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ABSTRACT 

There exists a clinical need for repairing soft tissue defects resulting from 

pathological conditions, trauma, congenital disorders, and post-operative cancer 

resections. Autologous fat has been regarded as an appealing tissue for these 

surgeries due to its innate biocompatibility, high degree of vascularity, and low risk 

for immune rejection. Indeed, autologous fat grafting in plastic and reconstructive 

surgery is increasing and typically manifests in two different practices/scenarios: (i.) 

fat grafting, which typically involves non-surgical injection of micro-volumes of fat, 

and (ii.) flap transfer, which involves surgical composite tissue transfer of macro-

volumes of fat, muscle, and often skin.  Despite the popularity of using autologous 

fat in reconstructive surgery, graft survival and long-term volume retention is 

highly variable and unpredictable. Further, resorption rates of grafted fat ranges 

from 25-80% strengthening the need for investigation into fat graft survival. This 

resorption process is poorly understood and the underlying mechanism(s) 

responsible for long-term volume retention of fat grafts remains to be elucidated. I 

submit that fat engraftment and resorption are dynamic processes resulting from 

the intersection of key mechanisms, including adipocyte adaptations, vascular 

remodeling, and inflammation. Using a comprehensive and integrative strategy, my 

dissertation evaluates these three mechanisms in culture systems and in different 

murine models. I develop and employ novel imaging strategies, transgenic mice, 

and analysis metrics, with the ultimate goal of designing therapeutic interventions 

for enhancing adipose tissue regeneration and graft survival. Toward this end, my 

research makes four key contributions: (i) determining how vascular network 

remodeling in flaps (macro-grafts) and fat grafts (micro-grafts) both affect and are 

affected by perfusion and inflammation, (ii) identifying macrophages as a novel 

drug target and evaluating a new pharmacological treatment for improving long-

term survival of fat grafts, (iii) evaluating and optimizing enzymatic digestion and 

stromal vascular fraction enhancement for micro-graft volume retention and 

adipocyte viability, and (iv) validating a novel imaging approach for monitoring 

oxygen perfusion in tissues. Together, my insights and innovations substantially 

advance the nascent field of adipose tissue engineering and motivate new tools and 

approaches that could have significant clinical impact.  
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Background 

Adipose tissue, or fat, is a complex tissue that serves as both an endocrine 

signaling organ and a storage organ of excess energy. Adipose tissue is highly 

vascularized, which provides blood flow to aid in adipose tissue growth/expansion as 

well as maintaining proper metabolic function. It is well known that excessive 

adipose tissue has major implications in the pathogenesis of obesity-related 

disorders such as Type 2 diabetes and the role of the inflammatory system in these 

disorders is highly studied. Recently, surgeons have started using adipose tissue as 

a means to reconstruct soft tissue defects due to its innate biocompatibility, its low 

risk of immune rejection, its high degree of vascularity, and its relative ease of 

harvest. Central to both of these outlined instances is the marriage of the vascular 

system and the immune system. The overarching goal of this thesis is to better 

understand the relationship between microvascular remodeling and the immune 

cell compartment in adipose tissue to potentially improve autologous fat graft 

retention. Previous studies have implicated the microvascular system as a crucial 

determinant in the survival of the grafted tissue, but little to no work has looked at 

the interplay between immune cell recruitment and microvascular adaptations 

within adipose tissue. Better knowledge of these interwoven processes may lead to 

better clinical outcomes of autologous fat grafting. At the end of this introduction 

section, I will describe how I addressed these biological processes in adipose tissue 

at large and small scales by using unique tools and techniques in vitro and in vivo. 
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Autologous fat grafting 

Clinical motivation 

There exists a significant clinical need for repairing soft tissue defects resulting 

from pathological conditions, trauma, congenital disorders, and post-operative 

cancer resections with over 5.7 million reparative surgeries in 20131,2. Autologous 

fat has been regarded as an appealing tissue to use for these surgeries due to its 

innate biocompatibility, high degree of vascularity, and low risk of immune 

rejection3. Other advantages of using autologous fat include an abundance of donor 

fat in patients, relative ease of harvest, and a more cost-effective alternative to 

synthetic or allogeneic implants4,5. There has been a dramatic increase of using 

autologous fat in both large-volume fat grafting utilized in breast and buttock 

reconstruction, as well as in small-volume fat grafting utilized in facial 

reconstructive applications6–8. In 2011 there were 455,444 autologous fat graft 

procedures performed worldwide which accounted for 5.5% of the 8.3 million total 

nonsurgical procedures9. Of the 95,589 breast reconstructive surgeries in 2013, 

20.4% of these surgeries involved autologous fat for reconstruction2. 

Despite the popularity of using autologous fat in reconstructive surgeries, fat 

graft survival and long-term retention is highly variable and unpredictable with 

studies estimating resorption rates ranging from 25-80%5. To combat the imminent 

resorption of injected or transferred fat, clinicians often overcorrect the amount of 

transferred or injected fat up to as much as 140% so that the final result is in line 

with the patient’s expectations10. Still, some patients will require follow-up 
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surgeries/fat injections several months after the initial surgery to correct for this 

resorption. Significant overcorrection to circumvent the resorption process can also 

increase the incidence of fat necrosis, calcification, and severe infection11–13. 

 

Resorption of autologous fat grafts 

This resorption process is poorly understood and the underlying mechanism(s) 

responsible for long-term volume retention of fat grafts and flaps remains to be 

elucidated. Advances in survival rate have been limited mainly due to this poor 

understanding, but proper vascularization and sufficient oxygen/nutrient delivery 

seem to be the crux of graft and flap survivals. The current paradigm, which is 

supported by clinical14,15 and pre-clinical16,17 studies, is that fat survival and long-

term volume retention is correlated to the amount of vascularization at the 

recipient site and the rate at which revascularization within the graft or flap occurs. 

A prominent theory regarding graft survival is the “diffusion/angiogenesis” theory, 

which postulates that adipocytes survive via oxygen diffusion for the first 7-14 days 

post-grafting until angiogenesis occurs to provide a blood supply with 

oxygen/nutrients to the grafted cells18. This theory has led clinicians to inject small, 

discrete volumes of fat when grafting to prevent fat necrosis that is imminent if the 

volume of fat is too great. A competing theory conjectures that the dead cellular 

debris within the graft act as a “matrix” or ”scaffold” through which macrophages 

are recruited and recipient-site stem cells mediate angiogenesis/adipogenesis to 

retain fat volume18. These competing theories may be correct and likely are not 
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mutually exclusive processes, but rather working in tandem. Although both of these 

theories focus on proper vascularization for fat graft survival, little to no work has 

been conducted examining the changes at the microvascular network level. Studies 

aiming to improve fat graft retention have tried to exploit these theories without a 

sound basis of how this revascularization process is occurring. 

 

Scales of fat grafting 

Autologous fat grafting typically manifests itself in two different 

practices/scenarios: (1) fat grafting, which typically involves non-surgical injection 

of micro-volumes of fat, and (2) flap transfer, which involved surgical composite 

tissue transfer of macro-volumes of fat, muscle, and often skin. While both scenarios 

have differing sizes as depicted in Figure 1.1, there are also fundamental 

differences between the two. Micro-volumes of fat also called fat grafts consist solely 

of adipocytes and the adipose tissue interstitial cells. Fat grafts are typically 

injected to fill small defects ranging from facial creases, small contour deficits, and 

hemi-facial atrophies. Typically, fat grafts are isolated from one part of the body 

using a suction lipectomy technique and purified via centrifugation to remove oil 

and tumescent fluid before injection into the recipient site. While vascular cells are 

present as part of the interstitial cell compartment, the fat graft does not have an 

intact vascular supply that is reconnected upon injection. Macro-volumes of fat, 

termed “flaps”, consist of a composite tissue of fat, muscle, and often skin (Figure 

1.1) that is transferred to a recipient site. Flaps are considerably larger and are 
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used to reconstruct more significant defects such as breasts following a mastectomy. 

A differentiating factor between flaps and fat grafts, apart from the size, is the 

presence of an intact vascular supply in a flap that is reconnected upon transfer to 

the recipient site (Figure 1.1). There are several types of flaps depending on the 

proportion of tissue (fat vs. muscle), the orientation of the vascular supply system, 

and the intended use of the flap, which is discussed in detail by Mathes and 

Nahai19. In Chapter 2, we develop a murine model examining microvascular 

remodeling in a purely adipose tissue flap. 

    
Figure 1.1: Micro-graft (fat graft) vs. macro-graft (flap) 

A.) Human fat graft prior to injection with 1 mL syringe. Graft does not have 
intact vascular supply and consists solely of adipocytes and interstitial cells. 
Figure adapted from Cui et al.20 B.) Schematic of a macro-graft (flap) 
abdominal flap composed of skin and adipose tissue with an intact vascular 
supply. Figure adapted from University Plastic Surgery Copyright 2011. 
 

Techniques to combat autologous fat resorption 

Improving vascular retention and mitigating resorption of fat grafts and flaps has 

been a substantial problem for researchers, clinicians, and the healthcare field for a 
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long time. Surgeons and researchers have developed techniques to improve 

autologous fat retention at both scales (fat grafts and flaps), but many of the 

techniques are based on gross observation and the mechanism(s) responsible for 

graft and flap survival are not well understood. While the resulting outcomes of 

improving the grafts or flaps may be advantageous to overall retentions, it is 

important to understand the mechanism(s) in order to potentially improve the 

processes. 

Supplementation, or “enhancing”, of fat grafts (micro-grafts) with the stromal 

vascular fraction (SVF), specifically adipose-derived stem cells (ASCs), has garnered 

significant interest by both researchers3,5,7,8 and companies (Cytori Therapeutics, 

The GID group, among others) in the past decade as a means to improve volume 

retention and surgical outcomes. The SVF is a compartment of adipose tissue that is 

rich in preadipocytes, mesenchymal stem cells such as ASCs, endothelial progenitor 

cells (EPCs), and immune cells including macrophages, T cells, B cells, and mast 

cells21,22. The SVF is generally easy to isolate by using enzymatic digestion with an 

enzyme such as collagenase23,24, centrifugation25, mechanical isolation via vigorous 

shaking26, and decanting following density gradient separation27. ASCs isolated 

from the SVF are mesenchymal, multipotent cells with the ability to differentiate 

down chondrogenic, osteogenic, and adipogenic lineages23,28. It is believed that these 

differentiation capacities contribute to the improvement of graft survival upon 

supplementation or enhancement with ASCs or the SVF. Yoshimura et al.8, among 
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others, have used SVF supplementation for the past decade to improve aesthetic 

outcomes of breast reconstructions.  

Transfer of tissue flaps from a patient’s donor site to the recipient site 

immediately incites an ischemic environment and failure to quickly revascularize 

the flap will lead to necrosis and failure29. To combat this possibility of necrosis, 

surgeons have developed a surgical pre-treatment technique termed “flap delay” 

that dates back to 16th century when the technique was used in a nasal 

reconstructive surgery30. During flap delay, the main feeding vessel into the flap is 

ligated (sutured closed to impede blood flow) 10-14 days prior to tissue transfer. It is 

believed that this alteration in blood flow induces microvascular remodeling within 

the flap to better withstand an ischemic environment, and, upon transfer the 

autologous flap has a higher rate of survival31. While flap delay is performed 

routinely in the clinical setting, the findings of improved graft retention are based 

on observation with little empirical evidence of the vascular mechanism(s) induced 

by performing the procedure. 

 

Previous work to understand resorption process 

A significant amount of research in the past decade has focused on improving 

autologous fat graft survival and long-term volume retention on both the micro-

graft scale (“fat grafts”) and the macro-graft scale (“flaps”). Previous studies on 

delayed macro-graft flaps and their survival have focused on changes at the cellular 

and protein level31 – citing increases in angiogenic/growth factor secretion (VEGF, 
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bFGF)32,33, upregulation of angiogenic transcription factors (HIF-1-α)34, and 

increases in endothelial progenitor cell recruitment35. Studies examining micro-

grafts (“fat grafts”) and their survival following grafting have focused on gross 

visualization and volume retention of the fat, blood vessel ingrowth into the grafted 

fat, and angiogenic protein secretion assays36. Other studies suggest that 

supplementing fat micro-grafts with stromal vascular fraction (SVF) isolated using 

collagenase improves graft survival5,7,37, but it is unknown how collagenase 

digestion affects adipocytes and the interstitial cells that comprise the SVF. Little to 

no studies have examined changes at the vascular network level, and specifically in 

regards to structural remodeling of the microvessels and microvascular networks.  

Here, we aim to study angiogenesis and arteriogenesis at both the micro-graft 

and macro-graft scale so that we may harness or manipulate this innate remodeling 

response to improve autologous fat graft survival. 

Microvascular system 

Overview of microvascular system 

The microvasculature is a ubiquitous organ system within the body that is 

responsible for distributing oxygen and nutrients to tissues as well as removing 

waste products from perfused areas38.  The microvascular system consists of 

arterioles, capillaries, and venules, and forms a branching, tapered network in 

order to distribute blood efficiently to organs and tissues39,40. While organs have 

differing microvascular architectures, the fundamental elements (arterioles, 
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capillaries, and venules) of the microcirculation remain consistent across all 

vascular beds39,41. 

Arteries are responsible for bringing oxygenated blood away from the heart 

and it is these arteries that give rise to smaller arterioles within the 

microcirculatory system. Arterioles are generally considered to be less than 500 µm 

in diameter in humans and are coated with smooth muscle cells that are 

circumferentially arranged around the internal endothelial layer that blood passes 

through39. Arterioles have the ability to modulate their vascular tone and actively 

manipulate their diameters, an important attribute used to regulate proper blood 

flow to organs and tissues42,43. The pre-capillary (terminal) arterioles that drain into 

the capillary bed are generally considered to be less than 30 µm in diameter for 

humans39,43.  

Capillaries are the smallest blood vessels in the human body and consist of a 

single layer of endothelial cells (ECs) forming a tube with diameters ranging from 4-

10 µm in humans44. The capillary bed, an extensive network of capillaries, is where 

exchange of gases, nutrients, and water occur between the bloodstream and the 

tissues39,40. The capillary bed is well-suited for this exchange because of the highly 

permeable endothelial barrier40. Another important cell type of the 

microvasculature is the pericyte which is an abluminally-located, stabilizing 

perivascular cell located on capillaries and post-capillary venules45–48. Pericytes 

possess long, extending processes and previous reports have highlighted their 

ability to regulate capillary blood flow patterns, assist in the guidance of 
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extravasated leukocytes, and affect ECs and neighboring cells via paracrine 

effects45,46,49–52.  

Blood drains into post-capillary venules (lack a smooth muscle cell layer), 

which allow extravasation of recruited circulating blood cells (i.e. leukocytes) into 

surrounding tissue39,53. Venules are also permeable to plasma proteins and serve as 

a major site for transvascular protein exchange39,54. As the post-capillary venules 

increase in caliber, they gain a coat of irregularly arranged smooth muscle cells55. 

Venules are generally two to three times larger in diameter than the corresponding 

arteriole and have been reported to be more prevalent than arterioles in specific 

tissues39. 

 

Microvascular remodeling 

The highly orchestrated microvascular system is essential to maintain tissue health 

by delivering nutrient-rich blood (arterioles), permitting exchange of nutrients and 

gases (capillaries), and allowing extravasation of blood-derived cells and plasma 

proteins (venules)56,57. The microvasculature is a dynamic system that is able to 

adapt its structure and function in response to biochemical/biomechanical cues, 

often to meet the metabolic demands of the perfused tissue. Compensatory changes 

of the vascular network can be beneficial, as is the case with increased capillary 

density in skeletal muscle following increased exercise58, or detrimental and 

pathological, such as during rampant, aberrant vascular growth during proliferative 

diabetic retinopathy59,60 or tumor progression61. Because the microcirculation is the 
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interface of the bloodstream and the perfused tissue, adaptations within the 

microvasculature can often dictate whether proper function of the tissue will be 

restored or if a pathological case will be exacerbated.  

Microvascular remodeling can be divided into five events or processes: 

angiogenesis, arteriogenesis, vasculogenesis, intussusception, and regression. Each 

of these processes are elicited by different environmental stimuli or cues. For 

example, prolonged ischemia and subsequent hypoxia within a tissue or organ can 

initiate new blood vessel growth from pre-existing blood vessels (angiogenesis)62–65, 

while an increase in fluid shear stress (FSS) in small arterioles can induce the 

enlargement of this arteriole (arteriogenesis)66–68. Angiogenesis is induced in 

response to endothelial cells sensing hypoxia, while arteriogenesis is induced in 

response to physical/mechanical forces sensed by the endothelial cells within the 

arteriole69. Both processes will be discussed in further detail below. Vasculogenesis, 

intussusception, and regression are also important processes of the microvascular 

remodeling continuum and respond to different environmental cues57. 

Vasculogenesis, the de novo formation of blood vessels, manifests during embryonic 

development when angioblasts differentiate into endothelial cells to form primitive 

vascular networks70. Intussusception is the division of pre-existing vessels into 

smaller caliber vessels and is important in the development of many organs, wound 

healing, and tumor angiogenesis71–73. Finally, vessel regression is the pruning of 

pre-existing blood vessels to aid in the creation and maintenance of a functional, 

organized vascular network57,74. Together, these microvascular remodeling 
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processes exemplify the dynamic nature of the microvascular system and highlight 

their importance in creating functional, patent vascular networks. While other 

modes of microvascular remodeling are indeed important, this thesis will focus on 

angiogenesis and arteriogenesis 

Angiogenesis 

Angiogenesis, the growth of new blood vessels from pre-existing blood vessels, is 

required for development, growth, and repair of all tissues within the body62,75. It is 

well known that hypoxia (oxygen deficiency) is a powerful stimulus for vascular 

growth62–65. During the embryonic and developmental stage of life, the vascular bed 

relies on sprouting and maturation of endothelial cells to form a patent vasculature 

in order to supply nutrients for tissue development and growth62,76,77. During the 

growth and expansion of the tissue, simple diffusion of oxygen is no longer sufficient 

or able to the necessary oxygen to the tissue62. To circumvent this limitation, the 

presence of hypoxia induces the activation of a signaling network through hypoxia 

inducible transcription factors (HIFs) with one of the most studied HIFs being 

hypoxia-inducible factor 1 (HIF-1)62,78. Upon activation, HIFs activate numerous 

angiogenic genes but the most prominent, and arguably most important in the 

context of angiogenesis, is vascular endothelial growth factor A (VEGF-A)62,79. 

VEGF-A is a potent angiogenic protein that signals through the Notch1-DLL4 

signaling axis to activate endothelial cell sprouting and eventually form patent, 

mature vascular networks80–82. 
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Some of the work presented in this thesis focuses on angiogenesis at the 

network level, that is, observations of changes of the capillary beds themselves. 

Significant research has been conducted examining angiogenesis at the 

transcription factor and protein level but this will not be a focus of this work. 

Previously, our group has studied angiogenesis and network level changes in the 

mouse retina83 and the mouse spinotrapezius muscle84–86. Here, we focus on 

angiogenesis and the adaptation of the capillary network within adipose tissue and 

aim to understand microvascular remodeling to improve autologous fat grafting. 

Arteriogenesis 

Arteriogenesis, the expansion in diameter of pre-existing arteries/arterioles, is a 

compensatory mechanism to increase blood flow to a tissue experiencing a 

loss/reduction of blood flow and nutrients69,87. The reduction of blood flow to the 

tissue is usually caused by blood vessel occlusion such as the case in peripheral 

artery disease (PAD) in skeletal muscle88. After occlusion, blood is rerouted to 

neighboring collateral vessels and it is these vessels that initiate the process of 

arteriogenesis. The endothelial cells lining these collateral vessels experience an 

increase in fluid shear stress (FSS) and blood pressure, which, in turn, activates the 

endothelial cells that comprise the lumen of the blood vessel69,87. Interestingly, 

arteriogenesis appears to be independent of the presence of hypoxia and is solely 

activated by the increase in FSS69. This activation of the endothelial cells induces 

upregulation of genes encoding for the production of chemoattractants, cytokines, 

and adhesion molecules, with the goal of recruiting circulating cells from the blood 
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stream69,89. A major chemoattractant protein, monocyte chemoattractant protein-1 

(MCP-1), is immobilized at the endothelial cell surface, which results in significant 

recruitment of monocytes90,91. Endothelial cell activation in response to an increase 

in FSS also induces expression of selectins, intercellular adhesion molecule-1 

(ICAM-1) and ICAM-2, and vascular cell adhesion molecule-1 (VCAM-1)69,92.  

Coupling of the MCP-1 gradient with these selectins and adhesion molecules fosters 

an environment for monocyte recruitment and adhesion to luminal surface of the 

blood vessel. Following adhesion of the recruited monocytes through receptor-ligand 

binding (i.e. Mac-1 with ICAM-1)90, the monocyte will extravasate (transmigrate) 

through the vessel wall into the interstitial space of the tissue93. Monocytes secrete 

potent proteases such as matrix-metalloproteinase-2 (MMP-2) and MMP-9 that 

degrade nearby extracellular matrix and allow for expansion of the collateral vessel 

wall94. Once extravasating from the vessel, the monocytes can differentiate into 

macrophages, which can secrete growth factors (i.e. fibroblast growth factor-2 (FGF-

2)) to stimulate SMC and EC proliferation and expansion of the collateral vessel 

itself93,95,96. Macrophages also provide cues for SMCs to differentiate from a mature, 

contractile phenotype to a more synthetic, proliferative phenotype92. This concerted 

bone marrow cell-directed inflammatory process also includes T cells97,98, natural 

killer (NK) cells98, neutrophils94,99, and possibly mast cells100, but the specific focus 

in this thesis will be on the involvement of macrophages during this process. For a 

more thorough review of the arteriogenesis process please see the articles by 

Carmeliet101 and by Schaper and Scholz95. 
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The work presented in Chapters 2 and 3 focuses on arteriogenesis and the 

interactions with the recruited and tissue-resident macrophage populations within 

adipose tissue, which has not been studied extensively in the past. Specifically, we 

characterize how a pre-existing collateral arteriole structurally adapts in concert 

with the recruited monocytes and macrophages. Previous work in our lab has 

studied arteriogenesis in skeletal muscle using an ischemic ligation murine 

model84–86,102, but our work in this thesis aims to understand arteriogenesis in a 

clinically relevant murine model of autologous fat grafting. 

Adipose tissue anatomy and microstructure 

Adipose tissue is a metabolically active, complex organ that is essential to maintain 

and regulate metabolism in both health and disease103,104. As an endocrine organ, 

adipose tissue secretes various adipokines (i.e. leptin, resistin, adiponectin) to aid in 

this regulation of total body energy and lipid homeostasis105–107. Two types of 

adipose tissue exist in humans and mice, brown adipose tissue (BAT) and white 

adipose tissue (WAT)108,109. BAT is thermogenic meaning that BAT can create heat 

from the lipids that it stores, while the main objective of WAT is to store excess 

triglycerides to be used as energy108,110. BAT is prevalent in small mammals that 

cannot produce heat from shivering and in newborns111. WAT is far more prevalent 

in human adults and is located in two primary depots or locations, subcutaneous 

adipose tissue depots and visceral adipose tissue depots112. Subcutaneous adipose 

tissue is found below the skin, while visceral adipose tissue is found lining internal 

organs and has been implicated in many obesity-related diseases105. WAT, 
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specifically subcutaneous adipose tissue of human and mice, will be the main 

subject of this dissertation. 

  

 
Figure 1.2: Cellular components of adipose tissue 

The microenvironment of adipose tissue is heterogeneous with numerous cell 
types including adipocytes, fibroblasts, vascular cells, pre-adipocytes, and 
immune cells. Figure adapted from Ouchi et al.106. 
 

It is well known that the microenvironment of adipose tissue is 

heterogeneous and contains numerous cell types that are highly coordinated to 

comprise the overall functional unit106,113. Figure 1.2 depicts the adipose tissue 

microenvironment and illustrates the main components of adipose tissue106. The 

most prominent cell of adipose tissue is the adipocyte, which is an oblong-shaped 

cell whose primary role is the storage of energy in the form of lipids113. Notably, 

adipose tissue is highly vascularized with a well-developed capillary bed 

(endothelial cells) and a significant arteriole and venule presence (vascular smooth 

muscle cells and endothelial cells)106,114. It is thought this high degree of vascularity 

permits the rapid growth and expansion of adipose tissue during times of nutrient 

excess114. Also present in adipose tissue are pre-adipocytes (adipocyte progenitor 
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cells) that are able to differentiate into adipocytes during adipogenesis and provide 

a source for adipocytes during tissue expansion115. Tissue-resident immune cells 

(macrophages, T cells, mast cells, dendritic cells, among others) are present within 

adipose tissue and have important roles in maintaining local tissue 

homeostasis116,117. In obese adipose tissue the immune cell compartment is 

imbalanced and has been implicated in obesity-related local and systemic 

inflammation. Fibroblasts also play an important role within adipose tissue by 

producing extracellular matrix that can aid or hinder adipose tissue expansion106.  

The focus of this thesis will be on the adipocytes, vascular cells, monocytes, 

and macrophages of the adipose tissue. 

Monocytes and macrophages 

Monocytes and macrophages are phagocytic cells that play vital and distinct roles 

within the body’s immune system118. The mononuclear phagocytic system, 

introduced in the 1960s by van Furth et al., suggests that tissue-resident 

macrophages are derived from monocytes and these monocytes are derived from 

hematopoietic stem cells (HSCs) residing in the bone marrow119,120. Monocytes, the 

intermediate cell in the mononuclear phagocytic system, are phagocytic leukocytes 

that play various roles in the innate immune system ranging from antigen 

presentation to T cells, differentiation into macrophages after extravasation from 

the vasculature, and clearing cellular debris during an inflammatory event121–123. 

There are several phenotypes of macrophages with roles ranging from the ingestion 

of microbes during the inflammatory process118,124, secretion of growth factors and 
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cytokines to aid in growth and proliferation121,125–127, and activation of other 

immune cells including T cells128. Recent studies have suggested that macrophages 

have different origins than originally proposed by van Furth et al.119 and have 

shown the ability of tissue-resident macrophages to self-renew129. While the origin 

of macrophages is interesting (and currently still evolving), this work focuses on the 

role that macrophages play during microvascular remodeling and thus the origin of 

macrophages will not be discussed further. For a more extensive discussion on the 

origin(s) of macrophages, please see Hashimoto et al.129. 

 

Macrophage phenotypes 

The classification of macrophages is a constantly evolving and debated topic within 

the immunology field and can be loosely defined into a continuum of phenotypes130–

133. The current paradigm is to classify macrophages as either the M1 or M2 

phenotype, which was motivated by the T-helper cell nomenclature131,132,134. M1 

macrophages, also designated “classically activated macrophages”, are considered 

the pro-inflammatory macrophage131,134,135. M1 macrophages are stimulated by 

interferon gamma (IFN-γ), microbial products, lipopolysaccharide (LPS), and tumor 

necrosis factor-alpha (TNF-α) (among others) and secrete pro-inflammatory 

cytokines such as interleukin-1 (IL-1), IL-6, IL-12, IL-23 to trigger type I 

inflammation and Th1 response131,132,135. M2 macrophages, often referred to as 

“alternatively activated macrophages”, are considered to be anti-inflammatory 

macrophages and aid in the inflammatory resolution process133,136. M2 macrophages 
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are stimulated by IL-4, IL-10, IL-13, glucocorticoid (among others) and secrete anti-

inflammatory cytokines such as transforming growth factor-β (TGF-β) and IL-10 to 

aid in type II inflammation and the Th2 response133,135,136. Recent studies have 

expanded the M2 classification into four separate phenotypes, M2a, M2b, M2c, M2d, 

in which the classically defined M2 phenotype is now the M2a phenotype136. Other 

work by Kadl et al. has proposed a separate, distinct macrophage phenotype, 

Mox135. 

In Chapters 2 and 3, we examine the role of macrophages, specifically M2 

macrophages, in adipose tissue and their presumed role in microvascular 

remodeling. To characterize the macrophages within the adipose tissue, we rely on 

immunofluorescence by using antibodies targeted against cell surface markers such 

as cluster of differentiation (CD)68, CD206, and F4/80. For a thorough examination 

of techniques to classify and characterize macrophage phenotypes, please the 

reviews by Murray et al.132 and Corliss et al121. 

 

Macrophage and microvascular remodeling 

While it is well known that macrophages are an important part of the inflammatory 

process, recent studies have suggested a significant role of macrophages in 

microvascular growth and remodeling. Recent studies suggest a paracrine effect of 

macrophages angiogenesis as evidenced by the secretion of numerous proangiogenic 

growth factors and cytokines such as basic fibroblast growth factor (bFGF), VEGF-

A, angiopoietin-2 (Ang-2), and insulin-like growth factor-1 (IGF-1), among many 
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others121. Interestingly, the polarization state of the macrophages can influence the 

profile of cytokines secreted, which may imply that different macrophage subsets 

influence different stages of angiogenesis137. Recent work may connect macrophages 

to the process of arteriogenesis via paracrine signaling. Ischemia-inducing ligation 

studies conducted in murine skeletal muscle have shown recruitment of monocytes 

to the injured tissue followed by differentiation of these monocytes into 

macrophages, specifically M2 macrophages. Studies by Awojoodu et al. and Bruce et 

al. suggest that these recruited monocytes and macrophages have a paracrine effect 

on the remodeling arterioles during arteriogenesis86,138. Takeda et al. show that 

expansion of M2 macrophages within skeletal muscle following hindlimb ischemia 

aid in collateral vessel formation via release of arteriogenic factors to enhance SMC 

recruitment and growth139. Macrophages have also been shown to directly interact 

with vascular cells such as pericytes, vascular SMC, and endothelial cells, during 

microvascular growth and remodeling. For example, macrophages can form 

facilitating “bridges” between endothelial cells during sprouting angiogenesis in 

mouse and zebrafish hindbrain140. In an inflammation model of the mouse ear, 

macrophages were “instructed” by resident arteriolar and capillary pericytes after 

extravasating from the post-capillary venule49.  

Based on these previous studies and others not mentioned, it is apparent that 

macrophages have a significant role in microvascular growth and remodeling and is 

thus a central thread in this thesis work. 
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Overview of thesis 

Little to no studies have examined changes at the vascular network level, and 

specifically in regards to structural remodeling of the microvessels and 

microvascular networks. Here, we aim to study angiogenesis and arteriogenesis at 

both the micro-graft and macro-graft scale so that we may harness or manipulate 

this innate remodeling response to improve autologous fat graft survival. Our 

overarching strategy of assessing both angiogenesis and arteriogenesis is unique, as 

previous studies have only focused on one or the other without considering the 

differential factors and outcomes associated with these two different modes of 

microvascular remodeling. Our evaluation of vascular growth and remodeling, while 

considering the contributions of the innate immune system (monocytes and 

macrophages) in these processes, is also highly innovative and is not typically 

considered in the setting of fat grafting. 

Herein, I present my work on microvascular remodeling and the contribution 

of the immune system on autologous fat survival. Throughout the course of this 

work, I used a number of innovative and unique techniques to understand the 

vascular remodeling response within adipose tissue. We formulated a clinically 

relevant murine model of flap delay to examine vascular remodeling events in a 

macro-graft using several tools and methods. Our lab has extensive experience 

imaging whole-mount immunofluorescently-labeled tissue (skeletal muscle) using 

confocal microscopy85,86,102. This technique afforded us the ability to image the 

vascular networks in their innate conformation, to visualize cell-type specific 

recruitment to the tissue, and allowed us to visualize vascular changes post-surgery 
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or intervention. Previous studies have not looked into this level of detail of vascular 

remodeling or cell recruitment to the adipose tissue. We successfully adapted this 

whole-mounting technique for use in fat, which has provided us the ability to 

visualize microvascular responses and immune cell recruitment in concert. We 

coupled the whole-mounting technique with cell-type specific transgenic fluorescent 

reporter mice, which allowed us to visually track immune cell (CX3CR1+/GFP 

reporter mice) recruitment to remodeling arterioles and venules (NG2-DsRed 

reporter mice) with spatial resolution. 

Building on our published flap delay model and our preliminary findings that 

M2 macrophages are partly responsible for the observed microvascular remodeling, 

we performed several interventions as gain-of-function and loss-of-function studies. 

As gain-of-function studies, we injected in vitro differentiated M2 macrophages135 

into the remodeling fat and we delivered a novel FDA approved drug, FTY720, to 

the remodeling fat. Both studies were novel interventions that helped us confirm 

our original findings in the murine flap delay model. For loss-of-function studies, we 

applied clodronate liposomes to the remodeling fat to diminish the number of 

macrophages in the fat pad, something that has not been conducted in adipose 

tissue before. 

To understand the effect of collagenase digestion and SVF supplementation 

on micro-grafts, we used x-ray microtomography (micro-CT) to serially and non-

invasively track the volume retention of human adipose tissue in a modified, 

published xenograft model141,142. This afforded the ability to serially track the 
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volume of the grafted fat without the need to sacrifice the animal at each time 

point, something that has not been performed extensively in the literature.  

In Chapter 2, we adapted a previously published model to formulate a new 

pre-clinical model of flap delay to study microvascular remodeling within the flap 

using aforementioned techniques and tools. In our model, we selectively ligate the 

main artery, the epigastric artery, which supplies the subcutaneous inguinal fat 

pad with blood. This reduction in blood flow is similar, though not exact, to a 

clinical case in which a surgeon performs “flap delay” and alters blood flow in a flap 

to be transferred. By altering blood flow into the murine inguinal fat pad we were 

able to observe the microvascular remodeling response downstream of this ligation 

and owe the responses observed to arteriogenesis rather than angiogenesis. We 

observed an enlargement in diameter in the collateral vessels and did not observe 

an increase in angiogenesis in the fat pad. In agreement with our studies in skeletal 

muscle we observed a preferential recruitment of anti-inflammatory macrophages to 

the remodeling tissue. Chapter 2 formed the basis for a journal article that has been 

published in Microcirculation. 

