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Abstract 

An emerging treatment for peripheral arterial disease is the transplantation of adipose-derived 

stem/stromal cells (ASCs) by intramuscular (IM) injection to improve limb perfusion by paracrine-

mediated angiogenesis and immunomodulation. However, effective clinical translation has been limited 

due to poor cell retention and survival in ischemic muscle. This thesis focused on the design and in vitro/in 

vivo evaluation of an injectable hydrogel to improve ASC retention and function following IM delivery. 

Initial work developed an injectable, in situ-gelling hydrogel designed specifically to encapsulate 

ASCs and withstand the mechanical loading of the IM environment. The hydrogel consisted of two 

polymers: methacrylated glycol chitosan functionalized with a cell-adhesive RGD peptide, selected to 

support ASC retention and survival, and a triblock copolymer of poly(trimethylene carbonate)-b-

poly(ethylene glycol)-b-poly(trimethylene carbonate) diacrylate, designed to improve mechanical 

resilience. Following in vitro injection and crosslinking within the hydrogel, encapsulated human ASCs 

demonstrated high viability (>90%) over two weeks under normoxic and hypoxic (2% O2) conditions. The 

release of angiogenic and chemotactic cytokines from encapsulated ASCs was enhanced under hypoxia, 

suggesting that the hydrogel can support ASC retention and paracrine function under ischemic conditions.  

Subsequent studies investigated the angiogenic and inflammatory responses to the IM injection of 

allogeneic rat ASCs in the hydrogel, the hydrogel alone, and ASCs in saline using a healthy, 

immunocompetent rat model. Immunohistochemical analysis over 4 weeks demonstrated that encapsulated 

ASCs were retained at a higher density and promoted CD68+ macrophage recruitment, as well as M1 

(CD68+CCR7+) macrophage infiltration and M2c (CD163+) macrophage polarization at the hydrogel 

periphery. Coincident with enhanced macrophage infiltration, significantly more blood vessels were 

observed surrounding and within the hydrogels with ASCs compared to the hydrogels alone. 

The therapeutic effects of the IM injection of human ASCs in the hydrogel, the hydrogel alone, 

ASCs in saline, and saline alone were compared in an immunocompromised NOD/SCID mouse model of 

hindlimb ischemia. While there were no differences observed in limb perfusion or function at 28 days, 
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immunohistochemical analysis revealed that hydrogel-delivered ASCs were well retained and significantly 

improved the IM capillary density and enhanced cell proliferation, indicating that the cell delivery approach 

stimulated localized angiogenesis.  
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Chapter 1 

Introduction 

1.1 Clinical Significance 

Cardiovascular disease (CVD), including peripheral arterial disease (PAD) and myocardial 

infarction (MI), is the leading cause of mortality in the world, causing 17.3 million deaths annually in 2013, 

representing 31.5% of all deaths worldwide.1 Current treatment strategies, including pharmacological 

therapy, artery bypass grafts, and endovascular angioplasty, have decreased mortality rates; however, the 

incidence of CVD is expected to rise as the population ages, and many patients are not eligible for existing 

therapies, motivating research into alternative treatment strategies.2–4 Mesenchymal stem/stromal cell 

(MSC) transplantation has been proposed as a therapy for treating ischemic conditions including PAD5,6 

and MI.7 In this role, it is postulated that MSCs act as trophic mediators in the ischemic environment,8 

modulating inflammation and promoting angiogenesis through the production of anti-inflammatory and 

pro-angiogenic factors.9–11 While preclinical studies of MSC treatment have demonstrated therapeutic 

benefits,12,13 clinical trials have largely failed to reproduce these effects.7,14–16 A major limitation of this 

approach, and possible explanation for the issues in clinical translation, is the poor localization, retention, 

and survival of MSCs following injection in saline. In applications requiring intramuscular (IM) delivery, 

such as delivery to cardiac muscle in MI and skeletal muscle in PAD, the dynamic mechanical environment 

may exacerbate this problem, promoting the dispersal of injected MSCs from the target site.17–20 

To address these challenges, injectable hydrogel delivery scaffolds have been widely investigated 

as a strategy to improve cell retention following intramuscular injection.21,22 In this approach, cells are 

injected in a polymer solution that crosslinks in situ to form a hydrogel scaffold, encapsulating the cells at 

the site of delivery to minimize initial cell washout, prevent anoikis, and ideally enhance long-term cell 

function.23 From within the hydrogel, MSCs may then promote angiogenesis and mediate inflammation in 

the ischemic environment through the sustained, localized generation and release of beneficial paracrine 
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factors.24 By enhancing the therapeutic efficacy of the injected cells, it is postulated that injectable hydrogels 

could not only improve the clinical outcomes of MSC-based therapies, but also reduce the number of cells 

required. Further, in contrast to traditional surgical treatments of MI and PAD, minimally invasive 

injectable cell therapies would impose less damage to the already injured tissue and reduce procedure and 

recovery times.  

1.2 Research hypotheses  

Despite the potential for injectable hydrogels to enhance MSC-based angiogenic therapies, few 

hydrogel scaffold design approaches have addressed the specific requirements for minimally invasive 

intramuscular delivery. Specifically, application in the intramuscular environment necessitates a hydrogel 

scaffold with mechanical properties matched to the soft surrounding muscle tissue, while simultaneously 

withstanding the repetitive loading without undergoing material dispersal or brittle failure. Further, the 

crosslinking process must facilitate minimally invasive injection of cells suspended in the polymer solution, 

and subsequent stimuli-sensitive in situ crosslinking in the intramuscular space. Finally, the hydrogel and 

crosslinking system must support the viability, retention, and function of encapsulated cells in an ischemic 

environment. In pursuit of these criteria, the current work hypothesized that mixing and co-crosslinking 

synthetic copolymers with naturally-derived cell-supporting polymers can produce a mechanically robust 

hydrogel scaffold capable of supporting cell encapsulation following injection.  

Adipose-derived stem/stromal cells (ASCs) have been identified as a promising source of MSCs 

due to their relative abundance and accessibility.25,26 Further, ASCs have been identified as promising 

candidates to treat ischemic conditions due to the broad array of angiogenic and immunomodulatory 

paracrine factors in their secretome.9,10,12,27,28 The current work hypothesizes that ASCs, encapsulated within 

the mixed polymer hydrogel, can respond to hypoxic conditions modeling ischemia by releasing therapeutic 

growth factors.  Finally, this work further hypothesizes that the application of the mixed polymer hydrogel 

delivery scaffold can improve ASC retention following intramuscular injection in vivo, resulting in 

immunomodulatory and angiogenic effects.  
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1.3 Research objectives and thesis overview 

Guided by these motivating hypotheses, this thesis describes the development of a hydrogel 

scaffold designed specifically for the intramuscular delivery of ASCs to treat peripheral limb ischemia. The 

work was divided into three main objectives:  

1. Develop a mechanically robust, injectable hydrogel system for ASC encapsulation; 

2. Assess the inflammatory and angiogenic response to the intramuscular delivery of ASCs within 

the hydrogel scaffold;  

3. Evaluate the therapeutic effects of the delivery strategy in a model of hindlimb ischemia.  

Towards objective 1, a library of synthetic copolymers of poly(trimethylene carbonate)-b-

poly(ethylene glycol)-b-poly(trimethylene carbonate) (PEG-(PTMC-A)2) was developed to produce soft, 

mechanically resilient hydrogels. PEG-(PTMC-A)2 was mixed and co-crosslinked with methacrylated 

glycol chitosan, functionalized with a cell-binding RGD peptide (MGC-RGD), to produce a cell-supportive, 

mechanically robust hydrogel. An injectable crosslinking mechanism was optimized using thermally-

sensitive radical initiators to provide in situ-gelling functionality. Finally, human ASCs (hASCs) were 

encapsulated within the hydrogel in vitro, and assessed based on viability, retention, metabolic activity, and 

growth factor release under hypoxic and normoxic conditions.  

In objective 2, the mixed hydrogel scaffold was used to deliver rat ASCs (rASCs) by intramuscular 

injection to the hindlimbs of healthy, immunocompetent host rats, and compared to the delivery of rASCs 

in saline and the hydrogel alone. At 1, 2, and 4 weeks post-delivery, tissue explants were examined to semi-

quantitatively assess the intramuscular retention and distribution of rASCs, which were fluorescently 

labeled prior to delivery. Immunohistochemical (IHC) staining was performed to assess the inflammatory 

response in terms of macrophage recruitment, phenotypic polarization towards inflammatory or 

regenerative subtypes, and enzymatic activity. Finally, angiogenesis in response to the ASCs and recruited 

macrophages was assessed based on changes in vessel density surrounding the ASCs and scaffolds.  
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In the final objective, the delivery of human ASCs (hASCs) within the hydrogel scaffold was 

evaluated in a model of acute hindlimb ischemia produced by femoral artery ligation in immune deficient 

NOD/SCID mice. The intramuscular injections of hASCs in the hydrogel, the hydrogel alone, and hASCs 

in saline were compared to a sham treatment of saline. IHC staining was used to visualize and quantify 

ASC retention and the effects on intramuscular capillary density and cell proliferation. The therapeutic 

effects of the treatments were compared in terms of recovery of hindlimb perfusion and function. This work 

was performed in collaboration with the labs of Dr. David Hess at the University of Western Ontario, 

relying on their expertise with the hindlimb ischemia model and medical imaging.  

The thesis is presented in chapter format. Chapter 2 summarizes the relevant literature concerning 

the design of mechanically robust, injectable hydrogels for cell delivery; the use of encapsulated MSCs for 

therapeutic angiogenesis; and the role of macrophages in the host response to cell delivery scaffolds. 

Chapters 3 through 5 describe the methodology, results, and discussion of each research objective. Finally, 

Chapter 6 presents a concluding summary of the thesis and offers an outlook on future directions.  
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Chapter 2 

Literature Review  

2.1 Mechanically robust, injectable hydrogels for cell delivery 

2.1.1 Design of hydrogels for load bearing tissue applications 

Over the past two decades, hydrogels have emerged as one of the most studied classes of 

biomaterial. Composed of a crosslinked network of polymers swollen with aqueous medium, this basic 

composition can yield structures with a wide range of physical, mechanical, chemical, and biological 

properties. This diversity is made possible through a constantly expanding portfolio of crosslinking 

mechanisms and polymers, both natural and synthetic, available for hydrogel production.29 Hydrogels have 

long been identified as promising materials for use as scaffolds for cell delivery in tissue engineering, due 

to their potential to improve cell engraftment and survival in the harsh environment of damaged and 

diseased tissue.30 In this application, candidate hydrogels and crosslinking methods must meet very specific 

design criteria: they must support the retention and viability of encapsulated cells; facilitate the diffusion 

of nutrients, waste, and soluble growth factors; produce no toxic effects in surrounding tissues; and undergo 

degradation at a rate that facilitates their therapeutic purpose. In addition, the use of hydrogels as minimally 

invasive injectable scaffolds further necessitates that a prepolymer solution with suspended cells can be 

injected through a small diameter needle (ca. 25G), and that the prepolymer undergoes stimuli-sensitive in 

situ crosslinking to rapidly form a cell-encapsulating hydrogel upon injection.  

Towards these goals, injectable hydrogels have been designed using synthetic polymers, naturally-

derived polymers, decellularized extracellular matrix (ECM)-based materials, and combinations thereof.31 

While synthetic polymers offer advantages in terms of batch-to-batch consistency and the precise control 

over hydrogel properties (e.g. modulus, water affinity, degradation), they generally lack the chemical 

moieties and structural conformation of ECM polymers that are required to support cell adhesion and 

proliferation.32 Conversely, naturally-derived polymers and solubilized ECM retain many of the bioactive 
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moieties present in the ECM, but require chemical modification to enable crosslinking into stable 

hydrogels.32 Strategies to enhance the bioactivity of synthetic polymers have included functionalization 

with peptide sequences found in cell adhesion proteins such as the arginine-glycine-aspartic acid (RGD) 

sequence,33 and combining with natural polymers with innate bioactivity (i.e. chitosan,34 hyaluronan,35 and 

gelatin36).  

Many hydrogel systems have been developed that meet the aforementioned criteria; however, these 

systems have largely been limited to use in non-load bearing applications, as few cell-encapsulating 

hydrogels reproduce the tough, failure-resistant mechanical properties of the ECM. While strategies exist 

to produce hydrogels with extremely stiff, tough, or deformable mechanical properties, most rely on 

polymers, crosslinking mechanisms or fabrication techniques that preclude their use as cell-encapsulating 

or injectable systems.37 Structural weakness has proven to be a major limitation in the application of 

injectable cell-laden scaffolds as therapeutic agents, as the targets of many such therapies are structural or 

load-bearing tissues that undergo the repetitive or continuous application of stress and strain. Conditions 

afflicting such tissues that could benefit from cell-laden scaffolds include tissue ischemia in cardiac and 

skeletal muscle31; osteoarthritis of articular cartilage38; and full thickness wounds in skin.39 These target 

tissues have widely varying mechanical properties and experience diverse loading conditions such as strain 

magnitude, peak load, and loading frequency. In response to these material deficiencies, recent research has 

focused on developing mechanically robust hydrogel systems that are both injectable and cytocompatible. 

Although this combination of properties is represented by only a small subset of hydrogels, schematically 

illustrated in Figure 2-1, it has been the topic of intense research efforts as the need for such materials 

becomes apparent.  
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Figure 2-1: A schematic representation of hydrogel subsets based on select material properties. For the purpose 
of injectable cell delivery to mechanically dynamic tissue, hydrogel design has focused on the criteria of 
cytocompatibility, toughness, and injectability (*).   

Towards developing hydrogels for cell delivery specifically to the intramuscular environment of 

the lower limb for treating peripheral arterial disease (PAD), important mechanical properties include a low 

compressive modulus matched to the surrounding soft tissue (ca. 15 kPa),40 a high ultimate strain at failure 

(ca. 50% compression at 1 Hz40,41), and fatigue resistance under cyclic compression to withstand the 

repeated loading of muscle contraction.40,41 To date, very few hydrogels have been designed to meet these 

criteria, while maintaining injectability, minimal swelling, and cell-encapsulation potential.  

2.1.2 Structure-property relationships in hydrogels 

The mechanical behavior of hydrogels is modeled based on the theory of rubber elasticity.42 Similar 

to elastomers, deformation in hydrogels is facilitated by the uncoiling of polymer chains between network 

crosslinks or entanglements, and strain recovery is driven by regaining lost entropy.43 The maximum strain 

achievable without network failure is therefore related to the ratio in dimensions of the initial random coil 

and the final extended chain. However, this theoretical ratio does not account for chain entanglements and 

network imperfections, which prevent the entire network from reaching strains that individual chains may 

be able to achieve. The network’s initially linear resistance to applied strain, the Young’s modulus of 

elasticity, is primarily influenced by the crosslink density. Networks with a higher polymer concentration 
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or a lower molecular weight between crosslinks have more networked chains per cross sectional area to 

resist deformation, resulting in a stiffer network and a higher modulus.37,42  

Unlike elastomers, swelling is a significant factor in hydrogel properties. The degree of swelling 

with water is governed by the thermodynamic equilibrium between the driving force of water entering the 

network to dilute the polymers and the elastic force of the networked polymer chains stretching.43 Swelling 

is therefore limited by crosslinks restricting network expansion, and related to the chemical nature of the 

polymers, where highly hydrophilic or charged polymers result in greater water uptake. Swelling has two 

primary effects on network mechanical properties: first, swelling induces considerable strain on the 

network, uncoiling the crosslinked segments such that the remaining capacity to withstand externally 

applied strain is diminished, and second, swelling typically reduces the modulus by diluting the crosslink 

density thereby resulting in fewer crosslinked polymer chains per cross sectional area to resist deformation. 

At extremely high degrees of swelling typical of networks of charged polymers, the network chains can 

become so highly extended that conformational limitations result in increased stiffness.37  

Network failure is an important consideration in load-bearing applications of hydrogels, especially 

as hydrogels are typically susceptible to brittle failure. As cracks propagate through the hydrogel, energy is 

dissipated due to the extension and eventual fracture of network chains that span the crack. The toughness 

of the network depends on the amount of energy dissipated during this process.37 This phenomenon is 

affected by the length of the network chains, as longer chains require more energy to extend, as well as the 

total polymer density, as more chains spanning the crack require more energy to extend and fracture.44 Due 

to their swollen nature, hydrogels lack many of the typical means of energy dissipation found in elastomers. 

Specifically, swelling reduces the density of chains spanning the propagating crack, and therefore lowers 

the energy required for propagation.37 Further, the separation of network chains with water reduces the 

ability of the chains to dissipate fracture energy through crystallization and viscoelastic effects.37 

Furthermore, the heterogeneous process of producing hydrogels via the crosslinking of aqueous prepolymer 

solutions results in network imperfections and inhomogeneity, which weaken the overall network.  For 
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example, the commonly utilized free radical initiation process can result in the initial production of more 

densely crosslinked microgels, which are only later connected into a continuous hydrogel.45 This process 

results in an inhomogeneous crosslink density distribution, in which areas of high crosslink density are 

more susceptible to fracture.46   

The mode of crosslinking is also a factor in determining how hydrogel networks typically fail. 

Covalent crosslinking, though capable of producing a wide range of stiffness through permanent chemical 

crosslinks, typically produces fragile hydrogels that are susceptible to brittle failure and unable to absorb 

the energies or undergo the deformations characteristic of physiological loading.47,48 Alternatively, physical 

crosslinking generally produces ductile rather than brittle networks due to the ability of physical crosslinks 

to “self-heal” (i.e. rapidly break and reform); however, physically crosslinked hydrogels often undergo 

pseudoplastic deformation and typically do not provide the required loading resistance for many 

physiological settings.47,48  

2.1.3 Strategies for producing robust hydrogels for injectable cell encapsulation  

The requirements of injectability and cytocompatibility limit the available strategies for producing 

robust hydrogels suitable for cell delivery to the intramuscular environment. Specifically, the need for 

injectability precludes the use of multi-step synthesis procedures or crosslinking methods that are slow or 

not stimuli-sensitive. Furthermore, cell encapsulation and use in vivo requires that the crosslinking reaction 

and polymers are non-cytotoxic, and do not rely on organic solvents or non-physiologic reaction conditions. 

Despite these restrictive criteria, several strategies have been developed, including in situ-forming double 

networks, nanocomposite networks, and single networks from high molecular weight amphiphilic 

copolymers. 

2.1.4 Injectable double networks 

Since their initial development by Gong et al.49 in 2003, double network hydrogels (DNs), 

composed of two separate interpenetrating networks, have come to represent the toughest class of synthetic 

hydrogels produced.37 Traditionally, the double network structure is prepared sequentially; the primary 
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network is crosslinked first then soaked in the pre-polymer solution of the secondary network, which is 

subsequently crosslinked within the first network (Figure 2-2). The primary network is typically a highly 

crosslinked, swollen fragile network, while the secondary network is a ductile network crosslinked with 

weak or recoverable “self-healing” bonds.50,51 Other defining features contributing to the enhanced 

toughness of DNs include a high molar ratio of the secondary network to the primary,49 and low levels of 

inter-network crosslinking.52  

 

Figure 2-2: Schematic of double network hydrogel formation. a) The primary network (red) is prepared from a 
covalently crosslinked polymer network; b) the primary network is swollen with a monomer solution of the secondary 
network (black dashes); c) polymerization of the loosely crosslinked secondary network (black lines) results in a 
double network.  

The strength of DNs is attributed to the ability of the loosely crosslinked chains of the secondary 

network to bridge and stabilize micro-cracks formed in the primary network. This bridging increases the 

number of strand fractures required for crack propagation, and further, distributes fracture forces across a 

wider damage zone, preventing the concentration of stress at the crack tip.50,51 These mechanisms can result 

in a compression strength in the DN of 20 to 40 times the strength of the individual networks.49 However, 

despite the self-healing nature of the secondary network, an accumulation of cracks in the primary network 

upon repeated mechanical loading can result in a loss of mechanical properties in a process termed the 

Mullins effect.46 Further, the recovery of the secondary network often requires long time frames (2 h)53 or 

high temperatures (> 50 °C).54  
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Recently, injectable, cell-encapsulating DNs have been developed by employing orthogonal 

crosslinking mechanisms to permit simultaneous formation of the primary and secondary networks. Truong 

et al.55 utilized dual click chemistry mechanisms (thiol-yne addition and norborene-tetrazine cycloaddition) 

to provide rapid in situ crosslinking upon mixing of functionalized poly(ethylene glycol) (PEG) and 

chitosan that could encapsulate mesenchymal stem/stromal cells (MSCs) with high viability (99% after 

48 h). Non-swollen, the network could undergo tensile extension over 550%, and withstand cyclic 

compression at 95% compression without hysteresis. However, given that swelling ratios between 200% 

and 400% were observed, these mechanical properties likely do not reflect the expected in vivo 

performance. In another approach, Rodell et al.48 applied orthogonal crosslinking mechanisms (β-

cyclodextrin with adamantane and thiol-ene addition) using a single polymer backbone of hyaluronic acid 

(HA) to encapsulate MSCs with sustained metabolic activity over 14 days. Non-swollen DNs could 

withstand approximately 250% extension and exhibited almost no Mullins-type softening (loss of moduli 

or strain energy with repeated loading); however, the approximate 4-fold swelling observed would likely 

compromise these properties when applied in vivo. Thus, while injectable DN have demonstrated 

outstanding ability to withstand tensile and compressive loading using cytocompatible polymers and 

reactions, the high degree of swelling following crosslinking is a yet unresolved issue hindering the 

translation of these mechanical properties into an in vivo setting.  

2.1.5 Nanocomposite networks 

Introduced by Haraguchi et al.56 in 2002, nanocomposite (NC) hydrogels utilize nanoparticles, i.e. 

materials with extremely high surface area to volume ratios such as exfoliated clays, as multi-functional 

crosslinking sites within a polymer hydrogel network. In fabrication, the nanoparticles are distributed 

throughout a monomer solution that is subsequently crosslinked by free radical polymerization. The 

repeated absorption of polymer chains on the surface of multiple nanoparticles results in stable physical 

crosslinks reinforcing the hydrogel network (Figure 2-3). The resulting networks are extremely robust, 

typically withstanding elongation over 1000%.56 The resistance to failure is attributed to the high molecular 
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weight of the polymers between the nanoparticles and the dissipation of fracture energy provided by the 

rearrangement of the absorbed polymers on the nanoparticle surface, allowing the network structure to re-

organize under strain. As each nanoparticle is connected to multiple chains, and each chain to multiple 

nanoparticles, the breaking of individual bonds does not compromise the overall network, and these broken 

bonds can be recovered by neighboring polymers and nanoparticles.57  

 

Figure 2-3: Schematic of nanocomposite hydrogel formation. a) Nanoparticles (grey) are dispersed in a solution 
of monomers (red); b) polymerization is initiated; c) polymer chains adsorb to multiple nanoparticle surfaces.  

Simply mixing nanoparticles with polymer solutions does not result in networks that are as robust 

as those formed from the polymerization of monomer solutions with suspended nanoparticles, suggesting 

the effects depend on the polymerization of monomers from initiator absorbed to the nanoparticle surface.57 

This finding presents a challenge for cell encapsulation, as typically cells are suspended in a pre-polymer 

solution that is subsequently crosslinked, due to the cytotoxicity of low molecular weight monomers.29 

Furthermore, the recoverable nature of physical bonds between polymers and nanoparticles results in 

viscoelastic behavior, evident in hysteresis during repeated loading, and non-recoverable creep under 

sustained loading.58 This behaviour may not be suitable for many load-bearing tissue applications where 

repeated loading is applied, or where creep resistance is essential for maintaining the tissue architecture.  

