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ABSTRACT 

PDMSstar-PEG Hydrogels for Osteochondral Tissue Engineering. (May 2014) 

 

Erica Gacasan 

Biomedical Engineering 

Texas A&M University 

 

Research Advisor: Dr. Melissa Grunlan 

Department of Biomedical Engineering 

 

Tissue engineering may utilize a “materials-guided” approach to repair of osteochondral defects 

(OCDs) – damage extending from cartilage to subchondral bone. Based on the physical and 

chemical properties of the scaffold alone, cell behavior may be directed to regenerate tissues in a 

spatially controlled geometry. Conventional poly(ethylene glycol) diacrylate (PEG-DA) 

hydrogels, prepared via photocure of aqueous precursor solutions, have been extensively studied 

as instructive scaffolds. However, due to a somewhat narrow range of properties and a lack of 

bioactivity and osteoinductivity, PEG-DA hydrogels require modification in order to promote 

osteochondral regeneration. Towards this goal, three fabrication parameters were systematically 

studied. First, methacrylated star polydimethylsiloxane (PDMSstar-MA) was introduced with 

PEG-DA to induce the formation of hydroxyapatite (i.e. for bioactivity) and to promote 

mesenchymal stem cell (MSC) lineage progression towards osteoblast-like fates (i.e. for 

osteoinductivity). Second, solvent induced phase separation (SIPS), involving an organic 

fabrication solvent, was employed in lieu of a conventional aqueous fabrication solvent. Lastly, 

interconnected pores were introduced and tailored through a modified solvent-casting/particulate 

leaching (SCPL) technique in conjunction with SIPS. The influence of total macromer 

concentration, weight percent (wt%) ratio of PDMSstar-MA to PEG-DA and average salt particle 
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size on bioactivity, morphology, hydration, degradation, and mechanical properties was 

evaluated. 
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NOMENCLATURE 
 

DCM     Dichloromethane 

G’     Compressive storage modulus 

MSC     Mesenchymal stem cell 

OCD     Osteochondral defect 

PEG-DA    Poly(ethylene glycol) diacrylate 

PDMSstar-MA    Methacrylated star polydimethylsiloxane 

RT     Room temperature 

SCPL     Solvent-casting/particulate leaching 

SIPS     Solvent induced phase separation 

wt%     Weight percent 
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CHAPTER I 

INTRODUCTION 

 

Osteochondral defects (OCDs) - damage that extends from cartilage to subchondral bone - is a 

major cause of disability around the world [1, 2]. Due to the limited vasculature associated with 

articular cartilage, OCDs are limited in their ability to heal themselves and the condition 

progresses [3]. Tissue engineering represents a promising alternative to heal OCDs. “Materials-

guided” tissue engineering utilizes an instructive scaffold whose physical and chemical 

properties alone (e.g. without exogenous growth factors) direct cell behavior [4-6]. Through the 

modulation of scaffold properties, regeneration of tissues with properties similar to those of 

native tissue may be ultimately achieved [6]. Notable is the interfacial nature of osteochondral 

tissue which provides mechanical support and functionality to the cartilage [3]. Thus, to 

regenerate osteochondral tissues, the instructive osteochondral scaffold should ideally be 

comprised of a continuous gradient of both physical properties (e.g. morphology or porosity, and 

modulus) and chemical properties (e.g. chemical functionality, hydrophobicity, hydration, and 

bioactivity) that can spatially direct cell behavior. Towards this goal, a library of scaffolds which 

may appropriately guide cell behavior and can be formed as continuous gradients are needed.  

 

Poly(ethylene glycol) diacrylate (PEGD-DA) hydrogels have been widely utilized for materials-

guided tissue engineering due to their utility as a “biological blank slates” [7, 8]. Thus, due to 

their inherent resistance to protein and cell adhesion, cell adhesion is accomplished in a 

controlled fashion. This has rendered PEG-DA hydrogels particularly useful for the investigation 

of cell-material interactions towards tissue regeneration.  However, PEG-DA hydrogels are 
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limited by a lack of osteoinductivity and bioactivity,  as well as a somewhat narrow range of 

tunable physical properties [7]. For instance in PEG-DA scaffolds, modulus can be tuned 

somewhat by varying crosslink density and weight % concentration [4, 7, 9]. However, these 

changes produce a concomitant change in swelling, restricting the ability to independently study 

modulus and swelling. 