In Chapter 3 we build on our original findings in Chapter 2 that anti-

inflammatory macrophages are primarily responsible for the remodeling responses 

observed in our model. We performed a series of gain-of-function and loss-of-

function studies in which we increase or decrease the number of macrophages in the 

remodeling tissue. First, we directly injected in vitro differentiated M2 macrophages 

into the inguinal fat pad and observed an even more pronounced arteriogenic 
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response (increase in collateral vessel enlargement). In a separate set of 

experiments, we apply a novel drug, FTY720, to the inguinal fat pad by implanting 

drug-loaded PLAGA films. In skeletal muscle FTY720 has been shown to 

preferentially recruit anti-inflammatory monocytes to remodeling tissue. We 

observed an increase in the number of M2 macrophages to the tissue and again 

observed an increase in arteriogenic response, which is consistent with our direct 

injection studies above. We also performed a “macrophage knockdown” experiment 

in which we inject clodronate liposomes to the inguinal fat pad to reduce the 

number of macrophages present in the tissue. We observed a 60-70% reduction in 

the number of macrophages present in the tissue and a diminished arteriogenic 

response after ligation, likely due to the decrease in macrophage presence. Taken 

together, these data and experiments indicate the importance of macrophages, 

specifically M2 macrophages, in the remodeling response induced following flap 

delay. Chapter 3 will form the basis for a paper that will be submitted to 

Microcirculation as a follow-up study to our original publication. 

In Chapter 4, we examine human and murine micro-grafts and the effect of 

collagenase digestion and time ex vivo on the viability of the adipocytes and 

interstitial cells. Despite the prevalence of using collagenase digestion as a means 

to isolate the SVF, a standardized time for collagenase digestion has not been 

reached with times varying between 20 and 90 minutes143–145 and the effect of 

digestion time on the adipocytes and interstitial cells has not been examined 

thoroughly. Our findings in vitro indicate that increasing durations of collagenase 
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time are detrimental to adipocytes and interstitial cell health – increasing 

digestions time leads to a decrease in adipocyte and interstitial cell viability. This 

result has implications in the plastic surgery and laboratory settings, as collagenase 

digestion is used routinely for SVF isolation in the clinic and adipocyte studies in 

the laboratory. This study highlights the importance of monitoring the enzymatic 

activity of the digestion buffer prior to performing experiments in a laboratory 

setting on interstitial cells/adipocytes, or using the cells as part of a fat grafting 

procedure in a clinic. The findings reported in Chapter 4 have been previously 

published in Plastic and Reconstructive Surgery journal. 

In Chapter 5 we aimed to build on our findings from Chapter 4 by 

determining the effect of collagenase digestion on in vivo graft survival. In Chapter 

4 we determined that prolonged collagenase digestion reduces adipocyte and 

interstitial cell viability. We sought to determine if pre-digestion of the adipocytes 

that comprise the grafts reduces the overall volume retention of the graft post-

implantation. Further, we aimed to determine if SVF supplementation aids in the 

volume retention of these implanted grafts. We utilized a published murine 

xenografts model in which we implanted human adipose tissue (collagenase 

digested or not, SVF supplemented or not) on top of murine scalps. We performed 

micro-CT scans at various time points up to twelve weeks and calculated estimated 

volume of the adipose tissue by three dimensional volume rendering. We harvested 

the tissue at the terminal time point and recorded the mass of the tissue and 

histologically evaluated the grafts. We found that collagenase pre-digestion of the 
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adipocytes significantly reduces the volume of fat after implantation with nearly no 

adipose tissue left in the collagenase digested groups after two weeks. SVF 

supplementation improved the retention of the collagenase-digested group but was 

not able to rescue the volume retention to a level that was observed in non-digested 

tissue. The results of H&E staining and masses of the grafts were consistent with 

observation from the micro-CT scans. Chapter 5 will form the basis for an article to 

be submitted to Plastic and Reconstructive Surgery. 

In Chapter 6, we were presented with a unique case study in which we 

applied techniques learned in Chapter 4 to understand a pathological condition 

which presents as a side effect following a commonly used adipose tissue reduction 

treatment. CoolSculpting®, a non-invasive technique that uses cold exposure to 

reduce adiposity within a patient has a rare side effect termed paradoxical adipose 

hyperplasia (PAH) in which the adipose tissue expands following treatment. We 

obtained tissue samples from a patient that experienced PAH and were able to 

compare cryolipolysis-treated adipose tissue to control (untreated) tissue. We used 

techniques and immunofluorescent stains optimized in Chapter 4 to assess 

adipocyte and interstitial cell viability across the two treatment groups. Our 

findings from this case study were published in the Aesthetic Surgery Journal and 

are the basis of Chapter 6. 

Chapter 7 describes a collaborative project with Dr. Cassandra Fraser’s 

chemistry lab at the University of Virginia. Her lab has formulated a biomaterial 

that is oxygen-sensitive and is responsive to physiological oxygenation levels. In 
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collaboration with members of her lab, we designed an imaging platform coupled 

with oxygen-sensitive nanoparticles for use as a wound diagnostic device. The 

overall goal of the project is to design a device capable of resolving local oxygenation 

levels within a wound bed to aid in wound diagnosis in the clinic. We believe that 

the device has applications in the plastic surgery field as well ranging from 

diagnosis of proper oxygenation levels within a transferred tissue flap or the 

monitoring of an evolving burn or injury. We obtained promising results in these 

preliminary proof-of-concept studies with the ability to resolve oxygenation levels 

within a murine full thickness skin wound. These findings, along with the material 

characterization studies, are being submitted to the Journal of the American 

Chemical Society and comprise Chapter 7 of the thesis. 

Lastly, in Chapter 8, I discuss my overarching goal of these studies – 

improving autologous fat graft retention. First, I discuss the key contributions to 

the field as well as extended applications that arose from this body of work. I 

continue the chapter with a discussion of exciting next steps for this line of work 

and conclude the chapter with final reflections about these studies.  
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Abstract 

Objective 

During autologous flap transplantation for reconstructive surgeries, plastic 

surgeons use a surgical pre-treatment strategy called “flap delay”, which entails 

ligating a feeding artery into an adipose tissue flap 10-14 days prior to transfer. It is 

believed that this blood flow alteration leads to vascular remodeling in the flap, 

resulting in better flap survival following transfer; however, the structural changes 

in the microvascular network are poorly understood. Here, we evaluate 

microvascular adaptations within adipose tissue in a murine model of flap delay. 

Methods and Results 

We used a murine flap delay model in which we ligated an artery supplying the 

inguinal fat pad. Although the extent of angiogenesis appeared minimal, significant 

diameter expansion of pre-existing collateral arterioles was observed. There was a 

5-fold increase in recruitment of CX3CR1+ monocytes to ligated tissue, a 3-fold 

increase in CD68+/CD206+ macrophages in ligated tissue, a 40% increase in 

collateral vessel diameters supplying ligated tissue, and a 6-fold increase in the 

number of proliferating cells in ligated tissue.  

Conclusions  

Our study describes microvascular adaptations in adipose in response to altered 

blood flow and underscores the importance of macrophages. Our data supports the 

development of therapies that target macrophages in order to enhance vascular 

remodeling in flaps. 
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Introduction 

The microvasculature is a dynamic system that changes its function and structure 

in response to biochemical and biomechanical stimuli. Prolonged ischemia, (e.g. the 

loss of blood flow to a region of tissue), is a particularly potent stimulus for 

angiogenesis, the formation of new blood vessels from pre-existing blood vessels146–

148 and arteriogenesis, the process by which pre-existing arteries/arterioles remodel 

to increase their diameter68,95,149. Angiogenesis and arteriogenesis are capable of 

restoring blood flow to ischemic tissue95,150, providing injured tissue with the 

necessary nutrients to regenerate, and protecting against future ischemic 

damage151. While angiogenesis and arteriogenesis are physiological processes that 

occur in health (e.g. during exercise91,152 and menstruation153) and during disease 

(e.g. in response to ischemic insult68,95,149 and endometriosis154), the plastic surgery 

community has developed surgical strategies that presumably leverage these 

processes to aid in the repair of soft tissue defects through the use of autologous 

flaps.  

Soft tissue defects commonly result from trauma, congenital disorders, or 

post-operative cancer resections1. Autologous flaps, which can be composed of fat, 

muscle, and/or skin, are surgically transferred from one region of the body to the 

site of the defect for reconstruction. Partial autologous flap loss due to inadequate 

blood flow can lead to multiple operations and a persisting defect. A pretreatment 

surgical technique termed “flap delay” involves the ligation of the main feeding 

vessel into the fat 10-14 days prior to tissue transfer to the recipient site. It is 
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believed that this alteration in blood flow leads to growth and remodeling of the 

microcirculation, which allows for transfer of more tissue and improves autologous 

flap survival155,156. Although flap delay is performed routinely in the clinical setting 

and has been for many years, dating back to the first delayed flap for nasal 

reconstruction by Gaspare Tagliacozzi in the 16th century30, the type of vascular 

remodeling that occurs within an autologous flap (angiogenesis, arteriogenesis, or 

both) and the types of vessels that undergo remodeling within the network (i.e. 

arterioles, capillaries, and/or venules) remain in question. Although the autologous 

flap is a composite tissue, the majority of the volume comes from the adipose tissue 

itself, and therefore a purely “adipose flap” will be the subject of our studies. 

Prior studies have focused on the cellular composition and protein levels 

within an autologous flap, examining metabolic changes of the adipocytes, 

angiogenic protein secretion (VEGF, bFGF)33, upregulation of hypoxia-inducible 

factor 1-α34, and increased recruitment of endothelial progenitor cells35. Other 

studies have examined vessel dilation responses following vascular delay by using 

non-invasive laser Doppler flowmetry157 and perfused tissue sections158; however, 

few studies to date have examined how the microvascular network dynamically and 

structurally adapts in concert with the immune cell compartment following 

ischemic ligation in a clinically relevant model of flap delay. 

In this study, we investigated how the microvasculature in a purely adipose 

flap remodels – at the network level – in response to ischemic ligation of a feeding 

artery. By evaluating both angiogenesis and arteriogenesis, as well as immune cell 
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recruitment in a published murine model of flap delay147, our data show that 

arteriogenesis predominates over angiogenesis and that macrophages aid in the 

arteriogenic response following recruitment to the delayed adipose flap after 1-3 

days. We examine the remodeling response at early time points to observe the 

interplay between immune cell recruitment and subsequent differentiation with the 

microvascular remodeling response. Understanding how the microvasculature of 

adipose tissue structurally adapts in response to ligation can suggest therapeutic 

mechanism(s) to further enhance autologous flap survival following flap delay, and 

improve long-term volume retention which will lead to better patient outcomes, 

fewer corrective procedures, and reduced cost burden on the healthcare system. 
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Materials and Methods 

Inguinal fat pad ligation surgery 

All procedures were performed in accordance with the Institutional Animal Care 

and Use Committee of the University of Virginia. Eight to sixteen week old 

C57BL/6 mice were used for all studies, unless otherwise specified, with the number 

of mice denoted in figure legends. A modified, previously published inguinal fat pad 

ligation model147 was used. Briefly, mice were anesthetized with 

ketamine/xylazine/atropine (60/4/0.2 mg/kg) and a 1.5 cm incision was made in the 

skin overlying the left inguinal fat pad using a scalpel blade. Skin and underlying 

connective tissue were carefully undermined using blunt dissection to expose the 

epigastric artery, which feeds the inguinal fat pad. The murine inguinal fat pad is a 

closed-network with one main feeding artery and typically three to four smaller 

collateral vessels that enter the lateral side of the fat pad from the skin (Figure 

2.1A). A 10-0 nylon suture (Ethicon, Somerville, NJ) was used to ligate the 

epigastric artery after carefully separating the artery from its paired vein. The 

epigastric artery was severed following ligation, and loss of blood flow was 

confirmed visually using a surgical microscope under 3x magnification. The incision 

was closed with 8-0 nylon suture (Ethicon, Somerville, NJ). At subsequent time 

points (30 minutes, 12 hours, 24 hours, 72 hours), adipose tissue was harvested 

from euthanized mice, as described below. Sham surgery was performed on the 

contralateral side of each mouse. For the sham surgery, a 10-0 nylon suture was 

passed underneath the epigastric artery but was not tied, and the incision was 

closed with 8-0 nylon suture. 
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Figure 2.1: In vivo murine model of flap delay  

A.) Schematic of inguinal fat pad including epigastric artery (ligation site), 
femoral artery, collateral vessel, and areas of interest. B.) Macroscopic view of 
inguinal fat pad (outlined in blue) and ligation site. Scale bar = 5 mm. C.) 
Confocal micrograph of epigastric artery stained with α-smooth muscle actin. 
Scale bar = 100 µm. 

 

Intravascular perfusion of isolectin to visualize blood flow  

The presence of flow in blood vessels was determined using intravascular perfusion 

of isolectin in Tie2-GFP reporter mice. Following ligation or sham surgery at 

specified time points (30 minutes, 12 hours, 24 hours, and 72 hours), the jugular 

vein was surgically exposed in anesthetized mice. 50 µg of Alexa Fluor 647 

conjugated Isolectin GS-IB4 from Griffonia simplicifolia (Life Technologies, Grand 

Island, NY) was suspended in 150 µL of sterile PBS (Life Technologies, Grand 

Island, NY) and drawn into a 28-gauge insulin syringe (Smiths Medical, Dublin, 

OH). The needle was carefully inserted into the jugular vein and the isolectin 

solution was slowly injected to prevent vessel rupture. Isolectin was allowed to 

circulate for 10 minutes, and then the mouse was humanely euthanized via CO2 
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asphyxiation. Samples of the inguinal fat pad were harvested and whole-mounted 

for confocal microscopy, as described below.  

 

Harvest of adipose tissue 

Mice were euthanized via CO2 asphyxiation. Mice were positioned supine, and all 

four paws were pinned to corkboard. A horizontal incision was made in the 

abdomen to expose the peritoneal membrane without puncturing. The skin was 

peeled back from the mouse to expose the subcutaneous inguinal fat pad. Areas of 

the inguinal fat pad or collateral vessels of interest were carefully excised. The 

“proximal” region was defined as the area of the inguinal fat pad immediately 

adjacent to where the epigastric artery enters the fat pad, the “distal” region was 

defined as the area adjacent to where the middle collateral vessel enters the 

inguinal fat pad, and the “distal” region was defined as the area of the adipose 

tissue furthest from where the epigastric artery enters the fat pad (Figure 2.1). 

Adipose tissue and collateral vessels were immunostained for confocal microscopy or 

used in other assays, as described below.  

 

Whole mounting and confocal imaging of excised adipose tissue 

Harvested and immunostained samples of adipose tissue were allowed to adhere to 

gelatin coated microscope slides for 5 minutes. Slides were sealed with coverslips in 

50:50 PBS/glycerol (Sigma-Aldrich, St. Louis, MO) solution. All fluorescently-

labeled samples were imaged using a Nikon TE 2000-E2 microscope (Nikon 
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instruments, Melville, NY) equipped with a Melles Griot Argon Laser System 

(Melles Griot Carlsbad, CA) and a Nikon D-Eclipse C1 confocal attachment. 40 µm 

Z-stacks with 2 µm step size were acquired of whole-mounted tissue to account for 

tissue depth. Magnification power varied from 10x magnification to 60x 

magnification and is indicated by scale bars on presented images. Multiple FOVs 

were acquired for each tissue, as listed for each study in the figure legend. 

 

Quantification of isolectin perfusion in adipose microvessels 

Separate images were taken for both the endogenous Tie2-GFP reporter (which 

labels blood vessels) and the intravascularly perfused isolectin (which labels blood 

vessels that have flow). 200x images (at least four unique FOVs per sample) were 

thresholded and converted to black and white to reduce background using 

ImageJ159. Images were then skeletonized so that each blood vessel was one pixel 

wide to account for differences in blood vessel caliber. The percent area of black 

pixels covering each image was calculated, and the ratio of the percent area of lectin 

perfused blood vessels to the percent area of the Tie2-GFP+ blood vessels was 

calculated. A ratio of 1.0 is indicative of complete isolectin perfusion of the Tie2-

GFP+ blood vessels. 
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Figure 2.2: Vascular flow profile of flap delay model 

Confocal micrographs reveal nearly complete flow recovery 72 hours post-ligation in 
the distal area. All vessels (A,C,E,G) are visualized using the Tie2-GFP mouse, while 
perfused vessels are visualized using isolectin intravascularly perfused (B,D,F,H). 
A,B.) All vessels and perfused vessels 30 minutes post-ligation. C,D.) Endogenous 
and perfused vessels 12 hours post-ligation. E,F.) Endogenous vessels and perfused 
vessels 24 hours post-ligation. G,H.) Endogenous and perfused vessels 72 hours post-
ligation. I.) Quantification of perfusion to all vessels in the proximal region reveals a 
significant decrease in perfusion in ligated tissue 30 minutes, 12 hours, and 24 hours 
post-surgery (p-value < 0.05, Two-way ANOVA. J.) Quantification of perfusion to all 
vessels in the distal region reveals no significant decrease in perfusion in ligated 
tissue 30 minutes, 12 hours, and 24 hours post-surgery (p-value < 0.05, Two-way 
ANOVA. Three mice were used for each time point and four FOVs were quantified. 
Scale bar = 100 µm. Data presented are mean + standard deviation for graphs. 
Microvessel network structural analysis 
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Samples of adipose from ligated and sham inguinal fat pads were harvested 3 days 

post surgery from the specified regions (proximal or distal) and fixed overnight in 

4% PFA at 4°C. Samples were washed three times with PBS and submerged in 100 

µL of 0.3% (v/v) Triton X-100/PBS for 3 hours at room temperature to permeabilize 

the tissue. Following permeabilization, the tissue was submerged in 100 µL of Alexa 

Fluor 568 conjugated isolectin diluted in 0.3% Triton X-100/PBS at 1:300. Samples 

were incubated in antibody solution on a rocker at 4°C overnight protected from 

light. Following staining, samples were washed five times for five minutes per wash 

with 0.3% Triton X-100/PBS. Samples were mounted on glass slides. Images (at 

least four unique FOVs per sample) were acquired using confocal microscopy. 

Images were acquired of regions that included only capillaries and excluded larger 

caliber vessels (e.g. arterioles and venules) to assess the extent of angiogenesis 

within the capillary bed specifically. A previously published MATLAB GUI, Rapid 

Analysis of Vessel Elements (RAVE)160, was used to analyze blood vessel 

characteristics, specifically VLD and VVF.  

 

In vitro angiogenesis sprouting assay 

Tissue was harvested 3 days post surgery from ligated and sham inguinal fat pads 

at the specified regions (proximal and distal) in six mice. A previously published 

model for determining angiogenic capability161 was used to assess the angiogenic 

capability of ligated and sham tissue. Briefly, six small ~1 mm3 pieces of sample 

tissue were embedded into 40 µL Growth Factor Reduced BD Matrigel Matrix 
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Phenol-Red Free (BD, Franklin Lakes, NJ). After Matrigel solidified, the plug was 

covered with 200 µL of Endothelial Cell Growth Medium (EGM-2, Lonza, Basel, 

Switzerland). Media was changed every other day. Four, 40x brightfield images of 

each adipose tissue explant were acquired using a Nikon TE 2000-E2 microscope, 

and the percent of explants exhibiting capillary sprouting were calculated. Explants 

were considered positive for sprouting when new capillary networks were observed 

on the periphery of the adipose tissue explant. 

Quantification of collateral vessel diameter 

Three days post surgery, five mice were euthanized via CO2 asphyxiation and both 

left and right inguinal fat pads were surgically exposed, as described above. The 

collateral vessel entering the fat pad was located in the distal region of the fat pad. 

The fascia above the collateral vessel was removed to expose the vessel. The 

collateral vessel was carefully removed to retain structural integrity and was placed 

on a gelatin-coated slide. The collateral vessel was allowed to adhere for five 

minutes and the collateral vessel was encircled with a hydrophobic pen. 100 µL of 

18.3 µM adenosine in Ringer’s solution was superfused onto the vessel for five 

minutes to ensure vessels were maximally dilated, which allowed direct comparison 

between the collateral vessels of ligated and sham adipose tissues. Adenosine was 

aspirated, and 100 µL of 4% PFA was superfused onto the vessels. Vessels were 

stored in a hydrated petri dish overnight at 4°C. 
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Figure 2.3: Assessment of angiogenesis in flap delay model 

No difference in angiogenic capability between sham and ligated tissue. En face 
visualization of adipose tissue and quantification using RAVE reveals no difference 
in VLD (A) or VVF (B). Three mice with four FOVs were used for calculation of VLD 
and VVF. Schematic of angiogenic capability assay (C) to assess sprouting 
prevalence (D,E) and vessel length density of sprouting events (F,G) in sham and 
ligated tissue by region of interest. Six mice were used and six samples were taken 
from each for use in the angiogenic capability assay. Scale bar = 100 µm. p-value < 
0.05, Two-way ANOVA.  Data presented are mean + standard deviation for all 
graphs. 
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Vessels were then immunostained to visualize the vascular smooth muscle 

cells, as follows. The PFA fixative solution was first aspirated and 100 µL of 5% 

(volume/volume) mouse serum in 0.3% Triton X-100/PBS was superfused for 

blocking and permeabilization of the vessel for 3 hours at room temperature. The 

blocking and permeabilization solution was removed, and 100 µL of monoclonal 

anti-actin, α-smooth muscle Cy3 (Sigma-Aldrich, St. Louis, MO, Clone 1A4) diluted 

in 5% mouse serum in 0.3% Triton X-100/PBS at 1:200 was added. Samples were 

incubated overnight at 4°C protected from light. Samples were washed five times 

with 0.3% Triton X-100/PBS for five minutes per wash. Slides were sealed with 

glass coverslips in 50:50 PBS/glycerol solution. 

200x images of the collateral vessels were taken using confocal microscopy. 

Images included the feeding branch, the first branch in the adipose tissue, and the 

second branch in the adipose tissue. ImageJ was used to calculate the vessel 

diameters. Each individual sham diameter (e.g. 1st animal, 2nd branch, sham) was 

paired with the corresponding individual ligated diameter (e.g. 1st animal, 2nd 

branch, ligated) and a paired t-test was run. 

 

CX3CR1-eGFP+ cell recruitment in inguinal fat 

Three CX3CR1-eGFP mice crossed with NG2-DsRed mice were used for the 

monocyte and macrophage recruitment studies86. CX3CR1-eGFP cells consist 

mainly of monocyte-derived macrophages, but dendritic cells and NK cells will also 

exhibit eGFP fluorescence162. Ligation or sham surgery was performed as described 
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previously. 24 hours post-surgery, mice were anesthetized, and the jugular vein was 

surgically exposed. 50 µg of Alexa Fluor 647 conjugated Isolectin GS-IB4 from 

Griffonia simplicifoli was injected into the jugular vein and was allowed to circulate 

for 10 minutes, as described above. Mice were euthanized via CO2 asphyxiation. 

Samples of adipose were harvested at the distal location (described above) and 

whole-mounted for confocal imaging. 200x images (four FOVs per sample) were 

acquired with the collateral vessel centrally located in each image. CX3CR1-eGFP+ 

cells located outside of the collateral vessels were quantified per field of view using 

ImageJ. 

 

CD68+ and CD206+ macrophage quantification in inguinal fat 

Ligation or sham surgery was performed as described above. Three days post-

surgery, mice were humanely euthanized and samples of adipose tissue from the 

proximal and distal regions of each inguinal fat pad were harvested and fixed 

overnight in 4% PFA at 4°C. Samples were washed three times with PBS and 

submerged in 100 µL of 0.3% (v/v) Triton X-100/PBS for 3 hours at room 

temperature to permeabilize the tissue. Following permeabilization, the tissue was 

submerged in either (1) 100 µL of Alexa Fluor 488 conjugated isolectin (1:300) and 

Alexa Fluor 647 anti-mouse CD68 (AbD Serotec, Raleigh, NC, Clone FA-11) (1:200) 

diluted in 0.3% Triton X-100/PBS, or (2) 100 µL of Alexa Fluor 546 conjugated 

isolectin (1:300), Alexa Fluor 647 anti-mouse CD68 (AbD Serotec, Raleigh, NC, 

Clone FA-11) (1:200), and Alexa Fluor 488 anti-mouse CD206 (AbD Serotec, 
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Raleigh, NC, Clone MR5D3) (1:200) diluted in 0.3% Triton X-100/PBS. Samples 

were incubated in antibody solution on a rocker at 4°C overnight protected from 

light. Following staining, samples were washed five times with 0.3% Triton X-

100/PBS for five minutes per wash. Samples were mounted on glass slides. 200x 

images (at least four unique FOVs for each sample) were acquired using confocal 

microscopy, and CD68+ and CD206+ cells were quantified using ImageJ. 

 

Quantification of proliferating cells 

Samples of adipose tissue from the proximal and distal regions were acquired as 

described above under “Macrophage recruitment”. Tissue samples were submerged 

in 100 µL of Alexa Fluor 488 anti-mouse F4/80 (AbD Serotec, Raleigh, NC, Clone 

A3-1) (1:100), Alexa Fluor 546 conjugated isolectin (1:300), and Alexa Fluor 647 

anti-mouse Ki-67 (Biolegend, San Diego, CA, Clone 16A8) (1:300) and diluted in 

0.3% Triton X-100/PBS. Images were acquired using confocal microscopy as 

described above, and Ki-67+ cells, as well as F4/80+/Ki-67+ cells, were quantified in 

ImageJ. 

 

Statistical analysis 

A two-way ANOVA or a Student’s t-test was performed, as indicated in each figure 

caption. Statistical significance was asserted at p-values < 0.05. All data are 

presented as average + standard deviation. 
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Results 

Surgical ligation eliminates blood flow through the epigastric artery but perfusion is 

recovered 72 hours after ligation 

The reproducible vascular anatomy of the inguinal fat pad (Figure 2.1A) enabled us 

to study vascular remodeling in both the collateral vessels and in the vessels 

downstream of the ligation in the epigastric artery. To study vascular growth and 

remodeling in different regions of the inguinal fat pad, we divided it into two 

regions, relative to where the epigastic artery enters the fat pad: proximal and 

distal (Figure 2.1A). A macroscopic view of the inguinal fat pad (Figure 2.1B) shows 

the femoral artery, as well as the ligation site within the epigastric artery. 

Immunofluorescent staining for α-smooth muscle actin was performed to measure 

the diameter of the epigastric artery, which was roughly 150 µm (Figure 2.1C). Loss 

of blood flow downstream of the ligation site in the epigastric artery was visually 

confirmed following ligation, and in the contralateral fat pad undisturbed blood flow 

was visually confirmed following sham surgery. 

Use of the Tie2-GFP reporter mouse allowed for visualization of arterioles, 

capillaries, and venules in the inguinal fat pad. Endothelial cells in these mice 

express GFP under the control of an endothelial-specific receptor tyrosine kinase 

(Tie2) promoter. Confocal micrographs of all samples revealed the expected lacy 

structure of the vascular network in the adipose tissue (Figures 2.2A, 2.2C, 2.2E, 

2.2G). Intravascular perfusion of isolectin allowed for visualization of perfused 

vessels, and comparison with Tie2 expressing vessels in the same FOV (Figures 

2.2B, 2.2D, 2.2F, 2.2H). We hypothesized that we would see a loss in perfusion 
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surrounding the ligation site (proximal) immediately following ligation, but would 

observe a gradual increase in perfusion due to vessel remodeling in the distal  

region of the inguinal fat pad. We also hypothesized that there would be little to no 

alteration in the perfusion of the distal blood vessels where the collateral vessel 

enters. Representative confocal micrographs and quantification of images such as 

these revealed a near complete loss of perfusion in ligated tissue in the proximal 

region 30 minutes post-surgery (Figure 2.2B and 2.2I). Gradually and linearly over 

the next 72 hours, ligated fat pads experienced full recovery of perfusion (Figure 

2.2H and 2.2I). In contrast, the ratio of perfused isolectin to Tie2-GFP expressing 

vessels in the sham fat pad maintained a relatively constant ratio close to 1.0, 

indicating no loss of perfusion following sham surgery (Figure 2.2I). Additionally, 

examination of confocal micrographs within the distal regions of the sham and 

ligated tissues (images not shown) and quantification of these images (Figure 2.2J), 

showed no alteration in perfusion in the distal regions of either sham or ligated 

tissues.  

 

Vessel length density and volume vessel fraction are not affected by arterial ligation 

An increased VLD and/or an increased VVF is indicative of angiogenesis. Therefore, 

to determine the extent of angiogenesis in the inguinal fat pad following surgical 

ligation of the epigastric artery, we used an automated image analysis program, 

RAVE to calculate VLD and VVF in samples obtained from different anatomical 

regions of the ligated and sham tissues. Images were acquired from isolectin 
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stained, whole-mounted tissue. No significant difference in VLD or VVF was 

observed between ligated and sham tissue, irrespective of the anatomical region 

(Figure 2.3A). We also compared the VVF between ligated and sham tissue based on 

anatomical region and saw no significant differences (Figure 2.3B).  

 

Angiogenic sprouting capability is not affected by ligation 

To test whether ligated tissue has a higher angiogenic capability than sham tissue, 

we used a previously published in vitro assay of functional angiogenic capability. 

Small pieces of adipose tissue (~1-2 mm3) obtained from ligated and sham tissues 

were embedded into growth factor reduced Matrigel supplemented with endothelial 

growth media (Figure 2.3C). After 4-5 days endothelial sprouting and network 

formation were observed (Figure 2.3C). There was no significant difference in the 

percent of explants that exhibited endothelial sprouting between ligated and sham 

tissues (Figure 2.3D) regardless of the anatomical location from which the explants 

were harvested (Figure 2.3E). Consistent with the en face visualization of the 

capillary network, we did not observe an increase in vessel length density from the 

sprouts observed (Figure 2.3F,G) during the angiogenic capability assay from 

ligated tissue when compared to sham tissue. 

 

Collateral vessel diameters enlarge following ligation 

We were able to carefully excise the distal collateral vessel and keep it structurally 

intact for diameter measurement under maximal dilation (Figure 2.4A). We 
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removed the collateral vessel from the animal so that we could measure diameter 

changes in the first and second branch within the inguinal fat pad, something that 

is not possible using intravital microscopy due to the opacity of the adipose tissue. 

The measurements were taken following adenosine dilation at the feeding vessel 

entering the inguinal fat pad, at the first branch, and at the second branch. Relative 

to the distal collateral vessel on the contralateral sham side, the ligated distal 

collateral vessel experienced a statistically significant increase in the vessel 

diameter (Figure 2.4B). The average percent increase from sham to ligated tissue 

was 56.9% for the feeding vessel, 38.7% for the first branch, and 41.3% for the 

second branch. 

 

 
Figure 2.4: Diameter quantification of collateral vessel 

Confocal micrographs of excised, structurally conserved collateral vessels reveal an 
increase in vessel diameter in ligated tissue when compared to paired sham tissue. 
A.) Excised collateral vessel stained with α-smooth muscle actin with feeding vessel, 
1st branch, and 2nd branch identified. B.) Individual diameter measurements for 
sham tissues were paired with corresponding diameter measurements for ligated 
tissues (in the same mouse) and a paired t-test was run (p-value < 0.01). Five mice 
were used to quantify collateral vessel diameters. Scale bar = 50 µm.  
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CX3CR1-eGFP monocyte recruitment is increased 24 hours post ligation 

Monocyte recruitment to remodeling arterioles is a hallmark of arteriogenesis163,164, 

and monocytes have been shown by our lab to extravasate from the venules as early 

as 6 hours post-ligation in skeletal muscle86. By using CX3CR1-eGFP mice crossed 

with NG2-DsRed mice and intravascularly perfusing isolectin, we were able to 

distinguish arterioles from venules55 and examine the time course of recruitment of 

monocytes (eGFP+ cells) to the remodeling tissue in the distal area of the inguinal 

fat pad. 24 hours after surgery, a statistically significant increase in CX3CR1-

eGFP+ cells was seen in the ligated tissue when compared to the sham tissue 

(Figures 2.5A, 2.5B). Quantification revealed an average of 68 eGFP+ cells in the 

ligated tissue per FOV as compared to 10 eGFP+ cells in the sham tissue per FOV 

after 24 hours (Figure 2.5C).  

 
Figure 2.5: Monocyte recruitment to collateral vessel 

Confocal microscopy revealed an increased presence of recruited monocytes to ligated 
tissue. A,B.) Confocal micrographs show an increase in CX3CR1-eGFP+ cells (green) 
in ligated tissue when compared to sham tissue. C.) Quantification of eGFP+ cells per 
FOV reveals an increase in eGFP+ cells in ligated tissue (p-value < 0.001, Student’s t-
test). Three mice were used and four FOVs were quantified. Scale bar = 50 µm. Data 
presented are mean + standard deviation. 
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CD68+ and CD206+ cell recruitment is increased 72 hours post ligation 

72 hours post-ligation, an increase in CD68+ cells (i.e. macrophages165) was seen in 

the distal region of the ligated tissue (Figure 2.6A) when compared to the distal 

region of the sham tissue (Figure 2.6B). Quantification of the number of CD68+ cells 

per FOV revealed that there were roughly twice as many CD68+ cells per FOV in 

the ligated distal tissue (113 CD68+ cells/FOV) as compared to the sham distal 

tissue (66 CD68+ cells/FOV) (Figure 2.6C). There was no significant difference in the 

number of CD68+ cells in either the proximal region of the ligated tissue or the 

proximal region of the sham tissue (Figure 2.6C). 

 
Figure 2.6: Macrophage recruitment to collateral vessel 

Immunofluorescent staining revealed an increase in the number of macrophages 
within ligated tissue. A,B.) Confocal micrographs show an increase in CD68+ cells 
(blue) in ligated tissue when compared to sham tissue. C.) Quantification of CD68+ 
cells per FOV reveals an increase in CD68+ cells in ligated tissue in the distal region 
(p-value<0.01, Two-way ANOVA). Three mice were used and four FOVs were 
quantified. Three mice were used and four FOVs were quantified. Scale bar = 50 µm. 
Data presented are mean + standard deviation. 

 

72 hours post-ligation, we observed an increase in the number of 

CD68+/CD206+ cells in the distal tissue when compared to the sham distal tissue 

(Figures 2.7A, 2.7B). We used CD206, the murine mannose receptor, coupled with 

the CD68 antibody to identify M2 polarized macrophages based on previous 
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literature and studies86,166–168. Interestingly, the shape, size, and location of these 

CD68+/CD206+ cells were markedly different in ligated as compared to sham tissue. 

