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ABSTRACT OF DISSERTATION 

The need for physiologically relevant sustainable adipose tissue models is crucial for 

understanding tissue development and disease progression, in vitro drug and product 

development as well as for in vivo soft tissue regeneration.  

Adipose tissue is a complex organ whose many roles are becoming better understood. Once 

thought of a static organ for energy storage, adipose tissue has now been discovered to have 

more dynamic roles, namely those in metabolism and endocrine signaling. Our understanding of 

its biology is crucial on many levels. Excess adipose tissue is linked to obesity, type II diabetes, 

increased cardiovascular risk and any associated co-morbidities. On the other hand, a lack of 

adipose tissue also carries its own metabolic consequences. Currently, adipose tissue biology is 

mainly studied in the context of monolayer in vitro cultures, or small animal in vivo studies. Both 

methods offer insight to the system, yet neither approximate the complex nature of human 

adipose tissue.  

Adipose tissue also functions as a protective layer for our organs and maintains body contours. 

Soft tissue defects, most often are the result of trauma, congenital defects, or tumor removal. 

These defects have emotional and social consequences associated with the deformity and fear of 

not being accepted.  One treatment for filling these defects is fat grafting. However, fat grafting, 

as with other fillers, does not retain volume over time, with 20-90% lost over the first few 

months. Therefore, there is a large unmet clinical need for a soft tissue filler that maintains its 

volume.  

The goal of this research is to create a physiologically relevant adipose tissue construct to be 

used as an in vitro platform for studying tissue and disease development, as well as a platform 

for testing potential therapeutics. This adipose tissue construct can serve as a template for in vivo 

soft tissue regeneration.  

In this dissertation the work centers on exploiting our knowledge of adipose tissue engineering 

and silk biomaterials. Silk biomaterials can be processed to have a range of physical, mechanical 

and degradation profiles.  Our long-term vascular adipose tissue construct served as a foundation 

for further long term studies in obesity modeling as well as for soft tissue regeneration. The long-

term vascular adipose tissue maintained adipose-like outcomes over a 6 month period, and was 
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improved by dynamic culture. From this, we developed a model of diet-induced obesity by 

challenging this system with free fatty acids and monocytes to generate inflammation. This 

model is in line with clinical readouts and can be generated from a patient’s own cells. We 

showed we use therapeutics to try and reverse the inflammatory cascade of obesity. Finally, our 

in vivo 18 month study was the first to show that we can maintain volume while actually 

regenerating tissue when silk sponges are soaked with lipoaspirate.  This model now is being 

translated into injectable formats to be minimally invasive. Ongoing pre-clinical studies are 

underway in a horse model for soft tissue regeneration.  
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CHAPTER 1. INTRODUCTION 

1.1 ABSTRACT 

Adipose tissue was once considered a static organ whose role was only to store energy until 

needed by other tissues. Our view of adipose tissue has changed to that of a dynamic organ 

responsible not only for energy storage but for endocrine signaling and metabolic function. 

Excess adipose tissue is responsible for obesity, type II diabetes and other associated co-

morbidities, while little adipose tissue leads to other metabolic consequences and undesirable 

esthetic.  This review will serve to break down adipose tissue function and highlight current 

biomedical research in the area of adipose tissue engineering and soft tissue regeneration.  

1.2 INTRODUCTION 

The need for physiologically relevant sustainable adipose tissue models is crucial for 

understanding tissue development and disease progression, in vitro drug and product 

development as well as for in vivo soft tissue regeneration.  

Adipose tissue is a complex organ whose many roles are becoming better understood. Once 

thought of a static organ for energy storage, adipose tissue has now been discovered to have 

more dynamic roles, namely those in metabolism and endocrine signaling. Our understanding of 

its biology is crucial on many levels. Excess adipose tissue is linked to obesity, type II diabetes, 

increased cardiovascular risk and any associated co-morbidities. The rates of obesity are soaring 

across the world, with more than one in ten adults being obese (WHO | Obesity, 2012). On the 

other hand, a lack of adipose tissue also carries its own metabolic consequences. Currently, 

adipose tissue biology is mainly studied in the context of monolayer in vitro cultures, or small 

animal in vivo studies. Both methods offer insight to the system, yet neither approximate the 

complex nature of human adipose tissue.  

Adipose tissue also functions as a protective layer for our organs and maintains body contours. 

Soft tissue defects, most often are the result of trauma, congenital defects, or tumor removal. 

These defects have emotional and social consequences associated with the deformity and fear of 

not being accepted.  A treatment for filling these defects is fat grafting. However, fat grafting, as 
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with other fillers, does not retain volume over time, with 20-90% lost over the first few months. 

Therefore, there is a large unmet clinical need for a soft tissue filler that maintains its volume.  

 

The goal of this research is to create a physiologically relevant adipose tissue construct to be 

used as an in vitro platform for studying tissue and disease development, as well as a platform 

for testing potential therapeutics. This adipose tissue construct can serve as a template for in vivo 

soft tissue regeneration. 

 

1.3 ADIPOSE TISSUE  

 

Adipose tissue is a complex organ comprised of several cell types and extracellular matrix 

(ECM) proteins. The cellular portion is comprised of mainly of adipocytes, adipose derived stem 

cells (ASCs), fibroblasts, blood vessels (endothelial cells, pericytes), and various inflammatory 

cells. The ECM is comprised of collagen type IV, fibronectin, proteoglycans and laminin. The 

cells secrete a variety of growth factors, cytokines/adipokines, and hormones and these will 

discussed as they become introduced.  

 

Types of Adipose Tissue (Table 1.1) 

 

Adipose tissue is found both subcutaneously and viscerally in mammals. Each depot has 

different roles. Most often, we associate fat with white adipose tissue (WAT), however, brown 

adipose tissue (BAT), a thermogenic adipose tissue, has become researched more heavily since it 

was found that adult humans have small BAT depots
1,2

.  BAT adipocytes are multilocular, or 

have many lipid droplets, and get their brown color from their many mitochondria. The 

multilocular phenotype allows for “easy access” to the stored triglycerol (TG) that is used by the 

mitochondria for FFA oxidative phosphorylation to release heat
3
. In humans, BAT is found 

interscapularly at birth, and cervical, supraclavicular and paravertrebral regions, albeit scarcely, 

in adults
1
.   The research discussed in this work will focus mainly on WAT. 
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By contrast, the defining factor for WAT adipocytes is the large central lipid droplet, thus WAT 

mature adipocytes are unilocular. This central lipid droplet is the site of TG storage for energy 

usage.  

 

The Adipocyte 

 

The adipocyte is the principal feature of adipose tissue. The adipocyte is a terminally 

differentiated cell made up of a centrally located lipid droplet (LD), in white adipocytes, or 

several, smaller lipid droplets in immature or brown adipocytes. The droplet(s) are responsible 

for maintaining the reservoir of triglycerol (TG) that can be released as fatty acids (FAs) and 

glycerol for energy use by other organs
3–6

.  TG is a large molecule comprised of a glycerol head 

with three fatty acid tails. The adipocyte performs a balancing act to regulate metabolism: 1) 

uptake of FA from plasma, 2) intracellular lipogenesis or FA esterification to generate TG for 

energy storage and, 3) intracellular lipolysis or TG hydrolysis to generate FA for energy use by 

other tissues.  

 

Uptake of FA from Plasma 

 

Lipoprotein lipase (LPL) is synthesized by mature adipocytes and translocated to endothelial cell 

lumens via proteoglycans to take up TGs bound to lipoproteins, such as very low density 

lipoprotein (VLDL), as they are too large to pass through the endothelium on their own
4
. LPL 

hydrolyzes VLDL-TG into FA and can then be taken up by the adjacent cells (Fig1.1)
7
. In some 

cases, FA can be “flipped” into the cell through the phospholipid bilayer, however this 

mechanism of uptake is rare. The more common routes involve protein mediated uptake by 

CD36, Fatty Acid Transport Proteins (FATPs) or caveolins, but exact mechanisms are still under 

debate
4
.   

 

Intracellular Lipid Metabolism 

 

Within the adipocyte, the FA is converted to acyl-coA via ACS (acyl-coA synthase) at the 

endoplasmic reticulum (ER). Acyl-CoA is then used as a substrate for TG synthesis in one of 
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two pathways. The first pathway involves acylation of monoglycerol (MG) to diaglycerol (DG), 

while the other pathway involves glycerol-3-phosphate (from glucose metabolism) acylated 

sequentially to form DG. DG, from either pathway, is acylated to TG. TG droplets are released 

from the ER coated with perilipin or adipose differentiation related protein (ADRP). The 

mechanisms determining which and how much of the protein coated the TG droplet are still not 

understood. However, large lipid droplets are found coated with only perilipin. Perilipin is 

emerging as a gatekeeper to accessing the lipid droplet
8–10

.  The understanding of lipogenesis, as 

described briefly here, is continuously evolving as more of the key players and interactions are 

being identified.  

 

Lipolysis, by contrast, is the process of breaking down TGs (Fig 1.1), but its understanding is 

also still under progress. When the adipocyte is hormonally activated, either by glucocorticoids 

or insulin binding at the cell surface, this leads to cyclic adenosine monophosphate (cAMP) 

mediated activation of protein kinase A (PKA), which phosphorylates perilipin and hormone 

sensitive lipase (HSL) at the surface of the lipid droplet. Perilipin upon phosphorylation 

dissociates from CGI58, a co-activator of adipose triglyceride lipase (ATGL). ATGL 

translocates from the cytosol to the surface of the lipid droplet and enzymatically breaks down 

TGs to DGs.  HSL then hydrolyzes DGs into MGs, and MGs are hydrolyzed by monoglyceride 

lipase (MGL) to glycerol and FA (Fig1.2)
4
.  FAs and glycerol are effluxed from the cell, either 

by CD36 or aquaporins, respectively, however these mechanisms are still under investigation. 

The balance of lipogenesis and lipolysis is regulated by the nutritional state (fed versus fasted) 

and stimulation state (basal versus stimulated/ hormonal) of the body.  

 

Development  

 

In human neonates, WAT is a mix of multilocular and unilocular cells, undergoing both 

hypertrophy (increased cell size) and hyperplasia (increased proliferation). At the same time, the 

BAT has decreasing mitochondrial activity and begins to transdifferentiate into WAT. The 

metabolic nature of adipose tissue requires that blood vessels are nearby
11

. Angiogenesis, the 

formation of blood vessels, and adipogenesis, the formation of adipocytes, are seen to be 
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intimately involved throughout development, with the capillary density being greater than even 

that of skeletal muscle
11

.   

 

Adipogenesis, the differentiation of adipocyte precursors into mature adipocytes, is a well-

studied in vitro process
12–14

. Adipogenesis can be looked at as a staged process, starting with the 

proliferation stage, then the growth arrest stage, the commitment stage and finally the mature 

adipocyte stage
12,15

.  Whether starting with a cell line, such as 3T3-L1, or a stem cell, such as 

adipose derived stem cells, ASCs, the precursor cells are expanded until confluence. Confluence 

begins the growth arrest state by contact inhibition. At this time, the cells are exposed to 

adipogenic induction media containing dexamethasone (DEX), insulin, isobutyl methyl xanthine 

(IBMX), thiazolidinediones (TZDs), pantothenate, and biotin
16

. DEX and IMBX are necessary 

for cAMP activation for lipolysis. Insulin is needed for the uptake of glucose into the cell and to 

activate the IGF axis. Pantothenate and biotin are required for FA synthesis. TZD is a specific 

perixosome proliferation activator receptor gamma (PPARγ) agonist. PPARγ is the master 

adipogenic transcriptional regulation factor (Figure 1.3).  No factor has been found to rescue 

adipogenesis without PPARγ
17

.   It is also the target of an antidiabetic class of drugs, TZDs.  

PPARγ is activated downstream of C/EBPβ/δ. C/EBPβ/δ is activated by DEX, insulin, IBMX
17

.    

 

1.4 OBESITY 

 

The World Health Organization (WHO) broadly defines those individuals who have a body mass 

index of greater than 30 to be obese (WHO | Obesity, 2012).  Obesity is a risk factor for other 

noncommunicable diseases, such as diabetes, cancer, and cardiovascular disease. Obesity affects 

people of all ages, races, and socio-economic statuses. The WHO estimates about 200 million 

men and 300 million women were obese in 2008, or about 1/10
th

 of the world adult population 

being obese. As of 2010, about 43 million children under the age of 5 were classified as being 

overweight (BMI: 25-30), where 35 million lived in developing countries and 8 million in 

developed countries.  The epidemic attributes more deaths to being overweight rather than 

underweight. In the simplest form, one can define the cause of obesity to be in the balance of 

energy in versus energy out, where the balance is shifted towards taking more energy in. Calorie 
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rich foods and an increasingly sedentary lifestyle are thought to be the biggest contributions to 

this worldwide epidemic.  

 

Chronic Inflammation of Adipose Tissue 

 

Obesity is characterized as a chronic inflammation of the adipose tissue. In the presence of 

increased dietary stimuli in the form of FAs, the adipocyte attempts to store the FA as TG in the 

lipid droplet by lipogenesis. However, as the lipid droplet expands the cell experiences 

cytoskeletal stresses. This causes the release of macrophage chemokines, which cause 

macrophage infiltration and a local inflammatory response and MMPs, that breakdown the 

surrounding matrix to allow for continued growth. It is not well understood what role exactly the 

ECM breakdown and remodeling plays, whether it is more of a cause or effect for obesity
18,19

.  

Infiltration of macrophages leads to the release of inflammatory cytokines, such as TNFα and Il-

6. TNFα, among other factors, can directly influence lipolysis rates by cAMP phosphorylation of 

hormone sensitive lipase (HSL)
20–22

.  TNFα also acts to impair PPARγ transcription, which can 

suppress lipogenesis in mature adipocytes and suppress adipogenesis in resident pre-adipocytes. 

This elevates levels of circulating TG, ultimately leading to ectopic lipid droplets in muscle and 

liver
20

. TNFα, along with the increase in FAs from enhanced lipolysis and diet, contribute to 

further aggravation of the inflammatory cycle via the classic innate immune pathway, Toll-Like 

Receptor 4 (TLR4). Animal models of TLR4 knockdown leads to decreased levels of 

inflammatory markers and maintenance of insulin sensitivity, while in wild-type animals the 

downstream activation of FA-TLR4 leads to release of TNFα, Il-6 and insulin resistance
23

. TLR4 

is found on both macrophages and adipocytes.  The inflammation continues to cycle if left 

untreated (or without changes in diet) to eventually lead to insulin resistance, type II diabetes, 

ectopic lipid droplets, and cardiovascular disease. 

 

1.5 SOFT TISSUE REGENERATION 

 

Soft tissue regeneration can be viewed as having two different purposes, as a method to fill a 

defect or to augment already existing normal tissue. Soft tissue defects can be the result of 

trauma, congenital disorders, or tumor removal and constitute about 4.8 million reconstructive 
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surgery cases per year in the U.S. alone
24

.  Autografts and lipotransfer have been the a treatment 

for soft tissue reconstruction, however, the success is unpredictable, with 20-90% graft 

resorption within months
25–27

.   This leaves significant problems for the patient and thus the 

regeneration of large soft tissue defects remains an unmet clinical need.  Other strategies for soft 

tissue filling include the use of natural and synthetic biomaterials. As with autologous fat 

grafting, their success is also unpredictable.  

 

1.6 ADIPOSE TISSUE ENGINEERING 

 

1.6.1 History 

 

In vitro 3D adipose tissue engineering is a relatively new field, the first cited study is by Patrick 

et al., 1999, on pre-adipocytes seeded on poly-lactic-glycolic acid (PLGA) scaffolds
28

.  The 

study included harvesting rat pre-adipocytes, culturing until pre-confluence in basic growth 

media (not much was known about differentiation at this time), and then seeding onto a 12mm x 

2.5mm porous PLGA disk for 14 days. These seeded disks were also implanted in vivo for 2 and 

5 weeks. The pre-adipocytes, upon contact with one another, differentiated into large, 

multilocular adipocytes with eccentric nuclei. Since this first study, research in adipose tissue 

engineering is steadily growing (Fig. 2).  Our lab and others have demonstrated the feasibility of 

adipose tissue engineering with a variety of biomaterials (Table 1.2) and cell sources (Table 

1.3)
29–31

.  

 

1.6.2 Biomaterials  

 

Biomaterials for adipose tissue engineering vary from synthetic to natural.  Poly-lactic-co-

glycolic acid (PLGA) and poly-ethylene glycol (PEG) are most common synthetic materials used 

for adipogenesis. PLGA is a FDA approved polymer and has been commonly used for drug 

delivery. Many of the studies conducted with PLGA in adipose tissue engineering involved 

attaching cells to PLGA spheres for in vivo delivery
32–34

.  Two studies used PLGA as porous 

scaffolds for adipogenesis
35,36

. In all PLGA studies, adipogenesis was well supported both in 

vivo and in vitro, however, only for short-term time frames. An in vivo study demonstrated a loss 
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in adipogenic outcomes by 3 months of implantation although the study was intended to extend 

to 12 months
36

.  The loss of adipogenic outcomes coincided with the degradation of the PLGA 

scaffold. One way to alter the degradation rate of PLGA is by the ratio of the co-polymers. As 

glycolic acid increases so does the rate of degradation (i.e. faster degradation)
37

.   In the study, if 

the ratio of lactic acid to glycolic acid was greater, the degradation rate may have allowed for 

better sustained adipose tissue.  

 

PEG, also supports adipogenesis, however, inherently does not contain any cell-binding motifs 

and must be modified to enhance attachment
38

. Adipocytes and their precursors are anchorage 

dependent cells and would need modified forms of PEG. The bio-inert feature of PEG 

biomaterials renders the material non-biodegradable
38

.  In a 2007 study performed by Stosich 

and Mao, comparing collagen and PEG biomaterials with adipocytes for sustained soft tissue 

regeneration in vivo, demonstrated volume stable PEG constructs, and a loss of volume in 

collagen over a 4 week period
25

.  The lack of cell-binding motifs and therefore inability of cells 

to remodel their environment in PEG biomaterials, do not make these an appropriate choice for 

adipose tissue models of disease or especially for soft tissue regeneration where host infiltration 

is important for angiogenesis and remodeling. 

 

Natural biomaterials contain cell binding motifs and are able to be remodeled by the body. 

Collagen, alginate, gelatin, hyaluronic acid (HA), extracellular matrix proteins (ECM) and silk 

have all been explored for adipose tissue engineering and support adipogenesis
39–53

.  Collagen 

and HA have been studied for adipose tissue engineering and are currently in use as dermal 

fillers- Evolence™, Cosmoderm™, Restylane™, Juvederm™.  Itoi et al., compared collagen and 

HA scaffolds seeded with ASCs, in a 4 and 8 week in vivo study, and found collagen was a better 

environment for ASCs to form into mature adipocytes
54

.  A pilot study, performed in humans 

using HA scaffolds ± autologous preadipocytes, found that volume was maintained up to 8 

weeks when pre-seeded, however no mature adipocytes were found within either group
55

. The 

authors reported HA supported adipogenesis and pre-adipocytes in a rodent model yet did not 

reference the work being referred to. Gelatin has been shown to support bone marrow 

mesenchymal stem cell (MSC) adipogenesis in vitro for up to 6 weeks
53

. Alginate also has been 

shown to support adipogenesis when pre-seeded with preadipocytes, in vitro and in vivo, but 
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only maintained 2/3 of its volume over an 8 week period when pre-seeded
48

.  ECM is an 

attractive matrix because it contains the many of the proteins naturally found in tissue. Adipose 

tissue can be readily decellularized, and when exposed to physiological temperature will form a 

gel
50

. In a 2D study, decellularized adipose tissue ECM supported ASC growth, similarly to 

collagen coated or uncoated wells
50

. Decellularized placenta ECM was found to support 

adipogenesis in a 2D, 7 day study
43

.  In a subsequent study, decellularized placenta ECM was 

blended with HA
56

. The ECM allowed for better handlability, while HA allowed the cells to 

become encapsulated. This combination supported adipogenesis in vitro for 14 days
56

. Silk 

biomaterials have also been shown to support adipogenesis of both ASCs and MSCs in 14 and 21 

day in vitro cultures, respectively
16,45

.  Additionally, adipogenic outcomes on silk scaffolds were 

maintained for 1 month in vivo
45

. 

