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amniotic membrane for transplantation. However, 
irradiation is not always compatible in preserving the 
physical structure or biochemical factors of biologi-
cal materials and can potentially result in detrimen-
tal effects to the critical quality attributes of allograft 
tissues. Alternatively, a novel sterilization technique 
involving supercritical carbon dioxide  (SCCO2) has 
been shown to have minimal effect on the inherent 
biophysical properties of sensitive biological tissues 
and tissue-derived products. At BioBridge Global, 
we have developed a process utilizing  SCCO2 tech-
nology for the sterilization of an amniotic membrane 
tissue allograft product. This process, first and fore-
most, meets industry standards for sterilization while 
simultaneously maintaining the biochemical com-
position of the tissue. Our results show that upon 
 SCCO2 sterilization, most of the growth factors tested 
were conserved, with many at quantities significantly 
greater than commercially available gamma and elec-
tron beam irradiated tissue. The  SCCO2-sterilized 
amniotic membrane allograft is unique in that it is 
designed to overcome limitations associated with tra-
ditional tissue sterilization methodologies, namely, 
the conservation of key biological factors inherent 
to native amniotic membrane tissue. It is anticipated 
that by retaining these biological factors, clinical out-
comes associated with the use of  SCCO2-sterilized 
amniotic membrane will be improved.

Abstract Amniotic membrane is arguably one of 
the most popular biological wound dressings on the 
market today. Various growth factors and cytokines 
inherent to amniotic membrane tissue have been rec-
ognized as key mediators in wound healing and tis-
sue regeneration, giving the tissue its clinical util-
ity. Sterilization methodologies using irradiation 
are recognized as the gold standard in the field and 
routinely used to prepare tissue allografts, including 
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Introduction

The clinical application of amniotic membrane tis-
sue allografts continues to increase in popularity 
as evidenced by its diversity of use. Traditionally 
used in the management of skin disorders, such as 
burns (Walker et  al. 1977) and chronic, non-healing 
ulcers (Singh et  al. 2004), amniotic membrane has 
recently found utility in a number of wound healing 
and regenerative medicine applications. The thera-
peutic benefit of amniotic membrane transplantation 
has been reported in the areas of orthopedics, oph-
thalmology, urology, dentistry, otolaryngology, and 
oncology, to name a few (Fairbairn et al. 2014, Nejad 
et  al. 2021, Stirt et  al. 2022, Nemati et  al. 2023). 
Amniotic membrane has been shown to possess many 
beneficial properties that are advantageous to its 
clinical success. Reports show the amniotic tissue is 
anti-inflammatory, (Marsh et  al. 2017) anti-scarring, 
(Gholipourmalekabadi et al. 2019) and anti-microbial 
(Ziaeian and Roudbari 2004; Zare-Bidaki et al. 2017) 
when used in wound healing and tissue regeneration 
applications. Unlike other commercially available 
bandages, amniotic membrane is a natural material 
composed primarily of the structural protein family of 
collagens, and a plethora of angiogenic, regenerative, 
and immune modulating cytokines and growth fac-
tors (McQuilling et al. 2017). Key growth factors and 
cytokines present in amniotic membrane favorable to 
wound healing include basic fibroblast growth fac-
tor, transforming growth factor alpha, platelet derived 
growth factor, tissue inhibitors of metalloproteinases, 
and members of the interleukin family, among others 
(Koob et al. 2015).

While the unique biochemical composition of 
amniotic membrane is credited for the clinical effi-
cacy, it also presents a challenge to traditional tissue 
processing and sterilization methodologies where 
conservation of these factors is of paramount impor-
tance to functional performance. The terminal steri-
lization of tissue allografts is an unavoidable process 
that is required to ensure patient safety and prevent 
infection in the recipient due to microbial contami-
nation. Thus, the impact of sterilization on sensitive 

