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Abstract

Polymerized high internal phase emulsions (polyHIPEs) are highly porous constructs currently 

under investigation as tissue engineered scaffolds. We previously reported on the potential of 

redox-initiated polyHIPEs as injectable bone grafts that space fill irregular defects with improved 

integration and rapid cure. Upon subsequent investigation, the radical-initiated cure of these 

systems rendered them susceptible to oxygen inhibition with an associated increase in uncured 

macromer in the clinical setting. In the current study, polyHIPEs with increased resistance to 

oxygen inhibition were fabricated utilizing a tetrafunctional thiol, pentaerythritol tetrakis(3-

mercaptoproprionate), and the biodegradable macromer, propylene fumarate dimethacrylate. 

Increased concentrations of the tetrathiol additive provided improved oxygen resistance as 

confirmed by polyHIPE gel fraction while retaining the requisite rapid cure rate, compressive 

properties, and pore architecture for use as an injectable bone graft. Additionally, thiol-

methacrylate polyHIPEs exhibited increased degradation under accelerated conditions and 

supported critical markers of human mesenchymal stem cell activity. In summary, we have 

improved upon current methods of fabricating injectable polyHIPE grafts to meet translational 

design goals of improved polymerization kinetics under clinically relevant conditions without 

sacrificing key scaffold properties.
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INTRODUCTION

Tissue engineers have demonstrated the importance of biomaterial scaffolds in guiding 

tissue regeneration.1 Ideally, these scaffolds promote neotissue formation by providing a 3D 

substrate to guide cell growth, exhibiting requisite mechanical properties to restore function, 

and degrading at a rate that complements the rate of neotissue formation. A variety of 

fabrication strategies have been employed to achieve this diverse set of criterion with 

differing levels of success.2–8 Emulsion templating is a unique fabrication technique that is 

currently being investigated for application in tissue engineering.9–14 High internal phase 

emulsions (HIPEs) are characterized by an internal droplet phase volume fraction greater 

than 74%. Polymerization of the continuous phase secures the architecture defined by the 

emulsion geometry resulting in a high porosity foam (polyHIPE). Multiple compositional 

and processing variables have been investigated to determine the effect on emulsion stability 

and the corollary impact on the resulting pore architecture and mechanical properties. 

Through manipulation of these variables, a diverse set of scaffolds have been fabricated with 

a broad range of pore sizes, porosities, and mechanical properties that illustrate the utility of 

polyHIPEs for hard and soft tissue repair.9–10, 12, 15–17

Recently, our lab developed a polyHIPE scaffold for use as an injectable bone graft based on 

propylene fumarate dimethacrylate (PFDMA).10 Unlike traditional poly(methyl 

methacrylate) bone cements, fumarate based polyHIPEs do not exhibit significant exotherms 

during polymerization and allow for hydrolytic degradation in vivo. Uniquely, these 

injectable grafts cure in situ to compressive properties approaching cancellous bone while 

also promoting osteogenic differentiation of human mesenchymal stem cells.13 No 

previously investigated polyHIPE graft has displayed this combination of properties while 

retaining the requisite properties to permit deployment as a space-filler with in situ cure. 

Although initial in vitro testing of these scaffolds has proved promising, additional criteria 

need to be addressed to permit successful implementation in the clinic. A rapidly curing 

polyHIPE is desired to reduce surgical times, limit infection risk, and rapidly stabilize 

defects.18 We recently reported a redox initiated polymerization route that improved upon 

previous methods of fabricating injectable polyHIPE grafts.12 This system permitted 

fabrication of an off-the-shelf graft with long term storage and cure rates similar to 

commonly used bone cements (<15 minutes) without sacrificing porosity or compressive 

properties.
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The ability to achieve rapid cure with tunable polymerization profiles is a primary advantage 

of our polyHIPE system. However, an injectable polyHIPE for use as a bone graft must 

retain these characteristics when administered in the surgical suite, which includes exposure 

to an oxygen-rich environment. The utilization of radical mediated chain-growth 

polymerization of methacrylate-capped macromers in our scaffold design renders it 

susceptible to oxygen inhibition. Under oxygen-rich conditions, high levels of initiating and 

propagating radicals are scavenged and converted to peroxy radicals.19–20 These peroxy 

radicals do not readily reinitiate polymerization of vinyl macromers, terminating further 

network formation. This often results in reduced cure rates, elevated levels of uncured 

macromer, and a reduction in mechanical properties.21 Traditional industrial methods 

utilized to prevent oxygen inhibition (e.g. purging with inert gases) are not suitable to the 

proposed application as an injectable graft. Several researchers have reported reduced 

oxygen inhibition in thiol-ene and thiol-acrylate polymerizations. Thiol–acrylate and thiol-

methacrylate polymerization may be initiated via hydrogen abstraction from a thiol 

functional group or radical addition to the acrylate/methacrylate functional group. 

