Germany). For each slide, the DAPI image with cell 

nuclei was merged with the image of the respective antigen factor using 

AxioVision LE software (Carl Zeiss, Germany). In this work, TNF-α, 

monocytes/macrophages and myofibroblasts were stained with fluorescein 

isothiocyanate (FITC), and IL-1β, TGF-β and fibroblasts were stained with 

Texas red. The expression levels of TNF-α, IL-1β and TGF-β were graded 

semi-quantitatively as none, mild, moderate and severe (i.e., 0, 1, 2 and 3 
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points, respectively) from the image obtained at 400x magnification. I 

counted the cell numbers from the images obtained at 200x magnification for 

monocytes/macrophages and those obtained at 400x magnification for 

fibroblasts and myofibroblasts. For each sample type and each biopsy time, 

five slides were assessed for statistics.

2.8 Statistical analysis

In this study, for statistical analysis, the non-parametric Kruskal-Wallis 

test was used to compare the thicknesses of the capsule, skin and muscle; 

collagen density; degree of inflammation; expression levels of TNF-α, IL-1β 

and TGF-β; and number of monocytes/macrophages, fibroblasts and 

myofibroblasts in three groups with dependent variables, which included the 

biopsy time point (2, 4, 8 and 12 weeks) and implant type (i.e., the IP, 

TA_IP_H and TA_IP_L groups). Then, I compared two of the three groups 

using the Mann-Whitney U test and Bonferroni correction. All statistical 

analyses were considered statistically significant at adjusted P-values <0.05. 
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3. Results

3.1 Implant characterization

I examined the surface morphology of the implant samples prepared 

herein via SEM. As shown in Figure 2, the surface morphology of the 

samples did not vary after coating with the drug. For all samples, rectangular 

wells with a size of 288.9 ± 71.4 µm were clearly observed, as I employed 

the shells of the textured-type silicone implants in clinical use. For the drug-

loaded implant samples, i.e., the TA_IP_H and TA_IP_L, the loading 

amounts of TA were measured to be 5.2 ± 0.2 μg cm-2 and 2.8 ± 0.1 μg cm-2, 

respectively, to give total loading amounts per sample of 32.7 ± 1.6 μg and 

17.4 ± 0.8 μg. And, the drug-loading amounts of samples which were twisted 

and stretched were maintained at 97.6 percent of original samples; TA_IP_H 

and TA_IP_L.

I also performed in vitro drug release tests with the TA_IP_H and 

TA_IP_L. As shown in Figure 3, both TA_IP_H and TA_IP_L exhibited a 

sustained drug release pattern. In this work, I coated the silicone shell by 

spraying a TA solution prepared in an organic solvent, acetone. Thus, the 

drug solution was well absorbed into the silicone matrices [22], which could 

serve as the drug-diffusion mediator. Both samples herein showed an initial 

burst for the first three days (c.a. 2.9 μg cm-2 and 1.5 μg cm-2 for the 

TA_IP_H and TA_IP_L, respectively), which could be attributed to the drug 

adsorbed near the surface of the implant. Subsequently, the drug was 
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released continuously at a rate of approximately 0.02 μg cm-2 day-1

(TA_IP_H) and 0.01 μg cm-2 day-1 (TA_IP_L) until 12 weeks. Notably, 

because of the difference in drug-loading amount, the amount of drug 

released by the TA_IP_H was about twice as much as that released by the 

TA_IP_L.
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Figure 2. Scanning electron micrographs of the surfaces of the (a) IP, (b) 

TA_IP_H and (c) TA_IP_L. The scale bars are 100 µm.
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Figure 3. In vitro drug release profiles of the TA_IP_H and TA_IP_L.
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3.2 Anti-fibrotic effects

To test the in vivo efficacy, I first compared the capsule thickness 

among the three different animal groups (i.e., the IP, TA_IP_H and TA_IP_L 

groups). As shown in Figure 4, both TA_IP_H and TA_IP_L exhibited 

reduced capsule thickness compared with the IP, and these differences were 

statistically significant over the whole testing period (P < 0.05). At 12 weeks, 

the capsule thickness of the IP was 591.0 ± 72.4 μm, which reduced to 430.3 

± 42.3 μm and 379.0 ± 40.2 μm for the TA_IP_H and TA_IP_L, respectively. 