 

1.6.3 Cell Sources 

 

Many different cell sources have been explored for adipose tissue engineering (Table 1.3). All 

sources, when exposed to adipogenic media, differentiate and are able to accumulate intracellular 

lipid droplets, the hallmark sign of differentiating adipocytes. Therefore, cell source becomes 

dependent on the model being developed. For soft tissue regeneration applications, it would be 

more appropriate to use adipose derived stem cells which are readily harvested from the patient 

themselves, so there is no risk of immune rejection. Adipose derived stem cells can be 

aseptically isolated from lipoaspirate within 1 hour in the operating room using TGI™ system 

(Tissue Genesis, Inc, Honolulu, HI).  In patients with little subcutaneous adipose tissue, bone 

marrow derived stem cells would still offer the same benefits of patient matched cells, although 

the process is more invasive, and the isolation process is lengthier. In animal models for soft 

tissue regeneration, it is appropriate to use human derived stem cells to show proof-of-concept in 

an immune-compromised animal; however, the healing process may be affected by the 

compromised immune system. To this end, it is reasonable to use autologous stem cells to fully 

understand how the grafted material integrates, remodels and heals within an animal model. 

When developing an in vitro disease model, one could argue using an established cell line, such 

as the 3T3-L1 preadipocyte mouse cell line, is best so that results can be consistently compared 

across many studies. In fact, many published 2D studies on obesity are performed on 3T3-L1 
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differentiated cells. However, cell lines and primary cells respond to cues differently
57

. 

Therefore, while cell lines may be useful for preliminary experiments and source homogeneity, 

primary cells are likely better suited for modeling complex cell-cell, cell-matrix interactions of a 

disease model. Furthermore, using primary cells allows for the development of patient specific 

drug testing platforms.  

 

1.6.4 Ideal Characteristics 

 

The ideal characteristics for an adipose tissue engineered construct material would be a slowly 

degrading, natural biomaterial, to allow for cell binding, remodeling, that can be easily 

manipulated and handled.  For soft tissue regeneration, it is important that the material is robust 

enough to be handled in a surgical setting, and slowly degrading, such that the rate of material 

degradation and tissue regeneration are matched. For development of a disease model, it is also 

important that the material sustains the structure over a long period to truly mimic a chronic 

disease state. The ideal characteristics for an adipose tissue engineered construct cell choice 

would be human source (patient match when needed), primary stem cells, capable of being 

isolated rapidly and can undergo adipogenesis ex vivo.  
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1.8 FIGURES 

 

Figure 1.1- Overview of the process of lipid metabolism within the adipocyte. To store energy, 

fatty acids (FA) and/or triglycerides bound to very low density lipoproteins (VLDL) are taken up 

from the bloodstream (upper left corner) and broken down by lipoprotein lipases (LPL) into fatty 

acids. The fatty acids are transported into the cell by CD36 (a fatty acid transporter) and to the 

endoplasmic reticulum (ER). The fatty acid is sequentially acylated to monoglyceride (MG), 

diaglycerol (DG), then triglycerol (TG). The TG leaves the ER coated with perilipin (PLIN) and 

trafficked to the lipid droplet (LD) for storage. Solid arrows denote part of the lipogenesis 

pathway. In order to produce energy, the TG within the LD is hydrolyzed by adipose triglycerol 

lipase (ATGL), then hormone sensitive lipase (HSL) then monoglycerol lipase (MGL) to fatty 

acids and glycerol. The FA and glycerol are shuttled out of the cell, likely by CD36 or 

aquaporins. Dashed arrows denote the process of lipolysis. The process is regulated hormonally.  

See figure 1.2 for more details. Abbreviations: FA- fatty acid, VLDL- very low density 

lipoproteins, LPL- lipoprotein lipases, ER- endoplasmic reticulum, MG-monoglycerol, DG- 

diaglycerol, TG-triglycerol, PLIN- perilipin, LD- lipid droplet, ATGL- adipose triglycerol lipase, 

HSL- hormone sensitive lipase, MGL- monoglycerol lipase. β-adr- β-adrenegic receptor, IR- 

insulin receptor, cAMP- cyclic adenosine monophosphate, PKA-  protein kinase A, P- 

phosphorylation, CGI58- a co-activator of ATGL. 
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Figure 1.2- Regulation of lipid droplet associated proteins under basal (left) versus activated 

(right) conditions. In the basal state, ATGL resides in the adipocyte cytosol, while CGI58, PLIN, 

and HSL form a complex on the surface of the lipid droplet. Upon hormonal activation, PKA 

activated phosphorylation of PLIN, causes CGI58 and HSL to dissociate. CGI58 binds to and 

activates ATGL. ATGL translocates to the lipid droplet. Abbreviations: PLIN- perilipin, ATGL- 

adipose triglycerol lipase, HSL- hormone sensitive lipase, PKA-  protein kinase A, P- 

phosphorylation, CGI58- a co-activator of ATGL. 

 

 

 

 

 



13 
 

 

Figure 1.3- Adipogenesis regulation. The process of adipogenesis begins from a stem cell, or 

pre-adipocyte. C/EBPβ/δ activates Peroxisome Proliferator-Activated Receptor gamma (PPARγ), 

the master transcriptional regulator of adipogenesis. PPARγ activates many pro-adipogenic 

genes related to lipid and glucose metabolism. Upon expression of pro-adipogenic genes, the cell 

can undergo lipolysis, lipogenesis and adipokine release as a mature adipocyte. In vitro 

adipogenic differentiation is controlled by a chemically defined media. Its components and 

where they act during the process are outlined in orange boxes. Preadipocyte factor -1 (Pref-1) is 

found only on pre-adipocytes and acts to inhibit adipogenesis. Tumor necrosis factor alpha 

(TNFα) also negatively impacts adipogenesis. Abbreviations used: C/EBPβ/δ- CCAAT-

enhancer-binding proteins beta/delta , PPARγ- Peroxisome Proliferator-Activated Receptor 

gamma, Pref-1- preadipocyte factor 1, TNFα – tumor necrosis factor alpha, LPL- lipoprotein 

lipase, aP2- adipogenic protein 2, FAS- fatty acid synthase, PLIN- perilipin, GLUT4- glucose 

transporter 4, IRS- insulin receptor substrate, Dex- dexamethasone, IBMX- isobutyl methyl 

xanthine, TZDs- thiazolidinediones.  
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Figure 1.4- Obesity Trends in U.S. Source: CDC.gov Accessed March 19, 2012 

 

Figure 1.5- Trends in adipose tissue engineering research (Pubmed, 1999-2011) 
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1.5 TABLES 

Table 1.1- Types of adipose tissue in humans 

Type Defining Feature Role Locations 

White White adipocytes: 

unilocular lipid droplet 

Energy storage, 

release energy, 

metabolic 

homeostasis 

Subcutaneous depots 

(abdominal, gluteal, facial, 

cranial), visceral depots 

(omental, retroperitoneal), 

retro-orbital, periarticular, 

bone marrow, 

intramuscular, pericardial 

Brown Brown adipocytes: 

multilocular, many 

mitochrondria 

Thermogenesis, fatty 

acid oxidation  

Cervical, supraclavicular,  

paravertebral, intrascapular 

(at birth) 

 

 

Table 1.2- Biomaterials shown to support adipogenesis. 

 Biomaterial  References 

Synthetic PLGA Patrick 1999 

Choi 2005 

Neubauer 2005 

Choi 2006 

Choi 2007 

Kang 2008 

Morgan 2009 

Chung 2009 

PEG Stosich 2007 

Forzdar 2008 

Stacey 2009 

Brandl 2010 

PCL  Wiggenhauser 2012 
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PU Wiggenhauser 2012 

Polyesteramide Hemmrich 2006 

PGA Weiser 2008 

Itoi 2009 

Blend pNIPAAM-HA Tan 2009 

Natural  Denatured Collagen Mauney 2005 

Collagen Mauney 2007 

Stosich 2007 

Shanti 2008 

Itoi 2009 

Tsuji 2009 

Collagen-Chitosan Wu 2006 

Collagen-HA Davidinko 2010 

Alginate Jing 2007 

Chandler 2011 

Kim 2011 

Gelatin Kimura 2003 

Hong 2005 

Hong 2006 

Fibronectin Hemmrich 2004 

Fibrin Verseijden 2012 

ECM Flynn 2006 

Flynn 2007 

Flynn 2008 

Marra 2008 

Abberton 2008 

Uriel 2008 

Choi 2009 

Young 2010 

Matrigel  Kelly 2006 

Stillaert 2007 

HA Flynn 2007 

Flynn 2008 

Itoi 2009 

Borzaciello 2007 

Stacey 2009 

HA-Chitosan Tan 2010 

Silk Mauney 2007 

Kang 2009 

Mandal 2009 
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Choi 2010 

Choi 2011 

Choi 2011 

 

Table 1.3- Cell types used for adipose tissue engineering. 

Cell Type Source Reference 

3T3 preadipocyte cell line mouse Weiser 2008 

Chung 2009 

Brandl 2010 

Davidinko 2010 

Chandler 2011 

1° preadipocytes rat Patrick 1999 

Fozdar 2008 

mouse Kelly 2006 

Borzaciello 2007 

human Kimura 2003 

Hemmrich 2004 

Hemmrich 2006 

Marra 2008 

Stacey 2009 

Adipose derived stem cells mouse Jing 2007 

Itoi 2009 

human Choi 2006 

Flynn 2006 

Hong 2006 

Flynn 2007 

Mauney 2007 

Stillaert 2007 

Kang 2008 

Flynn 2008 

Vallee 2008 

Kang 2009 

Tsuji 2009 

Tan 2009 

Choi 2010 

Young 2010 

Tan 2010 

Choi 2011 



18 
 

Choi 2011 

Keck 2011 

Kim 2011 

Verseijden 2012 

Wiggenhauser 2012 

Bone marrow  

mesenchymal stem cells 

rabbit Choi 2007 

rat Mandal 2009 

human Hong 2005 

Choi 2005 

Mauney 2005 

Neubauer 2005 

Mauney 2007 

Stosich 2007 

Shanti 2008 

Morgan 2009 

Choi 2009 
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CHAPTER 2: DEVELOPMENT OF A LONG-TERM IN VITRO VASCULAR ADIPOSE 

TISSUE CONSTRUCT 

2.1 ABSTRACT 

The need for physiologically relevant sustainable adipose tissue models is crucial for 

understanding tissue development and disease progression, in vitro drug and product 

development as well as for in vivo soft tissue regeneration. In this study, we demonstrate the 

ability to co-culture adipocytes, differentiated from human adipose derived stem cells, and 

endothelial cells on a porous silk matrix for at least 6 month period, while maintaining adipose-

like outcomes. Cultures were assessed for leptin, glycerol production, gene expression for 

GLUT4 and PPARγ, DNA content, Oil Red O content, and CD31 expression. Co-cultures 

maintained their shape and size over this period in static cultures. Under spinner flask culture 

conditions the co-cultures increased in diameter by 1mm. Spinner flask cultures yielded 

improved adipose tissue outcomes overall. This work establishes a model for which can be 

applied to development of a metabolic dysfunction model of adipose tissue, as well as for soft 

tissue regeneration.   

 

2.2 INTRODUCTION 

Adipose tissue engineering has implications for studying adipose tissue development, 

dysfunction and soft tissue regeneration in a regulated and controlled manner. Adipose tissue is a 

complex organ whose many roles are becoming better understood. Once thought of a static organ 

for energy storage, adipose tissue has now been discovered to have more dynamic roles, namely 

those in metabolism and endocrine signaling. Our understanding of its biology is crucial on 

many levels. Excess adipose tissue is linked to obesity, type II diabetes, increased cardiovascular 

risk and associated co-morbidities.  Currently, adipose tissue biology is mainly studied in the 

context of monolayer in vitro cultures, or small animal in vivo studies. Both methods offer 

insight to the system, yet neither approximate the complex nature of human adipose tissue.  

The World Health Organization (WHO) broadly defines those individuals who have a body mass 

index of greater than 30 to be obese (WHO | Obesity, 2012).  Obesity is a risk factor for other 



20 
 

noncommunicable diseases, such as diabetes, cancer, and cardiovascular disease. Obesity affects 

people of all ages, races, and socio-economic statuses. The WHO estimates about 200 million 

men and 300 million women were obese in 2008, or about 1/10
th

 of the world adult population 

being obese. As of 2010, about 43 million children under the age of 5 were classified as being 

overweight (BMI: 25-30), where 35 million lived in developing countries and 8 million in 

developed countries.  The epidemic attributes more deaths to being overweight rather than 

underweight. In the simplest form, one can define the cause of obesity to be in the balance of 

energy in versus energy out, where the balance is shifted towards taking more energy in. Calorie 

rich foods and an increasingly sedentary lifestyle are thought to be the biggest contributions to 

this worldwide epidemic.  

Adipose tissue also functions as a protective layer for our organs and maintains body contours. 

Soft tissue defects, most often are the result of trauma, congenital defects, or tumor removal. 

These defects have emotional and social consequences associated with the deformity and fear of 

not being accepted.  One treatment for filling these defects is fat grafting. However, fat grafting, 

as with other fillers, does not retain volume over time, with 20-90% lost over the first few 

months. Therefore, there is a large unmet clinical need for a soft tissue filler that maintains its 

volume.  

 

Autografts have been a treatment for soft tissue reconstruction. Autografts adhere to the surgeons 

idea of replacing “like with like”, however, over half of the grafted material is often resorbed 

within months.  In 1951, Peer and Walker reported on the outcome of 28 human fat grafts
58,59

. It 

was determined that 50% of the transplanted tissue remained after 1 year, whether it was placed 

near a vascular supply or a like tissue. The adipocytes that did not survive were seen to be 

replaced with fibrotic tissue. More recently, studies have shown that in the process of liposuction 

and preparing that lipoaspirate for lipotransfer some of regenerative aspects are lost
60,61

.   

 

Regenerative medicine is a growing field where the body’s own raw materials are used to replace 

or regenerate injured or diseased tissues. The optimal tissue replacement would be not 

immunogenic, with no risk of disease transmission, little or minimal donor site morbidity and, 
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specifically for adipose tissue regeneration, able to maintain its volume and function over time
62

. 

Raw materials include cells, extracellular matrix, whole tissues, but in particular interest for our 

studies, we will focus on adipose derived stem cells (ASCs). Cells, alone, may not be sufficient 

to re-create the tissue’s environment and can require a biomaterial component to act as a scaffold 

or cell delivery vehicle.  

ASCs have been readily studied in the past decade as an alternative adult stem cell source. They 

carry no ethical concerns as they are taken directly from the patient and are easily obtained 

through minimally invasive surgeries. ASCs are of mesenchymal lineage and therefore are able 

to differentiate into a variety of cell types including, osteoblasts, adipocytes, myocytes, 

chondrocytes and neurons. More recently, they have also been shown to differentiate into 

endothelial cells
63,64

. Also, ASCs have been shown to release many potent pro-angiogenic 

factors
65

.  

The restoration of traumatic soft tissue defects should start with a strategy that will maintain 

tissue size and shape to near normal dimensions for extended time frames.  Current clinical 

strategies include free fat transfers and artificial fillers. These options fail to retain volume over 

time, can require a second surgical site, have avascular necrosis and generally do not regenerate 

the original tissue.   

The goal of this research is to create a physiologically relevant adipose tissue construct to be 

used as an in vitro platform for studying tissue and disease development, as well as a platform 

for testing potential therapeutics. This adipose tissue construct can serve as a template for in vivo 

soft tissue regeneration. For soft tissue regeneration, the construct must be able to be maintained 

in vivo as the body gradually remodels and regenerates the site into near-normal tissue structure 

and function.  A slowly degrading yet mechanically sturdy matrix is needed for soft tissue 

engineering.  To address these issues, we developed a 3D co-culture of human adipose derived 

stem cells differentiated to adipocytes and endothelial cells on a laminin coated silk scaffold.  

The hypothesis was that laminin coating would improve initial cellular adhesion while the silk 

scaffold maintains the structure and volume for at least 6 months in vitro. 

2.3 METHODS 

2.3.1 Materials 
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Bombyx mori silkworm cocoons were supplied by Tajimia Shoji Co. (Yokohama, Japan). 

 

All cell culture supplies and collagenase type I were purchased from Invitrogen (Carlsbad, CA) 

unless otherwise noted. Human recombinant insulin, dexamethasone, pantothenate, biotin, 2,3-

thiazolidinediones (TZD), 3-isobutyl-1-methylxanthine (IBMX) , bovine serum albumin (BSA), 

vascular endothelial growth factor  (VEGF) and laminin from human placenta were also 

purchased from Sigma-Alrich (St. Louis, MO). Primary human adult microvascular endothelial 

cells and complete endothelial cell media (EGM-2MV) were purchased from Lonza 

(Walkersville, MD). 

 

Spinner flask units were supplied by Bellco Glass Co (Vineland, NJ). 

 

Histological solvents were purchased from Fisher Scientific (Pittsburgh, PA) and histological 

reagents were purchased from Sigma-Aldrich. Primary antibody for human CD31, and antibody 

diluent were purchased from Cell Signaling Technologies (Danvers, MA). The secondary 

antibody, ABC (avidin, biotin complex) kit, DAB substrate, hematoxylin counterstain and, 

antigen retrieval solution were purchased from Vector Labs (Burlingame, CA). 

 

ELISA kits for human leptin were purchased from R& D Systems (Minneapolis, MN). Glycerol 

quantification kit was purchased from Sigma-Aldrich. 

 

DNA content was assessed using the PicoGreen Assay Kit (Invitrogen). Trizol for RNA isolation 

was purchased from Invitrogen, and RNeasy Mini Kit to purify RNA was purchased from 

Qiagen (Valencia,CA). All other materials for PCR, and qPCR, including primers, were 

purchased from Applied Biosystems (Foster City, CA). 

 

2.3.2 Coated Silk Scaffold Preparation 

 

Silk solution was prepared as published
66

. Briefly, cocoons were chopped and placed in boiling 

0.02M NaCO2 for 30 minutes to remove sericin, and then washed 3 times in ultrapure water. The 
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resulting silk fibroin fibers were left to dry overnight. The dry silk was solubilized in 9.3 M LiBr 

in 20% w/v at 60°C for 4 hours. The silk solution was then dialyzed in ultrapure water in 3500 

MWCO membrane for 2 days with a total of 6 water changes, to remove the LiBr. The aqueous 

silk solution was lyophilized until dry and re-solubilized over 2 days in hexafluoro-2-propanol 

(HFIP) at 17% w/v.  Salt crystals were sieved to the desired range of 500-600 microns, poured 

into teflon coated petri dishes and either aqueous silk or HFIP-silk solution was added. The petri 

dish was covered and left in a fume hood for 2 days and, uncovered to let the HFIP evaporate for 

1 day. The dish was immersed in methanol overnight, left in the fume hood for 1 day for the 

methanol to evaporate and then placed in water to leach out the salt particles. The water was 

changed 3 times a day for 2 days. The scaffolds were removed from the petri dish, cut to the 

desired dimension, 8 mm diameter x 4 mm height, using a biopsy punch.  The scaffolds were left 

to dry before autoclaving, autoclaved, then kept at 4 C until use. The sterile scaffolds were first 

rehydrated in PBS, and then placed in 10 µg/mL sterile solutions of VEGF, Laminin, or VEGF+ 

Laminin for 15 minutes. This coating procedure was repeated twice, with the scaffolds left to 

soak up the remaining protein solution in the last coating and let to dry. The dry, coated scaffolds 

were placed into EGM-2MV media for 1 hour before seeding with cells. 