 

Previously, hybrid inorganic-organic PEG hydrogels were fabricated with methacrylated star 

polydimethylsiloxane (PDMSstar-MA) using a conventional aqueous fabrication solvent [10]. The 

resultant hydrogel compositions broadened the range of chemical and physical properties versus 

that of conventional PEG-DA hydrogels. Moreover, the incorporation of PDMSstar-MA, an 

inorganic and hydrophobic material, was shown to enhance bioactivity and induce osteogenic 

differentiation of mesenchymal stem cells (MSCs) in proportion to PDMSstar-MA content [10]. 

PDMSstar-PEG hybrid scaffolds were also prepared via solvent induced phase separation (SIPS). 

SIPS PDMSstar-PEG hydrogels exhibited enhanced pore size, modulus, degradation rates and, at 

times, morphology and hydration were uncoupled [4].  SIPS fabricated hydrogels also featured a 

more homogenous distribution of PDMSstar-MA versus the analogous conventional hydrogel [4]. 

Finally, SIPS PDMSstar-PEG scaffolds were prepared as continuous gradients with, for instance, 

a gradual transition in PDMS concentration [9]. 

 

Although SIPS PDMSstar-PEG hydrogels exhibit enhanced pore size, they lack the pore 

interconnectivity critical to facilitating cell infiltration into the scaffold, tissue integration, and 

diffusion of nutrients and cellular waste products. As such, macroporous hydrogels with 

interconnected pores have been shown to be particularly useful in tissue regeneration by 
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mimicking the properties of native extracellular matrix (ECM) [11-14]. The optimal pore size 

varies between desired cell and tissue types. For example, the optimal pore size for cartilage is 

about 100-200 μm [15] and 100-450 μm for bone [15, 16]. Therefore, strategies such as gas 

foaming [17], cryogelation [18, 19], and particulate leaching [12, 13] have been investigated for 

the controlled introduction of macroporous architecture into PEG-DA hydrogels.  

 

Particulate leaching provides an opportunity to finely tune pore size and pore interconnectivity 

[20]. Even so, investigations into particulate leaching in PEG-DA hydrogels have been limited 

due to the soluble nature of porogens (e.g. salt and sugar) in the aqueous fabrication solvent [12, 

13]. However, by combining SIPS, which uses an organic fabrication solvent, solvent-

casting/particulate leaching (SCPL) can be used to introduce desired pore features into PDMSstar-

PEG hydrogels. In this work, we sought to enhance the utility of PEG-DA hydrogels as 

instructive osteochondral scaffolds through the integration of three fabrication parameters. First, 

PDMSstar-MA was incorporated to enhance bioactivity and osteoinductivity. Second, a SIPS 

protocol was employed in place of conventional aqueous fabrication. Lastly, pore 

interconnectivity was tailored through SCPL techniques. Distinct salt-leached hybrid scaffolds 

were prepared in which the total macromer concentration and wt% ratio of PDMSstar-MA to 

PEG-DA was studied with regard to their impact on scaffold morphology, hydration, mechanical 

properties, and degradation rate.  
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CHAPTER II 

METHODS 

 

Materials 

Octamethylcyclotetrasiloxane (D4), Pt-divinyltetramethyldisiloxane complex (Karstedt’s 

Catalyst, 2 wt% in xylene), and tetrakis(dimethylsiloxy)silane (tetra Si-H) were obtained from 

Gelest. 1-Vinyl-2-pyrrolidinone (NVP), 2,2-dimethyl-2-phenyl-acetophenone (DMAP), 

dichloromethane (DCM), acryloyl chloride, allyl methacrylate, hexamethyldisilazane (HMDS), 

MgSO4, K2CO3, NaCl, NaOH, triethyl amine (Et3N), and triflic acid were obtained from Sigma 

Aldrich. Poly(ethylene glycol) (PEG; MW=3000-3700 g mol
-1

 per manufacturer’s specifications) 

were obtained from BioChemika. 

 

Methods 

PDMSstar-MA Synthesis 

PDMSstar-MA (7k g mol
-1

) was prepared as previously reported [10, 21]. 