NCs have been adapted for injectable cell encapsulation applications by using cytocompatible 

prepolymers, nanoparticles, and crosslinking methods. Gaharwar et al.59 developed an elastomeric and 

highly extensible NC by photo crosslinking poly(ethylene glycol)-diacrylate (PEGDA) with hydroxyapatite 
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nanoparticles. The inclusion of nanoparticles allowed for the attachment and spreading of surface-seeded 

murine preosteoblasts. However, as the hydrogels were observed to swell between approximately 400% 

and 600% in phosphate buffered saline (PBS), it is expected that the performance of these systems in vivo 

would be compromised by network dilution. Jaiswal et al.60 have prepared NC hydrogels from a network 

of methacrylated gelatin and functionalized iron nanoparticles that supported the encapsulation of murine 

preosteoblasts. Although the nanoparticles increased toughness by 17-fold, the degree of swelling was not 

reported, so the in vivo performance cannot be estimated. Overall, NC hydrogels represent a promising way 

to produce tough, cytocompatible hydrogels; however, the high degrees of swelling suggest that their 

mechanical properties would be severely compromised in the intramuscular environment. Further, there is 

concern regarding the potential toxicity of inorganic nanoparticles both locally and systemically, as well as  

to the encapsulated cells.56,61  

2.1.6 High molecular weight amphiphilic prepolymer networks 

A class of high molecular weight amphiphilic prepolymer precursors has been developed to address 

the fragile nature of highly swollen, highly crosslinked polymer networks. In this strategy, introduced by 

Zhang, et al.,62 prepolymers with a well-defined structure of hydrophobic polymer blocks and high 

molecular weight (ca. >10 kg·mol-1) hydrophilic PEG blocks are crosslinked by radical polymerization of 

functionalized end groups. In such networks, the introduction of hydrophobic domains reduces network 

swelling, thereby preventing the complete extension of the polymer chains between crosslinks and 

preserving their random coil configuration (Figure 2-4).62 Under strain, it is postulated that these domains 

are capable of absorbing the applied energy by uncoiling without any permanent effect on the underlying 

network, and upon unloading, entropic forces in the aqueous environment drive the recoiling of the 

hydrophobic domains (Figure 2-4c).62 These effects are in contrast to typical hydrophilic networks in which 

swelling has extended the network chains and severely limited their ability to withstand deformation. 

Further, it is postulated that physical crosslinks are introduced in the form of entanglements of the high 

molecular weight PEG domains and in the interactions of the hydrophobic domains, capable of dissipating 
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energy during deformation without undergoing brittle failure.62 These networks are particularly amenable 

to injectable cell encapsulation due to their simple, rapid, one-step preparation from a single precursor 

solution, and the ability to control the network swelling by adjusting the ratio of hydrophobic and 

hydrophilic components.  

 

Figure 2-4: Schematic of high molecular weight amphiphilic copolymer hydrogel formation. a) Amphiphilic 
prepolymer precursors in solution (red: coiled hydrophobic domain; grey: extended hydrophilic domain); b) 
polymerization of end groups (black) produces a crosslinked network; c) upon application of strain, hydrophobic 
domains reversibly uncoil to allow network deformation. 

In an initial study by Zhang et al.62 using an amphiphilic α,ω-diacrylate poly(trimethylene 

carbonate)-b-poly(ethylene glycol)-b-poly(trimethylene carbonate) (PEG-(PTMC-A)2) prepolymer, the 

introduction of the hydrophobic PTMC domains significantly increased the resulting network toughness 

and fracture stress compared to pure PEGDA networks. The networks could withstand large compressive 

strains of over 98% before failure, exemplifying the ability of crosslinked polymer chains to deform 

drastically without damaging the overall network. Importantly, these properties were measured on 

hydrogels swollen in PBS. MSCs encapsulated within the PEG-(PTMC-A)2 networks were viable 24 h after 

crosslinking; however, the viability was not quantified. In subsequent studies, chondrocytes encapsulated 

within PEG-(PTMC-A)2 hydrogels demonstrated ca. 80% viability, and produced significantly more 

collagen and glycosaminoglycans than those encapsulated within PEGDA hydrogels over three weeks of 

culture in vitro.63  



15 

 

Together, these studies have demonstrated potential for high molecular weight amphiphilic 

prepolymers to form mechanically robust networks. Importantly, in the context of in vivo use in load-

bearing applications, these properties were maintained after network swelling. However, as purely synthetic 

polymers, these prepolymers lack the adhesive or instructive moieties that are present in the ECM and in 

hydrogels prepared from natural polymers.  

2.2 Encapsulated mesenchymal stem cells for therapeutic angiogenesis 

2.2.1 Mesenchymal stem cell sources 

Beyond the design of the hydrogel scaffold, the main consideration of a cell-based treatment for 

PAD is the selection of a therapeutic cell source. To provide the estimated 107 to 109 cells required for 

angiogenic therapy64 the cell source must be abundant, readily available, and ideally from the same patient 

to reduce concerns of immunogenicity and disease transfer. Embryonic stem cells and induced pluripotent 

stem cells have demonstrated substantial regenerative capacity; however, concerns over safety and ethics 

have limited their clinical application.65 Alternatively, MSCs have been identified as one of the most 

promising candidates due to their autologous and allogeneic availability in adult tissues, as well as their 

immunomodulatory and angiogenic activities.66,67 The first evidence of MSCs came from the work of 

Friedenstein et al.,68 who identified bone marrow-derived stem/stromal cells (BMSCs) capable of clonal 

expansion and osteogenic differentiation. Since that discovery, numerous other adult tissue sources of 

MSCs have been identified, including adipose-derived stem/stromal cells (ASCs),69 and cord and peripheral 

blood-derived mesenchymal stem/stromal cells.70 Regardless of their tissue source, MSCs represent a 

heterogeneous population that is broadly characterized by their ability to adhere to tissue culture 

polystyrene, undergo in vitro expansion, and maintain the potential to differentiate into osteogenic, 

chondrogenic, and adipogenic lineages.71 MSCs are also characterized by the expression of cell surface 

markers of the stromal cell phenotype (CD90, CD29, CD44, and CD73), and negative for hematopoietic  

(CD34, CD45, CD14) and endothelial (CD31) phenotypic markers.71 
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For the clinical application of MSCs, the ideal tissue source would be accessible by a minimally 

invasive procedure, and provide a high yield of cells that can be further expanded in culture without 

diminishing their regenerative capacity. Despite the extensive research into BMSCs for therapeutic 

applications, the invasive harvesting procedure, risks of donor site morbidity, and relatively low yields 

present challenges for deriving sufficient numbers of BMSCs for clinical application.72,73 More recently, 

ASCs have been identified as an attractive source of regenerative cells, as ASCs can be isolated from 

adipose tissue collected by minimally invasive lipoaspiration with few adverse effects.74 Furthermore, 

autologous ASCs can be isolated with a relatively high yield, as a typical 200 mL lipoaspirate yields 

approximately 106 stem cells, more than 40-fold more than is yielded from a typical 40 mL aspiration of 

bone marrow.75 Both ASCs and BMSCs have a similar secretome of therapeutic growth factors,9,76 the 

ability to migrate to sites of injury and ischemia,13,77,78 and the capacity to enhance perfusion in ischemic 

tissue.79 For these reasons, adipose tissue is increasingly being explored as a source of MSCs for treating 

vascular diseases.  

2.2.2 Adipose-derived stem cells as trophic mediators of angiogenesis 

Pre-clinical trials to investigate the potential of ASCs to promote therapeutic angiogenesis using 

murine models of PAD have generally demonstrated positive results.12,13,79,80 To simulate the reduced limb 

perfusion of PAD, these models involve the induction of hindlimb ischemia (HI) of varying degrees of 

severity by ligating and potentially excising a segment of the femoral artery, as well as potentially the 

vein.81 Typical assessments of vascular recovery include measuring the perfusion ratio (PR) of the ischemic 

versus contralateral non-ligated control limb, and immunohistochemical staining to identify capillary 

density in the treated limbs as a measure of collateral vessel formation. These assessments are made in 

comparison to sham treatments of saline injection. The results of pre-clinical trials of ASCs in murine 

models of PAD to date are summarized in Table 2-1.  
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Table 2-1: Pre-clinical trials of ASCs used to treat hindlimb ischemia as a model of PAD. IV: intravenous; IM: 
intramuscular; PR: perfusion ratio.   

While these pre-clinical studies of ASCs in models of PAD have yielded positive results in terms 

of recovery of perfusion and often capillary density, none of the studies have quantified the retention of 

ASCs in the intramuscular environment. In studies that have tracked ASCs in the ischemic hindlimb by 

immunohistochemical staining, some have reported evidence that ASCs may differentiate into endothelial-

like cells and incorporate into vascular structures.13,80 However, the frequency of engraftment and 

differentiation is reported at less than 1%,13 suggesting that ASCs are promoting vascular recovery through 

an alternate mechanism.   

Current work suggests that the angiogenic activity of ASCs is largely due to paracrine mechanisms, 

where ASCs secrete factors in response to the ischemic and inflammatory environment to promote 

angiogenesis and modulate inflammation.66,82 This theory is based on the limited evidence of injected MSCs 

engrafting directly into ischemic tissues or differentiating into vascular structures,83–86 the dependence of 

therapeutic effects on growth factor production,12,87,88 and the numerous reports documenting the 

angiogenic and immunomodulatory effects from MSC-conditioned medium alone.89–92 This evidence has 

prompted interest in mapping the ASC secretome.  

 

Table 2-2 presents a summary of select growth factors secreted by ASCs that are involved in the 

treatment of ischemic conditions.   

ASC source Host Model Delivery Main results (relative to saline) Ref. 

Human Nude mice 
(athymic) 

5×105 ASCs injected IV 
24 h post-ligation 

↑PR (2.5× and 3×) after 5 and 10 days, 
respectively 

10 

Human  NMRI nude 
mice (athymic) 

5×105 ASCs injected IV 24 
h post-ligation 

↑PR (3×); ↑ capillary density (1.25×) 
after 14 days 

80 

Human  Balb/C nude 
mice (athymic) 

1-10×105 ASCs injected IM 
(3 sites) 24 h post-ligation 

↑PR (up to 2.3×, proportional to number 
of ASCs delivered); reduced muscle fiber 

damage after 14 days 

13 

Human  Balb/C nude 
mice (athymic) 

106 ASCs injected IM (3 
sites) 24 h post-ligation 

↑PR (2.7×); ↓injured muscle area (0.2×) 
after 14 days 

79 

Mouse 
(C57BL/6J)  

C57BL/6J 
mice 

1×106 ASCs injected IM (3 
sites) 24 h post-ligation 

↑PR (1.2×); ↑capillary density (1.25×) 
after 21 days 

12 
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Table 2-2: ASC secreted growth factors involved in angiogenesis and immunomodulation. Cell types: EC: 
endothelial cell; SMC: smooth muscle cell. 

Growth factor Function93,94 Reference 

Angiogenin Angiogenesis (vessel stabilization, EC migration and 
invasion), anti-apoptosis  

9,92 

Angiopoietin-1 Angiogenesis (EC migration, vessel stabilization) 9,95 

Basic fibroblast growth factor 
(bFGF) 

Anti-apoptosis, angiogenesis (EC proliferation and 
migration), anti-scarring 

10,92,95 

Hepatocyte growth factor 
(HGF) 

Anti-apoptosis, anti-scarring 8–10,76,92,95 

Insulin-like growth factor-1 (IGF-1) Anti-apoptosis 8,92 

Leptin Angiogenesis (EC proliferation and vascular 
permeability)  

76 

Monocyte chemoattractant protein-1 
(MCP-1) 

Angiogenesis, chemoattraction (monocyte migration) 8,9 

Placental growth factor (PlGF) Angiogenesis (EC proliferation) 9,95 

Platelet-derived growth factor-AA 
(PDGF-AA) 

Angiogenesis (SMC proliferation and migration) 8,9 

Stromal cell-derived factor-1α 
(SDF-1α) 

Angiogenesis (EC migration), chemoattraction 
(progenitor cell homing) 

76,92 

Transforming growth factor-β 
(TGF-β) 

Anti-apoptosis, angiogenesis (vessel maturation, EC 
proliferation), immunomodulation 

8–10,95 

Vascular endothelial growth factor 
(VEGF) 

Anti-apoptosis, angiogenesis (EC proliferation, 
migration, tube formation) 

8–10,76,92,95 

2.2.3 Injectable scaffolds for improving mesenchymal stem cell therapy 

Despite the demonstrated potential of MSCs to promote angiogenesis in ischemic tissues in pre-

clinical studies, clinical trials using MSCs to treat PAD have largely failed to reproduce these effects.5,6,14 

To overcome this failed translation, several strategies have focused on enhancing the paracrine effects of 

MSCs, including hypoxic preconditioning78,92,96–98 and genetic manipulation.83,99 However, a major 

limitation to cell-based therapies and possible explanation for the issues in clinical translation is the poor 

localization, retention, and survival of cells delivered by intramuscular injection in saline.30,100–102 Using 

this basic delivery approach, MSC retention rates have been reported to be below 10% as early as 24 h after 

injection into the ischemic heart 19,103, and as low as 2% at 24 h post-injection into the ischemic hindlimb.20 

These low rates of retention following injection in saline may be attributed to an initial cell washout that 
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occurs immediately upon injection, and the subsequent failure of the MSCs to adhere to the extracellular 

matrix, resulting in cell death due to anoikis and poor long-term retention.23,102  

To overcome the limitations of poor cell retention, some preliminary studies have explored the use 

of injectable biomaterial scaffolds to deliver and retain cells intramuscularly.30 In the context of PAD 

models, these studies have demonstrated the potential to enhance the efficacy of cell-based therapies. In a 

HI model in athymic rats, Suuronen et al.104 compared the intramuscular injection of 3×105 human 

peripheral blood-derived MSCs using an injectable matrix of Type 1 collagen and chondroitin sulfate that 

underwent thermo-gelling at 37 °C to the injection of MSCs in saline, the matrix alone, and saline alone. 

Though retention was not quantified absolutely, over 2 times more MSCs were detected in the intramuscular 

tissue when the cells were delivered in the collagen matrix as compared to saline. The improved retention 

was associated with a higher capillary and arteriole density, although perfusion was not quantified. Tang et 

al.105 similarly explored the use of non-crosslinked hyaluronan (HA) solutions, a natural polymer 

component of the ECM shown to have angiogenic activities. HA solutions were used to deliver 106 human 

umbilical vein endothelial (HUVECs) cells to a HI model in nude mice, and compared to the delivery of 

HUVECs in saline, HA alone, and saline alone. After 4 weeks, the recovery of perfusion was significantly 

higher in mice treated with HUVECs in HA compared to all other treatments, and capillary density was 

similarly improved. Tracking of HUVECs by green fluorescent protein transfection revealed no HUVECs 

were retained after 4 weeks when delivered in saline. HUVECs in HA were detected in the intramuscular 

space, though few were found in association with capillaries or arterioles.  

Together, these works demonstrate the potential for injectable biomaterials to improve cell 

retention in the ischemic hindlimb, and subsequently enhance their therapeutic potential. However, these 

studies have not addressed key properties of the scaffold that could affect their performance in vivo, 

including crosslinking time and mechanical properties. Further, these works have not investigated the 

ability of cells to produce and release growth factors from within the scaffolds, an essential aspect of cell-

mediated therapies for PAD. Such studies have been done for alginate-based hydrogel scaffolds, 
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demonstrating the release of angiogenin, angiopoietin-2, bFGF, HGF, PlGF, and VEGF from encapsulated 

BMSCs,106 and the release of immune modulatory cytokines from encapsulated ASCs.107 However, 

cytokine release from cells encapsulated in scaffolds used in HI models have not been similarly studied. 

Thus, given the integral role that paracrine mechanisms appear to play in MSC-based therapies, there is a 

paucity of data demonstrating the impact of encapsulation on MSC paracrine signaling mechanisms.  

2.3 The host macrophage response to cell delivery scaffolds in angiogenic therapy 

2.3.1 The macrophage response to biomaterials  

While previous studies have focused on the angiogenic response to encapsulated MSCs, it is 

important to recognize that the success of any biomaterial-based strategy is also dependent on the host 

immune response to the material. The intramuscular implantation of any material, even those delivered non-

surgically by minimally invasive injection, evokes a host immune response comparable to the process of 

wound-healing.108 In general, the response begins within minutes with the adsorption of proteins on the 

surface of the material, including growth and chemoattractive factors.108 Subsequently, within hours, 

peripheral blood mononuclear cells are recruited, exiting circulation via extravasation and migrating to the 

site of the implant and tissue damage. Neutrophils are the predominant cell type in the initial 24 h, 

responsible for the phagocytosis of necrotic tissue and other debris, and propagating a pro-inflammatory 

response through the release of reactive oxygen species and cytokines.109 As the neutrophil population 

declines, monocyte-derived macrophages and tissue resident macrophages are recruited to the implant site 

within 24-48 h. Upon activation at the site of inflammation, the macrophages exhibit a range of phenotypic 

polarization, and subsequently represent an influential factor in the immunological response.110 

Macrophages play a role in the initiation of angiogenesis and extracellular matrix deposition at the implant 

site, and determine the outcome of the implant through either integration and remodeling or fibrous 

encapsulation.108–110 

Contrary to traditional models of macrophage activation into discrete phenotypes, current evidence 

suggests that macrophages exist on a spectrum of polarization between a pro-inflammatory M1 phenotype, 
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and a series of regenerative M2 phenotype subtypes, broadly classified as M2a, M2b, and M2c.111–113 While 

Murray et al.114 have proposed a comprehensive nomenclature for the spectrum based on macrophage 

source, activating factors, and cellular markers, researchers still commonly refer to M1 and M2 polarization 

in the discussion of the macrophage response to biomaterials. The defining activators, markers, and 

expressed factors of macrophages in the M1-M2 spectrum are presented in Table 2-3, based on the 

classification proposed by Mantovani et al.113 and Spiller et al.115 However, these definitions are not 

discrete, as polarized macrophages may exhibit multiple aspects of these phenotypes at a given time, 

including transient levels of cytokine and enzyme expression, and it is postulated that macrophages may 

switch polarization states in response to environmental cues.116  

Table 2-3: Defining activators, markers, and secreted factors of polarized macrophages. Adapted from 
Mantovani et al.113  and Spiller et al.115  

Phenotype Activator Key Markers Secretions/Expression 

M1 LPS, IFN-γ, TNF-α  CCR7 TNF-α; IL-1β, IL-6, IL-12, VEGF; iNOS 

M2a IL-4, IL-13 CD206  CCL18, CCL22, PDGF, TIMP3, IL-10; 
Arg-1 

M2b IC + antagonists of TLR4 or 
IL-1R 

CD86 TNF-α, IL-1β, IL-10 

M2c IL-10 CD163 MMP9, TGF-β, IL-10  

Arg-1: arginase-1; CCL: chemokine ligand; CCR: chemokine receptor; CD: cluster of differentiation; IC: immune 
complexes; IFN-γ: interferon-γ; IL: interleukin; iNOS: inducible nitric oxide synthase; LPS: lipopolysaccharide; 
MMP: matrix metalloproteinase; PDGF: platelet-derived growth factor; TGF-β: Transforming growth factor-β; 
TIMP: tissue inhibitor of metalloproteinases; TLR: toll-like receptor; TNF-α: tumor necrosis factor-α 

In the timeline of normal wound healing, M1 macrophages appear initially within 1-5 days, 

followed by M2 macrophages within typically 7-10 days.117 M1 macrophages, activated by pro-

inflammatory signals such as interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α), are initially 

predominant at implanted materials. M1 macrophages are responsible for the continued removal of necrotic 

and apoptotic cellular debris, and the propagation of inflammation through the production of pro-

inflammatory cytokines. Depending on the nature of the material, M1 macrophages may initiate implant 

degradation through enzymatic activity and the production of reactive oxygen species from arginine via 

inducible nitric oxide synthase (iNOS).110,115,118 While an M1 response is essential to the initiation of the 
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inflammatory response, a prolonged M1 response can lead to chronic inflammation associated with damage 

of the neighboring tissues, fibrotic encapsulation of the implant, and adverse tissue remodeling.119,120  

Resolution of the initial pro-inflammatory phase and transition to a pro-regenerative remodeling 

phase is marked by a polarization of macrophages towards an M2 phenotype. Broadly, M2 macrophages 

play a role in immunoregulation and tissue remodeling. They produce anti-inflammatory cytokines; express 

scavenger (CD163) or mannose (CD206) receptors;113 promote matrix remodeling through the expression 

of matrix metalloproteinases;121 and stimulate cellular proliferation and matrix deposition through the 

hydrolysis of arginine via arginase-1 (Arg-1) into a precursor for polyamines used in collagen synthesis.122 

The M2 subtypes M2a (activated by IL-4 and IL-13) and M2b (activated by immune complexes and toll-

like receptor agonists) are thought to be predominantly responsible for immune regulation via secretion of 

both pro- and anti-inflammatory cytokines. The M2c subtype (activated by IL-10) performs similar 

suppression of inflammation, but is thought to be predominantly involved in tissue remodeling and matrix 

deposition.113,118 

Many biomaterial design factors have been employed to modulate the M1:M2 macrophage 

polarization ratio in attempts to avoid a persistent inflammatory state and promote positive integration and 

remodeling outcomes rather than fibrous encapsulation.118,120 A predominant factor dictating the long-term 

macrophage response is material degradability.123 However, other important factors for hydrogels include 

stiffness, where softer materials have been found to reduce macrophage activation (both M1 and M2) and 

fibrous encapsulation124. 

2.3.2 Macrophages in angiogenesis 

Angiogenesis is a critical process in most tissue engineering strategies, especially those with the 

goal of improving blood flow to ischemic tissues. Macrophages, as part of the overall inflammatory 

response, play a major regulatory role in the process of angiogenesis during development,125 wound 

healing,126 and in response to implanted materials.115 While initial theories proposed that M2 macrophages, 

and not M1, were pro-angiogenic,127,128 recent evidence suggests that angiogenesis is regulated by the 
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coordinated activities of both M1 and M2 macrophages.115,121 In this model, M1 macrophages, via the 

secretion of pro-angiogenic factors including VEGF and bFGF, are thought to initiate sprout formation by 

endothelial cells. Subsequently, M2 macrophages contribute to vessel maturation. M2a macrophages, via 

secreted PDGF-BB, recruit pericytes to stabilize the nascent vessels and promote anastomosis. M2c 

macrophages, via MMP9 secretion, enable vascular remodeling.121,129 This theory implies that the temporal 

distribution of macrophage phenotypes is important for angiogenesis, specifically the transition from an 

early M1 response to a subsequent M2 response. If the transition is disrupted, where M1 macrophages 

persist as the dominant phenotype, the wound or biomaterial implant could suffer from not only chronic 

inflammation, but also inhibited angiogenesis.130  

2.3.3 Mesenchymal stem cells and macrophages 

MSCs have demonstrated broad immunoregulatory effects on both the adaptive and innate immune 

system, motivating their use in treating immune-based disorders in addition to cardiovascular diseases.131 

To explain these effects, Waterman et al.132 have proposed a model in which MSCs in a pro-inflammatory 

environment (high IFN-γ, TNF-α) adopt an anti-inflammatory immune-suppressive MSC2 phenotype, and 

in the absence of inflammatory signals (low IFN-γ, TNF-α) MSCs adopt an inflammation-permissive MSC1 

phenotype that can enhance lymphocyte recruitment. Although seemingly contrary, these roles establish a 

balance between promoting host defenses, while also limiting the extent of inflammation to prevent 

excessive tissue damage.133 Importantly, this model acknowledges the cross-talk between MSCs and cells 

of the immune system, including macrophages.   

