
 

 

 

TEMPLATED HYBRID HYDROGELS FOR OSTEOCHONDRAL REPAIR 

 

A Dissertation 

by 

MICHAEL T. FRASSICA  

 

Submitted to the Office of Graduate and Professional Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY 

 

Chair of Committee,  Melissa A. Grunlan 

Committee Members, Daniel L. Alge 

 Akhilesh K. Gaharwar 

 W. Brian Saunders 

Head of Department, Michael J. McShane 

 

December 2020 

 

Major Subject: Biomedical Engineering 

 

Copyright 2020 Michael T. Frassica



 

ii 

 

ABSTRACT 

 

A synthetic materials-guided approach, wherein the scaffold’s chemical and 

physical properties alone instruct cellular behavior for tissue regeneration, has the 

potential to repair clinically pervasive osteochondral defects (OCDs) without the use of 

exogenous growth factors. Poly(ethylene glycol) diacrylate (PEG-DA) hydrogels are 

widely utilized in tissue regeneration, but lacks macroporosity for osteoconduction and 

are also not strongly bioactive (i.e. inducing mineralization for bone bonding) or 

osteoinductive (i.e. inducing mesenchymal stem cell [MSC] differentiation toward an 

osteoblastic-lineage). Previously, work by Grunlan and coworkers established that 

inclusion of star poly(dimethyl siloxane) methacrylate (PDMSstar-MA) with PEG-DA 

produced hydrogels with enhanced bioactivity and osteoinductivity. Furthermore, 

fabrication with solvent-induced phase separation and a salt template (“SIPS/salt”) yielded 

interconnected, macroporous scaffolds with excellent distribution of the siloxane 

macromer. Towards achieving osteochondral regeneration, this work sought to prepare 

macroporous PEG-based hydrogel scaffolds that included siloxane or phosphonated-

siloxane macromers, ultimately prepared as monolithic scaffolds with spatial control of 

chemical and physical properties. In a first study, SIPS/salt scaffolds were prepared with 

PDMSstar-MA of two number average molecular weights (Mn’s) (2k and 7k) with varying 

PDMSstar-MA:PEG-DA ratios and template salt sizes. Interconnected macropore size was 

tuned by the salt size, and a more uniform distribution was achieved with a lower Mn 

PDMSstar-MA. All PDMSstar-PEG hydrogels were confirmed to be bioactive upon 
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exposure to 1X simulated body fluid (SBF) and, when cultured with human bone marrow 

derived MSCs (hBMSCs) for 14 days, displayed a PDMSstar-MA dose-dependent increase 

in osteogenesis. In a second study, to further increase bioactivity and osteoinductivity, a 

siloxane macromer with pendant phosphonate groups, poly(diethyl(2-(propylthio)ethyl) 

phosphonate methylsiloxane) diacrylate (PPMS-DA), was synthetized. SIPS/salt 

PPMS:PEG scaffolds showed an enhanced osteogenic potential versus PDMS:PEG 

scaffolds when cultured with hBMSCs for 14 and 28 days. Finally, to afford spatial control 

of chemical and physical properties, a method was developed to prepare monolithic 

scaffolds from such individual scaffolds, termed ‘hydrogel scaffolds with spatially tunable 

chemistries and arrangements’ (SSTACs). Demonstrated with several SSTAC designs, the 

desired spatial distribution of chemistry and pore size was confirmed. Moreover, the 

interfaces of SSTACs were shown to lack a hard boundary and achieved good mechanical 

integrity.  
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CHAPTER I  

INTRODUCTION: PERSPECTIVES ON SYNTHETIC MATERIALS TO GUIDE 

TISSUE REGENERATION FOR OSTEOCHONDRAL REPAIR* 

 

1.1. Overview 

Regenerative engineering holds the potential to treat clinically pervasive 

osteochondral defects (OCDs). In a synthetic materials-guided approach, the scaffold’s 

chemical and physical properties alone instruct cellular behavior in order to effect 

regeneration, referred to herein as “instructive” properties. While this alleviates the costs 

and off-target risks associated with exogenous growth factors, the scaffold must be 

potently instructive to achieve tissue growth. Moreover, toward achieving functionality, 

such a scaffold should also recapitulate the spatial complexity of the osteochondral tissues. 

Thus, in addition to the regeneration of the articular cartilage and underlying cancellous 

bone, the complex osteochondral interface, composed of calcified cartilage and 

subchondral bone, should also be restored. In this Perspective, we highlight recent 

synthetic-based, instructive osteochondral scaffolds that have leveraged new material 

chemistries as well as innovative fabrication strategies. In particular, scaffolds with 

spatially complex chemical and morphological features have been prepared with 

electrospinning, solvent-casting−particulate-leaching, freeze-drying, and additive 

 

* Reprinted with permission from “Perspectives on Synthetic Materials to Guide Tissue 

Regeneration for Osteochondral Repair” by Frassica, M.T. and Grunlan, M.A., 2020. 

ACS Biomater. Sci. Eng., 6, 4324-4336, Copyright 2020 American Chemical Society.  
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manufacturing. While few synthetic scaffolds have advanced to clinical studies to treat 

OCDs, these recent efforts point to the promising use of the chemical and physical 

properties of synthetic materials for regeneration of osteochondral tissues. 

1.2. Introduction 

Osteochondral defects (OCDs) are injuries to the cartilage of the knee or ankle that 

extend from the articular cartilage into the underlying subchondral bone (Figure 1-1).1 

These defects, occurring from traumatic lesions or osteochondritis dissecans, cause severe 

pain and diminished mobility.2-4 Due to the limited healing capacity of this interface,5 

defects can progress to osteoarthritis (OA) and necessitate total joint replacement.6, 7 As 

the depth of the defect often extends beyond that of partial or full chondral defects (Figure 

1-1), limited success is observed for procedures such as microfracture and autologous 

chondrocyte implantation (ACI) due to the inability to regenerate subchondral bone and 

articular cartilage.8, 9 Thus, grafting is the most common clinical option to treat OCDs, 

with cylindrical autografts utilized for smaller defects (diameter < 3 cm2) and allografts 

for larger defects (diameter > 3 cm2).10, 11 However, both strategies suffer from a lack of 

graft availability and delamination from the surrounding tissue, along with risk of donor 

site morbidity for autografts and disease transmission/rejection for allografts.11-13 Thus, 

regenerative engineering has emerged as a promising option to heal OCDs.14, 15 
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Figure 1-1. Schematic representation of tissue composition along the osteochondral 

interface. Defect depth is denoted (left) as partial chondral defect (1), full chondral defect 

(2), and osteochondral defect (3). Cartilage layers are denoted (upper right) with 

approximate percentage of the cartilage tissue each zone comprises. Cellularity enhances 

with each layer of cartilage, eventually forming a transition of calcified cartilage 

connected to the subchondral bone plate. Interface components are labeled (lower right) 

with approximate sizes. 

 

In general, regenerative engineering aims to provide a temporary three-

dimensional (3D) environment or “scaffold”, in lieu of the native extracellular matrix 

(ECM), for recruited or seeded cells to proliferate and regenerate tissue.16, 17 Mesenchymal 

stem cells (MSCs), able to differentiate toward multiple cell lineages, are most widely 

used due to their ease of isolation from numerous adult tissues and their manipulability.18, 

19 Exogenous growth factors, or cellular signaling proteins, are commonly included in 

scaffolds to stimulate regeneration of tissues, including cartilage (e.g., insulin-like growth 

factor-1 [IGF-1] or transforming growth factor β-1 [TGFβ-1]) and bone (e.g., bone 

morphogenetic protein-2 [BMP-2] or vascular endothelial growth factor [VEGF]).20 

Achieving sustained, long-term release of growth factors from scaffolds during their 

degradation requires high loading levels which is associated with high costs and off-target 
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tissue responses.21-23 For osteochondral tissue, the demand for spatiotemporal delivery of 

various growth factors represents an additional level of complexity.24 In contrast, a 

material-based regenerative approach relies exclusively on scaffold chemical and physical 

material properties to guide tissue regeneration (i.e., without exogenous growth factors).25-

29 As with the ECM of native tissue, numerous scaffold properties have been shown to 

direct cell behavior, including morphology (e.g., pore size and shape),30-34 modulus,35-39 

chemical functionality,40-43 hydrophobicity,44-46 and hydration.47-49 Moreover, high 

porosity and interconnectivity are considered beneficial for nutrient diffusion and 

neotissue infiltration.50 Such scaffolds that leverage material properties to guide tissue 

regeneration in these ways are referred to as “instructive”,27, 51, 52 and will be mentioned 

as such herein. 

A materials-guided approach to treat OCDs represents a particular challenge due 

to the spatial complexity of tissues spanning this region (Figure 1-1). Osteochondral tissue 

consists of osseous and chondral tissues anchored together by a complex layer of calcified 

cartilage, beneath the tidemark and abutting the subchondral bone plate,53, 54 a feature that 

is key to its ability to disperse normal load.55 The bone tissue is a highly vascularized, 

porous scaffolding of organic collagen mineralized with inorganic hydroxyapatite (HAp), 

with a water content of ∼20−30%. The cartilage tissue is a dense ECM of primarily 

collagen and glycosaminoglycans (GAGs) but with a much higher water content (∼75%) 

and a more sparse distribution of native cells.5, 56, 57 Furthermore, articular cartilage 

consists of three layers of different collagen fiber orientation and cellularity (Figure 1-1), 

resulting in remarkable biomechanical stability. In recent years, damage to this interface 
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has been identified as a major contributor to cartilage defects and OCD propagation due 

to its key role in supporting the intensive loading of the joint.8, 55, 58 Leveraging the prior 

art on materials-guided scaffold properties associated with bone and cartilage 

regeneration, instructive osteochondral scaffolds have largely adopted designs with 

multiple phases and are often formed as cylindrical autograft-sized plugs.59 Biphasic 

designs have been most extensively used, presenting two distinct environments for 

differentiation of multipotent cells toward an osteoblastic or chondrocytic lineage. 

However, the simple merging of two discrete scaffolds (e.g., by mechanical attachment, 

glue, or freeze-drying) creates a hard interface and so fails to mimic the nativelike 

complexity of the osteochondral interface.60-62 Thus, recent designs have adopted 

triphasic, multiphasic, or gradient designs to recapitulate the transition between the 

calcified cartilage and subchondral bone plate as well as the zones of cartilage. 

A broad range of biomaterials, both biologic and synthetic, have been utilized for 

OCD repair based on their success in orthopedic and other biomedical applications, as 

described in Di Luca et al., Longley et al., and Deng et al.20, 21, 63 Among these materials, 

the most commonly utilized are approaches based on proteins such as collagen and silk 

fibroin for their adhesive and regenerative capacities, as recently reviewed in the 

literature.20, 21, 63 However, because of the complex nature of cell−protein interactions, we 

have chosen to focus on the current state of synthetic-based scaffold strategies that do not 

include a protein component. This highlights the potency of scaffold material properties 

to independently drive regeneration. Synthetic materials are not without their drawbacks. 

For instance, bioresorbable polymers, such as poly(α-hydroxy acids), provide potential for 
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adverse effects to cellular regeneration from acidic degradation products. Attempts to 

mitigate such effects in vivo have included reduction of implant size and inclusion of 

additives.64, 65 In the case of cartilage regeneration, synthetic materials are primarily 

combined with polysaccharides based on their unique mechanical properties as well as 

chemistries that enhance chondrogenesis; therefore, these systems are included. Thus, 

within this Perspective, we provide an outlook on the recent utility of the chemical and 

physical properties of synthetic scaffold systems for OCD repair, with a focus on 

highlighting common trends and potential areas for future investigation. 

1.3. Considerations for Osteochondral-Instructive Scaffolds 

Synthetic polymer scaffolds have been widely studied for decades in the field of 

tissue engineering. The level of control over key chemical and physical properties (e.g., 

degradation rate, pore morphology, chemical functionality, modulus, etc.) allowed by 

variations in chemistry and fabrication provides for an expansive scaffold library to apply 

to various tissue applications. Below, we highlight key criteria and materials for synthetic 

scaffolds useful for the regeneration of bone, cartilage, and the osteochondral interface. 

1.3.1. Materials-Driven Osseous Tissue Regeneration 

Bone tissue engineering has been extensively studied, as recently reviewed by Du 

et al.66 and Yu et al.67 For osseous tissue regeneration (i.e., osteogenesis), instructive 

scaffolds require osteoconductivity, osteoinductivity, and osseointegration66-69 which may 

be achieved by their chemical and physical properties. Osteoconductivity is traditionally 

defined as a material’s ability to encourage and support new bone formation on its surface. 

This has been identified to be facilitated by bioactivity (i.e., formation of a thin carbonated 
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HAp layer at the material surface) that adsorbs proteins for cellular attachment and 

proliferation.70 Scaffold chemical composition (e.g., ion releasing71 and phosphonate-

containing72) and pore architecture (interconnected pore size of 200−500 μm73, 74 or 

larger75) are associated with this trait, providing growth of the mineral layer and space for 

neotissue infiltration. Osteoinductivity is broadly understood as the ability to induce bone 

formation via cellular differentiation to a bone-forming lineage. Mechanisms for this 

action have been widely studied, including active facilitation of nutrient and waste 

transport via vascularization,67, 76 adherence of progenitor cells on the material surface (via 

protein adsorption or direct integrin binding) and subsequent interaction with surface 

properties,68, 77-79 osteogenic response to calcium and phosphate ions,80-82 and 

concentration of osteogenic proteins by material affinity.67, 83, 84 Osteoinductivity is often 

affiliated with a certain chemical composition (e.g., hydrophobic and inorganic materials 

such as bioglasses, calcium phosphates, siloxanes, and nanosilicates)68, 85-91 and pore 

topography (e.g., mesopores,92, 93 rough surfaces,94 and aligned fibers66). Matrix stiffness 

is also identified as a key factor in osteogenesis, as adhered cells can respond to the local 

environment through a variety of mechanisms.95, 96 Generally, stiffer matrices have been 

identified as osteogenic; however, other simultaneous cell−material interactions add 

complexity to a strict correlative relationship. To this point, in comparative studies, 

osteogenic moduli have been seen with hydrogels of 11−40 kPa36, 97 or >225 kPa.98 In 

other studies, osteogenesis has been observed for non-hydrogel matrices having moduli 

several magnitudes higher.74, 99 Finally, osseointegration refers to the ability for the 

material to integrate with the surrounding bone. In general, this requires scaffold 
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bioactivity for immediate bone bonding, an interconnected pore architecture for 

infiltration of neotissue and vascularization, and biodegradability that supports the bone 

regeneration.74 Ideally, scaffold degradation should parallel neotissue formation.100 

Calcium phosphates (including HAp), resembling the inorganic phase of native bone 

tissue, have been the most abundantly utilized material for bone regeneration. Such 

materials are known to recruit and stimulate MSCs while simultaneously initiating 

angiogenic and chemotactic responses.71 For regenerative scaffolds, these have primarily 

been formed into composites with polymers, typically polyesters, for better control over 

pore morphology and toughness.101, 102 More recently, bioglasses and bioceramics have 

seen use after modifications via element-doping (e.g., F−, Cl−, Na+, and Mg2+)20, 66 to 

mitigate their brittleness, to slow their resorption rates,101, 103-105 and to advance osteogenic 

differentiation or suppress inflammation.106, 107 Our group has demonstrated that 

bioactivity and osteoinductivity can also be achieved with nonbrittle materials by the 

incorporation of a silicon-based, inorganic polymer [star-polydimethylsiloxane 

methacrylate] into poly(ethylene glycol) diacrylate (PEGDA) hydrogels.88, 89 The 

instructive behavior of this silicon-based polymer is attributed to the known role that 

silicon plays in bone mineralization and gene activation108, 109 which had originally 

prompted the use of certain glasses, ceramics, and nanosilicates. As described later, 

fabrication strategies have been utilized to maximize the potential of these materials by 

controlling morphological features of the scaffold. 
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1.3.2. Materials-Driven Chondral Tissue Regeneration 

Articular cartilage regeneration presents a significant challenge in tissue 

engineering, as reviewed by Armiento et al.,9 with considerably less success compared to 

bone regeneration. Cartilage is a highly hydrated, avascular tissue that displays 

remarkably complex biomechanical behavior characterized by high compressive stiffness, 

strength, and lubricity.5, 110 Such complexity can be attributed to its layered nature (Figure 

1-1), wherein horizontally aligned collagen at the surface progresses to vertically aligned 

deeper in the tissue, resulting in the tissue’s anisotropic feature. Furthermore, it has a 

remarkable ability to expel and regain its water content (up to 80% by weight) during 

loading and articulation.111, 112 Toward materials-driven regeneration of cartilage, 

synthetic materials should recapitulate an environment that drives chondrogenesis through 

chondroconductivity, chondroinductivity, and chondrointegration. Chondroconductive 

scaffolds provide a morphology similar to that of the confined chondrocytic environment 

(smaller interconnected pores (< 300 μm)113 with low porosity114) to facilitate cell−cell 

interactions for chondrogenesis. Chondroinduction (i.e., induced differentiation toward a 

chondrocytic lineage) is strongly related to the level of cellular adhesion wherein moderate 

adherence of MSCs to a material surface is preferred and promotes a spherical cell 

morphology resembling that of a chondrocyte.115 Other factors can induce this 

morphological change as well, including encapsulation and scaffold morphology.9, 116 

Mechanotransduction has also been indicated in chondroinductivity117, 118 and is part of a 

complex relationship between cell shape, matrix properties, and mechanical loading. 

Finally, for chondrointegration, vertical integration of regenerated cartilage with 
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underlying bone has been observed; however, lateral integration with native cartilage 

tissue is more challenging. This can be attributed to factors such as biomechanical 

mismatching, cell death at the defect edge, and the antiadhesive nature of the tissue 

itself.119 In many cases, bioadhesives are thus employed.120 Another key factor for 

chondrointegration is biodegradation, where a degradation rate that matches the rate of 

tissue growth and can maintain mechanical support is a necessity. 

A variety of synthetic polymers (e.g., poly(ε-caprolactone) [PCL], poly(L-lactic 

acid) [PLLA], poly(lactide-co-glycolide) [PLGA], and poly(ethylene glycol) [PEG]), 

sometimes in combination with polysaccharides (e.g., cellulose, agarose, and alginate), 

have been explored for materials-guided cartilage regeneration.9, 111 Due to their 

hydration, permeability, and associated lubricity, hydrogels have been most frequently 

used as materials for cartilage regeneration. PEG-DA hydrogels have been widely studied 

because of the ease of tuning cross-link density, and in turn the modulus, thereby 

impacting cellular differentiation toward chondrocytic cell types.28, 48 However, such PEG 

scaffolds are limited in their ability to promote sufficient ECM production, which is 

associated with their lack of chemical and biological mimicry of native cartilage ECM. 

Thus, synthetic polymers have been combined with natural polymers (e.g., hyaluronic acid 

[HA], chondroitin sulfate [CS], and chitosan), due to the presence of charged groups like 

those comprising GAGs found in cartilage ECM, to form instructive scaffolds.9, 121, 122 HA 

and CS have further been indicated in the binding of the cell adhesion peptide CD44, 

assisting in the support of cell−cell interactions and subsequent chondrogenesis.123, 124 

More recently, fibrous materials have been used for articular cartilage regeneration, 



 

11 

 

particularly those based on biodegradable polyesters such as poly(glycolic acid) [PGA], 

PLLA, and PCL.9, 21, 125 These scaffolds’ structure mimics the fibrous collagen of native 

cartilage, providing a morphologically similar environment and a compressive stiffness 

and strength more similar to that of cartilage. The aligned fibrous morphology of these 

scaffolds can support a chondrocytic phenotype,125 as previously mentioned. 

1.3.3. Materials-Driven Osteochondral Interface Regeneration 

Beyond the “deep zone” of articular cartilage lies the osteochondral interface, 

consisting of calcified cartilage and the subchondral bone plate, leading subsequently to 

cancellous bone (Figure 1-1). Originally, instructive scaffolds regarded this area as a 

simple interface between two unique tissues (i.e., bone and cartilage). Thus, biphasic 

osteochondral scaffolds were formed by merging two independent scaffolds across a hard 

interface.60-62 More recently, this interface has been recognized for its role in the 

pathophysiology of OCDs and eventual OA. Specifically, a healthy subchondral bone 

adapts to the load of locomotion dispersed by the calcified cartilage layer.8, 126, 127 In 

osteochondral tissue formation, subchondral bone acts as a physical barrier that maintains 

the integrity of neocartilage and prevents bone in-growth, thereby directly relating it to the 

successful regeneration of articular cartilage.8, 58 Thus, this interface has been addressed 

in osteochondral scaffolds by the incorporation of additional layer(s) or “phase(s)” with 

differing material properties. For triphasic scaffolds, the middle phase is treated as a 

discrete layer with intermediate properties between bone and cartilage.128, 129 Often, 

“middle-ground” levels (between bone and cartilage) of scaffold porosity,130-132 modulus,9, 

35, 97, 133 and material composition21, 63 are used to create a transition. Successful in vitro 
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indications often show chondrocytic proliferation in a mineralized environment and 

expression phenotypical of hypertrophic chondrocytes, similar to that of the calcified 

cartilage layer.134, 135 Examples of these strategies include diverse composites (e.g., 

agarose with HAp, organic sol gel-coated calcium polyphosphate),136, 137 scaffold 

component orientations (e.g., arrayed plate-like HAp),138 additives for osteochondral 

differentiation (e.g., Mg-doped wollastonite, icariin, or zinc oxide),139-141 or components 

that promote a proregenerative environment (e.g., strontium or copper).142, 143 

1.4. Materials-Guided Tissue Engineering Approaches – Clinical Trials 

In the treatment of OCDs, nondegradable partial resurfacing devices and materials-

driven regenerative devices have emerged in clinical trials. For partial resurfacing devices, 

a synthetic material permanently replaces damaged tissues. For example, Cartiva, a 

cryogenically fabricated poly(vinyl alcohol) (PVA) hydrogel, is an FDA approved 

therapeutic for the treatment of OCDs in the first metatarsal phalangeal joint.144 Biopoly, 

currently in clinical trials, utilizes a titanium bone anchor and an ultra-high-molecular-

weight poly(ethylene) (UHMWPE)/HA hybrid surface for treatment of osteochondral 

defects in the knee.145 Several layered materials-guided OCD regenerative devices are in 

clinical trials, including protein-based devices such as BioMatrix CRD (Arthrex, US), 

Cartilage Repair Device (Kensey Nash Corp.), ChondroMimetic (Collagen Solutions, 

UK), and MaioRegen (Finceramic, Italy).146, 147 However, only two OCD devices that use 

a synthetic materials-guided regenerative strategy without the incorporation of proteins 

and/or exogenous growth factors have undergone clinical trials. These two devices include 

the TruFit (Smith & Nephew, Andover, MA) and Agili-C (CartiHeal Ltd., Israel). 
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Figure 1-2. Tru-Fit CB (left, A) is a biphasic PLGA copolymeric scaffold with calcium 

sulfate (bone phase) and PGA fibers (chondral phase). The Agili-C (right, B) is a marine-

derived aragonite (bone phase) scaffold with a hyaluronic acid-containing top (cartilage 

phase). Reproduced with permission from ref 148. Copyright 2014 Spring Berlin 

Heidelberg. 

 

The TruFit Plug, an acellular biphasic scaffold, consists of a semiporous 75:25 

poly(D,L-lactide-co-glycolide) (PLGA) copolymer with calcium sulfate incorporated in 

the lower bone phase and Poly(glycolic acid) (PGA) fibers in the upper cartilage phase 

(Figure 1-2A).148, 149 The two phases are merged together using a small amount of solvent. 

Bone regeneration relies upon the osteoinductive and resorptive capacity of the calcium 

sulfate.150, 151 The limited osteoconductivity (i.e., limited porosity) and brittleness 

associated with calcium sulfate are mitigated by fabricating as a composite with 

biodegradable PLGA. At the cartilage phase, PGA fibers are incorporated with the PLGA 

copolymer scaffold to provide a cartilage-mimetic fibrous environment for recruited 
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progenitor cells from the native tissue. The TruFit Plug advanced to clinical trials for 

osteochondral repair after initially being utilized for bone voids; however, it has since 

become unavailable.152 While preclinical in vivo studies showed promise, this TruFit 

suffered from poor integration with adjacent tissue as well as a lack of sufficient 

subchondral bone growth in short- and long-term studies.153-155  

More recently, the Agili-C was developed as an acellular biphasic instructive 

scaffold composed of coral-derived aragonite at the bone phase and aragonite/hyaluronic 

acid at the cartilage phase (Figure 1-2B).148 Aragonite is a calcium carbonate with ∼2% 

sodium, magnesium, potassium, and other ions absorbed from the seawater during its 

formation.156 Having interconnected pores ranging from 100 to 300 μm (porosity >50%), 

this material has recently been shown to support osteogenic differentiation of bone-

marrow-derived MSCs.156, 157 In addition to establishing the devices’ biocompatibility and 

biodegradability, early studies of the device demonstrated its ability to recruit stem cells 

from the surrounding tissue, attributed to the complex, nanorough geometry of the 

aragonite and CD44 binding capacity of hyaluronic acid.125, 158 More recent studies have 

shown restoration of high-quality cartilage and subchondral bone in a 12 month caprine 

model.158 This biphasic device began a 250+ participant premarket approval (PMA) 

pivotal study in 2017 for treatment of joint surface lesions.159 Results of this study will be 

informative regarding the regenerative potential of a biphasic scaffold to treat OCDs



 

 

Table 1-1. Select recent synthetic materials-guided strategies for osteochondral tissue engineering. Abbreviations include the 

following: β-TCP = β-tricalcium phosphate, A6ACA = N-acryloyl 6-aminocaproic acid, CaP = calcium phosphate, CSMA = 

chondroitin sulfate methacrylate, FDM = fused deposition modeling, HA = hyaluronic acid, HAp = hydroxyapatite, HRP = 

horseradish peroxidase, PAAm = poly(acrylamide), PCL = poly(ε-caprolactone), PDLLA = poly(D,L-lactide acid), PECDA = 

poly(ε-caprolactone)- poly(ethylene glycol)-poly(ε-caprolactone) diacrylate, PEG-DA = poly(ethylene glycol) diacrylate, PGA 

= poly(glycolic acid), PLGA = poly(D,Llactide-co-glycolide), PLLA = poly(L-lactic acid), PNIPAAm = poly(N-

isopropylacrylamide), PVA = poly(vinyl alcohol), PVB = poly(vinyl butyrate), SCPL = solvent-casting particulate-leaching, 

SLA = stereolithography, and SLS = selective laser sintering. 