In ligated tissues, CD68+/CD206+ cells were much larger, as compared to the 

CD68+/CD206+ cells in sham tissue (Figure 2.7A,B). Moreover, CD68+/CD206+ cells 

in sham tissues were located on vessels, appearing to wrap around the capillaries, 

but in ligated tissues CD68+/CD206+ cells did not appear to be associated with or 

adjacent to blood vessels in this manner. Further, the CD68+/CD206+ cells in the 

ligated tissue were frequently present in pairs, which was an infrequent 

observation in sham tissue. 

 
Figure 2.7: Anti-inflammatory macrophage recruitment to  

collateral vessel 
More anti-inflammatory macrophages were found in ligated tissue. A,B.) Confocal 
micrographs show an increase in CD206+ cells (green) in ligated tissue when 
compared to sham tissue. C.) Quantification of CD206+ cells per FOV reveals an 
increase in CD206+ cells in ligated tissue in the distal region (p-value<0.001, 
Student’s t-test). Three mice were used and four FOVs were quantified. Scale bar = 
50 µm. Data presented are mean + standard deviation. 
 

Ki-67+ cells are increased in ligated tissue 

To evaluate the number of proliferating cells, a cellular marker for entry into the 

active phases, Ki-67, was used. The Ki-67 protein is absent when cells are resting 
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(G0) and present when cells are in active phases (G1, S, G2, and mitosis). Seventy-

two hours post-ligation, we observed an increase in Ki-67+ cells in the distal region 

of the ligated tissue (Figure 2.8A) when compared to the distal region of the sham 

tissue (Figure 2.8B).  Quantification revealed roughly six times more Ki-67+ cells in 

the ligated distal tissue (average 39 Ki-67+ cells) than in the sham ligated tissue 

(average 175 Ki-67+ cells) (Figure 2.8C). 

 
Figure 2.8: Proliferating cells surrounding collateral vessel 

Cell proliferation was increased in ligated tissue. A,B.) Confocal micrographs show 
an increase in Ki-67+ cells (blue) in ligated tissue when compared to sham tissue. C.) 
Quantification of Ki-67+ cells per FOV reveals an increase in Ki-67+ cells in ligated 
tissue in the distal region (p-value<0.001, Student’s t-test). Three mice were used and 
four FOVs were quantified. Scale bar = 50 µm. Data presented are mean + standard 
deviation. 
 

Co-labeling of excised ligated and sham fat pads with F4/80 and Ki-67 

revealed enhanced co-localization of F4/80 and Ki-67 in ligated tissues compared to 

sham tissues, suggesting that macrophage proliferation is/was occurring. There 

were, on average, 63 F4/80+/Ki-67+ cells in ligated tissue per FOV with 45.4% of 

F4/80+ cells also staining positively for Ki-67. In sham tissue, there were, on 

average, 8 F4/80+/Ki-67+ cells per FOV with 13.1% of F4/80+ cells also staining 

positively for Ki-67. Co-localization of F4/80 and Ki-67, coupled with the timing of 
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the CD68+/CD206+ recruitment to ligated tissue (72 hours), agrees with the notion 

that M2 macrophages are being recruited to ligated tissue where they are 

proliferating. Co-labeling with CD68+/CD206+ (Figure 2.7B) revealed enlarged, 

paired M2 macrophages, which may also be indicative of active cell proliferation. 
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Discussion 

Microvascular growth and remodeling in response to altered blood flow is an 

important adaptive response that has been widely studied in heart164, skeletal 

muscle86,151,169, and brain170, among other organs. Far less is known about these 

processes in adipose tissue, despite the fact that the body’s response to altered blood 

flow in skin, fat, and muscle is currently exploited in the clinical use of flap delay. 

The goal of our study was to examine structural adaptations of the 

microvasculature – at the network level – in response to altered blood flow in the 

murine inguinal fat pad. By using a combination of in vitro and in vivo assays, we 

found that arteriogenesis, not angiogenesis, predominates in adipose three days 

after surgical ligation of the main feeding artery. Further, we found that CX3CR1+ 

monocytes are actively recruited during collateral vessel diameter enlargement in 

fat. Localized proliferation of F4/80+ cells around remodeling collateral arterioles in 

the inguinal fat pad 72 hours after ligation was synchronized with the observed 

increase in the number of CD68+/CD206+ cells, suggesting a potential role for 

macrophages in collateral vessel remodeling, as has been observed in other 

tissues86,87,93,149.  

Mechanisms of collateral vessel remodeling have been widely studied in 

skeletal muscle in the context of peripheral artery disease171,172. Briefly, it has been 

suggested that obstruction in blood flow causes a redistribution of blood flow 

through collateral vessels leading to alterations in the wall shear stress levels 

experienced by the vascular endothelium, which increases cytokine (e.g. monocyte 

chemotactic protein-1) production by endothelial cells94,173. Hypoxia and/or ischemia 
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may also contribute to collateral vessel enlargement, as epicardial collateral vessel 

enlargement in the coronary circulation has been shown to occur in the absence of 

pressure gradients or wall shear stress changes following partial embolization in 

coronary arterioles174. Recruitment and activation of monocytes downstream of 

ischemia and/or hypoxia is an important process in collateral vessel enlargement. 

Our lab has recently shown that in murine skeletal muscle, monocytes extravasate 

from venules that are paired with collateral arterioles following ligation. 

Recruitment of monocytes, followed by elevated levels of CD68+/CD206+ 

macrophages, was associated with vascular smooth muscle cell proliferation in 

collateral arterioles and collateral vessel diameter expansion by 72 hours86. Our 

data collected in adipose tissue are consistent with these observations in skeletal 

muscle that implicate monocytes and monocyte-derived macrophages in collateral 

arteriole diameter expansion86. Here, we measured an increase in monocyte 

recruitment to the remodeling arteriole 24 hours post-ligation. We also observed a 

significant increase in CD68+ macrophages and in CD68+/CD206+ macrophages in 

the ligated tissue when compared to the sham tissue three days post-surgery. This 

was accompanied by an increase in Ki-67+ cells that were F4/80+. Approximately 

45% of F4/80+ cells also stained for Ki-67 in ligated tissue as compared to 13% of 

F4/80+ cells in sham tissue staining positive for Ki-67. Together, our findings 

suggest that monocyte-derived macrophages recruited from the circulation and 

proliferation of macrophages in the tissue play important roles in collateral vessel 

remodeling in adipose tissue. Whether or not F4/80+ macrophages originated from 
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recruited, monocyte-derived CX3CR1+ cells and the extent to which these recruited 

cells overlap the CD68+/CD206+ macrophage population was not evaluated by our 

study. It is notable, however, that the observations we present here in murine 

adipose tissue mimic what has previously been observed in murine skeletal 

muscle86. We suggest that parallels in the time course of collateral vessel 

remodeling in muscle and fat may be related to the fact that the time course of the 

murine immune response and the diameters of the collateral vessels in both tissues 

are relatively equivalent, even though the metabolic demand between these tissue 

beds may differ substantially175. 

In our study, we observed diameter increase in the collateral arterioles that 

were consistent with previous studies involving the ligation of a feeder artery102,151. 

Moreover, we found that arteriogenesis – the diameter expansion of existing 

collateral arterioles due to structural remodeling of the vessel wall – predominated 

over angiogenesis in adipose tissue following surgical ligation of the main feeding 

artery to the inguinal fat pad. The initiating stimulus in our model is still in 

question; we did not determine the extent to which hypoxia vs. wall shear stress 

changes contributed to the observed collateral enlargement in this model. In future 

work, it will be informative to measure wall shear stress in the collateral arterioles 

that experienced diameter enlargements, and to evaluate whether or not the 

adipose tissue becomes hypoxic after ligation. 

While the role of angiogenesis in response to skeletal muscle ischemia 

appears to be essential, both in pre-clinical models and in clinical data 
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studies93,146,176,177, the role of angiogenesis in vessel adaptations to ischemia in 

adipose tissue remains unclear. Indeed, there is a dichotomy of findings from 

previous studies examining the role of angiogenesis and new blood vessel growth in 

adipose tissue – some studies cite an increase in angiogenesis, while others suggest 

no change or even a decrease158,178. Our studies in the murine inguinal fat pad agree 

with the latter – angiogenesis is not a major component of the adipose tissue’s 

response to arterial ligation, at least within the first three days following ligation. 

We confirmed this finding with in vitro assays as well as en face visualization of the 

vascular network within the adipose tissue. It is possible that we did not observe an 

increase in angiogenesis because the collateral vessel’s ability to rapidly remodel 

(three days) obviates the need for new capillary growth. Perhaps inducing a more 

severe degree of ischemia in the inguinal fat pad by ligating the femoral artery, 

similar to Suga et al.147 (ligation of all collateral blood vessels), would provide a 

stimuli more inductive of angiogenesis. Adipose tissue has been shown to be 

tolerant of hypoxia (as evidenced by viable adipocytes in hypoxic, obese adipose 

tissue179) and has a lower resting metabolic demand when compared to skeletal 

muscle175. Both of these factors may mitigate the need for new capillary growth into 

adipose tissue, and may partially explain why we did not observe angiogenesis in 

our ligation model. 

Our goal was to study the microvascular remodeling responses to vessel 

ligation in adipose tissue in order to better understand why there are improved 

clinical surgical outcomes associated with flap delay. However, our use of a murine 
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model of flap delay makes several assumptions and oversimplifies the clinical flap 

delay procedure. For example, the composition and size of the flap that we 

examined was different than most surgical flaps used in clinical reconstructive 

surgery. While some surgical flaps consist solely of adipose tissue, most flaps are a 

composite tissue consisting of adipose tissue, muscle, and skin19. While our murine 

model is a simplification of the clinical scenario, we feel that our study can offer 

valuable insight because the adipose tissue component of flaps is the most 

voluminous part of the flap and is usually the main determinant of overall volume 

retention. Specifically, breast reconstructive flaps often consist entirely of adipose 

tissue and only a small amount of skin. We analyzed the remodeling response in the 

flap 1-3 days post-surgery rather than 10-14 days post-surgery as is practiced 

clinically and in previously published pre-clinical in vivo models157,158 used to 

investigate flap delay. We chose earlier time points for our studies because we were 

interested in observing the transient recruitment of monocytes and macrophage 

differentiation (0-3 days) during the remodeling response that happen much sooner 

than the 10-14 days, which is the clinical time frame for flap delay. Notably, the size 

of the “flap” we used in our murine model was much smaller relative to the flaps 

that are preconditioned with flap delay procedures in humans. The smaller size of 

our murine “flap” may protect it from oxygen diffusion limitations, and this may 

explain why we did not see a potent induction of angiogenesis in our studies. 

Moreover, it has been shown that the murine immune system differs quite 

substantially from the human immune system180; therefore, the analogous 
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macrophage subpopulations in humans may be different from those studied here in 

mice. It may be possible to address some of the limitations of our study by 

performing future work in rat or rabbit models. We chose to use a published murine 

model because we made use of cell-type specific fluorescent reporters, which is 

difficult in rats or rabbits. However duplicating our study in a larger, more complex 

flap, such as the transverse rectus abdominis muscle flap178,158,  would allow for a 

better comparison to human flaps. Our study motivates future work that should 

examine how the enhancement and/or depletion of monocytes and macrophages 

affect collateral vessel remodeling in adipose tissue. Although our current studies 

focused on monocyte and macrophage recruitment to the remodeling adipose tissue, 

examining other cell types (T cells, B cells, dendritic cells and other monocyte 

subsets106) within the adipose tissue would be of value for future studies. 

We feel that our studies add to the previous studies that examined flap delay 

in various pre-clinical models. While our animal model does not equate perfectly to 

the human anatomy that a plastic surgeon encounters when performing the flap 

delay procedure in the clinic, we believe that our findings highlight the importance 

of collateral vessel enlargement (arteriogenesis) over new vessel sprouting 

(angiogenesis). Our studies provide evidence that the remodeling response may 

initiate much sooner (within 1-3 days) than previously observed in other pre-clinical 

models157,158 and clinically. This finding may be of potential interest to surgeons 

that are forced by clinical circumstance to perform the flap transfer procedure 

earlier than 14 days, as there may already be potential benefit from flap delay 
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procedure at 1-3 days. We also provide a possible therapeutic mechanism 

(recruitment of anti-inflammatory macrophages) that may be targetable by 

pharmacological means138.  

A surgeon will evaluate several metrics of the flap prior to deciding which 

artery to ligate for the flap delay procedure. Based on the volume of the tissue that 

needs to be transferred, a surgeon will perform a more aggressive or less aggressive 

flap delay procedure. For very large volume flaps (~600-800 grams), a surgeon will 

try to ligate most of the feeding arterioles, but for small volume flaps (~200-300 

grams) a surgeon will ligate only a few feeding arteries into the flap. The implicit 

rationale for this practice is that the extent of microvascular remodeling will be 

proportional to the extent of arterial ligation, and larger flaps will require more 

microvascular remodeling and hence more extensive ligations. However, the dose-

response relationship between number of ligations and resulting arteriogenesis has 

not been explored. Although we do not directly address this in our study, our study 

shows that ligating even a single feeding artery can cause dramatic diameter 

expansion in smaller diameter collateral arterioles (e.g. 50 to 100 micrometers in 

diameter). Further, our data suggest that it is important to consider the remodeling 

responsiveness of smaller diameter arterioles that are capable of undergoing 

diameter enlargement. This is a particularly important finding, given the fact that 

in the clinical setting, these vessels are invisible to the surgeon and too small to be 

ligated but may be important contributors to the clinical benefit of flap delay. 
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In summary, our study closely examined the microvascular adaptations that 

occur in adipose tissue following ligation of a major feeding artery and provides 

potential cell targets (i.e. monocytes and macrophages) to enhance blood flow within 

delayed flaps. Understanding how the microvasculature of adipose tissue 

structurally adapts in response to surgically-induced ligation can suggest 

therapeutic mechanisms to further enhance flap survival following flap delay and 

may even eliminate the need for this pre-reconstructive surgical technique leading 

to fewer corrective procedures and reduced cost burden on the healthcare system. 
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Conclusions 

Autologous adipose tissue grafting is being increasingly used to correct soft tissue 

trauma defects, congenital disorders, and disease resections, but resorption of 

grafted adipose tissue is high and unpredictable due to supposed improper 

vascularization. This study examines microvascular remodeling and macrophage 

recruitment in adipose tissue following ligation of the epigastric artery feeding the 

inguinal fat pad. We show that macrophage recruitment and synchronized 

arteriogenesis are responsible for microvascular changes within the adipose tissue. 

While macrophage polarization and collateral diameter expansion/arteriogenesis 

following induced ischemia have been studied extensively in skeletal muscle, we are 

the first to study these processes in adipose. We hope that this paper will serve as a 

platform for new studies examining microvascular remodeling within adipose tissue 

and ultimately improve grafted adipose tissue retention rates. 
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Abstract 

Objective 

A common surgical pre-treatment strategy, “flap delay”, is a technique employed by 

plastic surgeons prior to autologous flap transplantation in which the main feeding 

artery into an adipose flap is ligated 10-14 days prior to transfer. By using a 

previously published murine flap delay model, we observed that the alteration in 

blood flow into the flap induces microvascular changes, namely arteriogenesis 

accompanied with a local increase in M2 macrophages. Here, we aim to test our 

hypothesis that recruited M2 macrophages are required for this arteriogenic 

enhancement within the flap by performing gain-of-function and loss-of-function 

studies.  

Methods and Results 

We used our previously published murine model of flap delay to study the effects of 

locally depleting and enhancing the macrophage population within the adipose flap. 

For gain-of-function studies, we (1) directly injected M2 differentiated macrophages 

into the flap and (2) applied a thin biomaterial film loaded with a pharmacological 

agent (FTY720) that has been previously shown to preferentially recruit M2 

macrophages to remodeling tissue. For loss-of-function studies, we depleted local 

macrophage populations within the inguinal fat pad by clodronate liposome 

delivery. All interventions were applied to the fat pad during surgery, and collateral 

vessel diameter enlargement (arteriogenesis) and macrophage numbers within the 

tissue were quantified. We observed an increase in the collateral vessel diameter 

after ligation surgery for fat pads directly supplemented with M2 macrophages and 
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for fat pads with FTY720-loaded films. Concurrently, we observed an increase in 

CD206+ cells in M2 supplemented tissues and FTY720 treated tissues. Clodronate 

liposomes decreased the number of CD68+ cells and decreased the collateral vessel 

diameter measurements after ligation surgery. Taken together, these data suggest 

that macrophages, and specifically M2 macrophages, are important in the 

arteriogenesis remodeling response observed in our murine flap delay model. 

Conclusions 

This study underscores the importance of M2 macrophages during microvascular 

adaptations (mainly arteriogenesis) induced by flap delay. These studies suggest a 

mechanism for a translatable therapeutic target that may be used to enhance the 

flap delay procedure.  
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Introduction 

Microvascular growth and remodeling is an adaptive process that has been widely 

studied in skeletal muscle86,151,169, heart164, and brain170, among many other organs. 

Arteriogenesis and angiogenesis represent two compensatory mechanisms that are 

crucial to restore proper blood flow and maintain tissue health in response to 

biomechanical/biochemical cues (i.e. hypoxia or increased shear stress). 

Arteriogenesis is the process by which collateral vessel increase their 

diameter68,95,149 while angiogenesis is the formation of new blood vessels from pre-

existing blood vessels146–148. Far less is known about these microvascular 

remodeling responses in adipose tissue despite plastic surgeons harnessing these 

innate microvascular adaptations to improve autologous fat grafting retention rates 

by using a pre-surgery technique called “flap delay”155,156. Flap delay involves the 

ligation of the main vascular pedicle into the flap 10-14 days prior to tissue transfer. 

It is believed that the induction of altered blood flow into the flap elicits a 

remodeling response within the flap (increased vascular growth, for example), 

which leads to better graft survival. In our preceding studies, we adapted a pre-

existing model147 to formulate a clinically relevant murine model of flap delay181. 

Our findings in Chapter 2 suggest that recruitment and proliferation of anti-

inflammatory M2 macrophages and subsequent enlargement of a pre-existing 

collateral vessel (arteriogenesis) is the main mechanism responsible for the 

observed microvascular changes within the flap181. In order to better understand 

the proposed mechanism responsible during flap delay, we conducted a series of 

gain-of-function and loss-of-function studies in this pre-clinical model of flap delay, 
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harnessing the published capabilities of the following interventions: (1) exogenous 

macrophage delivery (gain-of-function), (2) treatment with sphingosine-1-phosphate 

receptor agonist (gain-of-function), and (3) clodronate liposome delivery (loss-of-

function).  

Macrophages are relatively easy to isolate from mouse bone marrow or the 

mouse peritoneal cavity and their accessibility facilitates the study of macrophage 

phenotypes and function in vitro135,182,183. Subsequent polarization of isolated 

macrophages into M1 or M2 phenotypes is a straightforward process made possible 

by cytokine media supplementation, such as IL-4 for M2 macrophages and LPS or 

IFNγ for M1 macrophages135,184,185. Previous studies have fluorescently labeled 

harvested macrophages with dyes and MRI contrast agents in vitro186,187 and 

reintroduced these labeled macrophages intravenously186 or via direct injection187–

189 into various models/tissue to study effects of macrophages on obesity186, 

myocardial infarctions187, and hindlimb ischemia188. Labeling macrophages prior to 

injection allows them to be tracked to the tissue of interest, where they may 

contribute to the observed healing and regenerative outcomes. Based on these 

previous studies, we supplemented inguinal fat pads after surgical ligation of a 

feeding arteriole with labeled, in vitro M2-differentiated macrophages to determine 

the effect of macrophages on the arteriogenic response that we documented in the 

studies reported in Chapter 2.  

Sphingosine-1-phosphate (S1P) is a short-lived bioactive lipid that serves as a 

ligand to five G protein-coupled receptors (S1P1-5)190,191. These five receptors are 
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ubiquitously expressed and regulate many downstream signals, which allows the 

regulation of many physiological processes190 including angiogenesis and vascular 

maturation192–194, arteriogenesis138,195, heart development196, and immunity197–199. 

FTY720 (fingolimod), a S1P1,3 agonist, is an FDA approved drug that is currently 

used to treat flare-ups of multiple sclerosis200. Recent studies conducted in 

collaboration with our group has found that application of an FTY720-loaded 

PLAGA film lead to increased anti-inflammatory monocyte/macrophage 

recruitment138 as well as an increase in arteriogenesis in skeletal muscle195. In 

these studies we use the application of an FTY720-loaded film as a gain-of-function 

intervention to study the recruitment of M2 macrophages and subsequent 

arteriogenic effects. 

Clodronate liposomes provide a means to transiently and locally deplete 

macrophage populations within a tissue of interest201. Clodronate liposomes are 

sub-micron spheres that consist of a drug, dichloromethylene-bisphosphonate 

(CI2MBP or clodronate), as cargo encapsulated within a phospholipid bilayer 

“shell”201,202. Upon presentation to phagocytic cells (macrophages), the liposomes are 

readily ingested and clodronate is released into the intracellular space from the 

liposomes, which causes apoptosis by the phagocytic cell202. A substantial number of 

studies conducted in various tissues (skeletal muscle203, tendon204, kidney205) have 

successfully utilized clodronate liposomes to transiently deplete macrophages and 

study this depletion effect locally. In this study, we use injections of clodronate-
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containing liposomes in our pre-clinical model of flap delay as a means to locally 

deplete macrophage populations within the inguinal fat pad. 

In summary, we aimed to further investigate the mechanisms underpinning 

vascular adaptations in adipose tissue that we documented in the studies reported 

in Chapter 2 by testing the hypothesis that the recruitment of anti-inflammatory 

(M2) macrophages is necessary for arteriogenesis following the flap delay procedure. 

Our gain-of-function studies successfully increased anti-inflammatory macrophage 

presence and increased the extent of arteriogenesis in collateral vessels feeding the 

delayed flap. Conversely, loss-of-function studies that effectively reduced the 

macrophage population significantly attenuated the arteriogenic response. 

Together, these studies confirm that recruited M2 macrophages are instrumental in 

orchestrating vascular remodeling in fat and help elucidate the interplay between 

the microvasculature and immune system in remodeling adipose tissue. More 

broadly, these findings support the therapeutic targeting of macrophages to 

enhance and/or accelerate the desirable vascular adaptations invoked by the flap 

delay procedure. 
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Materials and Methods 

Bone marrow isolation for macrophage injection study 

A previously published protocol135 was used to isolate bone marrow of twelve week 

old male C57BL/6 mice. Briefly, mice were euthanized via CO2 asphyxiation and the 

skin of the back legs was removed using sterile iris scissors. Muscle, fat, and fascia 

surrounding the fibula, tibia, and femur were removed with sterile forceps and No. 

11 scalpel blades. After removing the majority of muscle, fat, and fascia, the back 

legs were excised from the animal and stored in a sterile container with sterile PBS. 

Under a biosafety cabinet, the femur was dissociated from the tibia/fibula at the 

knee joint and complete removal of the fascia, fat, and muscle proceeded with a No. 

11 scalpel blade. After the bones (fibula and femur) were void of surrounding tissue, 

the ends of the bones were cut with sterile iris scissor to expose the internal bone 

marrow compartment. A 23-gauge needle was used to pierce two holes in the bottom 

of sterile 200 µL polymerase chain reaction (PCR) tubes. Open-ended bones (one 

fibula and one femur) were placed in the PCR tubes and closed and these closed 

PCR tubes were placed into sterile 2 mL microcentrifuge tubes (two total tubes per 

mouse). The tubes were spun at 3000 RPM in a microcentrifuge for 10 seconds to 

extract the bone marrow compartment via centrifugal force. Successful extraction 

was confirmed by observation of a dark red pellet at the bottom of the 2 mL 

microcentrifuge tube and bones that were no longer red in color. Repeated 

centrifugation was necessary in some trials to entirely extract bone marrow. The 

bone marrow pellet was resuspended in 1 mL of erythrocyte lysis buffer 

(eBioscience) and incubated at room temperature for 8 minutes. After incubation, 
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samples from one mouse were combined into a 15 mL centrifuge tube and spun at 

1100 RPMs for 5 minutes. The supernatant was discarded and the pellet from one 

mouse was suspended in 50 mLs of media (RPMI media with 1% 

penicillin/streptomycin, 20 mM HEPES, 10% fetal bovine serum, and 10% L929 cell 

conditioned media). 10 mLs of cell suspension were added to each 100 mm cell 

culture dish (total of 5 dishes per mouse) and were placed in an incubator that 

maintained 37°C and 5% CO2. 

 

Culture of bone marrow derived macrophages 

Cells were checked daily for contamination and the media was changed every four 

days until use. The bone marrow cells will be fully differentiated into macrophages 

after seven days in culture. After seven days of differentiation in the L929 

conditioned media, the media was switched to RPMI media without L929 

conditioned media (1% penicillin/streptomycin, 20 mM HEPES, 10% fetal bovine 

serum). Cells were maintained in culture in this RPMI media for no more than two 

weeks and were not passaged. 

 

Differentiation of macrophages into M2 phenotype 

Media was supplemented with interleukin 4 (IL-4) to polarize bone marrow derived 

macrophages into the M2 phenotype. 10 µL of 10 µg/mL IL-4 was added to 10 mLs of 

fresh RPMI media (without L929 conditioned media) for a final concentration of IL-
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4 of 10 ng/mL. Spent media was removed and the IL-4 containing media was added 

and incubated for 24 hours prior to use of the cells. 

 

Vybrant DiI labeling of M2 macrophages prior to injection 

After polarization with IL-4 supplemented media, the cells were labeled with 

Vybrant DiI cell-labeling solution (ThermoFisher Scientific) in order to visualize the 

cells post-injection into the inguinal fat pad. Cells were removed from dishes with a 

15 minute incubation Accutase (Innovative Cell Technologies) and resuspended in 

RPMI media (without L929 conditioned media) at a concentration of one million 

cells per milliliter. 5 µL of Vybrant DiI cell-labeling solution per milliliter of cell 

suspension was added directly to the suspension and mixed well via gentle 

pipetting. The cells were incubated on ice for 15 minutes protected from light. Cells 

were centrifuged at 1100 RPM for five minutes and washed with sterile PBS. This 

process was repeated three times for a total of three PBS washes and 

centrifugations. After the final centrifugation, the supernatant was discarded and 

cells were suspended at a final concentration of 300,000 cells/mL. 

 

Injection of Vybrant DiI labeled and unlabeled cells into inguinal fat pad 

Wild type C57BL/6 mice were anesthetized and a one-centimeter incision was made 

over the left and right epigastric artery. The collateral vessel entering the inguinal 

fat pad was found on both sides by undermining fascia and surrounding adipose 

tissue (Figure 2.1). Using a 27G syringe (BD Soloshot™ 301793), 100 µL of the DiI-
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labeled cell solution (300,000 cells/mL) was injected directly into the inguinal fat 

pad. 100 µL of unlabeled cells (no Vybrant DiI labeling, 300,000 cells/mL) were 

injected directly in the right inguinal fat pad. Incisions were sutured closed with 8-0 

nylon suture. 

 

 
Figure 3.1: Fluorescent labeling of bone marrow derived 

macrophages 
In vitro culturing of bone marrow derived macrophages can be fluorescently 
labeled with DiI. A.) Bone marrow derived macrophages display prototypical 
“fried egg” morphology in culture. B.) DiI, a membrane dye, labels 
macrophages prior to injection and is observable in same field of view. Scale 
bar = 50 µm. 
 

Harvest and immunostaining of adipose tissue following direction cell injection 

Mice were euthanized via CO2 asphyxiation three days post-injection to assess the 

retention of injected Vybrant DiI labeled cells and the total number of macrophages 

present post injection. The area of the inguinal fat pad surrounding the collateral 

vessel was harvested as described and depicted in Figure 2.1. Samples of the tissue 

injected with Vybrant DiI labeled cells were divided into three, small (~1 mm3) 

pieces for immunostaining. All three samples were submerged in 50 µL of 4% 

paraformaldehyde solution and incubated overnight at 4°C protected from light. All 
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samples were washed with PBS three times. Sample 1 was mounted on a gelatin-

coated slide and imaged immediately after PBS washing as described previously in 

Chapter 2. Samples 2 and 3 were placed in 100 µL of 5% mouse serum in 0.3% 

(volume/volume) Triton X-100/PBS for 3 hours at room temperature to permeabilize 

and block the tissue. The permeabilization and blocking solution was removed. 

Sample 2 was submerged in 100 µL of Alexa Fluor 488 conjugated isolectin (1:300) 

and Alexa Fluor 647 anti-mouse CD68 (1:200) diluted in 5% mouse serum in 0.3% 

Triton X-100/PBS. Sample 3 was submerged in 100 µL of Alexa Fluor 488 

conjugated isolectin (1:300) and Alexa Fluor 647 anti-mouse CD206 (1:200) diluted 

in 5% mouse serum in 0.3% Triton X-100/PBS. Samples 2 and 3 were incubated 

overnight on a rocker at 4°C protected from light. Samples were washed five times 

for five minutes each wash with 0.3% Triton X-100/PBS and then mounted on 

gelatin-coated slides as described previously in Chapter 2. All samples were imaged 

using confocal microscopy as described previously in Chapter 2. 

 

Injection of Vybrant DiI labeled cells during ligation surgery 

In a separate study, ligation surgeries were performed on the left and right side of 

C57BL/6 mice as described previously in Chapter 2. Immediately after severing the 

epigastric artery on the left side, 30,000 Vybrant DiI labeled M2 polarized cells (100 

µL, concentration of 300,000 cells/mL) were injected directly into the inguinal fat 

pad surrounding the area where the collateral vessel enters. To serve as a vehicle 

control for the same mouse, 100 µL of sterile PBS was injected directly into the right 
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inguinal fat pad where the collateral vessel enters immediately after severing the 

epigastric artery. Incisions on both sides were closed with 8-0 nylon suture. 

 

Harvest and immunostaining of collateral vessel and surrounding adipose tissue 

after ligation 

Collateral vessel and surrounding adipose tissue was harvested three days post 

surgery and stained for α-smooth muscle FITC (1:200), and Alexa Fluor 647 anti-

mouse CD206 (1:200) as described previously in Chapter 2. Vessel diameters were 

quantified for the feeding vessel, the first branch, and the second branch, and 

CD206+ cells were quantified. 

 

Fabrication of FTY720 loaded and unloaded PLAGA films 

A previously published solvent-casting technique was used to fabricate PLAGA thin 

films loaded with FTY720138. Briefly, 350 mg of PLAGA (Sigma, 50:50 

lactide:glycolide, 0.59 dL/g inherent viscosity) was mixed with 2 mL of 

dichloromethane in a glass scintillation vial until the polymer was completely 

dissolved. For drug loaded thin films, 1.75 mg of FTY720 (Cayman Chemical) was 

mixed into the polymer/solvent solution prior to casting. For unloaded thin films, 

this step was omitted. The polymer/solvent/drug solution was quickly poured into a 

Bytac Teflon lined P35 glass Petri dish. The Petri dish was sealed with Parafilm 

and was stored and allowed to dry at -20°C for 7 days. After drying, films were 

stored at room temperature in a desiccator until ready to use. 



CHAPTER 3: MACROPHAGES IN FLAP DELAY 

	 76 

Film preparation for in vivo use 

Prior to implantation into animal model, the PLAGA thin films were sterilized. 1 

mm diameter thin films were extracted using a 1 mm diameter biopsy punch 

(Milltex). Films were soaked in 70% ethanol for thirty seconds followed by a soak in 

sterile PBS for 30 seconds.  

 

Inguinal ligation and sham surgeries and thin film placement 

Ligation surgeries were performed on left and right side of C57BL/6 mice as 

described previously in Chapter 2. Immediately after severing the epigastric artery, 

a 1 mm diameter, FTY720-loaded or unloaded PLAGA thin film was placed 

immediately adjacent to the collateral vessel entering the inguinal fat pad. The thin 

film was placed underneath the fascial layer so as to minimize displacement away 

from the inguinal fat pad and region of interest (Figure 3.4A,B). The left side of the 

mouse had the FTY720 loaded PLAGA film while the right side had an unloaded 

PLAGA film. Sham surgeries were performed on separate mice on both the left and 

right side of C57BL/6 mice. Again, the left side had the drug loaded thin film and 

the right side had the unloaded thin polymer film. Incisions were closed with 8-0 

nylon suture (Ethilon). The process described above was also repeated with sham 

surgeries on the left and right side in a separate set of experiments. 
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Harvest and immunostaining of collateral vessel and surrounding adipose tissue 

after ligation 

Collateral vessel and surrounding adipose tissue around the PLAGA thin film was 

harvested three days post surgery and stained for Alexa Fluor 488 anti-mouse 

CD206 (1:200), α-smooth muscle Cy3 (1:200), and Alexa Fluor 647 anti-mouse CD68 

(1:200) as described previously in Chapter 2. Vessel diameters were quantified for 

the feeding vessel, the first branch, and the second branch, and CD206+ cells were 

quantified. 

 

Injection of clodronate and control liposomes into inguinal fat pad 

To assess the effectiveness of clodronate liposome-mediated depletion of 

macrophages within the inguinal fat pad, we performed direct injection of 

clodronate loaded liposomes and control liposomes (PBS loaded liposomes) into the 

inguinal fat pad. A 1 cm incision was made above the epigastric artery and blunt 

dissection was used to locate the collateral vessel entering the side of the inguinal 

fat pad (Figure 2.1). Using a 27G syringe (BD Soloshot™ 301793), 100 µL of 

clodronate-loaded liposomes and control liposomes were injected directly into the 

inguinal fat pad at the insertion site of the collateral vessel. Successful injection 

was confirmed by visual observation of a bubble formed within the inguinal fat pad. 

Clodronate liposomes were injected into the right inguinal fat pad of the mouse and 

control liposomes were injected into the left inguinal fat pad. After injection the 

incision was closed with 8-0 nylon suture (Ethilon).  
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Immunostaining of adipose tissue and macrophage quantification following 

liposome injection 

To determine the temporal effect of clodronate liposome injection on macrophage 

depletion, adipose tissue surrounding the collateral vessel was harvested as 

described previously in Chapter 2 at 6 hours, 12 hours, and 24 hours. Harvested 

adipose tissue was stained with Alexa Fluor 568 conjugated isolectin GS-IB4 from 

Griffonia simplicifoli (1:300) and Alexa Fluor 647 anti-mouse CD68 (1:200) as 

described previously in Chapter 2. Three unique fields of view were acquired for 

each sample as 40 µm z-stacks and the number of CD68+ cells were quantified using 

ImageJ to assess macrophage depletion. 