biomaterials, like amniotic membrane, must be 
understood and any detrimental effects minimized 
during the development of such products. The FDA 
has recognized dry heat, steam, ethylene oxide, and 
irradiation as established sterilization methods, dem-
onstrated by their “long history of safe and effective 
use” (Food and Drug Administration, CDRH et  al. 
2016). However, each of these sterilization methods is 
not without its limitations, especially with respect to 
their application to sensitive biomaterials which often 
have insufficient thermal, physical, and chemical sta-
bility to withstand these types of processing. Thermal 
sterilization processes are unsuitable for materials 
intolerant of high autoclave temperatures and suscep-
tible to thermal degradation (Rogers 2012). Ethylene 
oxide is capable of leaving toxic chemical residuals in 
the sterilized material resulting in unwarranted down-
stream effects (Buben et al. 1999). Gamma irradiation 
has been shown to alter the biomechanical proper-
ties of different types of allograft tissues, including 
bone, tendon, amniotic membrane, and skin (Harrell 
et  al. 2018). While gamma irradiation may be the 
most utilized method of tissue allograft sterilization, 
many studies have demonstrated that upon exposure, 
the structural proteins (i.e. collagen) of both hard and 
soft tissues breakdown, leading to reduced toughness, 
compressive strength, and tensile strength (Kaminski 
et al. 2012; Faragó et al. 2020). Changes in the extra-
cellular matrix of amniotic membrane after exposure 
to irradiation have also been reported (Mrázová et al. 
2014). With regard to the biochemical factors pre-
sent in amniotic membrane allograft tissue, Suroto 
et  al. reported reduction in basic fibroblast growth 
factor (bFGF) in with 15 kGy of gamma irradiation. 
Increasing the dose of irradiation, resulted in a 30% 
reduction in the amount of bFGF as compared to the 
non-irradiated controls (Suroto et al. 2021).

Alternatively, supercritical carbon dioxide 
 (SCCO2) is a novel sterilization technique gaining 
traction for use with sensitive biomaterials, including 
tissue allografts.  SCCO2 is highly pressurized carbon 
dioxide  (CO2) that exhibits properties of both a gas 
and a liquid when held at conditions above its critical 
temperature and pressure  (Tc and  Tp). Compared to 
other supercritical fluids,  CO2 has relatively mild crit-
ical coordinates  (Tc = 31 °C,  Tp = 73 atm) which make 
it appealing for use in temperature-sensitive applica-
tions. Furthermore,  SCCO2 has highly tunable trans-
port properties that cause it to simultaneously behave 
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like a liquid and a gas. Small changes in pressure 
and temperature result in significant changes to the 
density of supercritical  CO2 thus affecting its mass 
transfer properties (Nikolai et  al. 2019). The abil-
ity of  SCCO2 to permeate extremely small crevices 
and pores is advantageous when combining  SCCO2 
with antimicrobials or chemicals for the inactivation 
of contaminating microorganisms. While the use of 
 SCCO2 alone is not practical for achieving industry 
standards of sterilization for biological materials, its 
combination with agents such as hydrogen peroxide, 
ethanol, and peracetic acid allow for these additives 
to permeate the material; increasing the effectiveness 
of the sterilization process (White et al. 2006).

Several studies have looked extensively at the 
effect of  SCCO2 exposure on the biochemical and 
mechanical properties of both hard (bone) and soft 
tissue (musculoskeletal and amnion) allografts. Rus-
sell et al. performed extensive compression testing on 
bone samples and found that there were no significant 
differences in the yield stress, ultimate stress, or stiff-
ness of the tissue post  SCCO2 treatment and with the 
addition of peracetic acid (Russell et  al. 2015). Sun 
et  al. showed that tendons exposed to  SCCO2 (with 
sterilizing agent NovaKill) treatment maintained 
their collagen morphology and extracellular matrix 
(ECM) structure as compared to gamma irradiated 
tendons which exhibited separation of collagen fiber 
bundles and degradation of the ECM (Lovric et  al. 
2020). Other studies have shown amniotic membrane 
exposed to  SCCO2 maintains key ECM proteins like 
type IV collagen, glycosaminoglycans, and elastin 
(Wehmeyer et al. 2014) as well as growth factors and 
pentraxin X3 (McDaniel et al. 2021), a key cytokine 
found in amniotic membrane shown to have an anti-
inflammatory effect during wound healing (Zhu et al. 
2020). However, previous studies have not evaluated 
the growth factors in amniotic membrane after expo-
sure to a sterilization rigorous enough to meet indus-
try standards.