# of 

phases 
Bone Cartilage Interface Fabrication Year Ref 

7 PCL/30% HAp PCL 

PCL/ 

(25/20/15/10/5%) 

HAp 

SLS 2017 160 

2 PECDA, PAAm, PEGDA CSMA, PNIPAAm 
calcium gluconate 

and alginate 

phase separation; thermal 

crosslinking 
2017 161 

3 PCL PCL N/A electrospinning; FDM 2017 162 

2 
methacrylated triblock (F127-

P123)/CaP 

methacrylated triblock  

(F127-P123) 
N/A FDM 2017 163 

2 PVA/HAp PVA N/A 
Electrophoresis; freeze-

drying 
2017 164 

2 PVA/β-TCP PVA N/A SCPL; freeze-drying 2017 165 

3 PCL/30% HAp PCL PCL/15% HAp FDM 2018 166 

2 PCL/10% graphene N/A N/A SCPL 2018 167 

2 alginate/HAp alginate/hyaluronic acid N/A 
diffusion controlled, 

directed ionotropic gelation 
2018 168 

3 PEGDA/A6ACA/CaP PEG-DA PEG-DA freeze-drying 2018 169 

2 chitosan/alginate/HAp chitosan/hyaluronic acid N/A TIPS; freeze-drying 2019 170 

2 PLGA/tyramine PLGA/tyramine N/A SCPL; freeze-drying 2019 171 

3 silicon-zirconium SZ2080 silicon-zirconium SZ2080 
silicon-zirconium 

SZ2080 
stereolithography 2019 172 

2 PDLLA/camphene PDLLA N/A SCPL; freeze-drying 2019 173 

2 β-TCP PEG-DA N/A stereolithography 2019 174 



 

 

1.5. Recent Materials-Guided Approaches. 

A variety of instructive scaffold designs have emerged in recent years that target 

healing of OCDs using a synthetic materials-guided regenerative engineering approach 

(Table 1-1). Given the known influence of morphological features on directing cell 

behavior,30-34 scaffolds with spatially controlled morphology and chemistry are expected 

to improve regeneration, particularly in combination with materials whose chemical and 

physical properties are known to be instructive. In this section, we highlight recent 

examples of osteochondral scaffolds that have leveraged different fabrication strategies 

(Figure 1-3). 

 

 

Figure 1-3. Synthetic materials-guided osteochondral regeneration has utilized four major 

fabrication techniques - SCPL, freeze-drying, additive manufacturing, and electrospinning 

- with a variety of materials in configurations of biphasic, triphasic, or gradient scaffolds. 
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1.5.1. Electrospinning 

Electrospinning involves charging and drawing a viscous polymer solution into 

fibers at the micro- or nanometer scale onto a collector of opposite polarity.175 Deposition 

of these fibers results in a nonwoven fibrous mesh with tunable porosity, interconnectivity, 

mechanical properties, and surface area. Extensive research has demonstrated the 

fabrication of complex fiber shapes (e.g., solid, helical, and hollow) via phase separation 

of two materials spun from the same solution and controlled alignment (e.g., mesh, 

parallel, and patterned) by using unique counter electrode arrangements and 

movements.176 Utilization of magnetically responsive polymers affords the opportunity 

for magnetically assisted fabrication, in which fibers can be aligned with direction of an 

applied magnetic field.177, 178 Electrospinning is a versatile fabrication technique suitable 

for many polymers, including synthetic and natural polymers and combinations of the two. 

Furthermore, bioceramics can be electrospun either as a sol−gel or as a composite with a 

polymer in solution.179 A number of new studies have utilized electrospinning to prepare 

instructive osteochondral scaffolds that span from the articular cartilage to the cancellous 

bone.176, 180 Most often, these scaffolds have been formed by combining individually 

prepared, discrete electrospun layers using solvent-bonding, freeze-drying, or other 

methods. For example, Yunos et al. formed a biphasic scaffold by electrospinning 

poly(D,L-lactide) (PDLLA) (the cartilage phase) of varying thicknesses (up to 150 μm) 

onto a bioglass foam (the bone phase).181 This scaffold was able to support chondrocytic 

proliferation on the fibers and graded HAp formation as a function of PDLLA thickness 

(during exposure to simulated body fluid). Thus, while a biphasic scaffold, the formation 
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of mineralized fibers at the interface paralleled the calcified cartilage layer of the native 

osteochondral interface. As this fabrication strategy advances for OCD regenerative 

strategies, magnetically assisted fabrication may help to form tighter interfaces between 

discrete layers and complex spatially aligned fibers that can be used to form more 

biomimetic phases. 

1.5.2. Solvent-Casting Particulate-Leaching 

Solvent-casting particulate-leaching (SCPL) is useful to produce materials with 

tunable pore sizes and shapes. In SCPL, a polymer is dissolved in a solvent, introduced to 

an insoluble porogen, and then cross-linked and/or solvent evaporated. Following leaching 

of the porogen, a network of pores is produced whose size and shape are dictated by the 

porogen. A wide variety of salts or other materials have been utilized as porogens for 

SCPL (e.g., NaCl salt, paraffin beads, and gelatin beads) and chosen for properties such 

as their solubility, shape, size, and/or thermal stability. By first fusing the porogen 

template, interconnected porosity may also be achieved. For instance, we utilized a fused 

salt template, prepared by the addition of a small quantity of water to sieved NaCl crystals, 

to form interconnected macropores of tunable size in PEG-DA hydrogels and PCLDA 

shape memory polymers for osseous scaffolds.182, 183 

The use of SCPL to prepare instructive osteochondral scaffolds has largely relied 

on preparing biphasic or multiphasic scaffolds whose differing pore sizes or shapes are 

leveraged to direct cell behavior. For example, in Mahapatra et al., a biphasic PDLLA 

scaffold was prepared with a small salt porogen for the dense layer (cartilage phase) 

whereas the nanofibrous layer (bone phase) was created with a large salt porogen as well 
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as with camphene to induce phase separation, creating two distinct layers.173 Scaffaro et 

al. also prepared a biphasic scaffold using leachable porogens but utilized melt mixing 

rather than solvent-casting.184 Each of the mixtures of polymer and porogen - PLA/larger-

sized salt and PCL/PEG/smaller sized-salt - were sequentially melt-mixed and 

compression molded into cylindrical layers, followed by fusing the layers together with a 

heat treatment and last leaching the porogens. Tang et al. created a PLGA triphasic 

scaffold with graded pore size by utilizing gelatin-microspheres of three sizes to form a 

trilayered porogen template, fused by the addition of a small amount of ethanol/water 

solution as well as heat treatment.185 

1.5.3. Freeze-Drying 

Freeze-drying (including also thermally induced phase-separation [TIPS]), 

wherein ice acts as the porogen, is also utilized to fabricate porous scaffolds.186 This 

method involves the freezing of an aqueous polymeric solution and subsequent 

sublimation of the ice. Upon formation and growth of ice, phase separation occurs as 

polymer chains are excluded and thereby form an interconnected network.187 The utility 

of freeze-drying is attributed to the lack of harmful solvents as well as the ability to refine 

scaffold morphology, namely, pore directionality and pore homogeneity. For instance, to 

control pore directionality, the cooling source can be introduced at a specific portion of 

the scaffold, causing freezing to travel from one point to another and thus producing pores 

oriented in that direction. Also, to influence pore homogeneity, cooling rate can be 

changed, wherein faster rates lead to heterogeneous pore sizes due to nonuniform ice 

nucleation, and slower rates lead to a uniform pore network. Pore size can be influenced 



 

20 

 

based on precise control of freezing time, temperature, material, and other strategy-

specific variables.188-190 

Freeze-drying has been utilized to create instructive scaffolds for osteochondral 

regeneration having different degrees of complexity. Erickson et al. designed a biphasic 

scaffold by layering two distinct polymer solutions and subsequently freeze-drying.170 The 

cartilage layer was a 4% chitosan and hyaluronic acid (CHA) mixture, and the bone layer 

consisted of 6% chitosan and alginate (CA) and 0.5% hydroxyapatite. For fabrication, the 

bone layer mixture was added over the refrigerated cartilage layer mixture, centrifuged to 

remove bubbles and create a tight interface, and then refrigerated, frozen, and lyophilized. 

Kang et al. designed a more complex trilayer scaffold by a similar method but where PBS 

was used to wash out frozen crystals from pores.169 This scaffold consisted of a cartilage 

layer of PEG-DA, a transition layer of PEG-DA with pore anisotropy, and a mineralized 

bone layer of PEG-DA, CaP, and N-acryloyl 6-aminocaproic acid (A6ACA). The bottom 

two layers were fabricated by polymerizing the first layer of PEG-DA and A6ACA at −20 

°C for 24 h, followed by adding the second PEG-DA layer on top and polymerizing at the 

same temperature. The resulting lower layer contained smaller, uniform crystals due to the 

24 h uniform freeze, while the middle layer had columnar pore structures due to the frozen 

gel beneath it. The resulting bilayer scaffold was incubated in simulated body fluid for 

mineralization and subjected to cell culture. Finally, to create the final trilayer scaffold, a 

small amount of cell-laden PEG-DA was photopolymerized on the upper surface of the 

bilayer scaffold. This study showcased the ability to control pore directionality, which can 

mimic the anisotropic nature of chondral tissue. Such an approach may be utilized to 
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prepare instructive osteochondral scaffolds that mimic tissue collagen fiber alignment with 

the potential to achieve interfacial complexity. 

1.5.4. Additive Manufacturing 

With the emergence of additive manufacturing (i.e., 3D-printing), scaffolds may 

be prepared with a high degree of morphological and compositional complexity through 

computer-aided design (CAD). The formation of printed structures, most often in a layer-

by-layer manner, affords a high degree of spatial control to prepare multiple, unique 

zones.191 A wide variety of materials can be 3D-printed, including thermoplastics, 

hydrogels, polysaccharides, ceramics, and composites merged by melting, UV-

crosslinking, particle fusion, and more.192 Recently, instructive osteochondral scaffolds 

have utilized three major types of 3D printing, including stereolithography, fused 

deposition modeling, and selective laser sintering.191  

Extrusion based 3D printing (i.e., fused deposition modeling) is a process in which 

a melt or gel “ink” is deposited in a layer-by layer fashion.191 This method has been utilized 

for the generation of osteochondral scaffolds with spatially controlled composition and 

morphology. For instance, Bittner et al.166 utilized multiple nozzles to coextrude three 

mixtures of PCL and HAp. A triphasic scaffold was prepared with zones of different pore 

sizes and HAp concentrations: osseous phase (900 μm, 30% HAp), transition phase (500 

μm, 15% HAp), and cartilage phase (200 μm, 0% HAp). While bioprinting has emerged 

as a type of fused deposition 3D printing, wherein cells are incorporated into the resin 

prior to printing, the typical inclusion of growth factors does not constitute a synthetic 

materials-driven approach.193 However, polysaccharide printing has been achieved,194 and 
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recently, a method for bioprinting of growth-factor free materials as gradients has been 

reported in Idaszek et al.195 This involved the controlled rapid mixing of multiple bioinks 

prior to extrusion, producing gradients representing the transition from bone to cartilage.  

Stereolithography (SLA), also known as optical fabrication or photosolidification, 

uses the solidification of liquid resins to form complex structures. This process typically 

involves a bath of a liquid resin that is solidified in a layer-by-layer fashion with a focused 

laser beam. Favorably for tissue engineering scaffolds, this strategy consistently produces 

structures with higher resolution than traditional fused deposition modeling, as the 

determination is made by the optical spot size of the laser rather than the extruding nozzle 

size.196 However, the use of a resin bath typically limits printing to a single material, thus 

hindering printing of scaffolds with multiple phases in a single step. More recently, 

multimaterial systems have been developed,197 which could provide a format for SLA 

printing of osteochondral scaffolds. For example Wu et al. reported a scaffold composed 

of PEG-DA and β-TCP that was formed by multimaterial mask projection 

stereolithography, a process that effectively allows the use of multiple materials in one 

scaffold.174 This was accomplished by a bottom-up process designed to print with 

“material A” (β-TCP), wash the scaffold to remove liquid resin, and then print with 

“material B” (PEG-DA), resulting in a well-integrated biphasic scaffold. Another 

promising technology in stereolithography is the use of two-photon polymerization. This 

technology induces resin polymerization by the absorption of two photons using a 

femtosecond laser, allowing for an extremely high precision cure. This permits a 

fabrication feature size as small as 100 nm. Strategies using this method have shown 
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promise in tissue engineering.198 Recently, Maciulaitis et al. utilized two-photon 

polymerization to form an osteochondral repair scaffold of a material deemed SZ2080 

[consisting of 20% “inorganics” (i.e., methacryloxypropyl trimethoxysilane and 

zirconium propoxide) and 80% organics (i.e., 2-(dimethylamino)ethyl methacrylate)].172 

The scaffold was designed with hexagonal pores, set at a diameter of 100 μm and height 

of 51 μm, displaying extremely precise morphological control.  

Selective laser sintering (SLS) is an additive manufacturing strategy that utilizes a 

high-power laser to fuse particles of a set size and composition. This technique is 

conducive for gradient production as it is completed layer-by-layer, wherein a layer of 

particle powder is added and then fused, and the process is repeated. Furthermore, the 

complex surfaces and pore shapes in these scaffolds are more like that of native tissue, 

rather than the geometrical and consistent alignment of extrusion printed scaffolds. Du et 

al. highlights the use of SLS to fabricate a unique gradient-based scaffold of PCL and 

HAp.160 This study utilized PCL microspheres and PCL microspheres modified with HAp 

nanoparticles, both with diameters of ∼100 μm. Decreasing ratios of PCL/HAp to PCL 

microspheres were added manually at designated positions along the fabrication process. 

Thus, a gradient of HAp was developed, from 30% modified to 0% at 5% increments 

making for seven seamless layers with interconnected pore sizes in the range 400−500 

μm. 

1.6. Conclusions 

Synthetic polymer scaffolds have the potential to guide the regeneration of 

complex osteochondral tissues through their instructive chemical and physical properties. 
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Herein, we have highlighted how synthetic material-based scaffolds have been utilized in 

recent years for osteochondral tissue engineering. Early work relied on biphasic scaffolds, 

merged across a hard interface, with only two synthetic materials-guided examples 

advancing to clinical studies. Thus, recent efforts have focused on developing instructive, 

multiphasic scaffolds with spatially complex chemical and morphological features by 

leveraging advanced fabrication methods. In doing so, the complex osteochondral 

interface, consisting of calcified cartilage and the subchondral bone plate, is better 

recapitulated and anticipated to enhance biomechanical functionality. As exemplified 

herein, further refinements to the chemical and morphological features, along with a 

greater degree of spatial control, are expected to enhance instructive behavior. To 

potentially increase the potency and efficacy of such synthetic-based osteochondral 

scaffolds, the use of coculturing (i.e., controlling culture of multiple cell lineages in 

separate scaffold zones),134, 199-201 bioreactors (i.e., dynamic in vitro environment to mimic 

native environment),202-204 and microcarriers (i.e., 100−400 μm particles that facilitate cell 

growth/expansion)201, 205, 206 may be employed. Microfluidic advancements represent 

significant promise in increased understanding of the microenvironments necessary for 

osteochondral regeneration.207 Mechanically robust double network (DN) hydrogels may 

provide an opportunity to produce osteochondral scaffolds with surfaces that can 

withstand articulating forces prior to tissue regeneration.57, 208-212 New synthetic materials-

guided osteochondral repair strategies are constantly emerging, and those that further 

address the spatial and compositional complexities of the native tissue will significantly 

advance the potential of the field to treat OCDs. While protein-based scaffolds have been 
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widely studied and are known to be instructive, scaffolds that exclude proteins rely solely 

on material properties to direct regeneration and therefore isolate the potency of these cues 

such that they can be leveraged more effectively. 
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CHAPTER II  

INCORPORATION OF A SILICON-BASED POLYMER TO PEG-DA TEMPLATED 

HYDROGEL SCAFFOLDS FOR BIOACTIVITY AND OSTEOINDUCTIVITY† 

 

2.1. Overview 

A scaffold that is inherently bioactive, osteoinductive and osteoconductive may 

guide mesenchymal stem cells (MSCs) to regenerate bone tissue in the absence of 

exogenous growth factors. Previously, we established that hydrogel scaffolds formed by 

crosslinking methacrylated star poly(dimethylsiloxane) (PDMSstar-MA) with diacrylated 

poly(ethylene glycol) (PEG-DA) promote bone bonding by induction of hydroxyapatite 

formation (‘‘bioactive”) and promote MSC lineage progression toward osteoblast-like fate 

(‘‘osteoinductive”). Herein, we have combined solvent induced phase separation (SIPS) 

with a fused salt template to create PDMSstar-PEG hydrogel scaffolds with controlled 

PDMSstar-MA distribution as well as interconnected macropores of a tunable size to allow 

for subsequent cell seeding and neotissue infiltration (‘‘osteoconductive”). Scaffolds were 

prepared with PDMSstar-MA of two number average molecular weights (Mns) (2k and 7k) 

with varying PDMSstar-MA:PEG-DA ratios and template salt sizes. The distribution of 

PDMSstar-MA within the hydrogels was examined as well as pore size, percent 

interconnectivity, dynamic and static moduli, hydration, degradation and in vitro 

 

† Reprinted with permission from “Incorporation of a Silicon-based Polymer to PEG-DA 

Templated Hydrogel Scaffolds for Bioactivity and Osteoinductivity” by Frassica. M.T., 

Jones. S.K., Diaz-Rodriguez, P., Hahn, M.S., and Grunlan, M.A., 2019. Acta Biomater., 

99, 100-109, Copyright 2019 Elsevier Ltd. 
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bioactivity (i.e. mineralization when exposed to simulated body fluid, SBF). Finally, cell 

culture with seeded human bone marrow-derived MSCs (hBMSCs) was used to confirm 

non-cytotoxicity and characterize osteoinductivity. Tunable, interconnected macropores 

were achieved by utilization of a fused salt template of a specified salt size during 

fabrication. Distribution of PDMSstar-MA within the PEG-DA matrix improved for the 

lower Mn and contributed to differences in specific material properties (e.g. local modulus) 

and cellular response. However, all templated SIPS PDMSstar-PEG hydrogels were 

confirmed to be bioactive, non-cytotoxic and displayed PDMSstar-MA dose-dependent 

osteogenesis. 

2.2. Introduction 

Bone tissue regeneration holds potential to be achieved with an instructive scaffold 

whose chemical and physical properties direct the behavior of associated mesenchymal 

stem cells (MSCs), even in the absence of exogenous growth factors.25, 27, 28 This 

“materials-based” approach to bone regeneration would mitigate cost and risks of off-

target responses associated with added growth factors.213-215 Ideally, such a scaffold would 

be osteoinductive (to stimulate differentiation of cells into the bone-forming lineage), 

bioactive (to promote bonding with adjacent bone tissue by hydroxyapatite mineralization) 

and osteoconductive (to permit bone growth on its surface or down into pores).68, 69, 101 

Osteoconductivity may be obtained when scaffolds are produced with optimized pore size 

(i.e. between 200 and 400 µm) as well as pore interconnectivity.16, 74, 113 Approaches to 

achieve osteoinductivity and bioactivity have often relied on the incorporation of 

inorganic and hydrophobic materials, particularly bioactive glasses and ceramics used as 
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fillers.44, 85-87 However, such composite scaffolds typically suffer from low fracture 

toughness, limited or low resorption rates and a lack of ideal pore features.101, 103 Scaffolds 

that mitigate these issues while achieving these instructive behaviors would represent a 

significant advancement in bone regeneration. 

It has been demonstrated that silicon plays a key role in bone mineralization and 

gene activation,108, 109 thus prompting the use of certain glasses or ceramics. Instead, we 

have demonstrated that bioactivity and osteoinductivity could be obtained by introducing 

silicon-based, inorganic polymer to a conventional organic hydrogel.88, 216 Specifically, 

inorganic star poly (dimethylsiloxane) methacrylate (PDMSstar-MA) was introduced to 

organic poly (ethylene glycol) diacrylate (PEG-DA) to form PDMSstar-PEG hydrogels,216, 

217 up to a 30:70 wt/wt% ratio of PDMSstar-MA:PEG-DA. As ‘‘biological blank slates”, 

resisting non-specific protein and cell adhesion, PEG-DA hydrogels have been extensively 

studied as instructive scaffolds.48, 218 To control cell adhesion, cell adhesive ligands, such 

as the peptide RGDS, can be readily introduced.219 In this way, specific material properties 

(e.g. stiffness and hydration) may be tuned and readily correlated to associated cellular 

responses. However, PEG-DA hydrogels lack inherent osteoinductivity and bioactivity. 

On the other hand, the PDMSstar-PEG hydrogels maintained the biological blank slate 

nature of PEG-DA hydrogels but also induced osteogenic responses of photoencapsulated 

bone marrow-derived mesenchymal stem cells (BMSCs).88, 216, 217 Due to the insolubility 

of PDMSstar-MA in the aqueous precursor solution, it was heterogeneously distributed as 

microdroplets throughout the PEG-DA matrix.217 Thus, to improve PDMSstar-MA 

distribution, these hydrogels were later prepared via solvent induced phase separation 
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(SIPS) by employing an organic solvent (dichloromethane, DCM) to prepare the precursor 

solutions.216, 220 Following sequential UV-cure, removal of the DCM and hydration, the 

resulting SIPS PDMSstar-PEG hydrogels revealed improved PDMSstar distribution as well 

as the presence of pores of increased size (up to 200 µm) with PDMSstar-MA content. 

However, these pores lacked interconnectivity necessary for cell seeding and eventual 

neotissue infiltration.216 

Herein, we sought to produce instructive PDMSstar-PEG hydrogels – having 

controlled porosity and pore interconnectivity as well as enhanced distribution of 

PDMSstar-MA – by fabrication via SIPS in combination with a fused salt template. Tight 

control over pore size and maximized pore interconnectivity has been shown to be 

achieved with fused salt templates.221, 222 Our recent work has shown that templating is 

effective to prepare SIPS PEG-DA hydrogels with interconnected macropores of tunable 

sizes >100 µm182; however, these hydrogels remain lacking in osteoinductivity and 

bioactivity. Thus, we prepared a series of templated SIPS PDMSstar-PEG-DA hydrogels 

based on different number average molecular weights (Mn) of PDMSstar-MA (2k and 7k). 

These were incorporated into a DCM-based precursor solution at increasing wt/wt% ratios 

(0:100, 10:90, 20:80, and 30:70) of PDMSstar-MA to PEG-DA (Mn = 3.4k). The 

distribution of PDMSstar-MA was evaluated along with the ability to achieve tunable pore 

size and pore interconnectivity. The effect of templated SIPS hydrogel composition on 

hydration and modulus was examined, as these material properties are known to influence 

cellular behavior.35, 36, 41, 46 The bioactivity and degradation rates were also investigated. 

Scaffolds were further evaluated to confirm non-cytotoxicity and degree of osteogenic 
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capacity after seeding with human bone marrow-derived mesenchymal stem cells 

(hBMSCs). 

2.3. Materials and Methods 

2.3.1. Materials 

1-vinyl-2-pyrrolidinone (NVP), 2,2-dimethyl-2-phenylacetophenone (DMAP), 

acryloyl chloride, allyl methacrylate, calcium chloride, dibasic potassium phosphate, HCl 

(12M), hexamethyldisilazane (HMDS), magnesium chloride hexahydrate, magnesium 

sulfate, Nile red, NMR grade deuterated chloroform (CDCl3), poly (ethylene glycol) 3350 

(PEG-3350), potassium carbonate, potassium chloride, silica gel, sodium bicarbonate, 

sodium chloride (NaCl; salt), sodium hydroxide (NaOH), sodium sulfate, triethylamine, 

trifluoromethanesulfonic acid (triflic acid), tris-hydroxymethyl aminomethane, Triton X-

100 (0.1%) and all solvents were obtained from Sigma-Aldrich. HPLC-grade toluene, 

dichloromethane, and NMR grade CDCl3 were dried over 4Å molecular sieves. Salt was 

sieved (ASTME-11 Specification, No.40, 425 µm opening; No.60, 250 µm opening) to 

obtain the following salt sizes: ‘‘small salt” (SS): 181 ± 29 µm, ‘‘medium salt” (MS): 268 

± 35 µm and ‘‘large salt” (LS): 459 ± 69 µm. Average salt sizes were calculated using 

ImageJ software, as done previously.182 Silver nitrate and sodium thiosulfate were 

obtained from American Mastertech. Fetal bovine serum (16.5%; FBS) was obtained from 

Atlanta Biologicals. Glutamax, Minimum Essential Medium Alpha (α-MEM), Penicillin-

Streptomycin and 1% glutamine (Glutamex) were obtained from Gibco. Phosphate-

buffered saline (1x without Ca and Mg; PBS) and Dulbecco’s Modified Eagle Media 

(DMEM) was obtained from Corning. Octamethylcyclotetrasiloxane (D4), Pt-
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divinyltetramethyldisiloxane complex in 2wt% xylene (Karstedt’s catalyst), and 

tetrakis(dimethylsiloxy)silane (tetra-SiH) were obtained from Gelest. Activated carbon, 

buffered formalin, DAPI, dialysis cassettes (3.5k MWCO), anhydrous ethyl ether, and 

rhodamine phalloidin were obtained from Fisher Scientific. Von Kossa staining kit was 

obtained from American Mastertech Scientific. Acryloyl-PEG-succinimidyl valerate was 

obtained from Laysan Bio, Inc. Dulbecco’s phosphate-buffered saline (DPBS) was 

obtained from Lonza. Peptide RGDS was obtained from Bachem. Cytotoxicity detection 

kit (LDH) was obtained from Roche, multiplex immunoassay kits were obtained from 

R&D Systems and the Pico-Green assay kit was obtained from Invitrogen. 

2.3.2. Synthesis 

2.3.2.1. PDMSstar-MA Synthesis 

PDMSstar-MA (Mn = 2k and 7k g/mol) was prepared as previously reported.216, 217 

First, silane (SiH)-terminated PDMSstar was prepared by the acid-catalyzed equilibration 

of D4 (“2k”: 30.0 g, 101.4 mmol; “7k”: 29.9 g, 101.0 mmol) with tetra-SiH (“2k”: 7.8 g, 

23.8 mmol; ‘‘7k”: 1.1 g, 3.4 mmol) utilizing triflic acid (60 mL) and subsequent 

neutralization with HMDS (0.15 g, 0.93 mmol). The resulting PDMSstar-SiH (for “2k” and 

“7k”) were each precipitated three times in toluene/methanol and dried under reduced 

pressure, resulting in a colorless liquid. Next, photoreactive groups were added via 

hydrosilylation to the terminal ends of each arm of PDMSstar-SiH (“2k”: 7.0 g, 2.5 mmol; 

“7k”: 7.0 g, 0.53 mmol) by Pt-catalyzed [Karstedt’s catalyst (50mL)] reaction with allyl 

methacrylate (“2k”: 3.6 mL, 26.8 mmol; “7k”: 0.314 mL, 2.33 mmol) in toluene (30 mL). 