Propagation then proceeds via thiol or methacrylic/acrylic radical addition to methacylate/

acrylate functional groups.22–25 Unlike vinyl systems where oxygen scavenges and 

effectively terminates radicals, the peroxy radicals generated in the presence of oxygen can 

abstract the thiol hydrogen to generate thiyl radicals that can continue to propagate through 

addition or chain transfer. Thus, the mixed mode initiation of the thiol-acrylate /methacrylate 

polymerizations renders them less susceptible to oxygen inhibition. It has been reported that 

increasing thiol monomer content in diacrylate systems resulted in reduced levels of oxygen 

inhibition.25 Furthermore, higher thiol functionality provided a faster polymerization rate 

and increased viscosity, serving to further reduce diffusion of inhibitory oxygen. We 

hypothesized that the addition of a thiol-based crosslinker would confer resistance to oxygen 

inhibition under physiological environments to our injectable polyHIPE system. Although 

there are previous reports of thiol-methacrylate and thiol-ene polyHIPE systems, these were 

not injectable systems and did not characterize the effect of the thiol monomer on oxygen 

inhibition.26–28

In this study, we explore the use of a tetrafunctional thiol, pentaerythritol tetrakis(3-

mercaptoproprionate (tetrathiol), to provide improved resistance to oxygen inhibition to 

injectable PFDMA polyHIPEs. Rheological properties were monitored to determine the 

effect of thiol on crosslinking kinetics by characterizing work and set times. To further probe 

this relationship, gel fraction was quantified to assess the impact of tetrathiol incorporation 

on network formation under ambient and inert conditions. To evaluate the potential of our 

system in orthopaedic applications, the effects of tetrathiol concentration on pore 

architecture, compressive modulus, and yield strength were assessed. Thiol based scaffolds 

have previously demonstrated improved degradation rates in vivo and could prove a potent 

method for tuning polyHIPE degradation. To this end, the effect of thiol incorporation on 

hydrolytic degradation rate was determined by measuring mass loss after accelerated 

hydrolytic testing. Finally, human mesenchymal stem cell (hMSC) activity and scaffold-

induced osteogenic differentiation were investigated using established viability, 

proliferation, and alkaline phosphatase (ALP) assays. This work aims to highlight the strong 
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potential of thiol-methacrylate polyHIPEs to serve as rapid-curing injectable bone grafts that 

retain desirable properties when applied under physiological conditions.

MATERIALS AND METHODS

Materials

Polyglycerol polyricinoleate (PGPR 4125) was donated by Palsgaard. Human mesenchymal 

stem cells were provided by the Texas A&M Health Science Center College of Medicine 

Institute for Regenerative Medicine at Scott & White. All other chemicals were purchased 

and used as received from Sigma–Aldrich, unless otherwise noted.

PFDMA Synthesis and Purification

Propylene fumarate dimethacrylate (PFDMA) was synthesized in a two-step process adapted 

from Timmer et al 29. Briefly, propylene oxide was added dropwise to a solution of fumaric 

acid and pyridine in 2-butanone (2.3:1.0:0.033 mol) and refluxed at 75°C for 18 hours. 

Residual propylene oxide and 2-butanone were removed through a two-step distillation 

procedure. Residual acidic by-products and water were removed with washing, and the 

product was dried under vacuum (<0.2 millibar) at ambient temperature for 12 hours. The 

diester bis(1,2 hydroxypropyl) fumarate product was then end-capped with methacrylate 

groups using methacryloyl chloride in the presence of triethylamine. The molar ratios of the 

diester, methacryloyl chloride, and triethylamine were 1:2.1:2.1, respectively. Hydroquinone 

was added at a molar ratio of 0.008:1 to inhibit crosslinking during synthesis. The reaction 

was maintained below −10°C to reduce undesirable side reactions and stirred vigorously 

overnight under a nitrogen blanket. The macromer was neutralized overnight with 2 M 

potassium carbonate and residual base removed with an aluminum oxide column (7 Al2O3:1 

TEA). The PFDMA product was then vacuum dried and the structure confirmed using 1H 

NMR (300 MHz, CdCl3), δ 1.33 (dd, 3H, CH3), 1.92 (s, 3H, CH3), 4.20 (m, 2H, -CH2-), 

5.30 (m, 1H, -CH-), 5.58 (s, 1H, -C=CH2), 6.10 (s, 1H, -C=CH2), 6.84 (m, 2H, -CH=CH-). 

The integration ratio of methacrylate protons to fumarate protons in the 1H NMR spectra 

was used to confirm > 90% functionalization prior to polyHIPE fabrication.

PolyHIPE Fabrication

HIPEs were prepared using a FlackTek Speedmixer DAC 150 FVZ-K following a method 

adapted from Moglia et al.12 Briefly, PFDMA was mixed with a varied amount of 

pentaerythritol tetrakis(3-mercaptoproprionate) (0, 5, or 10 mol%) and 200 PPM 

hydroquinone as inhibitor, Figure 1. Two mixtures containing either 1 wt% benzoyl peroxide 

as initiator or 1 wt% trimethylaniline as reducing agent were combined with the organic 

phase and 10 wt% PGPR prior to emulsification. After homogenous mixing of the organic 

phase, an aqueous solution of calcium chloride (1 wt%) was added to the organic phase 

(75% v) in six additions and mixed at 500 rpm for 2.5 min. HIPEs were placed into a double 

barrel syringe and the two components mixed upon injection using a static mixing head into 

centrifuge tubes (5 mL syringe with 3 cm straight mixer, Sulzer Mixpac K-System). HIPEs 

were placed in a 37°C aluminum bead bath to facilitate crosslinking overnight.

Whitely et al. Page 4

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rheological Analysis

Work and set times of the polyHIPEs were characterized using an Anton Paar MCR 301 

rheometer following a procedure adapted from Foudazi et al.30 Storage and loss moduli were 

measured every 15 seconds using a parallel-plate configuration with a 1 mm gap and 0.5% 

strain. Redox initiated HIPEs were injected through a mixing head onto the plate heated to 

37°C. Work time was determined as the onset of storage modulus increases and set time 

determined as the tan δ minimum, which corresponds to the yielding of storage modulus. 