 

PEG-DA Synthesis 

PEG-DA (3.4k g mol
-1

) was prepared as previously reported [10]. By 
1
H-NMR end-group 

analysis, the Mn of PEG-DA (3.4k g mol
-1

) was determined to be 3393 g mol
-1

 (~3400 g mol
-1

). 
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NMR 

1
H-NMR spectra were obtained on a Mercury 300 300 MHz spectrometer operating in the 

Fourier transform mode. Five percent (w/v) CDCl3 solutions were used to obtain spectra. 

Residual CHCl3 served as an internal standard. 

 

Hydrogel Preparation 

NaCl particles were sieved through an opening of 425 µm to a salt size of 459 ± 69 µm. The 

average size of each group was determined from SEM images with ImageJ® software 

(http://rsb.info.nih.gov/ij/).  

 

To prepare a planar salt template, a silicon well (20 × 20 × 1.5 mm) was clamped to a 

microscope slide (75 × 50 mm). To this well space was added 3.75 g of a NaCl/water mixture (5 

wt% water based on NaCl weight) and distributed evenly across the surface. A second glass slide 

was placed on top, slightly offset as to allow a slight opening for later solution delivery via 

syringe, and the entire mold structure secured with binder clips. The salt template was then dried 

at room temperature (RT) in a vacuum oven (14.7 psi, 24 h).  

 

DCM-based precursor solutions were utilized to produce SIPS PDMSstar-PEG hydrogels. DCM-

based precursor solutions were prepared with total macromer concentrations of 20, 30, 40, 50, 

and 60 wt%. For each concentration, wt% ratios of 0:100 and 20:80 (PDMSstar-MA to PEG-DA) 

were utilized. Per 1 ml of each macromer solution was added 10 µl of photoinitiator solution (30 

wt% DMAP in NVP). The resulting precursor solutions were vortexed for 1 minute following 

addition of each component.  

http://rsb.info.nih.gov/ij/
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A given precursor solution was injected into the mold via syringe so as to cover the salt template. 

The mold was then exposed to longwave UV light (UV-transilluminator, 6 mW cm
-2

, 365 nm) 

for 6 min, with rotation to the alternate side after 3 min. After removal from the mold, the 

DCM/salt-containing hydrogel sheets were thoroughly rinsed with deionized (DI) water (5 min). 

DCM and salt were leached from the hydrogel by subsequently soaking a sheet in a Petri dish 

containing DI water (60 ml) for 72 h, with twice daily water changes. 

 

Sol Content 

Three discs (13 mm diameter) were punched from a single hydrogel sheet with a die. After 

gently blotting the surface with a Kim wipe, each disc was placed in an open 20 ml scintillation 

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

(Wd1), placed in a new vial, 10 ml of DCM added to each, the vials capped, and then placed on a 

rocker table (250 rpm) for 48 h to remove sol (e.g. uncrosslinked material). The discs were then 

removed, air dried for 30 min, placed in an open vial, dried at RT in a vacuum oven (14.7 psi, 

24h) and weighed (Wd2). The sol content is defined as [(Wd1-Wd2)/Wd1] *100. 

 

Scanning Electron Microscopy (SEM) 

Water-swollen hydrogels discs (13 mm diameter) were flash frozen in liquid nitrogen for 1 min 

and immediately lyophilized for 24 h (Labconco Centri Vap Gel Dryer System). Specimen cross-

sections were subjected to Pt-sputter coating and viewed with a field emission scanning electron 

microscope (JEOL 6400 SEM) at an accelerated electron energy of 10 keV. 
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Equilibrium Swelling 

Three discs (13 mm diameter) were punched from each of three hydrogel sheets (n = 9) with a 

die. Each disc was placed in a sealed vial containing 20 ml of DI water and placed on a rocker 

table (250 rpm) for 48 hr at RT. Discs were then removed from water and weighed (Ws). 

Subsequently, the water-swollen hydrogel was blotted with filter paper and dried in a vacuum 

oven (14.7 psi, 60 °C, 24 h). The equilibrium swelling ratio (SR) is defined as (Ws –Wd)/Wd, 

where Ws is the weight of the water-swollen hydrogel and Wd is the weight of the vacuum dried 

hydrogel.  