 

2.3.3. Adipose Derived Stem Cell Isolation 

 

Subcutaneous adipose tissue was obtained from abdominoplasties and approved under Tufts 

University IRB (Tufts University IRB Protocol #0906007) from Tufts Medical Center, 

Department of Plastic Surgery. No identifying information about the patient was obtained, 

including name, age, BMI, gender, or disease state and therefore only verbal consent was 

acquired.  The specimens were kept at room temperature in saline and used within the same day. 

The adipose tissue was separated from the skin by blunt dissection and chopped. Chopped 

adipose tissue was placed into 50 mL conical tubes and minced well with scissors. The tissues 

were washed in equal volumes warmed PBS, until essentially free of blood. An equal volume of 

1mg/mL collagenase I in 1% bovine serum albumin in PBS was added to the tissue and placed 

under gentle agitation at 37°C for 1 hour. The tissue samples were centrifuged at 300 x G for 10 

minutes at room temperature. The supernatant containing the tissue was removed and the pellet 

resuspended in PBS and centrifuged at the same settings to remove the collagenase solution.  The 
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pellet was resuspended in growth media and plated so that 70 g of initial tissue volume was 

plated per T225 cm
2
 tissue culture flask.  The attached cells are adipose derived stem cells.  

 

2.3.4. Cell Culture and 3D Static Culture 

 

Endothelial cells were cultured and expanded according to manufacturers’ protocols. Adipose 

derived stem cells were expanded in growth media comprised of DMEM/F12, 10% FBS, 1% 

PSF until confluence. At 2 days post-confluence, the cells were switched to adipogenic induction 

media comprised of DMEM/F12, 3% PSF, 1% PSF, IBMX, TZD, dexamethasone, pantothenate, 

biotin and insulin until seeded on scaffolds. The endothelial cells were added in 3 x 20µl 

seedings with a total of 800,000 cells/ scaffold. The seeded scaffolds were placed in an incubator 

for 2 hours before media was added to the well. The induced ASCs were added in a similar 

manner after 1 week, but with 400,000 cells/scaffold. Cells and cultures were fed twice per week, 

and maintained in 37°C, humidified incubator. 

 

The experiment timeline is outlined in figure 2.1. 

 

2.3.5. Dynamic (Spinner Flask) Culture 

 

Three days after seeding the induced ASCs the scaffolds were placed on stainless steel wires (2-3 

per wire) and made to hang from the top of a 250 mL spinner flask. A total of 11 seeded scaffolds 

were contained per spinner flask. The rpm was set to 50 rpm for the duration of the experiment.  

Media was exchanged twice weekly from the side arms. The scaffolds were transferred to new 

spinner flasks every 4 weeks.   

 

2.3.6. Media Sampling 

 

Media was sampled once per week at the time the constructs were fed. Media samples were 

stored at -80 C until assayed. 

 

2.3.7 Construct Harvest 
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Constructs were harvested at multiple timepoints for histology, DNA content and gene 

expression.  For histological analyses, constructs were cut in half lengthwise, placed in formalin, 

and set aside for either cryo-sectioning or paraffin embedding. For DNA content and gene 

expression analyses, each construct was placed in the well of a 24 well plate, and chopped finely 

using micro-dissection scissors. 1 mL of Trizol or cell lysis buffer per sample was added and the 

plates were frozen at -80 C until assayed. 

 

2.3.8. Histology 

 

Constructs were processed according standard histology protocols. Formalin fixed samples were 

put through a series of dehydration solvents and finally paraffin using an automated tissue 

processor. Samples were embedded in paraffin, cut in 10 micron sections, and let to adhere on 

glass slides. The sections were rehydrated and stained with hematoxylin and eosin, or underwent 

antigen retrieval for immunohistochemistry. Non-specific binding was avoided by incubation 

with normal blocking serum. After the excess serum was removed, the sections were incubated 

for 30 minutes with anti-human mouse CD31 diluted 1:100 in antibody diluent. Sections were 

washed in PBS and, then incubated with a secondary anti-mouse antibody for 30 minutes. The 

sections were washed in PBS and then incubated with VECTASTAIN Elite ABC reagent for 30 

minutes, washed in PBS, incubated with ImmPACT DAB enzyme substrate for 5 minutes and 

washed in water. The sections were then counterstained with hematoxylin and mounted. 

 

To evaluate lipid accumulation, the formalin fixed constructs were embedded in OCT medium 

and frozen. The frozen blocks were cut in 10 micron sections, and then stained with Oil Red O. 

 

 

2.3.9 Soluble Factors 

 

Stored frozen media samples were thawed and immediately assayed according to manufacturer’s 

protocols for both leptin quantification using an ELISA kit, and glycerol concentration using an 

enzymatic detection kit.   
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2.3.10 DNA content 

 

Stored frozen lysates were thawed, centrifuged and assayed for DNA content using the 

PicoGreen Assay according to manufacturers’ protocols. 

 

2.3.11 Gene Expression 

 

Scaffolds were finely chopped with micro-scissors; RNA was collected from cells using Trizol, 

and stored at –80°C until needed. After thawing, scaffolds were centrifuged at 15,700 x G for 10 

min at 4°C. Supernatants were transferred to new tubes and RNA was isolated using the RNeasy 

kit according to the manufacturers’ protocol. Reverse transcription was performed using high-

capacity cDNA reverse transcription kit following manufacturers’ protocol. Inventoried, 

commercially available TaqMan® Gene Expression Assays primers and probes from were used 

for target genes PPARγ, GLUT4, and normalized to the housekeeping gene, GAPDH, using the 

2ΔΔCt formula. 

 

2.3.12. Statistical Analysis 

 

Samples for all quantifiable analyses were n= 4 with each biological replicate having technical 

duplicates.  F-tests were used to determine variance equality and ANOVA tests were used to 

compare differences among groups. Histological analyses were performed at n=3, with 3 

consecutive sections being taken per staining group, only representative images are shown.  

 

2.4 RESULTS 

Preliminary Experiments to Determine Scaffold Design 

 

Preliminary 6 month 3D co-culture experiments were performed to determine which coating(s) 

would yield the best vascular adipose tissue like formation for long-term culture. Three coatings 

were evaluated as compared to uncoated scaffolds: laminin, VEGF, or laminin and VEGF. 

Laminin is a basement membrane protein that is involved in cell adhesion to matrix proteins. 
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VEGF is a potent angiogenic factor. Two scaffold processing windows were examined, those 

formed from aqueous or HFIP silk.   

 

No significant differences were detected among different coatings or silk types when evaluating 

for gene expression of adipogenic and vasculogenic genes, or soluble factors, leptin and glycerol. 

However, when cultures were histologically examined for Oil Red O staining, the laminin 

coating yielded the best adipose like tissue. Laminin coated HFIP scaffolds contained the greatest 

amount of Oil Red O staining (results not shown).  A VEGF coating yielded the poorest outcome, 

where fewer cells were present overall. From these results, our current study focused only on two 

coatings, uncoated and laminin coating on HFIP-silk scaffolds. 

 

Constructs maintained size and shape over 6 month culture 

 

For this study, it is crucial that the scaffold does not degrade in a short time frame but also 

necessary to maintain its size and shape while the cells have time remodel within.  Constructs 

were evaluated for changes in size throughout the 6 month experiment (Figure 2.2). Constructs 

were also able to regain their original dimensions after applied pressure was released (Figure 

2.2). At 1 and 6 months, the constructs were measured three times. At 1 month, both static and 

dynamic cultures averaged 8mm in diameter. At 6 months, the static constructs had remained at 

8mm, while the dynamic cultures increased to 9mm in diameter (Figure 2.3).  

 

DNA content increases at 1 month with dynamic culture 

 

DNA content was evaluated to determine relative cell numbers over time (Figure 2.4). In both 

static and dynamic cultures, DNA content decreased from 1 to 6 months. When comparing static 

to dynamic cultures at 1 month, DNA content was 2 fold greater under dynamic conditions. Yet, 

by 6 months, there were no significant differences detected among any of the groups (static, 

dynamic, uncoated, and coated).   

 

Constructs had improved tissue formation with dynamic culture 
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Over the 6 month culture period all groups accumulated lipid droplets, a hallmark of maturing 

adipocytes (Figures 2.5-2.6). Under static culture conditions cells were found only near the 

periphery of the construct at both 1 and 6 months. Under dynamic conditions, cells were found 

consistently throughout the entirety of the construct. Oil Red O positive staining appeared denser 

at edges of the constructs.  

 

Constructs show continuous lumen formation 

 

Endothelial cells were identified in the co-cultures by immunohistochemical staining for CD31.  

Endothelial cells develop into lumen- like structures in all groups (Figure 2.7). Initially, twice as 

many endothelial cells were seeded as hADs, however very few remain even after a couple of 

weeks in culture.  Those that do survive are organized into lumen like structures and are 

continuous through more than 100 microns of tissue.  

 

Adipogenic gene expression 

 

Gene expression for common adipogenic genes was assessed. PPARγ is the major transcriptional 

regulator for adipogenesis, while GLUT4 is produced and translocated to the cell surface in 

maturing adipocytes in the presence of insulin. Both genes were upregulated early in the study 

when compared to the 1 month uncoated static control, with the greatest expression of both genes 

in the static laminin coated group at 1 month. After 6 months in culture, the gene expression 

levels for both genes had decreased in all groups, however, dynamic cultures have greater gene 

expression levels than their static controls. Under dynamic conditions, PPARγ levels are 

maintained, while GLUT4 expression increases.   

 

Soluble factors increase under dynamic conditions but not significantly with coating or time 

 

Leptin is an adipokine released by mature adipocytes.  Glycerol is a product of lipolysis. Under 

the culture conditions here, mature adipocytes should be undergoing lipolysis because insulin (a 

hormonal mediator of lipolysis) is supplied in the co-culture media. Media samples were 

evaluated for leptin and glycerol production bi-weekly. Under static conditions, leptin levels at 1 
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and 6 months were not different (Figure 2.9). However, at 3 months the levels of leptin were 

nearly 2 fold greater than at 1 and 6 months. Under dynamic conditions, leptin levels were also 

not different from each other or from the static group at 1 and 6 months (Figure 2.10). A similar 

trend was seen where the leptin levels peaked at about 3 months and were nearly 3.5 fold greater 

than at 1 and 6 months. Glycerol levels also did not vary significantly over time under static 

conditions (Figure 2.11). However, there was a peak glycerol release at 3 months. Under 

dynamic conditions, glycerol levels increased nearly 2 fold from 1 to 6 months, but also peaked 

at 3 months (Figure 2.12). At 3 months, glycerol levels were more than 4 fold higher than at 1 

month, and 2 fold greater than at 6 months (p<0.001). No significant differences were found 

between uncoated and laminin coated groups for either leptin or glycerol, therefore only laminin 

coated groups were shown.  

 

 

2.5 DISCUSSION 

 

The goal of this study was to develop a long-term vascular adipose tissue construct that would 

ultimately serve as the basis for studying adipose tissue dysfunction or soft tissue regeneration. 

In both cases, sustained structure is important. Our preliminary study determined that protein 

coating (laminin, VEGF) or silk scaffold (aqueous, HFIP) type did not have an effect on most 

adipogenic outcomes (soluble factors, gene expression). Histological observations demonstrated 

improved tissue formation and Oil Red O staining on laminin coated HFIP based scaffolds. HFIP 

based silk scaffolds have smoother pores when compared to aqueous based silk scaffolds
67

.  Cell 

density and cytoskeletal forces influence stem cell commitment via the RhoA, ROCK 

pathways
68

.  The HFIP scaffold pores are smoother and have less porosity within individual pore 

walls than the aqueous based and therefore cells are trapped within the pore with little ability to 

spread out and attach. We hypothesize that the smoothness of the pore walls leads to increased 

local cell density and therefore the cells do not experience much cytoskeletal tension, biasing 

them towards a more adipogenic program
68

. Alternatively, aqueous based scaffolds have rougher 

pore walls so the cells would experience more cytoskeletal tension and would likely better suited 

for osteogenic constructs. Additionally, laminin improved initial cell adhesion. Given these 

preliminary outcomes, we chose to continue following studies with laminin coated HFIP based 
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silk scaffolds. 

 

Dynamic cultures were explored as a way to improve overall tissue outcomes as a result of 

enhanced mass transport. DNA content was not significantly greater in dynamic cultures over 

time as expected as a result of enhanced mass transport. An early increase was seen in dynamic 

cultures at 1 month, but it is not clear if that was the result of less cell survival in the static group, 

or increased proliferation of the dynamic group. Dynamic cultures contained tissue formation 

throughout the entire construct when compared to static groups where cells were found mostly at 

the periphery. In order for both static and dynamic cultures to have the same DNA content, the 

same number of cells must be present but just concentrated at the periphery in the static 

condition. This increased concentration of cells could partially explain why the static group had 

denser Oil Red O staining at the edge of the construct. All groups contained Oil Red O positive 

cells. In the dynamic groups, few areas were not positive for Oil Red O staining. Initially, the 

ratio of hADs to endothelial cells was 1:2, yet not many endothelial cells remained. This was 

evident with CD31 staining. Yet, the remaining CD31 positive cells were appropriately organized 

into lumen like formations. Several theories exist on why the endothelial cells did not survive 

well. In order to undergo sprouting and vasculogenesis, the cells need to be able to generate 

sufficient contractile forces and are better able to do this in softer matrices with fewer binding 

ligands
69

.  It is likely that the silk scaffolds were too stiff to sustain endothelial cells. Another 

study found similar results to this study, independent of seeding ratio of ASCs:ECs, order of 

seeding, in co-cultures, endothelial cell numbers decrease quickly
70

. The stiffness of silk can be 

easily modified by varying processing parameters, however we need to be able to sustain the 

long-term degradation profile for this research, and often stiffness and degradation are inversely 

related. Therefore, increasing the laminin coating or coating with a silk gel may provide a softer 

substrate for the endothelial cells to feel.  

 

Adipogenesis can only occur with PPARγ transcription, therefore it is crucial to have PPARγ 

expression in our cultures
17

. Since adipogenesis cannot be initiated without PPARγ expression, it 

is normally thought of as an early marker of adipogenesis, yet PPARγ is continuously expressed 

through various stages of adipogenesis
17

. Our results showed that expression was highest at 1 

month under static conditions, and levels did not vary between dynamic groups. No systematic 
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study has been done, to our knowledge, on the effect of shear forces directly on adipogenesis. 

Shear forces may decrease or alter the ability of cells to upregulate PPARγ or to undergo 

adipogenesis at the same rate. GLUT4 expression did increase, though not significantly, from 1 

to 6 months under dynamic conditions. GLUT4 expression is a late marker of adipogenesis and 

is partially regulated by the presence of insulin, under dynamic conditions, the transport of 

insulin to the cells may be enhanced.  

 

Leptin is an adipokine released by mature adipocytes which acts on receptors in the brain to 

signal satiation. Leptin is sensitive to glucocorticoid signaling
71

. Our media contains a constant 

level of dexamethasone, and therefore we except constant production of leptin if the number of 

adipocytes is constant. Similarly, glycerol release from lipolysis is also a function of mature 

adipocytes. Lipolysis is hormonally influenced by insulin as well as glucocorticoids. Our media 

contains constant levels of insulin and dexamethasone; therefore under normal culture conditions 

we expect the rate of lipolysis to be somewhat constant. Both leptin and glycerol levels increased 

with dynamic cultures, likely due to increased mass transport. In this study, we found 

fluctuations in leptin and glycerol levels at 3 months. No other studies to date, to our knowledge, 

have studied in vitro adipogenic outcomes for such long-term cultures, so it is unclear why we 

would see such a sharp change at that time. Taken into account with the decrease of DNA 

content, it is possible cells had ruptured if they had accumulated too much lipid, or had become 

apoptotic for other unknown reasons.  
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2.7 FIGURES 

 

Figure 2.1- Experiment timeline for 6 month cultures.  

 

 

 

Figure 2.2- Left panel- Constructs maintain size and shape over 6 month culture period. Bottom 

row- static co-cultures. Top row- spinner flask cultures. Right panel- Constructs return to 

original dimensions after applied pressure is released.  
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Figure 2.3- Dynamic cultures increased diameter by 1 mm over 6 month culture. Diameter 

change after 6 months in static or dynamic culture conditions. No differences were seen when 

scaffolds were coated with laminin, or with static culture over time. Star indicates significance of 

p< 0.0001. 
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Figure 2.4- DNA content is not increased with long-term culture. At 1 month, dynamic cultures 

had greater DNA content when compared to the controls (static, uncoated group).  By 6 months, 

static cultures had significantly less DNA content than controls. At 6 months, dynamic cultures 

did not have significantly different levels of DNA than the control group. * indicates significance 

of p< 0.001. # indicates significance of p< 0.01. 
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Figure 2.5- Dynamic culture improves overall tissue organization. Representative histological 

images of Oil Red O staining for mature adipocytes in uncoated scaffold group after 1 (top row) 

and 6 (bottom row) months in static (left column) and dynamic (right column) culture conditions. 

Staining for Oil Red O in static cultures was only found at the periphery of the construct, but 

found throughout construct in dynamic cultures. Scale bar – 200 microns. 
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Figure 2.6- Dynamic culture improves overall tissue organization throughout construct over 

time. Representative histological images of Oil Red O staining for mature adipocytes in laminin 

coated scaffold group after 1 (top row) and 6 (bottom row) months in static (left column) and 

dynamic (right column) culture conditions. Similar to uncoated cultures, tissue presence and 

staining for Oil Red O in static cultures was only found at the periphery of the construct, but 

found throughout construct in dynamic cultures.  Scale bar – 200 microns. 
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Figure 2.7- Endothelial cells organized into continuous lumen-like structures.  Representative 

immunohistological images of CD31 staining for lumen formation in laminin coated scaffold 

group after 6 months in dynamic culture conditions. Same 4 lumens are tracked in sections 40 

µm apart. Scale bar – 200 microns. 

 

  

Figure 2.8- Adipogenic gene expression decreases over time.  Gene expression levels for PPARγ 

and GLUT4 in laminin coated groups. Levels are relative to 1 month uncoated static control.  At 

6 months, dynamic cultures have higher gene expression levels than their static controls. Under 

dynamic conditions, PPARγ levels are maintained, while GLUT4 expression increases.  * 

indicates significance p< 0.05, ** indicates significance p<0.01. 
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Figure 2.9- Leptin levels are maintained throughout static culture period. Leptin secretion peaks 

at 3 months, but no difference is present between 1 and 6 month time points.  

 

Figure 2.10- Leptin levels increase when cultured under dynamic conditions when compared to 

static cultures (Figure 2.9). The trends from static cultures are followed under dynamic 

conditions. No differences are seen when comparing 1 and 6 month cultures; however the peak 

level is at 3 months. NOTE: Error bars are not included in dynamic cultures as all constructs in 

one group were maintained in the same spinner flask and therefore we cannot decouple each 

individual construct contribution from the groups’.  
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Figure 2.11- Glycerol levels remain stable over time. Glycerol levels were not different at 1 and 

6 months, but peaked at 3 months. * indicates significance level of p< 0.001 across timepoints. 

 

 

Figure 2.12- Glycerol levels increase with dynamic culture conditions. Levels increased nearly 2 

fold from 1 to 6 months with a peak at 3 months. NOTE: Error bars are not included in dynamic 

cultures as all constructs in one group were maintained in the same spinner flask and therefore 

we cannot decouple each individual construct contribution from the groups’.  
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CHAPTER 3. CHRONIC INFLAMMATION OBESITY DISEASE MODEL 

3.1 ABSTRACT 

Obesity is a growing epidemic worldwide. The WHO estimates about 200 million men and 300 

million women were obese in 2008, or about 1/10
th

 of the world population being obese. Obesity 

is a risk factor for other noncommunicable diseases, such as diabetes, cancer, and cardiovascular 

disease. Calorie rich foods and an increasingly sedentary lifestyle are thought to be the biggest 

contributions to this worldwide epidemic. Obesity is characterized by a chronic inflammation of 

the adipose tissue. In this study, we developed a long-term chronic culture of inflamed adipose 

tissue, using a co-culture of adipocytes/endothelials cells, which are then exposed to dietary free 

fatty acids and monocytes. Inflammatory marker profiles, MCP-1, TNFα, Il-6, COX-2 and 

adipose marker profiles, leptin, adiponectin, PPARγ, FABP, were altered by the presense of fatty 

acids and monocytes. Adiponectin, an adipokine associated with a heathly metabolic profile 

became undetectable in these chronic cultures. We treated the inflamed cultures with 2 different 

therapeutics, wogonin, a COX-2 inhibitor, and conjugated linoleic acid, and found that wogonin 

was generally more effective in reducing inflammatory response in cultures exposed to fatty 

acids and monocytes. These data suggest that the inflammatory cells should be a target of future 

anti-obesity therapies. 

