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Objective: Human amniotic membrane (hAM) has been used to treat wounds
for more than 100 years. However, widespread use of fresh hAM has been
limited due to its short shelf life and safety concerns. To overcome these
concerns, different preservation methods have been introduced. The majority
of these methods result in devitalized hAM (dev-hAM). Recently, we developed
a cryopreservation method that retains all hAM components intact (int-hAM),
including viable endogenous cells. To understand the advantages of retaining
viable cells in preserved hAM, we compared the anti-inflammatory properties
of int-hAM and dev-hAM.
Approach: The tissue composition of int-hAM and dev-hAM was compared
with fresh hAM through histology and cell viability analysis. We also evalu-
ated the ability of int-hAM and dev-hAM to regulate tumor necrosis factor-a
(TNF-a), interleukin-1a (IL-1a), and IL-10 release when co-cultured with im-
mune cells; to produce prostaglandin E2 (PGE2) on TNF-a stimulation; and to
inhibit proteases.
Results: Int-hAM maintained the structural and cellular integrity of fresh hAM.
Int-hAM had > 80% cell viability post-thaw and remained viable for at least a
week in culture. Viable cells were not detected in dev-hAM. Compared with dev-
hAM, int-hAM showed significantly greater downregulation of TNF-a and IL-1a,
upregulation of PGE2 and IL-10, and stronger inhibition of collagenase.
Innovation and Conclusion: A new cryopreservation method has been developed
to retain all native components of hAM. For the first time, we show that viable
endogenous cells significantly augment the anti-inflammatory activity of cryo-
preserved hAM.

INTRODUCTION
Chronic wounds often stall in

the inflammatory stage and are
characterized by high levels of pro-
inflammatory cytokines and prote-
ases. Inflammation and protease
activity are critical for normal wound
healing. However, elevated and pro-

longed expression of inflammatory
cytokines and proteases leads to the
degradation of extracellular matrix
(ECM) and growth factors, which
prevents wounds from progressing
into the proliferative and remodeling
phases and inhibits healing.1 There-
fore, wound-care modalities that ad-
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dress excessive inflammation have the potential to
restart the healing process.

Human amniotic membrane (hAM) has been
used for the treatment of wounds since 1910.2 The
low immunogenicity of hAM permits its allogeneic
use.3 It acts as a physical barrier against bacterial
contamination and also creates a moist environ-
ment required for healing.4 Furthermore, it reduces
pain and has anti-inflammatory, anti-fibrotic, and
anti-microbial activities that are beneficial for
wound healing.5 Despite these benefits, the wide-
spread use of fresh tissue has been limited due to
its short shelf life and the risk of disease trans-
mission associated with insufficient time for test-
ing.6 Therefore, different preservation methods
have been developed to overcome these limitations.
These processing methods, however, alter the
composition of hAM (endogenous cells, ECM, and
growth factors) to varying degrees, which can have
a negative impact on its functionality.7,8

Cryopreservation is one of the common preser-
vation methods used for hAM. It has been reported
that cryopreserved hAM better retains structural
integrity and shows functional superiority in com-
parison to dehydrated hAM.8,9 Cryopreservation
protocols, however, are not standardized, which re-
sults in high variability in cellular integrity. For
example, reported cell viability in hAM processed by
different cryopreservation protocols varies from the
complete loss of viable cells to the retention of 50%
viable cells.10–12 Because devitalized hAM (dev-
hAM) exhibits therapeutic effects, it has been sug-
gested that the preservation of viable cells in hAM
provides no additional benefits.12 This conclusion
led to the development of cryopreservation methods
that include hAM devitalization steps. One of
them, known as the CryoTek� method, includes a
freezing step before cryopreservation, resulting in
devitalized tissue.13 However, others have demon-
strated that the combination of exogenous cells and
acellular hAM resulted in faster wound closure in
comparison to acellular hAM alone.14 Therefore, we
hypothesized that the functionality of intact, cryo-
preserved hAM (int-hAM), containing viable endog-
enous cells, would be better than that of dev-hAM.
This study investigates the anti-inflammatory ac-
tivities of int-hAM and dev-hAM.

CLINICAL PROBLEM ADDRESSED

There is considerable variability in the tissue
composition of hAM processed by different preser-
vation methods. The relationship between tissue
preservation methods and the anti-inflammatory
activity of hAM has not been established. Our data

illustrate that the preservation of viable endoge-
nous cells enhances the anti-inflammatory activity
of cryopreserved hAM. The findings in this study
contribute to our understanding of the role of hAM
components in its functionality.