Values were reported as the average of three specimens from three different HIPEs for each 

composition (n = 9).

Gel Fraction and Sol Fraction Composition

Gel fraction was quantified to assess the impact of tetrathiol incorporation on network 

formation under ambient and inert conditions. Two distinct polyHIPE specimen 

morphologies were utilized to investigate the extent of oxygen inhibition during 

polymerization. To characterize network formation at the scaffold surface, polyHIPEs were 

cured into a bead morphology with a high surface-area-to-volume ratio under ambient 

conditions. Scaffolds were also cured in the same morphology under a nitrogen blanket to 

confirm inhibition by oxygen (Labconco Controlled Atmosphere Glovebox). To characterize 

network formation under bulk-cured conditions, polyHIPEs were cured into 15 mL 

centrifuge tubes and sectioned 1 mm thick from the polyHIPE bulk (Isomet® saw). All 

specimens were vacuum dried for 48 hours, weighed, and then extracted in dichloromethane 

(DCM) at a ratio of 1 mL DCM to 10 mg of specimen to facilitate dissolution of 

uncrosslinked macromer. After extraction on a shaker table for 48 hours, the DCM was 

decanted and the specimens vacuum dried for 48 hours at ambient temperature. The gel 

fraction was calculated as the final weight divided by original weight (n = 6). The fraction of 

mass loss attributed to surfactant was subtracted prior to gel fraction calculation. The 

extractables of high surface area bead constructs cured under ambient conditions were 

analyzed with 1H NMR (300 MHz, CdCl3) after vacuum removal of the DCM from the sol 

fraction. The integration ratio of the PFDMA methacrylate protons to tetramethylsilane 

protons in the 1H NMR spectra was used to identify qualitative differences in residual 

monomer content present in 0 and 10 mol% thiol-methacrylate polyHIPEs.

Scaffold Architecture Characterization

Average polyHIPE pore size was determined using scanning electron microscopy (SEM, 

Phenom Pro, Nanoscience Instruments). Specimens from three separate polyHIPEs were 

vacuum dried for 24 hours to remove water, sectioned into disks, and fractured at the center 

to produce an unaltered surface for characterization. Each specimen was coated with gold 

and imaged in a raster pattern yielding five images. Pore size measurements were completed 

on the first ten pores that crossed the median of each 1000x magnification micrograph. 

Average pore sizes for each polyHIPE composition were reported (n = 150). A statistical 

correction was calculated to account for the random fracture plane through spherical voids 

and pores, .31 Average diameter values were multiplied by this correction factor to 

yield a more accurate pore diameter description.

Whitely et al. Page 5

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Compressive Testing

The effect of thiol concentration on polyHIPE compressive modulus and yield strength was 

investigated following ASTM D1621-04a. PolyHIPEs were cured in 15 ml centrifuge tubes 

and sectioned into disks with a 3:1 diameter to height ratio (15 mm diameter, 5 mm thick) 

using an Isomet® saw. PolyHIPE specimens were compressed using an Instron 3300 at a 

strain rate of 50 mm/s. The compressive modulus was calculated from the slope of the linear 

region and the compressive strength was identified, after correcting for zero strain, as the 

stress at the yield point or 10% strain, whichever point occurred first. Reported compressive 

moduli and yield strength data were averages of nine specimens for each polyHIPE 

composition.

Accelerated Degradation In Vitro

Accelerated degradation testing was performed on polyHIPE specimens that were sectioned 

using an Isomet® saw into 1 mm thick sections. Specimens were vacuum dried for 48 hours 

and dry weights recorded prior to incubation in base solution (0.25 and 0.5M NaOH) at a 

ratio of 1 g specimen to 20 mL solution. Specimens were secured with Teflon weights in the 

solution and placed on a shaker table at 37°C. The solutions were changed every 2–3 days 

with time points every week for four weeks. At each time point, specimens were washed 

twice with RO water, incubated for 1 hour with 1 mL RO water to remove any salts and 

dried under vacuum for 48 hours before weighing (n = 3).

Culture of Human Mesenchymal Stem Cells

Bone marrow-derived hMSCs were obtained as passage 1 from the Center for the 

Preparation and Distribution of Adult Stem Cells at Texas A&M Health Science Center 

College of Medicine, Institute for Regenerative Medicine at Scott & White through NIH 

Grant # P40RR017447. Cells were cultured to 80% confluency on tissue-culture polystyrene 

flasks in standard growth media containing Minimum Essential Media α (MEM α, Life 

Technologies) supplemented with 16.5% fetal bovine serum (FBS, Atlanta Biologicals) and 

1% L-glutamine (Life Technologies) prior to passaging. All experiments were performed 

with cells at passage 3.

Cytocompatibility of Leachable Components from PolyHIPEs

A viability study was performed to assess the cytocompatibility of the extractables from 

cross-linked polyHIPE networks immediately following scaffold injection and cure. 