3.2 INTRODUCTION 

The World Health Organization (WHO) broadly defines those individuals who have a body mass 

index of greater than 30 to be obese (WHO | Obesity, 2012).  Obesity is a risk factor for other 

noncommunicable diseases, such as diabetes, cancer, and cardiovascular disease. Obesity affects 

people of all ages, races, and socio-economic statuses. The WHO estimates about 200 million 

men and 300 million women were obese in 2008, or about 1/10
th

 of the world population being 

obese. As of 2010, about 43 million children under the age of 5 were classified as being 

overweight (BMI: 25-30), where 35 million lived in developing countries and 8 million in 

developed countries.  The epidemic attributes more deaths to being overweight rather than 

underweight.  In the US alone, the medical costs associated with obesity are $147 billion  

(Obesity and Overweight for Professionals: Data and Statistics: Adult Obesity, 2012).   
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Behavior, environment and genetic factors all are contributing factors to this epidemic. However, 

in its simplest form, one can define the cause of obesity to be in the balance of energy in versus 

energy out, where the balance is shifted towards taking more energy in. Calorie rich foods and an 

increasingly sedentary lifestyle are thought to be the biggest contributions to this worldwide 

epidemic.  

Obesity is characterized by a chronic inflammation of the adipose tissue. In a healthy state, FAs 

and glucose are able to be taken up and stored, until needed, as triglycerides within the 

adipocyte. In the presence of increased dietary stimuli in the form of FAs, the adipocyte attempts 

to store the FA as TG in the lipid droplet by lipogenesis. However, as the lipid droplet expands 

the cell experiences cytoskeletal stresses. This causes the release of macrophage chemokines, 

which cause macrophage infiltration and a local inflammatory response and of MMPs, that 

breakdown the surrounding matrix to allow for continued growth. It is not well understood what 

role exactly the ECM breakdown and remodeling plays, whether it is more of a cause or effect 

for obesity
18,19

.  Infiltration of macrophages leads to the release of inflammatory cytokines, such 

as TNFα and Il-6. TNFα, among other factors, can directly influence lipolysis rates by cAMP 

phosphorylation of HSL
20–22

.  TNFα also acts to impair PPARγ transcription, which can suppress 

lipogenesis in mature adipocytes and suppress adipogenesis in resident pre-adipocytes. This 

elevates levels of circulating TG, ultimately leading to ectopic lipid droplets in muscle and 

liver
20

. TNFα, along with the increase in FAs from enhanced lipolysis and diet, contribute to 

further aggravation of the inflammatory cycle via the classic innate immune pathway, Toll-Like 

Receptor 4 (TLR4). Animal models of TLR4 knockdown leads to decreased levels of 

inflammatory markers and maintenance of insulin sensitivity, while in wild-type animals the 

downstream activation of FA-TLR4 leads to release of TNFα, Il-6 and insulin resistance
23

. TLR4 

is found on both macrophages and adipocytes.  The inflammation continues to cycle if left 

untreated (or without changes in diet) to eventually lead to insulin resistance, type II diabetes, 

ectopic lipid droplets, and cardiovascular disease.  

 

Various types of therapies exist to reduce obesity. For those considered “morbidly” obese, diet 

and exercise and/or pharmacological interventions are not often enough, and require surgical 

intervention as a last option. Bariatric surgery often leads to various nutrient deficiencies due to 
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modified absorption
72

.  There are four main classifications of obesity pharmacological based 

therapies
10,73

.  They are appetite suppressants, gastrointestinal absorption blockers, metabolism 

stimulators which decrease lipogenesis, and enhancers of energy expenditure which increase 

lipid oxidation or thermogenesis
10,73

. The first approach, appetite suppression acts on the central 

nervous system to tell the brain that the body is satiated. This approach has had little 

pharmacological success due to unsafe side effects leading to FDA recalls (for review of anti-

obesity drugs recalled by FDA see Powell et al.
74

). Gastrointestinal absorption blockers, such as 

Orlistat™, have met some success. Orlistat™ works by inhibiting pancreatic lipases, so that fats 

are not absorbed but passed. However, this approach could prevent the absorption of fat-soluble 

vitamins.  The third approach relates more specifically to adipose tissue metabolism. 1-acyl-

glycerol-3-phosphate acyltransferase (AGPAT) inhibitors and diacylglycerol acyltransferase 

(DGAT) inhibitors can disrupt the TG synthesis pathway at different steps and are under study as 

potential therapeutics
10

. Interventions that increase energy expenditure or brown fat activation, 

such as acetyl-coA carboxylase (ACC) inhibitors, increase the rate of mitochondrial fatty acid β-

oxidation and heat production
10

. This approach has become of more interest lately with the 

discovery of cold-activated brown fat depots in adult humans
75

.  

In the past decade, two other mechanisms to reduce adipose tissue have become of interest. One 

potential therapeutic avenue involves replacement of gut microflora, however, it is unclear 

whether the gut microbiome is the cause or an effect of obesity
76,77

. Another new therapeutic 

avenue involves treating obesity or excess adipose tissue as a “tumor” that will shrink upon 

ablation of vasculature
78–80

. Both new approaches offer fresh insight to the existing problem but 

will need to be researched in more depth before they can be used clinically.  

Currently, obesity disease in vitro models which focus on adipose tissue primarily look at simple 

2D cultures of adipocytes
81,82

. A hallmark of obesity is adipocyte hypertrophy
83–86

. This central 

feature of obesity renders 2D models unrealistic for two reasons. Firstly, mature adipocytes 

cannot be cultured in vitro because they are too lipid-laden and rupture or float
87,88

. To address 

this, studies are performed on pre-adipocytes that are differentiated in vitro, however, the 

differentiated cells are multilocular (containing many lipid droplets) cells that do not fully 

represent a mature, unilocular (a central lipid droplet) adipocyte
89

. Secondly, the cell-matrix 

interaction cannot be mimicked in a 2D study
89–93

. For example, as an adipocyte expands, as in 
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obesity, the cell secretes factors to degrade the surrounding ECM, making more room for the 

adipocyte to expand
94

.  

 

Animal models of obesity have been instrumental in our understanding of key roles of adipose 

tissue in this disease by accounting for much of the complexity of such pathology
95–101

. Obesity 

can be studied within many contexts, for example, gender, age, or in the context of other 

pathologies- cardiovascular disease, diabetes, or liver disease. Animal models have led to the 

discovery of leptin, a key adipocytokine
102,103

. Leptin knockout models caused extreme obesity, 

hyperphagia (excessive ingestion of food) and many other metabolic diseases
102,103

. When leptin 

levels were restored, animals returned to normal weights
102,103

. Other knockout models that 

partially or completely ablate adipose tissue led to the understanding of the adipose tissue mass 

and insulin resistance. Despite the vast knowledge obtained through rodent models, the need for 

a viable human model still exists because of disparities between the two species
104

. For example, 

a mouse study identified the FTO gene as a target for obesity and fat mass accumulation
105

. 

When this gene was further explored in humans, it was discovered that altering that gene causes 

webbed digits among other deformities
106

.  

  

Given the short-comings of 2D in vitro cultures and in vivo rodent models of obesity, we need a 

3D human disease model to fill the gaps left behind. A 3D tissue engineered model allows us to 

use human cells, even a patient’s own cells, in appropriate tissue architecture. Some groups have 

included macrophages and few have included endothelial cells to study the cross-talk between 

cells in their 2D studies
82

. To our knowledge, no other group has explored using 3D vascular 

adipose tissue cultures with macrophages to understand the more complex cell-cell, cell-matrix 

interactions that can affect tissue outcomes.  Another important benefit of the 3D disease model 

is the option to culture for indefinite periods
107

. This allows us to test the long-term effects of a 

therapeutic system.  Our group has shown that we can successfully develop 3D 

adipocyte/endothelial co-cultures on silk porous sponges which express adipogenic outcomes
16

. 

Furthermore, we have shown that we can alter the lipolytic rates of these systems by exposure to 

different hormonal stimuli
108,109

. This work seeks to build off that work in three ways: 1) by the 
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inclusion of macrophages, the major inflammatory cells in adipose tissue, 2) by the inclusion of 

dietary FFAs, to stimulate an overfed condition, and 3) by extending the culture period to better 

mimic a chronic state.  

As described earlier, many anti-obesity therapies are under study currently. Cyclooxgenase-2 

(COX-2) mediates inflammation by production of soluble inflammatory messengers, 

prostaglandins. COX-2 derived prostaglandins are implicated in adiposity, by directly activating 

to PPARγ, the master transcriptional regulator of adipogenesis
110

.  COX-2 deficient mice have a 

lower body weight, lower % body fat, lower serum glucose, TG, cholesterol levels than wild type 

mice, while consuming the same amount of food
110

. COX-2 deficient mice also have lower levels 

of PPARγ, lipoprotein lipase (LPL), and increased levels of preadipocyte factor (Pref-1) and 

resistin
110

. Inflammatory markers, CD68 and MCP-1, were also dramatically reduced in COX-2 

deficient mice
110

. Other groups have reported similar outcomes for COX-2 mediated decreases in 

adiposity and inflammation
111,112

. COX-2 selective inhibitors, such as Vioxx™, have been used 

clinically for rheumatoid arthritis, but have been recalled due to cardiovascular complications
113

. 

However, a class of antioxidant natural products, flavonoids has been found to be selective 

COX-2 inhibitors, without the side effects seen in non-steroidal anti-inflammatory drugs 

(NSAIDs) such as Vioxx™
114–116

. Although both NSAIDs and flavonoids inhibit COX-2, the 

former are thought to cause platelet adhesion, while flavonoids and their metabolites act as anti-

aggregating factors for platelets and are actually considered to lower cardiovascular risk
117

.  A 

flavonoid, Wogonin, from Scutellaria root, will be explored in this study as an anti-inflammatory 

therapy.  

Another natural therapeutic that will be investigated in this study is conjugated linoleic acid 

(CLA). CLA is a polyunsaturated fatty acid found in sunflower oil and in meat from ruminant 

animals, after their gut microbiota covert linoleic acid to CLA by hydrogenation
118

. Several 

mechanisms are possible for anti-obesity effects seen in rodents and human due to CLA, 

including increased basal lipolysis rates, fatty acid oxidation and PPARγ inhibition
98,104,118–121

. 

Two groups report CLA improved anti-obesity outcomes when CLA is supplemented with 

saturated but not unsaturated fats
120,121

.   

In this study, we aim to develop a long-term 3D model of inflamed human adipose tissue by first 

developing a healthy model of adipose tissue as a co-culture of primary adipocytes and 
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endothelial cells on a silk matrix and then challenging the system with monocytes and dietary 

free fatty acids. Next, we aim to use the system to test two potential anti-obesity therapies.  

 

3.3 METHODS 

3.3.1 Materials 

 

Bombyx mori silkworm cocoons were supplied by Tajimia Shoji Co. (Yokohama, Japan). 

 

All cell culture supplies and collagenase type I were purchased from Invitrogen (Carlsbad, CA) 

unless otherwise noted. Human recombinant insulin, dexamethasone, pantothenate, biotin, 2,3-

thiazolidinediones (TZD), 3-isobutyl-1-methylxanthine (IBMX) , bovine serum albumin (BSA), 

were purchased from Sigma-Alrich (St. Louis, MO). Primary human adult microvascular 

endothelial cells and complete endothelial cell media (EGM-2MV) were purchased from Lonza 

(Walkersville, MD). 

 

Histological solvents were purchased from Fisher Scientific (Pittsburgh, PA) and histological 

reagents were purchased from Sigma-Aldrich. Primary antibodies were purchased from Abcam 

(Cambridge, MA), and antibody diluent was purchased from Cell Signaling Technologies 

(Danvers, MA). The secondary antibody, ABC (avidin, biotin complex) kit, DAB substrate, 

hematoxylin counterstain and, antigen retrieval solution were purchased from Vector Labs 

(Burlingame, CA). The multiplex ELISA assay kit was purchased from Millipore (Danvers, 

MA).  

 

3.3.2 Silk Scaffold Preparation 

 

Silk solution was prepared as published
66,122

. Briefly, cocoons were chopped and placed in 

boiling 0.02M NaCO2 for 30 minutes to remove sericin, and then washed 3 times in ultrapure 

water. The resulting silk fibroin fibers were left to dry overnight. The dry silk was solubilized in 

9.3 M LiBr in 20% w/v at 60 C for 4 hours. The silk solution was then dialyzed in ultrapure 

water in 3500 MWCO membrane for 2 days with a total of 6 water changes, to remove the LiBr. 
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The aqueous silk solution was lyophilized until dry and re-solubilized over 2 days in hexafluoro-

2-propanol (HFIP) at 17% w/v.  Salt crystals were sieved to the desired range of 500-600 

microns, poured into Teflon coated petri dishes and either aqueous silk or HFIP-silk solution was 

added. The petri dish was covered and left in a fume hood for 2 days and, uncovered to let the 

HFIP evaporate for 1 day. The dish was immersed in methanol overnight, left in the fume hood 

for 1 day for the methanol to evaporate and then placed in water to leach out the salt particles. 

The water was changed 3 times a day for 2 days. The scaffolds were removed from the petri dish, 

cut to the desired dimension, 4 mm diameter x 2 mm height, using a biopsy punch.  The scaffolds 

were left to dry before autoclaving, autoclaved, then kept at 4°C until use. The dry scaffolds were 

placed into EGM-2MV media for 1 hour before seeding with cells. 

 

3.3.3 Adipose Derived Stem Cell Isolation 

 

Subcutaneous adipose tissue was obtained from abdominoplasties and approved under Tufts 

University IRB (Tufts University IRB Protocol #0906007) from Tufts Medical Center, 

Department of Plastic Surgery. No identifying information about the patient was obtained, 

including name, age, BMI, gender, or disease state and therefore only verbal consent was 

acquired.  The specimens were kept at room temperature in saline and used within the same day. 

The adipose tissue was separated from the skin by blunt dissection and chopped. Chopped 

adipose tissue was placed into 50 mL conical tubes and minced well with scissors. The tissues 

were washed in equal volumes warmed PBS, until essentially free of blood. An equal volume of 

1mg/mL collagenase I in 1% bovine serum albumin in PBS was added to the tissue and placed 

under gentle agitation at 37°C for 1 hour. The tissue samples were centrifuged at 300 x g for 10 

minutes at room temperature. The supernatant containing the tissue was removed and the pellet 

resuspended in PBS and centrifuged at the same settings to remove the collagenase solution.  The 

pellet was resuspended in growth media and plated so that 70 g of initial tissue volume was 

plated per T225 cm
2
 tissue culture flask.   

 

3.3.4 Monocyte Isolation 
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Monocytes were isolated freshly from peripheral blood as previously described
123

. Blood was 

drawn into vacutainers containing sodium citrate. Twenty mL of blood was diluted with 6 mL of 

PBS with 1mM EDTA and split among 2 50 mL conicals. The diluted blood was slowly 

underlayered with 10 mL Percoll. The blood was then centrifuged at 400 x g for 20 min at room 

temperature with no brake. 

The peripheral blood mononuclear cells (PBMCs) appeared as a white band above the red blood 

cell and granulocyte layer was collected. DPBS with 1mM EDTA was added to the collected 

banded PBMCs to dilute it and was then centrifuged at 150 x g for 10 min at room temperature 

with no brake in order to remove the platelets in the supernatant. The pellet containing the 

PBMCs was then resuspended in 40mL of DPBS w/ 1mM EDTA and centrifuged again at 150 x 

g for 10 min to remove any remaining platelets. The cells were then diluted with monocyte 

media to yield a concentration of 1 million cells/mL of media. Using an equal volume of 46% 

Percoll™, the monocyte containing media was underlayered by the 46% Percoll™ at a rate of 

25mL/75 seconds. The tube was then centrifuged for 30 min at 550 x g at RT with no brakes. 

The white band formed at the interface between the lower and upper gradients was the 

monocytes.  They were removed, resuspended in 17mL of ice cold DPBS w/ 1mM EDTA and 

then centrifuged at 400 x g for 10 min at RT and the pellets were resuspended in 7 mL of ice 

cold DPBS (no EDTA) and split accordingly for seeding.   

 

 

3.3.5 Cell Culture and 3D Culture 

 

Endothelial cells were cultured and expanded according to manufacturers’ protocols. Adipose 

derived stem cells were expanded in growth media comprised of DMEM/F12, 10% FBS, 1% 

PSF until confluence. At 2 days post-confluence, the cells were switched to adipogenic induction 

media comprised of DMEM/F12, 3% PSF, 1% PSF, IBMX, TZD, dexamethasone, pantothenate, 

biotin and insulin until seeded on scaffolds. The endothelial cells were added in 3 x 10ul 

seedings with a total of 100,000 cells/ scaffold. The seeded scaffolds were placed in an incubator 

for 2 hours before media was added to the well. The induced ASCs were added in a similar 

manner after 1 week, but with 50,000 cells/scaffold. Cells and cultures were fed 2 times per 
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week, and maintained in 37°C, humidified incubator. After 6 weeks of 3D co-culture of 

endothelial cells and adipocytes, the cultures were subjected to free fatty acids. The monocytes 

were added the same day as the free fatty acids.  

 

3.3.6 Free Fatty Acid Media 

 

FFA media was prepared by first dissolving palmitic acid, stearic acid in pure ethanol for a final 

concentration of 0.5 M. Basal media was made by dissolving 11 g FFA-free bovine serum 

albumin (BSA) into 500 mL DMEM-F12. The 0.5M stock solution of FFA was added dropwise 

to the BSA containing media, such that the final concentration of FFA in basal media was 

0.2mM. The adipogenic supplements were added as described previously and then added to an 

equal volume of endothelial media, such that the final concentration of FFA in media was 

0.1mM.  

 

Oleic acid was purchased pre-mixed with BSA and therefore was added directly to the 

adipogenic media and mixed with the equal volume of endothelial media.  

 

3.3.7 Drug Treatment 

 

CLA was prepared by dissolving CLA in DMSO for a final concentration of 180mM.  The CLA 

stock solution was added to the adipogenic media containing FFA, mixed with an equal volume 

of endothelial media, so that the final concentration of CLA was 25µM. Wogonin was prepared 

by dissolving wogonin in DMSO, and prepared as CLA, so that the final concentration of 

wogonin was also 25µM.  

 

All media was sterilized by passing through a 0.2 micron filter.  

 

3.3.8 Experiment timeline (Figure 3.1) 
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The adipocyte/endothelial co-cultures were cultured under normal conditions, in a 1:1 ratio of 

adipogenic maintenance: endothelial cell media, for 6 weeks to establish a healthy tissue 

construct. The healthy 6 week constructs were transferred to media containing 0.1 mM FFAs, no 

FFA (control), palmitic acid, stearic acid, or oleic acid, and cultured for an additional 6 weeks to 

generate an overfed model. Also at this time, freshly isolated monocytes were added to the 

cultures. After 6 weeks culture with monocytes and FFAs the cultures were treated with 

Wogonin, CLA, or left untreated.  

 

3.3.9 Construct Harvest 

 

Constructs were harvested at multiple timepoints for histology.  The constructs were cut in half 

lengthwise, placed in formalin, and set aside for either cryo-sectioning or paraffin embedding.  