 

Ligation of epigastric artery coupled with liposome injections 

After discerning the temporal effect of clodronate liposomes, we performed a 

separate set of experiments. To evaluate the effect of macrophage depletion on the 

vascular remodeling observed within the inguinal fat pad (Chapter 2), we injected 

liposomes directly into the inguinal fat pad during surgery as described in Chapter 

2. Briefly, following ligation of the epigastric artery in C57BL/6 mice, 100 µL of 

clodronate loaded liposomes (left side of mouse) or control liposomes (right side of 

mouse) were injected directly into the inguinal fat pad at the insertion site of the 

collateral vessel. Surgical incisions were closed with 8-0 nylon suture and mice were 

allowed to recover for three days post surgery prior to tissue harvest. 
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Harvest and immunostaining of collateral vessel and surrounding adipose tissue 

after ligation 

As described in Chapter 2, the collateral vessel was carefully removed to retain 

structural integrity in order to evaluate vessel diameter. Adipose tissue 

surrounding the collateral vessel was also harvested during the removal process 

and was used for macrophage quantification. Harvested collateral vessels and 

surrounding adipose tissue samples were stained concurrently with α-smooth 

muscle Cy3 (1:200) and Alexa Fluor 647 anti-mouse CD68 (1:200) as described 

previously in Chapter 2. Four unique fields of view were acquired for each sample 

as 40 µm z-stacks and the number of CD68+ cells were quantified using ImageJ. The 

diameter of the feeding vessels, the first branch, and the second branch were 

quantified in ImageJ. 

 

Statistical analysis 

Statistical tests performed are indicated in each figure caption. Statistical 

significance was asserted at p-values < 0.05. All data are presented as average + 

standard deviation. 
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Results 

DiI labeling allows for visualization of M2 differentiated macrophages 

Murine bone marrow was harvested, and bone marrow-derived macrophages were 

cultured for 7 days in macrophage differentiation media as described above. After 

polarization to M2 phenotype by IL-4 supplementation, the in vitro cells were 

stained with DiI and fluorescence microscopy was used to visually confirm 

successful staining. The in vitro M2 macrophages displayed the expected “fried egg” 

appearance as is typical in culture (Figure 3.1A). Labeling the cells with DiI allowed 

for visualization of the cell membrane via florescence microscopy (Figure 3.1B). 

 

DiI labeled cells remain in inguinal fat pad three days post-injection 

To assess the retention capability of the directly injected DiI-labeled macrophages, 

we injected 30,000 labeled cells into the inguinal fat pad at the site where the 

collateral vessel enters. On the contralateral side, we injected unlabeled 

macrophages to serve as a fluorescence control. We wanted to determine if the 

injected cells were retained in the tissue for three days post-injection, which is the 

time frame in which we observed the remodeling response in Chapter 2. Tissue was 

excised three days post-injection for DiI-labeled and unlabeled cells. After fixation 

with 4% PFA and without permeabilizing the tissue (Sample 1 above), we mounted 

the tissue and visualized a substantial number of retained DiI+ cells in the region of 

interest (Figure 3.2B). We did not observe any fluorescence signal in the tissues 

that were injected with unlabeled cells (Figure 3.2A), which indicates that the red 

signal observed in Figure 3.2B is that of the injected cells. 
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Figure 3.2: In vivo injection of bone marrow-derived macrophages 

Fluorescent labeling reveals an increase in CD68+ and CD206+ cells in 
injected inguinal fat pads. A.) No fluorescent signal observed in inguinal fat 
pads injected with unlabeled cells. Scale bar = 50 µm. B.) Significant presence 
of DiI labeled cells in injected inguinal fat pads. Scale bar = 50 µm. C.) 
Fluorescent labeling of inguinal fat pad reveals increased CD68+ cell presence 
in injected inguinal fat pads. Scale bar = 20 µm. D.) Fluorescent labeling of 
inguinal fat pad reveals increased CD206+ cell presence in injected inguinal 
fat pads. Scale bar = 20 µm. E.) Increased number of CD68+ cells in injected 
inguinal fat pads when compared to uninjected inguinal fat pads. n = 3 mice. 
F.) Increased number of CD206+ cells in injected inguinal fat pads when 
compared to uninjected inguinal fat pads. n = 3 mice. Data are mean ± 
standard deviation. 
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DiI-labeling in injected macrophage is lost after tissue processing  

We reserved pieces of adipose tissue from cell-injected inguinal fat pads to 

determine if the cells injected could be co-labeled with macrophage markers as 

stated above in the materials and methods section (Samples 2 and 3). This co-

labeling of injected cells with macrophage markers (CD68 and CD206) would allow 

us to visualize if the injected DiI-labeled cells were still expressing macrophage 

phenotypes in vivo. Prior to staining with macrophage antibodies, a 

permeabilization step was required to facilitate antibody binding with the adipose 

tissue. We did not observe DiI signal (red channel) in either of the samples, but 

detected robust CD68, CD206, and lectin staining in these tissues (Figure 3.2C,D). 

The lack of DiI signal is likely due to the permeabilization step and the ensuing 

egress of the DiI dye from the cellular membrane206. We believe that the injected 

cells are still present in Samples 2 and 3 based on our findings in Figure 3.2B in 

which we observed many DiI+ cells within the tissue.  

 

Increase in CD68+ and CD206+ cells in cell injected tissue without ligation surgery 

We quantified the number of CD68+ and CD206+ cells in cell injected and uninjected 

tissue to determine if injection of in vitro differentiated macrophages increased the 

total number of macrophages three days post-injection. We performed these 

experiments prior to injecting cells during ligation surgeries to ensure that the 

CD68+ and CD206+ cells were increased in injected tissues. We observed an increase 

in both CD68+ cells and CD206+ cells in injected inguinal fat pads when compared 
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to uninjected inguinal fat pads (Figure 3.2E,F). While we were not able to directly 

correlate the injected DiI labeled cells with this observed increase due to the lack of 

DiI signal as discussed above, we believe that this increase in CD68+ and CD206+ 

cells is due to our injection of in vitro macrophages. 

 

Direct injection of M2 macrophages increases CD206+ cell counts within inguinal fat 

pad after ligation surgery 

During ligation surgeries, 30,000 M2 differentiated macrophages (100 µL) were 

injected into the left inguinal fat pad, while 100 µL of sterile PBS was injected into 

the right inguinal fat pad. Three days after ligation surgery, we observed a 

significant increase in the number of CD206+ cells in the tissue injected with M2 

differentiated cells when compared to PBS injected fat pads (p-value < 0.05) (Figure 

3.3A). Within cell injected fat pads we found an average of 87 ± 23 (S.D.) CD206+ 

cells, while in PBS injected fat pads we found an average of 51 ± 10 (S.D.) CD206+ 

cells (Figure 3.3A). Interestingly, the CD206+ cell counts within PBS injected fat 

pads were in close agreement with CD206+ cell counts observed in ligation surgeries 

performed in Chapter 2 (Figure 2.7C). Taken together with our previous retention 

studies (above), these CD206+ cell count data suggest that injected M2 macrophages 

reside within the fat pad three days post-surgery. 
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Direct injection of M2 macrophages increases collateral vessel diameters after 

ligation surgery 

We quantified collateral vessel diameters and observed a significant increase upon 

pairing each vessel branch with its corresponding branch in the contralateral fat 

pad, whose feeding artery also underwent surgical ligation but received vehicle 

control (PBS) injection instead of cells (Figure 3.3B). We also compared these data 

to original data in Chapter 2 and observed similar diameters for PBS injected 

tissues and tissues that had only been ligated (Figure 3.3B). Interestingly, it 

appears that direct injection of M2 macrophages leads to an enhanced enlargement 

of the collateral vessel following ligation surgery. Based on these data, it seems 

plausible that direct supplementation of M2 differentiated macrophages enhances 

the arteriogenic response of the collateral vessel observable by collateral vessel 

enlargement. 

 

FTY720-loaded and unloaded films remain in place post-implantation 

Efficient drug delivery is crucial for these studies and therefore optimization of 

placement of the film was necessary in order for the film to not shift after 

placement. A thin fascial layer is present above the mouse inguinal fat pad and this 

was used to hold the film in place as described in the methods. After three days 

post-implantation the film was located within a few micrometers of the region 

where it was implanted (Figure 3.4A,B) in all mice used in the studies. Notably, the 

FTY720 and unloaded PLAGA films were opaque and white in color upon harvest at 
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day three. This finding is consistent with previous work in our lab and it is 

unknown the cause of this color change. 

 

 
Figure 3.3: Injection of bone marrow-derived macrophages into 

remodeling inguinal fat pad 
Injection of bone marrow-derived macrophages increased the number of CD206+ cells 
and increased the diameter of the collateral vessel when compared to PBS injected 
inguinal fat pads. A.) Quantification of the number of CD206+ cells/FOV. Student’s 
t-test, * = p-value < 0.05. Data are mean + standard deviation. B.) Individual 
diameter measurements for PBS injected tissues were paired with corresponding 
branch diameter measurements for cell injected tissues (in the same mouse). Cell 
injected collateral vessels have increased diameters when compared to corresponding 
PBS injected collateral vessels. Sham and ligated data from Chapter 2 for presented 
for comparison purposes. Paired t-test, ** = p-value < 0.01, * = p-value < 0.05. n = 3 
mice for all experiments, 4 unique FOVs for CD206+ cell quantification. 
 

FTY720-loaded films increase CD206+ cell recruitment to ligated tissue 

FTY720-loaded films significantly increased the number of CD206+ cells in the 

ligated tissue compared to unloaded film three days after ligation surgery (p-value < 

0.001). FTY720-loaded films had an average of 93 ± 25 (S.D.) CD206+ cells/FOV 

while unloaded films had an average of 51 ± 14 (S.D.) CD206+ cells/FOV (Figure 

3.4C). In comparison to our original ligation studies in Chapter 2 (Figure 2.7C), the 

unloaded films had approximately the same number of CD206+ cells/FOV 

suggesting that the unloaded film does not induce significant changes in the  
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Figure 3.4: FTY720 application to remodeling inguinal fat pad 

FTY720-loaded and unloaded PLAGA films were applied to remodeling fat 
pads and enhanced arteriogenic response was observed by FTY720-loaded 
films. A.) Representative image of PLAGA film placement during surgery. 
Scale bar = 500 µm. B.) Representative image of PLAGA film three days post-
surgery in near exact location as Panel A. Scale bar = 500 µm. C.) 
Quantification of CD206+ cell counts for unloaded and FTY720-loaded 
PLAGA films three days after sham and ligation surgery. Quantification 
reveals a significant increase in the number of CD206+ cells in ligated tissue 
for FTY720-loaded films when compared to unloaded films. After sham 
surgery a significant increase in the number of CD206+ cells is observed in 
FTY720 treated tissue. Student’s t-test, * = p-value < 0.05. D.) Individual 
diameter measurements for collateral vessel of FTY720-loaded film fat pads 
were paired with corresponding branch diameter measurements for unloaded 
film (in the same mouse). A significant increase in the diameter of the 
collateral vessels were observed for FTY720-loaded film fat pads when 
compared to the unloaded film fat pads. No significant increase was seen in 
the sham surgery trials between FTY720-loaded and unloaded films. Sham 
and ligated data from Chapter 2 for presented for comparison purposes. 
Paired t-test, * = p-value < 0.05. n = 3 mice for all experiments, 4 unique FOVs 
for CD206+ cell quantification. 
 

remodeling response. Interestingly, the FTY720-loaded films had a much greater 

number of CD206+ cells/FOV compared to our original studies (93 vs. 45 CD206+ 

cells/FOV). Taken together, these data suggest that FTY720 aids in the recruitment 
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of anti-inflammatory macrophages to the remodeling fat pad, similar to what has 

been observed in skeletal muscle138. 

 

FTY720-loaded films enhance collateral vessel enlargement in ligated tissue 

Pairing collateral vessels of inguinal fat pads treated with unloaded versus FTY720-

loaded films reveals that FTY720-loaded films significantly increased collateral 

vessel diameters following ligation surgeries (Figure 3.4D). Data from Chapter 2 

revealed an increase in the diameter of collateral vessel of ligated fat pads when 

compared to sham fat pads and was indicative of an arteriogenic response (Figure 

2.4B). Importantly, the vessel diameters of the collateral arterioles in the ligated 

tissue treated with unloaded film are not significantly different than those that 

were ligated but did not receive any film, suggesting that the PLAGA by itself does 

not have a significant effect on the collateral vessel remodeling process (Figure 

3.2D). These present studies suggest that FTY720 amplifies the observed increase 

in collateral vessel diameters following ligation and that coupling the ligation 

surgery with FTY720 delivery may induce more profound vascular remodeling 

within adipose tissue. 

 

FTY720 does not affect vessel diameter following sham surgery 

FTY720-loaded and unloaded films were applied following sham surgeries. There 

was no significant difference in collateral vessel diameters for FTY720-loaded or 

unloaded films following the sham procedure (Figure 3.4D). Interestingly, there was 
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a statistically significant increase in the number of CD206+ cells in FTY720-loaded 

tissue (average 59 ± 9 (S.D.) CD206+ cells/FOV) when compared to unloaded film 

tissue (33 ± 13 (S.D.) CD206+ cells/FOV) (p-value < 0.05) (Figure 3.4C). These data 

suggest that while FTY720 recruits CD206+ cells to the tissue in the absence of 

ligation, collateral vessel enlargement is contingent on alteration of blood flow in 

the main feeding artery. Further, these data suggest that, at least in the absence of 

ligation-induced blood flow alterations, FTY720 does not directly affect the 

proliferation and activation of vascular smooth muscle cells or endothelial cells in 

the collateral vessel. 

 
Figure 3.5: Clodronate depletion of macrophages within inguinal fat pad 

Direct injection of clodronate liposomes into inguinal fat pad are able to significantly 
deplete local macrophage populations (CD68+ cells) after 24 hours. A.) 
Representative image of control liposome injected inguinal fat pad at 24 hours shows 
expected CD68+ cell presence. B.) Representative image of clodronate liposome 
injected inguinal fat pad at 24 hours shows significantly fewer CD68+ cells. C.) 
Quantification of CD68+ cells at 6 hours, 12 hours, and 24 hours. A significant 
decrease in the number of CD68+ cells was observed 24 hours post-injection in 
clodronate liposome injected inguinal fat pads. Control liposome injected fat pads 
did not have depleted CD68+ cells. Scale bar = 100 µm, n = 3 mice for each time 
point, 3 unique FOVs for CD68+ cell quantification. 
 

Clodronate liposomes deplete local macrophage populations 24 hours after injection 

Following injection of clodronate-loaded liposomes or control liposomes we 

quantified the number of CD68+ cells within the region of interest in the inguinal 
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fat pad. Twenty-four hours after injection of clodronate liposomes, we observed a 

reduced number of CD68+ cells in the tissue relative to tissue injected with control 

liposomes (Figure 3.5A,B). The number of CD68+ cells/FOV was significantly 

reduced to an average of 19 ± 5 (S.D.) CD68+ cells/FOV when compared to control 

liposomes average of 80 ± 19 (S.D.) CD68+ cells/FOV (Figure 3.5C). After six and 

twelve hours, there was no a significant difference in the number of CD68+ cells 

between control and clodronate liposome treated inguinal fat pads. Taken together, 

these data suggest that clodronate liposome injection significantly reduces 

macrophage population size in the adipose tissue and that control liposomes do not 

significantly affect adipose macrophage counts. 

 
Figure 3.6: Injection of clodronate liposomes within inguinal fat pad 

Clodronate liposomes depleted the local macrophage population after ligation 
surgery altering microvascular remodeling response. A.) Quantification of 
CD68+ cells reveal a significant decrease in the number of CD68+ cells within 
clodronate liposome treated tissue compared to control liposome treated tissue. 
Student’s t-test, ** = p-value < 0.01 B.) Individual diameter measurements for 
clodronate liposome injected tissues were paired with corresponding branch 
diameter measurements for control liposome injected tissues (in the same 
mouse). Control liposome injected collateral vessels have increased diameters 
when compared to corresponding clodronate liposome injected collateral vessels. 
Sham and ligated data from Chapter 2 for presented for comparison purposes. 
Paired t-test, ** = p-value < 0.01. n = 3 mice for all experiments, 4 unique FOVs 
for CD68+ cell quantification. 
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Injection of clodronate liposomes reduces CD68+ cell counts after ligation surgery 

Tissue treated with either control or clodronate-loaded liposomes were harvested 

three days after the ligation surgery was performed. Fat pads that had been 

injected with clodronate liposomes experienced a significant reduction in the 

number of CD68+ cells (average 28 ± 7 (S.D.) CD68+ cells/FOV) when compared to 

control liposomes injected fat pads (average 90 ± 13 (S.D.) CD68+ cells/FOV) (p-

value < 0.01) (Figure 3.6A). These data support that clodronate liposomes effectively 

reduce macrophage counts in the inguinal flap delay model. 

 

Injection of clodronate liposomes reduces collateral vessel diameters following 

ligation surgeries 

Pairing respective collateral vessel branches between clodronate liposome-treated 

and control liposome-treated fat pads revealed a significant decrease in the 

collateral vessel diameters of clodronate liposome fat pads (Figure 3.6B). These data 

suggest that macrophages play an important role in the enlargement of collateral 

vessel diameters, and that this enlargement may be abrogated by depletion of the 

macrophage population within the tissue. 

Further, comparison between adipose tissues that only underwent surgical 

ligation of the feeding artery (Chapter 2) and those that underwent clodronate 

liposome treatment in addition to feeding artery ligation reveals a relative decrease 

in the overall diameters of the collateral vessels of tissues that received clodronate 

liposomes (Figure 3.6B). While this comparison spans two trials that were 
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conducted independently, it suggests that depletion of macrophages within the 

remodeling fat pad reduces the arteriogenic response. 
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Discussion 

The dynamic nature of the microvascular system allows for rapid adaptation of its 

structure and function in response to biochemical and biomechanical cues. The 

plastic surgery community has exploited these microvascular remodeling responses 

by utilizing a surgical pre-treatment technique to aid in the repair of soft tissue 

defects by using autologous flaps. “Flap delay” involves the alteration of blood flow 

into the tissue flap prior to transfer to recipient site and it is presumed that this 

alteration leads to better survival upon transplantation to the recipient site. In our 

previous studies (Chapter 2), we formulated a murine model of flap delay and 

observed a significant arteriogenic response (enlargement of collateral vessel) in the 

adipose flap in response to the ligation of the main vascular pedicle. Preceding this 

arteriogenic response, we observed an increase in the recruitment of circulating 

monocytes and local increases in the number of CD206+ cells (M2 macrophages). We 

also observed local proliferation of recruited macrophages surrounding the 

collateral vessels, as evidenced by positive Ki-67 staining. Based on these findings, 

we hypothesized that M2 macrophages play a significant role in the arteriogenic 

response observed within the flap. The aim of these current studies was to confirm 

this putative mechanism by performing gain-of-function (increase local M2 

macrophage populations) and loss-of-function studies (depletion of local macrophage 

populations) in our previously published model of flap delay. We found that both 

direct injection of M2 macrophages within the flap and preferential recruitment of 

M2 macrophages to the tissue via pharmacological means increased the remodeling 

collateral vessel diameter and the number of M2 macrophages in the tissue. We also 
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used clodronate liposomes to locally deplete macrophage populations within the 

remodeling fat pad and observed decreased collateral vessel enlargement in these 

studies.  

Although this study is the first, to our knowledge, to confirm a role for 

macrophages in orchestrating collateral vessel remodeling in adipose tissue, the 

process of collateral vessel enlargement has been studied extensively in skeletal 

muscle. Our group, as well as others, have demonstrated the importance of M2 

macrophages in the arteriogenic response following an alteration in blood flow86,139 

in skeletal muscle. Indeed, collateral vessel enlargement, a hallmark of 

arteriogenesis, has been shown in other tissues to be reliant on the recruitment of 

circulating monocytes followed by their extravasation into the interstitial tissue. 

Extravasated monocytes differentiate into macrophages and then secrete potent 

growth factors such as FGF-2, which stimulate smooth muscle cell and endothelial 

cell proliferation. This localized proliferation of the vascular cells leads to the 

expansion of the collateral vessel itself and leads to an increase in blood flow. While 

our study did not delineate between recruited and tissue-resident macrophage 

populations or assess local growth factor levels, it is a first step toward these logical 

follow-on studies.  

Previous studies have directly supplemented or reintroduced cultured 

macrophages into various tissues in order to study the potential effects of 

macrophages on diseases or other pathological conditions. These studies have 

introduced macrophages intravenously186 and directly187–189 and have observed 
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striking retention of these cells after delivery. We aimed to determine the effect of 

direct supplementation of M2 macrophages on the arteriogenic response of the 

inguinal fat pad. We successfully cultured bone marrow-derived macrophages and 

differentiated these macrophages into the M2 phenotype by using IL-4 media 

supplementation (Figure 3.1A). The differentiation step has been previously shown 

to induce M2 polarization in culture and a significant number of studies have used 

in vitro M2 differentiated macrophages135,189. In order to track the cultured 

macrophages post-injection and assess their retention time within the inguinal fat 

pad, we used DiI to stain the cellular membrane (Figure 3.1B). Three days after 

injection we observed a significant number of DiI+ cells in the tissue implying that 

the injected cells remained within the inguinal fat pad (Figure 3.2B). We also 

observed an increase in the number of CD68+ cells and CD206+ cells in cell-injected 

tissue when compared to uninjected tissue, which corroborated the finding that the 

injected cells were retained within the tissue three days after injection (Figures 

3.2C-F). Unfortunately, we did not observe dual staining of DiI+ and CD68+ or DiI 

and CD206 and thus we were not able to “track” injected macrophages in 

subsequent studies. The staining protocol we have optimized staining adipose tissue 

requires a tissue detergent (Triton X-100) and we postulate that the detergent 

permeabilized the cellular membrane and subsequently released the DiI stain. 

However, based on observations of significant DiI+ cell presence and increased 

CD68+ cells and CD206+ cells, we are confident that the in vitro cultured 

macrophages were retained in the tissue three days post-injection. 
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We coupled ligation surgeries in the murine model of flap delay with 

injections of M2 differentiated macrophages. As expected, we observed a significant 

increase in the number of CD206+ cells within the cell injected tissue after ligation 

surgery confirming our findings from Figure 3.2. In tissues injected with M2 

macrophages, there was a significant increase of collateral vessel diameters when 

paired with the corresponding collateral vessel of the PBS injected vehicle control 

inguinal fat pad (Figure 3.3B). When compared these data with our original 

findings presented in Chapter 2, direct cell injected fat pads have an even more 

pronounced collateral vessel enlargement following ligation surgery suggesting that 

the M2 macrophages have an effect on the enlargement (Figure 3.3B). Interestingly, 

the collateral vessel diameters of PBS injected tissue were approximately the same 

as the collateral vessels of ligated tissue from our original studies (Figure 3.3B).  

Our observations from these direct injection studies implicate the importance 

of M2 macrophages on the arteriogenic response but several factors may temper 

these conclusions. First, it is unknown whether the injected cells maintain the M2 

phenotype after injection into the inguinal fat pad and therefore it definitive that 

the injected, M2 macrophages are responsible for the observed arteriogenic 

response. Macrophages are extremely plastic and can polarize between phenotypes 

upon different environmental cues and therefore it is possible that the M2 

macrophages injected no longer retain that phenotype133. For example, Jetten et al. 

injected M2 differentiated macrophages into healing skin wounds and observed a 

decrease in healing time despite the often reported anti-inflammatory capabilities of 
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M2 macrophages189. Jetten et al., while not directly staining or quantifying 

macrophage populations during healing, surmised that M2 macrophages were 

polarizing in vivo to the M1 phenotype189. We were not able to co-label injected cells 

(DiI) with M2 macrophage markers (CD206) due to our staining protocol, but, in the 

future, it may be possible to utilize a different cell stain (i.e. PKH-26207, calcein-

AM208) that is more resilient to permeabilization techniques. It may also be possible 

to use flow cytometry to confirm the increase in CD206+ cells within the tissue and 

may allow for the quantification of cells expressing DiI (or other dyes) and M2 

macrophage markers. An interesting (and important) follow up experiment would 

be to inject non-polarized macrophages (M0) into the remodeling fat pads and see if 

there is an effect on the remodeling collateral vessels. If these proposed studies do 

not elicit the same effect as injected M2 macrophages, this may provide confidence 

that the enhancement in collateral vessel enlargement is due to the M2 

macrophages that are retaining their phenotype in vivo. Second, we injected 30,000 

M2 macrophages per inguinal fat pad, but believe that it would be important to 

determine the dose effect and titrate the number of injected cells. It is possible that 

we injected a supraphysiological number of M2 macrophages into the fat pad and 

the enhanced arteriogenic response observed would not be observed in a normal 

inflammatory response within the fat pad. In our previous studies we observed 

increased local proliferation of macrophages within remodeling fat pads around the 

collateral vessel181. It has been shown that local proliferation of macrophages within 

remodeling tissue is in part responsible for the observed arteriogenic response86,138. 



CHAPTER 3: MACROPHAGES IN FLAP DELAY 

	 97 

It is important to consider if these injected macrophages are proliferating within the 

fat pad as we observed in our previous studies.  

A previous study conducted by Awojoodu et al. in collaboration with our 

group revealed that FTY720 preferentially recruited anti-inflammatory 

macrophages to remodeling skeletal muscle and increased the arteriogenic response 

in skeletal muscle138. After observing increases in collateral vessel diameter in M2 

macrophage injected fat pads, we aimed to determine if FTY720 would elicit the 

same result due to the mechanism discussed by Awojoodu et al. FTY720 delivery via 

PLAGA films has been performed extensively and localized, sustained release of the 

drug is possible for several weeks post-implantation209. Figures 3.4A and 3.4B 

illustrate the placement of our PLAGA films during and three days after surgery 

and reveal minimal shifting in the film after placement. We observed significant 

increases in the number of CD206+ cells in the FTY720 treated tissue for both 

ligated and sham surgeries when compared to fat pads with unloaded films, which 

is expected based on previous studies (Figure 3.4C)138. Importantly, the number of 

CD206+ cells in ligated tissue and sham tissue treated with unloaded films is nearly 

the same as our previous findings in which we solely performed ligation or sham 

surgery on the epigastric artery (Figure 2.7C)181. These data suggest that the 

PLAGA itself does not have an effect on the recruitment of M2 macrophages and 

that the drug, FTY720, is likely responsible for the increased M2 macrophage 

presence. 
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FTY720-loaded films following ligation surgery significantly increased 

collateral vessel diameters when compared to inguinal fat pads treated with 

unloaded films (Figure 3.4D). In comparison with studies in Chapter 2, the 

collateral vessel diameters exhibit an even greater increase in diameter in response 

to FTY720 presumably due to the significant increase in M2 macrophage 

recruitment. Following sham surgeries, the collateral vessel diameters were not 

significantly different between FTY720 and unloaded film treated fat pads 

suggesting that collateral vessels may not remodel/enlarge without an alteration in 

blood flow. Interestingly, though, there was an increase in CD206+ cells in these 

tissues suggesting that FTY720 may act on tissue-resident macrophages and 

polarize them into the M2 phenotype rather than relying on recruited 

monocytes/macrophages. The enlargement of collateral vessels after ligation 

surgery is expected based on previous studies138 and aligns with our hypothesis that 

M2 macrophages are implicated in the arteriogenic response.  

While we did not quantify local FTY720 delivery or release into the 

surrounding tissue, we are confident that the drug was delivered based on previous 

release studies citing release for several weeks and the long half life (7 days) of 

FTY720209,210. In the future, it is important to consider the dose of FTY720 delivered 

as we only considered one concentration of drug within the PLAGA films. It is also 

possible that FTY720 is acting on other cell types within the adipose tissue and 

recruiting cells to aid in the arteriogenic response observed. It is well known that 

FTY720, or S1P, acts on a number of various cell types (mast cells211, 
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neutrophils212,213, mural cells209), a number of which have been implicated in 

arteriogenesis.  

In our loss-of-function study, we aimed to determine the effect of macrophage 

depletion on the arteriogenic remodeling response. We were able to successfully 

deplete the local macrophage population within inguinal fat pads 24 after injection 

of clodronate liposomes (Figure 3.5). Importantly, injection of control liposomes had 

no effect on the total number of macrophages (CD68+ cells) within the inguinal fat 

pad after 6, 12, or 24 hours (Figure 3.5). Building on these findings, we coupled 

liposome injection  (control and clodronate) with ligation of the epigastric artery to 

determine if the collateral vessel enlargement is abrogated following local 

macrophage depletion. As expected and consistent with our findings in Figure 3.5, 

the number of CD68+ cells in the clodronate liposome injected tissue was 

significantly decreased when compared to control liposome injected tissue (Figure 

3.6A). This result was not surprising but was important to confirm efficacy of the 

liposome delivery during ligation surgery. Macrophage depletion had a drastic effect 

on the ability of the collateral vessel to enlarge as evidenced by Figure 3.6B. In fat 

pads that received clodronate liposomes during surgery, the collateral vessels were 

significantly smaller in diameter than fat pads that received control liposomes 

(Figure 3.6B). When compared to data collected from ligation or sham surgeries 

presented in Chapter 2, it appeared that diameters of collateral vessels of 

clodronate liposome fat pads had diameters more similar to vessel diameters of 

sham surgeries. Interestingly, these data suggest that the macrophage population is 



CHAPTER 3: MACROPHAGES IN FLAP DELAY 

	 100 

necessary for the enlargement in collateral vessel caliber following ligation surgery 

and that without a macrophage presence there is no enlargement. These results 

support our hypothesis that macrophages, specifically M2 macrophages, are in part 

responsible for the arteriogenic response and may be necessary in this process. 

Clodronate liposomes serve as a good tool to transiently and locally deplete 

macrophage populations within a tissue and have been used extensively in the 

literature203,205,214. There are several considerations to take into account when 

considering the results of these studies. First, there are numerous phagocytic cells 

types other than macrophages (mast cells, neutrophils, dendritic cells) within 

adipose tissue that would be subjected to the phagocytic, apoptotic mechanism 

enacted by clodronate liposomes. While we demonstrate the ability of clodronate 

liposomes to deplete macrophage populations, there is also a possibility that the 

clodronate liposomes are depleting other cell populations within the inguinal fat 

pad. Importantly, some of these phagocytic cell types have been implicated in the 

arteriogenic response. For example, Heissig et al. showed that mast cells are 

necessary in the revascularization of skeletal muscle in a hindlimb ischemia model 

and propose that the secretion of MMP-9 and VEGF is central to this process100.  

The role of neutrophils in arteriogenesis is not well known but a study by Soehnlein 

et al. suggest that neutrophils play a role in recruitment of circulating 

monocytes99,123. Ohki et al. report that G-CSF administration aids in 

revascularization through protein secretion by neutrophils215. It is possible that 

phagocytic cells other than macrophages are depleted in our studies, but control 
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liposomes (PBS loaded) serve as an important contralateral control that provide 

confidence in our findings. We injected the liposomes during the ligation surgeries 

and based on our previous findings expected that the macrophage population within 

clodronate liposome treated tissue to be significantly depleted at 24 hours (Figure 

3.5). Clodronate liposome-mediated macrophage depletion is a transient effect201 

and it is unclear how long the depletion effect lasts. The literature reports ranging 

durations of macrophage depletion (1 week216, 3 weeks217) depending on application 

technique, tissue type, and volume of liposomes delivered. We are unaware of any 

studies in which clodronate liposomes are directly injected adipose tissue and as 

such cannot be certain that the macrophage depletion remains effective three days 

post-surgery when tissue is harvested.  Further, we inject clodronate liposomes 

during surgery rather than 24 hours prior to surgery and thus during the first 24 

hours after surgery there will still be a population of macrophages present within 

the tissue. In order to inject liposomes into a specific location of the inguinal fat pad 

(where the collateral vessel enters), we must make an incision to find the collateral 

vessel and cannot do this through the skin. While it would be ideal to inject 

clodronate liposomes into the fat 24 hours prior to injection, it is not possible 

without performing two surgeries, which is not permissible by our approved animal 

protocol. We are confident that clodronate liposome delivery during surgery is an 

efficient way to deplete macrophage populations for our short three-day terminal 

time point as evidence by the decreased CD68+ cell counts in Figure 3.6A.  
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Conclusions 

These studies help confirm our hypothesis and initial findings that macrophages, 

specifically M2 macrophages, are necessary for the collateral vessel remodeling 

response and arteriogenesis observed in the murine model of flap delay. Here, we 

demonstrate that direct addition of M2 macrophages into the inguinal fat pad and 

pharmacological recruitment of M2 macrophages to the inguinal fat pad increase 

the arteriogenic response observed. Further, we perform loss-of-function 

macrophage depletion studies and abolish the arteriogenic response in our murine 

model of flap delay. Taken together, these studies underscore the importance of 

macrophages in microvascular remodeling, specifically arteriogenesis, within 

adipose tissue. These studies may suggest a mechanism for a translatable 

therapeutic target that may be used to enhance the flap delay procedure. 
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Abstract 

Background  

Autologous fat graft retention is unpredictable and mechanisms of optimization are 

poorly understood. Attempts at improving retention utilize collagenase 

experimentally and clinically to isolate the stromal vascular fraction to “enhance” 

fat grafts. However, no standardized duration for collagenase digestion or time 

following fat graft harvest has been established. This study investigates the effect of 

1.) time after fat graft harvest and 2.) collagenase digestion time on interstitial cell 

and adipocyte viability in murine fat and human lipoaspirate. 

Methods and results 

Murine fat and human lipoaspirate were incubated ex vivo after harvest at room 

temperature for 120 minutes.  Additional groups were incubated with collagenase 

for increasing five minute intervals from 30-60 minutes. Samples from each group 

were stained with BODIPY to quantify intact adipocytes and LIVE/DEAD kit to 

quantify interstitial cell viability. With increased time post-harvest, the number of 

intact adipocytes in murine fat and human lipoaspirate remained unchanged.  