 

Dynamic Mechanical Analysis (DMA) 

Nine discs (13 mm diameter) were prepared as above. The compressive storage modulus (G’) of 

each disc was measured in the compression mode using a dynamic mechanical analyzer (TA 

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

mm (bottom) and 15 mm (top). A water-swollen disc (13 mm diameter) was clamped between 

the parallel plates. Following equilibration at 25 °C (5 min), the samples were tested in a multi-

frequency strain mode (1–30 Hz). 

 

Degradation 

Six hydrogel discs (8 mm diameter) were punched from a hydrogel sheet with a dye. After 

soaking in DI water for 3 h, the initial swollen weight (Ws) was recorded. Three discs were each 

placed into a well of a 24-well plate containing 1 ml 0.05 M NaOH, the well plate covered with 

Parafilm and maintained at 37 °C on a rocker table at 50 rpm. The NaOH solution was 

exchanged every 12 h. Swollen weights (Ws) were recorded at regular intervals until the 
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hydrogel exhibited an increase in swelling with a corresponding loss in mechanical integrity. The 

time required for the disc to completely dissolve was also recorded. The remaining three 

hydrogel discs were vacuum dried (14.7 psi, 60 °C, 24 h) and their weights recorded (Wd). The 

SR is defined as above. 
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CHAPTER III 

RESULTS 

 

Hydrogel Fabrication 

SIPS PDMSstar-PEG hydrogels with interconnected pores were prepared using a modified SCPL 

protocol to achieve control over pore features. With this strategy, pore size may be readily 

controlled with salt particle size and pore interconnectivity affected via addition of small 

quantities of water to fuse the salt template [22, 23]. Previously, it was noted that addition of 5 

wt% water to NaCl particles (459 ± 69 µm) effectively produced an interconnected template 

[20]. Thus, in this work, we utilized these parameters to produce interconnected pores with sizes 

shown to improve bone regeneration [15, 16].  To afford control over the chemical and physical 

properties of SIPS PDMSstar-PEG hydrogels, DCM-based precursor solutions added to the salt 

template were prepared with varying levels of total macromer concentrations (20, 30, 40, 50, and 

60 wt%) and with both a 0:100 and 20:80 wt% ratio (PDMSstar-MA to PEG-DA) for each. 

Following leaching of the salt template, the hydrogels’ porous structure was visible under normal 

light (Figure 1). While hydrated porated SIPS PEG-DA hydrogels were transparent, SIPS 

PDMSstar-PEG SIPS hydrogels appeared slightly opaque. Hydrogel sol content values were 

measured to evaluate the efficacy of photocrosslinking. The sol content values of hydrogels 

fabricated without PDMS (~1-3%) and with PDMS (~3-13%) were similarly low.  
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Figure 1: Fabrication of porated PDMSstar-PEG hydrogels using a modified SCPL technique in 

conjunction with SIPS. a) Template of fused salt crystals. b) Salt-containing hydrogel sheet 

following UV cure. c) Final hydrogel sheet after leaching of salt template. 

 

Hydrogel Pore Morphology 

Previously, it was observed that SIPS PDMSstar-PEG hydrogels (e.g. fabricated with a DCM 

precursor solution) exhibited enhanced pore size with increased PDMSstar-MA content [4]. 

During SIPS, porosity is produced by separation of the growing polymer chains and network 

from the solvent into polymer-rich and polymer-lean domains, thereby producing large pores.  

 

In this work, SEM was used to characterize and examine pore morphologies of SIPS PDMSstar-

PEG hydrogels (Figure 2). SEM images of the hydrogel cross-section illustrate a high degree of 

porosity and the presence of an interconnected pore network in both pure PEG-DA and hybrid 

PDMSstar-PEG hydrogels. In contrast, non-porated SIPS hydrogels lack such interconnectivity 

[4]. In addition, pore walls have a “microporated” appearance, perhaps due to the nature of the 

SIPS fabrication process. 

 

a) Salt Mold b) Salt Containing Gel c) Final Gel 
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Figure 2: SEM images showing effect of PDMSstar-MA on pore morphology. a) Pure PEG-DA 

hydrogel of 20 wt% total macromer concentration, bar indicates 500µm. b) PDMSstar- PEG 

(20:80) hydrogel of 20 wt% total macromer concentration, bar indicates 500 µm. c) Microporatio 

of PDMSstar-MA:PEG-DA (20:80) hydrogel of 20 wt% total macromer concentration, bar 

indicates 100 µm. 

