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Abstract

Terminal sterilization induces physical and chemical changes in the extracellular matrix (ECM) of 

ex vivo-derived biomaterials due to their aggressive mechanism of action. Prior studies have 

focused on how sterilization affects the mechanical integrity of tissue-based biomaterials but have 

rarely characterized effects on early cellular interaction, which is indicative of the biological 

response. Using a model fibro-cartilage disc scaffold, these investigations compare the effect of 

three common sterilization methods [peracetic acid (PAA), gamma irradiation (GI), and ethylene 

oxide (EtO)] on a range of material properties and characterized early cellular interactions. GI and 

EtO produced unfavorable structural damage that contributed to inferior cell adhesion. 

Conversely, exposure to PAA resulted in limited structural alterations while inducing chemical 

modifications that favored cell attachment. Results suggest that the sterilization approach can be 

selected to modulate biomaterial properties to favor cellular adhesion and has relevance in tissue 

engineering and regenerative medicine applications. Furthermore, the study of cellular interactions 

with modified biomaterials in vitro provides information of how materials may react in subsequent 

clinical applications.
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INTRODUCTION

Tissue grafting has been used clinically for more than 100 years to successfully regenerate 

nerve, skin, bone, and other tissues of the musculoskeletal system.1–4 Pretreatment of ex 

vivo-derived biomaterials for regenerative medicine or tissue engineering applications vary 

widely.5,6 Introduction of procedures, such as decellularization, to remove cellular antigens 

and reduce immunogenicity have the potential to eliminate the need for autologous or 

patient matched grafts for direct clinical use.7,8 Additionally, terminal sterilization is a 

critical step used to eliminate bacteria and viruses.7,9 Compared to synthetic or metal 

implant materials, sterilization of biological tissues can be problematic as these processes 
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typically have an aggressive mechanism of action that can adversely affect natural tissue 

properties. Alteration of natural material properties such as biomechanics, physical structure, 

and surface chemistry potentially mitigate the benefits of using naturally derived materials 

for tissue regeneration by modifying intrinsic factors that direct cell adhesion and guide 

tissue regeneration.10–13

Gamma irradiation (GI), ethylene oxide (EtO), and peracetic acid (PAA) are commonly used 

tissue graft sterilization methods and chosen for comparison because they sterilize via 

fundamentally different mechanisms.14–17 Some sterilization studies with synthetic 

materials have used disinfection with ethanol 70% as a control, but this treatment is not used 

clinically due to its ineffectiveness in removing bacterial spores and viruses.18 Moreover, 

treatment with 70% ethanol induces protein denaturation and tissue dehydration that 

influences scaffold structure significantly altering cellular interactions.19,20 Another well-

known sterilant, glutaraldehyde, was not assessed in these investigations due to the 

excessive crosslinking that typically results in graft encapsulation, poor cell infiltration, and 

in the case of numerous vascular applications long term failure from calcification.7,21

GI has been shown to destroy nucleic acids through two mechanisms; either directly by 

ionizing radiation or indirectly by hydroxyl radicals generated through radiolysis in the 

presence of water.14 While GI has not been associated with chemical changes of soft tissue, 

it has been shown to produce structural and mechanical changes that may effect cellular 

interactions.22,23 The effects of radiation on collagen fibers include either direct scission of 

alpha polypeptide chains or crosslinking in the presence of free radicals.14,15,24,25

EtO is a diffusive gas and a strong alkylating agent that denatures DNA and proteins by 

addition of alkyl groups thereby interfering with normal cellular processes. As a byproduct 

of these reactions EtO produces the toxic derivatives ethylene chlorohydrin and ethylene 

glycol.16 Critical with this approach is ensuring sufficient diffusion into tissues and 

successive diffusion of remnant EtO and its derivatives out.4

Lastly, PAA is a strong oxidizing agent that through the transfer of electrons oxidizes 

numerous chemical groups including those on cell membranes thus initiating cell death.26,27 

PAA has been shown to inactivate viruses, fungi, and bacteria at low concentrations.28 It 

also generates low toxicity byproducts such as water, oxygen, and carbon dioxide.17