Numerous in vitro studies of MSCs in co-culture with macrophages have demonstrated the 

immunomodulatory interactions between MSCs and macrophages. In co-culture with M1 macrophages, 

ASCs have been shown to promote an immune regulatory M2-like macrophage phenotype with increased 

CD163 and CD206 marker expression, high Arg-1 activity, increased IL-10 production, and reduced TNF-

α production.134–136 The effect was bi-directional, as co-cultured ASCs increased expression of M2-inducing 

cytokines TGF-β1, IL-4 and IL-13.135,137 ASCs may also enhance macrophage recruitment during 
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inflammation. When exposed to pro-inflammatory TNF-α, ASCs upregulated the production of 

macrophage chemoattractants IL-6, IL-8, and MCP-1.138  

These findings have motivated the use of MSCs to modulate the macrophage response to implanted 

biomaterials. In vitro studies have demonstrated conflicting trends, where MSCs encapsulated in 

gelatin/PEG scaffolds can reduce TNF-α production in macrophages,139 while MSCs encapsulated in 

gelatin/hyaluronic acid increase TNF-α production.140 These results suggest that encapsulation of MSCs 

may alter the interaction with macrophages, with the effects potentially dependent on the specific properties 

of the engineered cellular microenvironment. In vivo, studies of implanted fibrin141 and collagen142 scaffolds 

have shown that the inclusion of MSCs significantly promotes M1 infiltration into the scaffolds, suggesting 

that MSCs can alter the macrophage recruitment and response to biomaterials. In contrast, in a study of 

ASCs delivered subcutaneously in a decellularized adipose tissue scaffold, while there were no differences 

observed in macrophage recruitment or infiltration in ASC-seeded implants versus unseeded controls, 

enhanced M2 (CD163+) polarization was observed in response to the ASCs at 12 weeks.143 Overall, these 

results indicate that while MSCs have the potential to significantly alter the macrophage response to 

implanted biomaterials, the effects are likely dependent on the interaction between the material itself, the 

MSCs, and host macrophages, leading to outcomes that are diverse and difficult to predict.  

2.4 Summary 

Despite the potential that MSCs have demonstrated for treating vascular diseases such as PAD in 

pre-clinical trials, the success in the clinical translation of these cell-based approaches has been modest.5,144 

The limited efficacy has been attributed to the low rates of cell retention and survival at the site of delivery 

following injection in saline. In response, research has focused on developing injectable hydrogel scaffolds 

to improve MSC delivery, with some pre-clinical evidence that suggests scaffold-based delivery approaches 

can enhance MSC therapeutic efficacy. However, a review of the literature indicates that there remains a 

lack of hydrogels that are designed specifically for this application, combining injectability, cell-

encapsulation, and robust mechanical properties appropriate for use in the mechanically dynamic 
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intramuscular environment. While several strategies have been developed to produce robust hydrogels, 

including double networks, nanocomposites, and amphiphilic prepolymer networks, these types of 

networks are rarely applied in applications requiring cell encapsulation and injectability in vivo. This lack 

of appropriate biomaterials motivated the current work of developing a robust hydrogel scaffold for the 

injectable delivery of MSCs to the intramuscular environment.  

The success of such biomaterial-based strategies ultimately depends on the angiogenic and 

inflammatory responses to the combined scaffold and MSCs in vivo. Recent literature indicates that the 

process of angiogenesis is closely linked to the activities of macrophages, and furthermore, that the 

angiogenic potential of MSCs is at least partially linked to their immunomodulatory interactions with 

macrophages. These relationships motivated the investigation in the current work on the interactions 

between host macrophages and the hydrogel scaffolds with and without MSCs to help better understand the 

role of each component in mediating the host response.
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Chapter 3 

Development of a mechanically robust, injectable hydrogel system for 

adipose-derived stem cell encapsulation 

3.1 Introduction 

A promising strategy for treating peripheral arterial disease (PAD) involves intramuscular (IM) or 

intra-arterial (IA) injection of autologous mesenchymal stem/stromal cells (MSCs) into the ischemic 

regions of the affected limbs to stimulate revascularization and functional recovery.144 Adipose-derived 

stem/stromal cells (ASCs) are an attractive MSC source due to their relative abundance and accessibility in 

the autologous setting.25,26 Further, ASCs have been shown to enhance angiogenesis in ischemic 

limbs,10,12,13,80 a process largely mediated by the secretion of an array of pro-angiogenic cytokines and 

growth factors.12,27,28 However, a major obstacle in maintaining paracrine-mediated cell therapy is the poor 

retention of cells delivered in saline to ischemic regions via IM or IA injection, which is consistently below 

10% at 1 week post-transplantation.18–20 

By providing a matrix that supports cell adhesion and survival, biomaterial scaffolds may overcome 

the challenge of retaining cells delivered to ischemic tissues.31,145 Previous studies have indicated this 

strategy can improve the efficacy of cell therapies in treating PAD in animal models.105,146 However, the 

approaches examined to date have not addressed key material requirements for minimally invasive IM 

delivery of cells to the lower limb. The ideal material for this application would closely reproduce the 

properties of skeletal muscle in terms of mechanical properties, cellular support, and integration with the 

surrounding tissue, while facilitating injectable delivery and encapsulation of therapeutic cells. Specifically, 

the mechanically dynamic intramuscular environment demands an elastic modulus matched to the 

surrounding soft muscle tissue (ca. 15 kPa40), as well as the ability to undergo repeated compressive strain 

typical of muscle contraction (ca. 50% compression at 1 Hz40,41). Furthermore, in situ formation via a rapid, 

stimuli-sensitive, cytocompatible mechanism is desirable to facilitate minimally invasive injectable 
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delivery, minimize cell loss after injection, and allow for the hydrogel to spread and conform to the available 

intramuscular space. Finally, the physical and electrostatic nature of the hydrogel must facilitate the 

exchange of growth factors between encapsulated cells and the surrounding environment without swelling. 

Hydrogels developed to date have failed to achieve this combination of highly robust mechanical properties 

and injectability, while facilitating cell encapsulation and growth factor release.  

In this work, a library of high molecular weight amphiphilic prepolymers was prepared, designed 

specifically to be co-crosslinked with a cell-supportive prepolymer in order to produce mechanically 

resilient, cell-supporting hydrogels. Amphiphilic prepolymers of poly(trimethylene carbonate)-b-

poly(ethylene glycol)-b-poly(trimethylene carbonate) diacrylate (PEG-(PTMC-A)2) were designed to 

provide a soft, yet highly deformable and minimally swelling structural component.62,63,147–149 

PEG-(PTMC-A)2 prepolymers were prepared with a range of PEG and PTMC block molecular weights 

(4 to 20 kg·mol-1 and 0 to 5 kg·mol-1, respectively) with low dispersity by using HCl as a monomer activator 

in place of a traditional metal catalyst.150–152 When referring to a specific formulation, the prepolymer is 

referred to as PEGm-(PTMCn-A)2, where the subscripts m and n specify the approximate PEG and PTMC 

block lengths in kg·mol-1, respectively. The previously developed N-methacrylated glycol chitosan 

functionalized with the cell-adhesive integrin-specific peptide motif GGGGRGDS (MGC-RGD) was 

chosen as the cell-supportive prepolymer component based on its demonstrated ability to support the 

viability and retention of encapsulated ASCs.153,154 Furthermore, chitosan and its degradation products have 

been found to scavenge reactive oxygen species in ischemic tissues and protect cells from oxidative 

stress155,156, making chitosan-based materials advantageous for treating ischemic conditions. .   

In initial materials characterization studies, hydrogels were prepared from only PEG-(PTMC-A)2 

to assess the effect of PEG and PTMC block lengths on equilibrium compressive modulus, maximum 

compressive strain at failure, swelling, and sol content. Compositions with stiffness comparable to the target 

muscle tissue along with a high resiliency to compressive strain were combined with MGC to form 
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composite hydrogels, which were tested under cyclic compressive strain to determine the effects of repeated 

loading on gel stiffness and integrity.  

Cell encapsulation using acrylate- and methacrylate-functionalized prepolymers is commonly 

achieved by photo-initiated crosslinking157,158; however, this approach is poorly suited to applications where 

light access is limited, such as deep-tissue intramuscular injection. As an alternative, this study investigated 

the potential of radical initiation with ammonium persulfate (APS) and N,N,N’,N’-

tetramethylethylenediamine (TEMED). Dynamic shear rheometry was used to measure crosslinking 

kinetics with a range of initiator concentrations. The gelation times at 20 °C and 37 °C were compared to 

determine an initiator concentration that allowed for adequate pre-injection handling time, while providing 

rapid post-injection crosslinking.  

In subsequent in vitro studies, ASCs isolated from human tissue (hASCs) were encapsulated within 

the mixed hydrogel and cultured under normoxic (~20% O2) or hypoxic (2% O2) conditions to model the 

reduced partial pressure of oxygen in ischemic muscle.159 hASC density, viability, metabolic activity, and 

fraction of dead/damaged cells were quantified over 14 days. The release of nine growth factors involved 

in angiogenesis from both encapsulated hASCs and control hASCs grown on tissue culture polystyrene 

(TCPS) was quantified to evaluate the effects of hypoxic culture within the hydrogels on paracrine factor 

production.  

3.2 Materials and Methods 

3.2.1 Materials 

Water used was of type 1 purity, obtained from a Millipore Milli-Q Plus ultrapure water filtration 

system. Glycol chitosan (GC) (minimum number average molecular weight (MN) = 82 kg·mol-1, 85% 

degree of deacetylation) was obtained from Wako Chemicals Inc. GGGGRGDS peptide (RGD peptide, 

94% purity) was obtained from CanPeptide Inc., and used as received. Trimethylene carbonate (TMC) was 

obtained from Leapchem (Hangzhou, China). Deuterium oxide (D2O) for 1H NMR was obtained from 

Cambridge Isotope Laboratories Inc. PEG with MN = 4 kg·mol-1 (PEG4) and HCl (1 M in diethyl ether) 
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were obtained from Acros Organics. Triethylamine (TEA), dichloromethane (DCM), tetrahydrofuran 

(THF), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), toluene, methanol, ethyl acetate, dialysis 

membrane, phosphate buffered saline pH 7.4 (PBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (Vibrant® MTT), and a LIVE/DEAD™ cell viability kit were obtained from Thermo Fisher 

Scientific. A ToxiLight™ assay was obtained from Lonza. A custom Luminex® assay was obtained from 

R&D Systems. Unless specified, all other reagents were obtained from Sigma Aldrich Ltd. 

3.2.2 Preparation of PEG-(PTMC-A)2  

PEG4, PEG10, and PEG20 diols were used as initiators for the ring opening polymerization of TMC. 

The polymerization was carried out in DCM at room temperature, using HCl as a monomer activator.150–152 

All glassware was flame-dried before use. The following is a representative procedure: PEG20 (5.0 g, 

0.25 mmol) was first dissolved in 60 mL toluene in a round-bottom flask, after which the toluene and 

residual water from PEG20 were removed by azeotropic distillation at 100 °C under reduced pressure. TMC 

(2.5 g, 24.5 mmol) was dissolved in 5 mL anhydrous DCM, added to the PEG20 and stirred under an inert 

argon atmosphere. A 1 M solution of HCl in diethyl ether (5.0 mL, 5.0 mmol) was added and the solution 

was stirred for 24 h. The polymer was recovered by a series of three precipitations from DCM using a ten-

fold volumetric addition of a 9:1 mixture of hexanes and methanol. Finally, remaining solvent was removed 

under rotary evaporation.  

3.2.3 Acrylation of PEG and PEG-(PTMC)2  

Both PEG and PEG-(PTMC)2 used for acrylation were dried by azeotropic distillation in toluene 

as previously described. In a typical reaction, dried PEG or PEG-(PTMC)2 was dissolved in anhydrous 

DCM at 0.1 g/mL under an inert argon atmosphere at room temperature. 4-(dimethylamino)pyridine 

(DMAP) was added as a catalyst (1:1000 molar ratio to terminal hydroxyl groups). Triethylamine (TEA) 

was added to scavenge hydrochloric acid formed during the reaction (1.5:1 molar ratio to terminal hydroxyl 

groups). Acryloyl chloride (AC) was dissolved in anhydrous DCM at 0.05 g/mL and slowly added over 2 h 

(2:1 molar ratio to terminal hydroxyl groups). The reaction was stirred at room temperature for 24 h.  
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Following acrylation, DCM was removed under rotary evaporation. The polymer was dissolved in 

ethyl acetate and insoluble triethylamine hydrochloride salt formed during the reaction was removed by 

three repeated steps of centrifugation and filtration of the supernatant. The acrylated PEG-(PTMC-A)2 

polymer was recovered by a series of three precipitations using methanol at -20 °C, after which residual 

solvent was removed by rotary evaporation.  

For hASC encapsulation experiments (Section 3.2.12), PEG20-(PTMC2-A)2 was further purified to 

remove residual TEA-HCl salt. Following rotary evaporation, the dried polymer was dissolved in water, 

and the pH was adjusted to 8.0 with sodium hydroxide to regenerate TEA from any residual TEA·HCl salt. 

The solution was heated to 40 °C under rotary evaporation for 5 min, then neutralized with HCl and dialyzed 

against distilled water using a 6 kDa molecular weight cut-off membrane for 2 days. The product solution 

was then lyophilized to recover diacrylated PEG20-(PTMC2-A)2.  

3.2.4 Characterization of PEG-(PTMC-A)2  

A Bruker Avance-400 MHz spectrometer was used to measure 1H spectra of PEG and 

PEG-(PTMC-A)2 in dimethyl sulfoxide-d6 (DMSO-d6) (20 mg/mL) at room temperature. The polymer 

composition and number average molecular weight per block were calculated based on the integration of 

TMC methylene protons (δ = 1.95, 4.15 ppm) relative to the methylene protons of the ethylene oxide 

repeating units of PEG (δ = 3.52 ppm). The degree of acrylation was calculated from the average integration 

of the three vinyl protons of the terminal acrylate groups (δ = 5.94 – 6.36 ppm), relative to the methylene 

protons of PEG.  

Prior to acrylation of the PEG-(PTMC)2, the molecular weight dispersity was determined by gel 

permeation chromatography (GPC) using THF as the eluent. Polymer solutions were prepared in THF and 

filtered with 0.2 μm filters. The GPC system consisted of a Waters 2690 separation module equipped with 

four Waters Styragel HR columns in series. Refractive index measurements were collected at 35 °C and 

calibrated to polystyrene standards.  
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3.2.5 Methacrylation and RGD functionalization of glycol chitosan 

GC was purified and reacted with glycidyl methacrylate to form MGC as previously reported.153 

Briefly, GC was dissolved in water at 10 mg/mL, filtered to remove insoluble impurities, dialyzed using a 

50 kg·mol-1 molecular weight cutoff membrane for 24 h, and lyophilized to obtain purified GC. Purified 

GC was dissolved at 20 mg/mL in a 0.2 M sodium phosphate buffer at pH 9. Glycidyl methacrylate was 

added dropwise at a 0.15 molar ratio to free amine of GC and stirred for 24 h, according to a previous 

report.31 The reaction was neutralized with 1.0 M hydrochloric acid and dialyzed using 12-14 kg·mol-1 

molecular weight cutoff membrane against distilled water for three baths over 48 h, and lyophilized to 

obtain purified MGC.  

The GGGGRGDS peptide was dissolved at 20 mg/mL in 0.15 M sodium phosphate buffer at pH 

5.5. N-acryloxysuccinimide (2.3 molar equivalents) was dissolved in DMF and added dropwise to the 

GGGGRGDS solution, accounting for 10% of the final reaction volume. The reaction was stirred at 4 °C 

for 2 h, then diluted by half with water and dialyzed using a 0.5 kg·mol-1 molecular weight cutoff membrane 

over 24 h. The purified solution was lyophilized to obtain N-terminal acrylated GGGGRGDS (Acr-RGD).  

MGC was dissolved at 5 mg/mL in a 0.2 M sodium phosphate buffer at pH 8.5. Acr-RGD was 

added at a rate of 62.5 mmol of acrylate group per mole of MGC residue, and the solution was stirred at 37 

°C for 24 h. The solution was then dialyzed using a 6-8 kg·mol-1 molecular weight cutoff membrane against 

0.2 M NaCl for 8 h, and against distilled water for 24 h, with replacement of the water after 8 h. The purified 

solution was lyophilized to obtain MGC functionalized with the GGGGRGDS peptide (MGC-RGD). For 

all physical and mechanical characterization, MGC without RGD functionalization was used. For cell 

encapsulation and subsequent in vivo studies, MGC-RGD was used.  

3.2.6 Characterization of Acr-RGD and MGC-RGD 

A Bruker Avance-400 MHz spectrometer was used to measure 1H NMR spectra of samples of Acr-

RGD, MGC, and MGC-RGD in D2O (10 mg/mL) at 80 °C. The degree of acrylation of RGD was 

determined from the average integration of the vinyl protons of the acrylate group (δ = 6.84, 6.76, and 6.34 
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ppm) relative to the average integration of the gamma protons (δ = 2.47 and 2.36 ppm) and delta protons 

(δ = 2.21 ppm) of arginine. All functionalization of GC was calculated relative to the total integration of 

anomeric protons of both acetylated and deacetylated GC residues (δ = 5.18 and δ = 5.00 ppm, respectively). 

The degree of N-methacrylation was determined from the average integration of vinyl protons of the 

methacrylate groups (δ = 6.70 and δ = 6.30 ppm). The degree of RGD functionalization was determined by 

the average integration of the gamma protons and delta protons of arginine. 

3.2.7 Hydrogel formation for physical and mechanical testing 

Hydrogels were initially prepared using PEG-(PTMC-A)2 at 10% w/v without MGC to assess the 

influence of PEG and PTMC block lengths and overall molecular weight on swelling and mechanical 

properties. Subsequently, based on this analysis, mixed hydrogels of PEG-(PTMC-A)2 and MGC were 

prepared using one of two PEG-(PTMC-A)2 formulations: PEG10-(PTMC1-A)2 and PEG20-(PTMC2-A)2. 

These hydrogels were prepared at 1% w/v MGC with either 2% w/v or 4% w/v PEG-(PTMC-A)2. MGC-

only hydrogels were prepared at concentrations of 2, 3, and 5% w/v for comparison with the mixed 

hydrogels.  

To prepare the hydrogels, PEG-(PTMC-A)2 and/or MGC were dissolved in PBS. Solutions of APS 

and TEMED at 20 times the final required concentration were added sequentially at a volumetric ratio of 5 

APS : 5 TEMED : 90 polymer solution, with thorough mixing after each addition. The final concentrations 

of APS and TEMED were 5.0 mM, except as noted in the crosslinking kinetic studies. The polymer solution 

was transferred to a 1 mL syringe (Becton Dickinson), sealed on both faces with flat-ended plungers to 

form a cylindrical mold (4.5 mm diameter x approximately 3.0 mm height) and incubated at 37 °C for 

15 min to initiate crosslinking. Hydrogels used for sol content and equilibrium water content determination 

were prepared in water instead of PBS.  

3.2.8 Physical characterization of hydrogels 

The sol content and equilibrium water content of hydrogel samples (N = 4-5 gels per type) was 

determined as previously described.149,153 Briefly, hydrogels were weighed immediately after crosslinking 



 

33 

 

(mwet initial), frozen in liquid nitrogen, and lyophilized to determine the total dry mass (mdry total). Dried 

samples were soaked in water for 24 h to extract non-crosslinked material, and then weighed in their swollen 

state (mwet final). Extracted samples were frozen and lyophilized to determine the total dry network mass 

(mdry network). The sol content was calculated as:  

ݐ݊݁ݐ݊݋ܿ	݈݋ݏ ൌ
݉ௗ௥௬ ௧௢௧௔௟ െ ݉ௗ௥௬ ௡௘௧௪௢௥௞

݉ௗ௥௬ ௧௢௧௔௟
 Eq. 3-1 

 

The equilibrium water content (EWC) was calculated as:  

ܥܹܧ ൌ
݉௪௘௧ ௙௜௡௔௟ െ ݉ௗ௥௬ ௡௘௧௪௢௥௞

݉௪௘௧ ௙௜௡௔௟
 Eq. 3-2 

 

The swelling ratio of hydrogels (N = 4-5 per group) prepared and swollen in PBS was calculated as: 

݈݈݃݊݅݁ݓܵ ݋݅ݐܽݎ ൌ
݉௪௘௧ ௙௜௡௔௟

݉௪௘௧ ௜௡௜௧௜௔௟
 Eq. 3-3 

3.2.9 Mechanical characterization of hydrogels 

Hydrogels for mechanical testing were prepared in PBS, swollen to equilibrium in PBS, and then 

maintained in PBS during testing at room temperature (N = 4-5 gels per group). The height and diameter 

of the swollen cylindrical hydrogels were measured using digital calipers immediately before testing. 

Unconfined stress-relaxation measurements were conducted using a micromechanical tester with a 1 kg 

load cell (MACH-1, Biomomentum Inc., QC, Canada) equipped with an upper steel platen and an 

advancing steel base. Samples were first preconditioned with 0.5 g axial compressive force held until 

equilibrium was reached (defined as a change in force less than 0.1 g per minute). Subsequently, axial 

compression was applied at step strain increments of 4% at a rate of 10%·s-1 to a total strain of 40%, based 

on the protocols of Hayami et al.160 At each step, the resulting force decay was recorded until an equilibrium 

load was reached. Nominal stress was calculated from the applied force divided by the initial cross-sectional 

area of the sample. The equilibrium modulus was obtained from the slope of the linear region of the nominal 

equilibrium stress-stain curve. Samples were tested for compressive failure immediately following stress-

relaxation measurements. Samples were again preconditioned with 0.5 g axial compressive force, and axial 
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compression at 1%·s-1 was applied until sample failure. From the resulting stress-strain data, a value of 

maximum compressive strain at failure was recorded. 

Fatigue measurements were performed with a Bose ElectroForce 5500 micromechanical testing 

system, equipped with an actuated upper steel platen and a flat steel base. Three hydrogel formulations 

were tested: 2% w/v MGC; 4% w/v PEG10-(PTMC1-A)2 + 1% w/v MGC; and 4% w/v PEG20-(PTMC2-A)2 

+ 1% w/v MGC, prepared as previously described, swollen to equilibrium in PBS, and maintained under 

PBS during the course of testing (N = 4 gels per group). Cyclic compressive strain was applied at 3 Hz and 

50% amplitude to model the maximum expected intramuscular strain conditions that would be expected in 

the lower limb at a 180 step per minute gait cycle.40,41 The instantaneous compressive moduli were 

calculated from the linear region of the resulting stress-strain curves at every 50th compressive cycle.  

3.2.10 Rheological determination of crosslinking 

An AR2000 rheometer (TA Instruments) equipped with a cone geometry (40 mm diameter, 0.5°) 

was used to monitor the storage and loss moduli of polymer solutions during gelation (N = 3 per group). 

The temperature of the rheometer stage was controlled at either 20 °C or 37 °C, and the cone geometry was 

allowed to reach equilibrium with the stage temperature before testing. The linear viscoelastic region of a 

polymer solution without initiator was first determined by performing a strain rate sweep. APS and TEMED 

solutions at 20× the required final concentration (2.5, 5.0, and 10.0 mM) were sequentially added to a 

polymer solution of 4% w/v PEG20-(PTMC2-A)2 + 1% w/v MGC immediately before testing, with brief 

mixing after each addition. The polymer solution was then transferred to the rheometer stage and covered 

with a humidity chamber to prevent dehydration. The storage modulus (G’) and loss modulus (G”) were 

monitored under time sweep oscillatory shear at constant 10% strain (within the linear viscoelastic region). 

Gelation was defined as the point at which G’ equaled G”.  