Tissue banking industry standards dictate that a 
validated sterilization processes for allograft tissue 
must define the allowable risk of contamination for 
a given product. This risk is expressed in terms of a 
probability and is referred to as the Sterility Assur-
ance Level (SAL). For most allograft tissues, this is 
recognized as a SAL of  10–6 (U.S. Department of 
Health and Human Services, Food and Drug Admin-
istration et  al. 2011). Not to be confused with spore 

log reduction (SLR), a SAL of  10–6 is the probability 
of encountering one viable organism out of one mil-
lion final products sterilized. The SLR, on the other 
hand, is a measure of the effectiveness of a steriliza-
tion process and can be used to determine the opera-
tional parameters required to achieve the desired SAL 
for a given sterilization process (Wagner et al. 2021). 
Therefore, the objectives of the present study were to 
first determine the  SCCO2 operating parameters that 
could achieve industry standards for sterility, that is, a 
SAL of  10–6. Secondly, we evaluated the effect of dif-
ferent sterilization procedures through the analysis of 
inherent biochemical properties of the tissue. These 
findings were benchmarked with commercially avail-
able amniotic membrane tissue sterilized by gamma 
and electron beam irradiation.

Materials and methods

Microbial inactivation of Bacillus atrophaeus spore 
strips

To determine the operating parameters required to 
sterilize amniotic membrane allograft tissue, a series 
of experiments were carried out in a Nova 2200 
sterilizer (NovaSterilis, Lansing, NY). This equip-
ment consists of a 20-L stainless steel chamber to 
hold samples for sterilization using  SCCO2. Inside 
the chamber are housed two wire baskets for product 
placement, and a third basket to hold the disinfect-
ant additive NovaKill. This is a peracetic acid (PAA) 
based additive provided by NovaSterilis and often 
used in conjunction with  SCCO2 to achieve microbial 
inactivation. Bacillus atrophaeus spore strips were 
selected for the microbial inactivation experiments.

First, Bacillus atrophaeus spore strips were used 
in experiments to determine the sterilization cycle 
parameters. Increasing concentrations of NovaKill 
were pipetted onto the additive pad at the start of each 
 SCCO2 cycle to determine the minimum inhibitory 
concentration of NovaKill effective against the Bacil-
lus atrophaeus spores. Along with the concentra-
tion of NovaKill, the duration of exposure to  SCCO2 
(i.e., cycle dwell time) was also evaluated pertinent 
to spore strip growth inhibition. At the completion 
of each sterilization cycle, a sampling of four of the 
packaged spore strips were selected for testing. The 
number of microorganisms remaining on the spore 
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strips post-SCCO2 exposure were extracted and enu-
merated using a bioburden assay. Spore strips not 
exposed to  SCCO2 treatment served as controls for all 
of the experiments.

Inactivation of Bacillus atrophaeus spores on 
amniotic membrane

The screening of starting material was in accord-
ance with testing criteria established as per section 
D4.230 of American Association of Tissue Banks 
(AATB), 14th edition. The materials were nega-
tive for human immunodeficiency virus (HIV)-I and 
-II, hepatitis B surface antigen (HBsAg), hepatitis 
B virus (HBV), hepatitis C virus (HCV), Syphilis, 
human T-lymphotropic virus (HTLV)-I and -II, etc. 
The  SCCO2 sterilization cycle parameters as deter-
mined from the spore strip studies were used for pro-
cess validation studies to establish a SAL of  10–6 for 
amniotic membrane allograft tissue. Briefly, amniotic 
membrane was inoculated with a spore suspension 
of Bacillus atrophaeus, packaged into gas-permea-
ble pouches, and exposed to the  SCCO2 processing 
parameters. At the completion of three independent 
sterilization runs, a random sampling of three amni-
otic membranes per run were selected for testing. 
Any remaining microorganisms were extracted from 
the amnion and plated on agar plates. The agar plates 
were incubated at 30–35 °C and bacterial growth was 
monitored over a period of 24–72 h. At the end of the 
incubation period, the plates were observed for the 
presence or absence of bacterial colonies.