In this study, decellularized porcine temporomandibular joint (TMJ) discs were used as an 

ex vivo derived fibrocartilage tissue scaffold. Previous studies have determined that 

decellularization of the TMJ disc with sodium dodecyl sulfate (SDS) limits biomechanical 

and physical changes to the ECM compared to other methods including ethanol/acetone and 

Triton-X.6 The TMJ disc is an articulating fibrocartilage disc composed predominantly of 

Type I collagen that cushions and allows proper movement between the mandible and 

temporal bone of the TMJ. The TMJ disc offers a unique perspective given its similarities to 

both hyaline cartilage and tendon.29

Various studies have assessed how sterilization affects biomechanical properties of tissue 

grafts, but rarely how these changes influence initial cell attachment, a prerequisite for tissue 

regeneration and remodeling.15,23,30 Cell adhesion is also important in tissue engineering 

Matuska and McFetridge Page 2

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



applications where initial cell concentrations may be limited. Therefore, the purpose of this 

study was to evaluate extracellular matrix variations resulting from different terminal 

sterilization strategies and to correlate these findings, including biomechanics, ultrastructure, 

and surface chemistry, with initial cell interaction. By further understanding how tissue 

properties are altered by sterilization techniques, methods can be devised to modify ECM-

based biomaterials to encourage tissue regeneration, namely by facilitation of cell adhesion.

MATERIALS AND METHODS

Tissue collection and processing

Porcine TMJ discs were obtained from animals aged 6–9 months (IACUC # 201207534, 

Animal Technologies, Tyler, TX) and dissected as previously described.6 From the 

intermediate region of the disc, 2–3 six mm diameter punches were removed using a 

disposable biopsy punch (Miltex, York, PA). Full-sized discs and punches were 

decellularized for 24 h in a 1% SDS solution under agitation (100 rpm) with one change of 

SDS solution at 12 h. Discs were agitated in successive PBS solutions (pH 7.4) to remove 

SDS, and then treated with 150 U/mL DNase (Sigma-Aldrich, St. Louis, MO) at 37°C for 16 

h to fragment and facilitate the removal of residual DNA.

Decellularized tissue scaffolds were split into three different groups for sterilization. Tissue 

in group one was sterilized in 0.2% PAA/4% ethanol solution under agitation for 6 h and 

rinsed in sterile PBS until pH was balanced at 7.4. Tissue was aseptically frozen and 

lyophilized (Millrock Technology, Kingston, NJ) and stored until use. Tissue in groups two 

and three were lyophilized and either gamma irradiated or EtO sterilized. GI was performed 

in a J.L. Sheperd Mark I cesium-137 irradiator for 15 h with a dose of ~13 kGy. EtO 

sterilization used a dedicated tabletop Anprolene AN74J sterilizer (Anderson Products, 

Health Science Park, NC) with an EtO dose of 700 ppm over a 12 h cycle with at least an 

additional 2 h purge/aeration step. Sterilization was ensured with a dosimeter and biological 

indicator. Discs were then ventilated for two additional weeks to allow residual EtO and 

byproduct clearance. Decellularized and freeze dried tissue, which was not sterilized served 

as controls where necessary. A summary of the tissue processing is shown in Figure 1.

Biomechanical evaluation

Six millimeter diameter discs (n = 6) were hydrated at room temperature in PBS for 24 h and 

equilibrated at 37°C for 5 min before testing. Discs were placed in a hydrated testing 

chamber in a Biomomentum Mach-1 micromechanical system (Biomomentum, Laval, 

Quebec, Canada) and subject to cyclic compression tests consisting of 15 cycles at 10% and 

20% strain to simulate normal-physiologic and extreme-physiologic strain values, 

respectively.31 Strain was defined as ε = ΔL/L0 with ΔL being the change in sample 

thickness and L0 being the original samples thickness. Stress was defined as σ = F/A with F 

being compressive force and A being the cross-sectional area of the disc. Compressive 

moduli were defined as E = σ/ε, where instantaneous compressive modulus (Einst) was 

calculated using peak stress for the first cycle, while steady state compressive (Ess) modulus 

was determined using peak stress for the last cycle.32
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Surface chemistry

Raman and Fourier transform infrared (FTIR) spectroscopy were performed to evaluate 

differences in surface chemistry as a result of sterilization method. Both methods were 

chosen for completeness, since certain stretching modalities weakly observed by Raman 

scattering are more strongly observed by FTIR absorption.33 FTIR was acquired using a 