3.2.11 Isolation, culture, and immunophenotyping of ASCs 

Primary hASCs were isolated from freshly excised adipose tissue samples obtained from female 

patients undergoing elective breast reduction surgery at the Kingston General Hospital or Hotel Dieu 
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Hospital in Kingston, ON, Canada using published methods.161 Human research ethics board approval for 

this study was obtained from Queen’s University (REB# CHEM-002-07, see Appendix A.2). hASCs were 

expanded on TCPS under standard culture conditions (37 °C, 5% CO2 in air) in complete medium 

(DMEM:Ham’s F12 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 

0.1 mg/mL streptomycin), replaced every 2-3 days. Upon reaching 80% confluence, hASCs were trypsin-

released, washed, counted, and re-plated at 5000 cells/cm2. hASCs used in this study were isolated from 

three donors (age 59.3 ± 5.5 years; BMI 36.6 ± 9.4 kg/m2) and frozen at passage 0. The hASCs were thawed 

and expanded concurrently, and an equal number of passage 2 hASCs from each donor was pooled 

immediately before encapsulation in order to reduce the impact of donor variability on hASC activity. 

Pooled hASCs were used for the assessment of survival, retention, metabolism, and growth factor release 

under normoxic and hypoxic conditions. 

To confirm the immunophenotype of the pooled passage 2 hASCs used in the studies, single colour 

flow cytometry analysis was performed in triplicate using a Guava easyCyte 8HT Benchtop flow cytometer 

(EMD Millipore, Billerica, MA, USA) as previously reported.162 The cells were incubated with the 

following monoclonal, fluorochrome-conjugated antibodies from eBioscience (San Diego, CA): the 

mesenchymal markers CD29-PE (β1-integrin), CD34-APC (progenitor associated marker), CD44-PE-

Cyanine7 (hyaluronic acid receptor), CD73-FITC (ecto-5’-nucleotidase), CD90-FITC (Thy-1), CD105-PE 

(endoglin), and CD146-FITC (melanoma cell adhesion molecule), as well as negative markers CD31-PE 

(endothelial) and CD45-FIT (hematopoietic).163,164 All samples were stained for 30 min at 4 °C and 

protected from light. Unstained and isotype controls were included in every trial. 

3.2.12 Encapsulation of hASCs 

Encapsulation studies using hASCs were performed to measure the viability, cell density, metabolic 

activity, cell damage, and cytokine release from encapsulated hASCs over 14 days. These studies were 

performed without repetition, using the pooled passage 2 hASCs described in 3.2.11. The number of 

replicate hydrogels (N) and number of repeated measurements are noted in the subsection of each assay. 
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Dry MGC-RGD and PEG20-(PTMC2-A)2 were disinfected by exposure to low intensity UV 

irradiation for 30 min. The two polymers were dissolved together in sterile PBS. hASCs suspended in 

complete medium at room temperature were added to the polymer solution and thoroughly combined by 

gentle mixing with a spatula for approximately 30 seconds until the suspension was visibly homogenous. 

Concentrated solutions of APS and TEMED were sterile filtered and added sequentially with thorough 

mixing between each addition, to provide a final concentration of 5 mM each of APS and TEMED, selected 

based on the crosslinking kinetics and previous studies encapsulating ASCs in similar hydrogels.149 The 

volumetric ratio was 70 polymer solution : 20 hASC suspension in complete medium : 5 APS solution : 5 

TEMED solution, providing a final polymer concentration of 1% w/v MGC-RGD + 4% w/v PEG20-

(PTMC2-A)2 with 10×106 hASCs/mL, and 5 mM of APS and TEMED. No colour change of the phenol red 

media was observed upon mixing, suggesting the pH was maintained between 6.8 to 8.2. The polymer 

solution with suspended cells was drawn into a syringe, then injected via a 25G × 5/8” needle into a 0.3 mL 

syringe barrel (Becton Dickinson) and sealed on both faces with flat-ended plungers to form a 10 μL 

cylindrical mold (3.0 mm diameter x approximately 1.4 mm height). The molds were incubated at 37 °C 

for 15 min. After crosslinking, the gels were transferred to individual wells of a 12-well plate containing 

2 mL of complete medium. hASCs were also plated in T75 culture flasks at 5000 cells/cm2 as a 2-D TCPS 

control. Complete medium was replaced after 30 min and 1 h to aid in the clearance of residual initiator, 

and then every 48 h for up to 14 days. All samples were incubated at 37 °C under either normoxic (5% CO2 

in air) or hypoxic (5% CO2/2% O2 in N2) conditions. Hypoxic conditions were maintained in a hypoxic 

chamber (ProOx C21, BioSpherix Ltd.). 

3.2.13 Determination of cell viability and density  

The viability and density of encapsulated hASCs was determined semi-quantitatively using the 

LIVE/DEAD staining assay (N = 6-8 gels per group). The hydrogels were rinsed with PBS then incubated 

in a staining solution containing 4 μM ethidium homodimer-1 and 2 μM calcein-AM in PBS at 37 °C for 

45 min. The hydrogels were then rinsed in PBS and imaged on an inverted Olympus FV1000 laser scanning 
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confocal microscope with a 10× objective. Mosaic z-stack images were generated of the entire cross section 

of the gel. Cell viability was determined from counts of the total number of live (green) and dead (red) cells 

(ImageJ software v. 1.46r). Total cell density was estimated by extrapolating the cell density from z-stacks 

separated by 25 μm, representing distinct layers of seeded cells. Viability and density of TCPS-seeded 

hASCs were determined by trypan blue staining and hemocytometer counts (N = 4 TCPS flasks per group).  

3.2.14 MTT metabolic assay 

The metabolic activity of encapsulated hASCs was determined using an MTT assay (N = 4 gels per 

group per time point). Hydrogels without ASCs were cultured in complete medium and similarly tested as 

a negative control. Briefly, medium was replaced with 2 mL of complete medium with 0.5 mg/mL MTT. 

The samples were incubated for 4 h, then rinsed in PBS. The water insoluble formazan product was 

extracted from the cells with 0.6 mL of DMSO. Three 1-second bursts of probe sonication (Sonic 

Dismembrator, Fisher Scientific) on ice were used to disrupt the hydrogel in DMSO. The DMSO solution 

was centrifuged at 1200 × g to remove any insoluble hydrogel or cellular components before sampling the 

formazan-containing supernatant solution in triplicate. Sample absorbance was measured at 540 nm, and 

background absorbance at 690 nm was subtracted (EnSpire multimode plate reader, Perkin Elmer). The 

average normalized absorbance of the negative controls was subtracted from the normalized absorbance of 

the sample measurements. The metabolic activity of TCPS-seeded hASCs was similarly measured (N = 4 

TCPS flasks per group).   

3.2.15 ToxiLight assay 

The activity of adenylate kinase (AK) released from compromised cell membranes was quantified 

as an indirect measure of the number of dead or damaged cells, as described previously for ASCs 

encapsulate in Type II collagen gels.165 Briefly, complete culture medium that had been conditioned by the 

encapsulated hASCs or TCPS-seeded hASCs for 24 h (N = 4 gels or TCPS flasks per group per time point) 

was collected and centrifuged at 1200 × g. This protocol does not consider AK enzyme retained in the 

hydrogels. The supernatant was frozen in liquid nitrogen and stored at -80 °C. To generate a standard curve 
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of AK enzyme activity, a suspension of hASCs was lysed by sonication and used to generate a 6-point serial 

dilution (106 - 0 lysed cells/mL), then similarly centrifuged and frozen. Medium samples were thawed and 

analyzed together in duplicate for AK enzyme activity using the ToxiLight assay kit according to the 

manufacturer’s instructions. The background AK activity in media from control hydrogels without hASCs 

was subtracted from the sample measurements. AK enzyme activity was converted to an estimate of the 

number of dead or damaged cells using a 4PL regression of lysed hASC standards, and expressed as a 

fraction of the total cells in each gel or TCPS flask.  

3.2.16 In vitro cytokine release 

48 h prior to the collection of media for cytokine analysis from encapsulated and TCPS-seeded 

hASCs, the complete medium was replaced with low serum medium (DMEM:F12 supplemented with 2% 

fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin). The conditioned medium was 

centrifuged at 1200 × g to remove cells and debris. The supernatant was frozen in liquid nitrogen and stored 

at -80 °C (N = 4 gels or TCPS flasks per group). Unconditioned low serum medium was similarly incubated 

and collected. Immediately prior to the assays, the samples were thawed at room temperature and 

centrifuged at 10,000 × g. A custom Luminex multiplex magnetic bead assay and a Bio-Plex® 200 

suspension array system (Bio-Rad) were used to quantify the concentration of the following cytokines in 

the supernatant release medium: VEGF-A, PlGF, HGF, angiopoietin-1, angiogenin, leptin, PDGF-AA, and 

MCP-1. ELISA (Peprotech) was used to quantify the concentration of SDF-1α. All samples were measured 

in duplicate. The background of each cytokine present in the medium from unseeded controls was 

subtracted from sample measurements, and the values were then normalized to the live cell number as 

determined by LIVE/DEAD staining or trypan blue staining of the TCPS samples. The result was expressed 

as cytokine released per 106 cells per 24 h. 

3.2.17 Statistical analysis 

All data is presented as the group mean ± standard deviation. All statistical analyses were performed 

using GraphPad Prism 7. Significant differences between group means were determined by ANOVA with 
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Tukey’s test for multiple comparisons. This post-hoc comparison was selected to allow comparison 

between all group means.  

3.3 Results 

3.3.1 Characterization of PEG-(PTMC-A)2 copolymers and MGC-RGD 

1H NMR of the PEG-(PMTC-A)2 copolymers demonstrated an 80-95% conversion of TMC using 

HCl as a monomer activator, and a high degree of acrylation (>90%) (Figure 3-1). TEA-HCl salts in the 

PEG-(PTMC-A)2 sample prior to purification, evident at δ = 1.17 ppm (Figure 3-1a), were absent following 

purification (Figure 3-1b), indicating removal of residual TEA-HCl. NMR spectra of the other PEG-

(PTMC-A)2 formulations are given in Appendix A.1.  

 

Figure 3-1: Chemical structure and 1H NMR spectrum of PEG20-(PTMC2-A)2. a) Prior to and b) after the 
removal of residual TEA-HCl salts.  
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The PEG-(PTMC-A)2 copolymers had a uniformly low dispersity (1.02-1.04) determined by GPC. 

A summary of the PEG-(PTMC-A)2 copolymer properties determined by 1H NMR and GPC is presented 

in Table 3-1. 

Table 3-1: Summary of PEG-(PTMC-A)2 copolymer properties. 

 
PEG 

initiator MN 
Target 

PTMC MN PTMC MN
a Total MN

a Dispersityb Acrylationa 

 (kg·mol-1) (kg·mol-1) (kg·mol-1) (kg·mol-1)  (%) 

PEG4-(PTMC0-A)2 4 0 0 4 1.02 91 

PEG4-(PTMC1-A)2 4 2 1.9 5.9 1.02 100 

PEG10-(PTMC0-A)2 10 0 0 10 1.03 100 

PEG10-(PTMC1-A)2 10 2 1.6 11.6 1.02 98 

PEG10-(PTMC2.5-A)2 10 5 4.4 14.4 1.02 100 

PEG20-(PTMC0-A)2 20 0 0 20 1.04 93 

PEG20-(PTMC1-A)2 20 2 1.8 21.8 1.04 100 

PEG20-(PTMC2-A)2 20 4 3.7 23.7 1.05 99 

PEG20-(PTMC5-A)2 20 10 8.7 28.7 1.03 100 

a By 1H NMR integration; b By GPC relative to polystyrene standards 

The GGGGRGDS peptide was 50% acrylated by reaction with N-acryloxysuccinimide (Figure 

3-2a). To allow crosslinking, glycol chitosan was N-methacrylated to a degree of molar substitution of 5% 

to form MGC (Figure 3-2b). To improve cell survival and retention after crosslinking, MGC was 

functionalized with RGD to a degree of molar substitution of 5% (Figure 3-2c). The degrees of N-

methacrylate and RGD substitution were selected based on previous reported correlations with hydrogel 

stiffness and cell survival, respectively.154 
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Figure 3-2: Chemical structures and 1H NMR spectra of MGC-RGD synthesis. a) Acrylated GGGGRGDS 
peptide, b) MGC, and c) MGC-RGD. The degree of acrylation of the peptide was ca. 50%. For MGC-RGD, 
the degree of N-methacrylate substitution (x) was 5%; the degree of RGD functionalization (y) was 5%, as 
determined by 1H NMR. The fraction of residual acetyl groups (z) was 15%, as reported by the supplier. 



 

42 

 

3.3.2 Physical characterization of PEG-(PTMC-A)2 hydrogels  

Initially, hydrogels were prepared from PEG-(PTMC-A)2 alone to investigate the impact of PEG 

and PTMC block length on physical and mechanical properties (Figure 3-3). This initial screening process 

was performed to identify the block length of PEG and PTMC that could provide a soft, highly resilient, 

and minimally swelling polymer component for eventual mixing with MGC.  

 

Figure 3-3: Properties of hydrogels prepared from 10% w/v PEG-(PTMC-A)2. a) Equilibrium compressive 
modulus; b) compressive strain at break; c) as-made to swollen mass ratio; d) sol fraction after crosslinking 
with 5.0 mM APS and TEMED. (N = 4 - 5 gels, mean ± SD). Differences between groups were determined 
by one-way ANOVA with Tukey’s correction for multiple comparisons; * denotes a significant difference 
between all indicated groups; # denotes significant difference between the indicated group and all other 
groups (p < 0.05). 

The equilibrium compressive modulus (Figure 3-3a) was dependent on the molecular weight of 

PEG-(PTMC-A)2, where greater molecular weight prepolymers resulted in a higher molecular weight 

between crosslinks in the hydrogel network, and therefore, in general, a lower modulus. However, 

comparing PEG10-(PTMC0-A)2 with PEG20-(PTMC0-A)2, the higher molecular weight polymer resulted in 
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a stiffer hydrogel, likely due to the effect of chain entanglements acting as physical crosslinking points. 

Further, comparing the three groups without PTMC to the other formulations, it was evident that the 

introduction of PTMC blocks reduced the equilibrium compressive modulus. This property may be due to 

the hydrophobic nature of the PTMC blocks, which causes the polymer chains to adopt a less expanded 

random coil conformation in the aqueous environment.62 These hydrophobic domains may uncoil under 

applied stress, resulting in a lower overall network stiffness compared to PEG diacrylate networks without 

the hydrophobic blocks. The hydrogels prepared from pre-polymers greater than 10 kg·mol-1
 were capable 

of undergoing compressive strain of over 90% of their original height (Figure 3-3b). This combination of 

resilience to compressive strain with lower equilibrium modulus is well suited for use in intramuscular 

environments, which undergo repetitive strain with muscle contraction. 

Despite increasing the overall molecular weight and therefore decreasing the crosslink density of 

the initial network, the introduction of hydrophobic PTMC domains significantly reduced the swelling ratio 

of the PEG-(PTMC-A)2 hydrogels, with progressively higher PTMC:PEG weight ratios resulting in 

correspondingly lower swelling ratios (Figure 3-3c). The observed reduction in swelling supports the 

concept that the PTMC domains reduce polymer chain extension in the aqueous environment. Thus, despite 

reducing swelling and therefore increasing the effective polymer and crosslink concentration in the 

network, the PTMC domains reduce the compressive modulus by uncoiling under compressive strain.  

The low sol content for all groups indicates that the APS/TEMED system of initiators was an 

effective means of crosslinking these diacrylated polymers resulting in a low fraction of unreacted 

components (Figure 3-3d). Further, the differences observed in the mechanical properties of the 

PEG-(PTMC-A)2 hydrogels were unlikely to be due to differences in crosslinking efficiency, since all 

groups had similar sol contents (ca. 5 – 10%). 

3.3.3 Physical characterization of mixed PEG-(PTMC-A)2 + MGC hydrogels 

PEG10-(PTMC1-A)2 and PEG20-(PTMC2-A)2, both with a total PTMC:PEG weight ratio of 1:5, 

were selected for mixing with 1% w/v MGC based on their equilibrium compressive moduli (5 – 15 kPa) 
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and high maximum compressive strain (80 — 90%) appropriate for the intramuscular environment, as well 

as reduced swelling compared to formulations without PTMC. For comparison, pure MGC hydrogels were 

prepared at concentrations chosen to span the lowest that would form a stable gel to the highest that was 

readily injectable. Representative plots of the equilibrium compressive stress and the compressive loading 

to failure are presented in Appendix 1 (Figure A-10).  

Even at the lowest polymer concentrations, pure MGC hydrogels had an equilibrium compressive 

modulus higher than the desired maximum of 15 kPa (Figure 3-4a). Though the moduli of mixed hydrogels 

prepared with only 2% w/v PEG-(PTMC-A)2 were below the target physiological range of 5-15 kPa, MGC 

mixed with 4% w/v PEG-(PTMC-A)2 resulted in hydrogels with moduli within this target range. Combining 

MGC with PEG-(PTMC-A)2 significantly increased the resistance to compressive strain. Mixing with 

4% w/v PEG-(PTMC-A)2 had the greatest effect, increasing the ultimate compressive strain at failure to 

over 75% (Figure 3-4b), well above the expected strain conditions of the intramuscular environment. Thus, 

the mechanical properties of the mixed 1% w/v MGC + 4% w/v PEG-(PTMC-A)2 hydrogels were highly 

suitable for the target application, both in terms of modulus and resistance to failure under compressive 

strain.  

When equilibrated in PBS, all tested MGC hydrogels exhibited no swelling, while mixed gels 

underwent swelling between 1.2 and 1.4 times their original mass (Figure 3-4c). This effect may be 

attributed to the increase in the aggregate molecular weight between crosslinks when PEG-(PTMC-A)2 is 

added to the network, as well as the hydrophilic nature of the PEG block. Further, the equilibrium water 

content of both MGC and mixed hydrogels was 95% or greater after swelling (Figure 3-4d), suggesting that 

cell nutrient and waste diffusion should not be limited by the polymer network.166 

Based on mechanical properties, the combination of 1% w/v MGC with 4% w/v PEG-(PTMC-A)2 

was selected for further testing under cyclic compressive fatigue. MGC at 2% w/v was selected for 

comparison, as it was the softest and most resilient to compressive strain of all the MGC concentrations. 
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Figure 3-4: Properties of hydrogels prepared from MGC with and without PEG-(PTMC-A)2. a) Equilibrium 
compressive modulus; b) compressive strain at break; c) as-made to swollen mass ratio; d) equilibrium 
water content. The dashed lines represent the target range for the given properties, based on physiological 
conditions. (N = 4 - 5 gels, mean ± SD). Differences between groups were determined by one-way ANOVA 
with Tukey’s correction for multiple comparisons; * denotes a significant difference between all indicated 
groups; # denotes significant difference between the indicated group and all other groups (p < 0.05).   

3.3.4 Fatigue testing under cyclic compression 

Hydrogels swollen to equilibrium were compressed to 50% strain at 3 Hz for 1000 cycles, during 

which the instantaneous modulus of the hydrogel was monitored (Figure 3-5). While the 2% w/v MGC 

hydrogels underwent brittle failure in under 200 cycles (marked by the end of the red lines), mixing MGC 

with PEG-(PTMC-A)2 allowed the hydrogels to maintain their initial instantaneous compressive modulus 

without significant change over 1000 compression cycles. At the tested 50% strain rate, elastic recovery 

was observed in the mixed polymer hydrogels. 1% w/v MGC + 4% w/v PEG20-(PTMC2-A)2 was selected 

for further study, as it demonstrated the most promising combination of static and dynamic mechanical 

properties, while also introducing fewer acrylate groups at a given concentration of PEG-(PTMC-A)2 that 

can potentially be cytotoxic for cells.167 
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Figure 3-5: Hydrogel fatigue testing under cyclic compression. Instantaneous compressive modulus of 
hydrogels under cyclic compression. The moduli of 2% MGC hydrogels are plotted individually (red lines) 
up to the point of failure; the moduli of mixed hydrogels are plotted as the mean ± SD (N = 4). 

3.3.5 Thermally stimulated chemical crosslinking kinetics 

The evolution of the storage modulus (G’) and loss modulus (G”) of a solution of 1% w/v MGC + 

4% w/v PEG20-(PTMC2-A)2 initiated with 5 mM APS/TEMED was measured by rheometry (Figure 3-6). 

The rapid increase and subsequent plateau of G’ suggests a complete, single-step gelation process. The 

crosslinking time, determined as the point at which G’ = G” according to the approach proposed by Winter 

and Chambon168 was compared at 20 °C and 37 °C for varying APS and TEMED concentrations (2.5, 5.0, 

and 10.0 mM). Representative plots of G’ and G” are shown in Figure 3-6a-c, and average crosslinking 

times are summarized Figure 3-6d. A sufficient crosslinking time prior to injection is essential for clinical 

application, as the material must remain uncrosslinked during handling. At 20 °C, APS and TEMED 

concentrations of 2.5 and 5.0 mM allow for periods of handling without crosslinking of approximately 28 

and 9 min, while still crosslinking rapidly at 37 °C within 6 and 3 min, respectively. Thus, for this polymer 

system, initiator concentrations in the range of 2.5 and 5.0 mM provided appropriate crosslinking times for 

material handling and in situ gelation.  
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Figure 3-6: Rheometric monitoring of crosslinking using APS and TEMED initiators.  Representative traces 
of storage (G’, solid line) and loss (G”, dashed line) moduli of 1% w/v MGC + 4% w/v PEG20-(PTMC2-A)2 
during crosslinking using a) 2.5 mM, b) 5.0 mM, and c) 10.0 mM APS and TEMED at 20 °C (blue) and 37 
°C (red). d) Summary of crosslinking times (mean ± SD, N = 3 trials per group). # denotes significant 
difference between the indicated group and all other groups (p < 0.05 with Tukey’s post-hoc correction for 
multiple comparisons). 

3.3.6 Immunophenotype of hASC used for in vitro encapsulation 

Passage 2 hASCs, pooled from three donors, exhibited the expected positive and negative 

expression of surface markers (Table 3-2), confirming that the cells had a stromal cell phenotype. 

Table 3-2: Immunophenotype of hASCs used for in vitro encapsulation. Percent of cells positive for each marker 
is presented as the average ± SD from n = 3 repeated measurements from pooled hASCs from three donors. 

 Surface Marker Expected phenotype163,164 Percent positive 

CD90 >80% 99.01 ± 0.25 

CD29 >80% 99.96 ± 0.01 

CD44 >80% 99.96 ± 0.03 

CD105 >80% 99.13 ± 0.26 

CD73 >80% 99.64 ± 0.03 

CD34 Variable 25.44 ± 0.22 

CD146 Variable 0.16 ± 0.04 

CD31 <2% 0.05 ± 0.05 

CD45 <2% 0.20 ± 0.03 
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3.3.7 Viability and growth of encapsulated hASCs 

hASCs that had been injected and encapsulated in the mixed hydrogel (1% w/v MGC-RGD + 

4% w/v PEG20-(PTMC2-A)2, purified to remove residual TEA-HCl) and cultured in both hypoxia and 

normoxia exhibited viability of approximately 90% after 3 days (Figure 3-7a). The cell suspension in 

prepolymer solution was easily injected through a 25G × 5/8” needle. Under normoxic conditions, the 

viability increased significantly to ~95% and ~98% at days 7 and 14; however, under hypoxia, the viability 

remained unchanged over time (ca. 90%), and was significantly lower than under normoxic conditions at 

day 7 and 14. Beyond subtle differences in viability, significant differences in hASC density within the 

hydrogels were observed (Figure 3-7b). At day 3, the cell density under both conditions was similar to the 

original density (10×106 hASCs/mL), and this density was maintained over time under normoxia. Under 

hypoxia, the hASC density at days 7 and 14 were significantly reduced compared to day 3 (~75% and ~65% 

of the day 3 density, respectively), and significantly lower than the densities observed under normoxia.  