 

Equilibrium Swelling 

The water content of the hydrogel scaffold will impact both the cellular environment as well as 

diffusion of cellular wastes and nutrients [24, 25].  Equilibrium swelling studies were performed 

to examine the difference between porated PEG-DA and PDMSstar-PEG SIPS hydrogels (Figure 

3). In spite of enhanced levels of hydrophobic PDMSstar-MA, PDMSstar-PEG-DA hydrogels 

exhibited enhanced swelling versus the corresponding PEG-DA hydrogels. This may be 

attributed to enhanced levels of phase separation.  

 

b) 20 wt% (20:80) a) 20 wt% PURE c) 20 wt% (20:80) 
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Figure 3: Swelling ratio of porated PDMSstar-PEG hydrogels formed with 0:100 and 20:80 wt% 

ratio (PDMSstar-MA:PEG-DA), respectively. 

 

Modulus 

Scaffold stiffness is known to impact cell behavior [25].  Using DMA, G’ was measured as a 

function of frequency (Figure 4). For a given total wt%, G’ was substantially higher for porated 

SIPS PEG-DA hydrogels versus the corresponding porated PDMSstar-PEG hydrogel. This may 

be attributed to the enhanced swelling of the latter. As expected [7], an increase in the total wt% 

macromer concentration produced a concomitant increase in G’.  
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Figure 4: Storage modulus of porated SIPS PEG-DA and PDMSstar- PEG hydrogels formed with 

0:100 and 20:80 wt% ratio (PDMSstar-MA to PEG-DA), respectively. 

 

Degradation 

The rate of scaffold degradation should parallel the rate of tissue regeneration for optimal 

healing. Thus, all samples were subjected to hydrolytic degradation under accelerated (basic) 

conditions, where degradation was measured as a function of swelling until a loss of mechanical 

integrity occurred (Figure 5). In addition, the time required for complete dissolution was also 

recorded. For aliphatic polyesters, the rate of hydrolytic degradation increases with larger pore 

size, because of the associated greater pore wall thickness, due to an autocatalytic effect of more 

slowly diffusing acidic degradation products [26, 27]. In addition, for PEG-DA hydrogels, 

hydrolysis of labile ester bonds releases poly(acrylic acid) (PAA) kinetic chains which induce 

autoacceleration [28]. Thus, the initial enhanced rate of degradation of hybrid SIPS PDMSstar-

PEG-DA hydrogels versus pure PEG hydrogels is attributed to the latter’s enhanced porosity. 

However, at higher wt% total concentrations the enhanced degradation rate of hybrid PDMSstar-

PEG hydrogels was mitigated by increasing hydrophobicity. Therefore, as previously reported, 
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degradation rate is determined both by enhanced hydrophobicity and porosity [4]. As expected, 

degradation rate was also found to decrease with increased total wt% macromer concentration.  

 

 

 

Figure 5: Swelling ratio under basic conditions (0.05M NaOH) of porated SIPS hydrogels 

formed with 0:100 (top) and 20:80 (bottom) wt% ratio (PDMSstar-MA:PEG-DA); [ ] = hours to 

complete dissolution. 
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CHAPTER IV 

CONCLUSION 

 

PEG-DA scaffolds with enhanced bioactivity and osteoinductivity as well as pore 

interconnectivity would be useful in the development of a hydrogel scaffold for regeneration of 

osteochondral tissues. Thus, porated inorganic-organic PDMSstar-PEG hydrogels were prepared 

using SCPL in conjunction with SIPS to create a bioactive, osteoinductive and highly 

interconnected porous matrix. Upon the incorporation of PDMSstar-MA, fabricated hydrogels 

exhibited enhanced swelling, degradation, and reduced modulus versus the corresponding PEG-

DA hydrogel. However, nanoindentation would be useful to determine local modulus versus 

“net” modulus of these porated SIPS hydrogels [29, 30] to more accurately assess the local cell 

environment. Incorporation of pluripotent cells (e.g. MSCs) into PDMSstar-PEG scaffolds would 

provide an understanding of possible cell-material interactions and augment the scaffold library 

available to direct potential osteochondral healing.  
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