Human interstitial cells were resistant to the effect of increased time ex vivo, while 

murine interstitial cells decreased in viability. In both populations, increased 

collagenase digestion time significantly decreased the number of viable adipocytes 

(murine: p-value ≤ 0.001, human: p-value ≤ 0.001) and interstitial cells (murine: p-

value ≤ 0.001, human: p-value ≤ 0.001). 
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Conclusions  

Human and murine adipocytes and human interstitial cells appear resistant to 

deleterious effects of increasing time following harvest. However, murine 

interstitial cells including are sensitive to increased time and prolonged collagenase 

digestion. These studies highlight the complex cellular components of fat grafts and 

how they respond differentially to time and collagenase digestion. 
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Introduction 

Clinical indications for autologous fat grafting have increased in both reconstructive 

and aesthetic plastic surgery in the past decade6,218–224. There has been a surge in 

both large-volume fat grafting utilized in breast and buttock reconstruction, as well 

as small-volume fat grafting in facial aesthetic and reconstructive applications6,8,223. 

Intense interest in autologous fat derives from advantages including 

abundance of donor fat, ease of harvest, relative decreased cost compared to 

allogeneic and implant alternatives, and avoidance of foreign non-autologous 

implant material and related complications5,224. However, long-term volume 

retention of autologous fat grafts are highly unpredictable, with resorption rates 

ranging from 20-75%5.  

Fat grafts are heterogeneous and are composed of adipocytes and interstitial 

cells, including endothelial cells, macrophages, pericytes, fibroblasts, adipose-

derived stem cells, and other blood-derived cells225. Methods for “enhancing” or 

supplementing the fat graft are being developed to improve graft retention 

rates8,223,226,227. Adipose stem cells (ASCs) have been studied extensively for this 

application and other therapeutic applications.  A number of recent studies have 

suggested that supplementation, or “enhancing” fat grafts with adipose-derived 

stem cells (ASCs), increases the graft retention rates5,8,223,226,227. 

The most common technique for enhancing fat grafts in clinical practice and 

in pre-clinical murine models involves collagenase digestion of a portion of the fat 

graft to isolate the stromal vascular fraction (SVF) and supplementation of the fat 

graft with this ASC-rich solution.  Collagenase dissociates the collagen-rich 
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extracellular matrix (ECM) of the adipose tissue, which liberates the ASCs from the 

interstitial space. Although collagenase digestion is not approved for this indication 

in the United States, this technique is currently in clinical practice in a number of 

other countries, including Japan, Spain, and Korea8,223,226,228. In the laboratory 

setting, isolation of individual adipocytes using collagenase is commonly used in 

murine and human populations to study the adipogenesis cascade229,230, adipokine 

secretion from adipocytes231–233, adipocyte metabolism233, and immune cell 

recruitment to adipose tissue/adipocytes186,234. 

 Despite the prevalence of using collagenase digestion as a means to isolate 

the SVF and individual adipocytes, a standardized time for collagenase digestion of 

human and murine adipose tissue has not been determined. Collagenase digestion 

duration must be long enough to allow for adequate disaggregation of the adipose 

tissue and release of the interstitial cells, while also short enough to prevent 

deleterious cell disruption or cell death. Digestion times reported in the literature 

range from 30 minutes to 90 minutes, with no consensus supported by scientific 

evidence143–145.  This study seeks to identify the optimal collagenase digestion 

duration that minimally disrupts viability of both adipocytes and interstitial cells. 

A second important variable in both the clinical and laboratory settings is the 

time after adipose tissue removal from the organism and prior to transplantation 

(ex vivo time), which can be significant and is often overlooked as a factor affecting 

graft retention. For example, during large volume fat graft harvest, lipoaspirate 

may be ex vivo for two hours prior to reinjection. In a laboratory setting, time ex 
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vivo following removal from a human or laboratory subject may also be significant 

prior to analysis. No studies to date have examined the effect of this time ex vivo on 

the viability of the adipocytes or interstitial cells in human and murine adipose 

tissue.  

In the current study, we sought to determine: 1) how the amount of time after 

harvest and prior to injection transplantation (ex vivo time) affects adipocyte and 

interstitial cell health, and 2) if the duration of collagenase digestion affects 

adipocyte and interstitial cell health. We hypothesize that increasing collagenase 

digestion will decrease adipocyte and interstitial cell viability in both human and 

murine adipose tissue. Further, we hypothesize that time ex vivo will not 

significantly affect the viability of adipocytes and interstitial cells in human and 

murine adipose tissue. 

A better understanding of how time after harvest and collagenase digestion 

affects the adipocytes and interstitial cells within adipose tissue will inform 

procedures for fat handling and manipulation that will improve autologous fat graft 

retention in the clinical setting. Further, these studies may help to standardize 

potential confounding variables in the laboratory research setting – the effect of 

time ex vivo and collagenase digestion on murine adipose tissue.  
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Materials and Methods 

Murine adipose tissue harvest 

All procedures were performed in accordance with the University of Virginia 

Institutional Animal Care and Use Committee. Eight to twelve week old BALB/c 

mice (Charles River, Washington, MA) were humanely euthanized with CO2 

asphyxiation with 3-4 mice used for each group. Immediately following 

asphyxiation, both inguinal fat pads were surgically excised and stored in 

phosphate buffered saline (PBS) until use. The time of removal (t=0 minutes) was 

noted to ensure accurate time points for subsequent studies. 

 

Human adipose tissue harvest 

Subcutaneous adipose tissue was obtained according to an approved protocol by The 

University of Virginia’s Institutional Review Board. All human adipose tissue was 

acquired from intraoperative suction lipectomy from nondiabetic patients 

undergoing elective surgical procedures at the Department of Plastic Surgery at 

The University of Virginia. All six patients were female, non-diabetics and ranged 

in age from 25-65 with body mass indexes ranging from 22.5-27.5. Adipose tissue 

was incubated in a sealed container at room temperature (25°C) and time of 

removal was noted to ensure accurate time points for subsequent studies. 

 

Ex vivo time studies 

Murine and human adipose tissues were incubated ex vivo in PBS at room 

temperature (25°C) for time points up to 120 minutes. After incubation was 
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complete, the tissue samples were divided evenly into two groups for each time 

point: one for BODIPY (Life Technologies, Grand Island, NY) staining and the other 

for LIVE/DEAD staining (Life Technologies, Grand Island, NY). Samples that were 

stained with BODIPY were submerged in 500 µL of 4% (v/v) paraformaldehyde 

(PFA) and incubated at 4°C overnight. Samples to be stained with the LIVE/DEAD 

kit were not incubated in 4% PFA prior to staining. 

 

Collagenase digestion of murine and human adipose tissue 

Both murine and human tissue were digested at a concentration 1 g tissue/mL of 

collagenase-containing digestion buffer consisting of 0.1% (weight/volume) 

collagenase Type I (Worthington Biochemical Corporation, Lakewood, NJ), 2.5% 

(weight/volume) bovine serum albumin (Jackson ImmunoResearch West Grove, PA), 

20 mM HEPES (Life Technologies, Grand Island, NY), 200 nM adenosine (Sigma, 

St. Louis, MO), 1.2 mM KH2PO4 (Sigma, St. Louis, MO), 1.2 mM MgSO4·7H2O 

(Sigma, St. Louis, MO), 120 mM NaCl (Sigma, St. Louis, MO), 4.7 mM KCl (Sigma, 

St. Louis, MO), 1.3 mM CaCl2·2H2O (Fisher Scientific, Pittsburgh, PA)144. The 

murine tissues were divided into two control groups: untreated and mechanically 

dissociated only. Untreated murine tissue remained intact and was incubated in the 

same buffer above except without collagenase (collagenase-free buffer) for 60 

minutes. Mechanically dissociated murine tissue was incised with scissors for one 

minute to simulate the effects of suction lipectomy in human tissue. Collagenase-

treated murine tissue was also mechanically dissociated and subsequently 
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enzymatically digested with collagenase-containing digestion buffer at increasing 

five minute intervals from 30-60 minutes. Tissue samples were incubated in a 37°C 

water bath and agitated every 5 minutes to ensure uniform digestion. After 

digestion was complete, the tissues were washed three times with PBS to remove 

remaining collagenase based on previous studies235. Tissue samples were divided 

into two groups for each time point: one for BODIPY staining and the other for 

LIVE/DEAD staining. Samples to be stained with BODIPY were submerged in 500 

µL of 4% (v/v) paraformaldehyde (PFA) and incubated at 4°C overnight. Samples to 

be stained with the LIVE/DEAD kit were not incubated in 4% PFA prior to staining. 

Untreated human tissue harvested from suction lipectomy was incubated 

without collagenase buffer for 60 minutes. The treated human tissue was 

enzymatically digested with collagenase-containing buffer according to the same 

protocol outlined above for murine tissue. 

 

BODIPY Staining 

Samples were washed two times with PBS to remove residual 4% PFA. 100 µL of 10 

µg/mL BODIPY 558/568 C12 (Life Technologies D-3835)/Hanks Balanced Salt 

Solution (HBSS) was added to the samples and then incubated at 37°C for 20 

minutes in the dark. Samples were washed three times with HBSS prior to 

mounting for imaging. 
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Figure 4.1: Viability of adipocytes in murine tissue 

Murine inguinal fat pads were digested with collagenase at increasing five-minute 
intervals, stained with BODIPY and imaged using confocal microscopy. The 
“Untreated” fat pad was neither minced nor digested with collagenase. Also shown 
are representative images for collagenase digestion durations of 30 and 60 minutes. 
Left graph: Four trials (n=4) using eight murine fat pads were quantified for intact 
adipocytes using three fields of view (FOVs) for each time point or control group. 
Confocal images and the quantification of intact adipocytes reveal that in murine 
inguinal fat pads, increasing the duration of collagenase digestion results in a 
decreased number of intact adipocytes when compared to untreated tissue (One-way 
ANOVA, Tukey’s Post-hoc test, *: p-value ≤ 0.05 **:p- value ≤ 0.01 ***: p-value ≤ 
0.001). Right graph: Three trials (n=3) using six murine inguinal fat pads were 
quantified for intact adipocytes using three fields of view (FOVs) for each time point. 
Confocal images and the quantification of intact adipocytes reveal that increasing 
time after fat harvest does not have a statistically significant effect on the overall 
number of intact adipocytes in murine inguinal fat pads when compared to 20 
minute ex vivo tissue (One-way ANOVA, Tukey’s Post-hoc test). A representative 
intact adipocyte is marked with “+,” and a representative lysed adipocyte is marked 
with “#.” Data shown are mean plus standard deviation. 
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LIVE/DEAD Staining 

After incubation ex vivo or immediately following the wash steps after collagenase 

digestion, the LIVE/DEAD Cell Viability Kit (Life Technologies L7013) was used to 

stain tissue and assess cell viability. For murine tissue, Component A and 

Component B were diluted 1:500 in HBSS to make a working staining solution. For 

human tissue, Components A and B were diluted 1:250. 100 µL of the working 

staining solution was added to each of the samples and tissue was incubated at 

room temperature for 30 minutes protected from light. Following staining, samples 

were washed three times with HBSS prior to mounting for imaging. 

 

Whole mounting tissue 

Samples were allowed to adhere to gelatin coated microscope slides for 5 minutes 

and sealed with coverslips in 50:50 PBS/glycerol solution. 

 

Confocal Imaging 

Samples were imaged on a Nikon TE 2000-E2 microscope (Nikon Instruments, 

Melville, NY) equipped with a Melles Griot Argon Ion Laser System (Melles Griot, 

Carlsbad, CA) and a Nikon D-Eclipse C1 confocal attachment. To account for tissue 

depth, 40 µm Z-stacks were acquired with a 2 µm step size. For both LIVE/DEAD 

and BODIPY samples, three, 200x fields of view were obtained. The entire field of 

view (FOV) was filled by adipocytes when imaging the BODIPY stained 
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samples.  FOVs with large vascular structures when imaging the LIVE/DEAD 

stained samples were excluded. 

 
Figure 4.2: Viability of adipocytes in human lipoaspirate 

Human lipoaspirate harvested using the Coleman technique was treated with 
collagenase at increasing five-minute intervals, stained with BODIPY and imaged 
using confocal microscopy. The “Untreated” fat pad was neither minced nor digested 
with collagenase. Also shown are representative images for collagenase digestion 
durations of 30 and 60 minutes. Left graph: Human lipoaspirate from three subjects 
(n=3) were quantified for intact adipocytes using three fields of view (FOVs) for each 
time point or control group. Both confocal images and the quantification of intact 
adipocytes reveal that in human lipoaspirate, increasing the duration of collagenase 
digestion results in a decreased number of intact adipocytes when compared to 
untreated tissue (One-way ANOVA, Tukey’s Post-hoc test *: p-value ≤ 0.05 **:p-value 
≤ 0.01 ***: p-value ≤ 0.001). Right graph: Human lipoaspirate from four subjects 
(n=4) were quantified for intact adipocytes using three fields of view (FOVs) for each 
time point. Confocal images and the quantification of intact adipocytes reveal that 
increasing the duration of time up to 120 minutes after fat harvest does not have a 
statistically significant effect on the overall number of intact adipocytes in human 
lipoaspirate when compared to 20 minute ex vivo tissue. A representative intact 
adipocyte is marked with “+,” and a representative lysed adipocyte is marked with 
“#.” Data shown are mean plus standard deviation. 
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BODIPY Quantification 

BODIPY stains the lipids in adipocytes and allows visualization of these cells. 

Images acquired of BODIPY stained samples were examined with confocal 

microscopy to assess architectural integrity of adipocyte, and images were analyzed 

using ImageJ Software (National Institutes of Health, Bethesda, MD). The number 

of intact adipocytes for each image was counted by a single, trained and blinded 

observer. Adipocytes were considered intact if no lysis was evident, no lipid droplets 

were present and if the shape of the adipocyte was consistent with untreated 

adipose tissue.  

 

LIVE/DEAD Quantification 

Images acquired of LIVE/DEAD stained samples were analyzed using ImageJ 

software (National Institutes of Health, Bethesda, MD). Images acquired were split 

into the respective channels (red and green) and cells were counted manually by a 

single, trained and blinded observer. The quantity of red cells constituted the 

number of nonviable cells. The quantity of green cells constituted the total number 

of cells. Percent of viable cells were calculated using the following equation. 

Percent of viable cells= 
Total cells – Dead cells

Total Cells
 × 100 

 

Statistics 

A one-way ANOVA with a Tukey’s Post-hoc test was used to compare all 

measurements and test for significance as appropriate with significance asserted at 
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p-value ≤ 0.05. For more details regarding statistical testing, please see figures and 

corresponding captions.  
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Results 

Duration ex vivo does not significantly affect adipocyte health in murine or human 

adipose tissue 

Whole-mounted images of BODIPY stained murine and human tissue reveal no 

significant change in adipocyte viability as time ex vivo increases. The number of 

intact adipocytes did not change significantly for murine (Figure 4.1, bottom right) 

or human tissue (Figure 4.2, bottom right). Human adipocytes were larger in area 

than the murine adipocytes, consistent with previous findings236. 

 

Duration ex vivo affects interstitial cell viability in both murine and human adipose 

tissue 

Whole-mounted images of LIVE/DEAD stained murine adipose tissue reveal that 

the time ex vivo significantly affects the percentage of viable interstitial cells – as 

time is increased, the percentage of viable cells decreases. In murine fat grafts, after 

20 minutes ex vivo, 80% of interstitial cells are viable and after 120 minutes 40% of 

interstitial cells are viable. Quantified numbers of murine cell viability are reported 

in bottom right panel of Figure 4.3. Images of LIVE/DEAD stained human tissue 

reveal the time ex vivo significantly affects the percentage of viable interstitial cells, 

albeit to a lesser degree in human tissue than murine tissue (Figures 4.3, 4.4). In 

human fat grafts, after 20 minutes ex vivo, 75% of interstitial cells are viable, and 

after 120 minutes 60% of interstitial cells are viable. Quantified numbers of human 

interstitial cells and the percentage that were viable are shown in the bottom right 

panel of Figure 4.4.  
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Figure 4.3: Viability of interstitial cells in murine tissue 

Murine inguinal fat pads were treated with collagenase at increasing five-minute 
intervals, stained with LIVE/DEAD kit and imaged using confocal microscopy. 
Interstitial cells that are stained green are viable, and cells stained red or yellow are 
nonviable. The “Untreated” fat pad was neither minced nor digested with 
collagenase. Also shown are representative images for collagenase digestion 
durations of 30 and 60 minutes. Left graph: Four trials (n=4) using eight murine fat 
pads were quantified for the percent of viable interstitial cells using three fields of 
view (FOVs) for each time point. Confocal images and the quantification of 
interstitial cells reveal that in murine inguinal fat pads, increasing the duration of 
collagenase digestion results in a decrease in the percentage of viable interstitial 
cells. Right graph: Three trials (n=3) using six murine inguinal fat pads were 
quantified for the total number of interstitial cells using three fields of view (FOVs) 
for each time point. Confocal images and the quantification of interstitial cells reveal 
that in murine inguinal fat pads, increasing time after fat harvest results in a 
statistically significantly decreased percentage of viable interstitial cells when 
compared to 20 minute ex vivo tissue (One-way ANOVA, Tukey’s Post-hoc test *: p-
value ≤ 0.05 **:p- value ≤ 0.01 ***: p-value ≤ 0.001). Data shown are mean plus 
standard deviation. 
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Duration of collagenase digestion affects murine and human adipocyte viability 

Collagenase digestion of murine adipocytes significantly decreases the number of 

intact adipocytes as the duration of collagenase digestion is increased (Figure 4.1). 

Mechanically dissociating the murine tissue (minced) resulted in a slight but not 

significant decrease in number of intact adipocytes. There is a significant decrease 

in intact adipocytes as collagenase digestion duration is increased in murine tissue. 

Similar to what was observed in murine adipose tissue, human adipose tissue 

exhibited a statistically significant decrease in the number of intact adipocytes as 

duration of collagenase digestion increased (Figure 4.2). 

 

Duration of collagenase digestion affects murine and human interstitial cell viability 

Representative images of whole-mounted images of murine and human adipose 

tissue revealed that the amount of time that the tissue was exposed to collagenase 

digestion affected the viability of interstitial cells contained within the tissue 

(Figures 4.3, 4.4). Increasing the time required for collagenase digestion 

significantly decreased the percentage of viable interstitial cells in both murine and 

human adipose tissue. 

 



CHAPTER 4: IN VITRO EFFECT OF COLLAGENASE 

	 120 

 
Figure 4.4: Viability of interstitial cells in human lipoaspirate 

Human lipoaspirate harvested using the Coleman technique was treated with 
collagenase at increasing five-minute intervals, stained with LIVE/DEAD kit and 
imaged using confocal microscopy. Interstitial cells that are stained green are viable, 
and cells stained red or yellow are nonviable. The “Untreated” fat pad was neither 
minced nor digested with collagenase. Also shown are representative images for 
collagenase digestion durations of 30 and 60 minutes. Left graph: Human 
lipoaspirate from three subjects (n=3) were quantified for the percent of viable 
interstitial cells using three fields of view (FOVs) for each time point. Confocal 
images and the quantification of interstitial cells reveal that in human lipoaspirate, 
increasing the duration of collagenase digestion results in a decreased percentage of 
viable interstitial cells when compared to untreated tissue (One-way ANOVA, 
Tukey’s Post-hoc test *: p-value ≤ 0.05 **:p- value ≤ 0.01 ***: p-value ≤ 0.001). Right 
graph: Human lipoaspirate from four subjects (n=4) were quantified for the percent 
of viable interstitial cells using three fields of view (FOVs) for each time point. 
Confocal images and the quantification of interstitial cells reveal that in human 
lipoaspirate, increasing time after fat harvest does not result in a statistically 
significant difference in the percentage of viable cells when compared to 20 minute ex 
vivo tissue. Data shown are mean plus standard deviation. 
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Discussion 

Autologous fat grafting has increasing indications in both reconstructive and 

aesthetic plastic surgery.  The benefits of fat grafting have been well described, 

however the conditions to improve retention of fat grafting are still being 

elucidated6,8,218,220,221,223,224,237. The aim of this study was to evaluate the effects of 

time and collagenase on human lipoaspirate and experimental mouse adipose tissue 

to optimize conditions affecting fat graft retention in clinical and research 

laboratory settings.  Human lipoaspirate and murine adipose tissue were 

systematically examined using multiple modalities over increasing time ex vivo and 

over increasing collagenase digestion intervals. Human adipocytes and murine 

adipocytes remained intact over increased time intervals up to two hours. Murine 

and human interstitial cells within adipose tissue exhibited decreased viability over 

increased time to varying degrees. Murine interstitial cells were seemingly more 

affected by time ex vivo than human interstitial cells.  Increased collagenase 

digestion time significantly decreased viability of both human and murine 

adipocytes and interstitial cells. 

Determining the effect of increasing temporal delays after harvest of the graft 

and prior to injection of the fat graft was a goal of this present study, which used 

multiple modalities to quantify viability of cell populations within adipose tissue. 

The finding that adipocytes (human and murine) are resilient enough to remain 

viable two hours ex vivo is consistent with findings by Eto et al.238. Specifically in a 

human fat graft, the adipocytes and the cells in the interstitial space, including 

endothelial cells and adipose derived stem cells, have been found previously to 
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maintain viability one day after removal and when maintained in serum-free 

medium under hypoxic conditions238. We report that adipose tissue (human and 

murine) viability is not significantly impaired up to 2 hours when maintained in 

saline solution at room temperature, which we feel is more akin to a surgical setting 

or laboratory setting. Our findings agree with the findings of Eto et al. and build on 

their findings, potentially providing more insight into the survival of adipose tissue 

in a clinical or laboratory setting. Temporal delays after harvesting murine adipose 

tissue for pre-clinical experiments may be substantial, but the viability of murine 

adipocytes was not significantly attenuated over time in this study.  

In our ex vivo studies, the interstitial cell component of the adipose tissue 

harvested was affected differently in both species studied. The human interstitial 

cells were resistant to the effect of increased time ex vivo, while the murine 

interstitial cells decreased in viability with increased time ex vivo. This may be in 

part explained by the technical differences in the treatment of the murine fat graft 

(manual dissociation required to simulate liposuction) as compared to the human 

fat graft (harvested via traditional liposuction). Further study into this is required 

to understand the differences in murine interstitial cells compared to human 

interstitial cells, as this is the first report of this observed difference interstitial cell 

viability between different species with respect to time.  

Results revealed that increased duration of collagenase digestion 

significantly decreased adipocyte and interstitial cell viability in both human and 

murine populations. This is consistent with prior work by Piasecki and colleagues239 



CHAPTER 4: IN VITRO EFFECT OF COLLAGENASE 

	 123 

who found that human fat grafts fragmented at higher rates with increased 

duration of collagenase digestion with times ranging from 0-180 minutes239. No 

other studies to date have examined the effect of collagenase digestion duration on 

murine adipocytes and murine interstitial cells. Although our studies were carried 

out in two different species (murine and human), the results for each species are 

valuable to the scientific and surgical communities, as pre-clinical murine models 

play a critical role in the therapy development pipeline.  

Our data show that collagenase may be detrimental to interstitial cell 

viability and adipocyte integrity and that it is therefore very important to 

deactivate or wash out any residual collagenase prior to enhancing fat grafts with 

SVF or using adipose tissue for preclinical studies. Failure to do so may lead to 

unwanted fat necrosis, a false sense of correction of the deformity intraoperatively, 

and a low rate of retention of the fat graft in the postoperative period. 

It is imperative to consider and tailor the time, temperature, concentration, 

and type of collagenase used for specific studies or experimental trials. Bacterial-

derived collagenase remains the most common proteolytic enzyme used for tissue 

dissociation240 and has growing implications in the plastic surgery and 

reconstructive field for use in adipose tissue. Collagenase disrupts the collagen-rich 

extracellular matrix of adipose tissue allowing for easy harvest of interstitial cells 

and single adipocytes. 

“Crude” collagenases (several types exist) are often used and are not pure 

collagenase, but rather a mixture of several enzymes in addition to collagenase 
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capable of dissociating the ECM. For the present studies, type I collagenase was 

used. This is typically used for adipose dissociation but there is no standard in the 

literature, and other authors have utilized other collagenase types for dissociation. 

Also important in the collagenase digestion process is the temperature and 

collagenase concentration used, with varying temperatures and concentrations used 

in the literature. Although our studies used one type of collagenase (Type I), one 

temperature for digestion (37°C), and one concentration (1 mg collagenase/mL), they 

highlight the importance and the possible deleterious effects of collagenase on the 

adipocytes and interstitial cells in both human and murine tissue.  

Currently, the use of collagenase to isolate SVF and enhance fat grafts is not 

an approved practice by the United States Food and Drug Administration (FDA) but 

is practiced in other countries8,223. Further, collagenase as a biologic has been 

recently approved by the FDA (XIAFLEX®, Auxilium Pharmaceuticals) to treat 

Dupuytren’s contracture241 and Peyronie’s disease242. With proper characterization 

and future studies to examine the effect of collagenase in more detail, FDA approval 

to enhance fat grafts with collagenase-isolated SVF may be imminent. 

A few specific limitations temper the conclusions drawn from this study. 

First, mice lack sufficient volumes of subcutaneous adipose tissue to perform 

liposuction in vivo, thus inguinal fat pads were manually dissociated as previously 

shown to adequately fragment the fat for the purposes of study243.  This surgical 

technique is well established as an adequate proxy for liposuction; however, it may 

increase interstitial cell susceptibility to cell death.  Additionally, the small sample 
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sizes also limit the conclusions that can be drawn, however the evidence of parallel 

findings consistent across multiple modalities in this study add strength to the 

conclusions. All murine tissue was treated in the same manner and thus serves as 

an internal control. Secondly, we used architectural integrity after BODIPY 

staining as a marker for viable adipocytes (no lysis evident, no lipid droplets 

present, shape consistent with untreated adipose tissue). Because our chosen assays 

rely on architectural integrity, it is possible that only cells with severely 

compromised membranes are being detected as non-viable. There may be a 

subpopulation of cells with irreversible damage but do not have compromised 

membranes and thus we may be underestimating the percent of non-viable cells. 

Reliably determining a viable, intact adipocyte from a nonviable adipocyte has 

proven to be a challenge that has been identified by the literature, and it is 

necessary to employ a combination of viability assays or stains. Suga et al.244 

conclude that three common viability assays (XTT, MTT, trypan blue) cannot be 

used singly and must be employed in a combinatorial fashion for adipocyte 

specificity. Suga et al.244 used Hoechst 33342 and propidium iodide to distinguish 

viable, intact adipocytes following collagenase digestion. We coupled our BODIPY 

staining with a LIVE/DEAD stain to similarly provide a global view of overall 

adipose tissue viability that is consistent with their use in other published 

studies225,245,246.  The combination of these assays and the consistencies of the 

findings from each assay adds to the strength of the conclusions that can be drawn. 

Our studies were conducted using liposuction samples from all female patients 
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potentially limiting the generalizability of the findings to both sexes. However, this 

is consistent with published national trends showing that 89% of patients 

undergoing autologous fat grafting in 2013 were female247.  Although this limits the 

generalizability of the findings in this study to the female gender, most patients 

undergoing autologous fat transfer nationally are female thus the findings are 

highly relevant. Further, there are several examples in the literature outlining the 

potential impact of donor gender on ASC behavior such expansion and 

differentiation capabilities. Aksu et al. showed that male-derived human ASCs 

differentiate down an osteogenic pathway more effectively248, while Ogawa et al. 

showed that female murine ASCs differentiate down the adipogenic pathway more 

effectively249. To our knowledge, no studies have been conducted examining the 

viability of the interstitial cells or adipocytes between male and female donors. Our 

studies do not characterize the cell type composition of the interstitial cell 

compartment and do not examine the individual cell types. However, these future 

studies are feasible and would be interesting to couple these findings with an in 

vivo retention model of fat grafting (e.g. dorsal subcutaneous implantation) to 

correlated specific cell types responsible for fat graft survival. 

Our approach provides insight into both the interstitial cells within the 

adipose tissue, as well as the adipocytes themselves. We are confident that these 

two staining protocols allow us to differentiate healthy and viable adipose tissue 

from adipose tissue that has been detrimentally affected. Altering the collagenase 

concentration, the temperature in which the digestion is performed, and the type of 
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collagenase will very likely affect both clinical and research study outcomes. Thus 

at the present time, while we are not able to definitively identify an “optimal” 

digestion time as it is likely dependent on these aforementioned parameters; our 

results provide insight into the detrimental effects of increasing collagenase 

digestion duration. 
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Conclusions 

Our results suggest that adipose tissue can withstand an ex vivo time period of up 

to two hours with no significant effect on adipocyte viability. This information can 

inform guidelines for operating procedures and provide surgeons with a timeframe 

for fat grafting that ensures cell viability and may lead to better engraftment 

outcomes and volume retention. Autologous fat grafting is frequently performed in 

the setting of larger-volume suction lipoplasty, which would require the harvest of 

more adipose tissue and delay the surgical time to grafting. Our data suggest that 

surgeons may proceed without fear of loss of graft viability from this temporal delay 

of up to two hours. 

While our study was not designed to identify an optimal digestion duration 

that would preserve adipocyte and interstitial cell viability while allowing for 

complete dissociation of adipose tissue for isolating of SVF, our findings show that 

prolonged collagenase digestion decreases the number of viable interstitial cells and 

adipocytes in murine and human tissue. Our study allows us to conclude that 

increased collagenase digestion duration may be detrimental to cell viability and 

not likely beneficial for autologous fat grafting. 



	

	

 

CHAPTER 5 

 

 

 

EFFECTS OF COLLAGENASE 

DIGESTION AND SVF 

SUPPLEMENTATION ON VOLUME 

RETENTION OF FAT GRAFTS 
 

Acknowledgements: Jonathan B. Olenczaka, Catherine E. Davisb, 
Lisa S. Salopeka, Angela Pineros-Fernandeza, Kant Y. Lina, 

Shayn M. Peircea,c, Patrick S. Cottlera 
 

aDepartment of Plastic Surgery, University of Virginia 
bDepartment of Biology, University of Virginia 
cDepartment of Biomedical Engineering, University of Virginia 
 
  



CHAPTER 5: IN VIVO EFFECT OF COLLAGENASE 

	 130 

Abstract 

Background 

The use of autologous fat as a soft tissue defect filler has increased over the past 

decade in reconstructive and aesthetic surgeries. Enhancement of autologous fat 

grafts with SVF has been reported to improve long-term volume retention. SVF is 

most commonly isolated using enzymatic digestion and it is unknown what effect 

this digestion has on the adipocytes and SVF cells that comprise the graft. Previous 

studies by our group found that increasing collagenase digestion duration 

detrimentally affected the viability of adipocytes and SVF cells. Here, we aim to 

determine if collagenase digestion of adipocytes prior to grafting is detrimental to 

graft retention and if SVF supplementation can abrogate these potential deleterious 

effects. 

Methods and Results 

Here, we utilize a published xenograft model in which human lipoaspirate was 

implanted above the scalps of immunocompromised mice to study the effect of 

collagenase digestion on in vivo graft survival after 12 weeks. We used four 

experimental groups: grafts comprised of collagenase-digested and non-digested 

adipocytes (50 minute digestion) and grafts with and without SVF supplementation. 

We used micro-CT to non-invasively quantify the volume of the graft, in conjunction 

with H&E staining of histological cross-sections of implanted and excised grafts to 

assess overall tissue health. We found that adipocytes that were collagenase-

digested prior to implantation had significantly lower retention rates at 12 weeks 

and had a lower quality of tissue health. Further, we found that SVF 



CHAPTER 5: IN VIVO EFFECT OF COLLAGENASE 

	 131 

supplementation of the digested grafts improved graft survival, but not to the level 

observed in undigested grafts. 

Conclusions 

We conclude that collagenase digestion adversely affects the long-term volume 

retention of fat grafts, but graft retention is ameliorated by SVF supplementation. 

This pre-clinical study can serve as a template for the design of clinical studies to 

further clarify the efficacy and safety of using collagenase-digested fat grafts and 

SVF in clinical fat grafting. 
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Introduction 

The use of autologous fat has increased in both reconstructive and aesthetic plastic 

surgery cases over the past decade4,250. Autologous fat provides a means to repair 

and fill soft tissue defects ranging from small-volume contour irregularities of the 

face to large-volume breast and buttock reconstructions218,221,228,251. Benefits of 

using autologous fat are the relative ease of harvest, the abundance of tissue 

available to surgeons, innate biocompatibility, and the avoidance of using a 

synthetic or foreign implant material3–5. While the use of autologous fat in the clinic 

is rising, the long-term retention rate of grafted autologous fat is still unpredictable, 

with resorption rates ranging from 25-80%5.  

While the mechanism(s) responsible for fat graft survival remain unclear, 

proper vascularization and subsequent sufficient oxygen/nutrient delivery appear to 

be the crux of fat graft survival156,251–253. Clinicians and scientists have aimed to 

improve the long-term retention rate of fat grafts, and these approaches have been 

the subject of many studies over the past decade. Central to most of these studies is 

the “enhancement” of fat grafts with the stromal vascular fraction (SVF), or more 

specifically, adipose-derived stem cells (ASCs)8,254,255. The SVF, a compartment of 

adipose tissue that is easily isolated from lipoaspirate, contains preadipocytes, 

ASCs, endothelial progenitor cells, macrophages, and vascular cells21,22. It is 

believed that the progenitor and stem cells within the SVF form the basis of better 

fat graft retention after implantation by providing a source for new adipocytes, 

vascular cells, and support cells in the grafted tissue23,256. The SVF is most 

commonly isolated from the adipose tissue using an enzyme257 such as collagenase24 
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or an enzymatic “cocktail”, which contains various collagenases (i.e. Liberase 

Blendzyme258).  Less common and less effective techniques used to isolate SVF 

include centrifugation25, mechanical isolation via vigorous shaking26, and decanting 

after density gradient separation27. While the enhancement of fat grafts with SVF is 

a commonly practiced technique, the treatment of the fat grafts prior to 

implantation, specifically the adipocyte portion, is not a standardized practice. 

Herein, we focus on fat grafting techniques that utilize enzymatic digestion, 

specifically collagenase, to harvest SVF and enhance fat grafts prior to grafting. 

Previous studies have reported the use of enzymatic digestion of lipoaspirate 

material prior to using the SVF and adipocytes as part of the autologous graft. 