The metabolic activity of the encapsulated hASCs (Figure 3-7c) was significantly lower under 

hypoxia at all time points, consistent with the reduced number of viable cells in this group. Between days 

3 to 7, hASCs in both conditions exhibited a significant reduction in MTT metabolism that plateaued 

between day 7 to 14. However, the LIVE/DEAD imaging results (Figure 3-7a-b) suggest that this initial 

drop may reflect a change only in metabolic activity as the cells adapt to the 3-D microenvironment, rather 

than a change in cell viability or density.  

The analysis of AK enzyme in the conditioned media (Figure 3-7d) indicated that approximately 

5% of the encapsulated hASCs were damaged or dying under hypoxia, significantly more than under 

normoxia at day 3. Generally consistent with the viability data, the AK levels under normoxic conditions 

at day 3 and 7 were below the threshold of detection from the background in complete media, although 

there was an increase in AK activity observed at 14 days.  

In comparison to encapsulated hASCs, the control hASCs cultured on TCPS demonstrated similar 

trends in normoxic versus hypoxic culture. Specifically, relative to the normoxic conditions, hASCs 

cultured under hypoxia exhibited reduced viability by day 14 (Figure 3-7e) and lower cell density by day 7 



 

49 

 

(Figure 3-7f). While the metabolic activity of hASCs under normoxia increased significantly over 14 days, 

under hypoxia it remained unchanged (Figure 3-7g). Similar to encapsulated hASCs, those under hypoxia 

demonstrated a higher initial rate of cell damage (~5%) (Figure 3-7h).  

 

Figure 3-7: In vitro culture of hASCs in mixed hydrogels and on TCPS.  hASCs were cultured under normoxia 
(20% O2, black) and hypoxia (2% O2, red), encapsulated in PEG-(PTMC-A)2 + MGC-RGD (a-d) and on TCPS (e-h). 
a,e) hASC viability; b,f) live hASC density; c,g) metabolic activity by MTT (normalized to gel weight for encapsulated 
hASCs); d,h) dead/damaged cells as a fraction of total cells. All data presented as mean ± SD. Differences between 
hypoxic and normoxic groups at a given time point were determined by two-way ANOVA of group means with 
Tukey’s correction for multiple comparisons. Significant differences are indicated (* p<0.05; ** p<0.01; **** 
p<0.0001).   

Differences were also noted in the morphology of the encapsulated hASCs, where a more spindle-

like morphology was observed under normoxia after 7 days (Figure 3-8a), compared to the same time point 

under hypoxic conditions (Figure 3-8b). 
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Figure 3-8: Mosaic confocal images of hASCs encapsulated in PEG-(PTMC-A)2 + MGC-RGD.   hASCs, cultured 
under normoxia (20% O2) and hypoxia (2% O2) were stained with calcein-AM (live cells, green) and ethidium 
homodimer-1 (dead cells, red). Scale bar = 1 mm. 

3.3.8 Growth factor release from encapsulated and TCPS cultured hASCs 

The production of a range of pro-angiogenic, anti-apoptotic, or chemoattractant factors (VEGF-A, 

angiopoietin-1, angiogenin, HGF, PlGF, PDGF-AA, leptin, SDF-1α, and MCP-1) was quantified within the 

conditioned media of encapsulated hASCs (Figure 3-9a) and hASCs on TCPS (Figure 3-9b) cultured under 

normoxic and hypoxic conditions. Of note, this quantification does not consider the fraction of cytokines 

that may be retained in the hydrogel. In the encapsulated hASCs, all cytokines were detected at levels 

exceeding the background level, with the exception of HGF at day 7 under hypoxia. Although there was no 

evidence of hypoxic upregulation for any factors at 7 days, by 14 days, all cytokines measured were 

significantly increased under hypoxia conditions. All of the factors were also detected in the TCPS controls, 

typically at lower levels at 14 days as compared to the gels, with the exception of leptin. Unlike encapsulated 

hASCs, hypoxic upregulation of many factors at day 7 was observed in the TCPS-seeded hASCs (VEGF-

A, angiopoietin-1, angiogenin, PlGF, and MCP-1).  
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Figure 3-9: Growth factor release measured in the cell culture media of hASCs. Growth factor concentrations 
were measured in the media of a) encapsulated hASCs and b) hASCs on TCPS, cultured under normoxic (20% O2, 
black) and hypoxic (2% O2, red) conditions. Growth factor concentrations were normalized to live cell number and 
release period. All data presented as mean ± SD. Differences between hypoxic and normoxic groups at a given time 
point were determined by two-way ANOVA of group means with Tukey’s correction for multiple comparisons. 
Significant differences are indicated (* p<0.05; ** p<0.01; **** p<0.0001). 

3.4 Discussion 

As cellular delivery scaffolds, hydrogels have the potential to enhance the efficacy of cellular 

therapies for treating ischemic conditions by improving cell retention and survival at the site of delivery. In 

the case of PAD, however, the intramuscular delivery site presents a dynamic mechanical environment, 

undergoing cyclic loading with repeated muscle contractions. For such applications, there is an unmet need 

for hydrogel scaffolds combining soft, robust mechanical properties with non-invasive injectability and 

viable cell encapsulation capacity.  

While there are many approaches for producing mechanically robust hydrogels,169 most are 

unsuitable for injectable cell delivery. Interpenetrating double network hydrogels, for instance, typically 

require one gel component to be cast into another pre-formed gel,49,170 making injectable delivery 

unfeasible. Recent work using orthogonal crosslinking reactions has produced robust double network 

hydrogels able to withstand injection48; however, these materials undergo an approximate four-fold 

swelling in culture conditions. In addition to the corresponding loss in mechanical stiffness, such swelling 
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could have adverse effects in the intramuscular space. Alternatively, the reversible associations of purely 

ionically-crosslinked systems allow for crosslinks to reform after mechanical stress; however, the process 

is dependent on local ion concentrations,171 which are not readily controlled in vivo, and such hydrogels 

often undergo plastic, rather than elastic deformation.48 While nanocomposite hydrogels exhibit remarkable 

toughness and resiliency to strain, these materials are often too stiff for the IM environment,60,147 and the 

inclusion of inorganic nanoparticles presents issues of potential toxicity to the encapsulated and surrounding 

cells.56,61 

In the present work, PEG-(PTMC-A)2 copolymers were developed as a modular additive to enhance 

the mechanical properties of an MGC-RGD based cell-supportive hydrogel. The PEG-(PTMC-A)2 

copolymers were designed to provide a high equilibrium water content, a high molecular weight between 

crosslinks, and a coiled hydrophobic domain that is capable of uncoiling under strain. The goal of this 

design was to produce hydrogels with minimal swelling, a low compressive modulus, and a high resiliency 

to compressive strain tuned to the target intramuscular environment. The use of HCl as a monomer activator 

in the preparation of the PEG-(PTMC-A)2 was advantageous as it did not require elevated temperatures or 

the use of potentially toxic metal catalysts, such as the commonly used tin (II) ethylhexanoate.172 Further, 

the monomer activation method provided a very low dispersity of molecular weights (1.02 – 1.04), 

facilitating the investigation of the effect of block length on mechanical properties. 

Compared to hydrogels prepared from MGC alone, the addition of PEG-(PTMC-A)2 produced 

hydrogels with tailored mechanical properties: lower modulus, greater ultimate compressive strain, and 

more resilience to cyclic compressive loading. These results may be caused by the increase in the effective 

molecular weight between crosslinks caused by introducing PEG-(PTMC-A)2 into the MGC network. From 

the current work, it is unclear whether PEG-(PTMC-A)2 and MGC crosslink independently or in a 

continuous network; however, the true network architecture is likely an intermediate of these two extremes. 

In an intramuscular environment, the reduced modulus further implies that the mixed hydrogels would exert 

lower resistance forces during muscle contraction, potentially reducing the chances for interfering with 



 

53 

 

contraction or disrupting the interface between the hydrogel and the surrounding tissue. These results 

suggest that the system is well suited to the mechanically dynamic environment of the lower limb. 

A thermally-sensitive redox initiator system of APS with TEMED was adapted for in situ 

crosslinking under physiological conditions. This system has previously been used to initiate crosslinking 

of other polymers for the encapsulation of MSCs,149,173–175 fibroblasts,176 and chondrocytes177,178 with high 

cell viability, as well as acellular scaffolds in vivo.179,180 For a given polymer system, a concentration of 

APS and TEMED must be determined that provides i) rapid crosslinking at 37 °C to prevent material and 

cell dispersion; ii) sufficient handling time at 20 °C to prevent premature crosslinking; and iii) a non-toxic 

radical concentration. A final APS and TEMED concentration of 5 mM provided adequate handling time 

prior to injection (> 9 min), and rapid gelation at 37 °C (< 3 min). The gelation time was similar to that 

found by Temenoff et al.,173 who used 25 mM APS and TEMED to crosslink an oligo(poly(ethylene glycol) 

fumarate) and PEGDA prepolymer solution. The difference in required initiator concentration suggests that   

crosslinking time is dependent on the nature and concentration of crosslinking groups, in addition to the 

initiator concentration. The 5 mM concentration used in the current study resulted in a low sol content in 

PEG-(PTMC-A)2 hydrogels (ca. 5-10%), which is beneficial in terms of limiting the exposure of 

encapsulated cells to unreacted acrylate or methacylate groups and preventing the diffusion of unreacted 

and potentially immunogenic components into the surrounding tissue when eventually applied in vivo. 

While some studies have reported a high cytotoxicity following cell encapsulation using APS and TEMED 

initiators,181 the current work supports the findings of many others that indicate this initiator system is 

cytocompatible.173–178 These differences likely arise due to differences in required initiator concentrations, 

the rates of initiator consumption and diffusion in the individual polymer systems, as well as the cell types 

encapsulated.  

The in vitro assessment of hASC encapsulation using purified PEG-(PTMC-A)2 indicated that 

under both hypoxia and normoxia, post-crosslinking viability was high (approximately 90% after 3 days), 

supporting that the process of injection through a minimally invasive 25G needle and crosslinking with 
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APS and TEMED had no major cytotoxic effects. Under normoxia, hASC density remained relatively 

constant, cell viability increased significantly from day 3 to 14, and the cells transitioned to a spindle-

shaped morphology. Under hypoxia, the hASCs exhibited lower density and metabolic activity at later time 

points and less spindle-shaped morphology; however, the hASCs still exhibited high (ca. 90%) viability, 

suggesting that the delivery system could support viable cell retention and function even within an ischemic 

environment. Under both conditions, metabolic activity was significantly lower after day 3; however, this 

result was not reflected in reductions in either cell density or viability, suggesting that it could be due to a 

metabolic adaptation of the cells to a 3-D environment, though additional studies would be required to 

confirm this hypothesis.  

Critical to the proposed strategy of using encapsulated hASCs to treat ischemic conditions is the 

production and release of growth factors in response to low oxygen tension. The effects of encapsulation 

and hypoxia on growth factor release were evaluated by comparing the release rate of angiogenic cytokines 

from encapsulated and TCPS cultured hASCs under normoxia and hypoxia. The observed rates of cytokine 

release by hASCs cultured under normoxia on TCPS closely support the previous findings of Amable et 

al.9 in terms of VEGF-A, angiopoietin-1, angiogenin, and PDGF-AA secretion. However, in the current 

study, lower levels of PlGF, and higher levels of HGF and MCP-1 were observed, potentially due to cell 

donor variability. The hypoxic upregulation of VEGF-A and angiopoietin, but not HGF or SDF-1α, also 

supports previous studies of TCPS cultured hASCs.10,92,182 These findings confirm that the hASCs in the 

current study exhibited a pro-angiogenic secretome, while also providing a baseline of growth factor 

production for comparison with encapsulated hASCs.  

Encapsulated hASCs released significantly higher levels of all the studied cytokines under hypoxia 

compared to normoxia at day 14. This included HGF, PDGF-AA, SDF-1α, and MCP-1, which were not 

enhanced by hypoxia in TCPS cultured hASCs. While TCPS cultured hASCs demonstrated hypoxic 

upregulation of VEGF-A, angiopoietin-1, angiogenin, PlGF, and MCP-1 by day 7, no upregulation was 

observed from encapsulated hASCs until day 14. This delayed onset may reflect a ‘recovery period’ 
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following crosslinking during which hASCs adapt to the 3-D environment, though additional studies would 

be required to confirm this hypothesis. These differences between encapsulated and TCPS cultured hASCs 

may have arisen due to differences in matrix stiffness and the presence of RGD as an integrin binding 

ligand, factors which have previously been demonstrated to affect MSC angiogenic cytokine profiles.183 Of 

note, this investigation only quantified the level of cytokines released from the hydrogels. As diffusional 

limitations and electrostatic interactions caused by the hydrogel network may have inhibited the release of 

cytokines produced by encapsulated hASCs, this assessment likely underestimates the level of cytokine 

production. Furthermore, this also suggests that there existed an elevated concentration of cytokines within 

the hydrogel, resulting in a concentration difference driving diffusion from the hydrogel into the release 

medium, and potentially enhancing the paracrine effects of the cytokines on the encapsulated hASCs. 

Overall, however, the production and release of these angiogenic cytokines from encapsulated hASCs is a 

promising indication that the encapsulation strategy may be effective for promoting angiogenesis in 

ischemic tissues.  

3.5 Conclusions 

The use of hydrogel delivery scaffolds has the potential to improve the efficacy of many cell-based 

therapies by overcoming the high rates of cell washout upon delivery, as well as poor long-term cell 

retention and survival. However, their use in treating conditions affecting mechanically dynamic tissues 

has largely been limited due to a lack of hydrogels that combine cell encapsulation, injectable delivery, and 

robust mechanical properties. In this work, PEG-(PTMC-A)2 copolymers were developed as a mechanically 

reinforcing component in a modular polymer hydrogel system, whereby adjusting the copolymer block 

lengths and polymer mixing ratios can be used to tune the modulus, increase toughness, and improve the 

resistance to strain and fatigue of the composite hydrogels, while still maintaining their elastic and minimal 

swelling nature.  

Though demonstrated here in combination with MGC-RGD, the PEG-(PTMC-A)2 system has the 

potential to be applied more broadly to reinforce the mechanical properties of the vast library of existing 
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acrylate or methacrylate-based hydrogels for cell encapsulation, such as hydrogels derived from chondroitin 

sulfate, hyaluronic acid, and gelatin. By reinforcing typically weak hydrogels, PEG-(PTMC-A)2 could 

potentially expand the application of these materials as injectable hydrogel scaffolds to include a range of 

mechanically dynamic soft tissues targets including skeletal and cardiac muscle, cartilage, adipose tissue, 

and skin. Further, the adaptation of the APS/TEMED crosslinking system facilitates use in applications 

requiring in situ crosslinking for minimally invasive or defect-filling delivery.  

The cytocompatibility of the proposed encapsulation system was demonstrated by the 

encapsulation and retention of viable hASCs capable of producing and releasing growth factors over 14 

days, with a generally enhanced angiogenic response under the environmental cue of hypoxia. These results 

are a promising indication that the proposed hydrogel system may overcome the challenges of poor cell 

localization, retention, and survival following injection. Further, this work demonstrated the ability of 

encapsulated ASCs to release angiogenic growth factors at rates equal to or exceeding rates from TCPS 

cultured ASCs, suggesting that the hydrogel scaffold could facilitate the function of encapsulated ASCs as 

trophic mediators in the ischemic environment of PAD. Compared to the delivery of growth factors directly, 

the use of encapsulated hASCs as “paracrine factories” has the advantage of providing an array of 

complementary growth factors simultaneously, delivered in a temporally regulated manner that is 

continuous and sensitive to environmental stimuli such as hypoxia.  
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Chapter 4 

Immunological and angiogenic response to the intramuscular injection of 

adipose-derived stem/stromal cells in a hydrogel scaffold  

4.1 Introduction 

Adipose-derived stem/stromal cells (ASCs) have received increasing attention as an abundant and 

readily accessible source of mesenchymal stem/stromal cells (MSCs) for the treatment of ischemia not only 

due to their angiogenic potential,9,10,12,13 but also their potent immunomodulatory effects.134,135,137,184 In vitro, 

ASCs promote a regenerative phenotype and the production of anti-inflammatory cytokines in peripheral 

blood mononuclear cells137 and macrophages.134,135 In vivo, delivery of allogeneic ASCs has been shown to 

induce a more pro-regenerative macrophage phenotype and increased systemic anti-inflammatory cytokine 

levels following liver transplantation in rats,184 as well as in diabetic mice.135 These properties make ASCs 

a promising candidate for modulating both the pro-inflammatory microenvironment within tissues impacted 

by chronic ischemia, as well as the host response to implanted biomaterial scaffolds. 

Inflammation is a fundamental response to implanted biomaterials that ultimately determines the 

fate and efficacy of such scaffolds.185 Moreover, inflammation is also closely linked to angiogenesis.128,186 

Both processes are governed by the activity of macrophages, through their long-term interactions with the 

biomaterial and their role in the recruitment and direction of endothelial cells.115 As such, modulating the 

macrophage response to biomaterials is an important strategy to promote wound-healing and angiogenic 

activity, the retention and survival of encapsulated cells, and the remodeling and eventual clearance of the 

scaffold.187–191 

Specifically, strategies for treating ischemic conditions have focused on balancing the responses of 

M1 and M2 macrophages,121,130,192 which represent the pro-inflammatory and pro-regenerative phenotypes 

along the spectrum of macrophage polarization, respectively.112 The role of M1 and M2 macrophages in 

the process of biomaterial vascularization is the subject of ongoing study, but evidence suggests that M1 
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macrophages are involved in the initiation of angiogenesis at early time points, while M2 macrophages later 

stabilize nascent vessels.121 Specifically, M2 subtypes M2a and M2c promote vessel anastomosis and aid 

in vascular remodeling of the extracellular matrix (ECM), respectively.121 

In this chapter, an injectable hydrogel delivery scaffold was evaluated in vivo for the delivery of 

allogeneic rat adipose-derived stem/stromal cells (rASCs) to the adductor muscle of healthy immune-

competent rats. The scaffold was composed of two polymers: a triblock copolymer of poly(trimethylene 

carbonate)-b-poly(ethylene glycol)-b-poly(trimethylene carbonate) diacrylate (PEG-(PTMC-A)2) and 

methacrylated glycol chitosan functionalized with an RGD-containing peptide (MGC-RGD). The PEG-

(PTMC-A)2 component was used to modify the mechanical properties of the hydrogel to withstand the 

mechanical loading conditions of the lower limb, based on previous work.149 The MGC-RGD component 

was selected to support ASC retention, viability, and activity.33,149,193  

Immunohistochemical analysis was performed at 1, 2, and 4 weeks to compare the host response 

to intramuscularly injected composite PEG-(PTMC-A)2 + MGC-RGD hydrogel scaffolds incorporating 

allogeneic rASCs relative to control groups of hydrogels without rASCs and rASCs delivered in saline. 

Intramuscular allogeneic rASC density was semi-quantitatively analyzed through PKH26 fluorescent cell 

tracking to determine the impact of the scaffold on cell retention. To assess the effects of rASCs on the 

macrophage response to the scaffolds, macrophage infiltration and polarization towards M1 and M2 

phenotypes were probed using a range of macrophage markers. Finally, the angiogenic response to the 

encapsulated rASCs was assessed in comparison to the controls based on the blood vessel density at the 

site of each treatment. 

4.2 Materials and methods 

4.2.1 Materials 

PEG20-(PTMC2-A)2, referred to as PEG-(PTMC-A)2 in this chapter, and MGC-RGD were prepared 

and characterized as described in Chapter 3. Phosphate buffered saline pH 7.4 (PBS), tris-buffered saline 

pH 7.4 (TBS), Cryomatrix frozen embedding resin, and HyClone fetal bovine serum (FBS) were obtained 
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from Fisher Scientific. Collagenase (Worthington Type 1) was obtained from Cedarlane. Unless specified, 

all other materials were obtained from Sigma Aldrich, Ltd. 

4.2.2 Isolation, culture, and immunophenotyping of rASCs 

All studies involving animals followed the Canadian Council on Animal Care guidelines and were 

reviewed and approved by the Animal Care Committee at Queen's University (protocols Amsden 2015-

1628 and Amsden 2013-048). rASCs were isolated from the epididymal fat pad using methods adapted 

from protocols for the isolation and culture of human ASCs.161 In brief, male Wistar rats (aged 10-12 weeks) 

were euthanized by CO2 overdose and the epididymal fat pad was extracted and finely minced. The minced 

tissue was digested in Kreb's Ringer Buffer solution with 2 mg/mL type I collagenase, 1% bovine serum 

albumin, 2 mM glucose, and 25 mM HEPES at 37 °C for 45 min. The tissue digest was filtered through a 

stainless steel mesh and the mature adipocytes were removed following gravity separation. The sample was 

centrifuged (1200 × g, 5 min) and the cell pellet was re-suspended in erythrocyte lysis buffer (0.15 mM 

NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA) for 10 min at room temperature. The cell suspension was 

filtered through a 40 micron cell strainer, then washed twice in complete medium (DMEM:Ham’s F12 with 

10% FBS and 1% pen/strep). The cells were plated at 5000 cells/cm2 in complete medium. The adherent 

ASCs were cultured at 37 °C with 5% CO2, and were passaged at 80% confluence. Passage 2 cells were 

used for the study. 

To confirm the immunophenotype of the passage 2 rASC used in the studies, single colour flow 

cytometry analysis was performed in triplicate using a Guava easyCyte 8HT Benchtop flow cytometer 

(EMD Millipore, Billerica, MA, USA) as previously reported.162 The cells were incubated with the 

following monoclonal, fluorochrome-conjugated antibodies from eBioscience (San Diego, CA): the 

mesenchymal markers CD90-FITC, CD29-PE, and CD44-PE-Cyanine7, as well as the negative markers 

CD31-PE (endothelial) and CD45-FITC (hematopoietic). All samples were stained for 30 min at 4 °C and 

protected from light. Unstained controls were included in every trial. 
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4.2.3 PKH labeling of rASCs 

To enable in vivo cell tracking, donor rASCs were labelled with the lipophilic membrane dye 

PKH26 according to the manufacturer’s instructions two days prior to intramuscular delivery. rASCs were 

trypsin-released, washed with serum-free medium, and re-suspended at 2×107 cells/mL in Diluent C. The 

cell suspension was mixed with an equal volume of Diluent C containing 4 μM PKH26 for 4 min. Dye 

binding was terminated by adding an equal volume of FBS, then the cell suspension was centrifuged 

(400 × g for 10 min) and washed with complete medium three times, transferring to a new tube after each 

centrifugation (400 × g for 5 min). The rASCs were re-plated at their original density and the adherent cells 

were washed with PBS after 24 h. 

4.2.4 Intramuscular injection 

Intramuscular injections were administered to healthy female Wistar rats aged 8 weeks (N = 4 per 

treatment type, per time point). The rats were anesthetized with isoflurane, and given subcutaneous 

injections of meloxicam (2 mg/kg) as a pre-operative analgesic and bupivacaine (2 mg/kg) as a local 

anesthetic. Three treatment groups were tested:  

i) Gel + rASCs: rASCs (2×107 cells/mL) in hydrogel prepared from mixed solutions of 4% w/v 

PEG-(PTMC-A)2 + 1% w/v MGC-RGD, dissolved in PBS;  

ii) Gel alone: hydrogel prepared from mixed solutions of 4% w/v PEG-(PTMC-A)2 + 1% w/v 

MGC-RGD, dissolved in PBS; 

iii) rASCs + saline: rASCs (2×107 cells/mL) suspended in PBS.  