Both Mn’s of PDMSstar-MA were obtained after a 2h activated carbon spin and flash 
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column chromatography. The structures of each Mn of PDMSstar-SiH and PDMSstar-MA 

were confirmed by 1H NMR and was in agreement with that previously reported. 

2.3.2.2. PEG-DA Synthesis 

PEG-DA (Mn = 3.4k g/mol) was prepared as previously reported.217 PEG-3350 

(23.5 g, 7.0 mmol) was dissolved in DCM, then triethylamine (1.95 mL, 14.0 mmol) and 

subsequently acryloyl chloride (2.27 mL, 28.0 mmol) were added dropwise to the solution 

and allowed to react overnight. HCl was removed by 2M K2CO3 wash in a separatory 

funnel. The reaction was then dried in the organic phase with MgSO4 spin and precipitated 

in anhydrous ethyl ether. After vacuum filtration to obtain the white solid, PEG-DA was 

vacuum dried to remove residual solvent. The structure was confirmed by 1H NMR and 

was in agreement with that previously reported. 

2.3.2.3. ACRL-PEG-RGDS Synthesis 

ACRL-PEG-RGDS was synthesized as previously reported.88 The cell adhesion 

peptide RGDS was reacted with acryloyl-PEG-SVA at a 1:1M ratio for 2 h in 50 mM 

sodium bicarbonate buffer. ACRL-PEG-RGDS was purified by dialysis, lyophilized, and 

stored at -20°C under nitrogen (N2). ACRL-PEG-RGDS was included in all hydrogels 

utilized for cell culture at 1 mmol/mL of precursor solution. 

2.3.3. NMR 

1H NMR spectra were obtained on an ‘INOVA500’ 500 MHz spectrometer 

operating in the Fourier transform mode. Solutions of 5% (w/v) CDCl3 were used to obtain 

spectra. Residual CHCl3 served as an internal standard. 
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2.3.4. Salt Template Formation 

Salt templates were formed with each of the three average salt sizes: “small salt” 

(~180 µm), “medium salt” (~270 µm) and “large salt” (~460 µm). Molds for making the 

salt template and subsequently curing the precursor solution were prepared as follows. 

One end of a borosilicate glass tube (5/8” OD, 1/2” ID, 1.5” H) was covered with 

aluminum foil, pushed into a custom Teflon cap (1” OD, 5/8” ID) that contained a small 

hole (0.05” D) directly through its center and then tightly wrapped with Parafilm to secure 

the glass tube to the cap (Figure A-1). Salt of the designated size (16 g) was mixed gently 

with 5 wt% DI water (using a metal spatula) in a 25 mL beaker and 3.5 g of the mixture 

added to the mold. The salt mixture was then compacted into the mold using a flat-ended 

glass rod, covered with Parafilm, and centrifuged 5 min at 2000 rpm within a 50 mL 

centrifuge tube (Eppendorf 5810R centrifuge, A-4-62 rotor). Afterwards, the Parafilm 

cover was removed and the fused template allowed to air dry at room temperature (RT) 

for 24 h within the glass mold. 

2.3.5. Templated Hydrogel Fabrication 

DCM-based precursor solutions were prepared containing 30 wt% total macromer 

(based on total solution mass) with increasing wt/wt% ratios of PDMSstar-MA to PEG-

DA: 0:100 (PEG-DA control), 10:90, 20:80, and 30:70. Photoinitiator solution (30 wt% 

DMAP in NVP) was added at 100 mL/g of macromer. Solutions were vortexed in a sealed 

vial for 1 min after addition of each component. The precursor solution (~1.5 mL) was 

immediately deposited atop the aforementioned dried salt template via syringe. After ~30 

s, the aluminum foil at the base of the mold was punctured through the hole in the Teflon 
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cap. Using PVC tubing (3/8” ID, 9/16” OD) held against the top of the glass mold, 

compressed air was used to gently force the solution throughout the salt template until the 

solution began to exit through the cap hole. Removal of the air in let caused the flow of 

precursor solution to cease. The filled mold was UV-cured for 15 min (12 min standing 

on Teflon cap and 3 min standing on the glass top) via exposure to a UV-transilluminator 

(6 mWcm2, 365 nm). After air-drying 24 h to evaporate the solvent, the cylindrical 

specimen was removed from the mold and sectioned into 1.2 mm thick discs using a 

vibratome (Leica VT1000S; cutting speed = 1.75 mm/s; frequency = 30 Hz). Only discs 

from the central portion of the cylinder were used for testing, discarding ~4 mm from each 

end. Discs were soaked in DI water for 48 h on a rocker table (100 rpm; water changes 3x 

daily) to leach the salt template and swell the hydrogels to their final hydrated form (~15 

mm diameter, ~1.5 mm thick). Discs were allowed to soak an additional 72 h prior to 

testing, for which they were punched to a desired size (8 or 13 mm) from the central region 

of the disc using a die. 

2.3.6. Sol Content 

Discs (N = 5; 13 mm diameter) were air dried 30 min then placed in an open 

scintillation vial and dried at RT in a vacuum oven (14.7 psi, 24 h). Dried discs were 

weighed (Wd1), placed in a new scintillation vial with 10 mL of DCM, and set on a rocker 

table (100 rpm) for 48 h. Removed discs were placed in new scintillation vials, allowed to 

air dry (30 min) and dried again at RT in the vacuum oven (14.7 psi, 24 h). The final 

weight was taken (Wd2) and the sol content calculated as [(Wd1 - Wd2)/Wd1] x 100. 
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2.3.7. Equilibrium Swelling 

Discs (N = 5; 13 mm diameter) were each placed in a sealed vial with 15 mL of 

DI water on a rocker table (100 rpm) for 48 h at RT. Discs were then removed and weighed 

(Ws). Discs were dried (14.7 psi, 60°C, 24 h) and weighed again (Wd). Equilibrium 

swelling ratio was calculated as (Ws - Wd)/Wd. 

2.3.8. Distribution of PDMSstar-MA and Pore Morphology 

2.3.8.1. Confocal Laster Scanning Microscopy (CLSM) 

Discs (8 mm diameter) were soaked for 24 h in 60 mL Nile Red solution, followed 

by daily changes with PBS for 3 days. Nile red solution contains 75 mL of a solution 

containing 20 mg Nile red and 1 mL methanol mixed into 8 mL of DI water and added to 

120 mL of PBS, as previously reported.216 Discs were placed in a coverglass-bottom 

chamber and imaged on an Olympus FV1000 confocal microscope, equipped with a 

UPLSAPO 10x/0.4 objective. Excitation and emission were 488 nm and 500–600 nm, 

respectively. The confocal aperture was set to 1 Airy unit. Z-stacks (80 slices) were 

acquired with a 4.0 µm step. Confocal zoom and resolution setting resulted in XY pixel 

size of 2.485 µm. Representative slices of the stacks were exported. The fluorescence 

images were pseudo-colored green. Brightfield imaging was conducted simultaneously 

and used to measure hydrated pore size. Images were taken of three locations on two 

different samples for each salt size (20:80 wt/wt% PDMSstar-MA:PEG-DA) with one pore 

measured per image (N = 6). ImageJ Software was used to calculate pore size, determined 

by the mean of the diagonal and central cross-section. 
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2.3.8.2. Scanning Electron Microscopy (SEM) 

Discs (8mm diameter) were allowed to air dry (30 min), and dried in a vacuum 

oven (14.7 psi, 24 h, RT). Dried discs were subjected to Au-sputter coating (Cressington 

Sputter Coater 108) and viewed with a field emission scanning electron microscope (FE-

SEM; JEOL NeoScope JCM-5000) at an accelerated electron energy of 10 keV. Pore size 

was measured using ImageJ software by the same method described in Section 2.3.8.1. 

2.3.8.3. Percent Interconnectivity 

Discs (N = 3; 13 mm diameter) were evaluated to determine interconnectivity with 

a water wicking procedure adapted from Bencherif et al.223 Each disc was soaked for 24 h 

in DI water on a rocker table (100 rpm) to ensure no air bubbles existed within pores. 

Discs were removed and weighed in a glass Petri dish (Wtotal). A folded Kimwipe was then 

gently pressed on the disc for 1 min to wick away the interconnected volume, and the disc 

was weighed again (Winterconnected). Percent interconnectivity was calculated as [(Wtotal -

Winterconnected)/Wtotal] x 100. 

2.3.9. Mechanical Properties 

2.3.9.1. Bulk Compressive Young’s Modulus and Damping – Static and Dynamic 

Mechanical Analysis 

Discs (8 mm diameter) were used for the measurement of Young’s modulus (N = 

4) as well as dynamic moduli (N = 8) using a dynamic mechanical analyzer (DMA; TA 

Instruments Q800) with a parallel-plate compression clamp equipped with plates of 40 

mm (bottom) and 15 mm (top). Hydrated discs were placed between the plates and several 

drops of DI water were dropped onto the hydrogel to maintain hydration. Analyses were 
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conducted at RT. For static testing, samples were tested at RT in a controlled strain rate 

mode (20%/min to 12% strain) with a preload force of 0.1N. Young’s modulus was 

obtained from the slope of the linear portion of the stress-strain curve (1–5%). For dynamic 

testing, samples were tested using a multi-frequency strain mode (1–30 Hz) with an 

amplitude of 10 µm and preload force of 0.1N. The obtained values of loss (G’’)and 

storage (G’) were used to calculate tan δ (i.e. damping). 

2.3.9.2. Local Young’s Modulus – Atomic Force Microscopy (AFM) 

Discs (N = 2; 8 mm diameter) were used to measure local Young’s modulus using 

a Dimension ICON AFM (Bruker) with a Nanoscope V controller. A modified silicon 

nitride probe (NovaScan, USA) having a nominal spring constant of 0.6 N/m with a 5 mm 

diameter bead attached to the cantilever was used. Standard detector calibration was 

performed on a clean mica disc to determine deflection sensitivity. Standard thermal 

tuning calculated a spring constant of ~0.75–0.9 N/m. For each sample, hydrogels were 

fixed to 15 mm metal AFM specimen discs (Ted Pella, Inc.) with water droplets added to 

the sample surface to maintain hydration. Indentation was carried out at the pore walls 

using 1 Hz loading rates. The ramp size was 1 mm and the indentation force was 15 nN. 

Young’s modulus values were calculated using Nanoscope Analysis software (Bruker) 

with a Hertzian fit model after baseline correction and boxcar filter. A sample Poisson’s 

ratio of 0.5 was used. Individual force-displacement curves were taken 6 times at each 

sampled point of the hydrogel, with 5 total points from 2 hydrogels sampled. 
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2.3.10. Accelerated Degradation 

Discs (N = 3 per timepoint; 8 mm diameter) underwent accelerated degradation 

analysis. All hydrogel discs were vacuum dried (14.7 psi, 12 h) and weighed. Each disc 

was then placed in a 1 dram vial with 1 mL of 0.05M NaOH and stored in a shaking 

incubator (100 rpm, 37 °C). At 12 h time points, one disc was removed, dried (14.7 psi, 

12 h), and weighed to determine mass loss percentage. At each timepoint, solutions for all 

samples were exchanged with new 0.05M NaOH. 

2.3.11. Bioactivity 

2.3.11.1. Simulated Body Fluid (SBF) Soak 

SBF was fabricated as detailed by Kokubo et al. and in previous studies.216, 224 

Individual discs (N = 2; 8 mm diameter) were placed in sealed 50 mL centrifuge tubes 

containing 40 mL of 1x SBF and incubated in a water bath at 37 °C. Discs were removed 

after 4 weeks, washed with DI water and vacuum dried (14.7 psi, 24 h). Dried hydrogels 

were subjected to SEM imaging (Section 2.3.8.2)and X-ray diffraction spectroscopy 

(Section 2.3.11.2). 

2.3.11.2. X-ray diffraction spectroscopy (XRD) 

Powder X-ray diffraction data was collected on a Bruker D8 diffractometer fitted 

with a LynxEYE detector. The X-ray source was a 1 kW Cu X-ray tube maintained at an 

operating current of 40 kV and 25 mA (Bragg-Brentano geometry; scan range 3–70°; step 

size: 0.015°). 
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2.3.12. Cell Culture 

Bone marrow derived human mesenchymal stem cells (hBMSCs) were obtained 

from the Texas A&M Institute for Regenerative Medicine. By flow cytometry, hBMSCs 

tested positive (>95%) for CD29, CD44, CD49c, CD59, CD73a, CD90, CD105, CD146, 

CD147, CD166, and HLA-I:ABC and negative (<5%) for CD3, CD11b, CD14, CD19, 

CD34, CD36, CD45, CD49b, CD49d, CD79a, CD106, CD184, CD271, HLA-II:DR, and 

HGFR (c-Met). hBMSCs were expanded in α-MEM supplemented with 16.5% FBS and 

1% glutamine. Twenty-four hr prior to seeding, cells at passage 4 were transitioned to 

DMEM containing 10% FBS and 1% Penicillin/Streptomycin (P/S)). 

2.3.13. Seeding and Culture of Scaffold Constructs 

Scaffolds were fabricated with ACRL-PEG-RGDS (Section 2.3.2.3) and cut to 8 

mm discs. Scaffolds were seeded with hBMSC s at 5x106 cells/mL and cultured at 37 °C 

and 5% CO2 in DMEM containing 10% FBS and 1% P/S. Culture medium was exchanged 

every 2 days through the duration of culture. Osteogenic supplements were not utilized so 

as to assess the intrinsic osteogenic potential of the scaffolds. 

2.3.14. Cytotoxicity 

Cytotoxicity assessments were performed after 48 h culture by measuring the 

secretion of lactate dehydrogenase (LDH) with a commercial kit. Briefly, cell culture 

supernatants were collected, reacted with the kit working solution, and absorbance was 

measured following 25 min of development. Cell morphology and distribution were also 

evaluated after 48 h of culture. Scaffolds were washed with DPBS and fixed with 10% 

buffered formalin. Fixed cells were then washed twice with DPBS and permeabilized with 
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0.1% Triton X-100. Cell distribution was evaluated after SYBR Green staining while cell 

morphology was assessed by rhodamine phalloidin and DAPI staining. Confocal images 

were taken to evaluate both stains using a multiphoton microscope (Zeiss LSM 510Meta). 

2.3.15. Endpoint Construct Analyses 

Samples were collected after 48 h (cytotoxicity) or 14 days of culture (osteogenic 

potential) by rinsing them with DPBS and snap freezing with liquid N2. Scaffolds were 

stored at 80 °C until analysis. Protein samples were extracted by sample homogenization 

in lysis buffer and collection of the correspondent supernatant after centrifugation. 

2.3.15.1. Biochemical Analyses 

hBMSC protein expression was evaluated by means of specific multiplex 

immunoassay kits following manufacturer’s instructions. Proteins selected for analysis 

included Collagen 1A1 and osteonectin (secreted protein acidic and rich in cysteine; 

SPARC) for both 2k and 7k PDMSstar-MA containing scaffolds, and additionally 

osteopontin (OPN) and bone morphogenic protein-2 (BMP-2) for exclusively 2k 

PDMSstar-MA containing scaffolds. Samples were properly diluted with the assay buffer 

and loaded into well plates containing the appropriate bead suspension. Bound analyte 

was then reacted with detection antibodies, followed by the addition of streptavidin-

phycoerythrin. Protein concentrations were determined by the median fluorescence 

intensity (MFI) using a MAGPIX (Luminex) in comparison to an analyte-specific standard 

curve. The obtained values were normalized to the DNA content of each construct and 

assessed via PicoGreen assay. 
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2.3.15.2. Histological Analyses 

Von Kossa staining was used to assess cellular calcium deposition by 

manufacturer’s protocol. Rehydrated sections were rinsed with distilled water, after which 

a 5% silver nitrate solution was applied, followed by the exposure of the samples to full 

spectrum light for 1 h. Samples were then sequentially rinsed with distilled water, exposed 

to 5% sodium thiosulfate for 3 min, and rinsed with distilled water. 

2.3.16. Statistics 

Data is reported as the mean ± standard deviation. Data set mean values were 

compared in GraphPad Prism via ANOVA followed by Tukey’s posthoc test where p-

value < 0.05 was considered statistically significant. 

2.4. Results and Discussion 

2.4.1. SIPS/Salt Fabrication 

Templated SIPS PDMSstar-PEG hydrogels were prepared by photocuring a DCM-

based precursor solution over a fused salt template followed by sequential evaporation of 

the DCM solvent, template dissolution and hydration. Series of hydrogels were prepared 

based on different salt sizes (“small” ~180 µm, “medium” ~270 µm, and “large” ~460 

µm) as well as two different Mn’s of PDMSstar-MA (2k and 7k) wherein the wt/wt% ratio 

of PDMSstar-MA to PEG:DA was systematically increased: 0:100, 10:90, 20:80 and 30:70. 

In our previous report, templated SIPS PEG-DA scaffolds (i.e. no PDMSstar-MA) were 

similarly prepared using a combination of SIPS and a fused salt template based on these 

salt sizes.182 It was determined that a macromer concentration of 30% (wt/wt) in DCM 

produced mechanically robust, microporous hydrogels. This is in contrast to fabrication 
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of conventional hydrogels from aqueous precursor solutions without a salt template, where 

macromer concentrations of 5–15% (wt/wt) produce robust hydrogels owing to their low 

porosity.217, 225 When we previously prepared non-templated SIPS PDMSstar-PEG 

hydrogels, the total macromer concentration was only 10% (wt/wt) in DCM.216 However, 

in the present study, when the total macromer concentration was increased to 30% (wt/wt), 

this resulted in extremely hazy precursor solutions, particularly as the concentration and 

Mn of PDMSstar-MA increased. Moreover, within several minutes, the solution exhibited 

signs of substantial phase separation, partitioning into a clear (i.e. PDMSstar-MA-rich 

layer) and cloudy layer (Figure A-2). Thus, it was critical to increase the flow rate of the 

precursor solution through the fused salt template so that it could be promptly photocured. 

Previously, the salt template was prepared in a glass vial and the precursor solution 

distributed through the template by centrifuging for 10 min.182 Instead, herein, a mold was 

prepared from a glass tube and a Teflon cap (containing a small hole) secured to the base. 

After addition of the precursor solution to the top of the salt template, it was quickly 

pushed through the mold with compressed air and then exposed to UV light. Using this 

method, templated PDMSstar-PEG hydrogels were prepared with low sol content values 

(<5 wt%) indicating effective photocuring (Table A-1). 
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Figure 2-1. CLSM images of templated SIPS PDMSstar-PEG hydrogels prepared with 

increasing amounts of 2k and 7k PDMSstar-MA and a templated PEG control. All 

hydrogels were prepared with medium salt (270 µm). Green is assigned to PDMSstar-MA-

rich regions, stained by hydrophobic dye (Nile red). Photos are adjusted +20% brightness 

and -20% contrast for clarity. Scale bars = 250 µm. 

 

2.4.2. PDMSstar-MA distribution and Scaffold Morphology 

Distribution of PDMSstar-MA within the templated SIPS PDMSstar-PEG hydrogels 

was examined by CLSM imaging with hydrophobic PDMSstar-MA-rich regions stained by 

hydrophobic Nile red dye. For the fabrication of non-templated PDMSstar-PEG hydrogels, 

an aqueous precursor solution produced exclusively discrete PDMSstar-MA-rich 

microparticles within a PEG-DA matrix217 whereas SIPS fabrication produced a much 

more uniform distribution.216 In general, the templated SIPS PDMSstar-PEG hydrogels 

exhibited PDMSstar-MA distribution throughout the pore walls (Figure 2-1). This was 

attributed to the improved solubility of PDMSstar-MA in DCM versus in water, even at 

higher precursor solution concentrations. Since solution phase separation increased with 
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PDMSstar-MA Mn, it was expected that the 2k hydrogel series would exhibit a more 

uniform distribution of PDMSstar-MA versus the 7k series. Indeed, the 7k series showed 

the presence of PDMSstar-MA-rich microdroplets that was not observed for the 2k series. 

SEM was used to visually confirm pore interconnectivity of templated SIPS PDMSstar-

PEG hydrogels prepared with the different template salt sizes (Figure 2-2). While 

expected differences in pore sizes were apparent depending on template salt size, the 

measured average pore size was reduced due to specimen shrinkage associated with 

vacuum drying (Table 2-1). However, SEM images did reveal pore interconnectivity, a 

product of the fused salt template. Pore size for hydrated hydrogels was measured using 

brightfield microscopy (Figure 2-2). As anticipated, hydrated pore sizes were swollen 

beyond the original salt size of the template (Table 2-1). To quantify interconnectivity of 

hydrated specimens, a water wicking test was adapted from Bencherif et al.223 Templated 

SIPS PDMSstar-PEG hydrogels (20:80 wt/wt% and 2k PDMSstar-MA) were compared to 

the analogous non-templated SIPS hydrogels as well as conventionally fabricated 

hydrogels (i.e. from an aqueous precursor solution) (Figure 2-3A).216, 217 For the 

templated hydrogel only, due to its high pore interconnectivity, water was quickly wicked 

away using a Kimwipe and pore interconnectivity was > 50% (Figure A-3). In contrast, 

conventionally and SIPS fabricated, non-templated PDMSstar-PEG hydrogels 

demonstrated interconnectivity below 15%. 
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Figure 2-2. SEM images of templated SIPS PDMSstar-PEG hydrogels fabricated with each 

salt size [20:80 wt/wt% and 2k PDMSstar-MA] (left and middle column). Representative 

brightfield images were taken during confocal imaging (right column). Scale bars = 200 

µm. 

 

Table 2-1. Pore size measurements of templated SIPS PDMSstar-PEG hydrogels fabricated 

with each template salt size [20:80 wt/wt% and 2k PDMSstar-MA] determined by ImageJ 

software using SEM images (acquired at 100x magnification) for “dry” measurements [i.e. 

after vacuum drying] and brightfield microscopy images for “hydrated” measurements 

[i.e. in the hydrated state]. 

 

 

 Small Salt Medium Salt Large Salt 

Salt size: 181 ± 29 µm 268 ± 35 µm 459 ± 69 µm 

Dry: 124 ± 17 µm 199 ± 13 µm 282 ± 60 µm 

Hydrated: 268 ± 19 µm 367 ± 16 µm 428 ± 60 µm 
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2.4.3. Material Characterization 

To assess the impact of PDMSstar-MA concentration (0:100, 10:90, 20:80 and 

30:70 wt/wt% PDMSstar-MA:PEG-DA) and Mn (2k or 7k), templated SIPS PDMSstar-PEG 

hydrogels were prepared with the intermediate salt size (medium salt, 270 µm) and 

subjected to characterization of key properties – hydration, modulus and degradation rate. 

Because the hydration (i.e. equilibrium swelling) is known to profoundly impact most 

hydrogels’ mechanical and degradation properties,47, 226 this was initially measured 

(Figure 2-3B). 

All hydrogels exhibited statistically similar swelling ratios (~13) compared to the 

analogous templated SIPS PEG-DA control. It is hypothesized that the high pore volume 

and resulting high water content effectively masked any contribution from pore wall 

hydrophobicity based on PDMSstar-MA content, Mn or its distribution therein. As 

expected, it was noted that the high pore volume of these templated SIPS hydrogels 

produced a significantly higher swelling ratio versus the analogous non-templated SIPS 

PDMSstar-PEG hydrogels (~8).216  

The bulk compressive modulus of these templated SIPS PDMSstar-PEG hydrogels 

was also assessed (Figure A-4). All hydrogels displayed similar moduli (~8 kPa) that were 

not statistically different versus the analogous PEG-DA control. This may be attributed to 

their similar high bulk hydration (i.e. swelling), resulting from their macroporosity. 

However, additional mechanical analyses were conducted that were anticipated to reveal 

differences among hydrogels based on the PDMSstar-MA content and Mn that comprised 

the pore walls. An indicator of the damping or energy absorption ability of a material, tan 
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δ (based on the ratio of loss [G’’] and storage [G’] moduli) was also measured (Figure 2-

3C). In this case, templated SIPS hydrogels based on 2k PDMSstar-MA produced a 

reduction in tan δ versus the PEG-DA control whereas those based on 7k PDMSstar-MA 

did not. The more homogeneous distribution of 2k PDMSstar-MA within the PEG-DA 

matrix of the pore walls (Figure 2-1) is believed to give rise to this difference in damping. 

Thus, when the PDMSstar-MA is not uniformly distributed (i.e. for 7k), the resulting 

hydrogels retain more of the native properties of the PEG-DA control. Next, AFM was 

used to probe the local modulus values for templated SIPS PDMSstar-PEG hydrogels based 

on 2k PDMSstar-MA. Versus bulk analyses, AFM has been used to measure the local 

modulus of scaffold of the pore walls at a scale commensurate with cellular interaction.28 

Per Figure 2-3D,the uniform dispersion of 2k PDMSstar-MA within the templated SIPS 

PDMSstar-PEG hydrogels was determined to decrease the Young’s modulus values versus 

the analogous PEG-DA control. Despite this decrease, however, modulus values (~15 kPa) 

within the range associated with osteogenesis.36, 97  

The relative differences in degradation rates of templated SIPS PDMSstar-PEG 

hydrogels versus the analogous PEG-DA control was assessed by measuring mass loss 

under accelerated (basic) conditions (Figure A-5). Despite the introduction of 

hydrophobic PDMSstar-MA, no distinguishable differences in mass loss were observed, 

irrespective of PDMSstar-MA content, at all time points. This is attributed to their 

similarities in pore size (Figure 2-2) and bulk swelling (Figure 2-3B) that dominate any 

contributions from the hydrophobic comacromer. However, based on the known 

accelerated degradation of porous materials having larger pore sizes227 and our previous 
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studies with templated SIPS PEG-DA scaffolds of varying pore sizes,182 increasing and 

decreasing the pore size of these templated hydrogels is expected to increase and decrease 

degradation rates, respectively. 

 

 

Figure 2-3. Templated SIPS PDMSstar-PEG hydrogels and analogous PEG-DA control 

material properties: (A) % interconnectivity, (B) equilibrium swelling, (C) damping and 

(D) local Young’s modulus. All hydrogel scaffolds were fabricated with medium salt 

(~270 µm). Statistical difference versus the analogous templated SIPS PEG-DA control is 

represented as * = p <0.05. 
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2.4.4. Bioactivity 

Bioactivity can be examined in vitro by exposing hydrogels to conditions that 

mimic the implant environment (i.e. ionic concentration, pH and temperature) via soaking 

in simulated body fluid (SBF, 1x) at 37 °C.224 A series of templated SIPS hydrogels were 

prepared with 2k PDMSstar-MA of varying concentrations (0:100, 10:90, 20:80 and 30:70 

wt/wt% PDMSstar-MA:PEG-DA) using the intermediate salt size (medium salt, ~270 µm). 