Histology

Fresh,  SCCO2-treated, and irradiated samples of 
amniotic membrane tissue were prepared for histol-
ogy. Briefly, tissue sections were fixed in 10% neutral 
buffered formalin overnight, dehydrated in a series of 
ethanol, and blocked in paraffin following standard 
embedding procedures. Cut Sects.  7  µm thick were 
stained with hematoxylin and eosin (H&E) following 
standard staining procedures. Images of the stained 
tissue sections were acquired with a Zeiss Axio 
Observer microscope and accompanying software 
(White Plains, NY).

Microarray growth factor analysis

Proteins were extracted from  SCCO2-sterilized and 
commercially available amniotic membrane using 
methods previously established in our laboratory. At 
the completion of a  SCCO2 sterilization run, a ran-
dom sampling of amniotic membranes from three 
donors were selected for testing. Samples of amniotic 
membranes derived from three donors sterilized by 
gamma-irradiation, and two donors treated by e-beam 
sterilization were purchased and used for comparison. 
Amniotic membrane tissue was placed in RIPA buffer 
containing 1X protease inhibitors, minced, and soni-
cated in an ice bath. The protein extracts were ana-
lyzed for 40 different growth factors and receptors 
using the Quantibody® Human Growth Factor Array 
from RayBiotech (Norcross, GA). Fluorescent images 
were acquired using an Innoscan 710 laser scan-
ner equipped with a Cy3 (green) channel (Innopsys, 
France). The images were analyzed, and the fluores-
cent intensity quantified using the microarray analysis 
software, Magpix. The concentrations of proteins in 
each sample tested were determined using a standard 
curve of fluorescence versus known concentrations of 
proteins and cytokines run in parallel with the experi-
mental samples.

The growth factors analyzed in this study include: 
amphiregulin (AR), brain-derived neurotrophic fac-
tor (BDNF), basic fibroblast growth factor (bFGF), 
bone morphogenetic protein-4 (BMP-4), bone mor-
phogenetic protein-5 (BMP-5), bone morphoge-
netic protein-7 (BMP-7), beta-nerve growth factor 
(β-NGF), epidermal growth factor (EGF), epidermal 
growth factor receptor (EGFR), epidermal growth 
factor vascular endothelial growth factor (EG-VEGF), 
fibroblast growth factor-4 (FGF-4, fibroblast growth 
factor-7 (FGF-7), growth differentiation factor-15 
(GDF-15), glial cell derived neurotrophic factor 
(GDNF), growth hormone (GH), heparin-binding epi-
dermal growth factor-like growth factor (HB-EGF), 
hepatocyte growth factor (HGF), insulin-like growth 
factor binding protein-1 (IGFBP-1), insulin-like 
growth factor binding protein-2 (IGFBP-2), insulin-
like growth factor binding protein-3 (IGFBP-3), 
insulin-like growth factor binding protein-4 (IGFBP-
4), insulin-like growth factor binding protein-6 
(IGFBP-6), insulin-like growth factor-1 (IGF-1), 
insulin, macrophage colony stimulating factor recep-
tor (MCSF R), nerve growth factor receptor (NGF 
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R), neurotrophic factor-3 (NT-3), neurotrophic fac-
tor-4 (NT-4), osteoprotegerin (OPG), platelet derived 
growth factor-AA (PDGF-AA), placental growth fac-
tor (PlGF), stem cell factor (SCF), stem cell factor 
receptor (SCF R), transforming growth factor alpha 
(TGFα), transforming growth factor beta 1, (TGFβ1), 
transforming growth factor beta 3 (TGFβ3), vascular 
endothelial growth factor (VEGF), vascular endothe-
lial growth factor receptor 2 (VEGF R2), vascular 
endothelial growth factor receptor 3 (VEGF R3), and 
vascular endothelial growth factor D (VEGF-D).

Statistical analysis

The numerical results are reported as mean ± stand-
ard error of the mean (mean ± SEM). For the micro-
array analysis, statistical differences between the 
groups were determined using GraphPad statistical 
analyses software. Comparisons between groups were 
made using unpaired Student’s t-tests with values of 
p < 0.05 considered statistically significant. Welch’s 
correction was used when the variances of the experi-
mental groups were not equivalent.