MATERIALS AND METHODS
Tissue procurement and ethics statement

Human term placentas were provided by The
National Disease Research Interchange (Philadel-
phia, PA) and Cord Blood America, Inc. (Las Vegas,
NV) from eligible donors after obtaining written,
informed consent.

Placental tissue processing
Placental tissues were aseptically processed in a

biological safety cabinet within 36 h after collec-
tion. The hAM was separated from the umbilical
cord and from the chorion by blunt dissection. Re-
sidual blood was removed, and the hAM was incu-
bated in Dulbecco’s modified Eagle’s medium
(DMEM) (GE Healthcare Life Sciences, Piscataway,
NJ) containing an antibiotic cocktail of gentami-
cin (Fresenius Kabi USA, Lake Zurich, IL), vanco-
mycin (Hospira, San Jose, CA), and Amphotericin
B (Sigma-Aldrich, St. Louis, MO) for 18–48 h at
37�C and 5% CO2 in a humidified atmosphere. Sub-
sequently, residual antibiotics were removed by
washing with Dulbecco’s phosphate-buffered saline
(DPBS) (Life Technologies, Carlsbad, CA), and the
hAM was cut into 25 cm2 and 4 cm2 pieces. Unless
specified, 25 cm2 pieces were used in the following
experiments.

Cryopreservation of hAM was performed by
freezing hAM in a dimethyl sulfoxide (DMSO) (My-
lan, Inc., Canonsburg, PA) containing cryoprotec-
tant solution at a controlled cooling rate, according to
a proprietary process developed by Osiris Ther-
apeutics, Inc. (Columbia, MD). Tissues that were
prepared solely by cryopreservation will be referred
to as int-hAM in the study. Tissues prepared with
cryopreservation and an additional freezing step
that resulted in devitalization will be referred to
as dev-hAM. Int-hAM and dev-hAM were stored
at - 80�C for up to 3 months before their use in the
experiments. Both int-hAM and dev-hAM were thawed
in a room temperature water bath and rinsed with
room temperature saline or DPBS before use. Pla-
centas from multiple donors were used in this study.

Histological evaluation
Fresh hAM, int-hAM, and dev-hAM samples were

fixed in 10% formalin for 24h and then transferred to
ethanol. Samples were embedded in paraffin, sec-
tioned into 5lm-thick cross-sections, and stained with

524 DUAN-ARNOLD ET AL.



hematoxylin and eosin (H&E) according to standard
protocols at Histoserv, Inc. (Germantown, MD).

Immunohistological staining
After being deparaffinized, rinsed, and blocked

with 4% bovine serum, fresh hAM, int-hAM, and
dev-hAM were incubated with primary antibodies
against collagen IV (1:500) (Abcam, Cambridge, MA)
at room temperature overnight, followed by second-
ary antibodies (1:500) and streptavidin-horseradish
peroxidase (1:400) (Vector Laboratories, Burlingame,
CA), respectively. Stained collagen IV was visualized
using 3,3¢-diaminobenzidine. Sections were counter-
stained with hematoxylin (blue nuclei stain). Tissue
sections incubated intheabsenceofprimaryantibodies
served as a negative control. Immunohistological
staining was performed by Histoserv, Inc.

Assessment of placental tissue cell viability
A quantitative assessment of the cell viability of

tissue samples was performed using the trypan
blue exclusion method. Fresh hAM, int-hAM, and
dev-hAM were digested in 0.75 mg/mL Collagenase
Type II solution (Worthington Biochemical Cor-
poration, Lakewood, NJ) in DMEM and incubated
with mild agitation at 37�C for 30 min. Subse-
quently, collagenase was removed by centrifugation,
and 0.05% trypsin-ethylenediaminetetraacetic acid
(EDTA) solution (Life Technologies) was added to
the remaining pellets for further digestion. After 5–
10 min, cells released from the tissue were washed
with DMEM and pelleted by centrifugation. Cells
were counted using a hemocytometer under an in-
verted microscope (Eclipse TE300; Nikon, Tokyo,
Japan), and viable cells were identified by exclusion
of the trypan blue dye (Sigma-Aldrich).

For a qualitative assessment of cell viability, the
LIVE/DEAD� viability/cytotoxicity kit (Life Tech-
nologies) was used according to the manufacturer’s
instructions. Briefly, tissue samples were incu-
bated in a 1:1,000 dilution of both components of
the kit for 30 min. Samples were then visualized
under a fluorescent microscope (Eclipse TE300;
Nikon). Viable, intact cells within the tissue pieces
were identified by green fluorescent calcein AM,
whereas dead or damaged cells were labeled with
red fluorescent ethidium homodimer-1. Photo-
graphs were taken for both green and red channels,
which were then merged using ImageJ, a Java�-
based image processing program provided by the
National Institute of Health (Bethesda, MD).