Typically, the enzymatically isolated SVF is added to adipocytes that have not been 

enzymatically digested (reserved portion of lipoaspirate)8,259, but reports in other 

countries have described the use of collagenase-digested adipocytes as part of the 

graft7,260. Youn et al. used collagenase-digested adipocytes to surgically correct 

infraorbital dark circles260. Youn et al. cite that collagenase digestion of the adipose 

tissue increased the contouring ability of the fat graft by making it a ”more liquid 

filler” and reported safe and efficacious results260. While the use of SVF/adipocytes 

harvested from collagenase-digested lipoaspirate is not currently approved for use 

by the United Stated Food and Drug Administration (FDA), collagenase has been 

recently approved for the treatment of Dupuytren’s contracture261 and Peyronie’s 

disease262 in the United States. Furthermore, with the increasing use of enhanced 

fat grafting specifically in large volume reconstructions and in cases of patients 
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with low adiposity, it will be important to study the effect of collagenase digestion 

on the adipocytes. During cases of large volume reconstructions and in patients 

with low adiposity, it is may be necessary to use all of the fat taken from the patient 

and not to discard potentially useable fat for reconstruction. Future studies 

conducted on collagenase-digested adipocytes and SVF may provide grounds for 

FDA approval of collagenase-isolated SVF and adipocytes in fat grafts.    

In our previously published studies263 described in Chapter 4, we report the 

in vitro effect of collagenase digestion on adipocytes and SVF for both human and 

murine adipose tissue. We found that increasing the duration of collagenase 

digestion is detrimental to both the SVF and the adipocytes, causing decreases in 

the viability of both interstitial cells (which comprise the SVF compartment) and 

adipocytes. For both adipocytes and interstitial cell viabilities, the effect of 

collagenase digestion was gradual with a “threshold” of tolerance (Figures 4.1-4.4). 

For human tissue, the viability of adipocytes and SVF was significantly decreased 

at 50 minutes of digestion (Figures 4.2 and 4.4). While these in vitro studies were 

the first to indicate the potentially detrimental effects of collagenase digestion on 

SVF and adipocytes, it is imperative to consider the effect of collagenase digestion 

on in vivo graft survival. To our knowledge, no studies to date have examined the 

effect of collagenase digestion on in vivo graft survival. 

In this study, we utilized a previously published xenograft model141 in which 

we implanted human fat grafts above the scalps of immunocompromised mice to 

study the effect of collagenase digestion on in vivo graft survival. We employed the 
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use of X-ray microtomography (micro-CT) to non-invasively track the volumes of 

implanted fat grafts over the course of 12 weeks. We coupled micro-CT data with 

H&E staining to provide a unique outlook at the overall tissue health and viability. 

Our findings suggest that adipocytes that were collagenase digested prior to 

grafting had significantly lower retention rates and were nearly undetectable at the 

12 week terminal time point. Collagenase-digested grafts had a lower quality of 

tissue health, as evidenced by H&E histological scoring. Further, our findings 

suggest that SVF supplementation of the digested grafts improved graft survival, 

but not to a level we observed in undigested grafts.   

A better understanding of the impact of collagenase digestion on in vivo graft 

survival is of importance to clinicians and will help clarify the efficacy of using 

digested adipocytes/SVF during autologous fat grafting. This study builds on our in 

vitro findings and aims to determine the potential detrimental effect on in vivo graft 

retention.  
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Materials and Methods 

Human adipose tissue harvest 

All human tissue was obtained in accordance with The University of Virginia 

Institutional Review Board. Human subcutaneous adipose tissue was acquired from 

two patients undergoing elective intraoperative suction lipectomy performed by the 

Department of Plastic Surgery at The University of Virginia. Both patients were 

nondiabetic female, ages 36 and 42, with body mass indexes of 32.0 and 34.0 

respectively. After removal from the body, the lipoaspirate was incubated in a 

sealed, sterile container at room temperature (25°C) until use. 

 

Isolation of adipocytes from collagenase-digested human adipose tissue 

Human adipose tissue was digested in a collagenase-containing buffer as described 

previously in Chapter 4 and in previous studies144,263. Briefly, adipose tissue was 

digested for at a concentration of gram of tissue per milliliter of collagenase-

containing buffer consisting of 0.1% (weight/volume) collagenase Type I, 2.5% 

(weight/volume) bovine serum albumin, 20 mM HEPES, 200 nM adenosine, 1.2 mM 

KH2PO4, 1.2 mM MgSO4·7H2O, 120 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl2·2H2O. 

Samples were incubated in a 37°C water bath under constant agitation for 50 

minutes. After digestion was complete, the samples were washed with PBS three 

times for five minutes each wash to remove residual collagenase. After PBS washes, 

samples were centrifuged at 1100 RPM for five minutes and the adipocytes were 

isolated using a micropipette. These adipocytes were termed “collagenase-digested” 
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adipocytes and were stored in sterile microcentrifuge tubes at room temperature 

until use. All procedures were performed in a biosafety cabinet to maintain sterility. 

 

Isolation of adipocytes from untreated human adipose tissue 

Adipocytes were also derived from undigested adipose tissue in the same way as 

above but were incubated in collagenase-free buffer for 50 minutes. After incubation 

in the collagenase-free buffer, samples were washed three times with PBS as stated 

above and were centrifuged at 1100 RPM for five minutes. The “untreated” 

adipocytes were isolated carefully by using a micropipette and were stored in sterile 

microcentrifuge tubes at room temperature until use. 

 

Stromal vascular fraction isolation 

After the “collagenase-digested” adipocytes were removed via micropipette as stated 

above, the remaining portion of the sample was used to isolate the stromal vascular 

fraction (SVF) for subsequent studies. After centrifugation, the sample stratifies 

into three layers based on densities – the top layer is the adipocytes (used as stated 

above), the middle layer is the tumescent fluid and washing fluid, and the bottom 

layer contains the stromal vascular fraction and blood cells. The adipocytes (top 

layer) were removed for use and the middle layer was aspirated leaving the bottom 

pellet containing the SVF. 1 mL of DMEM/F12 media was added to the pellet and 

gently mixed by pipetting. The solution was centrifuged at 1100 RPM for five 

minutes and 500 µL was removed from the sample. 1 mL of erythrocyte lysis buffer 
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(eBioscience) was added and the solution was gently vortexed to resuspend the 

pellet. The sample was incubated for five minutes at room temperature, which was 

followed by the addition of 1.5 mL of DMEM/F12. This solution was sterile filtered 

through a 40 µm centrifuge tube mesh and centrifuged at 1100 RPM for five 

minutes. After centrifugation, the supernatant was removed and the pellet was 

resuspended in 1 mL of DMEM/F12. The cells were counted using a hemocytometer 

and were resuspended in sterile PBS into a known volume for the concentration 

desired for the subsequent studies. 

 

Preparation of adipose grafts 

Four separate groups were used for these studies: 1.) undigested adipocytes without 

SVF supplementation, 2.) undigested adipocytes with SVF supplementation, 3.) 

digested adipocytes without SVF supplementation, and 4.) digested adipocytes with 

SVF supplementation (Figure 5.1A). All implanted adipose tissue grafts were 250 

µL and grafts that were SVF supplemented contained 12,500 SVF cells/250 µL of fat 

based on findings from a previous paper that titrated the concentration of SVF cells 

in fat grafts254. Grafts were prepared based on the groups above and were loaded 

into 1 mL syringes coupled to a sterile 16 gauge catheter tubing for injection. 

 

Implantation of adipose graft implants 

A xenograft adipose tissue graft model was modified in which adipose grafts were 

implanted above the scalp of recipient mice141. NOD SCID mice were anesthetized 
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with 2% isoflurane and the hair on the top of head and around the ears were shaved 

and depilated. Following depilation, the area was sterilized with three alternating 

ethanol and povidone-iodine wipes. A small incision (~1 cm) was made at the base of 

the skull with sterile surgical scissors and the fascia and skin was undermined with 

forceps to make a “pocket” for implantation of adipose graft. The adipose graft (250 

µL) was injected slowly through the 16-gauge catheter tubing and special 

consideration was taken to ensure that no adipose tissue emanated from the 

incision after injection. The incision was closed with 6-0 nylon suture.   

 
Figure 5.1: Experimental groups and experimental outline 

A.) Experimental Groups 1-4 consisting of collagenase-digested and 
undigested adipocytes with or without SVF supplementation. B.) 
Experimental timeline depicted micro-CT scanning time points and terminal 
time point. 
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Micro computed tomography scanning of grafts 

A Scanco vivaCT 40 micro-CT instrument (Scanco Medical) was used to scan 

recipient mice at various time points after implantation of human adipose tissue 

grafts as depicted in Figure 5.1B. micro-CT scanning allowed for non-invasive 

quantification of the graft volume and provided topographical information of the 

adipose graft. Mice were anesthetized with 2% isoflurane prior to and during the 

entirety of the scanning procedure. Settings used on the micro-CT instrument were 

as follows: tube voltage - 55 kV, tube current - 145 pA, power - 8W, integration time 

– 316 msec, and voxel size – 70 µm. All mice were scanned four or five days post-

implantation, two weeks post-implantation, four weeks post-implantation, eight 

weeks post-implantation, and twelve weeks post-implantation (Figure 5.1B). 

 

Harvest of adipose tissue grafts 

At the terminal time point of twelve weeks post-implantation, mice were euthanized 

via CO2 asphyxiation. The skin above the scalp was carefully excised and the 

adipose graft was exposed. An image of the adipose graft was taken with a 

handheld camera to provide a macroscopic view of the graft. After imaging, the 

adipose graft was carefully excised from the skin and the mass of the graft was 

recorded. Adipose tissue was stored in 4% paraformaldehyde at 4°C for seven days 

to allow for complete fixation. In some recipient mice (Group 3), the adipose graft 

was undetectable and was not harvested.  
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Analysis of acquired micro-CT scans 

Fiji, an image processing package based on ImageJ, was used to process the DICOM 

files generated from the micro-CT scans. “Segmentation Editor”, a plugin within 

Fiji, was used to analyze the DICOM files and to quantify the graft volume. The 

DICOM files were imported into Fiji as an “Image Sequence” and converted to 8-bit 

grayscale (Figure 5.2A). The imported stack of images was loaded into 

“Segmentation Editor” and the freehand tracing tool was used to outline the adipose 

graft on every fifth slice until the adipose graft was no longer visualized (Figure 

5.2B). The adipose graft was distinct from the surrounding skin based on the color 

and contrast of the image. After tracing every fifth slice, interpolation was 

performed to create selections/traces for slices between the previously traced slices. 

A 3D projection of these slices was constructed and the volume of the adipose tissue 

graft was calculated after setting the voxel size for scaling purposes (Figure 

5.2C,D). 

 

H&E staining and scoring 

After fixation, adipose grafts were processed for paraffin embedding by the 

University of Virginia Research Histology Core. Samples were cut 5 µm thick and 

were stained with hematoxylin and eosin (H&E) stain. Individual 100X images were 

acquired using an EVOS XL microscope (Life Technologies) and montages were 

made of the entirety of the adipose graft for analysis. Montaged images were scored 

by three blinded, trained observers on a scale of 0-5 (0: non-existent, 5: significant 
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presence) and were evaluated for the presence of inflammation, cysts/vacuoles, 

membrane integrity, and fibrosis, as a combinatorial metric of tissue health as 

described previously255,264. Representative examples of fibrosis, cysts/vacuoles, and 

inflammation are depicted in Figure 5.3A-C as well as average scores in Figure 

5.3D. 
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Results 

Collagenase digestion of adipocytes prior to implantation decreases volume retention 

Calculation of adipose graft volumes from 3D projections revealed that collagenase 

digestion of adipocytes prior to grafting significantly reduced and detrimentally 

affected volume retention post-implantation. The calculated graft volume of the 

collagenase treated group with SVF supplementation (Group 4, 83.90 mm3) was 

roughly one-third of the initial grafted volume (250 mm3) after only four/five days 

post-implantation (Figure 5.2D). The group that was collagenase treated without 

SVF supplementation (Group 3) was nearly undetectable via micro-CT scanning 

after four/five days with an average calculated volume of only 0.87 mm3. The groups 

containing adipocytes that were not collagenase digested prior to implantation 

(Groups 1 and 2) had much higher calculated volumes immediately post-

implantation (Figure 5.2D). The group with undigested adipocytes without SVF 

supplementation (Group 1) had an average volume of 192.06 mm3, while the group 

with undigested adipocytes with SVF supplementation (Group 2) had an average 

volume of 163.21 mm3 (Figure 5.2D).  

This observed decrease in calculated graft volume for digested adipocytes was 

observed for all time points post-implantation up to twelve weeks. At the terminal 

time point of twelve weeks, the collagenase-digested group without SVF (Group 3) 

was undetectable and the collagenase-digested group with SVF supplementation 

(Group 4) had an average volume of 4.98 mm3. The undigested group without SVF 

had an average calculated volume of 109.69 mm3 while the undigested group with 

SVF had an average calculate volume of 86.01 mm3 (Figure 5.2D). Based on these 
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data, it is apparent that collagenase digestion prior to grafting is detrimental to the 

retention of the graft (Figure 5.2D). 

 
Figure 5.2: Micro-CT scanning of fat grafts 

Micro-CT allows for non-invasive tracking of graft volume up to 12 weeks. A.) 
Example image of micro-CT scan performed on recipient mice. Scale bar = 1 
cm. B.) Red area depicts outlined adipose graft using segmentation editor. 
Graft is distinguished from skin by contrast. Scale bar = 1 cm. C.) Three-
dimensional volume render constructed from outlines of adipose graft. 
Calculation of graft volume is performed in Segmentation Editor and is 
reported in Panel D. Scale bar = 0.4 cm. D.) Average calculated graft volumes 
for the experimental groups at time points post-implantation. Two-way 
ANOVA, *** = p-value < 0.001. All data are mean + standard deviation. n = 6 
animals for each group. 
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SVF supplementation aids in volume retention of collagenase-digested grafts but 

does not increase volume retention of undigested grafts 

As stated above, after 4/5 days post-implantation the collagenase-digested grafts 

without SVF were nearly undetectable with an average calculated volume of 0.87 

mm3, while the collagenase-digested grafts with SVF supplementation had an 

average calculated volume of 83.90 mm3. These data suggest that SVF 

supplementation of the collagenase-digested adipose grafts increased the volume 

retention and mitigated the resorption of the graft post-implantation. Interestingly, 

SVF supplementation of undigested grafts (Groups 1 and 2) did not increase the 

volume retention with average calculated volumes of the SVF supplemented group 

being slightly lower, but not statistically lower, than the unsupplemented groups at 

all time points (Figure 5.2D). 

 

Collagenase digestion decrease overall tissue health as evidenced by H&E scoring 

metrics 

The collagenase-digested grafts (Group 4) had, on average, higher scores for 

inflammation, cysts/vacuole presence, and fibrosis when compared to grafts that 

had not been collagenase digested prior to implantation (Groups 1 and 2) (Figure 

5.3D). Since there were no grafts remaining at week 12 for Group 3 (collagenase 

digested, no SVF supplementation), H&E scoring was not performed on this group. 

There was a significant increase in the amount of inflammation present, the 

number of cysts/vacuoles observed, and the amount of fibrosis in collagenase-
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digested when compared to undigested grafts (Figure 5.3D). There was also a 

striking difference in the membrane integrity of the groups – the undigested grafts 

(Groups 1 and 2) had much more uniform, intact adipocytes than the collagenase-

digested group (Figure 5.3D). There were no statistically significant differences 

between Groups 1 and 2 for any metric, suggesting that SVF supplementation did 

not have an impact on the overall tissue health. Taken together, these data suggest, 

and are in agreement with volume retention outcomes, that collagenase digestion is 

detrimental to graft retention and overall tissue health. 

 

Terminal adipose graft masses are consistent with calculated graft volumes 

After twelve weeks, the adipose grafts were harvested and massed. The masses of 

the undigested groups without SVF and with SVF were 0.116 grams and 0.104, 

respectively (Figure 5.3E). Assuming that the initial graft was 0.225 grams (0.9 

g/mL density of adipose tissue265), this equated to roughly 40% volume retention 

rate after twelve weeks, which is consistent with the literature266. These masses 

were also consistent with the trends of the calculated graft volumes at twelve weeks 

and the 40-50% volume retention rate observed in those calculations (above). The 

unsupplemented grafts that were collagenase digested prior to implantation (Group 

3) were undetectable at twelve weeks and not harvested (Figure 5.3E). Consistent 

with the calculated volumes using micro-CT scanning, the collagenase digested 

grafts with SVF supplementation (Group 4) had an average mass of 0.017 grams 

(Figure 5.3E). Taken together, these data corroborate that collagenase digestion is 
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detrimental to graft survival and that SVF supplementation of digested grafts aids 

in volume retention.  

 
Figure 5.3: Histological scoring of fat grafts 

Collagenase-digested grafts were qualitatively less healthy as compared to 
undigested grafts. A.) Example image of H&E stain depicting the presence of cysts 
and vacuoles. * denotes cyst or vacuole. B.) Example image of H&E stain depicting 
the presence of fibrosis. + denotes presence of fibrosis. C.) Example image of H&E 
stain depicting the presence of inflammation. # denotes presence of inflammation. 
D.) Average histological scores for each of the four metrics quantified. One-way 
ANOVA between each metric, * = p-value < 0.05, *** = p-value < 0.001. E.) Average 
mass of grafts at 12 weeks compared to assumed mass of grafts at initial time 
point. Grafts were not detectable for Group 3. One-way ANOVA, *** = p-value < 
0.001.  All scale bars = 100 µm. All data are mean + standard deviation. n = 6 
animals for each group. 
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Implantation of xenografts does not significantly alter body mass over the duration 

of the experiment 

Body masses of each mouse were recorded before surgery and before each micro-CT 

scan was performed. As is typical for growing mice, the masses of each treatment 

group rose steadily from roughly 23 grams before surgery to approximately 30 

grams at the terminal time point of twelve weeks (data not shown). There were no 

significant differences between any of the treatment groups at any of the time 

points measured. 
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Discussion 

The use of autologous fat to fill soft tissue defects has become more prevalent in 

reconstructive and aesthetic surgeries over the past decade4,228. Autologous fat is 

biocompatible, is typically readily available within a patient, easy to harvest, and 

allows clinicians to avoid the use of synthetic or foreign implant materials. Long-

term resorption rates of autologous fat grafts range from 25-80% and are 

unpredictable, which has prompted clinicians and scientists to develop strategies to 

combat this adverse resorption process. Clinicians have started to “enhance” fat 

grafts by supplementing with the stromal vascular fraction that is most commonly 

isolated from lipoaspirate using enzymatic digestion (i.e. collagenase digestion). 

While other techniques can be used to isolate the SVF (mechanical, centrifugation, 

etc.), our current studies focused on fat grafting techniques that utilize enzymatic 

digestion, specifically collagenase, prior to fat grafting. Many fat grafting studies 

have reported the use of enzymatic digestion to isolate the SVF and subsequent 

supplementation of the adipocyte portion with the enzymatically-isolated 

SVF8,259,260. Additionally, other groups have used the collagenase-digested adipocyte 

portion as part of the graft without complete understanding of the effect of digestion 

on the adipocytes. In our previous study, we found that increasing duration of 

collagenase digestion decreased the viability of adipocytes and the interstitial cells 

within the adipose tissue. In the present study, we examined the effect of 

collagenase digestion on adipocytes and the impact of digestion on in vivo graft 

survival. We modified a published xenograft model141 and implanted human 

lipoaspirate as a fat graft and then serially evaluated volume retention and tissue 
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health over a twelve-week time course. We found that collagenase digestion prior to 

grafting significantly decreased the long-term volume retention of the implanted 

adipose, as evidenced by non-invasive micro-CT, and decreased the overall tissue 

health, as determined by H&E staining. Further, we found that SVF 

supplementation of collagenase-digested grafts slightly improved the volume 

retention, but not to the level observed using undigested grafts.  

Collagenase digestion of the adipocytes prior to implantation not only 

detrimentally affected the long-term volume retention and overall tissue health, but 

micro-CT scans and volume calculations revealed rapid resorption of collagenase-

digested adipose at the earliest time point (4 or 5 days post-implantation). The 

grafts from Group 3 were nearly undetectable, and the grafts from Group 4 retained 

only 40% of their initial volume. H&E evaluation revealed an overall decrease in 

tissue health for collagenase-digested grafts (Group 3) with the adipocytes having 

lower membrane integrity scores (more fragmented adipocytes), higher levels of 

inflammation/fibrosis, and a more significant presence of cysts and vacuoles when 

compared to adipocytes that were not collagenase digested (Figure 5.3D). The mass 

of the collagenase-digested grafts was also significantly lower at the terminal time 

point (Figure 5.3E). Taken together, these findings suggest that collagenase-

digestion prior to grafting is detrimental to the long-term volume retention of fat 

grafts. 

Currently, it is unclear why the collagenase digestion of adipocytes prior to 

implantation/grafting decreases the volume retention, but previous studies may 
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provide some insight. In our previous in vitro studies, for example, we observed that 

increasing durations of exposure to collagenase had an increasingly detrimental 

effect on human adipocytes and interstitial cell viability263 (Figures 4.2, 4.4). These 

in vitro studies suggest that in the present study, the collagenase-digested grafts 

had reduced viability at the onset of grafting. In another study conducted by Ruan 

et al., isolation of primary adipocytes from murine epididymal fat pads via 

collagenase digestion increased several genes that encoded several pro-

inflammatory mediators267. Specifically, Ruan et al. reported a significant increase 

in TNF-α expression by primary adipocytes that were isolated using collagenase 

digestion267. Based on these findings, we speculate that collagenase digestion of the 

adipocytes prior to grafting induces an inflammatory environment within the graft 

via TNF-α secretion that leads to increased resorption of the graft. In support of this 

theory, Thompson et al. showed that IL-6 levels are also altered in adipocytes 

during collagenase digestion and that varying collagenase concentrations/rotational 

speeds during digestion modulates the IL-6 expression268. IL-6 and TNF-α have 

been linked to obesity-related inflammation and are generally considered pro-

inflammatory cytokines269,270. Therefore, future studies investigating the effects of 

collagenase on adipose tissue retention should examine levels of these two pro-

inflammatory cytokines, among others271, in the tissue following graft implantation. 

Both pre-clinical and clinical studies have reported significant improvements 

in fat graft volume retention by “enhancing” or supplementing the fat grafts with 

SVF prior to implantation. We observed an improvement in volume retention for 
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SVF-treated grafts that were collagenase-digested prior to implantation. Indeed, 

supplementation of collagenase-digested grafts with SVF prior to implantation 

(Group 4) delayed the resorption and increased the volume of the graft at each time 

point. Our findings are consistent with many other groups that have reported 

increased volume retention and delayed resorption following the supplementation of 

grafts with SVF254,259. It is also possible that the collagenase digestion “stripped” 

the adipose tissue graft of the interstitial cells and supplementing the adipose graft 

with SVF cells “repopulated” the interstitial cell compartment, which appears to be 

necessary for graft survival. We have previously reported that increasing 

collagenase digestion decreases the number of interstitial cells within adipose 

tissue263. This “stripping” of the interstitial cell compartment may also provide 

further explanation as to why collagenase digestion negatively impacts graft 

retention.  

Interestingly, SVF supplementation of grafts that were not collagenase 

digested had no effect on the overall volume retention for the experimental time 

points. This finding differs from what has been reported in the literature, which is 

that SVF supplementation improves volume retention272. Our cell dosage (12,500 

SVF cells for each 250 µL fat graft) was based on a similar study conducted by Paik 

et al. where the concentration of SVF cells within adipose tissue was titrated to 

achieve an optimal effect254. Paik et al. reported that concentrations of SVF cells 

above a certain threshold (10 million cells/mL) decreased tissue health and caused 

greater lipodegeneration in a similar xenograft model. Paik et al. further reported 
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that 50,000 SVF cells/mL adipose tissue was an ideal concentration, and hence this 

was the SVF concentration used in our study. However, this concentration is much 

lower than concentrations demonstrated in other studies to significantly increase 

volume retention. For example, Gentile et al. supplemented clinical fat grafts with 

250,000 SVF cells/mL and reported less volume loss over 18 months272. Studies 

which supplement grafts with ex vivo expanded ASCs have also used much higher 

concentrations of cells per volume of adipose tissue, with concentrations as high as 

20x106 ASCs/mL fat5. Because we did not conduct a dose-response study, we cannot 

draw conclusions about whether higher (or lower) doses of SVF might yield an 

improvement in fat graft volume retention in this murine model. 

There are several other caveats to our study. First, we examined the effect of 

collagenase digestion on in vivo graft retention by using one digestion duration (50 

minutes). This digestion duration was based on our previous study in which we 

found that 50 minutes was the “tipping point” beyond which adipocytes and 

interstitial cells started to become less viable263. It would be important to evaluate 

both shorter (30 minutes) and longer (90 minutes) collagenase digestion times to 

help elucidate the potential detrimental effect of collagenase digestion on in vivo 

graft survival. It is possible that a short collagenase digestion (less than 50 

minutes) may, in fact, be beneficial to graft survival without jeopardizing the 

viability of the adipocytes within the graft. Short digestion durations may provide 

benefit to graft survival by increasing the surface area to volume ratio (smaller 

parcels of fat), which may promote more rapid revascularization. This theory has 
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not been tested in these studies but would be interesting to consider in future. 

Another important consideration in our studies is the fact that all studies were 

conducted in immunocompromised mice (NOD SCID mice), which lack a complete 

immune system. While the xenograft model allows for the grafting of human 

adipose tissue into a mouse without rejection, the lack of a complete immune 

system omits a significant factor in the grafting and inflammatory process. 

Specifically, these mice have defective T and B cell development and have deficient 

natural killer (NK) cell function273,274, and it is possible that these cell types play a 

significant role in the resorption process. We evaluated tissue “health” by scoring 

several metrics (inflammation, fibrosis, membrane integrity) using H&E staining at 

twelve weeks. While these scores were subjective, they were compiled from three 

trained, blinded observers, and they have been used in the literature255,264 to report 

fat graft tissue health. Therefore, we feel confident that our scoring system provides 

insight into the overall tissue health of the grafts.  
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Conclusions 

This study extends our previous in vitro findings263, that collagenase digestion is 

detrimental to adipocyte and interstitial cell viability, to a clinically-relevant in vivo 

model. The current study suggests that collagenase digestion of adipose grafts prior 

to implantation adversely affects the long-term in vivo retention over the course of 

twelve weeks. Further, we show that supplementing collagenase-digested fat grafts 

with SVF enhances volume retention and delays the resorption process. Our pre-

clinical findings help to clarify the safety and efficacy of using enzymatically 

digested adipocytes and SVF during autologous fat grafting. Further, this study 

helps to define the risks and benefits that different adipose treatments pose and 

may guide protocols for processing and preparing fat grafts in the clinical setting. 
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Abstract 

Background 

Cryolipolysis is a noninvasive technique for the reduction of subcutaneous adipose 

tissue by controlled, localized cooling, causing adipocyte apoptosis reportedly 

without affecting surrounding tissue. Although cryolipolysis has a low incidence of 

adverse side effects, 33 cases of paradoxical adipose hyperplasia (PAH) have been 

reported, although the precise pathogenesis is poorly understood.  

Methods and results 

This present case study of a rare case of PAH aims to characterize the pathological 

changes in the adipose tissue of PAH on a cellular level by using multiple different 

assays to identify the underlying mechanism of PAH and reduce the prevalence of 

PAH in the future (H&E staining, LIVE/DEAD staining, BODIPY staining). Tissue 

with PAH had fewer viable cells and significantly decreased quantities of 

interstitial cells (p=0.04) and fewer vessels per adipose tissue area when compared 

to the control tissue. Adipocytes from the PAH tissue were on average slightly 

smaller than the control adipocytes. Adipocytes of PAH tissue had irregularly 

contoured edges when compared to the smooth, round edges of the control tissue. 

These findings from a neutral third party are contrary to prior reports from the 

inventors of this technique regarding effects of cryolipolysis on both the 

microvasculature and interstitial cells in adipose tissue.   
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Conclusions 

Our use of different assays to compare cryolipolysis-treated PAH tissue with 

untreated adipose tissue in the same patient showed adipose tissue that developed 

PAH was hypocellular and hypovascular.  Contrary to prior reports from the 

inventors, cryolipolysis may cause vessel loss, which could lead to ischemia and/or 

hypoxia that further contributes to adipocyte death. 
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Introduction 

Cryolipolysis is a noninvasive technique for the reduction of subcutaneous adipose 

tissue by controlled, localized cooling275,276. During this procedure, a fold of the 

adipose tissue is drawn between two cooling plates, and the temperature is lowered 

to 0°C. Cold exposures are well-tolerated and result in fat loss without causing 

significant skin injury277,278. This procedure reportedly triggers adipocyte apoptosis 

without affecting surrounding tissue275,279. Histologic studies of porcine preclinical 

models show that cryolipolysis induces an inflammatory response in which 

adipocytes become surrounded by neutrophils, macrophages, and other phagocytic 

cells277. The procedure results in decreased size and disaggregation of adipocytes, 

which leads to a reduction in the thickness of the subcutaneous fat tissue277. Jalian 

et al. report that as of 2014, there have been 650,000 cryolipolysis treatments 

worldwide since the introduction of the procedure280. A blinded comparison of pre-

treatment photos and post-cryolipolysis treatment photos of 50 subjects showed that 

physician reviewers were able to differentiate the two sets of photographs 92% of 

the time, hinting at the efficacy of cryolipolysis281. In addition, a pilot study in 

which six patient abdominal subcutaneous fat deposits were treated with 

cryolipolysis revealed that after 6 months, the clinical treatment group showed an 

average of 19.6% fat reduction by ultrasound imaging279. The American Society for 

Aesthetic Plastic Surgery (ASAPS) ranks nonsurgical fat reduction as the tenth 

most frequent nonsurgical cosmetic procedure and demonstrates its growing 

popularity by citing a 42.7% increase in nonsurgical fat reduction procedures from 

94,922 in 2013 to 135,448 in 2014282. 
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Cryolipolysis is generally considered a safe procedure with side effects 

ranging from edema, bruising, erythema, and transient neuralgia, and these side 

effects are typically self-resolving within two weeks posttreatment276,281. Stevens et 

al. examined medical records for over 500 patients treated with cryolipolysis and 

found that only three patients reported mild to moderate pain or neuralgia and 

found no adverse events reported276. Although cryolipolysis has a low incidence of 

serious adverse side effects, 33 cases of paradoxical adipose hyperplasia (PAH) (out 

of roughly 650,000 cryolipolysis treatments) have been reported to device 

manufacturers280. Derrick et al. mined the literature for articles published on 

cryolipolysis and found clinical reports for 1445 patients, with only two of these 

patients (0.14%) reporting PAH283. In these rare cases of PAH, the adipose tissue at 

the treatment site increases in mass and is clearly visible at the macroscopic 

scale280. The precise pathogenesis of PAH is not well understood with few studies 

examining this phenomenon. Jalian et al. reported a case study of enlarged tissue at 

the treatment site and looked at this hyperplastic tissue at the microscopic and 

macroscopic level280. They used two modalities, magnetic resonance imaging (MRI) 

and hematoxylin and eosin (H&E) staining, to study macroscopic and microscopic 

differences in PAH tissue as compared to untreated tissue. MRI data revealed 

growth of the cryolipolysis-treated tissue, while H&E staining revealed decreased 

adipocyte organization, septal thickening around fat globules, and an increase in 

vascularity in the cryolipolysis-treated tissue. 
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This present case study aims to characterize the pathological changes in the 

adipose tissue of PAH on a cellular level by using multiple assays (H&E staining, 

LIVE/DEAD staining, BODIPY staining), an important step towards identifying the 

underlying mechanism of PAH and reducing the prevalence of PAH in the future. 
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Report of the Case 

The patient is a 48 year old female who underwent two total cryolipolysis 

treatments with the CoolSculpting® device (Zeltiq®, Pleasonton, CA) in back-to-

back months. Both treatments were performed to her abdomen, posterior trunk and 

bilateral flanks. She had developed palpable firmness and a visible increase in the 

adipose tissue of her abdomen and posterior trunk three months after the second 

cryolipolysis treatment (Figure 6.1).  These clinical findings remained unchanged 

six months after the second cryolipolysis treatment and were consistent with PAH.  

Six months after the second cryolipolysis treatment, the patient presented to our 

office the following month in November of 2013 and subsequently elected to undergo 

suction lipectomy of these hyperplastic areas.  Suction lipectomy was performed 7 

months after the second cryolipolysis treatment (one month after presenting to our 

office). At the time of the procedure, adipose tissue from both her previously treated 

anatomic areas with PAH and untreated deposits (control tissue) were sampled by 

direct open excision. Analysis of the tissue samples was performed by researchers 

blinded to the tissue source (cryolipolysis-treated tissue with subsequent PAH 

versus untreated, control tissue).  Tissue was acquired according to an approved 

protocol by the Institutional Review Board at The University of Virginia. 
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Figure 6.1: Pre-procedure and post-procedure photos of case 

Post-procedure growth of adiposity is seen in the posterior brassiere-line (panels D-F) 
and the abdomen (panels J-L) when compared to pre-procedure photos (panels A-C, 
G-I) of 48 year old female patient. Pre-procedure photos are shown in panels A-C and 
G-I. Photos taken four months after the patient’s second cryolipolysis treatment are 
shown in panels D-F and J-L. The entire abdomen, posterior trunk brassiere-line 
and flanks were treated with cryolipolysis according to 
manufacturer’s guidelines.  Photo Credit: B. Straka. 

 
Small (~5 mm3), excised tissue samples from control and cryolipolysis-treated 

areas with PAH were stained with a LIVE/DEAD kit (Life Technologies L-7013, 

Grand Island, NY) to assess interstitial cell viability and total number of interstitial 

cells (Figures 6.2A, 2B). Briefly, Components A and B were diluted 1:250 in 

phosphate buffered saline (PBS) and 100 µL of staining solution was added to each 

sample tube and were incubated at room temperature for 30 minutes protected from 

light. Samples were washed three times with PBS and were mounted on gelatin-

coated slides for imaging. All samples were imaged using a Nikon TE 2000-E2 

microscope equipped with a confocal attachment. Viable cells stained green and 

dead nonviable cells stained red, allowing for quantification of percent of viable cells 
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and total number of cells. Representative images (200x magnification, 40 µm Z-

stacks) and quantification of three unique fields of view (FOV) per sample reveal a 

lower percentage of viable cells in the tissue with PAH when compared to the 

control tissue (Figure 6.2C). In addition, the total number of interstitial cells (which 

include vascular cells, immune cells, perivascular cells) in the tissue with PAH is 

significantly decreased (p=0.04) when compared to the control tissue (Figure 6.2D). 