I also evaluated the collagen density in the capsule, which is known to be 

one of the important factors in determining the severity of capsular 

contracture [23, 24]. As shown in Figure 5, compared with the IP, the 

decreases in the collagen densities of the TA_IP_H and TA_IP_L were again 

statistically significant during the whole testing period. At 12 weeks, the 

collagen density of the IP was 76.8 ± 9.8%; by contrast, the collagen 

densities of the TA_IP_H and TA_IP_L were reduced by more than half to 

25.45% ± 10.9 and 30.47 ± 5.5%, respectively (P < 0.05). Importantly, the 

collagen density of the IP continuously increased, as often reported with 

silicone implants [25, 26]; however, in the presence of TA, the density did 

not vary but was maintained within the range of 20 - 40%. When I compared 

the two groups with TA (TA_IP_H and TA_IP_L), the capsule thicknesses 

and collagen densities were not very different but rather similar, which 

suggested that the lower dose of TA employed in this work could still have 

an effect on fibrosis reduction.
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(a)

(b)

Figure 4. (a) Profiles of capsule thickness around the silicone implants. The 

asterisk (*) represents a statistically significant difference compared with the 

IP (P <0.05). (b) Representative histological images obtained at 12 weeks 

after implant insertion. The black arrow indicates capsule thickness, and the 

white arrow shows the location of the implanted sample. The scale bars are 

500 μm.
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(a)

(b)

Figure 5. (a) Profiles of collagen density in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically significant 

difference compared with the IP (P <0.05). (b) Representative histological 

images obtained at 12 weeks after implant insertion. The scale bars are 20 

μm.
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3.3 Inflammation

To examine the anti-inflammatory effect of TA, I semi-quantitatively 

analyzed the degree of overall inflammation based on the number of PMNs 

[4]. As shown in Figure 6, at 2 and 4 weeks, the degree of inflammation with 

TA_IP_H and TA_IP_L was statistically significantly lower than that with 

the IP (P<0.05). The IP group exhibited a relatively high degree of 

inflammation until 4 weeks, which could be ascribed to prolonged acute 

inflammation that is mostly observed with a nondegradable, bulky implant 

[14, 27]. During this period, the anti-inflammatory effect of TA therefore 

appeared to be more prominent. However, from 8 weeks, the difference in 

the degree of inflammation among the three groups was not apparent 

because the inflammation was shifted from the acute to the chronic stage, 

which naturally reduced the number of PMNs, even in the absence of TA [14, 

28]. 

I also evaluated the expression of pro-inflammatory cytokines, such as 

TNF-α and IL-1β. These cytokines are known to serve as major 

chemoattractants by recruiting PMNs and monocytes and to be highly 

involved in the proliferation and activation of fibroblasts [29, 30]. As shown 

in Figures 7 and 8, both cytokines exhibited significantly lower expression 

levels with the TA_IP_H and TA_IP_L than with the IP, which, along with 

the results from the PMNs (Figure 6), further supported the anti-

inflammatory effect of TA. The difference was statistically significant at the 
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period of prolonged acute inflammation, i.e., at 2 and 4 weeks (P<0.05) [14, 

27]. 