To evaluate cell viability after culture for an
extended period, int-hAM samples were incubated
in DMEM supplemented with 10% fetal bovine
serum (FBS) (Life Technologies) and 2% antibiotic-
antimycotic (Life Technologies) for 7 days. The

viability of int-hAM samples was then assessed
qualitatively using the LIVE/DEAD viability/
cytotoxicity kit as described earlier.

Evaluation of cytokine and growth factor
profile in int-hAM and dev-hAM

A protein profile of int-hAM and dev-hAM tis-
sue extracts was investigated using a multiplex
chemiluminescent array. For tissue lysates, int-
hAM and dev-hAM were snap-frozen in liquid ni-
trogen followed by pulverization using a mortar
and pestle. Crushed tissue was transferred to
500 lL of cell lysis buffer (Cell Signaling Technol-
ogy, Danvers, MA) with protease inhibitor (Roche,
Basel, Switzerland) and incubated on ice for 30 min
with frequent vortexing. Tissue lysates were then
centrifuged at 16,000 g for 10 min. Supernatants
were collected and sent for protein array analysis
on dry ice. Analysis was performed at Aushon
Biosystems (Billerica, MA). All samples were tes-
ted at three dilutions for 36 proteins, including the
following proteases, protease inhibitors, angio-
genic factors, growth factors, and cytokines known
to be important for wound healing: matrix me-
talloproteinase (MMP)-1, MMP-2, MMP-3, MMP-
7, MMP-8, MMP-9, MMP-10, MMP-13, tissue
inhibitor of metalloproteinase (TIMP)-1, TIMP-2,
angiotensin-2, basic fibroblast growth factor (bFGF),
epidermal growth factor (EGF), heparin-bound
EGF, keratinocyte growth factor, platelet-derived
growth factor (PDGF)-AA, PDGF-AB, PDGF-BB,
vascular endothelial growth factor (VEGF)-A,
VEGF-C, VEGF-D, neutrophil gelatinase-associated
lipocalin (N-Gal), hepatocyte growth factor (HGF),
placental growth factor, pigment epithelium-
derived factor, thrombopoietin, a-2-macroglobulin,
adiponectin, transforming growth factor (TGF)-a,
granulocyte colony-stimulating factor, interleukin-
1 receptor antagonist (IL-1RA), leukemia inhibi-
tory factor, stromal-derived factor-1b, insulin-like
growth factor binding protein (IGFBP)-1, IGFBP-2,
and IGFBP-3.15

Effect of int-hAM and dev-hAM on cytokine
secretion by activated human peripheral
blood mononuclear cells

The anti-inflammatory activity of int-hAM and
dev-hAM was determined by measuring the change
in the secretion of pro-inflammatory cytokines tumor
necrosis factor-a (TNF-a) and interleukin-1a (IL-1a)
and anti-inflammatory cytokine interleukin-10 (IL-10)
by human peripheral blood mononuclear cells
(hPBMCs) (SeraCare Life Sciences, Milford, MA).

To determine the effect of hAM on the secretion
of TNF-a and IL-1a, 1.0 · 106 hPBMCs were acti-
vated with anti-cluster of differentiation (CD)3
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and anti-CD28 monoclonal antibodies (BD Bios-
ciences, Franklin Lakes, NJ) at 4 lg/mL. Activated
hPBMCs were cultured with int-hAM or dev-hAM
for 48 h at 37�C and 5% CO2 in a humidified at-
mosphere. Positive and negative controls were
hPBMCs alone with and without anti-CD3 and
anti-CD28 antibodies, respectively. After 48 h of
incubation, supernatants were collected by centri-
fuging samples at 300 g for 5 min and stored at
- 80�C until testing by DuoSet� enzyme-linked im-
munosorbent assay (ELISA) (R&D Systems, Min-
neapolis, MN).

To determine the effect of hAM on the secretion
of IL-10, 1.0 · 106 hPBMCs were prestimulated
with 100 ng/mL lipopolysaccharide (LPS) (Sigma-
Aldrich) for 4 h before the addition of 12 cm2 int-
hAM or dev-hAM, which were pretreated with
10 ng/mL TNF-a for 18 h. LPS-activated hPBMCs
and hAM were co-cultured for an additional 24 h at
37�C and 5% CO2 in a humidified atmosphere. Po-
sitive and negative controls were hPBMCs alone
with and without LPS stimulation, respectively.
After 24 h of incubation, conditioned medium was
collected by centrifuging samples at 300 g for
10 min and stored at - 80�C until further testing by
DuoSet ELISA (R&D Systems). The cell viability of
hPBMCs in each group was evaluated using the
trypan blue exclusion method immediately after
the collection of conditioned medium.