 
Figure 6.2: LIVE/DEAD visualization and quantification of control and 

cryolipolysis-treated tissue 
LIVE/DEAD staining reveals a decrease in the percent of viable interstitial cells and 
total number of interstitial cells in cryolipolysis-treated tissue when compared to 
control tissue. Tissue samples from control (panel A) and cryolipolysis-treated tissue 
(panel B) were stained with a LIVE/DEAD kit to assess interstitial cell viability 
(panel C) and total number of interstitial cells (panel D). Representative images and 
quantification of three fields of view (FOV) reveal a lower percentage of viable cells in 
the cryolipolysis-treated tissue when compared to the control tissue and a 
statistically significant decrease in the total number of interstitial cells in the 
cryolipolysis-treated tissue (panel D). A two-tailed paired t-test was used to evaluate 
statistical significance (statistical significance asserted at p-value < 0.05) for both 
quantification methods. Scale bar = 50 µm. 
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Small (~5 mm3), excised tissue samples from control and cryolipolysis-treated 

areas with PAH were fixed with 4% (v/v) paraformaldehyde and incubated 

overnight at 4°C. The number of intact adipocytes for each tissue sample was 

assessed using a lipid specific stain, BODIPY 558/568 (Life Technologies D-2219, 

Grand Island, NY), and manual counting of adipocytes that appeared intact (as 

defined by absence of lipid droplets and a spherical shape consistent with untreated 

adipose tissue). Briefly, samples were washed three times following PFA fixation 

and were incubated in 100 µL of 10 µg/mL BODIPY/PBS solution for 20 minutes at 

37°C protected from light. Adipose tissue samples were also stained concurrently 

with isolectin GS-IB4 AlexaFluor® 647 (1:200 dilution, Life Technologies I32450, 

Grand Island, NY), which binds to endothelial cells, to visualize the extent of 

vascularization in the adipose tissue (Figure 6.3). The isolectin stain was incubated 

overnight at 4°C protected from light. Samples were washed three times with PBS 

and were mounted on gelatin-coated slides for imaging. Confocal microscopy was 

used to acquire 200x magnification, 40 µm thick Z-stacks of four unique FOVs per 

sample. Representative images (Figure 6.3A, 6.3B) and quantification of these 

images (Figure 6.3C) via manual counting as described above of intact adipocytes 

revealed similar numbers of intact adipocytes per field of view in adipose with PAH 

and untreated adipose. It was qualitatively apparent in these images that the tissue 

with PAH had fewer blood vessels (less isolectin staining) than the control tissue 

(Figures 6.3A, 6.3B).  
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Figure 6.3: Adiposity and vascularity of control and cryolipolysis-treated 

tissue 
BODIPY staining shows no difference in the number of intact adipocytes between 
groups but isolectin staining shows increased vessel staining in control tissue (panel 
A) when compared to cryolipolysis-treated tissue (panel B). Representative images 
and quantification reveal no statistical difference (two-tailed paired t-test, statistical 
significance asserted at p-value < 0.05) between the number of intact adipocytes per 
field of view in control adipose tissue and cryolipolysis-treated adipose tissue (panel 
C). Images reveal that the cryolipolysis-treated tissue (panel B) has a much lower 
vessel density (less isolectin staining) than the control tissue (panel A). Scale bar = 
50 µm. 
 

Additional control and cryolipolysis-treated samples were processed for H&E 

staining to visualize excised fat in cross section in order to quantify vessel density 

and adipocyte area (Figure 6.4). Multiple images were acquired at 100x 

magnification using a Nikon TE 2000-E2 microscope and were montaged together to 

provide a complete image of the tissue slice. The entire area of the montage 
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analyzed of the control tissue was 14.00 mm2 and the cryolipolysis-treated was 4.87 

mm2 (data not shown). Arrows in Figure 6.4 indicate examples of vessels that were 

counted. The number of vessels per adipose tissue per montage area was increased 

in the control tissue (1.143 vessels/mm2 adipose tissue) when compared to the tissue 

with PAH (0.616 vessels/mm2 adipose tissue), consistent with observations of the 

BODIPY and isolectin stained tissues (Figure 6.3). The cross-sectional areas of 

twenty randomly selected adipocytes were measured, and the adipocytes from the 

PAH tissue were on average slightly smaller than the control adipocytes (Figure 

6.4E). The average number of adipocytes per area was also quantified and there was 

no significant difference between the number of adipocytes per area (Figure 6.4F). 

Interestingly, individual adipocytes in the tissue with PAH appear to have 

irregularly contoured edges (Figure 6.4B, 6.4D) when compared to the smooth, 

round edges of the control tissue (Figure 6.4A, 6.4C). These irregular surfaces 

(possible plasma membrane blebbing) may be the preceding step to necrosis or 

apoptosis284 and would be consistent with the mechanism of cryolipolysis treatment 

– the induction of apoptosis. 
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Figure 6.4: Morphological assessment of control and cryolipolysis-treated 

tissue 
Hematoxylin and eosin staining reveals no significant difference in average 
adipocyte area or adipocytes per area. Vessels were counted (arrows) and the number 
of vessels per adipose tissue area was increased in the control tissue (panels A,C) 
when compared to the cryolipolysis-treated tissue (panels B,D) (data not shown). 
Cryolipolysis-treated tissue adipocytes (panels B,D) were on average slightly smaller 
than the control tissue adipocytes (panel E) with similar number of adipocytes per 
area in both control and cryolipolysis-treated tissues (panel F). All statistical tests: 
two-tailed paired t-test, statistical significance asserted at p-value < 0.05. Scale bar = 
50 µm. 
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Discussion 

Cryolipolysis is being increasingly commercialized in both plastic surgery and 

nonsurgical subspecialties as a noninvasive alternative to surgical treatment of 

excess adipose tissue276–278,283. The technique was initially approved in 2008 by the 

United States Food and Drug Administration for treatment of focal adiposity of the 

flanks, and then expanded to abdominal lipodystrophy in 2011.  This innovation 

represents the marriage of a thoughtful observation – the recognition of fat atrophy 

from “popsicle panniculitis,” an often-treated entity by dermatologists – with the 

translation of that clinical observation into a treatment modality. 

The published mechanism of cryolipolysis is selective cell death of adipocytes 

following cold exposure. The adipocytes crystallize, undergo apoptosis, and are then 

eliminated by macrophage engulfment after approximately 3 months285. The 

inflammatory process is thought to peak at 2-4 weeks and be complete by the 3 

month mark286. CoolSculpting® treatments are reportedly specific to adipocytes and 

per the inventors and device manufacturers do not affect surrounding cells or 

tissues, but the mechanisms of cell death and eventual elimination are not well 

understood281. There is a rare adverse event after cryolipolysis, PAH, and the 

mechanism behind this process is not well understood280. Jalian et al. report a case 

of PAH and found decreased adipocyte organization and an increase in vascularity 

of PAH tissue when compared to control tissue after observation using H&E 

staining and MRI. 

Interestingly, our findings are contrary to prior reports from the inventors of 

this technique regarding both the vascular changes associated with PAH, as well as 
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the deleterious effects of cryolipolysis on interstitial cells in adipose tissue5,6,8,9.  Our 

use of different assays to compare cryolipolysis-treated PAH tissue with untreated 

adipose tissue in the same patient showed that the adipose tissue that developed 

PAH was both hypocellular and hypovascular. Specifically, our results of the 

LIVE/DEAD kit imaging reveals a decrease in the number of viable interstitial cells 

in tissue with PAH following cryolipolysis treatment.  These interstitial cells 

include macrophages, endothelial cells, adipose derived stem cells, blood-derived 

cells and constitute a complex niche within the adipose tissue that plays a role in 

adipose tissue remodeling106. To confirm these findings, an endothelial cell-specific 

stain and high magnification quantification of H&E stain was performed to 

determine the qualitative vascularity in the different adipose tissue depots and 

found that the cryolipolysis-treated tissue with PAH was less vascularized than 

control tissue. Our studies do not reveal significant changes in adipocyte areas, 

adipocytes per area, or the number of intact adipocytes. 

Although the exact mechanisms for adipocyte death and elimination 

following cold exposure are not known, previous studies suggest that cold exposure 

exclusively triggers adipocytes apoptosis281. Our study further suggests that in PAH 

cases, the low temperatures may have deleterious effects on the vascular cells in the 

interstitium of adipose tissue and may cause complications during adipose tissue 

recovery. Hence, it is possible that in addition to having direct effects on adipocytes, 

cryolipolysis may also cause vessel loss, which could lead to ischemia and/or hypoxia 

that further contributes to adipocyte death.  
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Although PAH is characterized by the macroscopic appearance of adipose 

tissue enlargement upon clinical presentation, our data suggest that the 

microstructure of PAH tissue may be hypovascular and hypocellular. It is 

counterintuitive that a decrease in vascularity and interstitial cells could be 

commensurate with clinically enlarged adipose depots in PAH tissue after 

cryolipolysis. One would expect that an enlarged adipose depot would be 

accompanied or enabled by increased vessel density because a larger, more 

hyperplastic adipose tissue depot would require additional delivery of nutrients and 

oxygen.  

Though it is believed that PAH clinically presents itself with enlarged mass 

of adipose tissue, it is difficult to measure the actual mass of the cryolipolysis-

treated area for our group and others280 before and after the procedure. It is possible 

that the affected area is not actually enlarging in mass, but rather staying the same 

and is merely a relative increase in adipose tissue. It may also be possible that there 

is a decrease in adipose tissue at the periphery of the cryolipolysis applicator, which 

causes a perceived increase in adipose tissue in the central areas of the cryolipolysis 

applicator consistent with the symptoms of PAH. MRI images helped visualize the 

PAH region in the study by Jalian et al.280, but both our study and theirs have not 

been able to confirm this perceived increase in mass. A case report of PAH 

presented by Stefani postulates that the negative suction process of the cryolipolysis 

instrument may stimulate adipocyte proliferation (similar to the effect of the 

BRAVA system on the breast), which leads to a paradoxical increase in adipose 
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tissue287. In our study, the patient presented with palpable stiffening of the affected 

adipose tissue in conjunction along with a perceived increase in adipose mass. 

Although it is unclear what is the causing this stiffening, we surmise that it may be 

due to fibrosis due to the less vascularized, more hypoxic affected adipose tissue. In 

response to hypoxia/ischemia, resident fibroblasts rearrange the extracellular 

matrix and produce collagen, two hallmarks of fibrosis, in adipose tissue288, renal 

tissue289, and cardiac tissue290. It is possible that this potential fibrosis caused the 

adipocytes within the affected PAH area to take on irregular formation (membrane 

blebbing, abnormal edges) in response to the changing extracellular matrix. It is 

also possible that the reported increased mass of PAH may be due to this fibrosis of 

the adipose tissue in which the extracellular matrix is expanding. The notion that 

fibrosis is the cause of observed PAH is speculative at this point and further studies 

are needed to characterize if this PAH phenomenon may be attributed to fibrosis of 

the adipose tissue. 

Our studies analyzed the PAH tissue at a later timepoint than the Jalian et 

al. report (7 months vs. 3 months post-treatment) and it is possible that these two  

studies observed different stages on the spectrum of PAH. Since adipose tissue is a 

dynamic microenvironment with the capability to expand and decrease in size, this 

process is best understood as a continuum of changing cellular events. Jalian et al. 

may have reported the early stages of PAH (aggressive adipose tissue hyperplasia, 

increased angiogenesis/vessel ingrowth) and our studies may have captured the 

later stages (adipocyte apoptosis or homeostasis, reduction of vessel ingrowth and 
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angiogenesis, ceasing of hyperplastic process). This differing time of examination 

may explain the discrepancy in vascularity between the two studies.  The effects 

cryolipolysis and its induction of PAH may not even be fully captured in the assays 

performed in our study or the Jalian et al. study. Although our studies have focused 

on vascularity and adipocyte changes, there may be other cells (i.e. macrophages, 

tissue-resident stem cells, and fibroblasts) that have key roles in the PAH 

phenomenon that have yet to be examined. 
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Conclusions 

Additional studies are needed to better understand the mechanism of cryolipolysis 

and how it affects the interstitial cells and vasculature. The current study suggests 

that all cells (interstitial cells and adipose cells) are be affected by the treatment. As 

reported previously by Stefani, when PAH is suspected after multiple cryolipolysis 

treatments, cryolipolysis therapy should be discontinued and surgical treatment 

(liposuction) of the hyperplastic deposits is recommended287. Further study is 

needed characterize who is more at risk of developing an adverse event, and how 

they can be identified pre-procedure. 
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Abstract 

Objective 

Optical oxygen sensing has become a premier analytical technique for oxygen 

quantification and could be extremely useful in a clinical setting for monitoring 

wounds, burns, and transferred tissue flaps. Phosphorescent materials with high O2 

sensitivity and good photostability are required to reliably report oxygen levels. 

Dual-emissive difluoroboron β-diketonate-polylactides have both short-lived 

fluorescence, and long-lived, oxygen sensitive phosphorescence. The objective of this 

study was to validate a novel compound for sensing wound oxygenation using a 

murine full-thickness cutaneous wound model. 

Methods and Results 

We first optimized a halide (iodide) substituted naphthyl-phenyl difluoroboron 

β-diketone, conjugated to poly(lactic acid) (BF2nbm(I)PLA), which exhibits distinct 

fluorescence (450 nm) and phosphorescence (565 nm) emission spectra, as well as 

intense room temperature phosphorescence. We made 3-mm diameter excisional 

full-thickness wounds on the dorsum of 8-week old male mice and topically 

delivered the compound to the wound in the form of nanoparticles. At different time 

points following the initial wounding, we used a high-speed, color camera for RGB 

ratiometry and oxygen quantification. We observed that the nanoparticles were able 

to spatially resolve local wound oxygenation levels within the wound bed 

throughout the course of healing (~5 days).  
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Conclusions 

In this study, we demonstrate the unprecedented versatility of halide substituted 

difluoroboron β-diketonate in the form of biodegradable nanoparticles, and their 

usefulness in monitoring wound oxygenation levels throughout the duration of 

healing in a murine full thickness skin wound model imaged with an off-the-shelf 

camera. We show the ability of the difluoroboron β-diketonates nanoparticles to 

spatially resolve local oxygenation levels within a murine wound bed, which is a 

first step toward their ultimate use as part of a clinical oxygen-sensing device. 
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Introduction 

The annual incidence of chronic wounds, including pressure, venous and diabetic 

ulcers, is estimated to be six million patients with estimated costs to manage these 

wounds exceeding $20 billion per year291. Partial flap necrosis and ultimate failure 

is still a significant problem and failure rates have been reported to be as high as 

31% in breast and head/neck reconstructive surgeries292–294. Plastic surgeons are 

often forced to determine if an open/chronic wound or burn is progressing towards 

healing or whether a recently transplanted tissue flap will survive after surgery. 

Proper vascularization and subsequent oxygenation of the tissue within the 

wound/burn/flap is thought to be the crux of this healing response. The oxygen level 

in a wound/burn or flap is a powerful indicator of healing potential, yet the current 

clinical methods for assessing oxygenation within these tissues are expensive, 

provide only point measurements, and rely on indirect measurements to quantify 

oxygenation (e.g. hemoglobin saturation)295,296. Clinical wound and burn assessment 

of healing is largely qualitative and can be highly subjective depending on which 

techniques are employed. The most commonly used metric to assess wound/burn 

healing is wound size (length and width), but shrinkage in wound size has only 

loosely been shown to correlate with wound healing. Plastic surgeons and nurses 

are required to qualitatively monitor the open wound/burn or flap after surgery on 

an hourly basis to try and determine the open wound/burn healing potential and the 

chance for flap survival.  

The tools currently available for measuring tissue oxygenation levels 

(transcutaneous oxygen tension, TcPO2) involve the use of electrodes that are either 
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temporarily adhered to the wound border or flap (cutaneously) or inserted 

invasively (subcutaneously) directly into the wound bed or flap297. Both of these 

electrode-based approaches provide tissue oxygenation read-outs at single point 

locations in and around the wound, depending on where they are positioned. 

Cutaneous electrodes that are adhered to the skin surrounding the wound elevate 

the temperature of the skin, which contributes substantial artifacts to the oxygen 

reading. Near infrared spectroscopy (NIRS) or hyperspectral spectroscopy are, on 

rare occasions, used clinically to provide a subsurface mapping (down to 

approximately 3 millimeters in depth) of oxygenated vs. deoxygenated hemoglobin 

levels across the area of the wound298. However, hemoglobin oxygenation levels only 

indicate the level of oxygen in the blood that perfused the wound bed, and this 

metric is not necessarily indicative of the amount of oxygen available for 

metabolism and healing by tissue-resident cells. The clinical need for an 

inexpensive, accurate, quantitative diagnostic tool that is capable of detecting an 

actual tissue oxygen level across the entire wound area or tissue flap is readily 

apparent. 

Phosphorescent probes are logical alternative to hyperspectral spectroscopy 

or electrode diagnosis tool, as the optical properties are directly correlated with the 

amount of oxygen in the environment299,300. Commonly used phosphors are 

organometallic complexes, such as palladium and platinum metalloporphyrins301–

303, cyclometalated iridium dyes304, or ruthenium bipyridines305. These complexes 

exhibit only phosphorescence (P), therefore individually, these phosphors quantify 
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oxygen via emission intensity or lifetime decay. Intensity based measurements are 

unreliable, considering the high dependence on phosphor concentration, and 

phosphorescence lifetimes of these metal complexes are on the magnitude of several 

nanoseconds to microseconds, which requires specialized equipment for detecting. 

When oxygen insensitive fluorophores305,306, fluorescent polymers307–309, or quantum 

dots302,310, are used in combination with metal phosphors, ratiometric imaging can 

be performed. The fluorescence (F) acts as an internal standard to monitor phosphor 

concentration, while the phosphorescence responds to oxygen. The resultant 

phosphor/fluorophore/polymer “cocktails” can be used as films or fabricated as 

nanoprobes. While great advances have been achieved with the described materials, 

it is our goal to use metal-free, biodegradable materials for biological oxygen 

sensing, to reduce cost, toxicity and material complexity. 

In recent years, boron β-diketonates have become a versatile group of 

chromophores. Materials have been prepared as mechanofluorochromic 

powders311,312, solution-processible memory devices313, triplet emitters314, two-

photon absorbers315, and aggregation-induced b-amyloid turn-on probes316. When 

difluoroboron is coordinated to the β-diketone core and confined to a rigid matrix, 

such as poly(lactic acid) (PLA), dual emission is achieved317–319. These materials 

exhibit both fluorescence (F), and long-lived, room temperature phosphorescence (P) 

in the solid state. The F acts as an internal standard, insensitive to oxygen, as the P 

changes intensity based on the oxygen level in the environment. By comparing the 

F to P (F/P ratio), the oxygen levels have been quantified by ratiometry. With PLA 
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as the medium, preparation of films320, nanofibers321, or nanoparticles322, can be 

achieved through the various fabrication methods. In addition, this material is a 

metal-free, biocompatiable, and single-component, reducing both cost and 

nanoprobe complexity. 

Here, we perform proof-of-concept studies in the development of wound 

diagnostic device by using this dual-emissive dye in nanoparticle form and applying 

these nanoparticles to a murine full thickness skin wound model to measure local 

wound oxygenation. We developed a portable, cost-effective high-speed color camera 

for this material that is capable of gathering the long-lived, phosphorescence 

lifetime (up to 2 msec resolution), and red/blue/green (RGB) referenced intensity 

mapping for oxygen quantification323,324. The fluorescence fits within the blue 

channel, and the phosphorescence coincides with the red channel. The camera 

imaging system, in combination with this versatile set of dual-emitting dyes in 

nanoparticle form, can become powerful tools for monitoring molecular O2 in 

biological environments. The proof-of-concept in vivo studies presented in this 

chapter show the usefulness of these dual-emissive nanoparticles in monitoring 

local wound oxygenation. 
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Materials and Methods 

Dual-emissive iodide polymer fabrication 

The iodide substituted polymer was prepared as previously described325 except the 

initiator BF2nbm(I)OH was used in place of BF2nbm(Br)OH (loading =  initiator : 

lactide : catalyst; 1 : 200 : 0.025), and stirred at 130° C for 5h, to yield a yellow 

crystalline powder; 345 mg (51% yield, corrected for 65% polymer  conversion): 

Mn(GPC/MALS) = 16 300 Da, Đ = 1.17; Mw (1H NMR) = 19 300 Da. 1H NMR (600 

MHz, CDCl3 ): δ8.71 (s, 1H, 1′ - ArH), 8.33 (s, 1H, 5′ - ArH), 8.20 (d, J = 6, 2H, 2′′, 6′′ 

- ArH), 8.09 (d, J = 6, 1H, 8′ - ArH), 7.85 (m, broad, 2H, 3′, 4′ - ArH) 7.73 (d, J = 12, 

1H, 7′ - ArH), 7.16 (s, 1H, COCHCO), 7.04 (d, J = 12, 2H, 3′′, 5′′ - ArH), 5.23-5.12 (m, 

broad, 268H, PLA-H), 4.55 (s, broad, 2H, Ar-OCH2CH2OH), 4.32 (m, broad, 2H, Ar-

OCH2CH2OH), 1.58-1.53 (m, broad, 1137H, PLA-CH3).  

 

Nanoparticle fabrication 

Nanoparticles of the iodide polymer material (termed: BNPs) were prepared as 

previously described by DMF/H2O precipitation into deionized water at ~1 mg/mL 

concentration322. Cellular isotonic conditions were achieved by the addition of 

dextrose to achieve a 5% dextrose/NP/H2O solution. The BNP solution (~6 mL of ~1 

mg/mL) was concentrated by centrifugation at 4000 RPM at room temperature for 

three minutes (Sorval, ThermoScientific, Legend RT) in a concentrator centrifuge 

tube (Amicon Ultra, Regenerated Celluose, 30,000 MW cutoff) to yield ~3 mL of ~2 

mg/mL BNP solution. The 1 mL of BNP (~2 mg/mL) solution was filtered through a 

200 nm filter (Whatman) before being combined with 1 mL of 10% dextrose solution 
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to yield 2 mL of ~1 mg/mL BNP solution at 5% dextrose concentration. BNP 

solutions were stored at 4°C prior to use, and filtered (200 nm filter, Whatman) 

before application for sterilization purposes.  

 

Characterization of material luminescence 

The fluorescence emission spectra of the material were recorded on a Horiba 

Fluorolog-3 Model FL3-22 spectrofluorometer (double-grating excitation and double-

grating emission monochromators). The phosphorescence emission spectra were 

recorded with the same instrument as above but a pulsed xenon lamp (369 nm 

excitation, duration < 1 msec) was used and the phosphorescence spectra were 

collected with a one msec delay after exciting the sample. Thin films of the material 

were prepared on the inner wall of glass vials by dissolving the iodide polymer in 

CH2Cl2 (2 mg/mL) and evaporating the solvent by slowly rotating the vial under a 

low stream of nitrogen. These solution-cast films were dried in vacuo for at least 

fifteen minutes before measurements (fluorescence and phosphorescence) were 

taken. Fluorescence spectra and lifetimes were obtained under ambient conditions 

(e.g., air, ∼21% oxygen), while phosphorescence measurements were obtained under 

a purged, N2 atmosphere (0% oxygen) (Figure 7.1A). The vials with the solution-

cast, iodide polymer films were purged of oxygen and sealed with a Teflon cap and 

then wrapped in Parafilm in a glove box prior to measurements. The glove box was 

purged for thirty minutes prior to samples being sealed. 
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Oxygen sensitivity analysis of the BNPs was performed as described 

previously320 by making various gas mixtures of oxygen and nitrogen to make 

concentrations of oxygen from 0-21%. Briefly, BNPs in glass vials were fitted with a 

12 millimeter PTFE/silicone/PTFE seal (Chromatography Research Supplies), 

connected by a septum screw cap. For 21% oxygen (i.e. air), measurements were 

taken under ambient conditions (open vial, no cap). For 0% O2 (analytical grade 

nitrogen, Praxair) was purged through the vial for fifteen minutes (Figure 7.1B). 

For oxygen concentrations between 0% and 21%, a Cole Parmer 65 mm flowmeter 

was used to introduce varying oxygen concentrations to the spin-cast films through 

a septum screw cap. Ratiometric (blue to red channel) intensities were calculated 

for the various oxygen concentrations to construct an oxygen standard curve (Figure 

7.1C). This oxygen standard curve was used to calculate approximate oxygen 

concentrations in future in vivo studies. 

 

 
Figure 7.1: Fluorescent and phosphorescent properties of BNPs 

BNPs exhibit distinct fluorescent and phosphorescent emissions and display 
intense room temperature, oxygen-sensitive phosphorescence. A.) Images of 
oxygen (O2) and nitrogen (N2) purged nanoparticles depicted intense room 
temperature phosphorescence of BNPs. B.) Total emission spectra of BNPs at 
various oxygen levels. C.) Ratiometric calibration of BNPs between 0-21% [O2]. 
RI = reference intensity using fluorimeter, B/R = blue channel/red channel 
RGB calibration performed by handheld camera. 
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Murine full thickness skin wound model 

All procedures were performed in accordance with the University of Virginia 

Institutional Animal Care and Use Committee. 12-16 week old female C57BL/6 

mice were used for studies. A previously published non-splinted full thickness skin 

wound model326 was adapted and used for in vivo imaging trials. Briefly, mice were 

anesthetized with ketamine/xylazine/atropine (60/4/0.2 mg/kg) and the dorsum of 

the mice were depilated and sterilized. Mice were laid on their sides and dorsal skin 

was tented and pinned away from the body of the mouse to created a folded layer of 

skin. Three, three millimeter equidistant biopsy punches were created through the 

two layers of skin so as to create six, three millimeter full thickness skin wounds 

(Figure 7.2A). An analgesic (buprenorphine, 0.1 mg/kg) was administered following 

surgery and the wounds were covered with a Tegaderm dressing. 

 

Imaging platform 

The CMOS camera (Point Grey Research, Grasshopper3 Camera) is a color CMOS 

digital camera capable of streaming 90 frames per second (fps) at 2048 x 2048 

resolution. The camera was connected to a laptop (Lenovo ThinkPad W530) by a 

three meter USB 3.0 cable. For material characterization studies, the camera and 

lens (Spacecom one inch, f/0.95) were mounted 0.5 m directly above the sample and 

manually focused while the excitation source was placed next to the sample out of 

the camera’s field of view.  
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For in vivo studies, the camera was mounted to a Nikon Eclipse 80i equipped 

with an X-Cite 120 fluorescence light source filtered with a bandpass excitation 

filter (360/20 nm) and a longpass barrier filter (>425 nm). Analysis of RGB data was 

performed using a custom written MATLAB algorithms and scripts. 

 

In vivo imaging 

Mice were anesthetized with inhalable a 2% isoflurane/oxygen mixture and 

Tegaderm bandages were removed. Images of each wound under white light were 

taken using 20x magnification power to quantify wound area. Prior to imaging, 

wounds 1,3, and 5 were superfused with 10 µL of 5% dextrose solution, while 

wounds 2, 4, and 6 (right side) were superfused with ten microliters of 1 mg/mL 

BNPs (Figure 7.2A). Wounds 2, 4, and 6 were dosed before each imaging session. M-

JPEGs were acquired under UV illumination for each wound consisting of 1.) 5 

frames (acquired at one frame per three seconds) of wound prior to application of 5% 

dextrose or BNPs, 2.) 60 frames (acquired at one frame per three seconds) of wounds 

after application of 5% dextrose or BNPs, and 3.) 60 frames (acquired at one frame 

per three seconds) of wound after placing a sterile coverslip over wound to exclude 

ambient air.  

 

Wound area quantification 

Brightfield, 200x images of wounds were acquired at each time point and were 

imaged as described above. ImageJ327 was used to quantify wound bed area at each 
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day by manually tracing the wound bed and calculating the area. To keep 

measurements consistent, the periphery of the wound was traced at the outermost 

edge of the wound barrier in each image.  

 

Wound image processing 

The UV-illuminated wound images (acquired as described above) were analyzed 

using custom written MATLAB programs. Specific points within the wound bed 

were selected and the intensities of the red and blue color channels at those points 

were analyzed over the course of the image series. The background color intensities 

of the images at those points, at times prior to the addition of nanoparticles, were 

subtracted from the image series for all points within the image. As a result, any 

subsequent non-zero values for the red and blue channels were the result of 

nanoparticle fluorescence and phosphorescence only. The ratio of blue light 

intensity over red light intensity was computed for each pixel to represent the ratio 

of blue fluorescence (constant in the presence of BNPs) to red phosphorescence 

(quenched in the presence of oxygen). The upper and lower bounds for this ratio 

were set according the nanoparticles’ sensitivity ranges. The ratiometric images 

were then displayed using a 256-value color map scaled to the ratio bounds to 

spatiotemporally resolve fluorescence-to-phosphorescence ratios.   
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Results 

Iodide polymer exhibits distinct fluorescence and phosphorescence spectra 

The dual-emissive iodide polymer used to make the BNPs has distinct fluorescence 

and phosphorescence emission spectra. The steady state spectra emission maximum 

under ambient air (21% oxygen) is 459 nm, while the delayed emission spectra 

maximum under nitrogen (0% oxygen) is 569 nm (Figure 7.1B). These spectrally 

separated fluorescence and phosphorescence maximum wavelengths make for 

simple detection of the emission peaks and lend themselves as a useful tool for 

oxygenation measurements by using ratiometry. 

 

Iodide polymer exhibits strong room temperature phosphorescence 

The iodide polymer used to make the BNPs exhibited strong room temperature 

phosphorescence, something that is rare for a biomaterial. Under nitrogen and UV 

excitation, the material showed a relative intensity P/F of 9.1 and under ambient 

conditions (21% oxygen) the P/F was 1.2 (Figure 7.1B). This significant increase in 

the relative intensity under nitrogen caused a “light up” effect when the material 

was exposed to hypoxia. Under nitrogen (hypoxia) and UV excitation, the material 

emitted phosphorescence that was visible to the naked eye (Figure 7.1A). This 

strong room temperature phosphorescence in response to varying oxygen 

concentrations coupled with the distinct emission spectra of the fluorescence and 

phosphorescence make the iodide polymer an ideal oxygen-sensing material. 
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BNPs exhibit linear fluorescence to phosphorescence ratios from 0-21% [O2] 

As described previously, the BNPs were exposed to various concentrations of oxygen 

to construct a ratiometric calibration curve. The nanoparticles exhibited a linear 

trend from 0-21% [O2] for both ratiometric intensity (RI; R2 = 0.9956) and blue to 

red ratios (RI; R2 = 0.9918) (Figure 7.1C). The wide, linear range of ratiometric 

values (F/P) made the material ideal for physiological oxygen sensing applications.  

 

BNPs able to spatially resolve local oxygen levels 

Repeated application of BNPs to the wound bed allowed for effective differentiation 

of local oxygen levels and provided a spatial map of the oxygenation within the 

wound (Figure 7.2). After application of the BNPs to the wound bed (Figure 7.2A,B), 

UV excitation (Figure 7.2C) evoked a relatively stable blue channel signal within 

the wound bed, suggesting that the BNPs were evenly distributed throughout the 

wound bed (Figure 7.2D). A strong red channel signal (Figure 7.2E) was also 

emitted, which is akin to the phosphorescent emission. Application of 5% dextrose 

to the wounds served as the vehicle control and upon UV excitation emitted very 

little to no fluorescent or phosphorescent signal (data not shown). Following 

MATLAB processing as described previously, a spatial map within the wound bed 

was generated (Figure 7.2F). Figure 7.3 depicts a time course of the same wound 

and shows the changing oxygenation levels within the wound bed as the wound 

heals. 
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Figure 7.2: Application of BNPs to murine full thickness skin wound 

Ratiometric quantification of oxygenation levels within wound bed is possible by 
BNP application. A.) Wounds 2, 4, and 6 were superfused with BNPs while 
wounds 1, 3, and 5 were superfused with 5% dextrose into 3 mm diameter 
wounds. B.) Brightfield image of full thickness skin wound. C.) Raw image of 
wound under UV excitation. D.) Blue channel luminescence (fluorescence). E.) 
Red channel luminescence (phosphorescence). F.) Processed RGB image with 
F/P ratios performed by imaging platform. 
 

Wound bed oxygenation changes during healing 

The wound bed and wound boundaries appear to become less hypoxic as healing 

progresses, as evidenced by the red shift in the ratiometric images from Day 0 

through Day 4 (Figure 7.3B,C). The red shift indicates a greater ratio of blue light 

to red, or increased fluorescence to phosphorescence, and is the result of the red 

phosphorescence being increasingly quenched in conditions of greater oxygen 

concentrations. This result can be visualized in both the uncovered and covered 

wound images (Figure 7.3B,C) and is consistent with expectations for a healthy 
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wound, as processes necessary for wound healing, such as cell proliferation and 

collagen synthesis, require energy in the form of compounds whose syntheses are 

oxygen-dependent, such as ATP and NADPH296.  

 
Figure 7.3: Healing time course and oxygenation levels within wound 

BNPs are able to spatially resolve oxygenation levels within wound bed. A.) Raw, 
brightfield image of wounds over the course of healing. B.) Uncovered ratiometric 
image acquired 5 minutes after BNP application. C.) Covered ratiometric image 
acquired 5 minutes after application of sterile glass coverslip. 
 

Covering wounds reduces ambient oxygen levels near wounds and reduces resolution 

of oxygen distribution 

Images of the BNP-treated wounds were captured both with and without a coverslip 

placed over the wound (Figure 7.3B,C) to determine the necessity of excluding 

ambient air prior to imaging. Other groups (as well as ours321) have used sterile 

coverslips or other barrier techniques to exclude ambient air in order to get an 

accurate oxygenation measurement within the wound bed. The application of the 

coverslips in these studies spread phosphorescence-quenched BNPs from the wound 
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bed to the surrounding skin, resulting in a slight loss in resolution of both the 

wound boundaries and the oxygen distribution in the ratiometric images compared 

to the uncovered images (Figure 7.3B,C).  

 

No difference in wound healing time for dextrose vs. NP application 

Application of the BNPs did not delay wound healing as compared to application of 

the dextrose vehicle control (Figure 7.4). Healing curves were qualitatively similar 

between single applications of 5% dextrose and single applications of BNPs as well 

as between repeated applications of 5% dextrose and repeated applications of BNPs 

(Figure 7.4A). There was no statistically significant difference in the average area 

under the wound healing curves between single 5% dextrose applications and single 

BNPs applications, or between repeated 5% dextrose applications and repeated 

BNPs applications (Figure 7.4B).  