Results

Microbial inactivation of Bacillus atrophaeus spores

The susceptibility of Bacillus atrophaeus to the 
supercritical sterilization process was evaluated and a 
sterilization process was determined. The relationship 
between Bacillus atrophaeus inactivation,  SCCO2 

cycle dwell time, and NovaKill concentration are 
shown in the survivor curves in Fig. 1. These graphs 
demonstrate bacterial inactivation was dependent pri-
marily on the NovaKill concentration in the system. 
At a low concentration of NovaKill, greater than 
90% of the spores survived treatment, regardless of 
increasing  SCCO2 cycle dwell time. As expected, 
increasing the concentration of NovaKill in the sys-
tem resulted in greater microbial inactivation.

Amniotic membrane allografts inoculated with 
Bacillus atrophaeus spores were subjected to  SCCO2 
exposure under the operating parameters that were 
established with the Bacillus atrophaeus spore strips 
and conducive to a SAL of  10–6. Also known as pro-
cess validation, the results of this experiment estab-
lish a sterilization process whereby  SCCO2 and Nova-
Kill can be delivered effectively and reproducibly to 
the amniotic membrane (Fig. 2).

Histology

General histology staining using H&E was used to 
qualitatively evaluate the effect of supercritical steri-
lization on the gross structure of amniotic membrane 
and compared with untreated and gamma irradi-
ated amnion. In the untreated amnion section, H&E 
staining showed a well-defined epithelial layer atop 
a basement membrane and followed by the colla-
genous stroma. The epithelial layer remained intact 
for both gamma irradiated amnion as well as the 
 SCCO2-sterilized amnion. The basement membrane, 
however, was far less distinguishable in the gamma-
sterilized tissues with only the  SCCO2-treated tis-
sues showing evidence of a basement membrane. 

Fig. 1  Survivor curves 
of Bacillus atrophaeus 
exposed to  SCCO2 steriliza-
tion process. The number 
of surviving Bacillus 
atrophaeus spores was 
plotted against the  SCCO2 
cycle dwell time. Three 
different concentrations of 
the NovaKill additive were 
evaluated
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The staining showed that the collagenous stroma 
was mostly preserved in  SCCO2-treated amniotic 
membrane tissue (Fig.  3). This is in contrast to that 
of gamma irradiated tissue whereby some areas of 
the collagen stroma showed significant areas of deg-
radation and fiber compaction. Although not present 
in every tissue section, there were places where deg-
radation of the collagen stroma could be observed 
in the gamma irradiated amnion. This trend was not 
observed for the  SCCO2-treated amnion, with the 
structure resembling that of the fresh amniotic mem-
brane across multiple donors.

Human cytokine antibody array

An antibody microarray analysis of 40 different 
growth factors and receptors was performed on amni-
otic membrane stored at − 80  °C prior to  SCCO2 
sterilization,  SCCO2-sterilized amnion, commercially 
available gamma-irradiated amnion, and electron 
beam irradiated amnion. In comparison to commer-
cially available gamma and electron beam irradi-
ated amniotic membrane,  SCCO2-sterilized amniotic 
membrane demonstrated significantly higher levels 
of many of the analytes analyzed (Fig.  4). Table  1 

Fig. 2  Amniotic membrane was inoculated with Bacillus 
atrophaeus spores  (106  CFU) and exposed to  SCCO2 sterili-
zation. The experimental controls exhibited either growth or 

no growth of the spores. The inoculated amniotic membrane 
pieces do not exhibit growth of the Bacillus atrophaeus spores 
after exposure to  SCCO2/NovaKill

Fig. 3  Sections of fresh, gamma irradiated, and 
 SCCO2-treated amniotic membrane were processed for hema-
toxylin and eosin staining. In addition to the untreated amnion, 
the basement membrane was visible in one of the  SCCO2 

treated tissues as indicated by the arrows. Unlike the stroma of 
the untreated and  SCCO2-treated amnion, numerous gaps were 
present in the stroma of the gamma irradiated tissue, indicated 
by the arrowheads
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highlights the analytes that were statistically signifi-
cant between  SCCO2-sterilized amniotic membrane 
and gamma and electron beam irradiated amniotic 
membrane, respectively.