Tumor necrosis factor-a-induced release
of prostaglandin E2

Int-hAM and dev-hAM tissues (4 cm2 each) were
incubated in 1 mL of low serum culture medium
(1% FBS in DMEM) in the absence or presence
of 50 ng/mL TNF-a (R&D Systems) for 20 h at
37�C and 5% CO2 in a humidified atmosphere.
Samples without the addition of TNF-a were con-
sidered baseline controls. The supernatants were
collected, centrifuged at 300 g for 10 min, stored at
- 80�C, and thawed just before testing. The levels
of prostaglandin E2 (PGE2) were quantified using
the PGE2 Express ELISA kit (Cayman Chemical,
Ann Arbor, MI) according to the manufacturer’s
protocol. The relative % change was calculated
using the following formula: [((PGE2 release in the
presence of TNF-a) - (PGE2 release of baseline
control))/PGE2 release at baseline control]*100.

Effect of int-hAM and dev-hAM
on collagenase activity

An azocoll (azo-dye impregnated collagen) prote-
ase activity assay was performed using a modified
protocol described by Jiang et al.16 Azocoll (Sigma-
Aldrich) was washed with DPBS for 6 h to remove
any degraded peptides. The washed azocoll was re-

suspended in fresh DPBS at a final concentration of
1.5 mg/mL. Collagenase Type IV (Life Technologies)
at a final concentration of 0.1% (weight/volume),
azocoll at a final concentration of 0.5 mg/mL, and
int-hAM or dev-hAM were incubated for 5 h on an
end-to-end rotator at 37�C. Collagenase and azocoll
incubated under the same conditions without the
tissue samples served as a positive control. Azocoll
alone served as a negative control. The enzymatic
reaction was stopped by centrifugation of the samples
at 10,000 g for 8 min. The absorbance of the samples
was measured at 550 nm using a spectrophotometer
(SpectraMax; Molecular Devices, Sunnyvale, CA).

Effect of int-hAM and dev-hAM on neutrophil
elastase activity

To evaluate the inhibitory effect of hAM on
elastase, int-hAM and dev-hAM were pretreated
with 100 ng of human neutrophil elastase (Sigma-
Aldrich) in DMEM with 1% FBS for 24 h at 37�C and
5% CO2 in a humidified atmosphere. The pretreated
tissue samples and 100 ng of fresh neutrophil elas-
tase were incubated for 4 h at 37�C in a final volume
of 500lL of 0.1 M HEPES [4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid] buffer, pH 7.4
(Sigma-Aldrich), containing 0.5 M sodium chloride
(Sigma-Aldrich), 10% DMSO, and 1 mM elastase
substrate (N-methoxysuccinyl-Ala-Ala-Pro-Val-p-ni-
troanilide) (Sigma-Aldrich). Elastase and elastase
substrate incubated under the same conditions
without hAM served as a positive control. Elastase
substrate alone served as a negative control. The en-
zymatic reaction was stopped by centrifugation of the
samples at 10,000 g for 8 min. The absorbance of the
supernatants was measured at 405 nm using a spec-
trophotometer (SpectraMax; Molecular Devices).

Statistical analysis
Data are presented as mean – standard (SD)

deviation for one representative experiment con-
taining three replicates. Unless otherwise speci-
fied, the % change of int-hAM or dev-hAM from
positive control was calculated using the following
formula: [((value for positive control) - (value for
int-hAM or dev-hAM))/value for positive con-
trol]*100. The magnitude of effect of int-hAM rel-
ative to dev-hAM, expressed as % of dev-hAM, was
calculated using the following formula: [(% change
of int-hAM)/(% change of dev-hAM)]*100. In in-
stances where the % change was negative, the
magnitude of the effect of int-hAM relative to dev-
hAM was calculated using the following formula:
([(% change of int-hAM) - (% change of dev-hAM)]/
[absolute value of (% change of dev-hAM)])*100.
Student’s t-test was used for statistical analysis,
and p < 0.05 was considered significant.
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RESULTS
Evaluation of structural and cellular integrity
of int-hAM and dev-hAM