 

Wound healing time of repeated versus single application of BNPs/5% dextrose is 

not significantly different  

Repeated application of BNPs or 5% dextrose to the wound did not significantly 

slow wound healing when compared to single application of NPs or 5% dextrose 

(one-way ANOVA, Tukey’s post hoc test) (Figure 7.4A). The area under the curve for 

the repeated application of BNPs was slightly higher than single application of 

BNPs but was not significantly different (Figure 7.4B). Comparison of single 
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application versus repeated application of 5% dextrose also did not reveal a 

significant difference in wound healing time. 

 

 
Figure 7.4: Quantification of wound healing time course 

Application of BNPs and repeated dosing did not significantly slow healing time 
of wound. A) The fraction of the wound bed remaining after days of healing were 
quantified by normalizing wound area by the original wound area. B.) The area 
under the curve for each treatment was quantified to determine the effect of NPs 
on wound healing. One-way ANOVA and P < 0.05 for single application dextrose 
and repeated application BNPs. 
 

 

  



CHAPTER 7: DEVELOPMENT OF OXYGEN-SENSING DEVICE 

	 194 

Discussion 

Wound healing is directly related to oxygen levels within the wounds295. Tissue 

healing requires additional energy to facilitate increased extracellular matrix 

synthesis and cell proliferation296. The production of adenosine triphosphate (ATP) 

and other activated carrier molecules requires oxygen, so tissues are dependent on 

proper oxygenation to provide the energy to enable sufficient healing. Wounds that 

do not heal properly in an appropriate amount of time, due to an incomplete repair 

process, are known as chronic wounds. Therefore, monitoring wound oxygenation 

has garnered significant interest within the last 5 years295,301,328–330. 

Much of the work focused on monitoring local wound oxygenation levels has 

made use of nano-probes as oxygen “sensors”, with these nano-probes often being 

incorporated within a polymer matrix321,328,330. Li et al. showed the ability to resolve 

2D oxygenation levels within a wound in a pre-clinical wound animal model by 

incorporating oxygen sensitive nano-probes in a paint-on bandage328. Schreml et al. 

developed oxygen-sensitive “sensor foils” to detect oxygenation levels in pre-clinical 

in vivo models that consisted of luminescent microparticles embedded within a 

polyurethane hydrogel that were spread thinly over poly(vinylidene-chloride) 

(PVdCl “Saran plastic wrap”)330. Previous work by our group used oxygen-sensitive 

nanofibers embedded within a collagen gel to detect oxygenation levels of islet cells 

implanted into an in vivo mouse model321. All three of the aforementioned studies 

required the oxygen-sensing component (paint-on bandage, sensor foil, or 

nanofibers) to be isolated from ambient air (~21% [O2]) in order to quantify the 

oxygenation levels within the wound. To do so, these studies applied oxygen-
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limiting barriers (Saran plastic wrap)330. Tegaderm adhesive bandages328, or glass 

coverslips321 over the wound for extended periods of time prior to imaging in order 

to mitigate oxygen exchange between the ambient air conditions and the oxygen 

sensors. Covering of the wounds in these studies may have artificially and 

transiently decreased the wound oxygenation level “sensed” and may not have been 

indicative of the actual state of the wound. To circumvent these limitations, our 

group made use of an aqueous NP solution that could be applied to topically to 

quantify oxygen levels. 

To determine the ability of the aqueous BNP solution to resolve local wound 

oxygenation levels, we used an acute murine full thickness skin wound model326 in 

which we created six separate three millimeter wounds on the dorsum of the mouse 

and superfused the NPs solution or 5% dextrose (vehicle control) into the individual 

wounds (Figures 7.2A,B). Using an image processing algorithm implemented in 

MATLAB, as described in the methods section, a spatial map of relative wound 

oxygenation levels was created (Figure 7.2F). Relative oxygen levels were visible, as 

the wound boundaries appeared more hypoxic than the center of the wound bed, in 

accordance with other materials used in the literature301,328,330. As illustrated by 

these studies, we believe that topical application of BNPs to a wound bed facilitates 

ratiometric quantification of local oxygenation levels, although we did not 

benchmark our measurements with the BNPs to any other “gold-standard” method, 

such as infrared spectroscopy (NIRS) or hyperspectral spectroscopy. 
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As described above, many of the previously published oxygen nano-probes 

require the use of an oxygen impermeable barrier prior to imaging in order to limit 

oxygen diffusion from ambient air. As shown in Figure 7.3B, it appears that the 

BNPs are able to spatially resolve oxygenation levels within the wound bed without 

the need for an oxygen impermeable barrier. We wanted to compare uncovered 

ratiometric measurements to measurements taken in the presence of an oxygen 

impermeable barrier. Therefore, we amended our imaging protocol (above) to 

include an additional 60 frames (acquired at one frame per three seconds) after 

covering the wound margin with a sterile glass coverslip. As expected, the 

phosphorescent signal intensified over the course of image acquisition time period, 

as the wound area became more hypoxic due to the isolation of the wound from 

ambient air by the coverslip. In comparing the corresponding uncovered and 

covered images for each time point (Figure 7.3B,C), it was apparent that covering 

the wound area increased the phosphorescent signal (more hypoxic) and thus 

decreased the ratiometric values. Our results show an increase in phosphorescent 

signal following the application of the coverslip. We believe that the uncovered 

ratiometric measurements (Figure 7.3B) more accurately depict the oxygenation 

levels within the healing wound bed330, than do the covered ratiometric 

measurements (Figure 7.3C). Further, we believe that covering the wound with an 

oxygen impermeable coverslip falsely intensifies the phosphorescent signal, as 

evidenced by the several highly hypoxic areas observed in the spatial map (Figure 

7.3C). Notably, what we believe to be artifact is also inconsistent with the wound 
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healing observed three and four days post injury. To summarize, our images 

support that topically applied BNPs are able to resolve local oxygenation levels even 

in the absence of an air-impermeable coverslip. 

Repeated application of the BNPs was necessary because the fluorescent and 

phosphorescent signals diminished to the level of being undetectable by our imaging 

technique upon the next imaging session. This attenuation in luminescence may 

have been due to boron de-coordination of the oxygen-sensitive material or to PLA 

degradation of the nanoparticles themselves322. Serial application of the BNPs and 

imaging of the wounds were performed each consecutive day for four days, and 

images were analyzed as described above. As expected, individual wound areas 

decreased as time progressed (Figure 7.3A) and oxygenation levels within the 

wound bed increased up to Day 4 (Figure 7.3B,C). Wound contracture and re-

epithelialization began to occur at Day 4, which is consistent with the wound-

healing cascade. We observed a ring of low oxygenation at the wound periphery in 

both covered and uncovered images at Day 0 (Figure 7.3B,C). This observation is 

consistent with others in the field330 and we believe it is due to the clotting of blood 

around the excision site, as hemoglobin is excited at a similar wavelength. 

Because PLA nanoparticles are known to have acidic byproducts (e.g. lactic 

acid) that may slow the wound healing process331, we assessed the potential 

detrimental effects of both single and repeated application of our BNPs. We 

calculated the size of the individual wound areas for wounds that were subjected to 

BNPs and for wounds that were subjected to 5% dextrose, which served as a vehicle 
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control. Figure 7.4A plots the fraction of the wound remaining (i.e. not yet healed) 

when wounds were treated with BNPs (open, orange squares) vs. dextrose (closed, 

orange circles). When single and repeated doses were lumped together, there was no 

significant difference between the BNPs group and the control 5% dextrose group 

with respect to wound healing over time. Figure 7.4B graphs the average of the 

areas under the curve326 for each wound and reveals that there was no significant 

difference between repeated BNPs application and repeated 5% dextrose 

application. Taken together, these data suggest that repeated application of the 

PLA nanoparticles does not deleteriously affect wound healing rates as compared to 

repeated application of 5% dextrose vehicle control. 
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Conclusions 

In these studies we presented a dual-emissive PLA based biomaterial that is 

fabricated into nanoparticles and calibrated for oxygen sensing applications. We 

coupled these nanoparticles with a cost-effective and portable imaging system to 

detect phosphorescence and fluorescence via RGB ratiometry techniques. This 

newly reported material, BF2nbm(I)PLA, exhibited an unprecedented range of 

oxygen sensitivities from 0-21% [O2]. The nanoparticles fabricated were able to 

spatially map oxygen levels within a murine full thickness skin wound and did not 

significantly impair wound healing time. The nanoparticles coupled with our 

custom-design imaging platform may be a powerful tool to monitor oxygenation 

levels in the clinical setting. Future work will be focused on these clinical 

applications, such as evaluation of oxygenation in keratinized healing skin, 

monitoring of a surgical flap after transfer, and documentation of injury/burn 

healing progression.  
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Overview 

The unifying goal throughout this body of work was to enhance the volume 

retention of autologous fat for use in plastic and reconstructive surgery. To this end, 

we examined differing scales of autologous fat grafting ranging from large scale 

“flaps” to smaller scale “fat grafts”. Proper vascularization of grafted autologous fat 

(both large and small scale) has long been considered to be the driving determinant 

of graft retention and thus we closely examined the microvasculature and its 

adaptations during autologous fat grafting.  

The main work of this thesis focused on two current and emerging clinical 

realities of fat pre-treatment: flap delay prior to flap transfer (Chapters 2 and 3) 

and enzymatic digestion of fat grafts prior to implantation (Chapters 4 and 5). 

These pre-treatment strategies have been reported to increase graft survival and 

volume retention but several questions remained unanswered prior to our work. For 

example, during flap delay it was unknown what microvascular remodeling 

response was responsible for the observed increase in graft survival upon transfer. 

Additionally, the role of the immune system and its interactions with the 

remodeling vasculature was largely unexplored and unknown prior to our work. To 

the best of our knowledge we are the first to rigorously determine the interplay 

between microvascular remodeling and immune cell recruitment following flap 

delay. SVF supplementation of fat grafts at the small scale is a commonly practiced 

procedure, which has been reported to increase volume retention. However, it was 

largely unknown how the treatment of adipocytes/SVF with collagenase affects the 

viability of the cells themselves. We provide evidence that digestion of adipocytes 
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and SVF cells is detrimental to their in vitro viability and confirmed this finding in 

vivo by using a xenograft model. We hope that our findings provide a better 

understanding of these pre-treatment techniques and will improve autologous fat 

grafting in the future.  

This final chapter begins with a historical overview of tissue reconstruction 

and highlights the historical use of autologous fat in these reconstructive surgeries. 

I then summarize the contributions and extended applications of this work. I 

conclude this chapter with future directions that would be fruitful for further 

examination and propose several new exciting follow up experiments. 

History of reconstructive surgery 

Plastic and reconstructive surgery has an extensive history dating back to Ancient 

India (600 B.C.) with the oldest recorded instance being that of a nose 

reconstruction332. A Hindu surgeon, Sushruta, often reconstructed noses afflicted 

with battle wounds by using a flap transfer procedure of surrounding skin and 

fat332. The incidence of plastic surgery, specifically aesthetic surgeries, increased 

through Ancient Roman times (~100 B.C.) likely due to the Roman’s obsession with 

the beauty of the human body332. Through the middle ages, the occurrence of plastic 

surgery declined readily but was resurrected by the “father of modern plastic 

surgery”, Gasparo Tagliacozzi, in the 16th century30. Tagliacozzi, an Italian, 

experimented with skin flaps from the upper arms of patients and was the first to 

consider the vascular system and its implication in the survival of the flap upon 
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transfer30. Tagliacozzi studied vascular pedicles within the upper arm skin flaps 

and recognized the importance of proper and sufficient blood flow to the flap30. 

While the field of plastic surgery dates back many centuries, the use of 

autologous fat to reconstruct defects or improve aesthetic appeal is a rather new 

concept. The first recorded use of autologous fat was by Neuber in 1893 in which he 

filled facial scars with adipose tissue and reported that smaller pieces of adipose 

tissue led to better survival of the graft333. Autologous fat was reported to be used in 

rhinoplasty surgeries conducted by Brunning in 1911, breast reconstructive 

surgeries conducted by Lexer in 1931, and ophthalmological surgeries to reconstruct 

eyelids by Laubier in 1910333. Interestingly, Lyndon Peer reported a seminal finding 

in the 1950s in which he stated that roughly 50% of adipose tissue volume that was 

grafted was resorbed by the end of the first year333,334. Surgical excision of adipose 

tissue was replaced with liposuction harvest of adipose tissue in the late 1970s333 

which further increased the use of autologous fat in reconstructive and aesthetic 

surgeries. While the use of autologous fat has increased over the past decade, the 

resorption rate reported by Peer et al.334 has not been mitigated and volume 

retention rates have not improved significantly with reports being as high as 80%5.  

Previous reports, including Tagliacozzi in the 16th century, have recognized 

the importance of proper vascularization within the grafted tissue as a main 

determinant of survival of the graft14–17. Most previous studies have focused on the 

protein and cellular level to examine the vascularity of grafts and have not 

examined the microvascular network and network adaptations extensively. 
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Further, the implications of the immune system during autologous fat grafting have 

not been studied significantly. In this thesis, the overarching goal was to examine 

the microvascular remodeling response and the contribution of the immune system 

on autologous fat survival. 

Contributions and extended applications 

Formulation of an in vivo murine model of flap delay 

In this dissertation, I formulated a clinically relevant in vivo murine model of flap 

delay (Chapter 2) in which we rigorously characterized the microvascular 

remodeling responses within the flap. Previous pre-clinical studies examining flap 

delay have focused on changes in the cellular composition and protein levels within 

the flap33,34. Few studies, if any, have evaluated both angiogenesis and 

arteriogenesis within a flap at a vascular network level. In this dissertation, we 

evaluated angiogenesis and arteriogenesis within the delayed flap and determined 

that arteriogenesis predominates as the main vascular remodeling response. We 

extended our published model of flap delay and determined the mechanism 

underpinning vascular adaptations we observed in adipose tissue – the recruitment 

of anti-inflammatory macrophages. 
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Three-dimensional network visualization of adipose tissue 

Previous work examining the vasculature of adipose tissue has traditionally relied 

on cross section views to visualize the vascular network. While these techniques 

afford the ability to immunolabel cell types of interest, the spatial resolution is 

limited to two dimensions and a full image of the entire vascular network cannot be 

inferred (Figure 8.1A,B). Our work in this thesis thoroughly examined 

 
Figure 8.1: Two-dimensional versus three-dimensional visualization 

of adipose tissue 
Three-dimensional visualization of adipose tissue allows for entire network 
visualization. A.) Sievers et al. two-dimensional image depicted CD68+ cells 
(macrophages in adipose tissue).335 B.) Lin et al. two-dimensional image of 
smooth muscle cells wrapping around capillary.336 C.) Our confocal 
micrograph z-stack (three-dimensional render) of vascular network within 
adipose tissue also depicting CD68+ cells and adipocytes (BODIPY). D.) Our 
confocal micrograph z-stack (three-dimensional render) of vascular network 
and recruited monocytes (CX3CR1+ cells).  
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microvascular remodeling within adipose tissue, which is difficult to detect in two 

dimensions. Because of this specific need, I formulated a protocol to visualize 

vascular networks in adipose tissue by modifying our lab’s whole mounting protocol 

of skeletal muscle. This technique afforded me a unique opportunity to visualize 

microvascular adaptations in three dimensions by constructing three-dimensional 

volume renders of confocal z-stacks, which allowed for characterization down to the 

capillary level (Figure 8.1C,D). Further, whole mounting of the adipose tissue 

allows one to capture the innate conformation of the vascular network, which was of 

extreme importance in Chapter 2 and 3. We hope that this technique will be 

adopted and used by other labs that study vascular remodeling in adipose tissue. 

 

Implicate immune cells in vascular remodeling of adipose tissue 

The importance of recruited monocytes and anti-inflammatory macrophages during 

arteriogenesis has been well described in skeletal muscle86,138, but little to no work 

has been performed in adipose tissue in this regard. The use of our published model 

of flap delay provided us the ability to rigorously study the involvement of the 

immune system in the arteriogenic response observed. By using cell-specific 

reporter mice coupled with immunofluorescent staining, we were able to implicate 

the importance of recruited monocytes and anti-inflammatory macrophages during 

the vascular remodeling response. We are the first group to our knowledge that has 

studied the immune system and the effect on microvascular remodeling within 

adipose tissue. 
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 In Chapter 3 we extend our findings in Chapter 2 and confirm the role of 

anti-inflammatory macrophages in the remodeling response observed by performing 

a series of gain-of-function and loss-of-function studies. Clodronate liposome 

mediated depletion of macrophage populations within the inguinal fat pad 

abrogated the arteriogenic response observed in Chapter 2. We also demonstrate 

that direct addition of M2 macrophages and pharmacological recruitment of M2 

macrophages increases the arteriogenic response observed in the inguinal fat pad. 

Taken together, these data confirm our findings in Chapter 2 – the importance of 

M2 macrophages in the remodeling response within a flap. Broadly speaking, these 

studies may suggest a mechanism for a translatable therapeutic to enhance the flap 

delay procedure.  

 

Collagenase digestion has detrimental effect on adipocytes both in vitro and in vivo 

In Chapter 4, we reported that increasing durations of collagenase digestion in vitro 

were detrimental to adipocyte and interstitial cell viability of human and murine 

adipose tissue. Collagenase digestion is widely used to isolate the SVF and the 

adipocytes from human and murine adipose tissue8,24,144. However, the duration of 

enzymatic digestion in the literature is inconsistent and the effect of these varying 

durations was not previously explored. We are the first group, to our knowledge, 

who systematically correlated the effect of increased collagenase digestion with the 

viability of adipocytes and interstitial cells within murine and human adipose 

tissue. We found that increasing the duration of collagenase digestion decreased 
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adipocyte viability, interstitial cell viability, and the total number of interstitial 

cells in both human and murine adipose tissue.  

 These findings have implications in both the plastic surgery and the 

laboratory setting. Collagenase digestion of adipose tissue is used extensively to 

harvest SVF and ASCs prior to “enhancing” fat grafts prior to implantation and a 

better understanding of the viability of these cells is of clinical importance8,259. 

Further, collagenase-digested adipocytes have been used as part of fat grafts so 

understanding the effect of collagenase digestion on adipocytes is of extreme 

importance in the clinic7,260. These findings are also of importance to laboratories 

that utilize adipocytes that have been enzymatically harvested to study the 

adipogenesis cascade229,230, adipokine secretion231–233, and adipocyte metabolism233.  

In Chapter 5, we used a xenograft model of fat grafting141 to assess the effect 

of collagenase digestion on fat graft volume retention. Grafts that consisted of 

adipocytes that were collagenase digested prior to implantation had severely 

reduced graft volumes after twelve weeks post-implantation. Further, grafts 

consisting of collagenase-digested adipocytes had significant inflammation, fibrosis, 

and lower overall tissue health when compared to grafts that had undigested 

adipocytes. These studies indicate that collagenase digestion is detrimental to in 

vivo graft survival.  

Taken together, these data provide caution to clinicians and scientists and 

suggest that collagenase digestion duration should be carefully controlled and the 

viability of cells harvested should be assessed prior to use. 
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Time ex vivo does not affect viability of adipose tissue 

In Chapter 4, we provide evidence that time ex vivo does not detrimentally affect 

adipocyte or interstitial cell viability in human or murine adipose tissue. In a 

clinical setting, there are often significant temporal delays between removal of the 

tissue from the donor site until implantation into the recipient site. This temporal 

delay also extends into the laboratory setting, where there can also be significant 

delays in removal of tissue from the organism until analysis of the tissue. In 

Chapter 4, we sequentially study the effect of time ex vivo on the viability of 

adipocytes by incubating human and murine adipose tissue up to two hours and 

assess viability of the adipose tissue. This finding will help inform clinicians and 

scientists of the effect of ex vivo incubation time of tissue samples prior to use or 

analysis. 

 

Novel assessment of paradoxical adipose hyperplasia tissue 

We were provided the unique opportunity to assess adipose tissue afflicted with 

paradoxical adipose hyperplasia (PAH) following CoolSculpting® (cryolipolysis) 

treatment. PAH is an extremely rare side effect of cryolipolysis treatment and the 

mechanism for the rapid expansion of adipose tissue is not well understood. 

Previous studies have mainly focused on the adipocytes and have not thoroughly 

examined the interstitial cellular component or microenvironment of PAH 

tissue281,285,286. We applied techniques optimized in Chapter 4 to evaluate the 

adipose tissue microenvironment (interstitial cells, adipocytes) of PAH tissue and 
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control (untreated tissue). While further investigation into the mechanism of PAH 

is required, we provide evidence that the cellular microenvironment is disrupted 

and has fewer blood vessels and fewer interstitial cells. With the rising incidence of 

cryolipolysis, we have provided important evidence into this potential complication 

of cryolipolysis. 

 

Monitoring local wound oxygenation levels within tissue 

Monitoring oxygen levels within wounds, transferred tissue flaps, and burns is 

commonly practiced in the clinical, specifically in plastic surgery clinics. Plastic 

surgeons and other clinicians are often forced to determine if a wound or flap is 

healing. Traditional approaches to quantify oxygenation levels within a wound are 

expensive, rely on indirect quantification of oxygenation, and do not provide 

oxygenation levels within the entire wound bed296. In Chapter 7, we report proof-of-

concept studies in which we demonstrated the ability of oxygen-sensitive 

nanoparticles317,320 to resolve local oxygenation levels within a murine wound bed. 

We presented a handheld custom-designed camera coupled with oxygen-sensitive 

nanoparticles as the first step toward their use as part of a clinical oxygen-sensing 

device. 

Future Directions 

Comprehensive examination of immune cell involvement in flap delay 

Our results from Chapters 2 and 3 implicate macrophages, specifically anti-

inflammatory (M2) macrophages, as a major mediator of the observed arteriogenic 
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response. These studies were founded on previous studies in our lab conducted in 

skeletal muscle in which we observed monocyte recruitment and anti-inflammatory 

macrophage accumulation around remodeling arterioles86,138. Arteriogenesis is a 

concerted bone marrow cell-directed inflammatory process that involved other types 

of immune cells such as T cells97,98, natural killer (NK) cells98, and neutrophils94,99. 

To our knowledge, no other studies have determined the interplay of these cell types 

and arteriogenesis in adipose tissue. While the work presented in this thesis focused 

on macrophages specifically, examination of these other immune cell types would be 

worthy of future investigation and may provide greater insight into the vascular 

remodeling process involved during flap delay. 

 

Optimization of collagenase digestion procedure prior to grafting 

In Chapter 4 we reported that the viability of adipocytes and interstitial cells 

decreases with increased duration of collagenase digestion. In Chapter 5 we tested 

the effect of collagenase digestion of the adipocytes on the long-term volume 

retention and described a significant decrease in the volume retention of grafts 

treated with collagenase prior to implantation. In Chapter 5 we tested one duration 

of collagenase digestion, 50 minutes. Accompanying our results in Chapter 4 that 

increasing collagenase digestion times decrease viability gradually over the course 

of 60 minutes, an important follow up study to consider shorter durations of 

collagenase digestion prior to implantation. It is possible that a 50 minute digestion 

is too harsh on the adipocytes and that a shorter digestion time is not detrimental 
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to the viability of the adipocytes. Shorter durations of collagenase digestion may be 

beneficial to the survival of the graft by increasing the surface area to volume ratio 

and thus promoting more rapid revascularization of this tissue. This theory cannot 

be confirmed based on our current findings, but the effects of shorter durations of 

collagenase digestion on graft survival would certainly be of interest in future 

studies. 

 Another follow up study for the findings of Chapter 5 would be to titrate the 

concentration of SVF cells within the collagenase digested fat grafts. In Chapter 5 

we used one concentration of SVF cells per fat graft based on previous findings by 

Paik et al254. As stated in the discussion of Chapter 5, it is possible that our SVF 

supplementation did not sufficiently “replenish” the interstitial cell compartment 

that was presumably removed during the digestion process. Increasing the number 

of SVF cells per fat graft may increase the volume retention of the graft and allow 

us to more accurately draw conclusions about the effect of collagenase digestion on 

in vivo graft survival. Other studies have examined the effect on volume retention 

by differing concentrations of SVF cells in the fat graft254, but to our knowledge no 

studies have not looked at this in conjunction with collagenase-digested fat grafts.  

 

Mechanism responsible for collagenase-induced decreased viability and decreased 

volume retention 

While we were able to show the detrimental effect of collagenase digestion both in 

vitro and in vivo, it is unclear what mechanism is responsible for the observed 
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decrease in viability. As discussed in the discussion of Chapter 5 it is possible that 

collagenase digestion is inducing an inflammatory environment within the grafts 

mediated by TNF- α267 and IL-6268. It would be interesting to investigate the levels 

of these pro-inflammatory cytokines within the grafts, as we suspect that 

expression of these cytokines, among others, to be elevated in our grafts and may be 

the cause for decreased volume retention. Modulating these pro-inflammatory 

cytokines within the graft would be an interesting technique to improve graft 

retention. In that same vein, supplementing the grafts with anti-inflammatory 

cytokines to combat this inflammatory environment would be an interesting study 

to conduct in the future. Interestingly, Phipps et al. supplemented fat grafts with 

M2 macrophages and reported an increase in fat graft retention in a murine 

allograft model142. A better understanding of the effect of collagenase digestion on 

the proteins and cytokines within the adipose tissue may inform scientists and 

clinicians of ways to combat the decreased volume retention. 

 

Eliminate need for flap delay surgery 

Flap delay is an invasive, pre-treatment technique in which patients must visit the 

clinic one to two weeks prior to flap transfer in order to have the flap 

elevated/ligated. While this flap delay practice is indeed effective, the need for two 

separate surgical interventions is burdensome on the patient, clinician, and 

healthcare system. Our original goal when starting this work was to better 

understand the vascular changes within the flap following flap delay. With a sound 
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understanding of this process, our ultimate goal was to determine if there was a 

way to recapitulate and induce these vascular changes without surgical 

intervention (i.e. the pre-treatment surgery). 

 This body of work did provide a better understanding of the changes induces 

by flap delay – an enlargement in collateral vessel diameters (arteriogenesis) 

accompanied by anti-inflammatory macrophages. FTY720, an FDA approved drug 

to treat multiple sclerosis, has been shown to induce arteriogenesis and anti-

inflammatory macrophage recruitment within skeletal muscle138,210. In Chapter 3 

we report that delivery of FTY720 to sham inguinal fat pads increased the number 

of CD206+ cells and in ligated tissue FTY720 delivery increased the collateral vessel 

diameter and CD206+ cell number (Figure 3.4C,D). While delivery of FTY720 alone 

did not induce vascular changes within the inguinal fat pad, future optimization of 

FTY720 delivery may recapitulate the adaptation elicited by flap delay. Future 

studies could tailor the dosage/concentration of the drug as well as administration 

route (i.e. direct injection into fat pad) to determine if FTY720 alone could 

recapitulate the effects of flap delay. These results, coupled with previous 

findings138,210, provide exciting evidence that FTY720 may be used in a clinical 

setting. Eliminating the need for the pre-treatment surgery (flap delay) would be 

favorable for the health care system, specifically the patient and clinician.  
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Noninvasive, serial tracking of microvascular remodeling 

Photoacoustic microscopy (PAM) is an innovative tool that allows for label-free non-

invasive high-resolution of structural vasculature architecture, relative oxygen 

saturation (sO2), and blood flow velocity at the capillary level337,338. PAM has been 

used extensively to non-invasively observe vessel remodeling responses in the ear 

and brain337,339. This technique couples pulsed laser excitation of a tissue with 

ultrasound detection of the acoustic wave generated by the thermoelastic expansion 

to produce high-resolution images of the vasculature. The pulsed laser is often 

tuned to a wavelength that excites hemoglobin within the bloodstream, so as to 

provide contrast between the blood vessels and surrounding tissue.  

 

 
Figure 8.2: Photoacoustic microscopy of adipose tissue 

Photoacoustic microscopy allows for visualization of epigastric artery entering the 
inguinal fat pad. A.) Macroscopic view of epigastric artery and vein pair entering 
inguinal fat pad. B.) Hemoglobin saturation visualization of epigastric artery and 
vein pair. Epigastric artery denoted by *. C.) Oxygen saturation visualization of 
epigastric artery and vein pair. Epigastric artery denoted by *.  
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Using PAM within our flap delay model to serially and noninvasively track 

blood vessel architectural changes would be an interesting application and next step 

for this project. Previously, we performed proof-of-concept PAM studies within the 

adipose tissue in collaboration with Dr. Song Hu’s laboratory and were able to 

visualize the epigastric artery (feeding vessel that is ligated in Chapters 2 and 3) 

entering the inguinal fat pad (Figure 8.2). We were able to quantify hemoglobin 

saturation (Figure 8.2B) and relative oxygen saturation (Figure 8.2C) However, 

visualization of the vessels within the fat pad itself proved difficult and requires 

further refinement in the imaging protocol. These proof-of-concept studies are 

exciting and provide evidence of the possibility of utilizing PAM in adipose tissue. 

Our studies in Chapters 2 and 3 required the sacrifice of animals at specified 

time points and therefore we were not able to serially track the changes of specific 

blood vessels over time. A serial look at the adaptations within the vascular 

network may provide more insight into the remodeling process and would 

potentially allow us to draw conclusions about the time course of the remodeling 

process following flap delay. 

 
Advancement of oxygen-sensing device 

Admittedly, the BNP studies presented in this thesis are proof-of-concept studies, 

however; the results gathered are exciting and establish a basis for BNP use as part 

of an oxygen-sensing device. In Chapter 7, we applied BNPs to a full thickness skin 

wound of a mouse and were able to spatially resolve local oxygenation levels. The 

ultimate goal of this project is to formulate a clinically translatable oxygen-sensing 
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device used by clinicians and nurses in a wound management or plastic surgery 

clinic. Oxygen levels within a wound or transferred flap are a powerful indicator of 

the ability of the wound or flap to heal properly295,296. Thus, we foresee this device 

being used to monitor proper oxygenation of evolving wounds/burns as well as used 

as a diagnostic tool to determine if a transferred flap is surviving.  

 The results following application of BNPs within the murine full thickness 

skin wound are indeed exciting and we believe that future work can be focused on 

several unknowns to strengthen the applicability of this technology in the clinic. For 

example, it is unknown if the BNPs are able to sense oxygenation levels below 

keratinized surfaces (intact skin) or whether the BNPs need to be directly applied to 

the wound or injury (as was the case in our studies of Chapter 7). We reliably and 

reproducibly showed the ability of BNPs to sense local oxygenation levels within a 

wound bed. Future studies should first be aimed at determining the feasibility of 

applying BNPs topically to keratinized surface. A simple feasibility test for question 

could be performed by topically applying BNPs to intact skin and subsequently 

restricting blood flow to this region via blood pressure cuff inflation. We could then 

measure the oxygen saturation with a pre-existing clinical device (oxygen 

saturation monitor) and compare these results to our spatial oxygen map garnered 

by the BNPs. The successful use of BNPs on keratinized surfaces would provide 

impetus for use of BNPs in many clinical presentations and applications. 

  Following flap transfer, hourly oxygenation monitoring of the newly 

transferred tissue is required to ensure that the flap is healing properly. This 
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monitoring is typically performed by using oxygen saturation monitors, which 

provide only point measurements within the flap and do not provide a global map of 

the oxygenation within the tissue. Application of BNPs to transferred flaps may 

serve as a powerful tool to determine the health of the flap and may aid in the 

prediction of flap failure. Future studies could make use of the transverse rectus 

abdominis myocutaneous flap rat model in which the L-shaped flap is elevated and 

a subsequent, reproducible  ~40% loss of flap volume is observed340. Daily 

application of the BNPs to the elevated flap would provide spatial oxygenation maps 

of the flap and correlation of these maps with eventual necrosis and death of the 

flap would confirm ability of BNPs to predict flap failure. BNPs may also be of use 

for plastic surgeon or nurse when determining the depth of burn. It is often difficult 

for clinicians to predict the need for skin grafting following a burn injury because 

burns often afflict tissue much deeper than the surface of the skin. If BNPs can 

predict oxygenation levels below the skin surface they may serve as a powerful 

diagnostic and predictive tool for clinicians to determine the need for skin grafting. 

We could utilize a partial thickness scald burn murine model341 to determine the 

efficacy and feasibility of using BNPs to determine burn severity and depth. 

 We believe that further characterization and optimization of the oxygen-

sensitive device will provide a powerful tool to clinicians and nurses. 
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Final remarks 

The goal of biomedical engineering is to design techniques and technologies to 

advance the treatment of disease and to better understand the human body. This 

thesis focused on the improvement of autologous fat grafting for use in 

reconstructive surgeries to repair soft tissue defects. A significant problem of using 

autologous fat to reconstruct these defects is the imminent and unpredictable 

resorption of the grafted fat. Clinicians and scientists have developed several pre-

treatment technique aimed to mitigate this resorption process, but significant 

advancements have not been achieved. In this thesis, I focused on understanding 

two pre-treatment techniques used in the clinic (flap delay and enzymatic digestion 

of grafts) and thoroughly examined the microvascular system in both cases. I first 

contributed a murine model of flap delay, which provided insight into the vascular 

remodeling processes as well as the involvement of the immune system. By using 

this model, I implicated anti-inflammatory macrophages as an integral part in these 

vascular adaptations and provide evidence for a translatable therapeutic 

mechanism to improve flap delay. I hope that this model will be useful in future 

studies aimed to improve the flap delay procedure. In a separate set of studies, I 

report the detrimental effect of collagenase digestion on fat grafts both in vitro and 

in vivo, something that was not explored previously before this dissertation but has 

large implications in a clinical setting. This work will hopefully provide cautionary 

evidence to clinicians and scientists who use collagenase-digested adipose tissue in 

the clinic or laboratory. In the latter part of this dissertation, I present the work in 

which I aided in the development of an oxygen-sensitive device that may ultimately 
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be used in the clinic to diagnose and predict wound/burn healing progression and 

flap failure. In this thesis, I have presented many tools, techniques, and assays all 

aimed to improve autologous fat grafting in the clinical setting. I hope that my 

efforts contribute, at least in some part, to the ultimate goal of biomedical 

engineering: improvement of the treatment of disease and a better understanding of 

human health. 
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