As one of the important indicators in inflammation, the number of 

monocytes/macrophages in the capsule tissue was also compared [4, 31]. As 

shown in Figure 9, throughout the whole testing period, the cell numbers 

were statistically significantly lower with the TA_IP_H and TA_IP_L than 

with the IP (P<0.05). The stained cells at the early stage (i.e., at 1 – 2 weeks) 

mostly represented monocytes during prolonged acute inflammation, 

whereas the cell numbers from 4 weeks originated mostly from macrophages 

during chronic inflammation [32].
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(a)

(b)

Figure 6. (a) Profiles of degree of inflammation in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically significant 

difference compared with the IP (P <0.05). (b) Representative histological 

images obtained at 2 and 4 weeks after implant insertion. The white arrow 

shows the location of the implanted sample. The scale bars are 100 μm.
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(a)

(b)

Figure 7. (a) Profiles of TNF-α expression in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically significant 

difference, compared with the IP (P <0.05). (b) Representative histological 

images obtained at 2 and 4 weeks after implant insertion. The scale bars are 

20 μm.
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(a)

(b)

Figure 8. (a) Profiles of IL-1β expression in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically significant 

difference compared with the IP (P <0.05). (b) Representative histological 

images obtained at 2 and 4 weeks after implant insertion. The scale bars are 

20 μm.
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(a)

(b)

Figure 9. (a) Profiles of number of monocytes/macrophages in the capsule 

tissue around silicone implants. The asterisk (*) represents a statistically 

significant difference compared with the IP (P <0.05). (b) Representative 

histological images obtained at 2 and 12 weeks after implant insertion. The

scale bars are 100 μm. 
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3.4 Fibrotic factors

I first examined the expression of TGF-β, one of the major cytokines 

involved in fibrosis. TGF-β induces the expression of α-SMA in fibroblasts 

and promotes the synthesis and deposition of collagen [33, 34]. Figure 10

shows that relatively high expression of TGF-β was maintained with the IP 

until 12 weeks; however, this expression level with the TA_IP_H and 

TA_IP_L was statistically significantly lower (P < 0.05). In addition, I

evaluated the number of fibroblasts and myofibroblasts. Fibroblasts are a 

major cell that produces collagen [35, 36] and are known to be differentiated 

into myofibroblasts, which are responsible for contractile tension around 

silicone implants [37, 38]. As shown Figures 11 and 12, in the presence of 

TA, the numbers of both cells were lower than those with the IP. The 

difference was statistically significant over the whole testing period, except 

for the fibroblasts at 12 weeks.
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(a)

(b)

Figure 10. (a) Profiles of TGF-β expression in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically significant 

difference compared with the IP (P <0.05). Double asterisks (**) represent 

statistically significant differences between the TA_IP_H and TA_IP_L (P < 

0.05). (b) Representative histological images obtained at 12 weeks after 

implant insertion. The scale bars are 20 μm.
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(a)

(b)

Figure 11. (a) Profiles of fibroblast number in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically significant 

difference compared with the IP (P <0.05). (b) Representative histological 

images obtained at 8 and 12 weeks after implant insertion. The scale bars are 

20 μm.
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(a)

(b)

Figure 12. (a) Profiles of myofibroblast number in the capsule tissue around 

silicone implants. The asterisk (*) represents a statistically significant 

difference compared with the IP (P <0.05). Double asterisks (**) represent 

statistically significant differences between the TA_IP_H and TA_IP_L (P < 

0.05). (b) Representative histological images obtained at 8 and 12 weeks 

after implant insertion. The scale bars are 20 μm.
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3.5 Drug side effects

When tissue is exposed to an excess amount of TA, the drug is known to 

cause side effects, such as skin thinning and muscle loss [39, 40]. From the 

perspective of safety, I investigated therefore the thickness of the skin and 

muscle above the capsule around the implant (Figure 13). For the IP without 

TA, the thicknesses of skin and muscle did not vary much until 12 weeks, 

ranging from 1900 to 2072 μm and from 676 to 782 μm, respectively. 