To investigate the structural integrity of int-hAM
and dev-hAM, a histological analysis was performed,
which included H&E and immunohistochemical col-

lagen IV staining. Fresh hAM served as a reference
control. Fresh hAM contains an epithelial layer,
basement membrane, compact layer, and stromal
layer (Fig. 1A).17 When compared with fresh hAM,
int-hAM showed no changes in the tissue architecture
(Fig. 1B). Dev-hAM, prepared by freezing and cryo-

Figure 1. Hematoxylin and eosin (H&E) and collagen IV (Col IV) staining of human amniotic membranes (hAMs). H&E staining of (A) fresh hAM, (B) viable
intact cryopreserved hAM (int-hAM), and (C) devitalized cryopreserved hAM (dev-hAM). Layers of hAM are shown in (A): (i) epithelial layer, (ii) basement
membrane, (iii) compact layer, and (iv) stromal layer. Intracytoplasmic vacuoles in the epithelial cells (arrows) are shown in (C). Brown-colored stained Col IV
in the basement membrane of (D) fresh-hAM, (E) int-hAM, and (F) dev-hAM. Scale bars: 50 lm (H&E) and 20 lm (Col IV).

Figure 2. Live and dead endogenous cell staining of human amniotic membrane (hAM). Live and dead cells in epithelial and stromal layers of fresh hAM (A,

B), viable intact cryopreserved hAM (int-hAM) post-thaw (C, D), and devitalized cryopreserved hAM (dev-hAM) post-thaw (E, F) were visualized micro-
scopically using the LIVE/DEAD� viability/cytotoxicity kit. Live cells stained green with calcein AM. Dead cells stained red with ethidium homodimer-1. Live and
dead cells in int-hAM after 7 days in culture are shown in (G, H). All images were taken at 10 · magnification.
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preservation, showed the presence of intra-
cytoplasmic vacuoles in the epithelial cells (Fig. 1C).

Collagen IV is an ECM protein found primarily
in the basement membrane of hAM.18 Immuno-
histochemical staining for collagen IV revealed that
fresh hAM contains a basement membrane that is
rich in collagen IV as depicted by the brown staining
underneath the epithelial layer (Fig. 1D). This ex-
pression of collagen IV was maintained after cryo-
preservation in int-hAM (Fig. 1E). Minor degradation
in collagen IV was observed in dev-hAM shown as
thinner and weaker brown staining in Fig. 1F.

In Fig. 1, endogenous cells appeared to be the
same in both int-hAM and dev-hAM, as they both
contain blue nuclear staining and pink cytoplasmic
staining. However, histological staining does not
distinguish viable from dead cells. Therefore, we
examined the viability of endogenous cells in int-
hAM and dev-hAM post-thaw using the LIVE/
DEAD viability/cytotoxicity assay. Fresh hAM has
an epithelial layer containing a continuous sheet of
cuboidal, neonatal epithelial cells and a stromal
layer containing neonatal fibroblasts and mesen-
chymal stem cells.19 The viability of the endoge-
nous cells was maintained in int-hAM post-thaw
similar to fresh hAM (Fig. 2A–D). In comparison,
dev-hAM contained only dead cells (Fig. 2E, F).
Furthermore, a trypan blue exclusion assay was
performed to quantify cell viability within fresh
hAM and int-hAM. Our data showed that on av-
erage, 84% – 3% and 82% – 6% of viable cells were
detected in fresh hAM and int-hAM, respectively.
To examine the persistence of viable cells in int-
hAM over 7 days in culture, a LIVE/DEAD viabil-
ity/cytotoxicity assay was again performed. Figure
2G and H demonstrate that the majority of cells in
both the epithelial and stromal layers of int-hAM
remained viable over time (comparable to day 0).

The presence of growth factors and cytokines in
int-hAM and dev-hAM was analyzed using a mul-
tiplex protein array. Thirty-six proteins (listed in
the Materials and Methods section), which are
important for wound healing, were selected for
testing. We found that both int-hAM and dev-hAM
contained all of these growth factors and cytokines.
The ranges for several selected wound-healing
factors among the 36 tested proteins in int-hAM
and dev-hAM were as follows: 77–157 pg/cm2 for
TGF-b1; 246–941 pg/cm2 for HGF; 243–2,019 pg/
cm2 for IL-1RA; 3.0–9.4 pg/cm2 for VEGF; 1.0–
7.5 pg/cm2 for PDGF; 7.5–51 pg/cm2 for bFGF; and
386–431 pg/cm2 for N-Gal.

To determine the effect of structural and cellular
preservation of hAM on its anti-inflammatory ac-
tivity, int-hAM and dev-hAM were compared in the
following experiments.

