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Abstract Sterilisation of allografts are a crucial step

in ensuring safety and viability. Current sterilisation

standards such as 25 kGy gamma irradiation (c) can
have adverse effects on the ultrastructure and biome-

chanical properties of allograft tissue. Supercritical

CO2 (SCCO2) technology, represents an improved

sterilisation process that potentially preserves tissue

properties. This study aimed to test the effect of SCCO2

sterilisation on the biomechanical and histological

properties of the meniscus and compare this to the

current standard of c. Thirty-two 18-month old ovine

menisci were randomly assigned into three groups for

sterilisation (SCCO2, c and control). After treatment,

biomechanical indentation testing (stiffness and stress

relaxation) or histological analysis [percentage of void,

cells and extracellular matrix (ECM) per slide] was

undertaken. Both SCCO2 and gamma groups displayed

an increase in stiffness and stress relaxation as

compared to control, however, this difference was

lesser in samples treated with SCCO2. No significant

histological quantitative differences were detected

between SCCO2 and control specimens. Gamma-

treated samples demonstrated a significant increase in

void and decrease in ECM. Interestingly, both treat-

ment groups demonstrated a decreasing mean void and

increasing ECM percentage when analysed from outer

to inner zones.No significant differenceswere detected

in all-endpoints when analysed by section. SCCO2

sterilisation represents a potential feasible alternative

to existing sterilization techniques such as c.
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Introduction

The menisci of the knee are two C-shaped wedges of

fibrocartilage secured onto the tibial surface. They are

crucial to the healthy operation of the knee joint

(Brindle et al. 2001; Harner and Lo 2009). Current

treatments for meniscal tears in the avascular, inner

‘‘white zone’’ in the knee are ineffective, as first line

treatments such as partial meniscectomy can lead to

degeneration and osteoarthritis (Englund et al. 2012;

Lee et al. 2012). Meniscal allograft transplantation

(MAT) is an emerging technique which has had

promising results (Lubowitz et al. 2007; Rijk 2004;

Stone et al. 2010; Verdonk et al. 2005).

Sterilisation of allografts are a crucial step in

ensuring safety and viability. Sterilization is defined as
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the process of killing all forms of life, especially

microorganisms (McAllister et al. 2007). It is mea-

sured as a sterility assurance level (SAL) of 10-6, or

SAL-6, meaning there is less than 1 in 1,000,000

chance of a contaminating organism surviving the

treatment (TGA 2011; Vangsness and Dellamaggiora

2009; White et al. 2006). The ability of connective

tissue allografts, including menisci, to transmit disease

is well documented (Ireland and Spelman 2005;

McAllister et al. 2007; Nemzek et al. 1994). Whilst

the incidence of confirmed donor-derived infection

from allograft is low, 0.00015 % (Vangsness and

Dellamaggiora 2009), transmission of microbes such

as human immunodeficiency virus (HIV), hepatitis C

virus, bacteria and prions remains a concern since (1)

MAT is not a life-saving procedure and (2) the high

volume of surgeries represents a large potential burden

(McNickle et al. 2009; Rijk 2004).

Recently, a review article by Mickiewicz et al.

(2014) analysed the sterilisation methods available for

MAT. However many are unsuitable for MAT due to

adverse graft or clinical effects (Lee et al. 2012). The

industry standard for terminal sterilisation, c, is

effective against bacteria and viruses and penetrates

whole tissues (Russell et al. 2012b; Vaishnav et al.

2009; Vangsness and Dellamaggiora 2009). However,

dosages of radiation required to kill viruses cause

deleterious changes in allograft mechanical properties,

including stiffness, tensile strength and elastic

response (Campbell and Li 1999; Vangsness and

Dellamaggiora 2009). Many surgeons still have con-

cerns about the tissue quality and biomechanical

properties related to gamma sterilisation (McAllister

et al. 2007) and a sterilisation method that preserves

the mechanical and biological performance of meni-

scal allograft is necessary.

Supercritical CO2 (SCCO2) technology represents a

potentially improved sterilisation process that pre-

serves tissue properties (Cinquemani et al. 2007;

Fages et al. 1998; Mun et al. 2011; Russell et al.