However, the TA_IP_H (i.e., the sample with a higher dose of TA) indeed 

showed a decrease in skin and muscle thickness compared with the IP. Based 

on my results, the skin thickness appeared to be less affected: it was 

statistically significantly lower than that of the IP only at 2 weeks but 

became similar afterwards (Figure 13a). Conversely, the muscle thickness 

was more severely influenced by the dose of TA. The muscle thickness with 

the TA_IP_H ranged from 371 to 445 μm, which was statistically 

significantly lower compared with that of the IP during the whole testing 

period (Figure 13b). However, when I decreased the dose of TA by half with 

the TA_IP_L, the thicknesses of both skin and muscle notably remained 

similar to those with the IP over the whole testing period.
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(a1)

(a2)
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(b1)

(b2)

Figure 13. Evaluation of drug side effects in the tissue around silicone 

implants. (a1) Profiles of skin thickness. The asterisk (*) represents a 

statistically significant difference compared with the IP (P <0.05). (a2) 

Representative histological images of the skin obtained at 2 weeks after 

implant insertion. The scale bars are 500 μm. (b1) Profiles of muscle 

thickness. The asterisk (*) represents a statistically significant difference 

compared with the IP (P <0.05). (b2) Representative histological images of 

the muscle obtained at 12 weeks after implant insertion. The scale bars are 

500 μm. 
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4. Discussion

In this work, I propose the use of a silicone implant capable of the local, 

sustained release of a glucocorticoid drug, TA, to reduce fibrosis. The 

silicone implant prepared herein could release TA in a sustained manner for 

up to 12 weeks, which could suppress the pro-inflammatory factors 

significantly compared with the non-coated, intact implant (Figures 6-10). 

Consequently, the TA-loaded implants indeed reduced the capsule thickness 

and collagen density (Figures 4-5), which are the major factors in inducing 

capsular contracture. 

Local, sustained exposure of an anti-inflammatory drug, TA, was 

observed to significantly lower the degree of inflammation, especially during 

the period of prolonged acute inflammation (Figure 6). The decrease in the 

expression of the pro-inflammatory cytokines, such as TNF-α and IL-1β, 

was prominent (Figures 7 and 8) and in turn reduced the recruitment of 

inflammatory cells, such as monocytes (Figure 9) [41, 42]. In the transition 

to chronic inflammation, monocytes are known to differentiate into 

macrophages [28]. Thus, although drug release was minimal after 4 weeks 

(Fig. 3), the reduction in macrophages during chronic inflammation could be 

reflected by the reduced number of monocytes during the earlier stage of 

inflammation. Macrophages are known to play a key role in secreting TGF-β 

during chronic inflammation [24]; thus, the reduction in macrophages 

induced by the TA-loaded implants led to significantly lower expression of 

TGF-β compared with that of the non-coated, intact implants (Figure 10). 
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Due to the decrease in TGF-β expression, fewer fibroblasts were observed 

(Figure 11) [43], and hence, there were fewer of their differentiated cells, 

myofibroblasts (Figure 12). These cascading events therefore would 

decrease fibrosis around silicone implants, thereby preventing capsular 

contracture.

However, over a certain dose, TA can induce problematic side effects, 

such as skin and muscle thinning [39, 40]. In this work, the implants coated 

with a higher dose of TA indeed exhibited a significant decrease in skin and 

muscle thickness (Figure 13). However, when I decreased the dose in the 

implant by half, the side effects were no longer observed, as almost no 

difference in skin and muscle thickness was detected compared with the non-

coated, intact implant (Figure 13). More importantly, with this controlled 

dose of TA, the implant still suppressed fibrosis as effectively as the implant 

with a higher dose of TA. Therefore, my findings suggested the existence of 

an appropriate therapeutic window of TA level to allow fibrosis prevention 

without causing significant side effects. 

In this work, controlled release of TA could be achieved by a simple 

combination of the silicone implant and drug without the use of any other 

materials, as the silicone matrix itself could serve as the drug-diffusion 

mediator. Thus, the strategy proposed herein could have advantages in the 

aspects of safety and possibly regulatory approval. In addition, oral 

administration or injection with a daily dose range up to 40 mg of TA has 

been already approved for clinical use [44]. In this work, for the TA_IP_L, 
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an average daily dose was approximately 0.21 μg day-1 (Figure 3), which, 

considering the surface area of silicone breast implants (c.a. 500 cm2), could 

be calculated to be approximately 16.5 μg day-1 in humans [45]. Therefore, 

the local dose herein was approximately 2000 times lower than that of 

conventional TA medications. Albeit proven effective to a large extent, the 

animal model herein may not be able to fully reflect the condition in human. 