Inhibition of TNF-a and IL-1a secretion
by activated hPBMCs

We used hPBMCs as a source of inflammatory
cells. Polyclonal stimuli, such as anti-CD3 and
anti-CD28 antibodies, trigger secretion of inflam-
matory cytokines from hPBMCs.20 Without stim-
ulation, the release of TNF-a and IL-1a by hPBMCs
was below detectable levels. When stimulated
by anti-CD3 and anti-CD28, hPBMCs released
1,852 – 39 pg/mL TNF-a and 4,499 – 221 pg/mL
IL-1a, respectively (Fig. 3A, B). When int-hAM or
dev-hAM were added to activated hPBMCs, int-
hAM showed a statistically significant down-
regulation of inflammatory cytokines as compared
with dev-hAM for both TNF-a ( < 15.6 pg/mL [lowest
quantifiable value was assigned] vs. 1,171 – 12 pg/
mL, respectively) and IL-1a (24 – 29 pg/mL vs.
1,966 – 505 pg/mL, respectively) (Fig. 3A, B). Nei-
ther int-hAM nor dev-hAM secreted detectable

Figure 3. Effects of human amniotic membrane (hAM) on human peripheral blood mononuclear cell (hPBMC)-induced pro-inflammatory factor release.
Inhibition of activated hPBMC-derived tumor necrosis factor-a (TNF-a) (A) and interleukin-1a (IL-1a) (B) in the presence of viable intact cryopreserved hAM
(int-hAM) and devitalized cryopreserved hAM (dev-hAM). Negative (Neg) and positive (Pos) controls were unstimulated and anti-cluster of differentiation (CD)3
and anti-CD28-activated hPBMCs, respectively. Levels of prostaglandin E2 (PGE2) released from int-hAM and dev-hAM following TNF-a stimulation are shown
in (C). PGE2 levels were calculated as % of PGE2 released in cultures without TNF-a (% of control). Data shown represent the mean – SD of one experiment
performed in triplicate. Student’s t-test was used for statistical analysis. *p < 0.05 and ***p < 0.001.
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amounts of TNF-a and IL-1a with or without anti-
CD3 and anti-CD28 antibodies (data not shown).
The viability of hPBMCs was not affected by hAM
tissues. In all groups, hPBMCs were > 75% viable,
and there was no difference between the controls
(hPBMCs alone) and co-cultures (hPBMCs with int-
hAM and with dev-hAM) (data not shown).

Increase in PGE2 release by int-hAM
in response to TNF-a

We hypothesized that the downregulation of the
pro-inflammatory cytokines observed in the previ-
ous experiment might be mediated by PGE2, as
PGE2 is known to inhibit immune cell proliferation
and pro-inflammatory cytokine production.21 It
has been shown that not only does hAM matrix
contain PGE2, but also hAM cells can produce ad-
ditional PGE2 upon stimulation.22,23 We exposed
hAM to TNF-a and measured the level of PGE2 in
the supernatant. The baseline levels of PGE2 from
the two groups were not significantly different (an
average of 2,872 pg/cm2). This level is consistent
with a previous report.23 A 428% increase in PGE2
from baseline was observed for int-hAM, which
contrasted with the 56% decrease in PGE2 for dev-
hAM (Fig. 3C).

Increase in IL-10 release in a co-culture
of LPS-stimulated hPBMCs and int-hAM

Activation of hPBMCs by LPS was used to detect
the production of anti-inflammatory cytokine IL-
10. When LPS-activated hPBMCs were incubated
with TNF-a pretreated tissues, we observed an in-
crease in IL-10 release (255 – 81 pg/mL) and a de-
crease in IL-10 release (86 – 20 pg/mL) relative to
the positive control (174 – 27 pg/mL) for int-hAM
and dev-hAM, respectively (Fig. 4).

Int-hAM protects substrates from
protease-mediated degradation

In addition to high levels of inflammatory cyto-
kines, another hallmark of chronic wounds is high
levels of proteases, such as MMPs and elastase,
that degrade ECM and growth factors.24 First, we
evaluated the ability of int-hAM and dev-hAM to
protect collagen from degradation by collagenase
using the azocoll assay. Int-hAM showed signifi-
cantly greater inhibition of collagenase compared
to dev-hAM (0.09 – 0.03 vs. 0.3 – 0.1 absorbance,
Fig. 5A). This corresponds to 74% versus 7% inhi-
bition of collagenase with int-hAM and dev-hAM,
respectively.