The Quantibody® Growth Factor microarray 
analyses revealed the storage conditions significantly 
impacted the amount of growth factors present in the 
 SCCO2-sterilized amnion tissue (Fig. 5). Delaminated 
amniotic membrane tissue stored at − 80 °C without 
sterilization for six months or longer had significantly 
lower levels of many growth factors associated with 
wound healing. This included bFGF, GH, BMPs -4, 
-5, and -7, FGF-7, TGFα, and TGF β3. The neuro-
trophic factors BDNF, GDNF, NT-3, and NT-4 were 
also higher in amnion that was stored for less than six 
months. Tissue storage greater than one year further 
exacerbated the loss of growth factor, and the major-
ity of the analytes were undetectable by the assay. An 
example of this can be seen with TGFβ1.

Discussion

The goal of this study was to develop a process uti-
lizing  SCCO2 to sterilize amniotic membrane while 
simultaneously conserving the biological properties 
of the tissue. The endospore Bacillus atrophaeus 
was used to derive the  SCCO2 operating conditions 

necessary to achieve a SAL  10–6 for amniotic mem-
brane tissue (Spilimbergo et  al. 2002; White et  al. 
2006; Setlow et  al. 2016). Amongst the spore-form-
ing bacteria, Bacillus atrophaeus was chosen as the 
model organism in this study because it is harder to 
kill than the other expected contaminating microor-
ganisms, and B. atrophaeus endospore could switch 
back to a vegetative state at 37  °C. When the pro-
cess is optimized to achieve a sterility assurance 
level (SAL) of  10–6, the probability of amnion mem-
brane being contaminated with the hard-to-kill B. 
atrophaeus after sterilization is one in a million. In 
extension, other microbial contaminants will also be 
killed by this process. Hence, Bacillus atrophaeus is a 
good biological indicator for this process.

Furthermore, our results demonstrate that the 
structure of the amniotic membrane tissue and inher-
ent growth factors and receptors were maintained 
after processing. These findings corroborate the 
work of others and support the feasibility of using 
 SCCO2 to achieve industry standards of sterilization 
for sensitive, biological matrices as an alternative to 
traditional sterilization methods, such as irradiation. 
Amniotic membrane is now part of an expanding list 
of biological tissues that can successfully be sterilized 
using  SCCO2, others which include porcine acellular 
dermal matrix, (Qiu et  al. 2009) decellularized lung 

Fig. 4  Heat maps showing the amount of growth factors 
(reported in pg/mL) present in tissue extracts from amniotic 
membrane that was sterilized by  SCCO2 as compared to com-
mercially available amniotic membrane tissue. More growth 

factors were conserved in the  SCCO2-sterilized amnion com-
pared to commercially available gamma irradiated and electron 
beam irradiated tissues. Values occurring above the upper limit 
of detection for the microarray assay are denoted by X
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tissue, (Balestrini et  al. 2016) and bone and tendon 
allograft tissue (Burns et al. 2009).

There are many advantages to using supercritical 
 CO2 as a sterilization method for allograft tissues. 
First, the biocidal effects of  SCCO2 against a plethora 
of microorganisms are well documented thus mak-
ing this sterilization methodology applicable to a 
variety of sensitive biomaterials. Soares et  al. Ribe-
rio et al. and Zhang et al. have provided comprehen-
sive reviews of the effects of  SCCO2 on the inactiva-
tion of different types of microorganisms including 
gram positive, gram negative, endospores, and fungi. 
(Zhang et al. 2006; Soares et al. 2019; Ribeiro et al. 
2020). The effectiveness of supercritical sterilization 
has also been evaluated against viruses, including 

coronaviruses (Fages et al. 1998; Perrut 2012; Bern-
hardt et  al. 2015; Bennet et  al. 2021). Endospores, 
however, typically demonstrate the greatest resist-
ance to  SCCO2 sterilization due to the presence of a 
spore coat which allows them to survive under severe 
environmental conditions. For this reason, they are 
often chosen to challenge sterilization equipment and 
processes (Dillow et al. 1999; Watanabe et al. 2003; 
Haas et al. 2007; AATB 2016). In the current study, 
the inactivation of the spore forming bacteria Bacil-
lus atrophaeus was used to determine the  SCCO2 
processing parameters needed to achieve the indus-
try standard SAL  10–6. This organism was chosen to 
measure the effectiveness of the sterilization process 
because (1) it poses a greater microbial challenge 