To be more applicable, therefore, the factors relevant to foreign body 

reaction, such as tissue trauma due to implant size and surgical procedure, 

need to be considered further. A longer-term observation after implantation 

would also provide more information to better support the anti-fibrotic effect 

with the drug-loaded silicone implant proposed in this work.
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5. Conclusion

In this study, I suggest a silicone implant that can release a 

glucocorticoid drug, TA, in a sustained manner to prevent fibrosis. In 

addition, I aim at delivering an accurate amount of TA to avoid possible drug 

side effects, such as skin and muscle thinning. When spray-coated with a TA 

solution, the silicone implants described herein could release the drug in a 

sustained manner for 12 weeks with a release rate that could be controlled by 

the drug-loading amount in the silicone implant. The TA-loaded silicone 

implants could suppress fibrosis by downregulating overactive inflammation. 

My in vivo experimental results revealed that the drug-coated implants had 

decreased capsule thickness and collagen density compared with the non-

coated implants. This result could be ascribed to the suppression of overall 

inflammation and pro-inflammatory cytokine expression, thereby reducing 

the number of fibroblasts and myofibroblasts, which are highly involved in 

pathogenic fibrosis. Importantly, the silicone implant with an appropriate 

dose of TA induced almost no change in skin and muscle thickness compared 

with the non-coated implant while retaining the effect of fibrosis reduction.

This result indicated the existence of an appropriate therapeutic window for 

TA to be applicable for silicone implants in the aspects of both safety and 

efficacy. Therefore, I conclude that a silicone implant capable of the local, 

controlled release of a glucocorticoid drug is a promising strategy for 

preventing capsular contracture.
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국문 초록

실리콘 임플란트 주변의 섬유화 예방을 위한

트리암시놀론의 국소적 제어 전달

본 연구에서는 섬유화를 예방하기 위해 글루코코르티코이드 약물인

트리암시놀론 아세토나이드(Triamcinolone Acetonide; TA)를

국소적으로 제어 방출할 수 있는 실리콘 임플란트를 제안한다. 

실리콘 임플란트의 쉘(shell)은 2 가지의 서로 다른 양의 TA 를

탑재하도록 각각 코팅되었고, 이것들은 모두 12 주 동안 지속적으로

약물을 방출할 수 있었다. 약물이 탑재된 임플란트들은 살아있는

쥐의 피하 공간에 삽입되었고, 그 조직들은 12 주 동안 예정된

시간에 생체검사되었다. 그 결과, 약물 코팅된 임플란트의 경우,

조직의 캡슐 두께와 콜라겐 밀도가 약물 코팅되지 않은 임플란트의

경우보다 감소하였다. 또한, TA 의 효과에 의해, 종양괴사인자

알파(TNF-α) 및 인터루킨 1 베타(IL-1β)와 같은 염증 유발성의

사이토카인(cytokine)의 발현과 염증 반응이 하향 조절되었고, 그로

인해 급성 염증 반응 단계에서 단핵 백혈구의 수가 감소되었다. 이

효과는 차례로 염증의 후기 단계에서 대식 세포의 수를 감소시켜,

전환성장인자 베타(TGF-β)의 발현을 적게 하였고, 결과적으로

섬유아세포(fibroblasts)와 근섬유아세포(myofibroblasts)의 발현도 적게
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하였다. 특히, 적절한 용량의 TA 를 사용함으로, TA 의 주요

부작용인 피부 및 근육 위축을 피하는 것이 가능하였다. 따라서, 본

연구는 적절한 용량의 글루코코르티코이드 약물을 국소적, 

지속적으로 투여하는 것이 실리콘 임플란트 주변의 섬유화를

안전하게 예방하는 것에 있어서 유망한 전략이 될 수 있다는

결론을 내리는 바이다.

주요어: 제어 방출, 실리콘 임플란트, 섬유화, 염증 반응,

글루코코르티코이드, 트리암시놀론

학  번: 2016-21177
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