2012b; Tarafa et al. 2010; White et al. 2006; Zhang

et al. 2006). At relatively low pressures and temper-

atures (Fig. 1) SCCO2’s properties allow it to act as an

organic solvent; dissolve materials into their compo-

nent parts; and deeply penetrate tissue (Brunner 2005).

Whilst the chemical, industrial and food industries

have used this technology to extract valuable materials

from solid substrates for the last two decades, it is only

recently that they have been applied to medical

devices (Kim et al. 2013; Tarafa et al. 2010).

Recently, laboratories have been able to deactivate

spores and viruses by dissolving sterilants such as

peracetic acid and hydrogen peroxide into SCCO2,

ensuring SAL 10-6 sterility of tissues (Christensen

et al. 2004; Furukawa et al. 2009; Melo Silva et al.

2013; Perrut 2012; Russell et al. 2012b; Zhang et al.

2006). In view of these findings, this study aims to

test the effect of SCCO2 sterilization on the biome-

chanical and histological properties of the meniscus

and compare this to the current standard of gamma

irradiation (c). Our null hypothesis was that menisci

treated with SCCO2 will have no significant differ-

ences in histological and/or biomechanical properties

to native controls.

Materials and methods

Thirty-two 18-month old ovine menisci were har-

vested from recently euthanized 18 month old weth-

ers. The sheep were from ethically approved studies

that did not involve the hind or forelimbs, and where

movement was not impaired. The ovine model was

chosen for its anatomical similarity to the human

meniscus (Chevrier et al. 2009; Proffen et al. 2012).

After trimming excess connective tissue, the menisci

were studied macroscopically for any traumatic or

degenerative changes and weighed. Only menisci with

intact cartilage and meniscal surfaces were investi-

gated. Selected samples were randomly divided into

three groups (SCCO2, c and control), kept moist by

wrapping in PBS soaked gauze, and frozen for storage

at -20 �C until treatment. Non-treated control

Fig. 1 Phase diagram of carbon dioxide, demonstrating critical

point (White et al. 2006)
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specimens were thawed, weighed and proceeded

straight to the testing stage. Specimens in gamma

irradiated group were sent to an external laboratory for

irradiation at 25 kGy using a cobalt irradiation source

under well-defined operating procedures (Steritech

Wetherill Park, Australia). Samples were placed on

dry ice and sealed in a styrofoam box to maintain

temperatures during treatment between -20 and

-50 �C. Samples were thawed at room temperature

for testing. The SCCO2 group menisci were thawed

and treated whole with an in-house supercritical fluid

set-up (Fig. 2) and the Novasterilis� Supercritical

CO2 sterilisation protocol proven to reach SAL
-6. Our

protocol isolated the effect of SCCO2 treatment,

independent of common allograft cleaning and wash-

ing techniques, with the goal of evaluating the

mechanical and histological effect of SCCO2 when

utilized as a terminal sterilization methodology.

Biomechanical testing and histological testing of

each group was undertaken (Fig. 3). Each testing

method utilised a different sampling method. For the

biomechanical section of the protocol, one core was

taken from the anterior, middle and posterior sections

of each meniscus using a 6 mm dermal core biopsy

punch (Stiefl, United Kingdom), resulting in three

cores per meniscus. A scalpel blade was used to square

off the sloped meniscal surface of each core, resulting

in dowels of approximately 1.5 mm in height. Heights

were recorded using a digital caliper.

The viscoelastic properties of the menisci were

examined based on Maier et al. (2007) that allowed

reliable measurement of stiffness and stress relaxation.

Samples were tested via minimally constraint cyclic

indentation tests in displacement control. The

investigators used a Mach-1 Micromechanical Tester

(Biomentum, Canada), with a steel ball-bearing 3 mm

in diameter, which avoided notch effects and stress

concentrations. Meniscal samples were placed hori-

zontally on a smooth and flat metallic circular sink

(diameter 6 mm, depth 0.1 mm) to achieve lateral

stabilisation during axial loading as described (Maier

et al. 2007). The meniscus samples were kept moist

throughout testing using a phosphate buffer saline

(PBS) bath. Calibration of the indenter position and

load occurred prior to the testing of each sample. The

Fig. 2 Study design. H histological analysis, B biomechanical testing

Fig. 3 Schematic of in-house supercritical fluid rig at the

surgical and Orthopaedic Research Laboratory, Prince of Wales

Clinical School (Russellet al. 2012a, b)
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specific protocol involved four phases: (1) Preloading

of the sample to 0.5 N; (2) Ramp compression in

displacement control by 10 % of the height of the

sample at a rate of 83.33 lm/s; (3) Stress relaxation for

60 s; (4) Retraction of the actuator. The four phases

were repeated for a total of 5 times to simulate

physiologic stress.