Similarly, we evaluated the effect of int-hAM and
dev-hAM on neutrophil elastase activity. Inhibition
of elastase activity was assayed using an elastase

substrate. Both int-hAM and dev-hAM suppressed
the substrate cleavage by neutrophil elastase.
However, int-hAM-mediated inhibition of elastase
activity was significantly stronger than dev-hAM
(0.17 – 0.04 vs. 0.62 – 0.09 absorbance, Fig. 5B). This
corresponds to 94% versus 78% inhibition of elas-
tase with int-hAM and dev-hAM, respectively.

DISCUSSION

Different preservation methods have been de-
veloped to overcome the limitations of fresh hAM
and to ensure an on-demand supply of hAM for
clinical use. However, the majority of these meth-
ods result in the destruction of endogenous cells
and in varying degrees of ECM damage, which may
impact the functionality of hAM and thereby its
clinical benefits for wound treatment. Here, we
introduced a cryopreservation method that retains
viable hAM cells in their native state. We compared
the tissue composition and anti-inflammatory ac-
tivity between int-hAM and dev-hAM.

Int-hAM was prepared with a DMSO-based cryo-
preservation solution using a proprietary process.
Dev-hAM was prepared by including an extra freeze-
thaw step that destroyed viable endogenous cells.
Our histological analysis confirmed that int-hAM
maintains the matrix integrity of fresh hAM (Fig.
1A–D). Minor matrix degeneration was observed in

Figure 4. Effects of human amniotic membrane (hAM) on human periph-
eral blood mononuclear cell (hPBMC)-induced anti-inflammatory factor
interleukin-10 (IL-10) release. IL-10 levels in conditioned medium were
measured after 24 h co-cultures of lipopolysaccharide (LPS)-stimulated
hPBMCs with viable intact cryopreserved hAM (int-hAM) and devitalized
cryopreserved hAM (dev-hAM). Negative (Neg) and positive (Pos) controls
were unstimulated and LPS-activated hPBMCs, respectively. Data shown
represent the mean – SD of one experiment performed in triplicate. Stu-
dent’s t-test was used for statistical analysis. ***p < 0.001.
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dev-hAM, but the architecture of the matrix structure
was largely preserved (Fig. 1C, F). This finding is in
agreement with previous reports.9,25 In addition, the
presence of growth factors and cytokines that were
important for wound healing in both int-hAM and
dev-hAM tissue was confirmed using a protein array.

A comparison of the cell viability in fresh hAM and
int-hAM revealed that on average, the percentage of
viable cells was > 80% for both groups with no sig-

nificant difference between the two. Moreover, cells
in int-hAM remained viable in culture for at least
1 week, comparable to day 0 (Fig. 2G, H). To date,
50% or less cell viability of cryopreserved hAM post-
thaw has been reported, and cells failed to survive
after 18 months of storage at - 80�C.10,11 The cryo-
preservation method reported in this study, however,
maintains 70% or greater cell viability in int-hAM
even after 24 months of storage at - 80�C (data not
shown).

For the treatment of wounds, hAM’s anti-
inflammatory activity is especially important. There-
fore, we evaluated the anti-inflammatory activity of
int-hAM and dev-hAM. Int-hAM inhibited the se-
cretion of pro-inflammatory cytokines TNF-a and
IL-1a almost completely. In comparison, dev-hAM
showed significantly weaker inhibition: an average
of 40% for TNF-a and 56% for IL-1a. Thus, int-hAM
shows 148% and 77% greater inhibition of TNF-a
and IL-1a compared with dev-hAM, respectively
(Fig. 6).

The anti-inflammatory properties of hAM are
complex and are mediated by different factors and
pathways. Previously, several different mecha-
nisms had been proposed: high-molecular-weight
hyaluronic acid (HA), a complex of HA and a heavy
chain of inter-a-inhibitor, PGE2, IL-10, and IL-
1RA.22 Other factors that may also be involved in
hAM anti-inflammatory activity include TGF-b,
HGF, and indoleamine 2, 3-dioxygenase.22

Among these molecules, PGE2 is known to be
present in the hAM matrix, and it can be secreted

Figure 5. Effects of human amniotic membrane (hAM) on protease ac-
tivities. Substrate cleavage by (A) Collagenase Type IV and (B) neutrophil
elastase in the presence of viable intact cryopreserved hAM (int-hAM) and
devitalized cryopreserved hAM (dev-hAM) was measured spectrophoto-
metrically and presented in absorbance. Proteases hydrolyze substrates and
yield soluble colored peptides in proportion to enzyme activity. Collagenase
Type IV activity was assayed using azocoll as a substrate. Elastase activity
was assayed using methoxysuccinyl-ala-ala-pro-val-p-nitroanilide as a
substrate. Negative (Neg) and positive (Pos) controls were substrates alone
and substrates incubated with proteases, respectively. Data shown repre-
sent the mean – SD of one experiment performed in triplicate. Student’s t-test
was used for statistical analysis.*p < 0.05 and ***p < 0.001.