Thermo Electron Nicolet Magna 760 FTIR (West Palm Beach, FL) and Raman via a 

Renishaw inVia Raman microscope (Gloucestershire, UK). FTIR spectra were obtained 

from wavenumbers 600–4000 cm–1 with spectral resolution of 1.93 cm–1. Raman spectra 

were collected from Raman shift range 200–1700 cm–1 with spectral resolution of 0.82 

cm–1. Multiple spectra were obtained from different locations and surfaces of the discs (n = 

9). Using Biorad Informatics software (Philadelphia, PA) background was removed from 

spectra, height normalized then averaged.

Evaluation of surface microarchitecture

Scanning electron microscopy (SEM) was performed to evaluate the surface structure of 

sterilized and control discs. Briefly, samples were fixed in 2.5% glutaraldehyde (Sigma-

Aldrich, St. Louis, MO) and treated with 1% osmium tetroxide. They were washed and 

dehydrated in progressive EtOH solutions (25, 50, 75, 3× 100%). Samples were CO2 critical 

point dried (Autosamdri-815, Tousimis, Rockville, MD) and palladium gold sputtered 

(DeskV, Denton Vacuum, Moores-town, NJ). Images were collected using a Hitachi S-4000 

FE-SEM at 10 kV at 300× and 6000× magnification.

Contact angle measurements

Surface energy was evaluated using contact angle measurements and the Fowkes method. 

The contact angle of 25 μL drops of distilled water and ethylene glycol (Fisher Scientific, 

Pittsburg, PA) with the disc surface were determined by taking images with a Nikon D200 

(Melville, NY) and determining contact angles with ImageJ software (NIH, Bethesda, MD). 

Using the Fowkes equation the interaction between the liquid and solid surface can be 

described as the following; . With θ being the angle 

formed by the droplet and the surface, and known polar (γp) and nonpolar dispersive (γd) 

adhesion parameters for water and ethylene glycol given by (γL = 72.8 mJ/m2, γL
d = 21.8 

mJ/m2, γL
p = 51.0 mJ/m2), and (γL = 78.0 mJ/m2, γL

d = 29.0 mJ/m2, γL
p = 19.0 mJ/m2). 

Thus adhesion parameters of the solid, γS
d and γS

p, describe the overall surface energy of 

the solid tissue and can be found via a system of equations with the contact angles of the two 

liquids.34,35

Cell culture

Human umbilical cord Wharton's Jelly matrix cells (hWJMC) were used in all experiments. 

These stem cells have been shown to be an promising cell source for numerous tissue 

engineering applications, including TMJ regeneration.36 Human umbilical cords were 

obtained from Labor & Delivery at Shands Hospital at the University of Florida 

(Gainesville, FL, IRB approval #64–2010) and cells were isolated via explant culture of the 

Wharton's Jelly matrix and used at passage 3. Lyophilized and sterilized discs were 
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rehydrated in DMEM supplemented with 10% FBS/1% Penicillin–Streptomycin (Thermo 

Scientific, Pittsburg, PA) in 96 well plates overnight before cell seeding. hWJMC were 

seeded onto the superior surface of the disc at a concentration of 2 × 103 cells/mm3 and 

incubated at 37°C in 5% CO2 humidified air.

After 24 h, constructs (n = 6) were assessed for initial cell adhesion. Constructs not collected 

for day 1 analysis were transferred to new wells with fresh media and incubated for an 

additional three days to evaluate sustained adhesion, proliferation, and viability (n = 6). At 

the time of collection, discs were gently rinsed in PBS and digested for 2 h at 37°C in 200 

U/mL sterile filtered collagenase Type 1 (Life Technologies, Grand Island, NY). Following 

two freeze thaw cycles to lyse cells and release DNA, DNA quantification of the digest was 

performed using the Quant-IT Pico-green dsDNA assay (Life Technologies, Grand Island, 

NY) following manufacturer's instructions. Cell number was determined using the 

conversion of 7.7 pg DNA/cell.37

On day 4, viability and cell spreading (n = 6) was assessed with LIVE/DEAD fluorescent 

staining (Life Technologies, Grand Island, NY) on a Ziess Axio A1 inverted microscope 