All PDMSstar-PEG hydrogels exhibited mineralization after 4 weeks of incubation while 

the analogous PEG-DA control showed none (Figure 2-4). XRD confirmed that observed 

mineral present was hydroxyapatite (HAp) with peaks at 31.7, 45.3, and 56.2 indicating 

reflections from 112, 222 and 004 crystal planes, respectively.216, 228-230 Thus, the presence 

of inorganic PDMSstar-MA introduced bioactivity to the otherwise biologically inert PEG-

DA hydrogel. 
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Figure 2-4. Templated SIPS PDMSstar-PEG hydrogel and analogous PEG-DA control 

following exposure to simulated body fluid (SBF, 1x, 37 °C, 4 weeks). Hydrogels were 

fabricated with medium salt (~270 µm) and 2k PDMSstar-MA. SEM images (top) 

displayed HAp growth on all PDMSstar-MA-containing hydrogels. XRD analysis of 

“20:80 wt/wt%” composition (bottom) confirmed HAp identity by characteristic peaks at 

31.7, 45.5 and 56.5. Scale bar = 100 µm. 

 

2.4.5. Cytotoxicity, Cell Seeding and Cellular Morphology 

All cell-contacting templated SIPS PDMSstar-PEG scaffolds and the analogous 

PEG-DA control (prepared with medium salt; ~270 µm) were made with ACRL-PEG-

RGDS for controlled cell adhesion and induction. Cytotoxicity was determined by LDH 

assay after 48 h culture with hBMSCs (Figure 2-5). Normalized to the corresponding 

templated SIPS PEG-DA control, all PDMSstar-MA-containing hydrogels (2k and 7k) 

were determined to be non-cytotoxic. To verify consistent cell seeding distribution, SYBR 
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green DNA staining was used to visualize cells. Further staining with DAPI and 

rhodamine phalloidin indicated that cells were elongated and spread along the pore walls, 

as expected with the presence of the cell adhesion ligand RGDS (Figure 2-5). Cell 

morphology and abundance were similar for all PDMSstar-PEG scaffold compositions 

compared to the PEG-DA control (Figure 2-5). Thus, all compositions were subsequently 

subjected to 14-day culture for examination of intrinsic osteoinductivity. 

 

 

Figure 2-5. Scaffold non-cytotoxicity after 48 h culture with hBMSCs, as determined by 

LDH assay (left), SYBR green stain (middle) and rhodamine phalloidin (red) and DAPI 

(blue) stacked confocal images (right). Statistically significant difference compared to the 

control is represented as * = p<0.05. The complete set of images can be found in Figure 

A2-6. All templated SIPS PDMSstar-PEG and analogous PEG-DA control scaffolds were 

prepared with medium salt (~270 µm). Scale bars = 200 µm. 

 

2.4.6. Scaffold-Induced Osteogenesis of hBMSCs 

RGD-containing, templated SIPS PDMSstar-PEG scaffolds (prepared with medium 

salt; ~270 µm) were evaluated for their potential to control hBMSC fate by evaluating the 
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relative presence of ECM molecules relevant to osteogenesis after a 14-day culture. 

Protein level multiplex analysis was conducted to determine relative levels of collagen 1, 

the primary collagen found in bone, and osteonectin (secreted protein acidic and rich in 

cysteine or SPARC), a calcium-binding glycoprotein found in bone (Figure 2-6A&B). 

All templated SIPS PDMSstar-PEG scaffolds displayed evidence of PDMSstar-MA-dose 

dependent osteogenesis. For those based on 7k PDMSstar-MA, a 30:70 (wt/wt%) was 

associated with an increase in collagen 1 and SPARC relative to the analogous PEG-DA 

control. Scaffolds containing 2k PDMSstar-MA also displayed significant increases in 

collagen 1 and SPARC but at 20:80 (wt/wt%). However, when 2k PDMSstar-MA content 

was increased to a 30:70 (wt/wt%), collagen 1 and SPARC production fell below that of 

the PEG-DA control. Relative DNA levels tested verified that no significant cell death 

occurred for this particular scaffold (Figure A-7). Thus, we speculate that the more 

uniform dispersion of 2k PDMSstar-MA at this high concentration (30:70 wt/wt%) may 

have impacted scaffold surface hydrophobicity, resulting in protein adhesion inhibiting 

function of RGD receptors.  
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Figure 2-6. Protein-level multiplex immunoassay results for (A) Collagen 1 and (B) 

SPARC presence after 14-day culture on templated SIPS PDMSstar-PEG and analogous 

PEG-DA control scaffolds were prepared with medium salt (~270 µm). (C) Von Kossa 

staining (brown-black color) for mineralization after 14-day culture with hBMSCs on 

scaffolds prepared with 2k PDMSstar-MA. Due to the intensity of staining, only macro-

images could be taken due to over-saturation during imaging. Statistically significant 

difference compared to the control is represented as * = p < 0.05, to the corresponding 

10:90 (wt/wt%) as # = p < 0.05, and to the corresponding 20:80 as $ = p < 0.05. Scale bar 

= 2 mm. 

 

Given the enhanced osteogenesis observed with templated SIPS PDMSstar-PEG 

scaffolds based on 2k PDMSstar-MA at 20:80 (wt/wt%), further studies were conducted 

for the 2k scaffold series. Specifically, levels of osteopontin (OPN), a bone ECM protein 

involved in biomineralization, and bone morphogenic protein-2 (BMP-2), a potent 

osteogenic growth factor, were analyzed by immunoassay. Although no statistical 

differences were observed for BMP-2 expression levels, the 20:80 (wt/wt%) scaffold 

supported a 1.5-fold increase in OPN levels relative to the PEG-DA control (Figure A-8). 

However, when 2k PDMSstar-MA levels were further increased to 30:70 (wt/wt%), OPN 
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levels were reduced below that of the 10:90 and 20:80 (wt/wt%) formulations as seen 

previously with collagen 1 and SPARC (Figure 2-6A&B). Von Kossa staining was used 

as a visual indicator of matrix mineralization and also revealed considerable enhancement 

in calcium deposition with increasing 2k PDMSstar-MA content (represented by a brown-

black color)(Figure 6C). Despite the reductions in collagen 1, SPARC, and BMP-2 noted 

for the 30:70 (wt/wt%) scaffold, this formulation appeared to support increased 

mineralization relative to remaining formulations, denoting a possible disconnect between 

bioactivity and osteoinductivity of the scaffold based on distribution of the PDMSstar-MA. 

2.5. Conclusions 

Herein, we describe the preparation of templated SIPS PDMSstar-PEG hydrogels 

and their utility as instructive scaffolds (absent of exogenous growth factors) for bone 

regeneration. These hydrogels utilized an inorganic hydrophobic comacromer, PDMSstar-

MA, to introduce bioactivity and osteoinductivity. Fabrication with a fused salt template, 

in Conjunction with SIPS employing a DCM precursor solution (followed by drying and 

hydration), created interconnected macropores of tunable sizes to permit post-fabrication 

cell seeding and for osteoconductivity. Hydrogels were produced with two Mn’s of 

PDMSstar-MA (2k and 7k) and varying wt/wt% ratios (0:100, 10:90, 20:80, and 30:70) of 

PDMSstar-MA to PEG-DA (Mn = 3.4k). CLSM images revealed the improved distribution 

of the 2k PDMSstar-MA within the PEG matrix, attributed to its superior solubility in the 

DCM precursor solution. Pore size tunability and interconnectivity for osteoconductivity 

were confirmed by SEM imaging and a water wicking test. Templated SIPS PDMSstar-

PEG hydrogels all had similarly high bulk hydration, resulting in similar bulk Young’s 
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moduli. However, for the 2k-containing scaffolds, a lower modulus was seen at a local 

level (via AFM probe measurement), but they remained in the range associated with 

osteogenesis in hydrogels. While absent for the PEG-DA control, bioactivity was 

confirmed for templated SIPS PDMSstar-PEG hydrogels (2k series) with HAp formation 

observed (via SEM and XRD) following soaking in SBF. Under accelerated conditions, 

owing to their similarity in pore size and bulk swelling, these hydrogels exhibited temporal 

mass loss similar to that of the PEG-DA control. Finally, all RGD-containing templated 

SIPS PDMSstar-PEG scaffolds were confirmed non-cytotoxic and showed PDMS dose-

dependent increases in key indicators of osteogenesis. However, this was dependent on 

comacromer Mn, wherein the better dispersed comacromer (lower Mn) showed statistical 

differences at lower concentrations. Von Kossa staining was used to reveal dose-

dependent increases in calcium deposition by hBMSCs seeded on 2k-containing scaffolds. 

Overall, these templated SIPS PDMSstar-PEG hydrogels displayed the potential to serve 

as instructive scaffolds for bone regeneration without the inclusion of added growth 

factors. The achievement of the observed bioactivity and osteoinductivity without the 

inclusion of glass or glass-ceramic fillers but rather a polymeric component (i.e. PDMSstar-

MA) is notable. 
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CHAPTER III  

ENHANCED OSTEOGENIC POTENTIAL OF PHOSPHONATED-SILOXANE 

HYDROGEL SCAFFOLDS 

 

3.1. Overview 

In a materials-guided approach, instructive scaffolds that leverage potent 

chemistries may efficiently promote bone regeneration. A siloxane macromer has been 

previously shown to impart osteoinductivity and bioactivity when included in 

poly(ethylene glycol) diacrylate (PEG-DA) hydrogel scaffolds. Herein, phosphonated-

siloxane macromers were evaluated for enhancing the osteogenic potential of siloxane-

containing PEG-DA scaffolds. Two macromers were prepared with different phosphonate 

pendant group concentrations, poly(diethyl(2-(propylthio)ethyl) phosphonate 

methylsiloxane) diacrylate (PPMS-DA) and 25%-phosphonated analogue (PPMS-DA 

25%). Macroporous, templated scaffolds were prepared by crosslinking these macromers 

with PEG-DA at varying mol% (15:85, 30:70 and 45:55 PPMS-DA to PEG-DA; 30:70 

PPMS-DA 25% to PEG-DA). Other scaffolds were also prepared by combining PEG-DA 

with PDMS-MA (i.e. no phosphonate) or with vinyl phosphonate (VP) (i.e. no siloxane). 

Scaffold material properties were thoroughly assessed, including pore morphology, 

hydrophobicity, swelling, modulus, and bioactivity. Scaffolds were cultured with 

hBMSCs (normal media) and calcium deposition and protein expression assessed at 14 

and 28 days. 
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3.2. Introduction 

Bone regeneration using a materials-guided strategy231 relies exclusively on the 

scaffold’s physical and chemical properties, including morphology,30-34 modulus,35-39 

chemical functionality,40, 42, 43, 232 and hydrophobicity.44-46, 233 Such instructive scaffolds 

eliminate the use of exogenous growth factors which are costly and risk off-target 

responses.68, 234, 235 Scaffolds that combine several of these properties, especially in a 

decoupled fashion, represent a particularly potent approach to regeneration. Functional 

bone regenerative scaffolds require osteoconductivity (i.e. ability to encourage and 

support new bone formation), osteoinductivity (i.e. ability to induce differentiation to an 

osteoblast-like lineage), and osseointegration (i.e. ability to integrate with native tissue).69, 

236 Inorganics, including silicon- and calcium phosphate-containing materials, have been 

shown to be particularly osteoinductive and osteoconductive.66, 71 Most commonly used 

are ceramics [e.g. bioglass, hydroxyapatite (HAp), and β-tricalcium phosphate (β-TCP)], 

which are known to induce a thin surface layer of carbonated HAp (i.e. bioactivity).67 

However, their low toughness and variable resorption rates limit their utility in bone 

regeneration.74, 101  

Previously, we demonstrated that an inorganic silicon-based polymer, 

polydimethylsiloxane (PDMS), can be utilized to impart osteoinductivity to poly(ethylene 

glycol) (PEG) scaffolds.88 In contrast to ceramic fillers, the low glass transition (Tg, -120 

ºC) of PDMS does not render brittleness to scaffolds. Recently, macroporous scaffolds 

with interconnected pores were produced by the UV cure of precursor solutions 

comprising PEG-diacrylate (PEG-DA) and star PDMS methacrylate (PDMSstar-MA) over 
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fused salt templates.89 The use of an organic solvent to form the precursor solutions 

improved PDMS solubility and distribution within the resulting PDMSstar-MA/PEG-DA 

scaffolds which were subsequently dried and hydrated with water. These scaffolds induced 

osteoblast-like differentiation of human bone marrow-derived mesenchymal stems cells 

(hBMSCs) and promoted mineralization.  

The osteoinductive and bioactive potency of siloxane-containing PEG-DA 

hydrogel scaffolds may be increased by leveraging additional chemical functionality. 

When incorporated into scaffolds, tethered small molecules have been shown to enhance 

osteogenic potential via local changes to the chemical environment that impact cellular 

behavior.40, 232, 237, 238 Such small molecules showing strong indications for osteogenesis 

and mineralization, by a variety of mechanisms, include amines, alcohols, and 

phosphates/phosphonates.232, 237-240 Specifically, phosphorus-containing groups have 

shown promise due to their native roles in calcium binding and mineralization in bone 

tissue formation.241 Phosphonate-based chemistries have been independently explored 

with hydrogels, composites, ceramics and metal implants and shown to promote bone 

tissue regeneration.238, 240-243 

Herein, towards enhancing osteoinductivity and bioactivity, hydrogel scaffolds 

were prepared by combining phosphonate-containing siloxane macromers with PEG-DA, 

poly(diethyl(2-(propylthio)ethyl) phosphonate methylsiloxane) diacrylate (PPMS-DA), 

and a 25%-phosphonated analogue (PPMS-DA 25%) (Figure 3-1). Diethyl 

vinylphosphonate was selected in lieu of phosphonic acid alcohols for diminished 

adhesivity and greater hydrophobicity which is considered favorable to bone 



 

59 

 

regeneration.44, 45, 244 These novel macromers were crosslinked with PEG-DA at varying 

mol% (15:85, 30:70 and 45:55 PPMS-DA to PEG-DA; 30:70 PPMS-DA 25% to PEG-

DA) to form templated scaffolds with our previously reported methods.182 To discern the 

contribution of the siloxane versus the phosphonate pendant group, scaffolds were also 

prepared by combining PEG-DA with PDMS-MA (i.e. no phosphonate) at two 

concentrations, or with vinyl phosphonate (VP) (i.e. no siloxane). Templated scaffolds 

were evaluated in terms of distribution of the phosphonated-siloxane and pore morphology 

as well as key material properties, such as hydrophobicity, swelling, bulk and local 

compressive moduli, and bioactivity (i.e. HAp formation with exposure to simulated body 

fluid). Finally, all scaffold compositions were seeded with hBMSCs and cultured with 

normal media for evaluation of non-cytotoxicity (48 h) as well as calcium deposition and 

protein expression at 14- and 28-days. 

 

 

Figure 3-1. Scaffolds used to investigate the effect of phosphonated-siloxane macromers 

on enhancing the osteogenic potential of siloxane macromers when used to form PEG-

DA-based scaffolds. (A) Macromers used to prepared scaffolds. (B) Scaffold composition 
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legend with mol% ratio of inorganic monomer/macromer to PEG-DA. (C) Graphical plot 

of scaffolds in terms of mol% phosphonate and siloxane. 

 

3.3. Experimental Section 

3.3.1. Materials 

2,2’-Azobis(2-methylpropionitrile) (AIBN), acryloyl chloride, ammonium 

hydroxide, calcium chloride, deuterated chloroform (CDCl3), diethyl vinyl phosphonate 

(VP), dipotassium hydrogen phosphate trihydrate, dithiothreitol (DTT), 

hexamethyldisilazane (HMDS), hydrochloric acid (HCl), magnesium chloride 

hexahydrate, magnesium sulfate (MGSO4), Nile red, poly(ethylene glycol) 3350 (PEG-

3350), potassium carbonate (K2CO3), potassium chloride (KCl), sodium bicarbonate 

(NaHCO3), sodium chloride (NaCl), sodium hydroxide (NaOH), sodium sulfate, 

thiolacetic acid, triethylamine, trifluoromethanesulfonic acid (triflic acid), Tris-

(hydroxymethyl) aminomethane (Tris), Tris-(hydroxymethyl) aminomethane (Trizma® 

base) and all solvents were obtained from Sigma-Aldrich. 1,3,5,7-tetravinyl-1,3,5,7-

tetramethylcyclotetrasiloxane (D4-vinyl), 1,3-bis(3-

methacryloxypropyl)tetramethyldisiloxane (tetra-SiMA), 1,3-bis(4-hydroxybutyl)tetra-

methyldisiloxane (HBTMDS), and octamethylcyclotetrasiloxane (D4) were obtained from 

Gelest. 10% formalin solution, acetic acid, diethyl ether, ethylenediaminetetraacetic acid 

(EDTA), lithium chloride (LiCl), and lithium dodecyl sulfate (LiDS) were obtained from 

Fisher Scientific. Glutamax, penicillin (10,000 IU/mL), and streptomycin (10,000 µg/mL) 

were obtained from Life Technologies. Dulbecco’s modified essential medium (DMEM), 

Dulbecco’s phosphate buffered saline (DPBS), and phosphate buffered saline (No, Ca, or 
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Mg; PBS) were obtained from Corning. Heat-inactivated fetal bovine serum (MSC grade; 

FBS) and minimum essential medium-α (MEM-α) were obtained from Gibco. Acryloyl-

PEG-succinimidyl valerate (ACRL-PEG-SVA) was obtained from Laysan Bio, Inc. 

Alizarin Red S was obtained from Acros Organics. Ethyl (2,4,6-trimethylbenzoyl) 

phenylphosphinate was obtained from Combi-Blocks. Peptide RGDS was obtained from 

Bachem. The lactate dehydrogenase (LDH) assay was obtained from Roche, the MAGPIX 

immunoassay was obtained from Luminex, the Luminex human magnetic assay was 

obtained from R&D Systems, and the Quant-iT PicoGreen dsDNA Assay was obtained 

from Invitrogen. Cryopreserved human bone-marrow derived mesenchymal stem cells 

were obtained from three different donors (Texas A&M Institute for Regenerative 

Medicine). 



 

62 

 

 

Figure 3-2. Synthesis of PPMS-DA (n = 10). 

 

3.3.2. Synthesis 

3.3.2.1. PPMS-DA and PPMS-DA 25% Synthesis 

Synthesis of poly(diethyl(2-(propylthio)ethyl) phosphonate methylsiloxane) 

diacrylate (PPMS-DA) (Mn = 3231 g/mol, n = 10) (Figure 3-2) and a 25% phosphonated 

version (PPMS-DA 25%) (Mn = 1653 g/mol, n = 2.5 and m = 7.5) (Figure A-9) were each 

carried out via five synthetic steps. All reactions contained a Teflon-covered stir bar to 

agitate the reaction mixture and each product was vacuum-dried overnight (14.7 psi) at 

room temperature (RT) prior to the following reaction. First, PVMS-OH or PVMS-OH 
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25% were prepared by the acid catalyzed equilibration of 1,3,5,7-tetravinyl-1,3,5,7-

tetramethylcyclotetra-siloxane (PPMS-DA: 15 g, 43.5 mmol; PPMS-DA 25%: 7.5 g, 21.8 

mmol) with 1,3-bis(4-hydroxybutyl)tetramethyldisiloxane (PPMS-DA: 4.85 g, 17.4 

mmol; PPMS-DA 25%: 9.7 g, 34.8 mmol) in a 100 mL round bottom (rb) flask equipped 

with a rubber septum and triflic acid (PPMS-DA: 60 µL, 0.678 mmol; PPMS-DA 25%: 

120 µL, 1.36 mmol) added via micropipette. D4 (19.37 g, 65.2 mmol) was added to this 

reaction to lower the frequency of reactive vinyl side groups of PVMS-OH 25% while 

maintaining the same repeat units as PVMS-OH. The mixture was allowed to stir 12 h at 

75 °C then HMDS (PPMS-DA: 194 µL, 0.930 mmol; PPMS-DA 25%: 388 µL, 1.86 

mmol) was added to neutralize the mixture. Each polymer mixture was precipitated in a 

1:1 methanol (MeOH) to deionized water (DI) solution to isolate the PVMS-OH or 

PVMS-OH 25%. Next, PTAMS-OH or PTAMS-OH 25% was prepared via thiolene click 

chemistry by combining thioacetic acid (PPMS-DA: 12.05 mL, 171.0 mmol; PPMS-DA 

25%: 10.08 mL, 143.0 mmol) with PVMS-OH or PVMS-OH 25% (PPMS-DA: 13 g, 

11.40 mmol; PPMS-DA 25%: 10 g, 9.53 mmol) and AIBN (PPMS-DA: 0.374 g; 2.28 

mmol; PPMS-DA 25%: 0.314 g, 1.91 mmol) in a 50 mL rb flask equipped with a rubber 

septum under UV light (2 mW/cm2, 365 nm). The mixture was allowed to react overnight 

at RT and precipitated in 1:1 MeOH:DI as in the previous step. Third, PTMS-OH or 

PTMS-OH 25% was prepared via deprotection of PTAMS-OH or PTAMS-OH 25% 

(PPMS-DA: 15 g, 7.89 mmol; PPMS-DA 25%: 7.5 g, 6.05 mmol) in ethanol (PPMS-DA: 

85 mL; PPMS-DA 25%: 42.5 mL) under basic conditions with 2M NaOH (PPMS-DA: 21 

mL; PPMS-DA 25%: 2.6 mL) at 85 °C in a rb flask equipped with a reflux condenser for 
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2 h. 2M HCl (PPMS-DA: 100 mL; PPMS-DA 25%: 12.5 mL) was added to neutralize the 

reaction. PTMS-OH or PTMS-OH 25% was then isolated in a 1000 mL separatory funnel 

with diethyl ether (200 mL) and washed with water (2 x 100 mL) and brine (1 x 100 mL), 

each time removing the aqueous layer to isolate the product. In the fourth step, PPMS-OH 

or PPMS-OH 25% was prepared via thiolene click chemistry by combining diethyl 

vinylphosphonate (PPMS-DA: 18.45 g, 112.4 mmol; PPMS-DA 25%: 4.5 g, 27.56 mmol) 

and AIBN (PPMS-DA: 0.20 g, 1.22 mmol; PPMS-DA 25%: 0.145 g, 0.882 mmol) with 

PTMS-OH or PTMS-OH 25% (PPMS-DA: 9.0 g, 6.08 mmol; PPMS-DA 25%: 5 g, 4.41 

mmol) in a 50 mL rb flask equipped with a rubber septum under UV light (2 mW/cm2, 

365 nm). The final product was precipitated as done previously in 1:1 MeOH:DI. In the 

final step, PPMS-OH or PPMS-OH 25% (PPMS-DA: 7 g, 2.26 mmol; PPMS-DA 25%: 

4.0 g, 2.59 mmol) was dissolved in DCM (PPMS-DA: 35 mL; PPMS-DA 25%: 20 mL) 

in a rb flask equipped with a rubber septum and subsequently purged with nitrogen (N2). 

Triethylamine (PPMS-DA: 0.629 mL, 4.51 mmol; PPMS-DA 25%: 0.721 mL, 5.18 mmol) 

and acryloyl chloride (PPMS-DA: 0.729 mL, 9.03 mmol; PPMS-DA 25%: 0.836 mL, 

10.36 mmol) were sequentially added dropwise via syringe for diacrylation of PPMS-OH 

or PPMS-OH 25% to form PPMS-DA or PPMS-DA 25%, respectively. The reaction 

mixture was allowed to stir at RT overnight. PPMS-DA or PPMS-DA 25% was then 

sequentially dissolved in DCM (100 mL), precipitated in 2M K2CO3 (10 mL), and washed 

with water (10 mL) in a 250 mL separatory funnel. The organic layer was removed and 

precipitated in a 1:1 MeOH:DI solution to isolate PPMS-DA or PPMS-DA 25% as a 
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colorless liquid. Yield, glass transition temperature (Tg), and 1H NMR for each reaction 

product are as follows. 

PVMS-OH (n = 10). Yield: 75.2%. Tg: -124 ºC. 1H NMR (δ, ppm): 0.08 (12H, SiCH3), 

0.14 (30H, CH3SiCHCH2), 0.56 (4H, SiCH2CH2CH2CH2OH), 1.40 (4H, 

SiCH2CH2CH2CH2OH), 1.57 (4H, SiCH2CH2CH2CH2OH), 3.64 (4H, 

SiCH2CH2CH2CH2OH), 5.79 (10H, CH3SiCHCH2), 5.96 (20H, CH3SiCHCH2). 

PTAMS-OH (n = 10). Yield: 80.0%. Tg: -73 ºC. 1H NMR (δ, ppm): 0.10 (12H, SiCH3), 

0.18 (30H, CH3SiCHCH2), 0.56 (4H, SiCH2CH2CH2CH2OH), 0.91 (20H, 

CH3SiCH2CH2), 1.42 (4H, SiCH2CH2CH2CH2OH), 1.59 (4H, SiCH2CH2CH2CH2OH), 

2.3 (30H, SC(O)CH3), 2.9 (20H, CH3SiCH2CH2) 3.64 (4H, SiCH2CH2CH2CH2OH). 

PTMS-OH (n = 10). Yield: 82.5%. Tg: -82 ºC. 1H NMR (δ, ppm): 0.10 (12H, SiCH3), 

0.15 (30H, CH3SiCHCH2S), 0.58 (4H, SiCH2CH2CH2CH2OH), 1.00 (20H, 

CH3SiCH2CH2S), 1.41 (4H, SiCH2CH2CH2CH2OH), 1.56 (4H, SiCH2CH2CH2CH2OH), 

2.62 (20H, CH3SiCH2CH2S), 3.66 (4H, SiCH2CH2CH2CH2OH). 

PPMS-OH (n = 10). Yield: 58.3%. Tg: -83 ºC. 1H NMR (δ, ppm): 0.09 (12H, SiCH3), 

0.14 (30H, CH3SiCHCH2S), 0.58 (4H, SiCH2CH2CH2CH2OH), 0.94 (20H, 

CH3SiCH2CH2S), 1.33 (60H, SCH2CH2P(O)CH2CH3), 1.40 (4H, SiCH2CH2CH2CH2OH), 

1.54 (4H, SiCH2CH2CH2CH2OH), 2.03 (20H, SCH2CH2P(O)OCH2CH3), 2.60 (20H, 

CH3SiCH2CH2S), 2.73 (20H, SCH2CH2P(O)CH2CH3), 3.64 (4H, SiCH2CH2CH2CH2OH), 

4.1 (40H, SCH2CH2P(O)OCH2CH3). 