The stiffness defined as the resistance to deforma-

tion (N/mm) under the applied force was determined

from the gradient of the linear elastic region on the

load–displacement curve. Stress relaxation was cal-

culated from the difference in maximum and mini-

mum load over the 60 s stress relaxation period. The

data for each repetition of the protocol was averaged

within each specimen.

For histology sampling one cross-sectional wedge

was taken from the anterior, middle and posterior

sections of each meniscus, resulting in three wedges

per meniscus. Wedges were fixed in formalin for at

least 1 week and processed for routine paraffin

histology and haematoxylin and eosin (H&E) stain-

ing. Tissue organisation was analysed qualitatively in

inner, middle and outer thirds (zones), as well as

between anterior, middle and posterior samples

(sections), resulting in two representative photos

per zone, per section taken for quantitative analysis.

Quantitative endpoints were calculated using an in-

house histomorphometry program, specifically focus-

ing on the percentage of dead space, cells and

extracellular matrix (ECM). Mechanical and histo-

logical data was processed using SPSS 21.0 Software

(SPSS Inc, IL, USA). A univariate analysis with

Tukey’s post hoc test was used to detect differences

between groups.

Results

TheSCCO2 and gamma irradiated (c) groups displayed
an increase in stiffness and stress relaxation compared

to control, however, this difference was lesser in

samples treated with SCCO2 (Fig. 4). The mean

stiffness of samples in the treated groups [SCCO2

(2.21 g/lm), c (2.50 g/lm)] were found to be greater

than control [1.68 g/lm] (P\ 0.05). Similar results

were demonstrated in stress relaxation, whereby the

mean stress relaxation of treated samples [SCCO2

(299.8 g/s), c (407.8 g/s)] were recorded significantly

greater than control [223.0 g/s] (P\ 0.05). Control

meniscal specimens, demonstrated no significant dif-

ferences in stiffness or stress relaxation between cycles

(P[ 0.05). Conversely, in both SCCO2 and c groups,
significant increases were detected in stiffness [SCCO2

(P\ 0.01), c (P\ 0.05)] (Fig. 5). Specifically, statis-

tically significant differences were detected between

the first cycle and fourth cycle (SCCO2: 1.36 g/lm, c:
1.43 g/lm) and first cycle and fifth cycle (SCCO2:

1.32 g/lm, gamma: 1.37 g/lm). These differences

were greater in specimens treated with c than SCCO2,

with an 18.9 % increase when analysing first and

fourth cycles and 10.7 % increase when analysing first

and fifth cycles. No significant differences were

detected [SCCO2 (P = 0.08), c (P = 0.06)] for stress

relaxation between groups. No significant difference

was detected between anterior, middle and posterior

sections when analysed by treatment type (P[ 0.05).

Histologically, control samples demonstrated nor-

mal extracellular and cellular architecture, as com-

pared to the literature. SCCO2 treated samples

demonstrated similar tissue organisation to control,

with added areas of ‘‘smoothed’’ collagen (dotted

arrow) and ‘‘bubble’’ voids (black arrow) (Fig. 6).

Conversely, organisation of tissue was markedly

disrupted in the c group with cellular debris noted

Fig. 4 Graphs of mean stress relaxation (L) and stiffness (R) by

treatment (*P\ 0.05 compared to control)
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(circles) and increased void. No significant differences

were detected between the control and SCCO2 groups

in all quantitative histological endpoints: namely

percentage void, percentage cells and percentage

ECM. Conversely, c irradiated samples demonstrated

a significant increase in percentage void [c (20.5 %),

control (10.9 %)] and significant decrease in ECM

[c (79.3 %), control (89.1 %)] in comparison to

control (P\ 0.01) (Fig. 7).