All polymers were disinfected by exposure to low intensity UV light in a biological safety cabinet 

for 40 min before dissolving in sterile PBS. For hydrogels with rASCs, a suspension of PKH-labelled 

rASCs in sterile PBS was thoroughly mixed into the polymer solution. To initiate polymerization of both 

hydrogel groups, sterile filtered 100 mM solutions of ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED) were added sequentially to the polymer solutions immediately 
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before administration, with thorough mixing between each addition, providing a final concentration of 

5 mM each of APS and TEMED.  

The treatments were administered by injecting a total volume of 50 μL divided evenly over two 

injection sites 5 mm apart centred along the length of the adductor muscle using a 25G × ½” needle. After 

injection, the animals were maintained under anesthesia for 5 min to prevent muscle contractions from 

dispersing the delivered material or cells. Rats were sacrificed by CO2 overdose at 1, 2, and 4 weeks post-

injection. A 15 mm long section of the adductor muscle group, centred on the injection sites, was carefully 

excised. The tissue was embedded in Cryomatrix frozen embedding resin and snap frozen in liquid nitrogen. 

4.2.5 Immunohistochemical analysis 

The characterization studies focused on immunohistochemical (IHC) staining to be able to assess 

the spatial distribution of rASCs, macrophages, and blood vessels relative to the hydrogels and surrounding 

tissue. Frozen tissue was cryo-sectioned perpendicular to the muscle fibre orientation at 5 μm thickness. 

Sections were taken at the injection sites, as identified by the presence of PKH+ cells and/or the hydrogel.  

4.2.6 PKH+ rASC retention 

To quantify PKH+ rASC density, unfixed sections from three depths across the injection site were 

mounted in fluoroshield mounting medium with 4',6-diamidino-2-phenylindole (DAPI) (Abcam) and all 

nucleated PKH+ cells across the entire section were imaged with a Zeiss Axio Imager M1 microscope with 

a 20× objective. The total number of PKH+ cells was normalized to the total muscle cross sectional area. 

Identification of PKH+ rASCs was performed on unfixed, unstained tissue sections, as the process of 

fixation and permeabilization reduced the PKH staining fidelity.  

4.2.7 Macrophage response and angiogenesis 

Sections were fixed with 4% paraformaldehyde, rinsed with TBS, and blocked with 5% goat serum 

in TBS with 0.2% Tween-20 (TBS-T) for 1 h at room temperature. The serum solution was replaced with 

primary antibodies diluted in TBS-T with 1% bovine serum albumin per Table 1 and incubated overnight 
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at 4 °C. Anti-CD31 was applied alone; anti-CD163 and anti-CD68 were applied alone to serial sections to 

facilitate comparison of CD163+ and CD68+ cell densities; anti-CCR7, anti-arginase-1 (Arg-1), and anti-

inducible nitric oxide synthase (iNOS) were each paired with anti-CD68. Following primary incubation, 

the sections were rinsed three times with TBS and incubated with appropriate secondary antibodies diluted 

in TBS-T with 1% bovine serum albumin per Table 4-1 for 1 h at room temperature. The secondary 

antibody solutions were rinsed three times with TBS and the sections were mounted with fluoroshield 

mounting medium with DAPI. All imaging was performed with a Zeiss Axio Imager M1 microscope. 

Negative primary controls were included for each stain, following the exact same staining procedure, but 

without primary antibodies added to the dilution buffer for incubation; positive tissue controls were 

performed where available (see Appendix A.4)  

Table 4-1: Summary of primary and secondary antibodies used for IHC. 

Antibody Clone Supplier (Cat. #) Dilution Conc. (μg/mL) 

Mouse anti-CD31 TLD-3A12 Bio-Rad (MCA-1334G) 1:250 4.0 

Mouse anti-CD68 ED1 Bio-Rad (MCA341R) 1:400 2.5 

Rabbit anti-CCR7 Y59 Abcam (ab32527) 1:250 4.2 

Mouse anti-CD163 ED2 Bio-Rad (MCA342GA) 1:250 2.0 

Rabbit anti-arginase-1 Polyclonal Abcam (ab91279) 1:200 5.0 

Rabbit anti-iNOS Polyclonal Abcam (ab15323) 1:50 4.0 

Goat anti-mouse Alexa Fluor 488 Polyclonal Abcam (ab150113) 1:500 4.0 

Donkey anti-rabbit Alexa Fluor 647 Polyclonal Abcam (ab150063) 1:250 8.0 

 

The maximum penetration depth of CD68+ cells into each hydrogel was measured perpendicular to 

the border from five points (10× magnification) using Zeiss Zen software (v. 2.3). The fractional area of 

the gels staining CD68+ was determined by converting the images (10× magnification) to binary and 

measuring the ratio of CD68+ area within the gel to total gel area using ImageJ software (v. 1.46r). To assess 



 

63 

 

macrophage polarization, a minimum of four non-overlapping images per hydrogel were analyzed (40× 

magnification, centered on hydrogel border). The total number of cells that were CD68+ and CD68+ CCR7+ 

were counted; the number of CD163+ cells was similarly counted on images taken from serial sections to 

the CD68 images, and matched in terms of location at the gel border. CCR7 and CD163 expression was 

quantified as the fraction of CD68+ cells that were co-stained CCR7+ or CD163+. To assess enzymatic 

expression, at least four images per hydrogel were used (40× magnification, taken from areas within the 

hydrogel), and the total number of cells that were CD68+, CD68+ iNOS+ and CD68+ Arg-1+ were counted 

(ImageJ v. 1.46r and Zeiss Zen v. 2.3 software). iNOS and Arg-1 expression were quantified as the fraction 

of CD68+ cells that were co-stained iNOS+ or Arg-1+.  

CD31+ vessel density was quantified in all treatment groups, using at least 6 non-overlapping 

images from each sample (20× magnification) at the border of the hydrogels or at the site of PKH+ cells, 

when delivered in saline. The minor diameter of all CD31+ blood vessels was measured using AxioVision 

software (v. 4.9.1).  

4.2.8 Statistical analysis 

All data are presented as the mean ± SD. Comparisons were made by two-way ANOVA. 

Differences between groups at given time points and differences within groups across time points were 

determined by Sidak’s multiple comparisons test. All analysis was performed using GraphPad Prism 7.  

4.3 Results 

4.3.1 Injection using hydrogel scaffolds improves rASC retention at the delivery site 

Passage 2 rASCs isolated from the epididymal fat pad exhibited the expected positive and negative 

expression of surface markers (Table 4-2), confirming the cells had a stromal cell type. PKH+ rASCs 

delivered by IM injection in the hydrogel scaffold and in saline were identified in the adductor muscle of 

all recipient rats at 1, 2, and 4 weeks post-injection. rASCs delivered in the hydrogel were observed 



 

64 

 

predominately within the gel, located in the intramuscular space (Figure 4-1a). When delivered in saline, 

rASCs were largely found along the subdermal fascia (Figure 4-1b).  

Table 4-2: Immunophenotype of rASCs used for in vivo delivery. Percent of cells positive for each marker is 
presented as the average ± SD from n = 3 repeated measurements. 

Surface Marker Expected phenotype163 Percent positive 

CD 90 + 91.14 ± 0.23 

CD 29 + 99.25 ± 0.15 

CD 44 + 70.52 ± 0.48 

CD 31 - 1.97 ± 0.15 

CD 45 - 0.21 ± 0.10 

 

Figure 4-1: rASC retention following intramuscular injection.  Representative images from adductor muscle 
sections showing PKH+ rASCs (red) delivered in the injectable hydrogel (a) and saline (b) at 1, 2, and 4 weeks post-
delivery; DAPI counterstain (blue); scale bars = 200 μm (20×). c) Intramuscular PKH+ cell count normalized to total 
adductor cross sectional area following injection in the hydrogel (red) and saline (grey) at 1, 2, and 4 weeks post-
delivery; significant differences between groups at each time point were determined by two-way ANOVA with Sidak’s 
correction for multiple comparisons (** p < 0.01; *** p < 0.001, N=4). 
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At all time points, significantly more PKH+ cells were observed per adductor cross sectional area 

following delivery in the hydrogel scaffold, compared to saline (Figure 4-1c), supporting that the scaffold 

improved cell retention. No significant differences in rASC density between time points were found, 

suggesting that any rASCs that were lost during delivery were lost within the first week.  

4.3.2 rASCs promote macrophage recruitment and infiltration into hydrogel scaffolds 

CD68 was used as a pan-macrophage marker in assessing the response to the hydrogels with (Figure 

4-2a) and without (Figure 4-2b) rASCs. In general, greater CD68+ cell infiltration was observed after 2 

weeks in response to the hydrogels with rASCs, compared to those without, in terms of the fractional area 

of the hydrogel staining CD68+ (Figure 4-2c) and depth of CD68+ cell infiltration (Figure 4-2d). The 

infiltration depth and fraction did not significantly change over time in the hydrogels without rASCs. In 

contrast, the infiltration fraction increased significantly from weeks 1 to 2 and the infiltration depth 

increased significantly from weeks 2 to 4 in hydrogels with rASCs. 
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Figure 4-2: Macrophage recruitment and infiltration into intramuscular scaffolds.  Representative images of 
CD68+ cell (green) penetration into the hydrogels with (a) and without (b) rASCs at 1, 2, and 4 weeks post-delivery; 
DAPI counterstain (blue); gel border indicated in white dashed line; scale bars = 500 μm (10×). Fraction of the gel 
area positive for CD68 (c) and CD68+ cell penetration depth from the border of the hydrogel (d) in hydrogels with 
rASCs (red) and without rASCs (black); significant differences between groups at each time point were determined 
by two-way ANOVA with Sidak’s correction for multiple comparisons (*** p < 0.001; **** p < 0.0001, N=3-4).  

4.3.3 rASCs promote an M2c phenotype at the hydrogel periphery and M1 macrophage 

infiltration  

Staining of the scavenger receptor CD163 (Figure 4-3) and the chemokine receptor CCR7 (Figure 

4-4) was used to identify M2c macrophages113,121 and M1 macrophages113, respectively, at the borders of 

the hydrogels. In general, CD163+ cells were found at the periphery of the hydrogels, with minimal 

infiltration into the hydrogel. Infiltrating cells were predominantly CD68+ CCR7+, while few of the CD68+ 

cells outside of the hydrogel boundary were CCR7+.  
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Figure 4-3: M2c macrophages identified by CD163+ staining.  Representative images CD163+ cells (yellow) at 
hydrogels with (a) and without (b) rASCs at 1, 2, and 4 weeks post-delivery; DAPI counterstain (blue). Scale bars = 
500 μm (10×) and 100 μm (40×). White outlines in the 10× images indicate the area of detail in the 40× images.   
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Figure 4-4: M1 macrophages identified by CD68+CCR7+ staining. Representative images of CD68+ cells (green) 
and CCR7+ cells (yellow) at hydrogels with (a) and without (b) rASCs at 1, 2, and 4 weeks post-delivery; DAPI 
counterstain (blue). Scale bars = 500 μm (10×) and 100 μm (40×). White outlines in the 10× images indicate the area 
of detail in the 40× images.  

As a fraction of the CD68+ cells, the relative number of CD163+ cells was significantly higher in 

response to the hydrogels with rASCs (Figure 4-5a), and remained relatively constant over 4 weeks, at 

approximately 17% and 8% in response to the hydrogels with and without rASCs, respectively. At all time 

points, the fraction of CD68+ cells that were CCR7+ was not significantly different between the hydrogels 
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with and without rASCs (Figure 4-5b). However, this ratio reduced significantly (p = 0.027) between weeks 

1 and 4 in the hydrogels without rASCs, from approximately 78% ± 12% to 44% ± 21%. 

 

Figure 4-5: M1 and M2c macrophage polarization at hydrogel borders.  a) CD163+ cell density and b) 
CD68+ CCR7+ cell density, normalized to CD68+ cell density for hydrogels with rASCs (red) and without rASCs 
(black); significant differences between groups at each time point were determined by two-way ANOVA with Sidak’s 
correction for multiple comparisons (**** p < 0.0001, N=3-4; note: only N=2 samples were used for CCR7+ in gels 
without rASCs at week 4 due to limited tissue availability). 

4.3.4 rASCs reduce initial iNOS activity and promote Arg-1 activity in infiltrating macrophages 

Staining was performed to identify CD68+ cells expressing inducible nitric oxide synthase (iNOS) 

in the hydrogels with (Figure 4-6a) and without (Figure 4-6b) rASCs. In general, CD68+ iNOS+ cells were 

predominantly found within the gels, at the advancing edge of the infiltrating CD68+ cells. Staining was 

also performed to identify CD68+ cells expressing arginase-1 (Arg-1) in the hydrogels with (Figure 4-7a) 

and without (Figure 4-7b) rASCs. In general, CD68+ Arg-1+ cells were distributed throughout the 

infiltrating CD68+ cell population, with no discernable pattern. 
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Figure 4-6: iNOS expression in infiltrating macrophages. Representative images of iNOS+ cells (yellow) and 
CD68+ cells (green) infiltrating the hydrogels with (a) and without (b) rASCs at 1, 2, and 4 weeks post-delivery; DAPI 
counterstain (blue); scale bars = 500 μm (10×) and 100 μm (40×). White outlines in the 10× images indicate the area 
of detail in the 40× images.  
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Figure 4-7: Arg-1 expression in infiltrating macrophages. Representative images of Arg-1+ cells (yellow) and 
CD68+ cells (green) infiltrating the hydrogels with (a) and without (b) rASCs at 1, 2, and 4 weeks post-delivery; DAPI 
counterstain (blue); scale bars = 500 μm (10×) and 100 μm (40×). White outlines in the 10× images indicate the area 
of detail in the 40× images. 

After 1 week, a significantly higher fraction of CD68+ cells were iNOS+ in the hydrogels with 

rASCs versus without rASCs (21.6% ± 4.7% vs 10.9% ± 1.9%, p = 0.001) (Figure 4-8a). The fraction of 

iNOS+ cells in the hydrogels without rASCs was significantly lower at weeks 2 and 4 compared to week 1 

(p = 0.027 and p = 0.017, respectively), and not statistically different from hydrogels with rASCs.  



 

72 

 

At all time points, a significantly higher fraction of CD68+ cells were Arg-1+ in the hydrogels with 

rASCs, compared to the hydrogels without rASCs (Figure 4-8b). The fraction of Arg-1+ cells increased 

significantly from week 1 to week 4 in the hydrogels with rASCs (20.9% ± 6.5% to 32.7% ± 2.2%, p = 

0.037), as well as the hydrogels without rASCs (5.7% ± 1.2% to 20.4% ± 7.7%, p = 0.010).  

 

Figure 4-8: Fraction of iNOS+ and Arg-1+ infiltrating macrophages. a) CD68+ iNOS+ and b) CD68+ Arg-1+ cells 
as a fraction of CD68+ cells in the hydrogels with rASCs (red) and without rASCs (black) at 1, 2, and 4 weeks post-
delivery; significant differences between groups at each time point were determined by two-way ANOVA with Sidak’s 
correction for multiple comparisons (* p < 0.05; ** p < 0.01, N=3-4). 

4.3.5 rASCs enhance angiogenesis when delivered within an in situ forming hydrogel 

CD31 staining was used to identify capillaries at the border of the hydrogels with and without 

rASCs, and at the site of rASC localization for saline delivery. At 4 weeks post-delivery, CD31+ vessels 

were observed at the border and within the hydrogels with rASCs (Figure 4-9a-b), whereas vessels were 

only observed near, but not within, the hydrogels without rASCs (Figure 4-9c-d). Quantification of CD31+ 

vessel density normalized to image area (Figure 4-9e) indicated no significant differences in vessel density 

after 1 week; however, vessel density was significantly greater surrounding the hydrogels with rASCs at 2 

and 4 weeks post-delivery as compared to all other groups. The range in the minor vessel diameter was 

consistent between groups (Figure 4-9f-h), centered at approximately 6 μm, with no statistically significant 

differences in the mean diameter of each group. However, the mean vessel diameter surrounding the 

hydrogels with rASCs was significantly lower at weeks 2 and 4, compared to week 1 (p = 0.009 and 

p = 0.046, respectively), consistent with the formation of new smaller diameter vessels. 
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Figure 4-9: Angiogenic response to hydrogels with and without rASCs and rASCs delivered in saline. 
Representative images of CD31+ vessels (green) surrounding the hydrogels with rASCs (a,b) and without rASCs (c,d), 
4 weeks post-delivery; DAPI counterstain (blue); scale bars = 500 μm (10×) and 200 μm (20×). CD31+ vessel density 
at the hydrogel borders (or the site of rASC localization, when delivered in saline) over time (e); significant differences 
between groups at each time point were determined by two-way ANOVA with Sidak’s correction for multiple 
comparisons (**** p < 0.0001, from all other groups, N=3-4). Histogram of CD31+ lumen diameters at weeks 1, 2, 
and 4 for hydrogels with rASCs (f), hydrogels without rASCs (g), and rASCs in saline (h). Average vessel diameter 
± SD (N = 3-4) listed above each histogram. 
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4.4 Discussion 

Our understanding of the roles that macrophages play in tissue engineering is continually evolving 

as new evidence refines the definitions of macrophage subtypes and their activities. The field is increasingly 

interested in modulating this macrophage response as a strategy to promote biomaterial integration, tissue 

regeneration, and angiogenesis. Evidence of the immunomodulatory nature of MSCs has motivated their 

use in combination with biomaterial-based therapies to promote such positive outcomes of inflammation. 

Chitosan, a natural polysaccharide obtained from the N-deacetylation of chitin, was used as the 

basis for the injectable hydrogel scaffold due to its demonstrated capacity to support encapsulated cell 

survival and retention in vitro.153,154 The current work extends these findings by demonstrating that chitosan-

based hydrogels can effectively retain encapsulated cells intramuscularly, even after 4 weeks of active 

muscle use. Previous studies have shown that subcutaneously implanted chitosan scaffolds induced 

significant macrophage recruitment, and that macrophage polarization was dependent on the degree of 

deacetylation (DOD) of the chitosan used; 85% DOD resulted in a primarily M1 response, whereas 95% 

DOD was associated predominantly with an M2 phenotype.194 In the current work, the composite hydrogel 

containing modified chitosan with a DOD of 85% similarly elicited a strong M1 macrophage response, 

evident in the extensive recruitment and infiltration of CD68+ CCR7+ cells. Macrophage recruitment is also 

influenced by the release of chitosan oligosaccharides (COS), the degradation products of chitosan. In a 

study of implanted chitosan, Zhao et al.195 found that CD68+ macrophage recruitment was significantly 

enhanced compared to silicone controls at 2 weeks post-implantation, corresponding to the timeline of COS 

production due to in vivo degradation. COS have also been demonstrated to have macrophage 

immunomodulatory effects, increasing Arg-1 expression in M1 macrophages196 and reducing the 

production of inflammatory factors and nitric oxide (NO) in RAW 264.7 macrophages.197 Thus, in the 

current work, the enhanced macrophage infiltration observed in hydrogels with rASCs may be contributing 

to the production of COS by scaffold degradation, subsequently influencing the phenotype of the recruited 

macrophages.  
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Previous studies have demonstrated that PEG-(PTMC-A)2 hydrogels were susceptible to 

macrophage-mediated degradation, where specifically the incorporation of PTMC domains in PEG-based 

hydrogels permitted macrophage infiltration and enhanced degradation by cholesterol esterase enzymatic 

activity in vitro.147 While studies of PEG diacrylate hydrogels have indicated that PEG domains are 

susceptible to oxidative degradation via macrophage generated reactive oxygen species,198,199 it is expected 

that the inclusion of carbonate linkages in PEG-(PTMC-A)2 networks increases their susceptibility to 

macrophage mediated degradation in comparison to purely PEG-based networks. The enzymatic 

degradation products of the PEG-(PTMC-A)2 copolymer were expected to primarily consist of oligomeric 

PTMC, 1,3-propane diol, and oligomeric PEG.63,200,201 While these products are relatively inert, their release 

during scaffold infiltration may have also contributed to continued macrophage recruitment.  

In the current study, the inflammatory and angiogenic responses to intramuscularly injected 

scaffolds were found to be highly dependent on the encapsulation of rASCs within the scaffolds. The most 

apparent effect of the allogeneic ASCs was the enhanced recruitment and subsequent scaffold infiltration 

with CD68+ cells. Although studies with human cells have identified varying levels of CD68 expression in 

T cells, monocytes, fibroblasts, and fibrocytes,202–204 it would be expected that macrophages comprise the 

majority of the CD68+ population in the context and time frame of the current model. The rASC-enhanced 

recruitment of CD68+ cells was observed at 2 and 4 weeks post-delivery, when both fractional area of 

infiltration and penetration depth were significantly higher in the hydrogels with rASCs. These infiltrating 

CD68+ macrophages were predominantly CCR7+, suggesting a primarily M1 infiltrating population. The 

CCR7+ fraction remained constant over time in hydrogels with rASCs, but decreased in hydrogels without 

rASCs by week 4, indicating that the rASCs and/or the enhanced total macrophage recruitment may be 

contributing to the continued M1 activation. While CCR7 is a traditional M1 marker and is most intensely 

expressed on M1s over other subtypes, it is important to note that not all M1s express CCR7.121 Thus, it is 

possible that the infiltrating cells that were not CCR7+ may still have a pro-inflammatory phenotype. M1 

inflammatory macrophages are capable of producing high levels of TNF-α.113 In response to TNF-α, ASCs 
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have been previously shown to increase production of chemotactic factors responsible for monocyte 

migration.138,205 Thus, the rASCs may have responded to TNF-α produced by the early inflammatory M1 

macrophages at the scaffolds, secreting chemotactic factors, and recruiting more macrophages into the 

scaffold. In contrast, this interaction would have been absent at the site of hydrogels without rASCs, 

consistent with the reduced macrophage infiltration observed.  

In addition to enhancing overall macrophage recruitment, our results suggest that rASCs 

significantly increased the fraction of macrophages polarized towards an M2c phenotype. M2c polarization 

was assessed based on the CD163 marker,121 a hemoglobin scavenger receptor associated with scavenging 

cellular debris and inducing intracellular signaling to secrete anti-inflammatory cytokines.206 The fraction 

of M2c polarized cells was constant over 4 weeks for scaffolds both with and without rASCs, and these 

macrophages were predominantly found at the periphery of the scaffolds. M2c polarization can be 

stimulated via IL-10,113,121 and ASCs have previously been shown to produce IL-10,11 as well as to promote 

IL-10 production and CD163 expression in macrophages in vitro.134,137,207 Additionally, ASCs delivered in 

vivo have promoted IL-10 production following orthotopic liver transplantation in rats184 and obese mice.135 

Thus, encapsulated ASCs may be promoting the localized production of IL-10, resulting in the observed 

enhanced M2c polarization, although further studies would be required to verify this hypothesis.  

The rASC-enhanced CD68+ cell infiltration and remodeling of the scaffolds suggests that rASCs 

not only induce macrophage migration, but also alter macrophage metabolism. This metabolic shift was 

confirmed by identifying CD68+ cells that were iNOS+ and Arg-1+. These two subsets represent the two 

major enzymatic pathways of arginine metabolism, and are commonly used to differentiate M1 and M2 

macrophages.112,208 M1 macrophages express higher levels of iNOS, converting arginine into NO, a 

precursor to reactive nitrogen species.209 In contrast, M2 macrophages express higher levels of Arg-1, an 

enzyme responsible for the hydrolysis of arginine into ornithine (a precursor to polyamines, glutamate, and 

proline), and an inhibitor of inflammation and fibrosis.210 At week 1, a higher fraction of iNOS+ 

macrophages were found in the scaffolds without rASCs, suggesting that rASCs may have reduced the 
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initial inflammatory action towards the hydrogels. Additionally, the inclusion of rASCs resulted in a higher 

fraction of Arg-1+ macrophages at all time points, and the levels increased over time with and without 

rASCs. In combination with the CD163 staining results, this pattern suggests that the encapsulated rASCs 

promoted the transition of macrophages from a more pro-inflammatory iNOS+ response to a more pro-

regenerative Arg-1+ response.122 This causal association is supported by the fact that, in vitro, ASCs have 

been shown to lower iNOS expression and increase Arg-1 expression in M1 activated macrophages,135 and 

can induce unactivated macrophages towards a unique immunomodulatory phenotype with low iNOS 

expression and high Arg-1 expression.134   

MSC therapy for treating ischemic conditions ultimately relies on stimulating the generation of 

new, functional blood vessels in the affected tissue. The angiogenic effects observed in the current non-

ischemic hindlimb study are a promising sign for subsequent applications in an ischemic model. Compared 

to the hydrogels without rASCs and the sites of rASCs delivered in saline, the density of CD31+ vessels 

was significantly increased at the site of hydrogels with rASCs at 2 and 4 weeks post-delivery, and the 

average vessel diameter was smaller than at week 1, suggesting new vessel formation. These results indicate 

that the angiogenic effects depend on the sustained, localized concentration of rASCs, and are not simply a 

response to the scaffold itself.  