PPMS-DA (n = 10). Yield: 98.5%. Tg: -62 ºC. 1H NMR (δ, ppm): 0.09 (12H, SiCH3), 

0.14 (30H, CH3SiCHCH2S), 0.58 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 0.89 (20H, 
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CH3SiCH2CH2S), 1.33 (60H, SCH2CH2P(O)CH2CH3), 1.40 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2), 1.54 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 2.02 (20H, 

SCH2CH2P(O)OCH2CH3), 2.58 (20H, CH3SiCH2CH2S), 2.74 (20H, 

SCH2CH2P(O)CH2CH3), 2.94 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 4.1 (40H, 

SCH2CH2P(O)OCH2CH3), 6.11 (2H, SiCH2CH2CH2CH2O(O)CHCH2), 6.33 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2). 

PVMS-OH 25% (n = 2.5 and m = 7.5). Yield: 69.2%. Tg: -121 ºC. 1H NMR (400 MHz; 

δ, ppm): 0.07 (57H, SiCH3), 0.14 (7.5H, CH3SiCHCH2), 0.56 (4H, 

SiCH2CH2CH2CH2OH), 1.40 (4H, SiCH2CH2CH2CH2OH), 1.60 (4H, 

SiCH2CH2CH2CH2OH), 3.65 (4H, SiCH2CH2CH2CH2OH), 5.82 (2.5H, CH3SiCHCH2), 

5.96 (5H, CH3SiCHCH2). 

PTAMS-OH 25% (n = 2.5 and m = 7.5). Yield: 82.6%. Tg: -100 ºC. 1H NMR (400 

MHz; δ, ppm): 0.07 (64.5H, SiCH3), 0.56 (4H, SiCH2CH2CH2CH2OH), 0.87 (5H, 

CH3SiCH2CH2S), 1.40 (4H, SiCH2CH2CH2CH2OH), 1.59 (4H, SiCH2CH2CH2CH2OH), 

2.29 (7.5H, SC(O)CH3), 2.92 (5H, CH3SiCH2CH2S), 3.64 (4H, SiCH2CH2CH2CH2OH). 

PTMS-OH 25% (n = 2.5 and m = 7.5). Yield: 64.3%. Tg: -102 ºC. 1H NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.57 (4H, SiCH2CH2CH2CH2OH), 0.98 (5H, 

CH3SiCH2CH2S), 1.41 (4H, SiCH2CH2CH2CH2OH), 1.60 (4H, SiCH2CH2CH2CH2OH), 

2.92 (5H, CH3SiCH2CH2S), 3.64 (4H, SiCH2CH2CH2CH2OH). 

PPMS-OH 25% (n = 2.5 and m = 7.5). Yield: 68.4%. Tg: -95 ºC. 1H NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.56 (4H, SiCH2CH2CH2CH2OH), 0.96 (5H, 

CH3SiCH2CH2S), 1.33 (15H, SCH2CH2P(O)CH2CH3), 1.40 (4H, SiCH2CH2CH2CH2OH), 
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1.58 (4H, SiCH2CH2CH2CH2OH), 2.03 (5H, SCH2CH2P(O)OCH2CH3), 2.61 (5H, 

CH3SiCH2CH2S), 2.73 (5H, SCH2CH2P(O)CH2CH3), 3.65 (4H, SiCH2CH2CH2CH2OH), 

4.1 (10H, SCH2CH2P(O)OCH2CH3). 

PPMS-DA 25% (n = 2.5 and m = 7.5). Yield: 38.3%. Tg: -94 ºC. 1H NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.56 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 0.96 (5H, 

CH3SiCH2CH2S), 1.33 (15H, SCH2CH2P(O)CH2CH3), 1.40 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2), 1.58 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 2.03 (5H, 

SCH2CH2P(O)OCH2CH3), 2.61 (5H, CH3SiCH2CH2S), 2.73 (5H, 

SCH2CH2P(O)CH2CH3), 3.65 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 4.1 (10H, 

SCH2CH2P(O)OCH2CH3), 6.12 (2H, SiCH2CH2CH2CH2O(O)CHCH2), 6.36 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2). 

3.3.2.2. PDMS-MA (n = 10) Synthesis 

Linear PDMS-MA (Mn = 1044 g/mol) was prepared by a modification of a prior 

report.245 D4 (7 g, 23.60 mmol) and tetra-SiMA (3.65 g, 9.44 mmol) underwent acid-

catalyzed ring-opening polymerization by triflic acid (60 µL, 0.68 mmol) for 24 h and was 

subsequently quenched with HMDS (194 µL, 9.30 mmol) with stirring for 1 h. The 

resulting PDMS-MA was filtered and dried under reduced pressure, resulting in a colorless 

liquid. Yield: 68.8%. Tg: -117 C. 1H NMR (400 MHz; δ, ppm): 0.07 (72H, 

CH3SICH2CH2O), 0.57 (4H, CH2SiCH2CH2O), 1.94 (6H, OC(O)C(CH3)CH2), 4.1 (4H, 

CH3SiCH2CH2O), 5.54 (2H, OC(O)C(CH3)CH2), 6.10 (2H, OC(O)C(CH3)CH2). 
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3.3.2.3. PEG-DA Synthesis 

PEG-DA (Mn = 3.4k g/mol) was prepared as previously reported.217 Briefly, PEG-

3350 (23.5 g, 7.0 mmol) was dissolved in 120 mL of DCM and reacted with triethylamine 

(1.95 mL, 14.0 mmol) and acryloyl chloride (2.27 mL, 28.0 mmol). The reaction was 

neutralized by a 2 M K2CO3 wash, the organic phase dried in MgSO4, and finally the PEG-

DA was precipitated in ethyl ether and obtained by vacuum filtration. The resulting white 

powder was dried under reduced pressure (14.7 psi), and its’ structure was confirmed by 

1H NMR in agreement with what was previously reported. 

3.3.2.4. ACRL-PEG-RGDS Synthesis 

ACRL-PEG-RGDS was synthesized as previously reported.88, 89 Briefly, RGDS 

was reacted with acryloyl-PEG-SVA at a 1:1 molar ratio for 2 h in 50 mM sodium 

bicarbonate. The resulting ACRL-PEG-RGDS product was purified by dialysis and 

subsequently lyophilized. ACRL-PEG-RGDS was included in all hydrogels utilized for 

cell culture at 1 µmol/mL of precursor solution. 

3.3.2.5. NMR 

1H-NMR spectra were obtained on an ‘INOVA 500’ 500 MHz or ‘Ascend 400’ 

400 MHz spectrometer operating in the Fourier transform mode. Solutions of 5% (w/v) 

CDCl3 were used to obtain spectra. Residual CHCl3 (δ 7.26) served as an internal standard. 

3.3.3. Fabrication 

3.3.3.1. Precursor Solution Preparation 

A total of eight scaffold compositions were prepared (Figure 3-1). DCM-based 

precursor solutions were prepared with the same total moles of macromers (coinciding to 
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the number of moles to prepare the PEG scaffold) but with varying mol% ratio of 

inorganic monomer or macromer to PEG-DA. A photoinitiator (ethyl (2,4,6-

trimethylbenzoyl) phenylphosphinate) was added at 0.01 g/g of macromer. Solutions were 

vortexed 1 min after combination of each component and again prior to addition to the 

mold. 

3.3.3.2. Templated Hydrogel Fabrication 

Templated SIPS hydrogels were fabricated as previously reported.89, 182 Salt 

templates were formed with sieved NaCl [ASTM E-11 specification, between No. 40 (425 

µm opening) and No. 60 (250 µm opening)] at a size of 268 ± 35 µm. Molds for templating 

and curing were prepared by pushing one end of a borosilicate glass tube (ID: ½”) covered 

with aluminum foil into a custom Teflon cap with a small hole in the bottom and securing 

with Parafilm. 3.5 g of a 5 wt% DI water and sieved salt mixture was then added to the 

mold and subsequently compacted using a flat-ended glass rod, covered with Parafilm, 

and centrifuged 5 min at 2000 rpm (Eppendorf 5810R centrifuge, A-4-62 rotor). 

Afterwards, the cover was removed and the template was dried at RT in a fume hood for 

24 h. The precursor solution was deposited atop the dried salt template via syringe, and 

the aluminum foil in the mold was subsequently punctured through the small hole in the 

base of the Teflon cap. Compressed air was used to force the solution quickly through the 

salt template and the filled mold was UV-cured for 15 min via UV-transilluminator (6 mW 

cm2, 365 nm). After 24 h fume hood evaporation, the cylindrical specimen was sectioned 

into 1.2 mm thick discs using a vibratome (Leica VT1000S; cutting speed = 1.75 mm/s; 

frequency = 30 Hz). Discs from the top and bottom of the cylinder were excluded from 
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testing. Discs were soaked in DI water for 48 h on a rocker table (100 rpm; water changes 

3X daily) to leach salt and to hydrate the hydrogels. Fully hydrated disc diameters were 

measured after complete swelling and leaching, followed by die punching to the same size 

(8 or 10 mm diameter) for testing. 

3.3.3.3. Non-porous hydrogel slab fabrication 

Planar molds were prepared, in the absence of a salt template, similar to previously 

reported.216 Briefly, 2 mm thick rectangular silicone molds (60 mm x 35 mm) were 

clamped between two glass slides (75 x 50 mm) with a small slit. A precursor solution 

was injected into the mold and exposed to UV-light (UV-transilluminator; 6 mW cm2, 365 

nm) for 3 min on each side. The slab was then removed from the mold, rinsed with DCM 

and allowed to evaporate the remaining DCM for 30 min at RT. The slab was then 

hydrated in 60 mL of DI water with 4 changes in the first hour and then 3 changes daily 

for 2 days to ensure removal of impurities. Finally, discs were punched from the slab with 

a die of the same size (6 or 8 mm diameter) and the corresponding thickness was ~3 mm. 

3.3.4. Sol Content 

Discs [N = 5, scaffold, diam. 10 mm; N = 4, non-porous slab, diam. 8 mm] were 

each dried at RT in a vacuum oven (14.7 psi, 24 h) in an open scintillation vial and weighed 

(Wd1). Specimens were then placed in a new scintillation vial with 10 mL of DCM, and 

set on a rocker table (100 rpm) for 48 h to leach any sol. Next, each disc was placed in a 

new scintillation vial and dried again at RT in the vacuum oven (14.7 psi, 24 h). The final 

weight was taken (Wd2) and the % sol content calculated as [(Wd1 – Wd2)/Wd1] x 100.  
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3.3.5. Hydration 

Discs (N = 10; scaffold, diam. 10 mm; N = 10, slab, diam. 6 mm) were each placed 

into a scintillation vial, vacuum dried (14.7 psi, 24 h, RT), and weighed (Wd). Five 

hydrogels of each composition were subsequently placed into vials with 10 mL of DI water 

and another five were placed into vials with 10 mL of aqueous 70% isopropanol (IPA). 

All vials were placed onto a rocker table at 100 rpm for 36 h. Each disc was then weighed 

(Ws), and the equilibrium swelling ratio of each disc was calculated by qk = (Ws/Wd) with 

k being either ‘h2o’ for DI water or ‘ipa’ for isopropanol. The H-index was calculated by 

H = (qipa/qh2o) for each pair (DI water and IPA) in each composition. The reported 

equilibrium swelling ratio in water was calculated as (Ws – Wd)/Wd. 

3.3.6. Morphology 

3.3.6.1. Scanning Electron Microscopy (SEM) 

Scaffold discs (diam. 8 mm) were dried in a vacuum oven (14.7 psi, 24 h, RT). 

Dried discs were subjected to Au-sputter coating (Cressington Sputter Coater 108) and 

viewed with a field emission scanning electron microscope (SEM; JEOL NeoScope JCM-

5000) at an accelerated electron energy of 10 keV. 

3.3.6.2. Confocal Laser Scanning Microscopy (CLSM) 

Discs (scaffolds and slabs, diam. 8 mm) were soaked for 24 h in a 60 mL Nile red 

solution,89, 216 followed soaking in PBS with daily changes for 3 days. Discs were placed 

in a coverglass-bottom chamber and imaged on an Olympus FV1000 confocal microscope, 

equipped with a UPLSAPO 10X/0.4 objective. The confocal aperture was set to 1 Airy 
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unit and excitation and emission were 488 nm and 500-600 nm, respectively. 

Representative slices of the stacks were exported and images were pseudo-colored green. 

3.3.6.3. Pore Measurement 

Pore size of hydrated scaffold discs (diam. 8 mm) were measured using ImageJ 

software, and determined by the mean of the longest and shortest cross-sectional areas of 

the rectangular pores. Brightfield images (taken with Nikon Eclipse TE2000-S, 4X 

magnification) were used for hydrated measurement, and SEM images for dry 

measurement. For each composition, three images were taken of two scaffold discs with 

three pores measured per image (N = 18 pores). 

3.3.7. Mechanical Properties 

3.3.7.1. Compression Tests 

Compressive properties of slab discs (N = 6, diam. 6 mm) and scaffolds (N = 6, 

diam. 10 mm) were evaluated with an Instron 5944 at RT. Samples were placed between 

two compression plates (50 mm D) and subjected to a constant displacement rate (0.5 

mm/min). From the resulting stress-strain curves, the bulk Young’s modulus, E, was 

determined using the linear portion (0 to 10 % strain). 

3.3.7.2. Atomic Force Miscroscopy (AFM) 

Local Young’s modulus of scaffold discs (N = 2, diam. 10 mm) were measured 

using a Dimension ICON AFM (Bruker) with a Nanoscope V controller by similarly 

reported methods.89 A modified silicon nitride probe (NovaScan, USA) having a nominal 

spring constant of 0.6 N/m with a 20 µm diameter bead attached to the cantilever was 

used. Standard detector calibration was performed on a clean mica disc to determine 
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deflection sensitivity. Standard thermal tuning calculated a spring constant of ~0.65 N/m. 

A scaffold disc was affixed to a 15 mm diameter metal AFM specimen disc (Ted Pella, 

Inc.) with double-sided tape. Water droplets were added to the sample surface to maintain 

hydration. Indentation was carried out at the pore walls using 1 Hz loading rates. The ramp 

size was 2 µm and the indentation force was 15 nN. Young’s modulus values were 

calculated using Nanoscope Analysis software (Bruker) with a Hertzian fit model after 

baseline correction and boxcar filter. A sample Poisson’s ratio of 0.5 was used. Individual 

force-displacement curves were taken at each sampled point of the hydrogel, with 4 total 

points from 2 hydrogel scaffolds sampled. 

3.3.8. Bioactivity 

Simulated body fluid (SBF) was fabricated as detailed by Kokubo et al..216, 224 

Individual scaffold discs (N = 4; diam. 8 mm) were placed in 40 mL of SBF in 50 mL 

centrifuge tubes and incubated in a water bath at 37 °C. Designated discs were removed 

each week for 4 weeks, washed with DI water and vacuum dried (14.7 psi, 24 h). 

Specimens were imaged with SEM as described above. Discs from a designated time point 

(i.e. 1-, 2-, 3- or 4 weeks) were used exclusively for only that time point (i.e. not returned 

to SBF). 

3.3.9. Cell Culture 

Cryopreserved hBMSCs from three different donors (Texas A&M Institute for 

Regenerative Medicine) were thawed and expanded in Minimum Essential Medium-α 

(MEM-α; Gibco) supplemented with 10% MSC-qualified, heat-inactivated FBS and 1% 

glutamine in a 37 °C-5% CO2 jacketed incubator. The cells were grown and harvested for 
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seeding into scaffolds at passage 5. Two days prior to harvesting, hBMSCs were 

transitioned to media containing DMEM supplemented with 10% MSC-qualified, heat-

inactivated FBS and 1% antibiotic solution (10,000 IU/mL penicillin, 10,000 µg/mL 

streptomycin). 

3.3.10. Seeding and Culture of Scaffolds 

Scaffolds (diam. 8 mm) were placed in 24-well plates, dried for 48 h under ambient 

conditions, and further dried under vacuum for 12 h. The scaffolds were then sterilized 

using ethylene oxide for 12 h. Following sterilization, the scaffolds were hydrated using 

DPBS and washed 3 additional times with DPBS. To seed the scaffolds, hBMSC cell 

suspension, pooled from three donors at a total concentration of 3.5 x106 cells/mL, was 

pipetted three times on each side of the scaffolds to promote homogenous seeding. The 

scaffolds were cultured in non-tissue culture treated 24-well plates in DMEM + 10% 

MSC-qualified, heat-inactivated FBS and 1% antibiotic solution at 37 °C in a 5% CO2 

jacketed incubator. After 24 h, the scaffolds were moved to a new non-tissue culture 

treated 24 well-plates with fresh media to remove any non-adherent cells. Cells designated 

for long-term culture had culture media exchanged every 2 days from the start of seeding 

through the duration of culture. Osteogenic supplements were not utilized as to assess the 

intrinsic osteoinductivity of the scaffolds. 

3.3.11. Non-cytotoxicity 

Following 48 h of culture, the non-cytotoxicity of scaffolds (N = 4, diam. 8 mm) 

was assessed by measuring the secretion of LDH using a commercial kit. Briefly, cell 

culture supernatants were collected and reacted with the kit working solution for 25 min. 
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Following the reaction, the stop solution was added and absorbance was measured at 490 

nm (Biotek Synergy HTX multi-mode reader). The non-cytotoxicity of the scaffolds was 

presented relative to the non-cytotoxic PEG scaffold (N = 4, diam. 8 mm). 

3.3.12. Cell Morphology and Distribution 

Following 48 h of culture, scaffolds (N = 4, diam. 8 mm) were washed with DPBS 

and fixed with 10% formalin solution. Thereafter, the scaffolds were washed twice with 

DPBS and the fixed cells were permeabilized with 0.1% Triton X-100. Cell morphology 

and distribution within the scaffolds were assessed through staining with DAPI and 

rhodamine phalloidin. Confocal images were taken to evaluate staining using a Leica TCS 

SP8 STED microscope. 

3.3.13. MAGPIX Immunoassay Multiplexing 

Following 14 and 28 days of culture, scaffolds (N = 5, diam. 8 mm) were harvested, 

rinsed with DPBS for 5 min, flash frozen using liquid N2 and stored at -80 ºC in 1.7 mL 

microcentrifuge tubes. Protein was extracted from each of the scaffolds using a modified 

version of a previously described extraction protocol.246, 247 Briefly, 250 µL of lysis buffer 

(100 mM Trizma® base, 500 mM LiCl, 10 mM EDTA, 1% LiDS, 5 mM dithiothreitol, 

pH~7.8) was added to each scaffold-containing tube. The samples were then homogenized 

using plastic, RNase-free pestles (VWR) and frozen at -80 ºC for 20 min. Following, an 

additional 50 µL of lysis buffer was added to the samples and they were further 

homogenized using the plastic pestles. Homogenized samples were then mixed using a 

vortex for 20 min at 4 ºC, and centrifuged at 16,000 x g for 20 min at 4 ºC to pellet the 

scaffold particulates. The supernatant (homogenate) was collected for protein analysis. 
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Total DNA content was quantified using Quant-iT™ PicoGreen dsDNA Assay 

(Invitrogen) according to manufacturer’s protocol. DNA levels were utilized to normalize 

protein levels on a per cell basis. Selected bone extracellular matrix proteins and growth 

factors produced by hBMSCs were quantitatively assessed using MAGPIX immunoassay 

multiplexing (Luminex). Sample homogenates were reacted using a Luminex human 

magnetic assays (R&D Systems) containing bone morphogenetic protein-2 (BMP-2), 

secreted protein acidic and rich in cysteine (SPARC) and collagen type 1 α1 (COL1A1) 

according to the manufacturer’s protocol. Concentrations of proteins of interest were 

obtained from measured median fluorescence intensities and associated standard curves. 

Results were normalized to total DNA content measured from each sample. 

3.3.14. Calcium Deposition 

Following 14 and 28 days of culture, calcium deposition was assessed using 

Alizarin Red S staining and quantified spectrophotometrically using a technique adapted 

from Gregory et al.248 Scaffolds (N = 4, diam. 8 mm) were washed twice with DPBS 

(containing no magnesium or calcium) and fixed with 10% formalin for 10 min. 

Following, the samples were washed twice with DPBS (containing no magnesium or 

calcium) and stained for 5 min with a 2% Alizarin Red S (w/v) solution adjusted to a pH 

of 4.2. The scaffolds were then washed 5 times with distilled, DI water for 1 min per wash. 

To quantify the stain, the samples were placed in 800 µL 10% acetic acid solution for 30 

min, heated at 85 ºC for 10 min and placed on ice for 5 min. Thereafter, the samples were 

centrifuged at 16,000 x g for 15 min, and 500 µL of the supernatant was collected and 

added to a 1.7 mL microcentrifuge tube. To neutralize the acid, 200 µL of 10% ammonium 
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hydroxide solution was added. For each sample, 150 µL of the neutralized supernatant 

was added to a 96-well plate in triplicates and the absorbance was read at 405 nm (Biotek 

Synergy HTX multi-mode reader). The obtained values for each sample were normalized 

to the scaffold weight. 

3.3.15. Statistics 

Material characterization data is reported as the mean ± standard deviation. Data 

set mean values were compared in GraphPad Prism via one-way ANOVA followed by 

Tukey’s post hoc test. In vitro data is reported as the mean ± standard error of mean. These 

statistical analyses were performed using SPSS software (Version 24.0). Homogeneity of 

variance was confirmed using Levene’s test. Experimental means were compared using a 

one-way ANOVA followed by a Tukey HSD or Games-Howell (in cases where Levene’s 

tested returned a significant result) post hoc test, as appropriate, to compare means from 

the experimental groups. A p value < 0.05 was considered statistically significant for all 

data herein. 

3.4. Results and Discussion 

3.4.1. PPMS-DA and PPMS-DA 25% Synthesis 

The synthesis of a siloxane macromer bearing pendant phosphonate groups, 

PPMS-DA (n = 10), was successfully accomplished via a robust dual thiolene click 

chemistry strategy (Figure 3-2). The PPMS-DA macromer was prepared with a degree of 

polymerization (n) of 10, producing an Mn similar to that of the PEG-DA (3.4k g/mol) co-

macromer used to form scaffolds. The PPMS-DA 25% (n = 10) macromer, containing just 

25% phosphonate pendant groups, was similarly prepared to provide a reduced 
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phosphonate to siloxane content (Figure A-9). The degree of polymerization was also 

maintained for the PDMS-MA (n = 10) in order to affect a similar crosslink density. 

3.4.2. Fabrication 

Eight scaffold compositions were prepared to systematically evaluate the potential 

of phosphonated-siloxane macromers (i.e. PPMS-DA and PPMS-DA 25%) to enhance the 

osteogenic potential of siloxane macromers used to form PEG-DA-based scaffolds 

(Figure 3-1). The total moles of macromer in the precursor solution was maintained for 

all composition while the mol% ratio of inorganic component to PEG-DA was varied. A 

series of 3 scaffolds were fabricated with an increasing mol% ratios of PPMS-DA (n = 10) 

to PEG-DA: 15:85 (PPMS 15:85), 30:70 (PPMS 30:70), and 45:55 (PPMS 45:55). 

Another scaffold composition (PPMS 25%) was prepared with PPMS-DA 25% at a 30:70 

mol% ratio of PPMS-DA 25% to PEG-DA. Several scaffold compositions were prepared 

as controls, including: a PEG scaffold (i.e. no siloxane, no phosphonate), a vinyl 

phosphonate (VP) scaffold (i.e. no siloxane) and two PDMS-MA-based scaffolds (i.e. no 

phosphonate), PDMS 12:88 and PDMS 30:70. For the VP and PDMS 12:88 scaffolds, 

the mol% ratios of diethyl vinyl phosphonate:PEG-DA (15:85) and PDMS-MA:PEG-DA 

(12:88) were maintained to parallel total moles of phosphonate and siloxane, respectively, 

in the PPMS 30:70 scaffold. The PDMS 30:70 scaffold was also prepared with a 30:70 

mol% ratio of PDMS-MA:PEG-DA, coinciding to the mol% ratio of the PPMS 30:70 and 

PDMS 25% scaffolds. Linear PDMS-MA (n =10) was utilized for both PDMS-based 

compositions in order to maintain a crosslink density similar to that of the PPMS-based 

scaffolds. This higher concentration of PDMS-MA also parallels the concentration of 
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PDMSstar-MA combined with PEG-DA in our prior studies, where osteoinductivity and 

bioactivity of siloxane-containing scaffolds were established.89 

Templated scaffolds were prepared by photocuring of DCM-based precursor 

solution, followed by subsequent drying and hydration, with methods previously 

reported.89, 216 Due to their hydrophobicity, siloxane (e.g. PDMS-MA) and phosphonated-

siloxane macromers (e.g. PPMS-DA and PPMS-DA 25%) have limited solubility in water. 

Our prior work demonstrated that, for PDMSstarMA/PEG-DA scaffolds, the distribution 

of the siloxane macromer within the hydrogel was improved when a DCM precursor 

solution was used in the fabrication; however, some phase separation of the solution was 

still observed.89 Additionally, the mold design (i.e. ‘hole-in-cap’) afforded a faster 

penetration of the precursor solution through the fused salt template such that it could be 

quickly subjected to UV cure, reducing the potential phase separation. Herein, DCM 

precursor solutions based on PPMS-DA and PPMS-DA 25% were clear and exhibited no 

signs of phase separation. CLSM images of Nile-red stained scaffolds permitted 

assessment of the distribution of siloxane and phosphonated-siloxane macromers within 

the PEG-DA matrix (Figure 3-3). For scaffolds based on PPMS-DA (i.e. PPMS 15:85, 

PPMS 30:70, and PPMS 45:55) and PPMS-DA 25% (i.e. PPMS-25%), the distribution 

was very uniform and greater levels of PPMS-DA produced the expected greater intensity. 

A uniform distribution was also observed for scaffolds containing PDMS-MA (i.e. PDMS 

12:88 and PDMS 30:70), despite some degree of phase separation of the precursor 

solution. For the VP scaffold, the hydrophilicity of the vinyl phosphonate prohibited 

staining as confirmed in the CLSM image. Lastly, indicative of efficient crosslinking over 
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the fused salt template, the sol content of the scaffolds was minimized (< 8 wt%) and 

similarly observed for analogous non-porous slabs (Figure A-10). 