(Zeiss, Gottingen, Germany). Three representative images per sample were acquired using 

an Axiocam ICc.1 at 20× objective magnification. Cell viability was quantified using 

ImageJ (NIH, Bethesda, MD) to count the quantity of dead and live cells. Furthermore, 

images were analyzed for the area of cell coverage using the thresholding technique. Cell 

migration and integration into the tissue was evaluated via histology. Tissues were 

embedded in Neg50 media (Richard Allen Scientific) and 10 μm sections were obtained 

with a HM 550 cryostat (Thermo Scientific). Sections were then stained with standard 

hematoxylin and eosin and mounted for evaluation.

Statistics

Statistical analysis was performed using SPSS software (Chicago, IL). One way ANOVA 

with a post hoc Tukey HSD test was used to determine significance (α = 0.05). Mean and 

standard deviation were determined for all samples.

RESULTS

At 10% compressive strain representing physiologic strain values, the compressive modulus 

of the decellularized tissue scaffolds was not significantly affected by sterilization method 

when compared to the decellularized controls [Figure 2(A)]. However, at 20% strain used to 

determine bulk mechanical properties, all sterilization methods resulted in a significant (p = 

0.007, 0.007, 0.014, respectively) decrease of ~80% instantaneous moduli from 500 kPa to 

100–150 kPa. The steady state compressive modulus was unaffected with the exception of 

PAA treatments, which saw a decrease to 60 kPa as compared to 120 kPa for control tissue 

[p = 0.014, Figure 2(B)].

No appreciable differences in surface chemistry for Raman active vibrational modes were 

demonstrated between treatment methods (Figure 3). As expected, the spectra closely 

resemble that of pure collagen, which is the bulk constituent of the TMJ disc scaffolds.38,39 

FTIR spectra revealed several variations in surface chemistry of PAA and EtO sterilized 
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tissue as compared to the nonsterilized control (Figure 4). PAA and EtO discs presented 

broad peaks at 3600 cm–1 indicating the presence of additional hydroxyl groups (—OH). 

The original peak at 3350 cm–1 (maintained in GI treatments) correlates more closely with 

amine groups found in protein (—NH). PAA sterilized tissue showed further signs of 

oxidation by a lack of peak at 2900 cm–1 correlating with alkanes (C—H) and an additional 

peak at 1745 cm–1 attributed to carbonyl groups (C=O). Major peak assignments relevant to 

this analysis are shown in Table I.

SEM micrographs showed differences in ECM structural morphology resulting from 

exposure to each sterilization method (Figure 5). Treatments with PAA preserved fine 

collagen fiber definition and organization evidenced by its similarity to the decellularized 

control tissue. By contrast GI and EtO treatments showed damage of the collagen fiber 

matrix demonstrated by lack of fiber definition on the superior surface of the tissue and 

overall organizational disorder, which was much more pronounced in GI tissue than EtO 

treated tissue.

Wettability and the related surface free energy of the lyophilized tissues were determined by 

contact angle measurements. Hydration with deionized water (dH2O) demonstrated that all 

tissue was hydrophilic defined by a contact angle <90°[Figure 6(A)]. PAA sterilized discs 

with contact angles averaging 40°were significantly more hydrophilic than controls that 

averaged 65°(p = 0.004) and gamma-irradiated discs at 74°(p < 0.001). EtO sterilized discs 

were more hydrophilic than the irradiated discs (contact angle = 52°, p = 0.018), but there 

was no statistical significance relative to controls (p = 0.206). Contact angle with dH2O was 

not affected by the GI treatment. No significant differences were found between the surface 

free energy of the discs, but general trends indicated an increase in surface free energy for 

PAA and EtO sterilized discs [Figure 6(B)].

Initial adhesion and subsequent retention of hWJMC after 1 and 4 days showed superior 

cellular interactions of PAA sterilized scaffolds as compared to GI and EtO treatments 

(Figure 7). Approximately 90% of seeded cells adhered to PAA sterilized scaffolds (at 24 h 

postseeding) with a density of 1.7 × 103 cells/mm3. This was more than three times the cell 

adhesion to GI and EtO treated scaffolds (0.48 × 103 cells/mm3 and 0.22 × 103 cells/mm3), 

respectively. After four days culture, cells continued to proliferate on PAA treated 

constructs demonstrated by a doubling in cell density while a reduction in density was noted 

on GI and EtO sterilized scaffolds.