 

3.3.10 Histology 

 

Constructs were processed according standard histology protocols. Formalin fixed samples were 

put through a series of dehydration solvents and finally paraffin using an automated tissue 

processor. Samples were embedded in paraffin, cut in 10 micron sections, and let to adhere on 

glass slides. The sections were rehydrated and stained with hematoxylin and eosin, or underwent 

antigen retrieval for immunohistochemistry. Non-specific binding was avoided by incubation 

with normal blocking serum. After the excess serum was removed, the sections were incubated 

for 30 minutes with the primary antibody. Sections were washed in PBS and, then incubated with 

a secondary anti-mouse antibody for 30 minutes. The sections were washed in PBS and then 

incubated with VECTASTAIN Elite ABC reagent for 30 minutes, washed in PBS, incubated with 

ImmPACT DAB enzyme substrate for 5 minutes and washed in water. The sections were then 

counterstained with hematoxylin and mounted. 

 

To evaluate lipid accumulation, the formalin fixed constructs were embedded in OCT medium 

and frozen. The frozen blocks were cut in 10 micron sections, and then stained with Oil Red O. 

 

3.3.11 Multiplex Bead Assay 



50 
 

 

Media samples were collected weekly and stored at -80°C until assayed. Samples were allowed 

to thaw and incubated with antibody-immobilized microbeads. The beads were conjugated with 

MCP-1, TNFα, Il-6, Leptin, and Adiponectin. The assay was performed according to 

manufacturer’s (Millipore Human Adipocyte Plate Assay) protocol.  

 

3.3.12 Gene Expression 

 

Scaffolds were finely chopped with micro-scissors; RNA was collected from cells using Trizol, 

and stored at –80°C until needed. After thawing, scaffolds were centrifuged at 15,700 x gfor 10 

min at 4°C. Supernatants were transferred to new tubes and RNA was isolated using the RNeasy 

kit according to the manufacturers’ protocol. Reverse transcription was performed using high-

capacity cDNA reverse transcription kit following manufacturers’ protocol. Inventoried, 

commercially available TaqMan® Gene Expression Assays primers and probes from were used 

for target genes, and normalized to the housekeeping gene, GAPDH, using the 2ΔΔCt formula. 

 

3.3.13 Statistical Analysis 

 

Samples for all quantifiable analyses were n= 6 with each biological replicate having technical 

duplicates.  F-tests were used to determine variance equality and ANOVA tests were used to 

compare differences among groups.  

 

 

3.4 RESULTS 

 

Effect of fatty acids and monocytes on soluble factors  

 

The goal of this work is develop a long-term model of obesity that could serve as a model to 

study disease mechanisms and as a platform for testing anti-obesity therapies. After developing a 

healthy model of adipose tissue we exposed the tissue to FFAs and monocytes for 6 weeks. At 

the end of this period, we assessed the cultures for soluble factors released into the media (Figure 
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3.2).  MCP-1 levels increased in the presence of the saturated fat, palmitic acid, but there was no 

difference in levels when monocytes were present. Il-6 was also elevated in the presence of 

palmitic acid, and did increase when monocytes were present. TNFα levels were not detected 

when cultures did not contain FFAs and monocytes. Levels were elevated but not significantly 

when monocytes were present. Adiponectin, an adipokine found to be decreased in serum during 

obesity was found to be decreased in the presence of all FFAs, a further decrease was seen when 

monocytes were presence
124

.  Leptin, an adipokine found to be increased in serum during 

obesity, was found to be unaffected by FFA or monocytes.  

 

After an additional 6 weeks culture with FFA and monocytes, TNFα and adiponectin levels were 

not detected. Levels of MCP-1 decreased from 6 to 12 weeks ~ 3 fold in groups without FFAs, 

and ~ 4 fold when cultured with palmitic acid (Figure 3.3).  Levels of Il-6 also decreased 

significantly over time in the palmitic acid group, ~10 fold without monocytes, and ~ 30 fold 

with monocytes. Il-6 levels for oleic and stearic acid did not change over time.  Leptin levels in 

the presence of palmitic acid decreased ~2 fold regardless of the presence of monocytes. When 

no FFAs were present, leptin levels increased almost 2 fold without monocytes present and 

decreased ~2 fold in the presence of monocytes.  

 

Effect of anti-obesity therapies on soluble factors 

 

One day after being exposed to no treatment control, wogonin or CLA, media samples were 

analyzed. Similarly to 12 week cultures, TNFα and adiponectin levels were not detectable.  

Wogonin, a selective COX-2 inhibitor, and CLA , whose mechanisms are still unclear, decreased 

levels of MCP-1 in the presence of monocytes (Figure 3.4). Il-6 levels did not appear to be 

affected by either of the therapies. Wogonin treatment decreased leptin levels when cells were 

cultured with monocytes. CLA did not appear to have a notable effect on leptin levels.   

 

COX-2 levels increase with time with wogonin treatment 

 

COX-2 expression specifically inhibited by wogonin via NF-κB and nitric oxide pathways, yet in 

our gene expression studies, we found that COX-2 expression increased with increased wogonin 
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exposure (Figure 3.5). 

 

Adipogenic genes expression with wogonin treatment 

 

PPARγ is the master transcriptional regulator of adipogenesis and is specifically inhibited by 

TNFα. In this study, PPARγ levels increased over time (Figure 3.6). Gene expression levels for 

fatty acid binding protein 4 (FABP) were evaluated. In the presence of palmitic acid and 

monocytes, FABP levels were upregulated nearly 600 fold (Figure 3.6). When monocytes were 

not present, FABP levels were lower, but increased over the 6 week period.  

 

Histology  

Pending 

 

 

3.5 DISCUSSION 

 

The goal of this work is develop a long-term model of obesity that could serve as a model to 

study disease mechanisms and as a platform for testing anti-obesity therapies. Three dietary fatty 

acids were used in this study, palmitic acid, stearic acid, and oleic acid. Palmitic acid was chosen 

as it is a common dietary saturated fat. Oleic acid is an unsaturated fat, considered to be part of a 

healthy diet and can be found in olive oil. Stearic acid is another saturated fat, but has the same 

number of carbons as oleic acid. Saturated fats have been well established as being pro-

inflammatory
120,125,126

. They are also less efficiently oxidized and therefore more likely to remain 

stored as TG in the lipid droplet
95

.  Carbon chain length also affects rate of fatty acid oxidation 

with increased carbons leading to a decrease in fatty acid oxidation
95

.  In order to generate an 

appropriate model of obesity, we cultured the adipocytes for 6 weeks in fatty acid media, to 

allow for the adipocytes to accumulate more lipids. Adipocyte hypertrophy begins the cascade of 

events that lead to obesity. MCP-1, the major chemoattractant factor released from adipocytes, 

was most elevated in the palmitic group. MCP-1 levels have been shown to increase in response 

to palmitic acid in 2D studies as a result of NF-κB and JNK signaling
81,127–130

. While the exact 

mechanisms are still not clear, it has been hypothesized that oxidative stress induced by 
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adipocyte hypertrophy from increased lipid load activates JNK and NF-κB pathways
130

. This 

hypothesis explains why unsaturated fatty acids do not contribute to MCP-1 secretion, as they 

are more readily metabolized, and therefore less likely to be stored in the lipid droplet.  

Interestingly, levels for stearic acid were lower than the control group. We did not investigate 

dose dependency for these fatty acids. A study found MCP-1 release of 2 doses of various fatty 

acids- 10 and 100µM of stearic, oleic, palmitic, palmoleic, linoleic acids was dose dependent
131

.  

In the study, 100 µm stearic acid increased MCP-1 release, while 10µM decreased release. These 

stearic acid, but not palmitic and oleic acid, results are contradictory to our results, yet were 

performed in different models (cell line versus primary cells and 2D versus 3D), therefore a more 

systematic study would need to be performed with varying doses. Another study found a similar 

contradictory result; monocyte chemotaxis was increased with palmitic acid but decreased with 

stearic acid and oleic acid
126

. MCP-1 release activates adhesion factors in the vasculature to 

attract circulating monocytes to extravasate into the adipose tissue. MCP-1 activates TNFα 

production via NF-κB signaling in the macrophage. TNFα levels in our study did not vary with 

fatty acids, or with addition of monocytes, with the exception of the control group in which no 

TNFα was detected. Both adipocytes and macrophages can secrete TNFα, however, visceral and 

subcutaneous adipocytes are found to differentially produce TNFα
132

. Palmitic acid has been 

known to interact directly with TLR4 receptors, but more recently a study found that other fatty 

acid complexes can bind to TLR4 and induce an inflammatory response
131

.  Il-6 levels were 

elevated in the presence of palmitic acid, and further increased with monocytes.  

Adiponectin levels are found to be higher in non- obese patients; our data confirm this trend, that 

in the absence of fatty acids, adiponectin levels were highest.  Adiponectin blocks NF-κB 

signaling and therefore decreases downstream effects of TNFα
124

. Leptin is produced by mature 

adipocytes under the regulation of the PPARγ and C/EBPα transcription factors, and also 

upregulated in the presence of glucocorticoids and TNFα
71

. Our results contradict these 

established data, where TNFα levels are higher, we see lower leptin levels. Our preliminary data 

(not shown) in a 3D adipose tissue model also showed a decrease in leptin levels over a 2 week 

period when cultured with palmitic acid. Just as other soluble factors are expressed differentially 

in visceral versus subcutaneous depots, leptin expression may vary by depot as well. A study 

comparing visceral and subcutaneous adipocytes should be done.  
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Extended culture time affects soluble factors. TNFα and adiponectin levels were no longer 

detectable. MCP-1, Il-6 and leptin levels all decreased, and the effects noted as a result of 

different fatty acids were muted.  It is possible the system had reached a stable state by this time, 

while at 6 weeks this system was still sensitive to the inflammatory and nutritional cues. To our 

knowledge, no other study has been conducted over a long culture period to compare trends. 

Also, in order to sustain long-term culture we need to culture in the presence of fetal bovine 

serum (FBS) – a mix of many growth factors, cytokines, fatty acids, lipids, etc., in which we do 

not know the relative concentrations or exact composition. Some studies culture with TZDs 

throughout their (short-term) culture, although we maintained adipogenic outcomes, a follow-up 

study should include a PPARγ ligand to ensure the adipogenic program is continuously active.  

 

MCP-1, Il-6 and leptin levels were evaluated after exposure to anti-obesity therapies, CLA and 

wogonin. Both therapies decreased the levels of MCP-1 when cultured with monocytes. 

Wogonin selectively blocks COX-2, an inflammatory mediator, and in vivo studies demonstrated 

COX-2 deficiency leads to decreased MCP-1 expression
133

. COX-2 is expressed in all cell types. 

Wogonin also decreased leptin levels in the presence of monocytes. CLA has been shown to be 

more effective in reducing obesity outcomes with saturated but not unsaturated fats, however our 

MCP-1 results did not support this
120,121

. Effects on leptin and Il-6 by CLA were not conclusive.   

 

COX-2 gene expression was evaluated as its expression is directly related to TNFα and inversely 

related to PPARγ expression
111

.  In this study, COX-2 and PPARγ transcription levels increased 

over time with wogonin treatment. Yet, in the presence of monocytes and palmitic acid, the 

COX-2 transcription levels were lower than other groups. Fatty acid binding protein 4 (FABP) 

gene expression was evaluated as well. FABPs intracellularly bind fatty acids and mediate 

trafficking to different organelles
134

. FABP4 is specifically expressed by macrophages and 

adipocytes. Knockout models for FABP4 lead to suppression of the NF-κB pathway, MCP-1, Il-

6, TNFα, nitric oxide and COX-2
135

. The unbound fatty acids, in FABP4-/- macrophages, were 

found to block NF-κB while acting as PPARγ agonists
135

.  FABP4 -/- mice were also found to 

have a higher level of circulating fatty acids, yet remain insulin sensitive. In our study, FABP4 

was highly upregulated in palmitic acid and monocyte groups in the presence of wogonin. 

FABP4 transcription expression is upregulated by fatty acids, insulin and PPARγ agonists
134

. 
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These data suggest that FABP4 is upregulated by palmitic acid in adipocytes and/or monocytes, 

and is regulated independently of inflammatory markers.  

 

This study was the first to explore the chronic effects of monocyte and fatty acid exposure on a 

3D culture of human vascular adipose tissue. The soluble factors in this study were chosen not 

only because they play a major role in disease progression but are also clinical readouts. MCP-1, 

Il-6, TNFα, leptin are all chronically elevated in blood plasma of obese patients, while 

adiponectin is decreased
136,137

.  Using clinically relevant physiological markers we can relate our 

disease models to patient data. These data suggest that the inflammatory cells, macrophages, are 

important for mediating the response to fatty acids and wogonin. Future work on obesity should 

include therapies that directly, not indirectly, decrease the local inflammatory response. These 

anti-inflammatory therapies could be combined with other anti-obesity therapies to maximize 

response.  
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Figure 3.1- Experiment timeline for long-term obesity study. 
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Figure 3.2- Soluble factor release after exposure to FFAs for 6 weeks. Inflammatory factors 

(MCP-1 and Il-6) were greater in the presence of the saturated fat- palmitic acid (PA). TNFA 

levels were greater when cultured with monocytes. Adiponectin levels were greatest when FFAs 

and monocytes were not present. Leptin levels decreased in the presence of saturated fats. 

Abbreviations- MCP-1- macrophage chemoattractant protein 1, Il-6- interleukin 6, TNFA- tumor 

necrosis factor alpha, FFA- free fatty acid, OA- oleic acid, SA- stearic acid, PA- palmitic acid, 

mono- monocyte. All values are expressed in terms of pg/mL.  
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Figure 3.3- Cytokine profile after 12 week exposure to FFAs and monocytes varies from 6 week 

exposure. Abbreviations- MCP-1- macrophage chemoattractant protein 1, Il-6- interleukin 6, 

TNFA- tumor necrosis factor alpha, FFA- free fatty acid, OA- oleic acid, SA- stearic acid, PA- 

palmitic acid, mono- monocyte. All values are expressed in terms of pg/mL.  
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Figure 3.4- Effects of Conjugated linoleic acid and Wogonin on cytokine levels. Abbreviations- 

MCP-1- macrophage chemoattractant protein 1, Il-6- interleukin 6, FFA- free fatty acid, OA- 
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oleic acid, SA- stearic acid, PA- palmitic acid, mono- monocyte, CLA- conjugated linoleic acid, 

WOG- wogonin.  

 

Figure 3.5- COX-2 is upregulated over time. Abbreviations- COX-2- cyclooxygenase 2, FFA- 

free fatty acid, OA- oleic acid, SA- stearic acid, PA- palmitic acid, mono- monocyte, WOG- 

wogonin.  
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Figure 3.6- PPARγ is upregulated over time with wogonin treatment. FABP is upregulated with 

palmitic acid and monocytes. Abbreviations- FABP- fatty acid binding protein, FFA- free fatty 

acid, OA- oleic acid, SA- stearic acid, PA- palmitic acid, mono- monocyte, WOG- wogonin.  
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CHAPTER 4. SUSTAINABLE SOFT TISSUE REGENERATION WITH SILK 

BIOMATERIALS 

4.1 ABSTRACT 

Soft tissue defects result mainly from congenital abnormalities, trauma, or tumor resections and 

constitute about 4.8 million reconstructive surgery cases per year in the US alone
138,139

. 

Autografts and lipotransfer have been one treatment for soft tissue reconstruction, however, the 

success is unpredictable, with 20-90% graft resorption within months
25–27

.   In this study, we 

employed slowly degrading, porous silk sponges alone, or seeded with adipocytes or lipoaspirate 

in an 18 month subcutaneous nude rat model and assessed for volume retention, sponge 

degradation, remodeling, and overall tissue regeneration. The silk sponge degraded slowly over 

18 months, while regenerating subcutaneous tissue and maintaining volume. The addition of a 

cellular component yielded an adipose tissue outcome, while no cellular component formed a 

connective tissue outcome. These data suggest a simple, clinically relevant approach to filling 

soft tissue defects. 

 

4.2 INTRODUCTION 

Soft tissue defects result mainly from congenital abnormalities, trauma, or tumor resections and 

constitute about 4.8 million reconstructive surgery cases per year in the US alone
138,139

. 

Autografts and lipotransfer have been one treatment for soft tissue reconstruction, however, the 

success is unpredictable, with 20-90% graft resorption within months
25–27

.   This leaves 

significant problems for the patient and thus the regeneration of large soft tissue defects remains 

an unmet clinical need.  Silk, a protein biomaterial that has been used for decades for 

sutures
140,141

, and recently FDA approved for use as a surgical mesh, can be processed into a 

variety of formats with control of degradation rate
67

. We demonstrate sustained tissue 

regeneration by combining mechanically robust, porous silk sponges that degrade slowly in 

vivo
66

 to foster soft tissue regeneration.  The sponges can be combined with a biological 

component, adipose stem cells (ASCs) or lipoaspirate.  These systems were for studied for 18 

months in vivo in a rat model and assessed for volume retention, sponge degradation, 

remodeling, tissue regeneration and vascularization.  The silk sponge degraded slowly over 18 

months, while regenerating subcutaneous tissue and maintaining volume. The data suggest a 
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simple, safe and clinically relevant solution to fill soft tissue defects with sustained volume and 

function.  

 

4.3 METHODS  

 

4.3.1 Materials 

 

Bombyx mori silkworm cocoons were supplied by Tajimia Shoji Co. (Yokohama, Japan). 

 

All cell culture supplies and collagenase type I were purchased from Invitrogen (Carlsbad, CA) 

unless otherwise noted. Human recombinant insulin, dexamethasone, pantothenate, biotin, 2,3-

thiazolidinediones (TZD), 3-isobutyl-1-methylxanthine (IBMX) , bovine serum albumin (BSA), 

and laminin from human placenta were also purchased from Sigma-Aldrich (St. Louis, MO).  

 

Histological solvents were purchased from Fisher Scientific (Pittsburgh, PA) and histological 

reagents and Masson’s Trichrome Stains Kit were purchased from Sigma-Aldrich. Primary 

antibody for rat CD31, and antibody diluent were purchased from Cell Signaling Technologies 

(Danvers, MA). Primary antibody forhuman anti-nuclei, clone 235-1, was purchased from 

Millipore (Billerica,MA).  The secondary antibody, ABC (avidin, biotin complex) kit, DAB 

substrate, hematoxylin counterstain and, antigen retrieval solution were purchased from Vector 

Labs (Burlingame, CA). 

 

4.3.2 Silk Sponge Preparation 

 

Silk solution was prepared as published
122

. Briefly, cocoons were chopped and placed in boiling 

0.02M NaCO2 for 30 minutes to remove sericin, and then washed 3 times in ultrapure water. The 

resulting silk fibroin fibers were left to dry overnight. The dry silk was solubilized in 9.3 M LiBr 

in 20% w/v at 60 C for 4 hours. The silk solution was then dialyzed in ultrapure water in 3,500 

MWCO membrane for 2 days with a total of 6 water changes, to remove the LiBr. The aqueous 

silk solution was lyophilized until dry and re-solubilized over 2 days in hexafluoro-2-propanol 
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(HFIP) at 17% w/v.  Salt crystals were sieved to the desired range of 500-600 microns, poured 

into Teflon coated petri dishes and either aqueous silk or HFIP-silk solution was added. The Petri 

dish was covered and left in a fume hood for 2 days and, uncovered to let the HFIP evaporate for 

1 day. The dish was immersed in methanol overnight, left in the fume hood for 1 day for the 

methanol to evaporate and then placed in water to leach out the salt particles. The water was 

changed 3 times a day for 2 days. The sponges were removed from the petri dish, cut to the 

desired dimension, 5 mm diameter x 2 mm height, using a biopsy punch.  The sponges were left 

to dry before autoclaving, autoclaved, then kept at 4
o
C until use.  