PolyHIPEs containing 0 or 10 mol% tetrathiol were cured into a bead morphology with a 

high surface-area-to-volume ratio under ambient conditions and incubated in standard 

growth media at 37°C at a ratio of 0.13 mL HIPE to 1 mL media (surface area ~975 cm2/

mL). After 24 hours, the extraction media was collected and sterile filtered. To approximate 

the extractables from bulk-cured specimens that have roughly 50% of the sol fraction of the 

bead specimens, extracts were diluted to 0.5 vol% with media. hMSCs were seeded at a 

density of 40,000 cells/cm2 in a 96-well plate and allowed to adhere for 24 hours prior to 

extract exposure. 100 µL of the extract solutions was added to hMSCs and the cells cultured 

for 24 hours. Viability was assessed utilizing the LIVE/DEAD assay kit (Molecular Probes) 

according to standard protocols. Briefly, cells were washed with PBS, stained with 2 µM 
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calcein-AM (live) and 2 µM ethidium homodimer-1 (dead) for 30 minutes at 37°C, and 

washed with PBS for imaging. Imaging (3 images per specimen) was conducted on five 

specimens (n = 15) with a fluorescence microscope (Nikon Eclipse TE2000-S).

hMSC Viability on Thiol-Methacrylate PolyHIPEs

Investigation of hMSC viability and morphology on seeded constructs was performed to 

assess the effect of tetrathiol addition on cell behavior. PolyHIPEs were fabricated utilizing 

0 or 10 mol% tetrathiol and sectioned into 500 µm thick wafers using an Isomet® saw. 

Specimens were sterilized for 3 hours in 70% ethanol, subjected to a progressive wetting 

ladder, washed four times with PBS, and incubated overnight in MEM α supplemented with 

40 w/v% FBS at 5% CO2, 37°C. hMSCs were seeded at a density of 50,000 cells/cm2 onto 

the polyHIPE sections. Viability at 24 hours, 72 hours, and 1 week was assessed utilizing the 

LIVE/DEAD assay kit (Molecular Probes). Cells were washed with PBS, stained with 2 µM 

calcein-AM (live) and 2 µM ethidium homodimer-1 (dead) for 30 minutes at 37°C, and 

washed with PBS for imaging. Imaging (3 images per specimen) was conducted on five 

specimens (n = 15) with a fluorescence microscope (Nikon Eclipse TE2000-S).

hMSC Proliferation on Thiol-Methacrylate PolyHIPEs

A Quant-iT™ PicoGreen® dsDNA Assay Kit (Molecular Probes) was utilized to quantify 

dsDNA to confirm thiol-methacrylate polyHIPEs supported hMSC proliferation. hMSCs 

were seeded at a density of 50,000 cells/cm2 in standard growth media and allowed to 

adhere. After 24 hours, growth media or osteogenic media (growth media supplemented 

with 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone) was 

added and changed every 2 days for 10 additional days. PolyHIPE sections were removed 

from the culture wells and placed in unused wells for the lysis procedure prior to the 

PicoGreen assay to ensure only DNA from cells adhered to the scaffolds was measured. The 

assay was performed according to manufacturer instructions and fluorescence intensity was 

assessed using a plate reader (Tecan Infinite M200Pro) with excitation/emission wavelengths 

of 480/520 nm, respectively. Average cell number for day 1, 6, and 11 was determined by 

converting dsDNA values to individual cell number using 6.9 pg DNA/cell.32 Specimens 

were analyzed in triplicate.

Alkaline Phosphatase Activity of hMSCs on Thiol-Methacrylate PolyHIPEs

Alkaline phosphatase activity of cells cultured on polyHIPE scaffolds was determined by 

monitoring the conversion of p-nitrophenyl phosphate (PNPP, Thermo Scientific) to p-

nitrophenol. hMSCs were seeded at a density of 50,000 cells/cm2 in standard growth media 

and allowed to adhere. After 24 hours, growth media or osteogenic media (growth media 

supplemented with 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, and 10 nM 
dexamethasone) was added and changed every 2 days for 10 additional days following 

measurement of ALP activity. Scaffold cultures were washed with ALP reaction buffer (100 

mM Tris-HCl, pH 9, containing 100 mM KCl and 1 mM MgCl2) and incubated with pNPP 

for 30 min. ALP activity was determined as the rate of PNPP conversion to p-nitrophenyl by 

measuring the absorbance at 405 nm (Tecan Infinite M200Pro) and normalized to cell 

number obtained from the PicoGreen assay. Specimens were analyzed in triplicate.
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Statistical Analysis

The data are displayed as mean ± standard deviation for each composition. A Student’s t-test 

was performed to determine any statistically significant differences between compositions. 

All tests were carried out at a 95% confidence interval (p<0.05).

RESULTS AND DISCUSSION

Effect of Tetrathiol Concentration on PolyHIPE Fabrication and Architecture

Given that successful polyHIPE fabrication is dependent on characteristics such as 

macromer hydrophobicity and viscosity, the effect of the thiol additive on emulsion stability 

was first assessed. The octanol-water partition coefficient (logP) was used as a means of 

comparing molecular hydrophobicity.33 LogP values are a measure of the differential 

solubility of a compound between two immiscible solvents, typically water and a 

hydrophobic solvent such as octanol. LogP values range from 0–20 where 0 corresponds to a 

hydrophilic molecule and 20 a hydrophobic molecule. The tetrathiol has a logP of 1.0 and a 

viscosity of 0.41 Pa ֹs compared to PFDMA with a logP of 3.4 and 0.13 Paֹs viscosity. Despite 

these differences in molecular hydrophobicity and viscosity, all compositions formed stable 

HIPEs and cured to rigid, interconnected monoliths. Pore size and homogeneity have been 

used as a relative measure of HIPE stability and strongly influence the monolith compressive 

properties and cellular behavior. The addition of the tetrathiol had a negligible effect on 

polyHIPE pore architecture, Figure 2. Likely, the low concentration of tetrathiol in the 

organic phase and rapid cure of the PFDMA HIPE limited time for phase separation and 

resulting effects on polyHIPE architecture. Retention of the desired pore architecture permits 

investigation of these polyHIPEs as scaffolds with reduced oxygen inhibition.