By zone, a number of significant relationships were

revealed (Fig. 8). Regarding percentage void, all

groups displayed significant differences between

zones (P\ 0.01), with a trend for decreasing percent-

age void when analysed from outer to inner zones.

Zonal analysis in ECM percentage identified a

reversed trend whereby outer zones contained less

ECM than middle zones, which contained less than

inner zones, in all three groups studied. Quantitative

cellular analysis revealed no significant differences

between zones. No significant differences were

detected in all endpoints when analysed by section.

Discussion

Improved allograft sterilisation has become an

increasingly important area of research, due to a

number of limitations with current best practice

(Mickiewicz et al. (2014). It is well documented that

at doses required for sterilisation (commonly 25 kGy)

c adversely affects the biomechanical and biological

properties of allografts in an additive and dose-

dependent manner (Akkus et al. 2005; Cheung et al.

1990; Grieb et al. 2006; Naal et al. 2008; Vaishnav

et al. 2009). Gamma irradiated tissue results were

consistent with the literature reports that purport

excess free radical production resulting in tissue

damage (Cheung et al. 1990; McAllister et al. 2007;

Vaishnav et al. 2009). Specifically these demonstrated

histological qualitative disruption of collagen ultra-

structure and quantitative increase in percentage void

and decrease in percentage ECM, compounded by

significantly higher stiffness and stress relaxation in

gamma irradiated tissue as compared to control.

Previous studies in SCCO2 sterilisation have dem-

onstrated less disruption of tissue in SCCO2 groups

compared to gamma irradiated specimens with no

significant differences between SCCO2 and Control

groups (Nichols et al. 2009; Russell et al. 2012a, b).

However, these studies utilised sterilization in tendon

and bone, and cannot be transferred directly due to the

unique properties of meniscal tissue (Adams and

Hukins 1992; Brindle et al. 2001). To our knowledge

there are no studies investigating biomechanical and

histological effects of SCCO2 in meniscal tissue.

SCCO2 sterilisation does have an effect on the

biomechanical properties of the meniscus, however

these effects are lessened as compared to c of

meniscal tissue. Significant difference was not estab-

lished and it is likely that more samples are required.

Histologically, no significant differences were

observed. This may translate to in vivo benefits

including improved performance of the graft after

transplantation in the short, medium and long-term.

In addition to a reduction in biomechanical deficits in

sterilisation, there are a number of other benefits to

the use of SCCO2 sterilisation over c. SCCO2 has

significant expediency for allograft processing and

sterilization due to its unique properties, extraction

potential and efficacy in killing spores and viruses

(e.g. Adenovirus, HIV) in musculoskeletal tissues

(Perrut 2012; Qiu et al. 2009). SAL-6 terminal

Fig. 5 Graphs of mean stress relaxation and stiffness by cycle

and treatment group (*P\ 0.05 difference as compared to cycle

1 in respective treatment group)
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sterilisation has been demonstrated in SCCO2, putting

the sterilisation effectiveness at least on par with

existing methods. This method, with its lack of

ionising radiation is advantageous from a safety

perspective being non flammable, non toxic, chem-

ically inert and physiologically safe (Tarafa et al.

2010; White et al. 2006). This is mirrored from the

point of view of manufacturing staff as well as the

community at large through lack of radioactive waste.

Additionally, SCCO2 technology has been pro-

posed in the literature as a ‘‘green alternative’’ (Perrut

2012), given the availability of CO2, which may rise

further due to the implementation of CO2 recapture

systems. From an economic point of view, SCCO2

potentially represents a significant cost saving through

the availability of CO2, its mild critical temperature,

and importantly, the ability to utilise the technology

on-site, for example, in tissue banks themselves,

Control

SCCO2

Gamma

Fig. 6 Histology [920 magnification, demonstrating qualitative examples (L) and quantitative examples (R)]. Arrow depicts example

of ‘‘bubble void’’ in SCCO2 and ovals demonstrate examples of cellular debris

Fig. 7 Mean quantitative histology endpoints by treatment (*P\ 0.05 as compared to control)
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saving money on transport costs to sterilisation plants

which would have been associated with c.
Previous studies in allograft bone are consistent in

noting less disruption of tissue (measured biomechan-

ically and histologically) in SCCO2 specimens as

compared to c (Nichols et al. 2009; Russell et al.