While the angiogenic effect is likely due in part to the many angiogenic factors produced by 

ASCs,9–11 the fact that this process was closely linked to the progress of macrophage recruitment suggests 

that the macrophages may also be playing a role in the observed angiogenic response. While previous 

studies proposed that M1 macrophages were anti-angiogenic and that M2 macrophages were responsible 

for promoting angiogenesis,127 more recent evidence has revealed that macrophage subtypes function in a 

coordinated, temporally organized manner to promote vessel growth.121 Specifically, M1 macrophages are 

thought to initiate angiogenesis by releasing factors known to promote an endothelial tip cell phenotype 

and blood vessel sprouting.121,211,212 Subsequently, M2c macrophages are thought to support vessel growth 

through the release of matrix remodeling enzymes that facilitate vascular remodeling of the extracellular 
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matrix.213 In the current work, the enhanced recruitment of CD68+ CCR7+ cells into the rASC-containing 

scaffolds observed by week 2 corresponded with the onset of increased vessel density, suggesting that M1 

macrophages may have been involved in promoting initial endothelial cell recruitment. Further, rASCs 

stimulated macrophage polarization towards the M2c phenotype, which may have facilitated the observed 

migration of endothelial cells and sprouting of vessels towards and into the scaffolds through the secretion 

of matrix remodeling factors.213,214 This activity is compared to hydrogels without rASCs, which 

demonstrated lower CD68+ cell recruitment and infiltration, reduced M2c polarization, and significantly 

lower CD31+ vessel density. Furthermore, the enhanced vasculature surrounding and penetrating the 

hydrogels with rASCs may have facilitated the observed migration of macrophages into the hydrogels by 

providing a network for monocyte migration and extravasation, potentially indicating synergistic effects of 

macrophage recruitment and angiogenesis. 

It is important to note that the immune response observed in the healthy, immunocompetent animal 

model used in the present study does not represent the inflammatory conditions and activated immune state 

that would be present in ischemic muscle,215 which is the intended therapeutic target. While this may affect 

the rate of macrophage recruitment and the ratio of M1 to M2 subtypes, the current findings that ASCs are 

immunomodulatory and promote a pro-regenerative M2 phenotype suggests they may be beneficial in 

treating the chronic inflammation characteristic of ischemic tissue.  

4.5 Conclusions 

The work of this chapter demonstrates the feasibility of using an in situ forming hydrogel to retain 

therapeutic MSCs in an intramuscular environment. The hydrogel itself, a composite of mechanically robust 

PEG-(PTMC-A)2 and cell-supportive MGC-RGD, was easily administered by injection and well retained 

in the intramuscular space, suggesting that the delivery strategy could be applied to a wide range of 

mechanically dynamic tissue environments. Compared to delivery in saline, the hydrogel improved the 

localization and retention of rASCs intramuscularly over 4 weeks in vivo. The presence of rASCs enhanced 

macrophage recruitment into the hydrogel and promoted a more pro-regenerative macrophage phenotype. 
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The combined rASC and macrophage presence was associated with significantly higher vessel density 

surrounding, and even within, the hydrogels with rASCs as compared to those without. Together, these 

results indicate that encapsulated rASCs have a potent immunomodulatory effect on the inflammatory 

response to implanted biomaterials, and that the combined activities of rASCs and macrophages produce 

an enhanced angiogenic effect. Thus, this strategy of cell delivery may serve to improve the efficacy of 

MSC therapies for a variety of ischemic conditions.  
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Chapter 5 

Evaluation of adipose-derived stem cell delivery strategies in a model of 

peripheral arterial disease 

5.1 Introduction 

Lower limb peripheral arterial disease (PAD) affects over 200 million individuals worldwide and 

is the third leading cause of atherosclerotic vascular morbidity after heart disease and stroke.216 Critical 

limb ischemia (CLI), an end stage of PAD, is associated with rest pain, non-healing ulcers, and tissue loss, 

as well as a 30% 1-year amputation rate and 20% 1-year mortality rate.217,215 The standard treatments to 

restore limb perfusion include bypass grafting or percutaneous angioplasty. However, for up to 50% of 

patients with CLI, the severity and distribution of arterial occlusion preclude such interventions.5 A 

promising alternative PAD treatment involves the intramuscular (IM) injection of mesenchymal stem cells 

into the ischemic regions of the affected limb to stimulate revascularization and functional recovery.5,144 

While clinical trials of cell-based treatments have demonstrated improvements to wound healing and 

reduced amputation rates, the poor extent of cell retention has remained a major challenge.5 

Preclinical animal models of CLI are an invaluable tool for investigating the safety, efficacy, and 

limitations of cell-based angiogenic treatment strategies. The most commonly used is a mouse model 

wherein ligation and excision of the femoral artery produces acute hindlimb ischemia (HI).144,218 Compared 

to in vitro angiogenic assays, in vivo HI models more closely resemble the human CLI condition by 

incorporating the complexities of skeletal muscle and vasculature architecture, as well as the interactions 

of multiple cell types involved in angiogenesis, such as endothelial cells, smooth muscle cells, pericytes, 

and monocytes/macrophages.81 However, there are several limitations of HI models for studying CLI. The 

progression and recovery of HI induced by arterial ligation depends on: i) the severity of ligation (length of 

artery removed, number of collaterals removed, removal of the vein);219 ii) the strain of mouse;220 and iii) 

the age of the mouse.221 These variabilities make it difficult to compare between studies using different 
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protocols.222 Furthermore, the acute induction of HI by femoral ligation does not reproduce the chronic 

nature of PAD and CLI, nor does it reproduce the comorbidities that reduce angiogenic capacity, such as 

diabetes, hypertension, and hypercholesterolemia.215 Therefore, while the progression of perfusion recovery 

in HI models can be an indication of a treatment’s efficacy at stimulating angiogenesis and collateral 

formation, it does not directly represent the expected progression of perfusion recovery in PAD. Despite 

these limitations, the HI model has been a valuable tool for determining the efficacy of cell-based treatments 

of CLI both alone,12,13,80 and with delivery scaffolds.104,105,223   

In this chapter, the therapeutic potential of the proposed strategy for delivering human adipose-

derived stem/stromal cells (hASCs) in an injectable mixed polymer hydrogel composed of methacrylated 

glycol chitosan with RGD (MGC-RGD) and poly(trimethylene carbonate)-b-poly(ethylene glycol)-b-

poly(trimethylene carbonate) diacrylate (PEG-(PTMC-A)2) was evaluated in a mouse model of acute HI. 

To enable testing of the approach with hASCs, an immune deficient non-obese diabetic (NOD)/severe 

combined immune deficiency (SCID) mouse strain was selected as the xenograft recipient, as it is a well-

established model that permits human cell survival and engraftment.224 In this strain, the NOD genetic 

background causes deficits in the differentiation and function of macrophages and antigen presenting 

cells,225 and the SCID mutation prevents T and B cells from developing to maturity.226 Furthermore, the 

NOD/SCID strain has been frequently used as a CLI model to evaluate human cell transplantations,227–229 

thus facilitating comparison of ischemic recovery between the current strategy and previous treatment 

approaches.  

The goal of this work was to determine i) if the hydrogel delivery strategy improved hASC retention 

in an ischemic environment, and ii) if improved hASC retention was associated with positive outcomes in 

terms of revascularization and limb function. Following the induction of severe acute hindlimb ischemia 

by femoral artery and vein ligation, four different treatments were delivered by IM injection: hASCs 

delivered in the mixed polymer hydrogel, the hydrogel alone, hASCs in saline, and saline alone as a sham 

treatment. The recovery of limb perfusion was assessed by laser Doppler imaging over 28 days, and limb 
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function was evaluated by gait analysis at the final 28 day time point. This timeline of assessment was 

selected to allow observation of the full progression of perfusion recovery, based on previous work using 

the same mouse model of HI.228,229 The thigh muscles of the ischemic and contralateral control hindlimbs 

were analyzed by immunohistochemistry to assess the effects of hydrogel delivery on hASC retention, and 

to semi-quantitatively measure intramuscular blood vessel density and cell proliferation as markers of a 

regenerative response.  

5.2 Materials and methods 

5.2.1 Materials 

PEG20-(PTMC2-A)2, referred to as PEG-(PTMC-A)2 in this chapter, and MGC-RGD were prepared 

and characterized as described in Chapter 3. Phosphate buffered saline pH 7.4, the Click-iT® EdU imaging 

kit, and Cryomatrix frozen embedding resin were obtained from Thermo Fisher Scientific. Mouse anti-

human HLA-ABC (cat. 555551) and rat anti-mouse CD31 (cat. 550274) primary antibodies were obtained 

from BD Biosciences. Goat anti-mouse IgG Alexa Fluor® 488 (cat. ab150113), and goat anti-rat Alexa 

Fluor® 488 (cat. ab150157) were obtained from Abcam. A mouse-on-mouse blocking kit was obtained 

from Vectors Labs. Unless specified, all other reagents were obtained from Sigma Aldrich Ltd. 

5.2.2 Isolation, culture, and immunophenotyping of hASCs 

Human research ethics board approval for this study was obtained from the Health Science 

Research Ethics Board at The University of Western Ontario (REB#105436, Appendix A.3). Primary 

hASCs were isolated from freshly excised adipose tissue samples obtained from a female patient (age 47 

years; BMI 30.6 kg/m2) undergoing elective breast reduction surgery. hASCs were expanded on TCPS 

under standard culture conditions (37 °C, 5% CO2 in air) in complete medium (DMEM:Ham’s F12 medium 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin) replaced 

every 2-3 days. Upon reaching 80% confluence, hASCs were trypsin-released, washed, counted, and re-
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plated at 5000 cells/cm2. Immediately prior to use, the immunophenotype of passage 2 hASCs was 

confirmed as previously described in Chapter 3.  

5.2.3 Induction of hindlimb ischemia in mice 

All animal protocols were approved by the University Animal Care Committee at The University 

of Western Ontario in accordance with the policies established by the Canadian Council on Animal Care 

(AUP# 2006-126-12). All animal handling procedures were performed by Stephen Sherman and Tyler 

Cooper of Dr. David Hess’ lab, with my assistance. Ischemia was induced in the right hindlimb of 

NOD/SCID mice (Jackson Laboratory, Bar Harbor, ME, jax.org). A simplified schematic of the hindlimb 

arterial anatomy (adapted from Kochi, et al.230) with the ligation site indicated is presented in Figure 5-1. 

Initial anesthesia was induced by intraperitoneal injection of ketamine hydrochloride (60-70 mg/kg) and 

xylazine (2-4 mg/kg), then maintained by inhaled isoflurane for the remainder of the procedure. 

Anesthetized mice were maintained on a heated pad at 37 °C. A longitudinal incision from the inguinal 

crease to the midpoint of the thigh was made along the path of the femoral artery. The subcutaneous fat and 

the superficial caudal epigastric artery were cauterized to expose the femoral neurovascular bundle. The 

femoral nerve was carefully separated from the artery and vein. Silk sutures were threaded beneath the 

femoral artery and vein, as indicated in Figure 5-1, and ligated using double surgical knots. Collateral 

vessels between the ligation points were cauterized, and the ligated segment of the femoral artery and vein 

was surgically resected. The skin incision was closed with silk sutures, and the mice were monitored during 

recovery from anesthesia to ensure they retained use of the operated limb.  
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Figure 5-1: Simplified schematic of hindlimb arterial anatomy. Proximal and distal ligation sites of the femoral 
artery and vein indicated with black lines. CaGA: caudal gluteal artery; CIA: common iliac artery; CrGA: cranial 
gluteal artery; FA: femoral artery; IFA: internal femoral artery; LCFA: lateral circumflex femoral artery; PA: popliteal 
artery; PCFA: proximal caudal femoral artery; SA: saphenous artery; SCEA: superficial caudal epigastric artery. Note: 
For the sake of clarity, only arteries are shown (veins omitted), and not all collateral vessels are illustrated. Adapted 
from Kochi, et al.230  

5.2.4 Intramuscular delivery of hASCs to an ischemic hindlimb 

24 h after surgery, each mouse (N = 8 per treatment group) received one of four treatments:  

A) hASCs + gel: 2×107 hASCs/mL in mixed polymer (4% w/v PEG-(PTMC-A)2 + 

1% w/v MGC-RGD) 

B) Gel alone: Mixed polymer alone 

C) hASCs alone: 2×107 hASCs/mL in saline 

D) Saline  

Each mouse, maintained under isoflurane anesthesia, received a single 20 μL intramuscular 

injection to the adductor muscle at the distal end of the ligation via a Hamilton Gastight syringe with a 25G 

5/8” BD needle. Cell and material preparation and crosslinking initiation were performed as described 

previously for delivery to the rat model (Chapter 4, Section 4.2.4). The mouse was maintained under 

anesthesia for 10 minutes after injection to prevent dispersal of the cells or polymer.  
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5.2.5 Laser Doppler perfusion imaging assessment of limb perfusion 

Limb perfusion was assessed by laser Doppler perfusion imaging (LDPI) immediately after ligation 

and at 7, 14, 21, and 28 days post treatment (N = 8 mice per group). Before each measurement, the mice 

were anesthetized with isoflurane, hair was removed from the hindlimbs using Nair™ hair removal cream, 

and the mice were warmed at 37 °C on a heated pad for 5 minutes. The mice, maintained under isoflurane 

anesthesia, were placed in a supine position under a MoorLDI-2 laser Doppler imaging system (Moor 

Instruments), and flux of moving blood particles was measured in the hindlimbs. The averaged flux in the 

ischemic and contralateral control limbs was quantified within a region of interest extending from the ankle 

joint to the distal extremity of the foot (MoorLDI software v6.0). A perfusion ratio (PR) was calculated as 

a ratio between the average flux in the ischemic and control limbs. The PR measured immediately after 

ligation was used to confirm the onset of severe limb ischemia.229  

5.2.6 Gait analysis  

Hindlimb function was quantified using a CatWalk™ gait analysis system and software (CatWalk 

v7.1, Noldus) at 28 days post treatment (N = 4 mice per treatment group). Three traverses of the CatWalk 

stage were recorded per mouse. Hindlimb function was quantified by calculating the ratio between the 

ischemic and control hindlimbs of hind paw print area, print intensity, and stand time per step cycle.  

5.2.7 Immunohistochemical assessment of hASC retention, endothelial cell recruitment, and cell 

proliferation 

The mice were euthanized at 28 days after treatment. 24 h prior to euthanasia, the mice were given 

a 100 μL intraperitoneal injection of a 10 mM solution of 5-ethynyl-2'-deoxyuridine (EdU) in saline to label 

proliferating cells, as previously described.229 The skin covering the hindlimbs was removed, and the entire 

thigh muscle was carefully excised, embedded in Cryomatrix, and frozen (N = 6 mice per group). Tissue 

was cryo-sectioned perpendicular to the muscle fiber orientation at 5 μm thickness. Sections were fixed in 

4% paraformaldehyde for 15 min and rinsed with PBS. Negative primary controls were included for each 

stain, following the exact same staining procedure, but without primary antibodies added to the dilution 

buffer for incubation (see Appendix A.4). To facilitate assessment of cell retention in the hydrogels, hASCs 
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were encapsulated in the mixed hydrogel at 2×107 hASCs/mL and cultured in vitro as previously described 

(Chapter 3, Section 3.2.12) under normoxic conditions for 7 days. These hydrogels were embedded in 

Cryomatrix and frozen for immunohistochemical analysis to compare with the hASC density in the 

hydrogels recovered from the explanted hindlimbs. 

For the detection of hASCs, sections were blocked with mouse-on-mouse (MoM) reagent, and 

stained with primary mouse anti-human HLA-ABC (5 μg/mL in MoM diluent, 30 min at room temperature 

(RT)) and secondary goat anti-mouse IgG Alexa Fluor® 488 (10 μg/mL in MoM diluent, 30 min at RT). 

The in vitro control hydrogels with hASCs were similarly processed. For the detection of endothelial cells, 

sections were blocked with 5% goat serum in tris-buffered saline with 0.2% Tween-20 (TBS-T), and stained 

with primary rat anti-mouse CD31 (1 μg/mL in TBS-T, overnight at 4 °C) and secondary goat anti-rat IgG 

Alexa Fluor® 488 (8 μg/mL in TBS-T, 1 h at RT). Proliferating EdU+ cells were labelled on the same 

sections using a Click-iT® EdU Alexa Fluor® 555 imaging kit according to the manufacturer’s instructions.  

All sections were imaged on a Zeiss Axio Imager M1 microscope. The density of HLA-ABC+ 

hASCs was calculated as cells per hydrogel area from three sections per mouse. The density of hASCs in 

the in vitro cultured hydrogels was similarly assessed. CD31+ cells and EdU+ cells were counted in at least 

ten photomicrographic fields (0.710 mm × 0.532 mm) from three sections per mouse, taken at evenly-

spaced intervals over the length of each muscle section. 

5.2.8 Statistical analysis 

All data are presented as the mean ± SD, with the exception of the figure of perfusion ratio (Figure 

5-2b), which was expressed as mean ± standard error of mean for the sake of figure clarity. Comparisons 

made at a single end point (gait and IHC analysis) were made by one-way ANOVA with Tukey’s multiple 

comparisons test to compare all group means. Perfusion ratios over time were compared by two-way 

ANOVA with Tukey’s multiple comparisons test to compare all group means at a single time point. 

Statistical analysis was performed using GraphPad Prism 7. 
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5.3 Results 

5.3.1 Immunophenotype of hASC used for in vivo transplantation  

Passage 2 hASCs used for delivery to the ischemic hindlimb exhibited the expected positive and 

negative expression of surface markers (Table 5-1), confirming that the cells had a stromal cell phenotype. 

Table 5-1: Immunophenotype of pooled hASCs used for in vivo transplantation. Percent of cells positive for each 
marker is presented as the average ± SD from n = 3 repeated measurements from passage 2 hASCs from one donor. 

 Surface Marker Expected phenotype163,164 Percent positive 
CD90 >80% 100.00 ± 0.00 

CD29 >80% 96.91 ± 0.58 

CD44 >80% 99.90 ± 0.04 

CD105 >80% 96.93 ± 0.28 

CD73 >80% 90.96 ± 0.56 

CD34 Variable 1.23 ± 0.15 

CD146 Variable 1.48 ± 0.18 

CD31 <2% 0.88 ± 0.15 

CD45 <2% 1.70 ± 0.09 

5.3.2 Hindlimb perfusion determination by laser Doppler perfusion imaging 

Hindlimb perfusion was monitored over 28 days by LDPI (Figure 5-2a). The onset of severe acute 

hindlimb ischemia was confirmed by post-operative PR values of approximately 0.1. No significant 

differences in average PR between treatment groups were detected until day 28 (Figure 5-2b), at which time 

the PR of the gel alone group was significantly higher than the ASCs alone group (0.55 ± 0.26 vs. 0.31 ± 

0.12, p = 0.011; two-way ANOVA with Tukey’s correction for multiple comparisons). Notably, the 

standard deviation in PR measurements at day 28 was higher for the hydrogel treatment groups (±0.216 and 

±0.257 for hASC + gel and gel alone, respectively) compared to the groups treated without gels (±0.119 

and ±0.102 for hASC alone and saline, respectively). 
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Figure 5-2: Limb perfusion measured by LDPI. a) Representative flux images (ventral view) with PR overlay. Flux 
is represented by a colour gradient from blue (low flux) to red (high flux). b) Perfusion ratio between the ligated and 
contralateral control limbs over time (N = 8 mice per group, mean ± SEM).  

5.3.3 Hindlimb function determination by gait analysis 

The function of the ischemic hindlimb was determined relative to the contralateral control limb 

using a CatWalk™ gait analysis system. A representative image of the paw prints during a transverse of 

the stage (left to right) is show in Figure 5-3a. Quantification of the ratio (ischemic/control) of the hind paw 
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print intensity (an indirect measure of pressure, Figure 5-3b), the hind paw print area (Figure 5-3c), and the 

hind paw stand time (Figure 5-3d) indicated no significant differences in limb function between the 

treatment groups. In all three metrics, the ratios were less than 1, indicating reduced ischemic limb function 

at 28 days post treatment.  

 

Figure 5-3: Gait analysis of hindlimb function.  a) A representative image of paw prints during a transverse (left to 
right) of the CatWalk™ stage from a mouse treated with hASC + gel (light green: right/front; dark green: right/hind; 
light red: left/front; dark red: left/hind). The ratio of b) print intensity, c) print area, and d) stand time of the ischemic 
hind paw relative to the contralateral control hind paw, as determined by CatWalk™ gait analysis (N = 4, mean ± SD).   

5.3.4 hASC retention within intramuscular hydrogels  

hASCs were identified by HLA-ABC staining only within the hydrogels of the hASCs + gel group 

(Figure 5-4a), but not in the surrounding tissues or in limbs injected with hASCs in saline (hASCs alone). 

Further, compared to the control gels cultured in vitro (Figure 5-4b), the hASC density in the intramuscular 

hydrogels was not significantly different (Figure 5-4c), suggesting that the cells were well retained after 28 

days of active muscle use in vivo.  



 

90 

 

 

Figure 5-4: hASC retention within intramuscular hydrogels. Representative images of a) hASC + gel explanted 
28 days after intramuscular injection into the adductor muscle in an ischemic mouse hindlimb (gel border indicated 
by dashed lines), and b) control hydrogels with hASCs cultured in vitro for 7 days. HLA-ABC+ (green); DAPI+ nuclei 
(blue). Scale bars = 100 μm. c) Average HLA-ABC+ cell density within the hydrogels (N = 5 hydrogels, mean ± SD); 
difference between groups was determined by an unpaired t test (p = 0.53).  

5.3.5 Intramuscular endothelial cell recruitment and cell proliferation 

The intramuscular capillary density, as measured by CD31+ cell density, in the hASCs + gel 

treatment group was significantly higher than all other treatment groups, and not significantly different 

from the non-ischemic control limbs (Figure 5-5a-f). CD31+ density in the hASCs alone group was 

intermediate: not significantly lower than the non-ischemic controls and significantly higher than the limbs 

treated only with saline. In contrast, the CD31+ density in the gel alone and saline groups were both 

significantly lower than the non-ischemic controls.  