Effect of Tetrathiol Concentration on PolyHIPE Cure Rate

Developing a material with polymerization kinetics comparable to commonly utilized bone 

cements is critical to successful translation of our device. In general, the work time of dental 

cements is defined by ISO 9917 as the time at which a physician can manipulate and inject 

the graft without altering any material properties. The set time is the point at which the 

material has reached its gelation point and the network is set. According to ISO 5833, 

acrylic based cements should have a set time of 10–15 minutes. PolyHIPE cure rates were 

determined utilizing rheological methods with the onset and yielding of the storage modulus 

defined as the work and set times, respectively. PFDMA polyHIPE work and set times 

decreased with the addition of tetrathiol, Figure 3. The ~1.5 minute work time of PFDMA 

was reduced to 15 seconds with the addition of either 5 or 10 mol% tetrathiol. Similar trends 

were observed with the set time of these polyHIPEs. No significant difference in work and 

set times were observed between thiol concentrations utilizing this method. It was 

hypothesized that the extent of oxygen consumption needed prior to initiation provided the 

increased cure time of the PFDMA polyHIPE control. Increased induction time in the 

presence of inhibitory oxygen has been well documented in other vinyl mediated systems.34 

It has been reported that the equilibrium dissolved oxygen in acrylate systems is ~10−3 

M.20, 35 Decker et al. reported that the dissolved oxygen concentration in these systems must 

decrease by a factor of 300 to ~4 × 10−6 M prior to polymerization proceeding.20 It was 

hypothesized that the addition of the thiol-based crosslinker permitted a reduced induction 

Whitely et al. Page 8

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



period and rapid network formation under ambient conditions due to the mixed mode chain 

and step growth polymerization mechanism of the thiol-methacrylate HIPEs. In addition to 

the increase in methacrylate polymerization rate with the addition of the thiol, the delay in 

methacrylate homopolymerization due to oxygen inhibition is minimized because the peroxy 

radicals can abstract the thiol hydrogen to generate thiyl radicals that can continue to 

propagate through addition or chain transfer.36 Although the presented set times are 

approximately 10X faster than current bone cement standard values, the cure times can be 

modulated by decreasing redox initiator concentration, initiator and reducing agent ratios, 

and chemistries, as shown previously.12

Improved Resistance to Oxygen Inhibition in PolyHIPE Scaffolds

The inhibitory effect of molecular oxygen on the polymerization of multifunctional 

monomers has been widely acknowledged as a primary limitation in traditional free-radical 

polymerization.34, 37–38 Several methods have been explored to overcome this limitation 

including the use of elevated concentrations of initiating agents, high-intensity irradiation 

sources, and fabrication within an inert environment.39–40 However, less progress has been 

made in addressing this limitation in an injectable system intended for in situ 
polymerization. The primary aim of this work was to fabricate an injectable, polyHIPE bone 

graft that could provide more rapid and complete network formation in a clinically relevant 

environment. Specifically, we aimed to better understand the effect of oxygen inhibition on 

network formation in our polyHIPE system.

A major advantage of the emulsion templating platform is the ability to readily modulate 

pore architecture and surface area, properties vital to the success of tissue engineered 

scaffolds.41 A range of surface areas have been reported from 3–20 m2g−1 for traditional 

polyHIPEs to greater than 700 m2g−1 for porogen modification scaffolds.42–43 Although 

promising for promoting cell activity, the increased surface area of polyHIPEs provides a 

challenge over non-porous systems as it allows for increased diffusion of inhibitory oxygen 

into the HIPE surface. Near-complete network formation at these surfaces is critical to 

establishing suitable integration with native tissue and providing proper mechanical support. 

In order to better approximate monomer incorporation at the outer surface of the HIPE, 

network formation was first characterized in polyHIPEs cured in a high surface area 

morphology (flat bead) that maximized exposure to ambient oxygen. It was expected that the 

outer polyHIPE surface would be unable to compensate for the continual diffusion of 

oxygen into the sample and experience severely reduced polymerization and increased 

surface tackiness. Gel fraction was reduced to 38% in PFDMA control polyHIPEs cured 

under ambient conditions, Figure 4A. It follows that in the absence of inhibitory oxygen, 

monomer conversion in vinyl systems should increase to levels comparable to those of their 

oxygen resistant analogues. To this end, network formation was characterized in polyHIPEs 

cured under an inert nitrogen blanket in the high surface area morphology. PFDMA 

polyHIPE gel fraction increased to 60%, confirming the inhibitory effect of oxygen on our 

system. It is established that incorporation of thiol monomers mitigates the effects of oxygen 

exposure by acting as chain transfer agents and restoring initiating thiyl radicals. As 

expected, the addition of 5 and 10 mol% tetrathiol improved network formation to greater 

than 60% and 70% when cured under ambient conditions. It was hypothesized that the 
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increase in continuous phase viscosity provided by tetrathiol addition further served to 

improve inhibition resistance by decreasing oxygen diffusion into the scaffold. The effect of 

monomer viscosity in reducing oxygen inhibition has been studied in other thiol-acrylate 

systems.25, 44 Furthermore, network formation in thiol-methacrylate polyHIPEs increased to 

a lesser extent when cured under inert conditions as compared to PFDMA polyHIPE 

controls. Differences in network formation between methacrylate and thiol-methacrylate 

scaffolds cured under nitrogen-purged conditions was attributed to the presence of small 

amounts of residual oxygen.