LIVE/DEAD fluorescent staining was used to assess viable cell populations adhered to 

treated constructs. PAA and GI sterilized constructs showed adherent viable cells after four 

days culture (Figure 8, top row). A quantifiable high cell surface density was confirmed on 

PAA sterilized scaffolds as compared to the irradiated scaffold and EtO sterilized scaffolds 

[Figure 8(B)]. Qualitatively during image capture, cells were found adhered to not only the 

seeded superior surface of the PAA treated disc but on the inferior surface and sides. This is 

in contrast to irradiated scaffolds in which cells were localized only on the superior seeded 

surface and noticeably present on only three out of the six constructs evaluated. Cells on the 

EtO treated scaffolds generally displayed a more rounded morphology with some nonviable 

cells evident (Figure 8, top row). Quantification of cell viability showed an average of 80% 
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viability in EtO treated scaffolds compared to over 97% on GI and PAA treated scaffolds 

(Figure 8C).

Histological evaluation indicated no substantial cell infiltration had occurred over the four 

day culture period irrespective of sterilization method (Figure 9).

DISCUSSION

Different sterilization methods resulted in variations of the ex vivo derived fibrocartilage 

scaffold ultrastructure, mechanics, and chemistry that affected initial cell adhesion and 

continued cellular interactions in vitro. These changes modulated the biological responses 

and as such are a consideration for many biologically derived materials used for direct (or 

indirect) implantation.

SEM micrographs showed extensive alterations of the tissue microstructure when gamma 

irradiated and exposed to EtO. These effects are largely due to altered chemistry that 

weakens collagen fibrils. In a study of collagen fibril ultrastructure, Bailey et al.22 showed 

loss of fibril definition in response to ionizing radiation. This was attributed to the rupture of 

hydrogen bonds and extensive protein scission induced by exposure to irradiation. Similarly, 

the reaction of EtO with the amine groups present in collagen molecules results in 

decreasing triple helix stability.25 This decrease in stability may be responsible for similar 

structural alteration seen with GI treated tissues. Cell adhesion to protein in the ECM is 

mediated in part by integrins, which recognize specific peptide sequences. Many adhesion 

proteins in the ECM, including collagen, contain the arginine-glycine-aspartic acid (RGD) 

tripeptide.40–42 The structural alterations induced by EtO and GI likely affected RGD and 

other cell binding sites within the collagen molecules contributing to inferior cell adhesion 

seen with both these treatments.

All sterilization methods affected material biomechanics including a significant reduction in 

the materials compressive instantaneous moduli when subjected to 20% compressive strain. 

For GI and EtO treated tissue, the weakening of normal collagen fibril structure associated 

with exposure may be responsible for this observation. The dose dependent effect of GI on 

graft biomechanical properties across a variety of tissues has been extensively 

documented.4,22,43–45 When compared to the 10–35 kGy doses used in tissue banking, the 

results presented herein used a relatively low dose (13 kGy), yet still support other findings 

in that physical changes were clearly observed in SEM micrographs and further detected as 

biomechanical variation. PAA treated tissue also showed a decrease in compressive steady 

state moduli as compared to control values, whereas both EtO and GI displayed no 

significant variation. Some studies have shown PAA to increase porosity in collagenous 

tissue because of generation of oxygen within the tissue structure.46,47 While PAA 

treatments have been shown to preserve many natural GAGs and proteins within tissue 

scaffolds, sterilization with PAA likely continued to elute additional soluble ECM protein 

during the sterilization as compared to the dry sterilization methods (EtO and GI).12 These 

combined effects may account for the reduction in the materials steady state modulus.
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Raman spectroscopy is commonly used to determine surface chemistry properties of soft 

tissue, as samples can be hydrated without interfering with the spectra. All Raman spectra 

were dominated by the collagen spectra showing strong amide 1, amide 2, and amide 3 

peaks where expected and C—C stretch modalities associated with amino acids proline and 

hydroxyproline.38,39 This suggests that following the decellularization protocol, the 

fibrocartilage scaffold was predominantly composed of Type 1 collagen, therefore these 

outcomes are relevant to collagen containing biomaterials.