 

4.3.3 Adipose Derived Stem Cell Isolation 

 

Subcutaneous adipose tissue was obtained from abdominoplasties under Tufts University IRB 

(Tufts University IRB Protocol #0906007) from the Tufts Medical Center, Department of Plastic 

Surgery. The specimens were kept at room temperature in saline and used within the same day. 

The adipose tissue was separated from the skin by blunt dissection and chopped. Chopped 

adipose tissue was placed into 50 mL conical tubes and minced well with scissors. The tissues 

were washed in equal volumes warmed PBS, until essentially free of blood. An equal volume of 

1 mg/mL collagenase I in 1% bovine serum albumin in PBS was added to the tissue and placed 

under gentle agitation at 37
o
C for 1 hour. The tissue samples were centrifuged at 300 x g for 10 

minutes at room temperature. The supernatant containing the tissue was removed and the pellet 

resuspended in PBS and centrifuged at the same settings to remove the collagenase solution.  The 

pellet was resuspended in growth media and plated so that 70 g of initial tissue volume was 

plated per T225 cm
2
 tissue culture flask.   

 

4.3.4 Cell Culture and 3D Culture 

 

Adipose derived stem cells were expanded and cultured as previously described
16,142

. Cells were 

expanded first in growth media comprised of DMEM/F12, 10% FBS, 1% PSF until confluence. 

At 2 days post-confluence, the cells were switched to adipogenic induction media comprised of 

DMEM/F12, 3% PSF, 1% PSF, IBMX, TZD, dexamethasone, pantothenate, biotin and insulin 

until seeded in sponges. The dry, coated sponges were placed into adipogenic maintenance media 
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for 1 hour before seeding with cells.  Maintenance media was identical to induction media but 

without IMBX and TZD. The induced ASCs were added in 3 x 20 ul seedings with a total of 

200,000 cells/sponge. The seeded sponges were placed in an incubator for 2 hours before media 

was added to the well. Cells and cultures were fed 2 times per week, and maintained in 37
o
C, 

humidified incubator. 

 

Lipoaspirate from elective plastic surgery was obtained the same day of sponge implantation. 

Lipoaspirate was transported aseptically at room temperature just after surgery. Approximately 

30 mL of lipoaspirate was added to a 50 mL conical tube and centrifuged at room temperature at 

1,000 rpm for 10 minutes. The blood and free lipids were removed. The remaining tissue was 

placed in sterile petri dishes. The dry, silk sponges were placed into the processed lipoaspirate for 

1 hour prior to implantation.  

 

4.3.5 In vivo implantation 

 

Animals were cared for in compliance with Tufts University Institutional Animal Care and Use 

Committee (IACUC) in accordance with the Office of Laboratory Animal Welfare (OLAW) at 

the National Institutes of Health (NIH). Congenitally athymic male adult Rowett nude rats 

(RNU) (9 weeks old) were purchased from Taconic Farms (Cambridge City, Indiana) and were 

allowed to acclimate for 1 week prior to implantation. The rats were randomly assigned to one of 

the three implant groups.   

 

The animals were first anesthetized with isoflurane (1-4%) and then administered the following 

analgesic, anti-inflammatory, antibiotic cocktail: carprofen, 5 mg/kg subcutaneously, 

buprenorphine, 0.05mg/kg subcutaneously, and procaine penicillin, 200,000 IU/kg 

intramuscularly. The animals were maintained with 1% (or to effect) isoflurane in oxygen, and 

kept on a heating pad through the entire procedure.  After induction of anesthesia, the surgical 

site was clipped with electrical clippers. The skin was then aseptically prepared with 

chlorohexidene scrub followed by an alcohol rinse, repeated three times. A small skin incision 

(~7 mm) was made between the shoulder blades, and 2 tunnels were formed under the skin by 

blunt dissection along either side of the spine, 5-8 cm away from the initial skin incision. The 
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implants were placed above the underlying muscle under the skin at the end of the tunneled area. 

The skin was stapled at the incision site. The animals were allowed to awaken and had free 

access to food and water, thereafter.  

 

 

4.3.6 Histology 

 

Constructs were processed according standard histology protocols. Formalin fixed samples were 

put through a series of dehydration solvents and finally paraffin using an automated tissue 

processor. Samples were embedded in paraffin, cut in 10 micron sections, and let to adhere on 

glass slides. The sections were rehydrated and stained with Hematoxylin and Eosin (H&E) for 

general morphology and organization, Masson’s Trichrome for tissue remodeling, Prussian Blue 

Test for iron staining. For immunohistochemical staining, the sections underwent antigen 

retrieval under heated, low pH conditions. Non-specific binding was avoided by incubation with 

normal blocking serum. After the excess serum was removed, the sections were incubated for 30 

minutes with anti-rat mouse CD31 diluted 1:100 in antibody diluent. Sections were washed in 

PBS and, then incubated with a secondary anti-mouse antibody for 30 minutes. The sections 

were washed in PBS and then incubated with VECTASTAIN Elite ABC reagent for 30 minutes, 

washed in PBS, incubated with ImmPACT DAB enzyme substrate for 5 minutes and washed in 

water. The sections were then counterstained with hematoxylin and mounted. To evaluate lipid 

accumulation, the formalin fixed constructs were embedded in OCT (Optimal Cutting 

Temperature) compound medium and frozen. The frozen blocks were cut in 10 micron sections, 

and then stained with Oil Red O. 

 

4.3.7 Scanning Electron Microscopy Imaging 

 

Explanted implants with surrounding tissue were frozen at -80
o
C until ready to process for 

imaging. Explants were washed in 0.1 M phosphate buffer, and then fixed in freshly prepared 

2.5% glutaldehyde in 0.1 M phosphate buffer. The explants were washed in phosphate buffer, 

and then fixed in osmium tetroxide in 0.1 M phosphate buffer. The explants were dehydrated in a 

graded ethanol series, starting at 50% ethanol until dehydrated at 100% ethanol. 
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Hexamethyldisilazane (HMDS) was added to the explants, removed, and then the explants were 

placed in a dessicator overnight to maintain dryness. The dried explants were mounted onto SEM 

stubs with double sided carbon tape and then sputter coated (208HR Sputter-Coater, Cressington 

Scientific Instruments, LTD, Walford, England) with platinum for 1 minute. Pt-coated explants 

were loaded into the 9 stub carousel and placed into the SEM (Supra55VP, Carl Zeiss Nano 

Technology Systems, Peabody, MA) for imaging.   

 

4.3.8 Tissue Regeneration Measurements 

 

During implant harvest, subcutaneous tissue layers, with the included implant, were carefully 

dissected away from the underlying muscle. The implants were cut out with the surrounding skin 

and tissue intact. The implant was then cut along its diameter to expose its cross-section and the 

cross-sections were photographed. Image analysis was carried out using ImageJ software (U. S. 

National Institutes of Health, Bethesda, Maryland, USA). Images of implant cross-sections were 

cropped to the region of interest and converted to 8-bit images.  Contrast was enhanced and the 

image was sharpened (default settings used for both). This allowed for enhanced discrimination 

between the tissue and the silk sponge, as the tissue would appear light and the silk sponge 

would appear dark.  The height/thickness of the surrounding subcutaneous fat was measured 3 

times along the cross-section with the straight line tool, and the 3 measurements were averaged. 

This same procedure was used to determine the height/thickness of the silk sponge. The average 

of the silk sponge was subtracted from the subcutaneous fat, to yield an approximated value of 

regenerated tissue. The average value of subcutaneous fat without any implant was 0.1mm, an 

order of magnitude less than the regenerated tissue. The average height/thickness values for both 

regenerated tissue and silk sponge were plotted as a function of time and seeding condition.  

 

4.3.9 Statistical Analysis 

 

Samples for all quantifiable analyses were n= 4-6 with each biological replicate having technical 

duplicates.  Histological analyses were performed at n=3, with 3 consecutive sections being 

taken per staining group, only representative images are shown. Means ± SEM. ANOVA was 

used to test for differences among means across groups. F-test was used for determining equality 
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of variances. All statistical analyses were performed on Excel (Microsoft, Redmond, WA) or 

MySTAT (SySTAT Software, Chicago, IL).   

 

 

4.4 RESULTS 

 

Soft tissue restoration or augmentation has been under study for many years. One treatment is fat 

grafting but the most challenging aspect of this approach has been volume retention over time, 

due to graft resorption. Volume loss and resorption is caused by many factors: inability of 

adipocytes to proliferate, adipocyte delipidation or inadequate vascularization
143

. One of the 

goals of the present work was to determine a biomaterial/tissue construct that would address this 

problem, while also being amenable to clinical translation. Porous silk sponges are readily 

formed to desired shape and porosity, and in the dried state these sponges can be autoclaved and 

stored aseptically at room temperature for years until needed. When these protein sponges were 

hydrated they were soft and spongy and able to be deformed, returning to their original 

dimensions immediately after the release of the applied pressure. The silk sponges seeded with 

ASCs and cultured ex vivo in adipogenic conditions formed tissue throughout the entire sponge.  

The sponges also readily absorbed lipoaspirate (Fig. 4.1a). 

 

Male nude rats were selected for this long term study to minimize hormonal effects on 

adipogenesis and also to permit the use of human cells or tissue without rejection.  The rats 

weighed 241±39 g at the time of surgery (Figure 4.5) and the constructs were implanted 

subcutaneously as described in Methods.  No acute or chronic adverse reactions were evident 

after the implants were introduced and all animals returned to their pre-surgery weight within 1 

week of surgery (Figure 4.5). All rats continued to gain weight normally over 18 months (Figure 

4.5).  The spleens were assessed at each time point for changes in size, shape and color, but no 

differences were noted (Figure 4.5). 
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Sponge volume retention was stable for at least the 1
st
 6 months (Fig. 4.2a). All sponges were 

soft to the touch and retained their ability to return to their shape after deformation. At each time-

point small blood vessels were seen surrounding the sponges in the subcutaneous tissue and all 

groups had integrated with the surrounding tissues (Fig. 4.1c). Integration, as seen by host tissue 

infiltration had further improved in the groups that were pre-seeded (Fig. 4.1c). Histological 

images at 3 months show silk sponges were present in all groups (Figure 4.3). The unseeded 

group showed a poorly organized matrix and less tissue infiltration into pores than the seeded 

groups, confirming the macroscopic observations. Some macrophages were evident near the 

sponges demonstrating dynamic remodeling, as silk degrades via proteolytic action
144

. The 

unseeded group had the greatest number of macrophages present at 3 months while the lipo-

seeded group had the least number of macrophages. Oil Red O (ORO) staining for mature 

adipocytes was performed and positive staining in the vicinity of the sponge was seen in the 

seeded study groups.  In the unseeded group, positive staining for ORO was detected at the 

interface with the muscle and near the sponges. 

 

By 6 months, the lipo-seeded group was completely encased in a fat pocket, a feature apparent 

out to 18 months (Fig. 4.2b). The silk sponges were evident in all study groups with fewer 

macrophages seen than at 3 months.  In the unseeded group, the tissue had infiltrated the pores of 

the sponge, similar to that seen earlier (at 3 months) in the seeded groups. Positive staining for 

ORO was seen in all study groups, including the unseeded group, albeit less intense in staining 

than in the seeded groups. Unlike the seeded groups, positive staining was seen more along the 

periphery of the unseeded group sponge than within.  Blood vessels were seen in all study groups 

and appeared to be functional based on the presence of red blood cells within the lumens.  

 

At 12 and 18 months, integration with the surrounding tissue was even more evident (Fig. 4.1c).  

The silk sponge structures were still present; however, the pore walls began to fracture as they 

degraded (Fig 4.4a, 4.4b). The unseeded group had few mature adipocytes present, with more 

mature adipocytes at the interface between the implant boundaries and the surrounding tissue. 

The seeded groups contained large, mature adipocytes throughout the constructs. ORO staining 
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was seen in all study groups, with denser pockets of staining in the lipo-seeded group than the 

unseeded or ASC-seeded groups.  All lipo-seeded groups had prominent blood vessels feeding 

into the sponges from the underlying Latissimus dorsi muscle (Fig. 4.1d).    

 

Degradation of the silk sponges was seen in all study groups, with remaining silk sponge at 18 

months (not accounting for tissue regeneration) volumes as follows: unseeded 27±11%, ASC-

seeded 21±4%, and lipo-seeded 19± 10% (Fig. 4.2a).  We approximated the thickness of the 

newly formed tissue by measuring the thickness of the subcutaneous fat and subtracting the 

thickness of the silk sponge. At 12 months, the lipo-seeded group subcutaneous fat tissue 

thickness measured 2.4 mm and had exceeded the original thickness of the implanted construct 

(2 mm) even though the silk sponge had degraded to 29% of its original volume. At 18 months, 

the lipo-seeded group had maintained 1.8 mm of the 2 mm thickness of the implanted construct, 

even though the silk sponge had degraded to 19% of its original volume. The unseeded groups 

had a thickness of 1.6 and 1.1 mm while the silk sponge had degraded to 72% and 27% of its 

original volume for 12 and 18 months, respectively.  Pore wall thickness and overall sponge 

structure were assessed using SEM (Figure 4.6).  The unseeded sponge’s structure remained 

intact with open pores and tissue infiltration (Figure 4.6).  

 

4.5 DISCUSSION 

 

The initial sponge volume did not decrease because the silk sponges maintained structure during 

the tissue remodeling process.   Silk biomaterials were chosen based on their ability to be 

tailored to fit a wide range of mechanical and degradation profile, as well as being unlimited in 

terms of total sponge size and shape.  We have previously  demonstrated that silk sponge 

biomaterials can be processed to last more than 12 months in vivo in a rat model
66

, or be 

immediately resorbed
122,145

.  We also demonstrated that silk biomaterials can be useful in support 

of adipose tissue engineering in vitro and in vivo
16,45

. Other natural biomaterials, such as collagen 

and hyaluronic acid, degrade quickly unless cross-linked. Even when cross-linked, degradation 

remains relatively rapid.  Silk requires no crosslinking due to the extensive network of physical 
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crosslinks in the form of beta sheets.  Due to these secondary structures, silk as prepared in the 

present study will not contract or swell significantly, which is a common challenge with other 

polymeric degradable biomaterials. This maintenance of structure of a very slowly degrading 

biomaterial allowed tissue regeneration and sustained biological function during the remodeling 

process, without the loss of implant volume.  This represents a major advance over current 

biomaterial options used for soft tissue regeneration.  The remodeling process continued within 

the sponge structure due to the maintenance of mass transport by keeping the porous structure 

open.  By the time the sponges began to degrade at 12 months, tissue formation in all study 

groups had been well established, complete with vasculature.  In all cases, the sponges began 

degrading from the outside inward.  This was evident in SEM images where the pore wall 

thickness did not change significantly over time and the aspect ratio of the cylindrical implant 

remained intact.  The surrounding host fibroblasts or macrophages secrete non-specific proteases 

to slowly break down the silk sponges
66,144

.  

 

Animal studies to study soft tissue reconstruction and regeneration are generally run over a 

relatively short term (~6 weeks). To our knowledge, no prior study has shown greater than 6 

months volume maintenance for soft tissue regeneration. Two other studies in rats have 

demonstrated long-term retention out to 12 months
146,147

, however these studies used pedicle 

flaps which were implanted in another part of the body, allowed to become vascularized and then 

transplanted to the site of interest.  This method is less desirable than our current approach due to 

the large mass that will need to be harvested from a donor site, as well as the need for multiple 

surgeries and thereby multiple morbidity sites.   

 

In the present study, silk porous protein sponges, alone, or seeded with in vitro differentiated 

ASCs or freshly isolated lipoaspirate, were implanted into nude rats.  We chose the silk sponge 

alone and lipo-seeded groups as they are clinically translatable, while the ASC-seeded group was 

a comparison to our in vitro work.  The harvest of lipoaspirate is already clinically used for fat 

grafting.  The isolation of ASCs from lipoaspirate can be performed in the clinic using rapid and 

automated procedures, such as the TGI™ System (Tissue Genesis, Inc, Honolulu, HI).  We chose 
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to compare freshly isolated lipoaspirate to in vitro differentiated ASCs cultured for 4 weeks on 

the sponges, as the lipoaspirate contains active vascular growth factors that may enhance tissue 

regeneration.  Fresh ASCs have been postulated to take on a perivascular phenotype.  Further, 

harvesting and processing lipoaspirate can be done the same day as the implantation without 

scarring, and no ex vivo manipulation that would require FDA approval is needed to re-implant 

the lipoaspirate.  

 

This study, to our knowledge, is the first to successfully demonstrate retention of volume for 

more than 6 months following implantation of soft tissue regeneration systems in a small animal 

model.  At 12-18 months the sponges began degrading while encased in their own fat pockets, 

thus tissue regeneration without significant loss of volume.  The histological changes over time 

support the conclusion that the silk porous sponges acted as templates for dynamic tissue 

regeneration even during this remodeling process.  These results point towards a viable clinical 

strategy to address this major surgical need for soft tissue regeneration.  
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4.7 FIGURES

 

 

Figure 4.1- Clinically translatable process for soft tissue regeneration. (a) Porous silk sponges 

were prepared as previously described by boiling silkworm cocoons in sodium carbonate to 

remove sericin, a gum-like protein, then the fibroin fibers are dissolved in lithium bromide to 

produce an aqueous protein solution (i). The aqueous solution was lyophilized, re-dissolved in an 

organic solvent, and cast into a porous sponge format using a salt-leaching method (ii), cut to the 

desired dimensions and autoclaved. No further processing was required for the unseeded groups. 

The seeded groups were prepared by first obtaining lipoaspirate, and clearing the fat of free oils 

and blood (iii). For the ASC-seeded group, the ASCs were isolated by a collagenase digestion 

followed by an adherence selection process. The ASCs were seeded onto the silk sponges and 

cultured for 1 month under adipogenic conditions (iv) prior to implantation.  For the lipo-seeded 

group, the silk sponges were soaked in the processed lipoaspirate for 1 hour (iv) prior to 
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implantation. Macroscopic images of unseeded (left), ASC-seeded (middle) and lipo-seeded 

(right) constructs prior to implantation (v). The constructs were implanted subcutaneously in the 

dorsal region of a nude rat for 3, 6, 12 and 18 months. (b) Macroscopic images of constructs after 

3 (top row), 6 (second row), 12 (third row) and 18 (bottom row) months in vivo, prior to being 

explanted. Integration with the surrounding host tissue increased when the silk sponges were pre-

seeded. By 12 months, all groups were similarly integrated.  (c) At 12 and 18 months in the lipo-

seeded group, a large vessel was found feeding into the lipo-seeded construct from the 

underlying muscle. This was not seen at earlier time points or in other groups.  

 

 

Figure 4.2- Tissue regeneration occurs with silk sponge degradation. (a) The silk sponge volume 

was calculated by measuring the silk sponge thickness and diameter upon explantation. The 

volume was maintained, i.e. no biomaterial degradation, through 6 months. At 12 and 18 months, 

the seeded groups degraded more quickly than the unseeded group. (b) Cross-sections of 12 (top 
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row) and 18 (bottom row) month explants are shown for unseeded (left), ASC-seeded (middle) 

and lipo-seeded (right) groups. The square dotted line outlines the silk sponge, while the 

rectangular dotted line demarcates the skin from the subcutaneous tissue. The arrows point to 

regions of subcutaneous fat.  The subcutaneous fat formation was greatest in the lipo-seeded 

group (right column) and least in the unseeded group (left column). Scale bar- 2 mm. (c) 

Approximated thickness of the newly formed tissue was determined by measuring the thickness 

of the fat and subtracting the thickness of the silk sponge by image analysis in ImageJ. At 12 

months, the lipo-seeded group thickness measured 2.4 mm and had exceeded the original 

thickness of the implanted construct (2 mm) even though the silk sponge had degraded to 29% of 

its original volume. At 18 months, the lipo-seeded group had maintained 1.8 mm of the 2 mm 

thickness of the implanted construct, even though the silk sponge had degraded to 19% of its 

original volume. The unseeded groups had a thickness of 1.6 and 1.1 mm while the silk sponge 

had degraded to 72% and 27% of its original volume for 12 and 18 months, respectively.  
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Figure 4.3- Histological tracking of regenerated tissue show an active tissue remodeling process. 