Oxygen inhibition has also been modeled in acrylate systems to identify the effect of film 

thickness on oxygen inhibition.24 It is accepted that as film thickness increases, inhibitory 

oxygen levels decrease and allow for polymerization. The subsequent increase in viscosity 

during cure serves to limit subsequent diffusion of oxygen. Therefore, it was expected that 

network formation of PFDMA monomers in bulk-cured scaffolds would be comparable to 

thiol-methacrylate systems. Gel fraction values were 85% for PFDMA controls, 87% for 5 

mol% tetrathiol, and 92% for 10 mol% tetrathiol, Figure 4B. Observed increases in gel 

fraction for thiol-methacrylate polyHIPEs under these conditions was attributed to the 

presence of dissolved oxygen prior to cure. Previous work has demonstrated injectable, 

fumarate based systems with sol fraction values greater than 10% to be biocompatible and 

support new bone formation in vitro and in vivo.45–47 Furthermore, commercially available 

bone cements have been shown to exhibit site specific network formation within the implant 

site.48 Our ability to improve network formation in the presence of oxygen, combined with 

the success of similar fumarate systems, illustrates the strong clinical potential of these 

polyHIPE bone grafts.

Improved Storage Stability with Hydroquinone Additive

We have previously demonstrated that redox initiated polyHIPEs have the ability to be 

stored for extended periods and serve as an off-the-shelf graft. Although thiol-methacrylate 

polyHIPEs demonstrated improved resistance to oxygen inhibition, an increase in emulsion 

viscosity that precluded proper injection and space filling was observed after only one week 

of storage. It has been reported that thiol monomers may act as a primary reducing agent and 

yield high monomer conversion rates in redox initiated thiol-ene systems.49 It was 

hypothesized that the loss of storage stability in our system resulted from the uninhibited 

reaction of benzoyl peroxide with the tetrathiol monomer during fabrication and storage. 

This allowed marginal levels of initiating radicals to form prior to mixing, facilitate early 

crosslinking, and increase emulsion viscosity. This high reactivity of thiol-ene systems often 

prompts the need for additional stabilizing agents to prevent undesired polymerization.22, 50 

To this end, hydroquinone was added as a stabilizing agent to the HIPE to scavenge 

propagating radicals and prevent early polymerization, Figure 5A. Quinone based inhibitors 

have been utilized to control the induction period and polymerization rate of thiol-ene 

polymerizations initiated with benzoyl peroxide.49 Inhibitor concentration of 200 PPM was 

selected as the lowest concentration required to prevent early polymerization while retaining 

a reduced activation profile to allow rapid cure during redox initiation. Storage time of 

stabilized polyHIPEs with 10 mol% tetrathiol was monitored for 30 days to ensure an 

increase in storage time. Cure rate and gel fraction of stabilzed polyHIPEs was characterized 
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to ensure the addition of inhibitor did not negatively impact key scaffold properties. 

Although a minimal decrease in cure rate and gel fraction was observed in stabilized 

polyHIPEs as compared to non-stabilized controls, the values still provide a marked increase 

over PFDMA only and support significant resistance to oxygen inhibition, Figure 5.

Retention of Compressive Properties

PFDMA/tetrathiol polyHIPE compressive modulus and yield strength were assessed to 

ensure that these polyHIPEs retained appropriate compressive mechanical properties for use 

as bone grafting materials. A significant decrease in compressive modulus and yield strength 

was observed with an increase in tetrathiol concentration, Figure 6. PFDMA polyHIPEs 

fabricated with greater than 10 mol% tetrathiol exhibited decreases in compressive 

properties greater than 40% as compared to PFDMA controls and were not further 

characterized. PFDMA polyHIPEs with 10 mol% tetrathiol resulted in an average 

compressive modulus of 15 MPa and strength of 0.7 MPa. It was hypothesized that the 

observed decrease in compressive properties was due to a reduction in crosslink density. 

Increasing the number of thiol functional groups resulted in an increase in chain transfer 

during polymerization with a resulting reduction in chain length and the number of 

crosslinks attached to each kinetic chain. A similar decrease in compressive modulus with 

increasing amount of trithiol was observed by Rydholm et al. in poly(ethylene glycol)-based 

hydrogels.36

Although there was a reduction in compressive modulus and yield strength, the values were 

still within the range of typical bone grafting materials. The ability to promote new bone 

formation within porous and biodegradable systems has been reported with scaffold 

compressive moduli ranging from 2–100 MPa.51–54 Introduction of porosity into these 

systems is often achieved through particulate leaching or gas foaming, techniques that may 

result in reduced compressive properties as porosity is increased.55–58 In contrast, emulsion 

templating yields a uniform and spherical pore architecture that eliminates the potential for 

stress concentrators. As a result, PFDMA and thiol-methacrylate polyHIPEs exhibit 

improved mechanical properties over similar systems of >70% porosity, and retain 

compressive properties within a range demonstrated suitable in vivo.55–56 Recent work has 

focused on incorporating additional methacrylate-functionalized monomers into the HIPE 

organic phase to further modulate viscosity for cell encapsulation. PolyHIPEs fabricated 

from these monomers alone have increased crosslink density and therefore increased 

compressive properties. As a result, it is probable that modulating the molar ratio of 

PFDMA:methacrylated-monomer will result in an increase in compressive properties 

relative to standard PFDMA polyHIPEs.

Tunable Degradation Profiles

An additional goal of fabricating thiol-methacrylate polyHIPEs was to generate scaffolds 

with a tunable degradation profile for future matching with in vivo neotissue formation. 