 

Figure 3-3. CLSM imaging of stained scaffolds. Green is assigned to siloxane- or 

phosphonated siloxane-rich regions, stained by hydrophobic Nile red. Photos are adjusted 

+20% brightness and -20% contrast for clarity. Scale bars = 250 µm. 

 

3.4.3. Pore Size & Morphology 

Scaffold pore size (Figure 3-4A) and morphology (Figure A-11) was examined 

by SEM (dehydrated specimens) and brightfield microscopy (hydrated specimens). For all 

compositions, given the use of the same salt template (i.e. salt sieved to 268 ± 35 µm and 

fused), no differences in pore sizes in the dry state were observed. Further, when hydrated, 

despite varying content of hydrophobic siloxane- or phosphonated-siloxane, a similar 

average hydrated pore size of ~370 µm was achieved and is within the range associated 

with promoting bone regeneration.74 For all compositions, SEM images revealed the 
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expected high degree of pore interconnectivity, similar to that which was previously 

observed with fused salt templating.89 

 

 

Figure 3-4. (A) Scaffold average pore size in dry and hydrated states, (B) scaffold 

equilibrium swelling, (C) scaffold hydrophobicity index (H-index), (D) scaffold bulk 

Young’s modulus, and (E) scaffold local Young’s modulus. Statistical difference versus 

the PEG is represented as * and versus the PDMS 30:70 is represented as # (p < 0.05). 

 

3.4.3. Hydration and Modulus 

Given the relationship between hydrogel swelling (i.e. hydration) and modulus, 

these properties were measured and considered collectively. The inclusion of hydrophobic 

phosphonated-siloxane macromers was anticipated to impact hydrophobicity and thus 

hydration. The H-index has been shown to better resolve differences in hydrogel 

hydrophobicity versus goniometry or protein adsorption studies.249 An increase in 

hydrogel hydrophobicity is reflected in an increase in the H-index due to a corresponding 

increase in material affinity for the lower-polarity solvent (IPA) relative to DI water. Thus, 
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the H-indices of the scaffolds were measured (Figure 3-4B). Versus PEG, inclusion of 

PPMS-DA and PPMS-DA 25% significantly increased scaffold hydrophobicity as did 

PDMS-MA at the higher concentration (PDMS 30:70). For scaffolds containing VP (VP) 

and the lower concentration of PDMS-MA (PDMS 12:88), scaffold hydrophilicity was 

similar to that of PEG. The PPMS 30:70 scaffold was slightly more hydrophobic than the 

PDMS 30:70 scaffold. While phosphonate groups are generally hydrophilic, the affiliated 

carbon-containing portions herein (i.e. ethyl groups in diethyl phosphonate and carbon 

chain connecting to siloxane) may have contributed to this slight increase in 

hydrophobicity. Overall, the increase in hydrophobicity of these scaffolds was anticipated 

to promote calcium phosphate nucleation.233 The equilibrium swelling of the scaffolds was 

also measured (Figure 3-4C). As expected, based on their increased hydrophobicity, 

swelling of scaffolds containing PPMS-DA and PPMS-DA 25% decreased relative to 

PEG. Compared to the PDMS 30:70 scaffold, the PPMS 30:70 scaffold exhibited lower 

swelling. Interestingly, despite reduced swelling, all scaffolds maintained similar pore 

sizes which may be attributed to pore wall hydration (Figure 3-4A). In this way, 

hydrophobicity and hydration are decoupled from pore size. 

Both the bulk (Figure 3-4D) and local (Figure 3-4E) modulus values of scaffolds 

were assessed. While a reduction in hydrogel swelling is associated with an increase in 

modulus, differences in bulk moduli were rather minor and is attributed to their high 

macroporosity. Scaffolds based on PPMS-DA exhibited moduli similar to that of PEG 

(~40 kPa). For the PPMS 25% and PDMS 30:70 scaffolds, moduli were statistically 

higher than PEG. The local Young’s modulus of scaffolds, at a scale on the order of 
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cellular interactions,28 may be measured using AFM by pore wall indentation. The PDMS 

30:70 scaffold showed a significant decrease in local modulus versus PEG, as expected 

with previous results.89 However, all other scaffolds, including those based on PPMS-DA 

and PPMS-DA 25%, exhibited statistically similar local moduli values compared to PEG. 

In this way, these scaffolds exhibit hydrophobicity that is decoupled from modulus.  

Finally, analogous non-porous slabs were prepared and evaluated in terms of 

equilibrium swelling and compressive moduli were examined to observe effects in the 

absence of macroporosity (Figure A-11). Only for non-porous slabs prepared with a 

higher concentration of PPMS-DA (i.e. PPMS 30:70 and PPMS 45:55; ~1 MPa) did the 

moduli values increase versus other slabs (~0.7 MPa) which coincided with a reduction in 

swelling. 
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Figure 3-5. SEM images of scaffolds displaying HAp mineralization after soaking in 

simulated body fluid (SBF, 1X, 37 °C). Week 1 images’ scale bars = 50 µm and weeks 2-

4 images’ scale bars = 100 µm. 

 

3.4.4. Bioactivity 

In our earlier report, a scaffold equivalent to PDMS 30:70 but prepared with 

PDMSstar-MA (rather than linear PDMS-MA) demonstrated an ability to induce HAp 

mineralization after exposure to SBF224 (1X, 37 °C; 4 weeks) while the PEG scaffold did 

not.89 Based on the addition of a phosphonate pendant groups to the siloxane and the 

observed increase in hydrophobicity, scaffolds containing PPMS-DA and PPMS-DA 25% 

were anticipated to be more bioactive. Thus, scaffold mineralization was evaluated weekly 

over a 4-week period versus a known bioactive control, PDMS 30:70, to determine if there 

is an enhancement (Figure 3-5). The siloxane-containing scaffold (i.e. PDMS 30:70) only 



 

85 

 

exhibited mineralization at 4 weeks. However, scaffolds containing PPMS-DA or PPMS-

DA 25% showed mineralization at just two weeks. Interestingly, the VP scaffold 

mineralized only at 4 weeks (Figure A-13). Thus, the more rapid mineralization of PPMS-

based scaffolds is attributed to the combination of a siloxane backbone and phosphonate 

pendant groups. 

3.4.5. Cell attachment and Cytotoxicity 

After 48 h culture in normal media, all RGD-containing scaffolds were determined 

to be non-cytotoxic relative to the PEG control (Figure 3-6A). Scaffolds were further 

examined through confocal microscopy after staining with DAPI and Rhodamine 

Phalloidin (Figure 3-6B), displaying robust hBMSC attachment and spreading within the 

3D hydrogels. 

 

 

Figure 3-6. Scaffold non-cytotoxicity, relative to PEG, following 48 h hBMSC culture as 

determined by (A) LDH assay and (B) representative rhodamine phalloidin (red) and 

DAPI (blue) stacked confocal images Error bars denote standard error of mean. Scale bar 

= 100 µm. 
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3.4.6. Scaffold-Induced Mineralization and Osteogenic Protein Expression 

RGD-containing scaffolds were evaluated for bioactivity and osteoinductivity 

after hBMSC culture in non-osteogenic media for 14 and 28 days. Bioactivity (i.e. 

mineralization) was evaluated by Alizarin Red S staining and quantified 

spectrophotometrically using a technique adapted from Gregory et al.248 Scaffold-induced 

osteogenesis was evaluated by relative protein levels of relevant bone extracellular matrix 

proteins and growth factors including bone morphogenetic protein-2 (BMP-2), secreted 

protein acidic and rich in cysteine (SPARC) and collagen type 1 α1 (COL1A1).  

 

 

Figure 3-7. Following 14- and 28-day hBMSC culture on scaffolds, for PPMS 25% and 

PPMS 30:70: (A) relative calcium deposition and (B) relative protein levels versus PDMS 

30:70. Following 14- and 28-day hBMSC culture on scaffolds, (C) relative calcium 

deposition of PPMS 30:70 versus VP and PDMS 12:88 and (D) relative protein levels of 
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PPMS 15:85 (light purple), PPMS 30:70 (medium purple), and PPMS 45:55 (dark 

purple). Calcium deposition values were normalized to the scaffold weight. Protein 

expression values are normalized to DNA measures. Statistically significant difference is 

represented with * versus PDMS 30:70 and # versus PPMS 25% in (A) and (B), and with 

* versus PPMS 30:70 in (C) and (D) (p < 0.05) and error bars represent standard error of 

mean. 

 

In the first series of culture experiments, the PDMS 30:70 scaffold served as a 

control based on the previously observed bioactivity and osteoinductivity of a similar 

PDMS-containing scaffold.89 The phosphonated-siloxane scaffold with the similar mol% 

macromer ratio (i.e. PPMS 30:70) was evaluated as well as the PPMS 25 % scaffold. 

After 14 days (Figure 3-7A, A-16), hBMSCs cultured on PPMS 30:70 (i.e. higher 

phosphonate concentration) displayed an increase in calcium deposition relative to PDMS 

30:70 (~2.6-fold, p < 0.001) and PPMS 25% (~2.3-fold, p < 0.001). The calcium 

deposition profile displayed a similar trend after 28 days in culture, maintaining a 

significant increase in PPMS 30:70 relative to PDMS 30:70 (~2.2-fold, p = 0.001) and 

PPMS 25% (~1.7-fold, p = 0.008). Following 14 days of culture, protein expression 

profile of COL1A1, SPARC and BMP-2 from hBMSCs displayed no statistical 

differences (Figure 3-7B). Although not significant, it is noteworthy to mention, however, 

the observed decrease in SPARC expression in PPMS 25% cultures relative to PDMS 

30:70 (p = 0.076) and PPMS 30:70 (p = 0.174). Interestingly, after 28 days, the expression 

of SPARC displayed a statistically significant decrease in PPMS 25% cultures relative to 

PDMS 30:70 (~0.7-fold, p = 0.014). Although COL1A1 displays a decreasing trend across 

our groups, no statistical differences were observed (p = 0.199). Cumulatively, these 
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results suggest that a greater phosphonate content incorporated into the siloxane (i.e. 

PPMS-DA) elicits a greater osteoinductive response as evident by the increased calcium 

deposition.  

In a second series of culture experiments, the PPMS-DA containing scaffolds were 

compared to VP (i.e. no siloxane) and PDMS 12:88 (i.e. low siloxane content). Following 

14 days of culture, we observed a ~0.2-fold and ~0.4-fold decrease in calcium deposition 

by hBMSCs in VP (p < 0.001) and PDMS 12:88 (p = 0.030) cultures, respectively, relative 

to PPMS 30:70 (Figure 7C, A-17). Similarly, at 28 days, hBMSCs maintained a 

decreased calcium deposition in VP (~0.5-fold, p = 0.019) and PDMS 12:88 (~0.5-fold, p 

= 0.033) cultures relative to PPMS 30:70. No differences, however, were observed in the 

protein expression profile of COL1A1, SPARC and BMP-2 relative to PPMS 30:70 at 

either timepoints (Figure A-14). Overall, the results suggest that the addition of 

phoshonate pendant groups to the siloxane macromer’s backbone enhances calcium 

deposition, beyond what is promoted by siloxane or phosphonate alone. 

In a final series of culture experiments, the impact on the scaffold concentration of 

PPMS-DA was evaluated for PPMS 12:88, PPMS 30:70, and PPMS 45:55. Assessment 

of calcium deposition revealed no differences among these (Figure A-15, A-18). 

Likewise, the expression of COL1A1 and SPARC was not altered by changing the 

phosphonate molar percentage at either 14 or 28 days (Figure 3-7D). In contrast, a ~0.4-

fold decrease in BMP-2 expression was observed for the PPMS 45:55 cultures relative to 

PPMS 30:70 (p = 0.046) at the 14-day timepoint. Although a similar pattern in BMP-2 

expression was observed between PPMS 15:85 and PPMS 45:55 cultures, the difference 
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fell below statistical significance (p = 0.138). Interestingly, following 28 days of culture, 

the observed difference in BMP-2 expression between PPMS 30:70 and 45:55 was 

diminished. However, an increase in BMP-2 expression in PPMS 15:85 cultures relative 

to PPMS 30:70 (~1.7-fold, p = 0.048) was observed. This finding is particularly 

interesting in view of the reported enhanced osteogenic differentiation of hBMSCs 

through autocrine BMP-2 signaling or following BMP-2 treatment.250, 251 Overall, these 

results suggest that such changes in the phosphonate content of phosphonated-siloxanes 

have little effect on calcium deposition, or on expression of osteogenic ECM markers 

COL1A1 and SPARC. The elevated BMP-2 expression due to decreasing phosphonate 

content may imply autocrine effects on the cultured h-MSCs, thereby enhancing 

osteogenic differentiation. 

3.5. Conclusions 

Herein, we have investigated the effect of a phosphonated-siloxane macromer to 

enhance the osteogenic potential of templated PEG-DA scaffolds for bone regeneration. 

Two new siloxane macromers were synthesized containing a relatively high (PPMS-DA) 

and low (PPMS-DA 25%) phosphonate pendant group concentration. In addition to 

scaffolds fabricated with these macromers, several scaffold compositions were prepared 

by incorporation of vinyl phosphonate (i.e. no siloxane) and PDMS-MA (i.e. no 

phosphonate). The phosphonated-siloxane macromers were uniformly distributed in the 

scaffolds as observed by CLSM. These scaffolds produced an increase in hydrophobicity 

versus the PEG scaffold control and an associated decrease in swelling. However, the 

average scaffold pore size was similar to the control scaffolds (~370 µm). Enhanced 



 

90 

 

hydrophobicity and such a pore size are associated with osteogenesis. The bulk moduli of 

scaffolds were not substantially different than one another due to their macroporosity and 

scaffolds containing phosphonated-siloxanes exhibited local Young’s moduli similar to 

the PEG scaffold control. The enhanced bioactivity of phosphonated-siloxane based 

scaffolds was demonstrated by the formation of HAp just two weeks after exposure to 

SBF, faster than for the siloxane-based scaffold (four weeks). RGD-containing scaffolds 

were cultured in normal media with hBMSCs for 14 and 28 days. For a scaffold prepared 

with PPMS-DA, calcium deposition was greatly increased while maintaining similar 

protein expression versus an analogous scaffold prepared with PDMS-MA, which is 

known to be osteoinductive and bioactive. This suggests a potentially better osteogenic 

response. However, the concentration of phosphonated-siloxane macromer (PPMS-DA) 

did not elicit “PPMS-dose dependent” increase in protein expression. In fact, BMP-2 

expression was greatest for the lowest PPMS dosage. Such results suggest a more complex 

mechanism that requires further investigation, including a broader set of markers over 

additional timepoints. Overall, when incorporated into PEG-DA hydrogel scaffolds, 

phosphonated-siloxane macromers exhibit enhanced hydrophobicity and calcium 

deposition versus a siloxane macromer. Instructive scaffolds containing this potent 

chemistry may ultimately improve bone regenerative potential. 
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CHAPTER IV  

SPATIALLY-CONTROLLED TEMPLATED HYDROGELS FOR ORTHOPEDIC 

INTERFACIAL TISSUE REGENERATION 

 

4.1. Overview 

Scaffolds that recapitulate the spatial complexity of orthopedic interfacial tissues 

is essential to their regeneration. This requires a method to readily and flexibly produce 

scaffolds with spatial control over physical and chemical properties, without resulting in 

hard interfaces. Herein, we produced hydrogel ‘scaffolds with spatially tunable 

arrangements and chemistries’ or SSTACs. Using solvent-induced phase separation/fused 

salt templating (“SIPS/salt”), scaffold elements are first prepared with a tunable pore size 

and with one or more UV-reactive macromers. After trimming to the desired di-mensions, 

these are physically configured and fused together to form the SSTAC. Using this method, 

three SSTAC designs were prepared, including one that mimicked the osteochondral 

interface. Maintenance of spatial control of pore size and chemical composition across a 

relatively soft and integrated interface was verified with microscopy. The influence of the 

fabrication process on modulus and the integrity of the interface was also examined. 

4.2. Letter 

The regeneration of orthopedic interfacial tissues critically relies on scaffold 

designs that recapitulate the interface or enthesis of osteochondral, tendon, and ligament 

tissues.252, 253 Spatial control of scaffold chemical and physical properties could leverage 

materials-guided strategies wherein regeneration is guided by such properties alone, and 
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in the absence of exogenous growth factors. Examples of instructive scaffold properties 

include morphology,113, 254 hydrophobicity,44 chemistry,40 and modulus.96, 133 A strategy 

permitting the flexible spatial arrangement of these properties would represent a 

significant advancement in interfacial tissue engineering. Layered scaffolds have been 

investigated to regenerate orthopedic interfaces.253, 255 These are often prepared by 

merging of discrete scaffolds through mechanical attachment, gluing, or freeze-drying.231 

With these approaches, a “hard interface” results, failing to mimic the more gradual 

transition of native tissues that is critical to avoiding interfacial mechanical failure.231, 253 

While gradient scaffolds exhibit gradual transitions,256 these are typically only for a single 

material property and furthermore do not necessarily produce a tissue-like spatial 

distribution. Simultaneously achieving precise spatial control of several material 

properties and also avoiding hard interfaces remains a challenge in regeneration of 

orthopedic interfacial tissues. Towards this goal, we herein demonstrate the preparation of 

hydrogel ‘scaffolds with spatially tunable arrangements and chemistries’ or “SSTACs” 

(Figure 4-1). 

 In our previous work, we developed a method to prepare discrete hydrogel 

scaffolds with interconnected, macropores of tunable size through a combination of 

solvent-induced phase separation (SIPS) and salt-templating (i.e. “SIPS/salt”).182, 216 A 

UV-curable macromer or combination of macromers are dissolved in organic solvent and 

cast over a fused salt template. Following subsequent cure and evaporation of solvent, 

exposure to water leaches out the salt template and hydrates the scaffold. Using this 

method, templated hydrogel scaffolds were produced with poly(ethylene glycol) 
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diacrylate (PEG-DA). Since PEG-DA hydrogels lack innate osteoinductivity and 

bioactivity necessary for materials-guided bone regeneration,48 we sought to incorporate 

hydrophobic, inorganic co-macromers to enhance these properties. We demonstrated that 

siloxane-based macromers, such as star-polydimethylsiloxane methacrylate (PDMSstar-

MA), successfully did so.89 Thus, using the above approach, templated PDMS-PEG 

hydrogel scaffolds were produced with varying siloxane content, exhibiting a uniform 

distribution of the siloxane macromer. More recently, templated hydrogel scaffolds were 

likewise prepared with a phosphonated-siloxane macromer, poly(diethyl(2-(propylthio)-

ethyl) phosphonate methylsiloxane) diacrylate (PPMS-DA).257 Such PPMS-PEG hydrogel 

scaffolds exhibited a further enhanced osteogenic effect. Thus, this SIPS/salt fabrication 

strategy provides a method to generate macroporous scaffolds with tunable pore size and 

chemistry. Towards regeneration of native-like orthopedic interfaces, we sought to 

transform such discrete scaffolds layers into monolithic scaffolds or “SSTACs”. In this 

fabrication process, two or more scaffold “elements” (individually produced via the 

aforementioned SIPS/salt method) are each formed in the desired geometry and 

dimensions and then merged together into a SSTAC of a desired configuration. Thus, the 

chemical and physical properties are spatially controlled, leveraging instructive material 

properties for regeneration and mimicking native osteochondral tissues with fidelity.  
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Figure 4-1. General strategy for the fabrication of hydrogel ‘scaffolds with spatially 

tunable arrangements and chemistries’ (SSTACs). Two or more scaffold layers of varying 

physical and chemical properties and having designated thicknesses and/or geometries 

may be merged across soft interfaces towards the regeneration of osteochondral interfacial 

tissues. 

 

Fabrication of SSTACs proceeds in a series of common steps. In this report, 

SSTACs were formed as cylinders to resemble autograft plugs used to treat osteochondral 

defects (Figure 4-1). Prior to salt-leaching, individual scaffold layers (of a designated 

chemistry and pore size) were trimmed to the desired dimensions and geometries (Figure 

A-19). Two or more layers are then combined in the desired arrangement within the 

cylindrical mold. This mold is similar to the mold in which each layer was originally 

fabricated (Figure A-20). It is comprised of a glass tube with a Teflon cap containing a 

small hole in its center with a sheet of aluminum foil separating the two. The scaffold 

elements are fused together as follows. A DCM-based PEG-DA precursor solution (30 

wt%) is added to the mold, the foil pierced, and compressed air used to force the solution 

through the scaffold components, with the excess exiting the bottom of the mold. Finally, 

a silicone disc (matching the mold inner diameter) is gently pushed into the mold, 



 

95 

 

squeezing out residual solution and physically securing the component scaffolds together. 

The mold is then sequentially exposed to UV-light (15 minutes), the solvent from the 

precursor solution evaporated overnight, and the salt template leached out by exposure to 

water, yielding the hydrated SSTAC. In a last step, the outer surface is removed by 

punching the SSTAC with a die of the desired diameter. This fabrication process affords 

flexible, precise control over spatial organization of scaffold elements. Because the PEG-

DA precursor solution is forced through the salt-containing scaffold elements (i.e. before 

the template is removed), pores are not undesirably filled. Furthermore, the use of a PEG-

DA solution to merge the scaffold layers importantly results in a relatively soft interfaces 

with good relative interfacial shear strength. This is attributed to the solubility and uniform 

distribution of the precursor solution throughout the salt-containing scaffold elements. 

Finally, SSTAC geometries other than cylinders may be likewise produced by simply 

employing the designated mold geometry. Herein, we demonstrated the efficacy and 

flexibility of this method by producing three series of hydrogel SSTACs with layered, 

radial, and osteochondral-like configurations. 
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Figure 4-2. (A) Salt-containing scaffold elements may be trimmed to thicknesses as low 

as 500 µm prior to incorporation into SSTACs. (B) Four-layered SSTACs with alternating 

100% PEG-DA and PPMS:PEG scaffold elements of varying mol% ratio of PPMS-DA to 

PEG-DA; arrows denote PPMS-containing layers. (C) For a hydrated 4-layered SSTAC 

[100% PEG-DA & PPMS:PEG (30:70 mol%)], brightfield (top)/fluorescent (bottom) 

imaging of the interface (denoted with white dashed line) with the PPMS-containing layer 

stained with Nile red dye. (D) For 100% PEG-DA and a PPMS:PEG (30:70 mol%): 

compressive modulus before and after formation into a SSTAC (* = p < 0.05 versus 

corresponding control; ND = p > 0.05). (E) For 100% PEG-DA: shear force at break along 

the interface (left) and corresponding shear displacement (right) before and after formation 

into a PEG:PEG SSTAC (* = p < 0.05 versus corresponding control; ND = p > 0.05). 

 

SSTACs comprised of four “alternating” layers were first prepared (Figure 4-2). 

Scaffold elements (i.e. layers) were individually fabricated via SIPS/salt with the same 

pore size but with different chemistries. For each layer, the salt template was prepared 

with the same average salt size (268 ± 35 µm). Scaffold elements were made with PEG-

DA or with both PPMS-DA and PEG-DA at 15:85, 30:70, and 45:55 mol%. The salt-

containing scaffold elements could readily be trimmed to a range of thicknesses using a 

vibratome (Leica VT1000S; Figure A-21), maintaining integrity down to 500 µm (Figure 

4-2A). At smaller thicknesses of 400 µm or less, salt crystals began to fragment from the 
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disc. Using the process described above, four scaffold elements of the same thickness 

(height = 2 mm) were assembled into SSTACs having two PPMS:PEG layers alternated 

with two PEG layers. Despite the swelling produced during the final step (hydration), 

intact monolithic SSTACs scaffolds resulted. Layers were visible due to the relative 

opacity of the PPMS:PEG layers (Figure 4-2B). To visualize the interface between layers, 

the SSTACs were treated with a hydrophobic dye (Nile red) to stain the PPMS-containing 

layers and examined under brightfield and fluorescence (Zeiss AxioVert.A1) (Figure 4-

2C). Brightfield imaging revealed the targeted pore size (~370 µm) and interconnected 

pore morphology. The fluorescent images confirmed the desired, relatively soft interface 

nature between two layers. Next, the mechanical properties of the SSTACs were evaluated 

to assess the impact of merging the scaffold layers together. First, from the SSTACs 

comprised of alternating 100% PEG-DA and PPMS:PEG (30:70 mol%), individual layers 

were sliced and subjected to an unconfined compression test and compared to analogous 

scaffolds (i.e. not formed into SSTACs) (Figure 4-2D). The 100% PEG-DA layer of the 

SSTAC exhibited a higher modulus versus the PEG-DA control. However, the 

PPMS:PEG (30:70 mol%) layer of the SSTAC had a similar modulus versus the 

corresponding control. These results are attributed to a greater absorption of the passing 

PEG-DA precursor solution by the salt-containing 100% PEG-DA layer, due to its similar 

chemistry, versus by the PPMS:PEG (30:70 mol%) layer. Next, the mechanical integrity 

of the SSTAC interface was investigated. Bilayered SSTACs composed of two layers of 

100% PEG-DA were first compared to the corresponding 100% PEG-DA single scaffolds 

(i.e. not formed as SSTACs). These were tested in a confined shear configuration where 
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the central interface was aligned with the shear plane. Shear strain was applied at a rate of 

2 mm/min until failure. Both the SSTACs and the corresponding conventional scaffolds 

experienced failure at a similar value of shear force although the displacement at failure 

was lower for the former (Figure 4-2E). These results indicate that SSTACs should be 

able to withstand shear forces in a confined environment.  

 

 

Figure 4-3. (A) Fabrication of hydrogel SSTAC with a radial geometry, comprised of a 

100% PEG-DA exterior ring and a PPMS:PEG (30:70%) core. Cross-section of radial 

SSTAC (colored transparent bar denotes 100% PEG-DA “blue” and PPMS:PEG “pink” 

along the interface): (B) SEM image, (C) photograph of Nile Red stained specimen, (D) 

Fluorescent [left] and brightfield [right] image of stained specimen. 

 

Next, with an analogous protocol, SSTACs were formed with a radially layered 

geometry (Figure 4-3A). Both layers were formed with a similar salt template (average 

salt size of 268 ± 35 µm). The 100% PEG-DA exterior layer was prepared by trimming 

the salt-containing scaffold to an 8 mm height and creating a central hole with a 6 mm die. 
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The PPMS:PEG (30:70 mol%) exterior layer was prepared by trimming the salt-

containing scaffold to 6 mm x 8 mm (diam. x height) which was then placed into the PEG-

DA layer’s empty core. Following subsequent steps to fuse the layers together, the final 

hydrated radial SSTAC was punched with a die to remove the outer surface. The cross-

section of a final hydrated SSTAC was analyzed to assess the spatial control of porosity 

and chemical composition across the radial interface. By SEM, an interconnected pore 

morphology was observed to be maintained and the interface between the layers lacked a 

hard interface (Figure 4-3B). After exposing the SSTAC to hydrophobic Nile Red to stain 

the PPMS:PEG (30:70 mol%) core, the spatial control of chemistry was visually 

confirmed (Figure 4-3C). Under fluorescent and brightfield imaging, the radial interface 

was well integrated despite the targeted differences in chemistry (Figure 4-3D). 