(a) H&E images at 3 (top row) and 6 months (bottom row) show a decrease in macrophages 

within the sponge from 3 to 6 months.  Macrophages are seen surrounding the silk pore wall in 

the unseeded group (left) at 3 and 6 months. The intact silk sponge stains a dark purple and is 

visible in all groups. Hemosiderin deposits (dark or black deposits) were present is some sections 
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as with the later timepoints (see note in Figure 4). Scale bar- 100 microns, inset- 200 microns.  

(b) Masson’s Trichrome staining for tissue organization at 3 (top row) and 6 months (bottom 

row). The intact silk sponge stains red and is visible in all groups. At 3 months, the unseeded 

study group (left) has a collagenous matrix (blue) that is poorly organized in comparison to the 

seeded groups. By 6 months (bottom row) more matrix (blue) is seen. Scale bar- 100 microns, 

inset- 200 microns.  (c) Oil Red O (ORO) for staining mature adipocytes at 3 (top row) and 6 

months (bottom row). The intact silk sponge (asterisk) stains a light purple and is visible in all 

groups. Areas of ORO positive staining are pointed to with a red arrow. At 3 months (top row), 

only the seeded groups (middle, right) were positive for ORO, the unseeded group (left) was 

positive for ORO only near the underlying muscle as shown. The lipo-seeded group (right) 

stained the most densely for ORO.  Scale bar- 200 microns.   
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Figure 4.4- Histological tracking of regenerated tissue show mature adipocytes/fat formation in 

seeded groups at 12 and 18 months. (a) H&E images at 12 (top row) and 18 months (bottom 

row) show that fat formation was present in seeded groups.  The silk sponge stains a dark purple 

and is visible in all groups. At 12 months, the silk sponge walls began to fracture as the sponge 
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degraded. In some sections, dark, or black deposits were seen. This was hemosiderin or iron left 

behind as a result of the healing process when red blood cells are phagocytosed by macrophages 

(see supplementary figure).  Scale bar- 100 microns, inset- 200 microns.  (b) Masson’s 

Trichrome staining for tissue organization at 12 (top row) and 18 months (bottom row). The silk 

sponge stains red and is visible in all groups. The cellularity (nuclei stain dark or black), 

decreased from 12 to 18 months in all groups, and then is replaced with a well-organized 

collagenous matrix (blue). Scale bar- 100 microns, inset- 200 microns.  (c) Oil Red O (ORO) for 

staining mature adipocytes at 12 (top row) and 18 months (bottom row). The silk sponge 

(asterisk) stains a light purple and is visible in all groups. Areas of ORO positive staining are 

pointed to with a red arrow. The lipo-seeded groups (right) stained the most densely for ORO.  

Scale bar- 200 microns.   
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 Figure 4.5- Rats maintained normal weights (% weight increase) and spleen size throughout 

study. (Top) Body weight was used as a marker of general health. Rats returned to their pre-

surgery weight within 1 week post-operatively and gained weight normally throughout 18 month 

study in all groups. (Bottom) The spleen and liver were observed to determine if any toxicity due 

to degradation products from our biomaterial. No changes in size, shape and color were noted 
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(not shown). Spleens were normal in size throughout 18 month study in all groups.  

 

 

Figure 4.6- Silk sponge pore wall thickness did not change over time. (a) Silk sponge pores were 

observed by SEM. No differences in thickness were seen over time which confirmed our 

observation that degradation occurred from outer part of the sponge inwards. (b) The ranges of 

pore wall thickness were determined by image analysis in SmartTiff (Carl Zeiss Microscopy). 

Average pore wall thicknesses ranged from ~10-40 microns.  The overall sponge structure 

remained intact with open pores and tissue infiltration.  Each pore wall was measured 3 times, 
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and each sample was measured in 8 different locations per image.  

 

 

 

Figure 4.7- Iron deposits present during remodeling process. The Prussian Blue Test for iron 

deposits first dissociates ferric ions by treating with hydrochloric acid, and then sections are 

stained with potassium ferrocyanide to yield an insoluble blue compound. Iron deposits stain 

blue (white arrows, silk-orange arrows). All groups and timepoints contained areas of iron 

deposition. Iron deposits or hemosiderin deposits are found in areas of a past hemorrhage, in this 

case, most likely from the time of implantation.  

 

CHAPTER 5. SILK INJECTABLE MATRICES FOR SOFT TISSUE REGENERATION 

5.1 ABSTRACT 
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Soft tissue defects result mainly from congenital abnormalities, trauma, or tumor resections and 

constitute about 4.8 million reconstructive surgery cases per year in the US alone
138,139

. 

Autografts and lipotransfer have been one treatment for soft tissue reconstruction, however, the 

success is unpredictable, with 20-90% graft resorption within months
25–27

.   A minimally 

invasive procedure that maintains volume over time would reduce scarring and recovery time as 

well as allow for grafted tissue to be placed closer to existing vasculature. Here, we demonstrate 

the feasibility of an injectable silk foam for soft tissue regeneration. Adipose derived stem cells 

were able to survive and migrate through the foam over a 10 day period. Injection of the foams 

into the subcutaneous space in a rat model was successful and foams were well vascularized and 

integrated with surrounding tissue in a 90 day study.  

 

5.2 INTRODUCTION 

Soft tissue defects result mainly from congenital abnormalities, trauma, or tumor resections and 

constitute about 4.8 million reconstructive surgery cases per year in the US alone
138,139

. 

Autografts and lipotransfer have been one treatment for soft tissue reconstruction, however, the 

success is unpredictable, with 20-90% graft resorption within months
25–27

.   This leaves 

significant problems for the patient and thus the regeneration of large soft tissue defects remains 

an unmet clinical need.  Silk, a protein biomaterial that has been used for decades for 

sutures
140,141

, and recently FDA approved for use as a surgical mesh, can be processed into a 

variety of formats with control of degradation rate
67

.  In a previous 18 month study, we 

demonstrated sustained tissue regeneration by combining mechanically robust, porous silk 

sponges that degrade slowly in vivo
66

 to foster soft tissue regeneration.  The sponges were 

combined with a biological component, adipose stem cells (ASCs) or lipoaspirate, degraded 

slowly over 18 months, while regenerating subcutaneous tissue and maintaining volume. The 

data suggest a simple, safe and clinically relevant solution to fill soft tissue defects with 

sustained volume and function. In this study, we explore the use of silk foam as an injectable 

format for soft tissue regeneration. An injectable format would be ideal to minimize patient 

discomfort, donor site morbidity, and recovery time. In addition, injecting in several but smaller 

volume amounts allows more of the grafted tissue to be closer to vasculature, hopefully leading 

to improved graft survival. Here, we test the injectability and in vivo biocompatibility of silk 
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foams.  The 5x2mm (diameter x height) silk foams were easily injected subcutaneously in a rat 

model, and retained their shape after injection and integrated well with the surrounding tissue 

over a 90 day study.  

 

5.3 METHODS 

5.3.1 Materials 

DiI, cell labeling dye and cell culture reagents were purchased from Invitrogen (Carlsbad, CA). 

Histological solvents were purchased from Fisher Scientific (Pittsburgh, PA) and histological 

reagents and Masson’s Trichrome Stains Kit were purchased from Sigma-Aldrich.  

 

5.3.2 Silk foam development 

Silk solution was prepared as published
122

. Briefly, cocoons were chopped and placed in boiling 

0.02M NaCO2 for 30 minutes to remove sericin, and then washed 3 times in ultrapure water. The 

resulting silk fibroin fibers were left to dry overnight. The dry silk was solubilized in 9.3 M LiBr 

in 20% w/v at 60 C for 4 hours. The silk solution was then dialyzed in ultrapure water in 3,500 

MWCO membrane for 2 days with a total of 6 water changes, to remove the LiBr. A silk foam 

sheet was created by using a freezer processing technique.  Silk solution (1, 3, 6% w/v), was 

poured into a plastic Petri dish.  The solution was then stored in an EdgeStar Model FP430 

thermoelectric cooler maintained at around 20°F (~-7°C) for 3 days.  The material was observed 

to be gel-like, but not a stiff solid.  It was then transferred to a VirTis Genesis (Model 25L 

Genesis SQ Super XL-70) Lyophilizer for 3 days.  After removal, the silk material was seen to 

have a very consistent interconnected fine-pore structure.  The foam was soaked in 70% 

methanol to induce beta sheet formation.  While 10% shrinkage of the foam occurred, the 

resulting foam exhibited excellent stiffness and toughness.  A 5 mm diameter biopsy punch was 

used to make small foam disks. 

 

5.3.3 Injection gun design 
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A Hauptner syringe that was custom-modified to implant silk foam subcutaneously during a rat 

implantation study.  The design is based on a commercially available pistol-style (Hauptner) 

syringe made by Ideal Instruments.  This device has a spring-loaded handle that forces an 

injector drawrod into the syringe body by a pre-set distance (using the injection stroke adjuster).  

Since this device was to be used for injecting foam and not a solution or gel, a foam ramrod was 

manufactured to fit through the end of the syringe, where the catheter adaptor is located. In this 

case, a tapered catheter was seen as a good way to inject foam into a body (the barrel of the 

catheter is larger than the catheter tip).  The taper allows a foam sample to be pre-positioned in 

the barrel before attaching the catheter to the syringe and allows the foam to be gradually 

compressed during the process of injection.  The rat study protocol involved the initial creation 

of a small hole in the rat skin using a 14 gauge needle positioned within the catheter.  The foam 

ramrod is inserted into the syringe.  The needle/catheter is used to place the catheter in the 

desired position.  The silk foam is positioned in the barrel of the catheter using tweezers.  The 

injection handle is then repeatedly squeezed to slowly inject the foam into the animal.   

 

5.3.4 Adipose Derived Stem Cell Isolation 

 

Subcutaneous adipose tissue was obtained from abdominoplasties under Tufts University IRB 

(Tufts University IRB Protocol #0906007) from the Tufts Medical Center, Department of Plastic 

Surgery. The specimens were kept at room temperature in saline and used within the same day. 

The adipose tissue was separated from the skin by blunt dissection and chopped. Chopped 

adipose tissue was placed into 50 mL conical tubes and minced well with scissors. The tissues 

were washed in equal volumes warmed PBS, until essentially free of blood. An equal volume of 

1 mg/mL collagenase I in 1% bovine serum albumin in PBS was added to the tissue and placed 

under gentle agitation at 37
o
C for 1 hour. The tissue samples were centrifuged at 300 x g for 10 

minutes at room temperature. The supernatant containing the tissue was removed and the pellet 

resuspended in PBS and centrifuged at the same settings to remove the collagenase solution.  The 

pellet was resuspended in growth media and plated so that 70 g of initial tissue volume was 

plated per T225 cm
2
 tissue culture flask.   
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5.3.5 Cell Culture and 3D Culture 

 

Adipose derived stem cells (ASCs) were expanded and cultured as previously described
16,142

. 

Cells were expanded first in growth media comprised of DMEM/F12, 10% FBS, 1% PSF. A 

preliminary in vitro study was performed to ensure cells were able to attach, migrate, and survive 

on the foams. Foams (8mm x 8mm, dxh) were autoclaved to sterilize. The foams were soaked for 

1 hour in growth media, then 250,000 ASCs were seeded in 3 20 µl aliquots. The cells were 

labeled with DiI, prior to seeding.  The seeded foams were placed in an incubator for 2 hours 

before media was added to the well. Cells and cultures were fed 2 times per week, and 

maintained in 37
o
C, humidified incubator, for 10 days until imaged. 

 

5.3.6 Lipoaspirate soaking test 

 

Lipoaspirate from elective plastic surgery was obtained the same day of sponge implantation. 

Lipoaspirate was transported aseptically at room temperature just after surgery. Approximately 

30 mL of lipoaspirate was added to a 50 mL conical tube and centrifuged at room temperature at 

1,000 rpm for 10 minutes. The blood and free lipids were removed. The remaining tissue was 

placed in sterile petri dishes. The silk foams were placed into the processed lipoaspirate and 

allowed to soak.  

 

5.3.7 In vivo implantation 

 

Animals were cared for in compliance with Tufts University Institutional Animal Care and Use 

Committee (IACUC) in accordance with the Office of Laboratory Animal Welfare (OLAW) at 

the National Institutes of Health (NIH). Female Sprague-Dawley rats, 9 weeks old were 

purchased from Charles River Breeding Labs, and were allowed to acclimate for 1 week prior to 

implantation.   

 

The animals were first anesthetized with isoflurane (1-4%) and were maintained with 1% (or to 

effect) isoflurane in oxygen, and kept on a heating pad through the entire procedure.  After 
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induction of anesthesia, injection site was wiped down with alcohol. The skin was pinched into a 

tent, to form a space for the catheter. The catheter and needle was fed into the tented space, and 

the needle retracted.  The foam was placed in the catheter, the injection gun was attached to the 

catheter and then the handle squeezed until the foam was injected subcutaneously. The catheter 

was removed and the animals were allowed to awaken and had free access to food and water.  

Six injections were made per animal, 3 along each side of the spine.  

 

 

5.3.8 Histology 

 

Constructs were processed according standard histology protocols. Formalin fixed samples were 

put through a series of dehydration solvents and finally paraffin using an automated tissue 

processor. Samples were embedded in paraffin, cut in 10 micron sections, and let to adhere on 

glass slides. The sections were rehydrated and stained with Hematoxylin and Eosin (H&E) for 

general morphology and organization and, Masson’s Trichrome for tissue remodeling. 

 

5.3.9 Scanning Electron Microscopy Imaging 

 

Explanted implants with surrounding tissue were frozen at -80
o
C until ready to process for 

imaging. Explants were washed in 0.1 M phosphate buffer, and then fixed in freshly prepared 

2.5% glutaldehyde in 0.1 M phosphate buffer. The explants were washed in phosphate buffer, 

and then fixed in osmium tetroxide in 0.1 M phosphate buffer. The explants were dehydrated in a 

graded ethanol series, starting at 50% ethanol until dehydrated at 100% ethanol. 

Hexamethyldisilazane (HMDS) was added to the explants, removed, and then the explants were 

placed in a dessicator overnight to maintain dryness. The dried explants were mounted onto SEM 

stubs with double sided carbon tape and then sputter coated (208HR Sputter-Coater, Cressington 

Scientific Instruments, LTD, Walford, England) with platinum for 1 minute. Pt-coated explants 

were loaded into the 9 stub carousel and placed into the SEM (Supra55VP, Carl Zeiss Nano 

Technology Systems, Peabody, MA) for imaging.   
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5.4 RESULTS 

In this study, we demonstrated the injectability of silk foams. The custom- designed injection 

gun (Figure 5.1) was simple to use, easy to sterilize and handle. The foam was compressed 

during injection but regained its original dimensions after deployment.  

 

Cells adhere and migrate through foam 

ASCs were seeded on the 3% silk foams and maintained for 10 days before imaging. A 

processing artifact of the foams was layers that had formed (Figure 5.2). After 10 days in culture, 

the cells were found to migrate through the foam (Figure 5.2). Cells were seen throughout the 

foam except at the bottom surface (opposite the seeding surface). Cells lined the pores of the 

foam, but did not fill up the pores at this time point (Figure 5.3).  

 

Foams absorb lipoaspirate 

The 3% silk foams were placed into lipoaspirate. Within a few minutes the foams had fully 

adsorbed the lipoaspirate (Figure 5.4).  

 

In vivo injections 

Foams were easily injected as pictured in Figure 5.1. The rats healed well, no adverse effects 

were seen as a result of the injections. By 14 days, the puncture site was fully healed (Figure 

5.5). The foams were visible and palpable through the skin, and soft to the touch, out to 90 days. 

No differences were obvious between different w/v% silk foams. At 14, 30, 60 and 90 days the 

rats were sacrificed and foams were explanted. The foams had vascularity leading to them at 14 

days, and the foams were clearly visible (Figure 5.6- Left panel). At 90 days, the vascularity 

leading to the foams had decreased as did their visibility (Figure 5.6- Right panel), as they begun 

to degrade. At day 14, the foam structure was more visible in the 3 and 6% foams, while tissue 
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had appeared to infiltrate the 1% foam (Figure 5.7- Top left panel). After 90 days all foams 

clearly had tissue infiltration (Figure 5.7- Bottom right panel).  

The explanted foams were sectioned along the cross-sectional face pictured in Figure 5.7. The 

sections were stained with H&E and cells and tissue had completely infiltrated the foams (Figure 

5.8). The foams had more tissue present with decreased silk %. The silk pore walls were clearly 

present through 90 days. Macrophages were present within the foam. Masson’s Trichrome 

staining showed a mix of some collagen but mostly cells (Figure 5.9). By 90 days, it was difficult 

to discern any differences between groups. In SEM images, the foams maintain open pore 

structure at 14 days (Figure 5.10-Top panel). Less matrix deposition is visible with increased silk 

%, similar to histological results. By 90 days, the silk foam structure was only visible in the 6% 

silk foam group (Figure 5.10- Bottom panel). Tissue and cells have completely remodeled the 1 

and 3% silk foam groups making it difficult to determine the silk structure.   

 

5.5 DISCUSSION 

The goal of this work was to determine the in vivo biocompatibility of injected silk foams for 

soft tissue regeneration. For regenerative medicine applications, the foams must be easy to 

handle, sterilize, store and seed with a biological component, such as adipose derived stem cells 

and lipoaspirate. Our previous study with implantable silk sponges yielded fully regenerated 

tissue over an 18 month period in a rat model (not yet published). The sponges implanted as is 

without any biological, yielded a well-organized connective tissue like tissue. However, when 

pre-seeded with lipoaspirate or pre-cultured ASCs, the tissue formed was adipose-tissue like. The 

silk sponge degraded in rate slow enough to allow for cells to repopulate and regenerate within 

the silk matrix template. In this current study, we aimed to develop a similar system, but 

minimally invasive. Development of a minimally invasive system allows smaller volumes to be 

injected, and for the grafted tissue to be closer to surrounding vasculature. Yoshimura et al, have 

been using this method in women for cosmetic breast augmentation
60

. In their study, stem cell 

enriched lipoaspirate was injected, yet of the 270 mL injected only about 100-200 mL remained 

after 2 months. The inclusion of a slowly degrading injectable matrix, such as these silk matrices, 

could act as a template for regeneration while the body remodels around the matrix. The study 
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presented here was a first attempt at injection of the foams in vivo. After 90 days, about 50% of 

the foam volume was left. In order to be effective for soft tissue regeneration, we must improve 

the degradation rate as with our silk sponges (> 6 months). Conventional methods, methanol 

treatment and autoclaving, from our group to increase the degradation rate by increase 

crystallinty were employed here.  Future iterations may include increasing silk concentration to 

increase degradation rate. The pore size may need to be increased to account for the subsequent 

decrease in injectability after silk % has been increased. While the 6% was not difficult to inject, 

it was more difficult than the 1 and 3% foams. Pore size may be easily altered by controlling 

freezing temperature, and/or cycling between freezing and partially thawing states.  

 

The in vitro preliminary cell study established that ASCs can survive and migrate through the 

foam. The cells lined the walls of the pores. In addition, we showed that the silk foam will 

readily adsorb lipoaspirate. Lipo-injections are commonly done clinically, however, we do not 

know if the addition of silk will impact lipoaspirate tissue survival. Lipoaspirate is a mix of 

proteins, growth factors, adipocyte precursors as well as mature adipocytes. It is estimated that 

about 30% of the adipocytes rupture during lipoaspirate processing
148

.  A future study should use 

those methods to determine cell viability before and after injection with a silk matrix.  

 

The in vivo study in a subcutaneous rat model demonstrated the feasibility of using silk foam in a 

minimally invasive context. Macroscopically, the foams integrated well over time and were 

vascularized. Mature blood vessels were not detected upon histological examination. 