Thiol-methacrylate scaffolds with tunable degradation profiles have previously shown 

promise for use as tissue engineered scaffolds. Accelerated degradation scouting studies 

were conducted at two sodium hydroxide concentrations (0.25 and 0.5 M NaOH) to 

determine the effect of tetrathiol on PFDMA polyHIPE degradation. Values reported reflect 
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mass loss after accounting for the theoretical mass of the surfactant, PGPR. An increase in 

mass loss was observed with an increase in tetrathiol concentration when assessed in basic, 

accelerated conditions, Figure 7. In 0.5 M NaOH conditions, all thiol-methacrylate 

polyHIPEs exhibited complete loss of integrity by 3 weeks whereas the PFDMA polyHIPE 

control maintained ~35% mass loss after the initial mass loss at 1 week. The initial PFDMA 

mass loss at one week was attributed to the removal of unreacted macromer or the formation 

of rapidly degrading microgels, which was further supported with the lower gel fraction of 

PFDMA control polyHIPEs.59 This increase in hydrolytic degradation rate of thiol-

methacrylate polyHIPEs was attributed to the incorporation of β-thioesters and reduction in 

crosslink density due to increased chain transfer.60 Schoenmaker et al. demonstrated an 

increase in atomic charge on the carbon atom of an ester as the distance from the sulfide 

decreased rendering it more susceptible to hydrolytic attack. It is believed that the increased 

number of hydrolytically labile ester linkages present in the fumarate backbone of PFDMA 

would allow for increased degradation over similar methacrylate monomers without 

requiring increased thiol content. Although an increase in degradation rate was observed in 
vitro, the in vivo degradation rate of these specific polyHIPE formulations is unknown and 

would need to be explored in an animal model. Degradation and cytocompatibility profiles 

of similar fumarate based systems have been previously reported in in vitro and in vivo 
models.61–63

Osteogenic Activity Supported on Thiol-Methacrylate PolyHIPEs

A primary aim in bone tissue engineering is the development of scaffolds that allow for the 

recruitment and retention of stem cell populations at the site of injury. Therefore, a main 

goal of this work was to create a highly porous, oxygen resistant bone graft that would 

support desired cellular activity through verification of viability, proliferation and osteogenic 

activity of hMSCs. Studies with poly(propylene fumarate)-based biomaterial scaffolds with 

similar chemistries demonstrated in vitro cytocompatibility and in vivo biocompatibility 

illustrating the potential of PFDMA based systems.51, 64–65 Furthermore, our lab previously 

demonstrated PFDMA polyHIPEs are capable of supporting hMSC viability up to 2 

weeks.12 Given the proposed application of polyHIPEs to be injected and cured in situ, an 

extraction study was performed on cross-linked PFDMA control and 10 mol% thiol-

methacrylate scaffolds to provide an initial assessment of the cytocompatibility of the 

injectable polyHIPE immediately following cure. Although acute viability of hMSCs 

exposed to undiluted extraction media of polyHIPE bead specimens was poor (<30%), a 

significant improvement in acute viability and morphology was observed for the thiol-

methacrylate polyHIPEs at 0.5 vol% over the PFDMA control. Viability increased to greater 

than 94%, with no morphological differences observed between hMSCs cultured with the 

thiol-methacrylate extract compared to standard growth media, Figure 8. The bead 

morphology was used to provide high surface-area-to-volume ratios that would maximize 

the effect of oxygen inhibition and sol fraction. The 2X dilution of the extraction solution 

was used to estimate extractable concentrations of bulk polymerized specimens (roughly 

50% sol fraction of bead specimens, Figure 4), which are expected to be more similar to 

bone grafting applications. It was hypothesized that the improvement in network formation 

in thiol-methacrylate systems reduced leachable monomer content present in the extraction 

media and resulted in improved viability over the PFDMA control. Supplementary Figure S2 
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illustrates a decrease in PFDMA macromer content present in extraction media as 

determined by 1H NMR.

After confirming an improvement in acute cytocompatibility with tetrathiol incorporation, 

hMSCs were seeded directly onto cleaned PFDMA control and 10 mol% thiol-methacrylate 

polyHIPEs up to one week to further characterize cell response. Thiol-methacrylate 

polyHIPE scaffolds supported hMSC viability of greater than 80%, while PFDMA controls 

exhibited viability greater than 90% Figure 9. Minor differences in viability between 

scaffold compositions was attributed to differences in initial cell attachment as a result of 

altered surface chemistry and protein adsorption. In addition, a 2 and 3 fold increase in cell 

number was observed at 11 days on PFDMA controls and thiol-methacrylate polyHIPEs 

respectively, Figure 10. The ability of thiol-methacrylate polyHIPEs to support long-term 

proliferation permits further investigation into osteogenic activity of seeded hMSCs. 