Table 1  Concentration of growth factors in  SCCO2 sterilized amniotic membrane

Growth factor/receptor Concentration (pg/mL ± SD) Average fold increase above 
gamma irradiated

Average fold increase 
above e-beam irradi-
ated

BDNF 11.0 ± 1.0 - 12X
bFGF 59.6 ± 5.0 60X 60X
BMP-4 161.6 ± 20.0 162X 162X
BMP-5 751.1 ± 120.0 17X 2X
BMP-7 640.9 ± 143.0 26X 11X
β-NGF 40.5 ± 2.0 41X 41X
EG-VEGF 11.8 ± 2.0 4X 12X
FGF-4 312.7 ± 163.0 313X 10X
FGF-7 44.3 ± 8.0 5X 2X
GDNF 13.5 ± 3.0 14X 6X
GH 106.3 ± 36.0 106X 106X
HB-EGF 15.0 ± 3.0 15X 15X
IGFBP-2 118.4 ± 9.0 2X -
IGFBP-6 228.7 ± 105.0 229X 6X
IGF-1 242.1 ± 87.0 2X -
Insulin 24.3 ± 2.0 24X 24X
MCSF R 43.9 ± 2.0 7X 44X
NT-3 207.4 ± 11.0 207X 207X
NT-4 31.1 ± 3.0 31X 31X
PlGF 5.9 ± 1.0 2X 4X
SCF 10.4 ± 2.0 10X 10X
SCF-R 31.0 ± 8.0 7X 31X
TGF β1 15,422.5 ± 4245.0 7X 2X
TGF β3 294.3 ± 12.0 294X 294X
VEGF 671.1 ± 47.0 88X 2X
VEGF R2 36.2 ± 8.0 2X -
VEGF R3 31.5 ± 3.0 32X 32X
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than the native flora found on the amniotic membrane 
tissue, and (2) being that it is an endospore, it has 
demonstrated increased resistance to  SCCO2 sterili-
zation as compared to other types of bacteria (Zhang 
et al. 2006; Qiu et al. 2009; Wehmeyer et al. 2014).

Another benefit of using  SCCO2 for sterilization 
is the relatively mild and tunable critical coordinates 
of  CO2, specifically with regards to temperature (Set-
low et  al. 2016). The critical temperature of  CO2 is 
31.1 °C, which is below the degradation limit of most 
thermally liable biological materials i.e. proteins 
(White et al. 2006). The amount of NovaKill used in 
our process is several folds lower than the concentra-
tions that could potentially cause skin irritation as 
per Sect. 4.4.5 in the exposure guideline levels (NRC 
2010). Also, the concentration of NovaKill in our 
process is several folds lower than the studies report-
ing lack of cytotoxicity or detrimental effects to the 
structural integrity of the skin allografts (Huang et al. 
2004).

Studies have investigated the effects of  SCCO2 
processing parameters on hard and soft tissue mate-
rial properties and have found the degradation of pro-
teins to be minimal. Balestrini, et  al. (2016) found 
the structural proteins collagen, elastin, glycosami-
noglycans, and laminin were preserved in decellular-
ized lung matrices subjected to  SCCO2 comparable to 

decellularized controls. In addition to the aforemen-
tioned structural proteins, a study of  SCCO2-treated 
adipose tissue showed the growth factors bFGF 
and VEGF were also preserved (Wang et  al. 2017). 
Specific to amniotic membrane, Wehmeyer et  al. 
showed the structural proteins of the tissue were 
also preserved with  SCCO2 treatment, however, 
there was no investigation into the effect of process-
ing on the presence of growth factors (Wehmeyer 
et  al. 2014). The current study is one of the first to 
quantitatively assess the effect of  SCCO2 steriliza-
tion on the presence of growth factors in amniotic 
membrane tissue. The preservation of select pro-
teins in  SCCO2-sterilized amniotic membrane was 
evident by the results of microarray analysis which 
demonstrated  SCCO2 sterilization maintains a num-
ber of growth factors and receptors inherent to amni-
otic membrane tissue at levels comparable to, if not 
greater than, amniotic membrane sterilized by means 
of gamma or electron beam irradiation. Key growth 
factors that have been identified in the literature as 
essential biochemical mediators of physiological and 
pathological wound healing, including the epidermal 
growth factor (EGF), transforming growth factor beta 
(TGF-b), fibroblast growth factor (FGF), and vascu-
lar endothelial growth factor (VEGF) families (Bar-
rientos et al. 2008). Our data shows that examples of 