 

 

Figure 4-4. (A) Mimetic osteochondral SSTAC design: (B) Photograph of SSTAC prior 

to salt template leaching, (C) Photograph of final hydrated SSTAC, (D) SEM image, and 

(E) Fluorescent [left] and brightfield [right] image of  stained specimen. 
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In a final example, we demonstrated the formation of a triphasic SSTAC that 

spatially recapitulates the native osteochondral tissue (Figure 4-4A). The three layers 

corresponded to the articular cartilage, osteochondral interface, and subchondral bone. 

The pore size and chemistry of each layer was based on that which is expected to promote 

regeneration of each tissue types. First, the SSTAC’s “cartilage layer” (height = 2.5 mm), 

was prepared with 100% PEG-DA and a relative ‘small’ sized salt template (salt size of 

102 ± 20 µm). The smaller pore size and high hydration of this layer are properties 

associated with instructing cartilage regeneration.231 Representing the subchondral bone 

layer, a scaffold layer (height = 5 mm) was prepared with ‘large’ sized salt template (268 

± 35 µm salt size) and PPMS-DA:PEG-DA (30:70 mol%). The large pore size as well as 

osteoinductive and bioactive nature of this chemistry would be expected to promote 

bone.113, 231, 257 Finally, at the interface, a scaffold layer (height = 500 µm), was prepared 

with ‘medium’ sized salt template (181 ± 29 µm salt size), to provide a more gradual 

transition in pore size from the cartilage to subchondral bone layer. This interface layer 

was prepared with PDMS-MA at low concentrations, PDMS:PEG (15:85 mol %). This 

“non-phosphonated” siloxane and lower concentration is expected to provide an 

intermediate bioactive response versus the other layers, affording the desired biomimetic 

transition from cartilage to bone. The resulting three-layered osteochondral SSTAC 

exhibited excellent integration among layers despite the differences in pore size and 

chemical composition (Figure 4-4B-E). 

In conclusion, we described a new strategy to prepare templated hydrogel scaffolds 

with spatially controlled properties. The resulting SSTACs (‘scaffolds with spatially 
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tunable arrangements and chemistries’) can be formed from elements prepared with a 

variety of macromer combinations, different pore sizes, as well as dimensions and 

geometries. These SSTACs are anticipated to be useful for the regeneration of orthopedic 

interfacial tissues, particularly the osteochondral interface. The fabrication of SSTACs 

affords tremendous flexibility. Prior to leaching of the salt template, individually prepared 

scaffold elements are trimmed to the desired dimensions and assembled in the desired 

configuration. These elements are fused together into a monolithic SSTAC by passage of 

a macromer precursor solution and subsequent UV curing. Following salt leaching and 

hydration, the SSTAC exhibits relatively soft interfaces between the unique areas. 

Towards enhancing the instructive potency of SSTACs, other macromer chemistries, 

fillers, or even growth factors could be incorporated.  

4.3. Experimental 

4.3.1. Materials 

2,2’-azobis(2-methylpropionitrile) (AIBN), acryloyl chloride, diethyl vinyl 

phosphonate (VP), hexamethyldisilazane (HMDS), hydrochloric acid (HCl), magnesium 

sulfate (MgSO4), Nile red, poly(ethylene glycol) 3350 (PEG-3350), potassium carbonate 

(K2CO3), sodium chloride (NaCl), sodium hydroxide (NaOH), thiolacetic acid, 

triethylamine, trifluoromethanesulfonic acid (triflic acid) and all solvents were obtained 

from Sigma-Aldrich. 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (D4 vinyl), 

1,3-bis(3-methacryloxypropyl)tetramethyldisiloxane (tetra-SiMA), 1,3-bis(4-

hydroxybutyl)tetramethyldisiloxane (HBTMDS), and octamethylcyclotetrasiloxane (D4) 

were obtained from Gelest. Diethyl ether was obtained from Fisher Scientific. Phosphate 
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buffered saline (No Ca or Mg; PBS) was obtained from Corning. Ethyl (2,4,6-

trimethylbenzoyl) phenylphosphinate was obtained from Combi-Blocks. 

4.3.2. Synthesis of Scaffold Components 

4.3.2.1. PEG-DA Synthesis 

PEG-DA (Mn = 3400 g/mol) was prepared as previously reported.217  

4.3.2.2. PPMS-DA Synthesis 

PPMS-DA (Mn = 3231 g/mol) was prepared as previously reported through a 

five-step synthetic process.257 

4.3.2.3. PDMS-MA Synthesis 

PDMS-MA (Mn = 1044 g/mol) was prepared as previously reported.257 

4.3.2.4. NMR 

1H-NMR spectra were obtained on an ‘Ascend 400’ 400 MHz spectrometer 

operating in the Fourier transform mode. Solutions of 5% (w/v) CDCl3 were used to obtain 

spectra. Residual CHCl3 served as an internal standard. 1H-NMR spectra of all synthesized 

materials were in agreement with that which was previously reported. 

4.3.3. Precursor Solution Preparation 

Dichloromethane (DCM) based precursor solutions at 30 wt% total macromer to 

DCM were prepared as previously reported.257 PPMS:PEG (45:55, 30:70, and 15:85) and 

PDMS:PEG (15:85) compositions represent the mol% ratio of siloxane:PEG-DA, which 

collectively represent the total macromer added to DCM (~30 wt%). Photoinitiator (ethyl 

(2,4,6-trimethylbenzoyl) phenylphosphinate) was added at 0.01 g/g of macromer. 
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Solutions were vortexed 1 min after addition of each component and again prior to 

addition to the mold. 

4.3.4. Salt-Templated Scaffold Fabrication 

Hydrogel scaffolds were fabricated via SIPS/Salt as  previously reported.89 Sieved 

NaCl [ASTM E-11 specifications No. 40 (425 µm opening), No. 60 (250 µm opening), 

and No. 100 (150 µm opening)] at sizes of ~100 µm, ~180 µm and ~268 µm (as 

determined by ImageJ analysis of SEM images) were used to form the templates.182 Molds 

were formed from a borosilicate glass tube (inside diameter = 0.5 inch) with aluminum 

foil inside a Teflon cap containing a small hole in the bottom. A 5 wt% water-salt mixture 

was then added to the mold, compacted and centrifuged (Eppendorf 5810R centrifuge, A-

4-62 rotor). The salt template was then allowed to dry in a fume hood for 24 h. A precursor 

solution was deposited atop the dried salt template via syringe, the aluminum foil 

punctured through the hole in the Teflon cap, and the solution forced through with 

compressed air. Once the solution had visibly finished passing through the mold’s hole, 

the mold was exposed to UV light [UV-transilluminator; 6 mW cm2, 365 nm] for 15 min. 

After the solvent was allowed to evaporate in a fume hood for 24 h, the resulting cured, 

salt-containing scaffold was sectioned into a desired thickness using a vibratome (Leica 

VT1000S; cutting speed = 1.75 mm/s; frequency = 30 Hz). In one case, a die was used to 

punch the scaffold to a smaller diameter. 

4.3.5. Fabrication of SSTACs 

The cured, salt-containing scaffold “elements” were prepared and sized as 

described above. These elements were added in the desired configuration to the glass 
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mold, the same design described above. Next, the 100% PEG-DA precursor solution (~1.5 

mL) was added to the mold, and allowed to soak for ~1 min. As described above, the 

aluminum foil was then punctured through the hole in the Teflon cap, and compressed air 

applied to push the precursor solution through the template and out the hole. A 3 mm thick 

silicone rubber insert (matching the ID of the glass mold) was subsequently inserted and 

any excess precursor solution squeezed out with gentle pressure. The insert was left in 

place to secure the scaffold elements prior to and during curing. The mold was exposed to 

UV light [6 mW cm2, 365 nm] for 15 min with rotation (12 min upright, and 3 min upside 

down). The Teflon cap was removed from the mold, and the solvent from the resulting 

salt-containing SSTAC (still contained within the glass tube) allowed to evaporate for 24 

h in a fume hood. The salt-containing SSTAC was then removed from the glass tube and 

soaked for 48 h in DI water (3X daily water changes) to remove the salt template and to 

hydrate the SSTAC. After words, the top and bottom 1 mm of the cylindrical SSTAC was 

sliced with a razor blade and lastly punched with a die to the desired diameter, removing 

the outer surface.  

4.3.6. Characterization Techniques 

4.3.6.1. Scanning Electron Microscopy (SEM) 

SSTACs (8 mm diameter) were dried in a vacuum oven (14.7 psi, 24 hr, room 

temperature [RT]). Dried discs were subjected to Au-sputter coating (Cressington Sputter 

Coater 108) and viewed with a field emission scanning electron microscope (SEM; JEOL 

NeoScope JCM-5000) at an accelerated electron energy of 10 keV. 

4.3.6.2. Brightfield/Fluorescent Imaging 
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Images were captured using a Zeiss AxioCam 503 mono camera attached to a Zeiss 

Axiovert.A1 fluorescent microscope at 5x magnification under brightfield or fluorescent 

LED light source (filter # 43; Cy3/Rhodamine/Alexa 546). Images were processed using 

Zeiss ZEN blue software version 3.1. 

4.3.6.3. Compressive Modulus 

The compressive elastic modulus of scaffolds or SSTAC sections was determined 

using an Instron 5944 at RT. Scaffolds were punched into discs (~10 mm x ~2 mm, 

diameter x thickness) with a 10 mm biopsy punch. A pre-load of 0.1 N was applied to the 

scaffolds, followed by compression at a constant displacement rate (0.5 mm/min) until 

75% strain. The compressive elastic modulus (E) was calculated from the slope of the 

linear portion of the stress-strain curve (0 – 10% strain).  

4.3.6.4. Shear Interface Analysis 

Interfacial shear strength of a two-layer SSTAC and corresponding control 

scaffold was evaluated with a confined shear test. Specimens were punched to a diameter 

of 10 mm and cut to a height of 8 mm. In the case of SSTAC specimens, the interface 

between the two layers was located at the mid-point of the height (i.e. 4 mm of each layer 

per side of the interface). Specimens were evaluated in a custom confined shear set-up, 

wherein a lower arm remained stationary as an upper arm was displaced (Figure A-22). 

The upper and lower arms were fabricated from ¼ inch thick aluminum bars (McMaster 

Carr) cut to 5 in X 1 in. Each mount had a 10 mm diameter hole, with the upper arm’s hole 

machined to a depth of 4 mm and the lower arm’s cut through the bar. The arms were 

affixed in tension clamps on an Instron 5944. To ensure alignment of the hole in each arm, 
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a 10 mm diameter rod was placed between the holes and the arms were clamped together. 

Furthermore, to ensure vertical alignment, the arms were affixed to the tension clamps 

using a square and level. Insertion of the scaffold into the fixture was done while the holes 

in each arm were aligned. Scaffolds were pushed through the hole in the lower arm until 

it was up against the back of the hole in the upper arm (i.e. aligning the interface at the 

interface of the arms). A silicone spacer (10 mm diameter X 2.35 mm length) was then 

press fit into the lower arm to prevent movement of the scaffold. Once inserted, the upper 

arm was displaced at a rate of 2 mm/min – applying a shear strain to the interface of the 

scaffold – until failure. 

4.3.6.5. Statistics 

Data is reported as the mean ± standard deviation. Data set mean values were 

compared in GraphPad Prism via ANOVA followed by Tukey’s posthoc test where p-

value < 0.05 was considered statistically significant.



 

 

CHAPTER V  

CONCLUSIONS 

 

5.1. Conclusions 

Achieving targeted tissue regeneration using a scaffold’s native material properties 

alone is of interest in the modern era of tissue engineering. The precision with which 

synthetic material scaffolds can be tuned holds potential to provide a unique level of 

control to impact regenerative outcomes. Further, this avoids the use of exogenous growth 

factors and native protein-based systems, which have increased risk and decreased 

versatility. Particularly, these capabilities of ‘materials-guided’ approaches have potential 

to apply to complex and pervasive challenges, such as osteochondral defects, as described 

in Chapter I. With advancements to both the understanding and the tunability of such 

materials-guided approaches, there is increasing potential to address this complexity with 

precise material synthesis and scaffold spatial design. Previously, the Grunlan lab has been 

the first to report the osteoinductivity and bioactivity of a non-brittle siloxane polymer 

[star poly(dimethyl siloxane) methacrylate; PDMSstar-MA] when incorporated within a 

poly (ethylene glycol) diacrylate (PEG-DA) hydrogel. By utilizing a hydrophobic, 

inorganic macromer, rather than the frequently used brittle glasses or ceramics, a more 

tunable system can be achieved. Furthermore, our group has established the use of a fused 

salt template, in combination with solvent-induced phase separation, for the fabrication of 

interconnected, macroporous PEG-DA hydrogel scaffolds.  
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In this work, the Grunlan lab’s PEG-DA SIPS/salt-templated fabrication and 

siloxane chemistry advancements were developed toward the treatment of osteochondral 

defects. Specifically, while previously fabricated PDMSstar-MA:PEG-DA hydrogels were 

determined bioactive and osteoinductive, their osteoconductivity (ability to support cell 

seeding and neotissue infiltration) was minimal, thus diminishing its capability as a 

materials-guided regenerative strategy. Herein, this technology was developed toward and 

osteoinductive and osteoconductive strategy, and further advanced in tunability toward 

achieving spatial control for osteochondral regeneration. 

In Chapter II, PDMSstar-MA:PEG-DA hydrogels were fabricated with a fused salt 

template, in conjunction with SIPS employing a DCM precursor solution, creating 

interconnected macropores of tunable sizes to permit post-fabrication cell seeding and 

osteoconductivity. The resulting scaffolds were investigated for their efficacy as a bone 

regenerative strategy. Hydrogels were produced with two Mn’s of PDMSstar-MA (2k and 

7k) and varying wt/wt% ratios of PDMSstar-MA to PEG-DA (Mn = 3.4k). CLSM images 

revealed the improved distribution of the 2k PDMSstar-MA within the PEG matrix, 

attributed to its superior solubility in the DCM precursor solution. Pore size tunability and 

interconnectivity for osteoconductivity were confirmed by SEM imaging and a water 

wicking test. While absent for the PEG-DA control, bioactivity was confirmed for 

templated SIPS PDMSstar-PEG hydrogels (2k series) with HAp formation observed (via 

SEM and XRD) following soaking in SBF. Finally, all RGD-containing templated SIPS 

PDMSstar-PEG scaffolds were confirmed non-cytotoxic and showed PDMS dose-

dependent increases in key indicators of osteogenesis. However, this was dependent on 
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comacromer Mn, wherein the better dispersed comacromer (lower Mn) showed statistical 

differences at lower concentrations. Von Kossa staining further revealed dose-dependent 

increases in calcium deposition by hBMSCs seeded on 2k-containing scaffolds. Overall, 

these templated SIPS PDMSstar-PEG hydrogels displayed the potential to serve as 

instructive scaffolds for bone regeneration without the inclusion of added growth factors 

or glass/ceramic fillers. 

In Chapter III, the osteogenic potential of siloxane-containing PEG-DA hydrogel 

scaffolds were increased by leveraging an additional chemical functionality. Two new 

siloxane macromers were synthesized containing a relatively high (PPMS-DA) and low 

(PPMS-DA 25%) phosphonate pendant group concentration to enhance bone regenerative 

capacity. In this study, several mol% ratio PPMS:PEG scaffolds were fabricated, along 

with control scaffold compositions containing vinyl phosphonate (i.e. no siloxane) and 

PDMS-MA (i.e. no phosphonate) with PEG-DA. These scaffolds produced an increase in 

hydrophobicity versus the PEG scaffold control and an associated decrease in swelling. 

However, the average scaffold pore size was similar to the control scaffolds (~370 µm). 

Enhanced hydrophobicity and such a pore size are associated with osteogenesis. The 

enhanced bioactivity of phosphonated-siloxane based scaffolds was demonstrated by the 

formation of HAp just two weeks after exposure to SBF, faster than for the siloxane-based 

scaffold (four weeks). In in vitro culture with hBMSCs for 14 and 28 days, a scaffold 

prepared with PPMS-DA saw greatly increased mineralization while maintaining similar 

protein expression versus an analogous scaffold prepared with PDMS-MA. This suggests 

a potentially better osteogenic response. However, the concentration of phosphonated-
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siloxane macromer (PPMS-DA) did not elicit “PPMS-dose dependent” increase in protein 

expression. In fact, BMP-2 expression was greatest for the lowest PPMS dosage, 

suggesting a more complex mechanism. Overall, when incorporated into PEG-DA 

hydrogel scaffolds, phosphonated-siloxane macromers exhibit enhanced osteoinductivity 

and bioactivity versus a siloxane macromer. 

In Chapter IV, we designed a fabrication process that adds spatial control to the 

previously studied salt-templated hydrogel scaffolds. Hydrogel SSTACs, or scaffolds with 

spatially tunable arrangement and chemistry, achieved this through curing an additional 

PEG-DA network through non-salt leached SIPS/Salt scaffolds. SSTACs fabricated in 

various layered geometries with PPMS-DA:PEG-DA and 100% PEG-DA compositions 

showed the formation of ‘soft’ interfaces with defined chemistries. When subjected to 

shear force at the interface in a confined environment, SSTAC hydrogels broke at a similar 

force to a complete PEG-DA hydrogel, showing the integrity of the interface. Finally. a 

proof-of-concept osteochondral regenerative device was developed as a tri-layer scaffold 

to display the current capabilities with materials previously developed and the room for 

future expansion. By controlling the layer size, chemistry, and pore morphology through 

the SIPS/Salt fabrication technique, hydrogel SSTACs can be developed to address the 

complex spatial organization of osteochondral tissue.  

5.2. Future Directions 

This dissertation established the efficacy of materials-guided strategies for 

advancing osteochondral defect regeneration. Future work toward chondral and interface 

regeneration can further enhance the potential of the strategies developed herein. 
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Furthermore, SIPS/Salt hybrid hydrogels could be deployed as bone regenerative scaffolds 

in other hybrid techniques. Potential directions for expansion are detailed below and in 

Figure 5-1. 

 

 

Figure 5-1. Future directions for materials-guided regeneration using templated PEG-DA 

hybrid hydrogels. 

 

5.2.1. Osteochondral Defect Repair - Cartilage 

The proof-of-concept osteochondral SSTAC design developed in Chapter IV 

displayed considerably limited regenerative potential for cartilage. Referring to the 

materials-guided regeneration of cartilage tissue discussed in Chapter I, the use of 

glycosaminoglycans, natively found in articular cartilage, is the primary way to induce 

chondrogenesis in materials-guided strategies. Methacrylated hyaluronic acid (HA-MA), 

which has been commonly used for cartilage regenerative hydrogels,258 could be used to 

accomplish this. Due to the aqueous solubility of HA-MA and many other cartilage 

regenerative materials, it is likely that inclusion will require investigation of a different 
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solvent or solvent mixture for utilization in SIPS/Salt templating. Fabrication of an HA-

MA-containing scaffold composition with a small pore size, using the proof-of-concept 

layer structure outlined in chapter IV could provide an effective device strategy. Such 

scaffolds should be analyzed for chondrogenic potential by in vitro evaluation for Sox 9 

and Collagen II expression from hBMSC culture. Furthermore, inclusion of HA-MA could 

enhance the chondrogenic response at the osteochondral interface considerably, assisting 

in the formation of a calcified cartilage layer.  

Another way to address the cartilage regenerative potential of SSTACs would be 

through morphological changes to the scaffold layers. As shown in Figure 1-1, there are 

three distinct zones in articular cartilage, each with different collagen alignments and 

cellularity, comprising a complex structure able to bear the load of the joint. Several 

strategies have attempted to mimic this structure.259-262 A SSTAC that could leverage 

different porogens, such as fibrous meshes with designed orientations, could be a step 

toward enhancing their potency at the cartilage layer. 

5.2.2. Osteochondral Defect Repair - Interface 

Previously, our collaborators showed that conventional PDMS:PEG hydrogels 

modified with chondroitin sulfate, and the exogenous growth factors TGFβ-1 and BMP-

2, were able to produce the desired response for osteochondral interface regeneration, 

differentiation of hypertrophic chondrocytes.135 This is accomplished through a 

chondrogenic response in a mineralized environment. It is hypothesized that a purely 

materials-guided approach could achieve a similar outcome. Specifically, for 

chondrogenesis, the sulfonic acid group has been well indicated in chondrocytic 
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differentiation, due to its similarity to charged GAGs (e.g. chondroitin sulfate).263-265 

Further, as shown in Chapter II and III, siloxanes are bioactive and able to induce 

mineralization. Thus, by developing a sulfonated-siloxane a hypertrophic chondrocyte 

phenotype could be achieved. Two synthetic procedures are proposed for fabrication of 

such sulfonated siloxanes (Figure 5-2). First, a process similar to the synthesis of PPMS-

DA in Chapter III is proposed. As seen in step three for 100% PPMS-DA, ‘PTMS-OH’ is 

available for addition of a vinyl-functionalized monomer via thiolene click addition. Thus, 

using a sodium sulfonate-containing monomer, a hypothesized synthetic procedure for a 

sulfonated-siloxane has been developed using PTMS-OH (Figure 5-2A). However, the 

considerable difference in solubility between the two reactants may require further 

investigation of the synthesis. Thus, if this method becomes difficult for fabrication of a 

sulfonated siloxane, a second potential mechanism using a hydrosilylation reaction is 

proposed (Figure 5-2B). Investigation through in vitro culture with hBMSCs revealing 

mineralization while simultaneously achieving higher expression of Collagen X and a 

higher osterix/Sox 9 ratio would yield a successful result.135 Markers of osteogenesis 

should also be investigated as well, and if present the tuning of the ratio of siloxane to 

sulfonate could be used to potentially reduce this response. 

 



 

114 

 

 

Figure 5-2. Proposed syntheses of sulfonated-siloxane macromers for osteochondral 

interface regeneration. 

 

5.2.3. Cartilage-Capped Regenerative Osteochondral Plugs (CC-ROPs) 

Due to the challenge of regenerating articular cartilage, partial resurfacing 

strategies, wherein a device is implanted to permanently replace damaged articular 

cartilage, have been developed for clinical treatment of osteochondral defects. A few of 

these strategies were discussed in Chapter I as synthetic material-based OCD repair in 

clinical trials. Our group has recently developed a double network hydrogel for synthetic 

cartilage that is uniquely able to simultaneously achieve high modulus, strength, and 

toughness while maintaining the hydration necessary for lubricity.212 Through 

combination with the salt templated hydrogel scaffolds for bone regeneration discussed 

herein, it would be possible to develop a partial resurfacing strategy for OCD repair. Such 

bioprosthetic devices – cartilage-capped, regenerative osteochondral plugs (CC-ROPs) – 

would be cylindrical, autograft-sized implants with a biodegradable, bone-regenerative 

base and a permanent, resurfacing cartilage ‘cap.’ Similar to grafting strategies, CC-ROPs 

could be implanted after defect debridement. The scaffold base would regenerate new, 
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healthy bone tissue to subsequently integrate and lock in place the permanent ‘cap’ of the 

CC-ROP that would permanently replace the damaged cartilage with a mechanically 

robust synthetic hydrogel. Thus, both damaged tissues would be suitably replaced.  
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APPENDIX A 

SUPPORTING INFORMATION 

 

Figure A-1. A dry, fused salt template prepared within the ‘hole-in-cap’ mold (prior to 

addition of precursor solution). Scale bars = 5 mm. 

 

 

Figure A-2. Photographs displaying the separation of DCM precursor solutions 

containing 2k PDMSstar-MA at 20:80 (wt/wt %) (left vial in both pictures) and 7k 

PDMSstar-MA at 20:80 (wt/wt %) (right vial in both pictures) after 1 hr. Scale bars = 5 

mm. 
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Table A-1. Percent sol for templated SIPS PDMSstar-PEG hydrogels and analogous PEG-

DA control (0:100 wt/wt %) following DCM soak. All hydrogels were fabricated with 

medium salt (~270 µm). 

 PEG  
2k 

10:90 

2k 

20:80 

2k 

30:70 

7k 

10:90 

7k 

20:80 

7k 

30:70 

% 

Sol: 

0.67 ± 

0.71 

2.00 ± 

1.37 

3.64 ± 

1.50 

2.30 ± 

1.26 

1.60 ± 

1.20 

4.98 ± 

1.80 

4.53 ± 

0.75 

 

 

 

Figure A-3 Photographs displaying the effect of water wicking on a templated PEG-DA 

control (0:100 wt/wt %; prepared with mediums salt, ~270 µm) hydrogel after wicking 

with a Kimwipe during percent interconnectivity test. Scale bars = 2 mm. 
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Figure A-4. Bulk compressive Young’s modulus of templated SIPS PDMSstar-PEG 

hydrogels and analogous PEG-DA control. Hydrogels were fabricated with medium salt 

(~270 µm) and 2k PDMSstar-MA. No statistical difference among compositions were 

observed. 

 

 

 

Figure A-5. Accelerated degradation (0.05M NaOH, 37 ºC) of templated SIPS PDMSstar-

PEG hydrogels and analogous PEG-DA control. Hydrogels were fabricated with medium 

salt (~270 µm) and 2k PDMSstar-MA. For a given time point, no statistical differences 

among compositions were observed. 
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Figure A-6. SYBR green staining for DNA (top 2 rows) and stacked images of rhodamine 

phalloidin and DAPI staining (bottom 2 rows) after 48 hr culture with hBMSCs on 

templated SIPS PDMSstar-PEG scaffolds and analogous PEG-DA control. Scaffolds were 

fabricated with medium salt (~270 µm). Scale bars = 200 µm. 
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Figure A-7. Relative DNA content of hBMSCs after 14 days culture (during scaffold-

induced osteogenesis studies) on templated SIPS PDMSstar-PEG scaffolds and analogous 

PEG-DA control. Scaffolds were fabricated with medium salt (~270 µm) and 2k PDMSstar-

MA. No statistical differences among compositions were observed. 

 

 

 

Figure A-8. Osteopontin (OPN) and BMP-2 immunoassay results after 14 day culture of 

hBMSCs, along with collagen 1 and SPARC levels previously shown in Fig. 7, on 

templated SIPS PDMSstar-PEG scaffolds and analogous PEG-DA control. Scaffolds were 

fabricated with medium salt (~270 µm) and 2k PDMSstar-MA. Statistically significant 

difference compared to the PEG-DA control is represented as * = p <0.05. No statistical 

differences among compositions for BMP-2 expression were observed. 
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Figure A-9. Five-step synthetic scheme for synthesis of PPMS-DA 25% (m = 7.5 and n = 

2.5). 