Notably, the specimens were sterilized with ethanol washes prior to cell seeding that may 

remove extractables and not fully replicate the injected form, which is a limitation of the 

current study. In future studies, each of the components will be sterilized prior to HIPE 

formation and sterility maintained prior to injection. This method will permit 

cytocompatibility and other biocompatibility assessments immediately following injection 

and cure without additional processing. It is expected that possible leachables will likely to 

be removed by the native vasculature, as postulated previously for other fumarate systems.45

The ability to direct bone-marrow derived cells down a discrete lineage is a potent tool for 

improving the regenerative capacity of our tissue engineered graft. We previously 

demonstrated the ability of polyHIPE scaffolds to serve as a delivery vehicle for a multitude 

of osteoinductive agents and support osteogenic activity of seeded hMSCs as confirmed by 

early and late stage gene expression.13 Furthermore, unmodified PFDMA scaffolds also 

reported osteogenic differentiation under standard culture conditions demonstrating an 

inherent osteoinductive character of these grafts. In this study, ALP enzyme activity was 

assessed as an early marker of osteoblastic differentiation of seeded hMSCs to confirm that 

thiol-methacrylate polyHIPEs retained this ability to support osteogenic activity. ALP 

activity increased (2–3 fold) for all scaffold compositions at 11 days for scaffolds cultured in 

both growth and osteogenic media, Figure 11. It was noted that the rate of proliferation 

decreased while the rate of increase in ALP activity increased for both scaffold compositions 

from day 6 to day 11, when hMSCs were cultured in ostegenic media. No significant 

differences were observed between PFDMA control and thiol-methacrylate polyHIPEs. 

These observations support established activity profiles for MSC differentiation and 

illustrate the retained ability of these grafts to support osteogenic activity.

Although initial activity of MSCs seeded on our polyHIPE graft provide a clear promise for 

success in vitro, a future goal of this project is the development of an injectable polyHIPE 

system with the potential to support encapsulation and in vivo delivery of these cells to the 

injury site. The addition of tetrathiol into our injectable polyHIPE may provide added 

benefit in this work to adapt our system as a rigid cell carrier. Roberts et al. demonstrated 

that thiol-ene based polymerization mechanisms can have long-term effects on the quality of 

engineered cartilage in thiol-ene systems over acrylate based PEG hydrogel scaffolds.66 

Furthermore, the role of thiol-ene chemistries in reducing intracellular ROS damage was 

Whitely et al. Page 13

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



noted, a characteristic of thiol-methacrylate polyHIPEs that would further support viability 

and retention of encapsulated cells.

CONCLUSIONS

This study demonstrates the potential of thiol-methacrylate polyHIPEs to serve as an 

injectable bone graft with improved resistance to oxygen inhibition. Incorporation of 

tetrathiol monomer provided more rapid and complete network formation in the presence of 

oxygen with minimal impact on compressive modulus, yield strength, and pore architecture. 

The introduction of β-thioesters also served to increase the rate of hydrolytic degradation of 

the polyHIPE, providing a potent tool for tuning desired degradation profiles. Finally, thiol-

methacrylate polyHIPEs demonstrated strong potential as a tissue engineered scaffold by 

supporting extended viability and proliferation of hMSCs and retaining the osteoconductive 

character previously observed in our PFDMA system. Overall, the investigation of thiol-

methacrylate based grafts improves the translational potential of polyHIPEs by providing a 

material with improved function in clinically relevant environments and demonstrating the 

potential to influence cellular activity.
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Figure 1. 
Molecular structure of propylene fumarate dimethacrylate (PFDMA) (A) and pentaerythritol 

tetrakis(3-mercaptoproprionate) (tetrathiol) (B).
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Figure 2. 
Representative scanning electron microscopy (SEM) micrographs of PFDMA (A), 

PFDMA-5T (B), and PFDMA-10T (C) polyHIPE pore architecture.
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Figure 3. 
Storage modulus during polymerization of polyHIPE (A) and work and set times (B) of 

polyHIPEs cured at 37 °C with 1.0 wt% initiator and reducing agent.
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Figure 4. 
The effect of increasing tetrathiol concentration on average gel fraction for high surface-

area-to-volume ratio polyHIPEs cured under ambient and low oxygen conditions (A) and 

bulk cured polyHIPEs cured under ambient conditions (B).
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Figure 5. 
The effect of hydroquinone inhibitor (A) on average storage time (B), work and set time (C), 

and gel fraction (D) of thiol-methacrylate polyHIPEs.
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Figure 6. 
The effect of increasing tetrathiol concentration on polyHIPE compressive modulus (A) and 

yield strength (B).
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Figure 7. 
The effect of increasing tetrathiol concentration on polyHIPE degradation up to 4 weeks in 

0.25 M NaOH (A) and 0.5 M NaOH (B).
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Figure 8. 
hMSC viability after 24 h incubation with two concentrations of PFDMA and PFDMA-10T 

extracts (1.0 and 0.5 vol%) (A). Micrographs illustrating live (green) and dead (red) cells 

cultured with respective polyHIPE extracts at 0.5 vol% (B).
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Figure 9. 
hMSC viability on PFDMA and PFDMA-10T polyHIPEs at 1, 3, and 7 days (A). 

Micrographs illustrating live (green) and dead (red) cells on the respective polyHIPE 

sections at 7 days (B).
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Figure 10. 
Proliferation of hMSCs seeded on PFDMA and PFDMA-10T polyHIPEs at 1, 6, and 11 

days as determined by DNA quantification. hMSCs were cultured in growth media (GM: 

82.5% alpha MEM, 16.5% FBS, 1% L-glutamine) and osteogenic media (OM: growth 

media supplemented with 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, and 10 nM 
dexamethasone) with an initial cell seeding density was 50,000 cells/cm2.
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Figure 11. 
Alkaline phosphatase activity of hMSCs seeded on PFDMA and PFDMA-10T polyHIPEs at 

1, 6, and 11 days. PolyHIPEs were cultured in growth media (GM: 82.5% alpha MEM, 

16.5% FBS, 1% L-glutamine) (A) and osteogenic media (OM: growth media supplemented 

with 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone) (B).
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