Fig. 5  Heat maps showing the amount of growth factors 
(reported in pg/mL) present in tissue extracts from amni-
otic membrane subjected to different storage times. Although 
the samples are from different donors, the trend is a drastic 
decrease in the number of growth factors present (as indicated 

by the white rectangles) upon prolonged storage of the amnion 
at − 80 °C prior to  SCCO2 sterilization. Statistically significant 
(p < 0.01) higher quantities of growth factors found in  SCCO2 
amnion stored for less than six months are indicated by an “*”
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growth factors from each of these families are present 
in  SCCO2 sterilized amniotic membrane. Further-
more, many of these factors are present in SCCO2 
sterilized amniotic membrane at levels over 100 times 
higher than that of commercially available amniotic 
membrane sterilized by irradiation. The increased 
availability of these growth factors in  SCCO2 steri-
lized amniotic membrane make the tissue uniquely 
suited for wound healing applications as these factors 
collectively promote re-epithelialization, granulation 
tissue formation/ECM deposition, and neovasculari-
zation (Greenhalgh 1996).

Factors such as bFGF, BMP-4, GH, and SCF were 
completely absent from the gamma and electron 
beam irradiated samples tested. Many of the growth 
factors analyzed in this study were not consistently 
detected in commercially available amniotic mem-
brane sterilized either by gamma or electron beam 
irradiation. The findings of our study support other 
published reports that also show gamma irradiation is 
detrimental to select growth factors typically present 
in amniotic membrane. Suroto et al. (2021), observed 
significant losses of TGF-β and bFGF upon steriliz-
ing lyophilized amniotic membrane using gamma 
irradiation at levels as low as 15 kilogray (kGy) . Pao-
lin et al. (2016) also reported significant decreases in 
bFGF, and EGF upon gamma irradiation of lyophi-
lized amniotic membrane . It is not just growth factors 
of the tissue that are affected by irradiation. Others 
have shown the collagenous connective tissue layer, 
often referred to as the stroma, is damaged by gamma 
irradiation. In a light microscopy study, von Versen-
Höynck et  al. (2004) showed the stroma had been 
destroyed with the collagen fibers resolving into thick 
bundles and losing all continuity . We also observed 
damage to the collagen stroma in our studies of 
gamma irradiated amniotic membrane. The  SCCO2 
treated amnion, however maintained the architecture 
of its collagen stroma.

One of the unique and unexpected finding of this 
study was the impact freezing amniotic membrane 
tissue prior to sterilization had on tissue quality 
with regards to the presence of growth factors.. The 
majority of the growth factors present in amniotic 
membrane frozen for less than six months disap-
peared after storage at − 80 °C for 1 year. This is in 
stark contrast to other studies that have reported that 
growth factor concentrations are not affected by freez-
ing. Thomasen et al. (2011) for example, reported no 

statistically significant differences in protein analyzed 
by Western blotting. While sterilization is of para-
mount importance in the manufacturing process, the 
observed results of this study highlight the critical-
ity of other processing parameters and their role in 
maintaining the biophysical properties of amniotic 
membrane tissue. An understanding of tissue specific 
storage timeframes is critical to ensuring transplant 
quality especially when the use of cryoprotective 
agents is not feasible.

In summary, BioBridge Global has developed a 
process utilizing  SCCO2 technology for the steriliza-
tion of an amniotic membrane tissue allograft prod-
uct. The amniotic membrane allograft is designed to 
overcome limitations associated with traditional tis-
sue sterilization, that is the maintenance of key bio-
logical properties that make the tissue advantageous 
for use clinical applications.
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