Macrophages were present in histological sections in all groups. Macrophages can be pro-

inflammatory (M1) or a tissue remodeling phenotype (M2). To better understand the type of 

tissue remodeling, we should investigate the relative macrophage phenotype using 

immunohistochemistry staining against M1 and M2 cell surface markers. The addition of a 

cellular component affects polarization and as such a follow-up study including the effect of  

lipoaspirate seeding on macrophage polarization, and therefore, remodeling, should be conducted 

149,150
.   
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This study is the foundation for using silk foam as an injectable matrix to augment soft tissue 

regeneration, as fat grafting alone has a history of yielding inconsistent results. Previously, we 

have shown that a slowly degrading injectable silk sponge can act as a template for tissue 

regeneration. In this study, we aimed to translate that system into a minimally invasive system, 

reducing scarring, decreasing recovery time and donor site morbidity.  Future studies, include 

increasing foam degradation rate, characterizing the remodeling profile, and injection with 

lipoaspirate.  
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5.7 FIGURES 

 

Figure 5.1- In vivo foam injection with custom designed injection gun.  
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Figure 5.2- Cells migrate through foam layers. Foams contain layers as a result of the processing 

conditions. Confocal images of fluorescently labeled cells (fluorescent- left; brightfield- right) on 

silk foam. Side surface perpendicular to seeding surface was imaged.  
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Figure 5.3- Cells populate the foam pores. Confocal images of fluorescently labeled cells 

(fluorescent- left; brightfield- right) on silk foam. Surface that was seeded was also imaged.  

 

 

 

Figure 5.4- Foams adsorb lipoaspirate readily. Left panel- foam in the process of absorbing 

lipoaspirate. Right panel- within minutes the foam had adsorbed lipoaspirate through its entirety, 

shown is the cross-section.  
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Figure 5.5- Foams visible and palpable through skin. Skin is well healed at injection site. 

 

Figure 5.6- Foams after 14 (left) and 90 (right) days in vivo. At 14 days, vascularity was clearly 

leading to foams, but had decreased after 90 days.  
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Figure 5.7- Cross-sections of foams after in vivo implantation. Integration with surrounding 

tissue increased with time.   

 

Figure 5.8- Representative H&E images of foams after 14 and 90 days in vivo. Arrow heads 

point to silk foam. Scale bar- 200 microns. 
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Figure 5.9- Representative Masson’s Trichrome images of foams after 14 and 90 days in vivo. 

Arrowheads point to areas of silk. Scale bar- 200 microns. 
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Figure 5.10- SEM of foams after in vivo implantation. 
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 SUMMARY OF RESULTS 

6.1.1 Development of a long-term adipose tissue construct 

The goal of this thesis was to develop a long-term vascular adipose tissue construct that would 

ultimately serve as the basis for studying adipose tissue dysfunction or soft tissue regeneration. 

In both cases, sustained structure is important. Dynamic cultures were explored as a way to 

improve overall tissue outcomes as a result of enhanced mass transport. Dynamic cultures 

contained tissue formation throughout the entire construct when compared to static groups where 

cells were found mostly at the periphery. All groups contained Oil Red O positive cells, with an 

increase in dynamic cultures. Initially, the ratio of hADs to endothelial cells was 1:2, yet not 

many endothelial cells remained, albeit appropriately organized into lumen like formations.  

 

Adipogenesis can only occur with PPARγ transcription, therefore it is crucial to have PPARγ 

expression in our cultures
17

. Since adipogenesis cannot be initiated without PPARγ expression, it 

is normally thought of as an early marker of adipogenesis, yet PPARγ is continuously expressed 

through various stages of adipogenesis
17

. Our results showed that expression was highest at 1 

month under static conditions, and levels did not vary between dynamic groups. No systematic 

study has been done, to our knowledge, on the effect of shear forces directly on adipogenesis. 

Shear forces may decrease or alter the ability of cells to upregulate PPARγ or to undergo 

adipogenesis at the same rate. GLUT4 expression did increase, though not significantly, from 1 

to 6 months under dynamic conditions. GLUT4 expression is a late marker of adipogenesis and 

is partially regulated by the presence of insulin, under dynamic conditions; the transport of 

insulin to the cells may be enhanced. Both leptin and glycerol levels increased with dynamic 

cultures, likely due to increased mass transport. In this study, we found fluctuations in leptin and 

glycerol levels at 3 months. Taken into account with the decrease of DNA content, it is possible 

cells had ruptured if they had accumulated too much lipid, or had become apoptotic for other 

unknown reasons. No other studies to date, to our knowledge, have studied in vitro adipogenic 

outcomes for long-term cultures up to 6 months. This study serves as the foundation for the 

obesity disease model and soft tissue regeneration.  
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6.1.2 Development of a chronic obesity model 

The goal of this work is develop a long-term model of obesity that could serve as a model to 

study disease mechanisms and as a platform for testing anti-obesity therapies. Three dietary fatty 

acids were used in this study, palmitic acid, stearic acid, and oleic acid. In order to generate an 

appropriate model of obesity, we cultured the adipocytes for 6 weeks in fatty acid media, to 

allow for the adipocytes to accumulate more lipids. Adipocyte hypertrophy begins the cascade of 

events that lead to obesity. MCP-1, the major chemoattractant factor released from adipocytes, 

was most elevated in the palmitic group. TNFα levels in our study did not vary with fatty acids, 

or with addition of monocytes, with the exception of the control group in which no TNFα was 

detected. Il-6 levels were elevated in the presence of palmitic acid, and further increased with 

monocytes. Adiponectin levels in the absence of fatty acids were elevated.  MCP-1, Il-6 and 

leptin levels were evaluated after exposure to anti-obesity therapies, CLA and wogonin. Both 

therapies decreased the levels of MCP-1 when cultured with monocytes. COX-2 is expressed in 

all cell types. Wogonin also decreased leptin levels in the presence of monocytes. Effects of CLA 

were not conclusive.  In this study, COX-2 and PPARγ transcription levels increased over time 

with wogonin treatment. Yet, in the presence of monocytes and palmitic acid, the COX-2 

transcription levels were lower than other groups. FABP4 was highly upregulated in palmitic 

acid and monocyte groups in the presence of wogonin. These data suggest that FABP4 is 

upregulated by palmitic acid in adipocytes and/or monocytes, and is regulated independently of 

inflammatory markers.  

 

This study was the first to explore the chronic effects of monocyte and fatty acid exposure on a 

3D culture of human vascular adipose tissue. The soluble factors in this study were chosen not 

only because they play a major role in disease progression but are also clinical readouts. MCP-1, 

Il-6, TNFα, leptin are all chronically elevated in blood plasma of obese patients, while 

adiponectin is decreased
136,137

.  Using clinically relevant physiological markers we can relate our 

disease models to patient data. These data suggest that the inflammatory cells, macrophages, are 

important for mediating the response to fatty acids and wogonin. Future work on obesity should 

include therapies that directly, not indirectly, decrease the local inflammatory response. These 
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anti-inflammatory therapies could be combined with other anti-obesity therapies to maximize 

response.  

6.1.3 Sustainable soft tissue regeneration 

Silk biomaterials were chosen based on their ability to be tailored to fit a wide range of 

mechanical and degradation profile, as well as being unlimited in terms of total sponge size and 

shape.  This maintenance of structure of a very slowly degrading biomaterial allowed tissue 

regeneration and sustained biological function during the remodeling process, without the loss of 

implant volume.  This represents a major advance over current biomaterial options used for soft 

tissue regeneration.  The remodeling process continued within the sponge structure due to the 

maintenance of mass transport by keeping the porous structure open.  By the time the sponges 

began to degrade at 12 months, tissue formation in all study groups had been well established, 

complete with vasculature. 

In this study, silk porous protein sponges, alone, or seeded with in vitro differentiated ASCs or 

freshly isolated lipoaspirate, were implanted into nude rats.  We chose these study groups as they 

are clinically translatable.  The harvest of lipoaspirate is already clinically used for fat grafting.  

We chose to compare freshly isolated lipoaspirate to in vitro differentiated ASCs cultured for 4 

weeks on the sponges, as the lipoaspirate contains active vascular growth factors that may 

enhance tissue regeneration.  Fresh ASCs have been postulated to take on a perivascular 

phenotype
151

.  Further, harvesting and processing lipoaspirate can be done the same day as the 

implantation without scarring, and no ex vivo manipulation that would require FDA approval is 

needed to re-implant the lipoaspirate.  

 

This study, to our knowledge, is the first to successfully demonstrate retention of volume for 

more than 6 months following implantation of soft tissue regeneration systems in a small animal 

model.  At 12-18 months the sponges began degrading while encased in their own fat pockets, 

thus tissue regeneration without significant loss of volume.  The histological changes over time 

support the conclusion that the silk porous sponges acted as templates for dynamic tissue 

regeneration even during this remodeling process.  These results point towards a viable clinical 

strategy to address this major surgical need for soft tissue regeneration.  
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6.1.4 Injectable silk foams for soft tissue regeneration 

The goal of this work was to determine the in vivo biocompatibility of injected silk foams for 

soft tissue regeneration. For regenerative medicine applications, the foams must be easy to 

handle, sterilize, store and seed with a biological component, such as adipose derived stem cells 

and lipoaspirate. Our previous study with implantable silk sponges yielded fully regenerated 

when pre-seeded with lipoaspirate or pre-cultured ASCs. The silk sponge degraded in rate slow 

enough to allow for cells to repopulate and regenerate within the silk matrix template. In this 

current study, we aimed to develop a similar system, but minimally invasive. Development of a 

minimally invasive system allows smaller volumes to be injected, and for the grafted tissue to be 

closer to surrounding vasculature. The study presented here was a first attempt at injection of the 

foams in vivo. After 90 days, about 50% of the foam volume remained. The in vitro preliminary 

cell study established that ASCs can survive and migrate through the foam. The cells lined the 

walls of the pores. In addition, we showed that the silk foam will readily adsorb lipoaspirate. The 

in vivo study in a subcutaneous rat model demonstrated the feasibility of using silk foam in a 

minimally invasive context. Macroscopically, the foams integrated well over time and were 

vascularized. Mature blood vessels were not detected upon histological examination. 

Macrophages were present in histological sections in all groups.  

 

This study is the foundation for using silk foam as an injectable matrix to augment soft tissue 

regeneration, as fat grafting alone has a history of yielding inconsistent results. Previously, we 

have shown that a slowly degrading injectable silk sponge can act as a template for tissue 

regeneration. In this study, we aimed to translate that system into a minimally invasive system, 

reducing scarring, decreasing recovery time and donor site morbidity.  Future studies, include 

increasing foam degradation rate, characterizing the remodeling profile, and injection with 

lipoaspirate.  
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6.2 FUTURE DIRECTIONS 

6.2.1 Large Animal Scale Up Pilot Study 

Our long-term in vivo small animal model demonstrated that we can regenerate adipose tissue on 

a small scale. However, the average human is about 350 times the weight of the rats used in our 

study. Therefore, in order to prove clinical relevance, we must scale up our materials in a large 

animal model. The large animal model must have easily accessible subcutaneous fat. For this 

reason, we chose a horse model as they have SQ depots above their gluteal muscles (Figure A.1). 

In a preliminary large animal study, we implanted 1cm
3 

silk sponges alone or with autologous 

SQ fat (Figure A.2 top panel) along the dorsal plane of the horse for 6 months (Figure A.2-

bottom panel). We found the addition of autologous fat yielded a more tissue like appearance 

upon initial visual inspection (Figure A.3). The sponges maintained their dimensions, whether or 

not they were seeded with autologous fat (Figure A.3).  Histological characterization of silk 

alone and lipo-seeded silk sponges after 6 months in vivo showed that more cells and tissue are 

present in the lipo-seeded sponge group (Figure A.4). The silk matrix is clearly visible in both 

groups at 6 months and is beginning to fracture in the lipo-seeded group (Figure A.4). These 

results confirm our long-term rat study, where we saw more tissue present, and improved tissue 

quality with pre-seeding, as well no change in volume in the first 6 months. Currently, an 

ongoing study where we also modified our silk matrices (gels, foams, sponges) to degrade 

completely in a 3 month time frame is underway. 

 

6.2.2 3-Layer Skin Equivalent 

The development of physiologically relevant in vitro human tissue models is paramount to 

advancing medicine and product development. The cost to develop a drug and bring it to market 

is extraordinarily high when you consider the cost of small animal studies, pre-clinical studies in 

large animals and clinical studies in humans. In the last 30 years, costs range from $207-884 

million
104,152–155

.  Many groups have developed therapeutics that worked very well in animal 

models and failed to yield the same results in human clinical trials.  In addition, the E.U. will no 

longer allow the sale of new consumer products tested on animals (European Union Council 
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Directive 76/768/EEC). Therefore, for U.S. companies developing consumer products, and wish 

to sell them abroad, must also not test products on animals.  

This long-term in vitro vascular adipose tissue construct could be incorporated with other 

cell/tissue systems to develop other disease models and drug testing platforms. A layer of 

adipose tissue makes up the hypodermis, or the subcutaneous tissue. Other groups have created 

the epidermis and dermis in vitro, yet not many have created full thickness skin
156–159

. The co-

culture of tissue engineered skin (epidermis, dermis) with our adipose tissue (hypodermis) could 

serve as disease model for cancers, wound healing, scar prevention and as a testing platform for 

therapies to treat these pathologies (Figure B.1). This full thickness skin may also have 

implications in skin grafting in burn victims. Current grafting methods replace the dermis, 

resulting in scarring and need for repeat grafting, because the fat layer is not present to maintain 

the structure and counteract the contraction caused by the dermal fibroblasts
160,161

. The 

expression of dermal and adipose layer related genes confirm that the dermal and the adipose layers 

of the 3-layer skin equivalents are metabolically active (Table B.1, B.2, B3).  No other three layer 

skin construct is available to date with metabolically active dermal and adipose layers.  

 

6.2.3 Brown Fat 

Brown adipose tissue (BAT), a thermogenic adipose tissue, has become researched more heavily 

since it was found that adult humans have small BAT depots
1,2

.  BAT adipocytes are 

multilocular, or have many lipid droplets, and get their brown color from their many 

mitochondria. The multilocular phenotype allows for “easy access” to the stored triglycerol (TG) 

that is used by the mitochondria for FFA oxidative phosphorylation to release heat
3
. In humans, 

BAT is found interscapularly at birth, and cervical, supraclavicular and paravertrebral regions in 

adults
1
.   Anti-obesity interventions that increase energy expenditure or activate brown fat, 

increase the rate of mitochondrial fatty acid β-oxidation and heat production
10

. This approach has 

become of more interest lately with the discovery of cold-activated brown fat depots in adult 

humans
75

.  Generation of a 3D human brown fat model will allow 1) understanding of brown 

adipocyte biology, 2) understanding of brown fat activation, 3) insight to anti-obesity 
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mechanisms. Similar to our white fat model, we can develop patient specific models and test 

potential therapies. ASCs have been shown to differentiate into brown-like adipocytes
162

.   

 

6.2.4 Muscle 

White fat, brown fat and myoblasts are all derived from the same progenitor population
1
. 

Therefore, brown fat could be viewed as an intermediate between white fat and muscle. White 

fat is characterized by a single, central lipid droplet, while brown fat is characterized by many 

mitochondria and lipid droplets for easy energy usage and energy access, respectively. Muscle 

contains many mitochrondria and can accumulate lipid. They share many of the same pathways 

related to metabolism and inflammation. Ectopic lipid formation is detected in patients with 

metabolic dysfunction and impaired glucose usage. ASCs have been shown to differentiate into 

myoblasts in several studies, however, no study shows full functional outcomes by accessing 

contractility.  

The generation of a 3D skeletal muscle is important for several reasons: 1) studying skeletal 

muscle development, 2) studying skeletal muscle disease, 3) regeneration of skeletal muscle 

defects, 4) understanding metabolic disease, and 5) understanding brown fat.   

 

6.3 CONCLUSIONS 

The work presented in this dissertation centers around exploiting our knowledge of adipose 

tissue engineering. Our long-term vascular adipose tissue construct served as a foundation for 

further long term studies in obesity modeling as well as for soft tissue regeneration. The long-

term vascular adipose tissue maintained adipose-like outcomes over a 6 month period, and was 

improved by dynamic culture. From this, we developed a model of diet-induced obesity by 

challenging this system with free fatty acids and monocytes to generate inflammation. Finally, 

our in vivo 18 month study was the first to show that we can maintain volume while actually 

regenerating tissue when silk sponges are soaked with lipoaspirate.  This model now is being 

translated into injectable formats to be minimally invasive. Ongoing pre-clinical studies are 

underway in a horse model for soft tissue regeneration.  
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APPENDIX A 

 

 

Figure A.1- Subcutaneous fat is readily accessible from above the gluteal muscle (left). The 

minced fat resembles human lipoaspirate (right). 

 

 

Figure A.2- Silk sponges prior to implantation (top). Implanted silk sponges are visible through 

skin after 6 months in vivo (bottom). 
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Figure A.3- Silk sponge explants after 6 months in vivo. Left panel- silk sponge alone, maintains 

sponge appearance even after 6 months implantation. RIght panel- lipo-seeded silk sponge 

appears to have a more natural tissue appearance. 

 

Figure A.4- Top panel- H&E histological images of silk alone (left) and lipo-seeded silk (right) 

sponge after 6 months in vivo. Silk sponge is clearly visible in both groups (black arrow) and is 

beginning to fracture in the lipo-seeded group. Bottom panel- Masson’s Trichrome histological 

images. More tissue and cells are present with lipo-seeding. Scale bar 100 microns, inset 200 

microns. 
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APPENDIX B 

 

Figure B.1- Full Thickness Skin Tissue Engineering Model Experimental Design. Methods for 

skin development are taken from Margolies et al, 2005. These two layers will be cultured 

separately initially, then combined using a collagen glue after ~ 2 weeks. 
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Table B.1- Gene expression for dermal and fat related genes after 5 and 9 days of culture. 

 Gene Compartment                   Time Expression in 
3-layer 
construct 

Collagen I dermal Day5 + 

Day9 ++ 

Collagen IV dermal Day5 ++ 

Day9 +++ 

Elastin dermal Day5 +/- 

Day9 +/- 

Fatty acid 
synthase 

fat Day5 + 

Day9 + 

FABP4 fat Day5 +/- 

Day9 +/- 

Glut4 fat Day5 ++ 

Day9 ++ 
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Table B.2- Leptin release in media of 3 layer skin equivalents. 

Leptin in media 
(ng/mL) 

Tissue 

Day Media  
Epidermal-
dermal 
equivalent 

 
Adipose 
layer 
equivalent 

 
3-layer 
equivalents 

0 Epidermal-
dermal 

- ++ +++ 

1:1 - +++ ++ 

adipose - +++ ++ 

2  
Epidermal-
dermal 

- ++ +++ 

1:1 - +++ +++ 

adipose - ++ ++ 

6 epidermal-
dermal 

- ++ +++ 

1:1 - ++ ++ 

adipose - ++ ++ 

8 epidermal-
dermal 

- ++ ++ 

1:1 - ++ ++ 

 adipose - ++ + 

     

controls media only epidermal-
dermal 

-  

1:1 -  

 adipose -  
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Table B.3- Glycerol release from 3-layer skin equivalents. 

Glycerol in media 
(µM) 

Tissue 

Day Media epidermal-
dermal 
equivalent 

adipose 
layer 
equivalent 

3-layer 
equivalent 

0 epidermal-
dermal 

++ + ++ 

1:1 + + ++ 

 adipose + ++ ++ 

2 epidermal-
dermal 

++ + + 

1:1 + + ++ 

 adipose + ++ ++ 

6 epidermal-
dermal 

+ + ++ 

1:1 + + ++ 

 adipose + + ++ 

8 epidermal-
dermal 

+ + ++ 

1:1 + + ++ 

 adipose ++ ++ ++ 

     

controls media 
only 

 
epidermal-
dermal 

-  

1:1 -  

 adipose -  
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