The frequency of proliferative cells in the muscle tissue, measured by EdU incorporation, was 

significantly higher in the limbs treated with hASCs + gel compared to all other treatment types, and was 

equivalent to the non-ischemic controls (Figure 5-6a-e). While intramuscular CD31+ EdU+ cells were 

detected in all limbs, a significantly higher density was observed in limbs treated with hASCs + gel 

compared to those treated with gel alone or saline (Figure 5-6f); however, the fraction of CD31+ cells that 

were proliferative was equivalent between groups (Figure 5-6g) No HLA-ABC+ EdU+ cells were detected 

in the intramuscular hydrogels, indicating that the hASCs were not proliferating at the time of explantation.  
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Figure 5-5: Intramuscular CD31+ cell density. Representative images of thigh muscles: CD31+ endothelial cells 
(green), DAPI+ nuclei (blue), and muscle fascicle autofluorescence (red), from a) non-ischemic, untreated control 
limb; and ischemic limbs treated with b) hASCs + gel; c) gel alone; d) hASCs alone; e) saline. Scale bars = 100 μm. 
f) Intramuscular CD31+ cell density (N = 6 mice, mean ± SD). Differences between groups were determined by one-
way ANOVA with Tukey’s correction for multiple comparisons; differences between treatments and the non-ischemic 
control are indicated above each treatment group when significant; differences between specific groups are also 
indicated with bars (* p<0.05; *** p<0.001; **** p<0.0001). 
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Figure 5-6: Intramuscular EdU+ cell density. Representative images of thigh muscles: CD31+ endothelial cells 
(green), EdU+ nuclei (red), DAPI+ nuclei (blue) from ischemic limbs treated with a) hASCs + gel (detail in b) and c) 
saline (detail in d). Scale bars = 100 μm; EdU+ cells indicated with arrows; area of detail indicated with white box. e) 
EdU+ cell nuclei per total nuclei, f) CD31+ EdU+ cells per mm2, g) CD31+ EdU+ cells per total CD31+ cells (N = 6 
mice, mean ± SD). Differences between groups were determined by one-way ANOVA with Tukey’s correction for 
multiple comparisons; differences between treatments and the non-ischemic control are indicated above each 
treatment group when significant; differences between specific groups are also indicated with bars (* p<0.05; ** 
p<0.01).   
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5.4 Discussion 

Despite the promise of MSC transplantation therapy as a treatment of ischemic cardiovascular 

disease, maintaining cell retention and survival following injection remains a challenge. In the current work 

using a NOD/SCID mouse model of hindlimb ischemia, the use of an injectable hydrogel scaffold of MGC-

RGD and PEG-(PTMC-A)2 significantly improved hASC retention, with hASCs detected by IHC after 28 

days at a density equivalent to their original seeding density. This level of intramuscular retention marks an 

improvement over previous delivery strategies, such as MSC-seeded collagen scaffolds implanted in an 

ischemic hindlimb (3.4% ± 2.7% retention after 8 weeks by IHC)231; subcutaneous injections of ASCs in a 

peptide-based hydrogel (less than 5% of their original density after 14 days by bioluminescent imaging)232; 

and intramuscular injections of MSCs in chitosan- and alginate-based hydrogels to the ischemic heart (50-

62% of their original density after 24 h by bioluminescent imaging).233 Consistent with studies that have 

demonstrated that less than 10% of cells delivered by IM injection in saline to ischemic muscle remain after 

24 h,20,105,228,233 hASCs delivered in saline were not detected in the ischemic hindlimbs at 28 days.  

The improved retention of hydrogel-delivered hASCs corresponded to a significantly increased 

density of intramuscular capillaries and a higher frequency of proliferative cells compared to all other 

treatments. In addition, the hydrogel-delivered hASCs resulted in a significantly higher density of 

proliferative CD31+ cells compared to the gel alone and saline treatments. Together, these results indicate 

the induction of vascular recovery in the ischemic limbs treated with hASCs + gel. The observation that the 

frequency of proliferative CD31+ cells per total CD31+ cells was equivalent between groups suggests that 

enhanced endothelial cell proliferation may have occurred prior to the 28 day end point. This finding 

supports other studies of HI recovery, which found increases to capillary density occurred within the first 

7 days of vascular recovery, with little change in capillary density over the following 21 days.229 The 

delivery of the scaffold alone had no effect on endogenous cell proliferation or CD31+ cell density, 

indicating that the encapsulated hASCs were responsible for the differences in vascular density. 

Furthermore, few hASCs were observed outside the scaffold after implantation, suggesting that prolonged 
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localization of the encapsulated hASCs enhanced their ability to increase cell proliferation and support 

angiogenesis via paracrine factor release. Future work could assess changes in IM capillary density and 

endothelial cell proliferation at earlier time points to better understand the progression of vascular recovery 

over time.  

While the delivery of hASCs in saline significantly increased capillary density compared to control 

treatments with saline alone, consistent with the findings of Kondo et al.12 and Miranville et al.,80 the effects 

were further and significantly enhanced by using the injectable scaffold. This result supports the hindlimb 

ischemia studies of Suuronen et al.,104 and Tang et al.,105 who found that the improved retention of cells 

delivered in collagen and hyaluronan, respectively, resulted in enhanced capillary density. However, this 

work contrasts with the work of Xu et al.,223 who found no significant improvements in capillary density 

when MSCs were delivered in an injectable poly(N-isopropylacrylamide)-based hydrogel, unless basic 

fibroblast growth factor was co-delivered. This variability in the response suggests that the paracrine effects 

of injected encapsulated cells may vary depending on the nature of the hydrogel used for delivery.  

An important limitation to consider in the interpretation of these results is that the identification of 

capillaries by CD31 staining does not indicate if the vessels are part of a functional, perfused network. 

Future work could identify perfused vessels by intravenous injection immediately prior to euthanasia with 

Evans Blue dye234 or labeled lectins235,236 in order to discriminate between nascent, non-perfused vessels 

and functional vasculature. Furthermore, mature vessels could be identified by co-staining for α-smooth 

muscle actin.237  

As measured by LDPI, the recovery of hindlimb perfusion for mice treated with saline followed 

the expected profile based on previous studies using the same model,228,229 indicating that the ischemia 

model was successfully implemented. However, no significant improvements to limb perfusion were 

achieved with any of the treatments relative to the saline-treated controls. The delivery of 4×105 hASCs in 

saline was expected to result in improvement to the PR, based on previous studies using ASCs. Early work 

by Moon et al.13 demonstrated that the IM injection of 1×105 hASCs to a hindlimb ischemia model in 
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BALB/c nude mice resulted in significantly improved PR compared to saline (approximately 2-fold greater) 

after 14 days. Similarly, Kondo et al.12 demonstrated that the IM injection of 1×106 allogeneic mouse ASCs 

to a hindlimb ischemia model in immune competent C57BL/6J mice resulted in significantly improved PR 

after 14 and 21 days (approximately 1.5- and 1.2-fold improvements, respectively). 

By day 28, there was a greater variability in the PR of the groups treated with the hydrogel (with 

or without hASCs), compared to the groups treated with saline (with or without hASCs). This trend may 

indicate that the outcome of gel-based treatments was sensitive to factors that would not influence saline-

based treatments, such as the location and distribution of the gel in the IM space relative to the site of 

ligation. In the current work, the gel was administered by a single IM injection near the distal end of the 

ligation surgery site, thus any discrepancies in that single injection location may have affected the efficacy 

of the treatment. Future studies could investigate dividing the delivery into multiple smaller injections to 

reduce the impact of gel placement.  

Gait analysis indicated that no statistically significant differences in limb function existed between 

treatment groups after 28 days, as measured by paw print intensity, area, or stand time. However, previous 

work with this mouse model by Putman et al.229 found that functional improvements were only detected at 

earlier time points (7 days post treatment), and that by 28 days, limb use was equivalent even between 

groups with significantly different recovery of perfusion. In the current study, gait analysis could only be 

performed at the terminal endpoint due to technical limitations with the CatWalk™ system being only 

available outside of the barrier suite used to house immunocompromised NOD/SCID mice; however, future 

studies could be designed to include a time course assessment of limb usage following treatment with ASCs.  

Despite the enhanced local intramuscular effects of improved capillary density and cell 

proliferation detected by IHC for limbs treated with hASCs + gel, these differences were not reflected in 

improvements to limb perfusion or function. Several factors may have contributed to the lack of recovery 

of perfusion and limb use observed in the current study. As noted previously, additional staining procedures 

would be required to confirm if the observed capillaries are part of a functional network. Additionally, 
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previous work has demonstrated variability in ASC activity due to differences in donor age, gender, body 

mass index, and insulin sensitivity.162,238,239 As this work used hASCs derived from one donor, the results 

are highly dependent on the angiogenic potential of that single source, and may not reflect the potential of 

ASCs in general. Therefore, it would be recommended that any future studies be extended to include 

multiple cell donors.  

Furthermore, the use of the NOD/SCID mouse is a limitation of the current study, as the NOD 

mutation causes defects in the development of macrophages from hematopoietic precursors, resulting in 

weak functional macrophage responses.240 As macrophages are highly involved in angiogenesis, especially 

in inflammatory environments and in response to biomaterials,115,121 the defective macrophages may have 

influenced the angiogenic response to hASCs and the hydrogel. As demonstrated in Chapter 4 with an 

immune competent outbred rat model, the intramuscular delivery of the hydrogel elicited a substantial M1 

macrophage response, and allogeneic ASCs significantly increased macrophage recruitment and promoted 

a transition to an alternatively activated M2 phenotype. Both M1 and M2 macrophages are involved in the 

angiogenic process, particularly in response to biomaterials, by directing endothelial cell migration and 

vessel anastomosis and stabilization.115,121 Thus, despite ASCs improving endothelial cell density in the 

current NOD/SCID model, it is possible that the defective nature of the macrophages may have inhibited 

the nascent vessels from forming a stable, perfused network capable of significantly improving limb 

perfusion. This finding suggests that both the inflammatory response to the implanted hydrogel and the 

modification of that response by encapsulated ASCs may be involved in promoting an angiogenic response. 

The failure of ASCs to improve ischemic limb perfusion in the current study is in contrast to 

previous studies using hASCs in less immunocompromised athymic nude mouse models13,80,241 or 

allogeneic ASCs in an immune competent mouse model,12 which found significant improvements to 

perfusion. However, the strains used in these studies retain functional macrophages, further suggesting that 

the immunomodulatory effects of ASCs may be a critical aspect to their therapeutic effects in the ischemic 

environment. Future studies using a mouse strain that retains normal macrophage numbers and functions 
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but still permits xenotransplantation, such as a BALB/c SCID or athymic nude mouse strain, may provide 

a more complete model for studying the immunomodulatory effects of hASCs in an ischemic environment. 

However, these models would present a risk for the eventual rejection of the xenogeneic hASCs, which 

may or may not affect their ability to promote angiogenesis via paracrine signaling over 28 days. Ideally, 

the use of a humanized mouse model in which an immunodeficient mouse strain has been engrafted with, 

or genetically altered to express, components of a human immune system242 would allow for the study of 

the immunomodulatory affects of hASC in a xenotransplantation model. Specifically, a humanized mouse 

strain that supports the development of functional macrophages243 would provide insight into the potential 

for hASCs to modulate the response of human macrophages.  Alternatively, the use of allogeneic mouse 

ASCs in an immunocompetent mouse model could also provide insight into the role of ASCs in the 

inflammatory ischemic environment; however, the insight into potential clinical applications from this 

approach would be limited due to the non-human cell source.244  

5.5 Conclusions 

Cell retention following intramuscular injection remains a major hurdle in the implementation of 

cell-based therapies of peripheral arterial disease. In the current work, the use of an injectable hydrogel 

scaffold of MGC-RGD and PEG-(PTMC-A)2 improved the retention of hASCs delivered to a mouse model 

of hindlimb ischemia. The improved retention of hASCs was associated with local improvements to 

intramuscular cell proliferation and capillary density; however, these improvements were not associated 

with changes in limb perfusion or function relative to the controls. The immunocompromised nature of the 

host NOD/SCID mouse strain may have limited the treatment efficacy, as there is a growing body of 

evidence to support that the immunomodulatory capacity of ASCs may be an important mechanism in 

mediating their therapeutic potential. Future studies using hASCs from multiple donors in a less 

immunocompromised mouse host or allogeneic ASCs in an immune competent mouse host may provide a 

better model incorporating a more complete host inflammatory response to test the therapeutic efficacy of 

ASCs and the hydrogel delivery strategy. Overall, however, these findings are a promising indication that 
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the hydrogel-based delivery strategy can improve cell localization, retention, and survival in an ischemic, 

mechanically dynamic intramuscular environment. Further, the results support the previous findings that 

the encapsulated cells can produce local, paracrine-mediated therapeutic benefits. 
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Chapter 6 

Significance and recommendations 

6.1 Development of a mechanically robust, injectable hydrogel system for cell delivery 

By forming a cell-encapsulating scaffold upon delivery, injectable in situ-forming hydrogels have 

the potential to overcome the poor rates of cell retention and survival that have limited the efficacy of 

mesenchymal stem/stromal cell (MSC) transplantation therapies. However, the weak, brittle nature of many 

cell-encapsulating hydrogels limits their utility in load-bearing or mechanically dynamic applications. In 

the current work, a library of poly(trimethylene carbonate)-b-poly(ethylene glycol)-b-poly(trimethylene 

carbonate) diacrylate (PEG-(PTMC-A)2) prepolymers was developed and used to improve the strain 

resilience and modulate the stiffness of an otherwise-brittle cell-encapsulating N-methacrylated glycol 

chitosan (MGC) network. This strategy of network reinforcement could be applied broadly to a number of 

cell-encapsulating hydrogels to expand their application to include cell delivery to a variety of load-bearing 

tissues. Furthermore, the current study demonstrated that the release of paracrine factors from adipose-

derived stem/stromal cells (ASCs) encapsulated in the mixed polymer hydrogel was maintained, or even 

enhanced, in comparison to ASCs cultured on tissue culture polystyrene (TCPS). As paracrine signaling is 

a critical component of MSC-based therapies, this finding has significant implications for all therapeutic 

strategies relying on paracrine signaling from encapsulated cells, suggesting that encapsulated MSCs can 

be employed as “paracrine factories”. In addition, the results indicated that encapsulated MSCs may have 

a different secretory profile than TCPS-cultured MSCs.  

Although PEG-(PTMC-A)2 was demonstrated here to reduce the stiffness and brittleness of MGC 

hydrogels, future work should investigate the specific network structure in the mixed hydrogels that gives 

rise to these properties. Currently, it is unclear to what extent the two components are co-crosslinked. 

Several factors may be contributing to the formation of two distinct interpenetrating networks. Acrylate 

groups have been shown to undergo radical polymerization with a significantly higher propagation rate 
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constant than methacrylates,245 suggesting that a PEG-(PTMC-A)2 network may form prior to, and 

independently from, the MGC network. Furthermore, similar acrylated copolymers of PEG and PTMC have 

been shown to form nanoparticles when crosslinked in dilute aqueous solution,246 suggesting the 

amphiphilic nature of PEG-(PTMC-A)2 results in the aggregation of PTMC blocks in solution. When mixed 

with MGC, this behavior could promote the formation of a distinct PEG-(PTMC-A)2 network. Future work 

could investigate the degree co-crosslinking in the combined MGC + PEG-(PTMC-A)2 network by 

enzymatically degrading one component of the network (e.g.: degrade MGC with chitinase247 or PTMC 

with cholesterol esterase248), and measuring the retention of the non-degraded component.  

 To better quantify the cytotoxic effects of exposure to APS/TEMED initiation, future work could 

assay the cytotoxicity of cell culture media used to extract the soluble reactants following crosslinking. This 

would additionally indicate potential toxicity of the crosslinking process to surrounding tissue when the 

system is crosslinked in vivo. Furthermore, towards optimizing the release of cytokines from hASCs 

encapsulated within the mixed hydrogel scaffold, future work could investigate the effects of cell density, 

and more specifically, cell-cell contact on paracrine factor release. Recent work has demonstrated that 

paracrine factor secretion from mesenchymal stem/stromal cells (MSCs) is enhanced by N-cadherin 

mediated cell-cell contact.249 Thus, below a certain seeding density, this contact may be inhibited by the 

hydrogel network surrounding each individual cell, potentially reducing the paracrine activity of the 

encapsulated MSCs. Future work could explore the effects on MSC paracrine secretions of increasing the 

seeding density to promote cell-cell contact or simulating cell-cell contact by grafting an N-cadherin peptide 

motif to the polymers of the hydrogel. Finally, the effects of the hydrogel dimensions on cell survival and 

cytokine release could be explored by forming the hydrogels in different shapes in vitro (i.e. with higher 

and lower surface area to volume ratios). By affecting the diffusional path length for nutrients, oxygen, 

waste, and released cytokines, such changes to the hydrogel dimensions could result in significantly 

different levels of ASC survival and cytokine release. Further, the in vitro results from thinner, flatter 

hydrogels may more accurately represent the in vivo IM distribution of the hydrogel. By increasing or 



 

101 

 

decreasing the crosslinking time by varying the APS/TEMED concentration, it may be possible to 

respectively increase or decrease the spreading of the hydrogel following IM injection. Increasing the 

spreading of the hydrogel may have beneficial effects in terms of distributing cells intramuscularly and 

increasing the region of local cytokine release; however, increasing spreading too much may result in 

dissemination of the hydrogel and ASCs from the target tissue. 

6.2 Immunological and angiogenic response to the intramuscular injection of adipose-

derived stem/stromal cells in a hydrogel scaffold 

The feasibility of delivering ASCs using the combined PEG-(PTMC-A)2 MGC-RGD hydrogel and 

the ammonium persulfate/tetramethylethylenediamine radical initiator system in vivo was demonstrated by 

delivering allogeneic rat ASCs (rASCs) intramuscularly in a healthy rat model. The scaffold itself, and 

encapsulated rASCs, were well retained in the intramuscular space over 4 weeks of active use, suggesting 

that the delivery strategy could be more broadly applied to other mechanically dynamic tissues. 

Furthermore, this work contributed to the understanding of ASCs as modulators of the inflammatory 

response, demonstrating that encapsulated ASCs can promote the recruitment and regenerative polarization 

of macrophages responding to a biomaterial implant. These immunomodulatory effects were associated 

with enhanced angiogenesis, including evidence of scaffold vascularization. These findings have significant 

implications for tissue regenerative strategies more broadly, indicating that MSCs can be used to alter the 

host inflammatory response to implanted biomaterials, direct regenerative responses from macrophages, 

and impact implant remodeling and integration.  

In order to translate such a polymer hydrogel into a clinical setting, more rigorous sterilization 

procedures would be required. While UV exposure used in the current work superficially disinfects the 

material, future work should explore more rigorous methods such as sterile filtration of the prepolymer 

solution. To allow for the quantitative assessment of donor cell retention and distribution, future work could 

use rASCs derived from a transgenic rat donor expressing firefly luciferase. Combined with an in vivo 

bioluminescence imaging system capable of detecting photon flux, this strategy would allow for the semi-
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quantitative assessment of donor rASCs at the delivery site over time, as well as the possible distribution 

of ASCs to other tissues and organs.250 Future work could also explore the contribution of each hydrogel 

component, MGC-RGD and PEG-(PTMC-A)2, to the inflammatory response. Specifically, in vitro assays 

could be used to assess each component’s susceptibility to enzymes and reactive oxygen species produced 

by macrophages, and hydrogels of varying compositions could be cultured with macrophages to assess 

adhesion, activation, and infiltration. Past studies have demonstrated that RGD ligands affect the in vivo 

inflammatory response,199 and that the presence of PTMC in PEG-based enhances macrophage 

infiltration.147 The results of this work may be used to produce hydrogels with controlled rates of 

macrophage-mediated degradation.  

6.3 Evaluation of cell delivery strategies in a model of peripheral arterial disease 

In a final evaluation of ASC delivery strategies, the proposed hydrogel delivery system was applied 

in a mouse hindlimb ischemia model of peripheral arterial disease. Compared to the delivery of the hydrogel 

alone, hASCs in saline, and saline alone, hASCs delivered in the hydrogel were retained in the ischemic 

hindlimb and significantly improved the intramuscular capillary density and frequency of proliferative cells. 

Importantly, this study indicated that the release of pro-angiogenic paracrine factors from encapsulated 

hASCs observed in vitro could be translated to an in vivo setting, and that the improved retention of hASCs 

by hydrogel delivery resulted in an enhanced therapeutic effect.  

However, despite the immunohistochemical (IHC) evidence of local paracrine effects from hASCs 

delivered in the hydrogel, these effects were not reflected in improvements to limb perfusion or function. 

A possible explanation for this failure is the immunocompromised nature of the host NOD/SCID mouse 

model, specifically the defective macrophage component. As a major role of ASCs in ischemic recovery 

may be the modulation of inflammation and macrophage activity, this function may not be represented in 

studies using NOD/SCID hosts. In order to capture the immunomodulatory effects of ASCs, future work 

should consider using either i) hASCs in a less immunocompromised host (i.e. an athymic nude mouse or 

a humanized mouse model), or ii) using allogeneic mouse-derived ASCs in an immunocompetent mouse 
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model. Furthermore, ASCs should be derived from multiple donors to assess the potential effects of inter-

donor variability.  

The discrepancy between the increased capillary density (by IHC) and the unaffected limb 

perfusion (by laser Doppler imaging) suggests that the capillaries may not represent a mature, functional, 

perfused vascular network. This may be further evidence of a deficit in macrophage activities, as 

macrophages are involved in blood vessel maturation and anastomosis. Future work should consider assays 

to discriminate between non-perfused and perfused vessels, such as labeling perfused vessels with the 

intravenous delivery of a marker such as Evans Blue dye234 or labeled lectins.235 Additionally, micro 

computed tomography (micro-CT) could be used to generate 3-D representations of a perfused vascular 

contrast agent, allowing for the quantification of vascular architecture and limb perfusion at the terminal 

endpoint.251 Finally, as both IHC and micro-CT are terminal endpoint assessments of vascular recovery, 

future studies may benefit from running multiple cohorts of mice with early endpoint (1-2 weeks) and late 

endpoints (4-5 weeks) to assess the progression of recovery.  
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Appendix A 

Supplemental Information 

A.1 1H NMR Spectra of PEG-(PTMC-A)2 copolymers and mechanical properties 

 

Figure A-1: Chemical structure and 1H NMR spectrum of PEG4-(PTMC0-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz.  

 

Figure A-2: Chemical structure and 1H NMR spectrum of PEG4-(PTMC1-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz.  
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Figure A-3: Chemical structure and 1H NMR spectrum of PEG10-(PTMC0-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz. 

 

 

Figure A-4: Chemical structure and 1H NMR spectrum of PEG10-(PTMC1-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz. 
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Figure A-5: Chemical structure and 1H NMR spectrum of PEG10-(PTMC2.5-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz. 

 

 

Figure A-6: Chemical structure and 1H NMR spectrum of PEG20-(PTMC0-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz. 
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Figure A-7: Chemical structure and 1H NMR spectrum of PEG20-(PTMC1-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz. 

 

 

Figure A-8: Chemical structure and 1H NMR spectrum of PEG20-(PTMC2-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz. 
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Figure A-9: Chemical structure and 1H NMR spectrum of PEG20-(PTMC5-A)2. Spectrum recorded from sample 
dissolved in DMSO-d6, 25 °C, 400 MHz. 

 

Figure A-10: Representative plots from the mechanical testing of mixed 1% w/v MGC + 4% w/v 
PEG10-(PTMC1-A)2 hydrogels. a) Equilibrium stress versus strain, and b) Stress versus strain during compressive 
failure testing.  
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A.2 Queen’s University research ethics board approval 
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A.3 University of Western Ontario research ethics board approval 
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A.4 Immunohistochemistry controls 

 

Figure A-11: Positive and negative controls for immunohistochemical staining of CD31, CD68, CD163, CCR7, 
iNOS, and Arg-1 in rat intramuscular implants. Negative primary controls were performed with the standard 
staining procedure, except no primary antibodies were added to the antibody dilution buffer for primary incubation.  
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Figure A-12: Positive and negative controls for immunohistochemical staining of HLA-ABC, EdU, and CD31 
in mouse intramuscular tissue. Negative primary controls were performed with the same staining procedure, except 
no primary antibodies were added to the antibody dilution buffer for primary incubation.   

 

 