 

 

 

Figure A-10. Sol content % for (A) scaffolds and (B) non-porous slabs. 
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Figure A-11. SEM images of scaffolds. Scale bars = 100 µm. 

 

 

 

Figure A-12. (A) Non-porous slab equilibrium swelling, and (B) non-porous slab bulk 

Young’s modulus. Statistical difference versus PEG is represented as * and versus PDMS 

30:70 is represented as # (p < 0.05). 

 



 

147 

 

 
 

Figure A-13. SEM image of VP scaffold displaying HAp mineralization after soaking in 

simulated body fluid for 4 weeks (SBF, 1X, 37 °C). Scale bar = 100 µm. 

 

 

 

Figure A-14. Relative protein levels of VP (blue) and PDMS 12:88 (green) versus 

PPMS 30:70 (purple). Statistical differences versus PPMS 30:70 is indicated with * (p < 

0.05). 



 

148 

 

 

Figure A-15. Relative calcium deposition of PPMS 15:85 (light purple), PPMS 30:70 

(medium purple), and PPMS 45:55 (dark purple). 

 

 

 

Figure A-16. Representative images of Alizarin Red S staining corresponding relative 

calcium deposition in Figure 3-7A. Due to the intensity of staining, only macro-images 

could be taken due to over-saturation during imaging. Scale bar = 4 mm. 
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Figure A-17. Representative images of Alizarin Red S staining corresponding relative 

calcium deposition in Figure 3-7C. Due to the intensity of staining, only macro-images 

could be taken due to over-saturation during imaging. Scale bar = 4 mm. 

 

 

 

Figure A-18. Representative images of Alizarin Red S staining corresponding relative 

calcium deposition in Figure A-15. Due to the intensity of staining, only macro-images 

could be taken due to over-saturation during imaging. Scale bar = 4 mm. 

 

 

 

Figure A-19. Salt-containing scaffolds prior to being formed into SSTACs. 
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Figure A-20. SSTAC Fabrication mold. 

 

 

 

Figure A-21. Salt-containing scaffolds are cut with a vibratome (Leica VT1000S; 

pictured) to size prior to being formed into a hydrogel SSTAC. 
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Figure A-22. Custom confined shear set-up used for shear interface testing. Aluminum 

bar arms are set in tension clamps on an Instron 5944. 
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APPENDIX B 

1H NMR SPECTRA OF SYNTHETIC PRODUCTS 

 

 

Figure B-1. NMR spectra for PEG-DA [n = 76; Mn = 3286 g/mol]. 1H-NMR (500 MHz; 

δ, ppm): 3.64 (s, 316H, –OCH2CH2), 5.84 (m, 2H, –CH=CH2), 6.16 (m, 2H, –CH=CH2), 

6.44 (m, 2H,–CH=CH2). 
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Figure B-2. NMR spectra for PDMSstar-SiH 2k [n = 4; Mn = 2807 g/mol]. 1H-NMR (500 

MHz; δ, ppm): 0-0.28 (bm, 225H, SiCH3), 4.7 (m, 4H, SiH). 
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Figure B-3. NMR spectra for PDMSstar-MA 2k [n = 4; Mn = 4233 g/mol]. 1H-NMR (500 

MHz; δ, ppm): 0-0.22 (bm, 302H, SiCH3), 0.56 (m, 8H, -SiCH2CH2CH2), 1.68 (m, 8H, -

SiCH2CH2CH2), 1.94 (s, 12H, C(CH2)CH3), 4.09 (m, 8H, -SiCH2CH2CH2), 5.53 (m, 4H, 

-C(CH2)CH3), 6.09 (m, 4H, -C(CH2)CH3). 
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Figure B-4. NMR spectra for PDMSstar-SiH 7k [n = 39; Mn = 13266 g/mol]. 1H-NMR 

(500 MHz; δ, ppm): 0.011-0.273 (bm, 1073H, SiCH3), 4.72 (m, 4H, SiH). 
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Figure B-5. NMR spectra for PDMSstar-MA 7k [n = 39; Mn = 20673 g/mol]. 1H-NMR 

(500 MHz; δ, ppm): 0-0.22 (bm, 1635H, SiCH3), 0.57 (m, 8H, -SiCH2CH2CH2), 1.70 (m, 

8H, -SiCH2CH2CH2), 1.95 (s, 12H,-C(CH2)CH3), 4.10 (m, 8H, -SiCH2CH2CH2), 5.54 (s, 

4H, -C(CH2)CH3), 6.10 (s, 4H, -C(CH2)CH3). 
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Figure B-6. NMR spectra for PDMS-MA [n = 10; Mn = 1044 g/mol]. 1H-NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.56 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 0.96 (5H, 

CH3SiCH2CH2S), 1.33 (15H, SCH2CH2P(O)CH2CH3), 1.40 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2), 1.58 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 2.03 (5H, 

SCH2CH2P(O)OCH2CH3), 2.61 (5H, CH3SiCH2CH2S), 2.73 (5H, 

SCH2CH2P(O)CH2CH3), 3.65 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 4.1 (10H, 

SCH2CH2P(O)OCH2CH3), 6.12 (2H, SiCH2CH2CH2CH2O(O)CHCH2), 6.36 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2). 
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Figure B-7. NMR spectra for PVMS-OH [n = 10]. 1H-NMR (400 MHz; δ, ppm): 0.08 

(12H, SiCH3), 0.14 (30H, CH3SiCHCH2), 0.56 (4H, SiCH2CH2CH2CH2OH), 1.40 (4H, 

SiCH2CH2CH2CH2OH), 1.57 (4H, SiCH2CH2CH2CH2OH), 3.64 (4H, 

SiCH2CH2CH2CH2OH), 5.79 (10H, CH3SiCHCH2), 5.96 (20H, CH3SiCHCH2). 
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Figure B-8. NMR spectra for PTAMS-OH [n = 10]. 1H-NMR (400 MHz; δ, ppm): 0.10 

(12H, SiCH3), 0.18 (30H, CH3SiCHCH2), 0.56 (4H, SiCH2CH2CH2CH2OH), 0.91 (20H, 

CH3SiCH2CH2), 1.42 (4H, SiCH2CH2CH2CH2OH), 1.59 (4H, SiCH2CH2CH2CH2OH), 

2.3 (30H, SC(O)CH3), 2.9 (20H, CH3SiCH2CH2) 3.64 (4H, SiCH2CH2CH2CH2OH). 
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Figure B-9. NMR spectra for PTMS-OH [n = 10]. 1H-NMR (400 MHz; δ, ppm): 0.10 

(12H, SiCH3), 0.15 (30H, CH3SiCHCH2S), 0.58 (4H, SiCH2CH2CH2CH2OH), 1.00 (20H, 

CH3SiCH2CH2S), 1.41 (4H, SiCH2CH2CH2CH2OH), 1.56 (4H, SiCH2CH2CH2CH2OH), 

2.62 (20H, CH3SiCH2CH2S), 3.66 (4H, SiCH2CH2CH2CH2OH). 
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Figure B-10. NMR spectra for PPMS-OH [n = 10]. 1H-NMR (400 MHz; δ, ppm): 0.09 

(12H, SiCH3), 0.14 (30H, CH3SiCHCH2S), 0.58 (4H, SiCH2CH2CH2CH2OH), 0.94 (20H, 

CH3SiCH2CH2S), 1.33 (60H, SCH2CH2P(O)CH2CH3), 1.40 (4H, SiCH2CH2CH2CH2OH), 

1.54 (4H, SiCH2CH2CH2CH2OH), 2.03 (20H, SCH2CH2P(O)OCH2CH3), 2.60 (20H, 

CH3SiCH2CH2S), 2.73 (20H, SCH2CH2P(O)CH2CH3), 3.64 (4H, SiCH2CH2CH2CH2OH), 

4.1 (40H, SCH2CH2P(O)OCH2CH3). 
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Figure B-11. NMR spectra for PPMS-DA [n = 10]. 1H-NMR (400 MHz; δ, ppm): 0.09 

(12H, SiCH3), 0.14 (30H, CH3SiCHCH2S), 0.58 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 

0.89 (20H, CH3SiCH2CH2S), 1.33 (60H, SCH2CH2P(O)CH2CH3), 1.40 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2), 1.54 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 2.02 (20H, 

SCH2CH2P(O)OCH2CH3), 2.58 (20H, CH3SiCH2CH2S), 2.74 (20H, 

SCH2CH2P(O)CH2CH3), 2.94 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 4.1 (40H, 

SCH2CH2P(O)OCH2CH3), 6.11 (2H, SiCH2CH2CH2CH2O(O)CHCH2), 6.33 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2). 
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Figure B-12. NMR spectra for PVMS-OH 25% [n = 2.5. m = 7.5]. 1H-NMR (400 MHz; 

δ, ppm): 0.07 (57H, SiCH3), 0.14 (7.5H, CH3SiCHCH2), 0.56 (4H, 

SiCH2CH2CH2CH2OH), 1.40 (4H, SiCH2CH2CH2CH2OH), 1.60 (4H, 

SiCH2CH2CH2CH2OH), 3.65 (4H, SiCH2CH2CH2CH2OH), 5.82 (2.5H, CH3SiCHCH2), 

5.96 (5H, CH3SiCHCH2). 
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Figure B-13. NMR spectra for PTAMS-OH 25% [n = 2.5. m = 7.5]. 1H-NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.56 (4H, SiCH2CH2CH2CH2OH), 0.87 (5H, 

CH3SiCH2CH2S), 1.40 (4H, SiCH2CH2CH2CH2OH), 1.59 (4H, SiCH2CH2CH2CH2OH), 

2.29 (7.5H, SC(O)CH3), 2.92 (5H, CH3SiCH2CH2S), 3.64 (4H, SiCH2CH2CH2CH2OH). 

 

 



 

165 

 

 

Figure B-14. NMR spectra for PTMS-OH 25% [n = 2.5. m = 7.5]. 1H-NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.57 (4H, SiCH2CH2CH2CH2OH), 0.98 (5H, 

CH3SiCH2CH2S), 1.41 (4H, SiCH2CH2CH2CH2OH), 1.60 (4H, SiCH2CH2CH2CH2OH), 

2.92 (5H, CH3SiCH2CH2S), 3.64 (4H, SiCH2CH2CH2CH2OH). 
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Figure B-15. NMR spectra for PPMS-OH 25% [n = 2.5. m = 7.5]. 1H-NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.56 (4H, SiCH2CH2CH2CH2OH), 0.96 (5H, 

CH3SiCH2CH2S), 1.33 (15H, SCH2CH2P(O)CH2CH3), 1.40 (4H, SiCH2CH2CH2CH2OH), 

1.58 (4H, SiCH2CH2CH2CH2OH), 2.03 (5H, SCH2CH2P(O)OCH2CH3), 2.61 (5H, 

CH3SiCH2CH2S), 2.73 (5H, SCH2CH2P(O)CH2CH3), 3.65 (4H, SiCH2CH2CH2CH2OH), 

4.1 (10H, SCH2CH2P(O)OCH2CH3). 
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Figure B-16. NMR spectra for PPMS-DA 25% [n = 2.5. m = 7.5]. 1H-NMR (400 MHz; 

δ, ppm): 0.07 (64.5H, SiCH3), 0.56 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 0.96 (5H, 

CH3SiCH2CH2S), 1.33 (15H, SCH2CH2P(O)CH2CH3), 1.40 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2), 1.58 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 2.03 (5H, 

SCH2CH2P(O)OCH2CH3), 2.61 (5H, CH3SiCH2CH2S), 2.73 (5H, 

SCH2CH2P(O)CH2CH3), 3.65 (4H, SiCH2CH2CH2CH2O(O)CHCH2), 4.1 (10H, 

SCH2CH2P(O)OCH2CH3), 6.12 (2H, SiCH2CH2CH2CH2O(O)CHCH2), 6.36 (4H, 

SiCH2CH2CH2CH2O(O)CHCH2). 
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APPENDIX C 

DATA TABLES FOR BAR GRAPHS 

 

Table C-1. Percent interconnectivity values (mean ± SD) for samples from Figure 2-

3A. 

 

 

Table C-2. Equilibrium swelling values (mean ± SD) for samples from Figure 2-3B. 

 

 

Table C-3. Percent interconnectivity values (mean ± SD) for samples from Figure 2-

3C. 

 

 

Table C-4. Local Young’s modulus values (mean ± SD) for samples from Figure 2-3D. 

 

 

 Aqueous SIPS Templated 

% interconnectivity: 8.84 ± 2.46 µm 11.43 ± 3.57 µm 54.71 ± 5.41 µm 

 PEG 
2k 

10:90 

2k 

20:80 

2k 

30:70 

7k 

10:90 

7k 

20:80 

7k 

30:70 

Equil. 

Swelling 

8.63 ± 

0.51 

7.99 ± 

0.28 

6.92 ± 

0.86 

7.57 ± 

0.51 

7.84 ± 

0.67 

7.65 ± 

0.70 

7.89 ± 

0.95 

 PEG 
2k 

10:90 

2k 

20:80 

2k 

30:70 

7k 

10:90 

7k 

20:80 

7k 

30:70 

Damping 

0.051 ± 

0.0083 

Tan δ 

0.032 ± 

0.0068  

Tan δ 

0.031 ± 

0.0066  

Tan δ 

0.030 ± 

0.0075  

Tan δ 

0.052 ± 

0.0076  

Tan δ 

0.047 ± 

0.0081  

Tan δ 

0.052 ± 

0.0102  

Tan δ 

 PEG 2k 10:90 2k 20:80 2k 30:70 

Local Young’s 

Modulus 

61.07 ±  

13.63 kPa 

28.14 ±  

5.95 kPa 

17.26 ±  

11.85 kPa 

13.98 ±  

11.10 kPa 



 

169 

 

Table C-5. Relative cytotoxicity values (mean ± SD) for samples from Figure 2-5. 

 

 

Table C-6. Relative Collagen 1 values (mean ± SD) for samples from Figure 2-6A. 

 

 

Table C-7. Relative SPARC values (mean ± SD) for samples from Figure 2-6B. 

 

 

Table C-8. Scaffold pore size values (mean ± SD) for samples from Figure 3-4A. 

 

 

 PEG 2k 10:90 2k 20:80 2k 30:70 

2k Cytotoxicity 
1.00 ±  

0.117 

0.925 ±  

0.064 

0.825 ±  

0.048 

0.845 ±  

0.170 

 PEG 7k 10:90 7k 20:80 7k 30:70 

7k Cytotoxicity 
1.00 ±  

0.127 

0.984 ±  

0.174 

0.941 ±  

0.122 

0.970 ±  

0.147 

 PEG 
2k 

10:90 

2k 

20:80 

2k 

30:70 

7k 

10:90 

7k 

20:80 

7k 

30:70 

Col 1 
1.00 ± 

0.123 

0.032 ± 

0.0068 

0.031 ± 

0.0066 

0.030 ± 

0.0075 

0.052 ± 

0.0076 

0.047 ± 

0.0081 

0.052 ± 

0.0102 

 PEG 
2k 

10:90 

2k 

20:80 

2k 

30:70 

7k 

10:90 

7k 

20:80 

7k 

30:70 

SPARC 
1.00 ± 

0.084 

1.181 ± 

0.0366 

1.254 ± 

0.0622 

0.976 ± 

0.1828 

1.036 ± 

0.0884 

1.097 ± 

0.1101 

1.220 ± 

0.1127 

PORE 

SIZES 
PEG VP 

PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Dry 

205.9 

± 23.6 

µm 

178.7 

± 16.4 

µm 

193.8 

± 17.9 

µm 

174.2 

± 17.0 

µm 

174.6 

± 30.6 

µm 

180.1 

± 18.5 

µm 

201.4 ± 

22.0 

µm 

171.9 ± 

19.4 

µm 

Hydrated 

366.2 

± 45.2 

µm 

378.0 

± 43.0 

µm 

388.5 

± 33.8 

µm 

384.0 

± 38.2 

µm 

369.5 

± 42.2 

µm 

375.9 

± 43.2 

µm 

359.6 ± 

29.2 

µm 

355.3 ± 

51.7 

µm 
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Table C-9. Scaffold hydrophobicity index values (mean ± SD) for samples from Figure 

3-4B. 

 

 

Table C-10. Scaffold equilibrium swelling values (mean ± SD) for samples from Figure 

3-4C. 

 

 

Table C-11. Scaffold bulk Young’s modulus values (mean ± SD) for samples from 

Figure 3-4D. 

 

 

Table C-12. Relative scaffold local Young’s modulus values (mean ± SD) for samples 

from Figure 3-4E. 

 

 

 PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

H-index 
0.75 ± 

0.38 

0.87 ± 

0.04 

0.90 ± 

0.05 

1.29 ± 

0.18 

1.44 ± 

0.067 

1.25 ± 

0.12 

1.79 ± 

0.40 

1.45 ± 

0.29 

 PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Equil. 

Swelling 

15.7 ± 

1.60 

15.4 ± 

0.60 

13.4 ± 

0.87 

12.9 ± 

1.15 

9.9 ± 

0.72 

12.2 ± 

1.03 

7.5 ± 

1.99 

5.4 ± 

0.90 

 PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Scaffold 

Bulk 

Young’s 

34.1 ± 

2.2 

kPa 

37.3 ± 

1.1 

kPa 

44.8 ± 

4.2 

kPa 

27.5 ± 

10.6 

kPa 

46.5 ± 

4.9 

kPa 

40.7 ± 

1.3 

kPa 

38.3 ± 

5.2  

kPa 

32.5 ± 

1.7  

kPa 

 PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Scaffold 

Local 

Young’s 

35.1 ± 

13.3 

kPa 

16.6 ± 

4.5 

kPa 

15.1 ± 

2.2 

kPa 

10.0 ± 

5.4 

kPa 

25.4 ± 

12.7 

kPa 

48.2 ± 

14.4 

kPa 

23.3 ± 

4.4  

kPa 

21.7 ± 

14.2 

kPa 
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Table C-13. Relative cytotoxicity values (mean ± SEM) for samples from Figure 3-6A. 

 

 

 

Table C-14. In vitro hBMSC culture relative values (mean ± SEM) for samples from 

Figure 3-7A&B. 

 

 

 

 

 PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Cytotox. 
1.00 ± 

0.10 

1.02 ± 

0.29 

1.04 ± 

0.05 

0.65 ± 

0.18 

1.05 ± 

0.11 

0.98 ± 

0.32 

1.04 ± 

0.18 

0.95 ± 

0.21 

 PDMS 30:70 PPMS 25% PPMS 30:70 

Alizarin Red S 

(14-day) 
1.00 ± 0.261 1.10 ± 0.088 2.56 ± 0.160 

Alizarin Red S 

(28-day) 
1.00 ± 0.081 1.32 ± 0.204 2.23 ± 0.236 

Col 1 (14-day) 1.00 ± 0.266 0.54 ± 0.122 0.67 ± 0.14 

Col 1 (28-day) 1.00 ± 0.171 0.75 ± 0.121 0.68 ± 0.123 

SPARC (14-day) 1.00 ± 0.181 0.61 ± 0.082 0.92 ± 0.091 

SPARC (28-day) 1.00 ± 0.67 0.72 ± 0.043 0.84 ± 0.081 

BMP-2 (14-day) 1.00 ± 0.338 1.06 ± 0.378 0.91 ± 0.167 

BMP-2 (28-day) 1.00 ± 0.18 1.21 ± 0.170 0.84 ± 0.092 
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Table C-15. Relative calcium deposition values (mean ± SEM) for samples from Figure 

3-7C. 

 

 

Table C-16. Relative protein expression values (mean ± SEM) for samples from Figure 

3-7D. 

 

 

 Table C-17. SSTAC compressive modulus values (mean ± SD) for samples from 

Figure 4-2D. 

 

 

 VP PDMS 12:88 PPMS 30:70 

Alizarin Red S  

(14-day) 
0.21 ± 0.035 0.38 ± 0.158 1.00 ± 0.062 

Alizarin Red S  

(28-day) 
0.47 ± 0.123 0.52 ± 0.151 1.00 ± 0.106 

 PPMS 15:85 PPMS 30:70 PPMS 45:55 

Col 1 (14-day) 1.21 ± 0.397 1.00 ± 0.203 1.11 ± 0.262 

Col 1 (28-day) 1.048 ± 0.114 1.00 ± 0.096 1.19 ± 0.164 

SPARC (14-day) 0.949 ± 0.140 1.00 ± 0.099 0.94 ± 0.0.14 

SPARC (28-day) 0.99 ± 0.083 1.00 ± 0.096 1.05 ± 0.083 

BMP-2 (14-day) 1.27 ± 0.386 1.00 ± 0.184 0.41 ± 0.051 

BMP-2 (28-day) 1.67 ± 0.213 1.00 ± 0.109 1.16 ± 0.179 

 PEG 
PEG  

SSTAC 
PPMS 

PPMS 

SSTAC 

Young’s 

Modulus 
34 ± 2.2 kPa 128 ± 23.1 kPa 38 ± 5.2 kPa 58 ± 18.1 kPa 
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 Table C-18. SSTAC shear interface analysis (mean ± SD) for samples from Figure 4-

2E. 

 

 

Table C-19. Bulk Young’s modulus values (mean ± SD) for samples from Figure A-4. 

 

 

Table C-20. Mass loss % values (mean ± SD) for samples from Figure A-5. 

 

 

 

Table C-21. Relative DNA content values (mean ± SD) for samples from Figure A-7. 

 PEG PEG:PEG SSTAC 

Shear Force at Break 2.37 ± 0.75 N 1.94 ± 0.92 N 

Displacement 6.01 ± 0.53 mm 1.97 ± 0.89 mm 

 PEG 2k 10:90 2k 20:80 2k 30:70 

Bulk Young’s 

Modulus 

8.68 ±  

0.781 kPa 

7.74 ±  

0.974 kPa 

7.31 ±  

1.259 kPa 

7.71 ±  

1.563 kPa 

ACCEL. DEG. PEG 2k 10:90 2k 20:80 2k 30:70 

12 h. 10.1 ± 2.0 % 14.0 ± 1.7 % 10.9 ± 4.9 % 14.6 ± 5.6 % 

24 h. 25.7 ± 5.1 % 20.8 ± 3.4 % 27.5 ± 1.3 % 25.4 ± 4.4 % 

36 h. 37.5 ± 4.3 % 31.6 ± 5.4 % 33.7 ± 0.8 % 34.0 ± 2.2 % 

48 h. 42.6 ± 3.9 % 47.5 ± 2.6 % 43.8 ± 7.7 % 45.6 ± 5.2 % 

60 h. 53.3 ± 11.6 % 49.9 ± 8.7 % 54.9 ± 9.8 % 56.4 ± 8.5 % 

 PEG 2k 10:90 2k 20:80 2k 30:70 

DNA Content 1.00 ± 0.035 1.03 ± 0.036 0.99 ± 0.048 0.93 ± 0.043 
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Table C-22. Relative protein expression values (mean ± SD) for samples from Figure 

A-8. 

 

 

Table C-23. Sol content values (mean ± SD) for samples from Figure A-10. 

 

 

 

Table C-24. Slab equilibrium swelling values (mean ± SD) for samples from Figure A-

12A. 

 

 

 

ACCEL. DEG. PEG 2k 10:90 2k 20:80 2k 30:70 

Col 1 1.00 ± 0.046 1.08 ± 0.081 1.17 ± 0.048 0.70 ± 0.096 

SPARC 1.00 ± 0.031 1.18 ± 0.022 1.25 ± 0.038 0.97 ± 0.102 

OPN 0.96 ± 0.067 1.23 ± 0.113 1.45 ± 0.063 1.13 ± 0.157 

BMP-2 0.99 ± 0.021 1.12 ± 0.078 1.15 ± 0.046 0.90 ± 0.070 

% SOL PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Scaffold 
0.62 ± 

1.31 

1.40 ± 

1.60 

1.53 ± 

1.94 

0.93 ± 

1.35 

2.76 ± 

0.96 

2.49 ± 

2.24 

4.44 ± 

2.32 

7.57 ± 

0.97 

Slab 
1.93 ± 

0.53 

0.19 ± 

0.22 

1.73 ± 

0.91 

1.01 ± 

0.42 

8.46 ± 

0.50 

2.60 ± 

0.47 

5.22 ± 

0.46 

7.41 ± 

0.45 

 PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Slab 

Equil. 

Swelling 

4.74 ± 

0.11 

5.73 ± 

0.06 

5.34 ± 

0.06 

5.17 ± 

0.06 

5.05 ± 

0.04 

4.76 ± 

0.08 

4.07 ± 

0.04 

3.38 ± 

0.04 
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Table C-25. Slab bulk Young’s modulus values (mean ± SD) for samples from Figure 

A-12B. 

 

 

Table C-26. Relative protein expression values (mean ± SEM) for samples from Figure 

A-14. 

 

 

 

Table C-27. Relative calcium deposition values (mean ± SEM) for samples from Figure 

A-15. 

 PEG VP 
PDMS 

12:88 

PDMS 

30:70 

PPMS 

25% 

PPMS 

15:85 

PPMS 

30:70 

PPMS 

45:55 

Slab Bulk 

Young’s 

728.8 

± 45.5 

kPa 

695.3 

± 24.4 

kPa 

846.8 

± 42.1 

kPa 

718.0 

± 37.4 

kPa 

732.6 

± 66.2 

kPa 

967.3 

± 257 

kPa 

1064 ± 

215 

kPa 

1164 ± 

300 

kPa 

 VP PDMS 12:88 PPMS 30:70 

Col 1 (14-day) 1.02 ± 0.229 1.02 ± 0.260 1.00 ± 0.204 

Col 1 (28-day) 0.76 ± 0.112 1.08 ± 0.161 1.00 ± 0.182 

SPARC (14-day) 0.89 ± 0.128 0.95 ± 0.105 1.00 ± 0.100 

SPARC (28-day) 0.96 ± 0.032 1.25 ± 0.089 1.00 ± 0.096 

BMP-2 (14-day) 1.01 ± 0.309 1.51 ± 0.408 1.00 ± 0.408 

BMP-2 (28-day) 0.98 ± 0.137 1.35 ± 0.3140 1.00 ± 0.109 

 PPMS 15:85 PPMS 30:70 PPMS 45:55 

Alizarin Red S  

(14-day) 
0.86 ± 0.142 1.00 ± 0.0625 0.78 ± 0.128 

Alizarin Red S  

(28-day) 
0.98 ± 0.159 1.00 ± 0.106 0.97 ± 0.244 