2012b). However, it appears that SCCO2 is more

gentle in bone, as no significant biomechanical

differences were detected between SCCO2 bone grafts

and control in a previous study (Russell et al. 2012a,

b). It is encouraging that the overall collagen organi-

sation was intact in the SCCO2 group, as compared to

the gamma treated group in our qualitative study. The

presence of ‘‘bubble’’ voids can be explained by the

properties of SCCO2 treatment, which has been shown

to have the potential to induce porosity, nucleation and

cracking in various polymers (Barry et al. 2006; Kim

et al. 2013; Tarafa et al. 2010) particularly during

depressurization. Our histological void percentage

results are consistent with this notion. Logically, an

increase in void should be correlated with a decrease in

ECM, which was quantitatively observed in both

treatment groups. The biomechanical increase in

stiffness and stress-relaxation in the SCCO2 group is

likely a result of these structural changes. Therefore,

by decreasing the rate of depressurisation, we hypoth-

esise lesser incidence of ‘‘bubble voids’’, lesser

structural changes and lesser differences in compres-

sive properties as compared to control. Conversely,

this finding may open another unforseen avenue in

allografts: scaffold creation. SCCO2 treatment has

been used to create scaffolds in polymers (Kim et al.

2013). It has been hypothesised that this same

technology can create effective scaffolds in tissue to

sustain in vitro cell adhesion and proliferation for

possible applications in tissue engineering and

regenerative medicine (Barry et al. 2006; Kim et al.

2013; Sandmann et al. 2009; Temtem et al. 2009). Our

SCCO2-treated meniscal samples contain larger

porosities which we speculate have the potential for

infiltration after implantation.

The observation of no significant differences

between anterior, middle and posterior sections in

both SCCO2 and gamma treatment groups encourages

the theory that both sterilisation modalities penetrate

these sections equally. It is important to take these

results in light of their limitations. Whilst it would

have been more accurate to use human menisci, the

ovine model was deemed most appropriate for our

uses. Due to ethical reasons, human tissue for steril-

isation studies is either procured from cadavers in

tissue banks or total knee replacements (Lewis et al.

2008; Vangsness et al. 2003). Donors from both of

these sources are aged and often have comorbid OA,

especially in the latter. Since osteoarthritis can cause

degenerative tears of the meniscus (Englund et al.

2009, 2012), and the environment itself decreases their

ability to heal (Fernandes et al. 2002; Wilusz et al.

2008), there are limitations to the usefulness of these

studies. By using an animal model, we were able to

procure menisci that were representative of skeletally

mature, healthy adults in plentiful supply.

The SCCO2 sterilisation protocol was adopted from

the proprietary Novasterilis protocol, which was orig-

inally designed for bone. Our results demonstrate that

the meniscus is able to withstand the rigors of such a

technique. However, given the structural differences

between bone and the menisci, sterility cannot be

guaranteed. The cyclic biomechanical testing procedure

was adopted to simulate physiological loading condi-

tions as used widely in the literature (Maier et al. 2007;

McNickle et al. 2009; Naal et al. 2008). However, there

Fig. 8 Mean quantitative

histology endpoints by zone

(*P\ 0.05 as compared to

respective outer zone)
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were several methodological limitations. It would have

been more accurate to test the whole meniscus rather

than cores of tissue, however there were pragmatic

concerns. Further, menisci were cut to approximate

parallel planes in relation to the undersurface i.e. the

distal part of the meniscus, and thus there was some

heterogeneity of the compressive surface.

Conclusion

SCCO2 sterilisation represents a potential gentle

alternative to existing sterilization techniques such

as c. Our results demonstrate that the meniscus can

stand rigors of SCCO2 based end sterilisation tech-

niques for bone, displaying lesser biomechanical

deficits than the standard gamma irradiated treatment,

and no significant quantitative histological differences

compared to control. Further testing with immunohis-

tochemistry, comparative testing with human menisci,

sterility testing of the current protocol in menisci, and

larger sample sizes are warranted.
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