FTIR is able to detect more polar bonds and functional groups and revealed excess 

hydroxylation (—OH) of EtO and PAA sterilized tissue. While generally attributed to water, 

all samples were equally desiccated prior to analysis. This peak could be linked to the 

byproducts of EtO previously mentioned, such as ethylene glycol (OH—CH2CH2—OH). 

More importantly, it is hypothesized that the additional hydroxyl groups in EtO sterilized 

discs are likely due to an alkylation reaction of the EtO molecule with the amino groups of 

the collagen polypeptide chains. Therefore, especially susceptible amino acids are arginine 

and lysine residues.25,45 If EtO alkylates arginine residues, loss of RGD sites would occur, 

lowering cell adhesion potential.

PAA oxidizes aliphatic amino acid side chains, producing a mixture of ketones, aldehydes, 

and carboxylic acids, a mechanism which would contribute to the altered surface chemistry 

observed in PAA sterilized discs.27 The occurrence of this mechanism is strongly supported 

by the absence of a defined peak at 2900 cm–1, which correlates with alkanes (C—H), a 

peak that was displayed by all other tissue samples. The additional peaks at 3600 and 1745 

cm–1 are attributed to the hydroxyl (—OH) and carbonyl groups (C=O), respectively, 

present in the oxidized compounds aforementioned. This reaction mechanism would not 

alter RGD sequences within the ECM, further supporting the maintenance of intrinsic cell 

adhesion following PAA sterilization.

Both PAA and EtO sterilized discs showed a decrease in dH2O contact angle and trended 

toward an increased surface free energy, which can be attributed to the surface chemistry 

changes, namely an increase of polar surface functional groups as determined by FTIR 

analysis. By comparison, as GI produced no detectable changes in surface chemistry, it is 

not surprising that contact angle and surface free energy of the GI discs was identical to 

control discs. Hydrophilicity and wettability are closely related and in synthetic biomaterials 

an important parameter for adhesion of proteins and cells. Adsorption of serum protein to 

biomaterial surfaces may precede and facilitate adhesion of cells to implanted materials. 

However, variable results have been reported regarding whether hydrophilic or hydrophobic 

surfaces better promote protein adsorption, likely because of the diversity of protein 

structure and charged surface groups.48,49 There have been many controlled studies on 

synthetic materials in which have examined cell adhesion in relation to wettability. It has 

been found that cells and adhesive proteins adhere to wettable surfaces with contact angles 

ranging from 40 to 70.50–52 However other factors, such as surface functional groups, also 

play an important role in cell adhesion.53,54

The importance of hydroxyl groups to facilitate cell adhesion to a variety of surfaces has 

been previously recognized.48,55,56 Investigations by Keselowsky et al. looked specifically 
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at cell focal adhesion molecules as a function of controllable surface chemistry. It was found 

that the highest rates of adhesion were linked to hydroxyl (OH) groups followed by 

carboxylic acid (COOH) and amine (NH2) groups.56 This work directly supports the 

increased adhesion seen in the PAA sterilized scaffolds and mirrors the surface chemistry 

changes observed as compared to control tissue.

As a final observation, viable cells were visualized on all surfaces of the PAA treated 

constructs. The substantially higher initial adhesion of cells contributed to the increased cell 

densities observed on day 4. While cells adhered to GI constructs were viable, cell adhesion 

was low after four days and the result of inferior cell interactions during culture. This was 

contrasted by the low cell density and viability observed and quantified on EtO sterilized 

constructs. This was likely due to byproducts of EtO sterilization that were retained after 

extensive aeration time, demonstrating that EtO sterilization of thick tissue has significant 

drawbacks. These results emulate the clinical observation that byproducts from EtO treated 

grafts are released after implantation leading to pathological reactions.17 This also accounts 

for lower cell numbers in EtO treated constructs as compared to the PAA treatments, even 

though EtO scaffolds showed adhesion promoting surface chemistry similar to PAA treated 

scaffolds.

CONCLUSION

By their very nature, terminal sterilization techniques are designed to result in effective 

sterilization. These aggressive processes also initiate a variety of structural, biomechanical, 

and chemical changes often detrimental to the biomaterial tissue matrix. While other 

biological tissues have the potential to respond differently to the sterilants evaluated in this 

study, exposure of tissue to GI and EtO resulted in extensive damage to the scaffolds 

microstructure. In addition, all sterilization techniques assessed in these investigations 

weakened compressive biomechanical properties of the fibrocartilage scaffolds. Relative to 

GI and EtO, PAA sterilization limited physical change, while inducing chemical 

modifications that favored cell attachment, including hydroxylation and increased surface 

hydrophilicity. Studying cell attachment to ECM-based scaffolds in vitro provides further 

insight into the use of these methods for sterilizing soft tissue grafts before clinical 

translation, evidenced by cell interaction with EtO treated constructs and clinical outcomes 

observed using EtO sterilized grafts.
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FIGURE 1. 

Schematic of decellularization and sterilization. Diagram outlining pTMJ decellularization 

with 1% SDS and subsequent sterilization with PAA, GI, and EtO.
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FIGURE 2. 

Effect of sterilization on physiologic and bulk mechanical properties. (A) Physiologic and 

(B) bulk material instantaneous (inst) and steady state (ss) compressive moduli. Physiologic 

strain (10%) and super physiologic strain (20%) were used (*) indicates statistical 

significance compared to controls (n = 6, α = 0.05).
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FIGURE 3. 

Comparison of surface chemistry by Raman spectroscopy. The (i) control, (ii) PAA, (iii) GI, 

and (iv) EtO sterilized scaffold Raman spectra (n = 9) from 1750 to 750 cm–1. No distinct 

variation existed between the control and sterilized discs.
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FIGURE 4. 

Comparison of surface chemistry by FTIR spectroscopy. The (i) control, (ii) PAA, (iii) GI, 

and (iv) EtO sterilized disc FTIR spectra (n = 9) from 4000 to 2600 cm–1 and 1800–800 

cm–1. Variations in spectra from control discs are denoted with a (*).
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FIGURE 5. 

Microstructural analysis of tissue. SEM images taken of the superior surface at 6000× (top 

row) and the cut cross-section at 300× (bottom row) magnification demonstrating physical 

modifications of the tissue as a result of sterilization method. Different magnification was 

chosen to show appropriate detail level for each surface. Scale bars represents 5 and 100 μm, 

respectively.
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FIGURE 6. 

Wettability and surface free energy of the scaffolds. (A) Average contact angle with dH2O 

and (B) calculated surface free energy of the scaffolds (n = 6). All surfaces were considered 

hydrophilic (<90°). (C) A sample contact angle measurement. (*) indicates statistically 

significant difference between sterilization method (α = 0.05).
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FIGURE 7. 

Initial cell adhesion and proliferation. Cell number per volume of disc scaffold after 1 and 4 

days of static culture. (*) indicates statistically significant difference between sterilization 

method for both time points (α = 0.05).
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FIGURE 8. 

Cellular viability and cell coverage. (A) Calcien AM/ethidium homodimer staining 

demonstrated difference in cell viability and morphology on differentially sterilized 

scaffolds after 4 days (top row, living cells stain green while dead cells stain red). Scale bars 

indicate 200 μm. B) Average percent of the scaffold area covered by cells in images. C) 

Average cell viability determined from images. (*) indicates statistically significant 

difference between sterilization methods (α = 0.05). [Color figure can be viewed in the 

online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 9. 

Cell migration. Histology indicated no noticeable migration into tissue after the four day 

culture period for any of the scaffold sterilization methods. Scale bars indicate 200 μm. 

[Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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TABLE I

Raman and IR Frequencies Relevant to Peak Assignments, With Intensity Described for Each As Either Weak 

(W), Medium (M), or Strong (S)

Assignment Vibration mode Frequency Range (cm−1) Raman FTIR

Hydroxyl O–H stretch 3600-3200 W S

Amide 1 N–H stretch 3500-3300 M

Alkane C–H stretch 2950-2850 S

Carbonyl/ester C=O stretch 1750-1735 W S

Amide 1 C=O stretch 1630-1690 M-S S

Amide 2 N–H bend 1550-1560 W S

Amide 3 C–N stretch, N–H bend 1230-1280 var W-M

Hydroxyproline, proline C–C stretch 856-875
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