Figure 6. Summary of viable intact cryopreserved human amniotic
membrane (int-hAM) and devitalized cryopreserved human amniotic
membrane (dev-hAM) properties. The magnitude of effect between int-hAM
and dev-hAM was calculated using the following formula: ((% change of
int-hAM)/(% change of dev-hAM))*100. In instances where the % change
was negative, magnitude of effect of int-hAM relative to dev-hAM, ex-
pressed as % of dev-hAM, was calculated using the following formula: ([(%
change of int-hAM) - (% change of dev-hAM)]/[absolute value of (%
change of dev-hAM)])*100.
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by hAM’s epithelial and stromal cells.22,26 When
PGE2 synthesis is blocked, the anti-inflammatory
effects of hAM-derived cells are diminished.27 In our
study, a 428% increase in PGE2 release from int-
hAM was observed after stimulation with TNF-a in
comparison to a decreased release in PGE2 from dev-
hAM (Fig. 3C). This suggests that PGE2 may rep-
resent one mechanism by which int-hAM inhibits
secretion of TNF-a and IL-1a by activated hPBMCs.

In addition to the inhibition of pro-inflammatory
cytokines, int-hAM showed 189% higher anti-
inflammatory cytokine IL-10 expression relative to
dev-hAM when cultured with LPS-activated
hPBMCs (Fig. 6). IL-10 has been found to be pres-
ent in hAM, so the increase in IL-10 could be due to
its release from int-hAM cells.5,22,28 On the other
hand, activated hPBMCs alone secreted IL-10
(Fig. 4). The observed effect of int-hAM could be
mediated by an indirect mechanism in which int-
hAM upregulates IL-10 release by hPBMCs. IL-10
release represents another mechanism by which
int-hAM inhibits inflammation.

The prolonged inflammatory reaction in chronic
wounds leads to a protease imbalance that is be-
lieved to be a crucial factor in the development of
chronic wounds and is associated with delayed
healing.24 Elevated quantities of proteolytic en-
zymes, such as elastase and MMPs, are released
within the chronic wound, in part, as a result of
excessive infiltration and reduced clearance of
neutrophils.24,29 In comparison to acute wounds,
MMP activity in chronic wound fluid is 30 times
higher.29 High levels of proteases lead to the rapid
degradation of growth factors and ECM proteins
such as collagen.24,30–32 The breakdown products of
protease degradation further promote an inflam-
matory reaction, and thus, the inflammatory phase
is transitioned from a self-limiting to a self-sus-
taining process.33 Protection of the ECM and
growth factors in the chronic wound environment
via the modulation of protease activity is essential
for shutting down inflammation and transitioning
the wound into the next stage of wound healing.

The effect of int-hAM on inhibition of protease
activity was examined in this study. Int-hAM
showed a 908% increase in its ability to protect
collagen from degradation and a 20% increase in
elastase inhibition compared with dev-hAM (Fig. 6).
This inhibition may be mediated via protease in-
hibitors in hAM: TIMP-1, thrombospondin-1, and
plasminogen activator inhibitior-1.34,35 In addition,
hAM is known to produce elafin and secretory leu-
kocyte protease inhibitor, which inhibit elastase
activity and are strongly associated with the wound-
healing process.36–38 The superior inhibition of col-

lagenase by int-hAM as compared with dev-hAM
may be mediated by multiple mechanisms. One
mechanism could be a greater amount of protease
inhibitors in the tissue and/or due to the release of
inhibitors by the viable cells in response to the high
protease level. Another mechanism could be the
presence of a higher amount of intact collagen in int-
hAM than in dev-hAM. Intact collagen in int-hAM
could potentially mediate int-hAM’s inhibitory ef-
fect by competing with the azocoll substrate in the
assay. However, histological evaluation does not
show significant matrix degradation in dev-hAM
(Fig. 1C). Therefore, it is unlikely that substrate
competition is the main mechanism for collagenase
inhibition. Understanding the individual contribu-
tion of the earlier mentioned molecules and mech-
anisms and how cryopreservation of hAM affects
them are subjects for further evaluation.

In summary, obtained data demonstrate that
int-hAM has significantly higher anti-inflamma-
tory activity in comparison to dev-hAM (Fig. 6).
These results indicate that dev-hAM can inhibit
inflammation through ECM, growth factors, and/or
cytokines; however, int-hAM provides viable en-
dogenous cells that act as an additional source of
anti-inflammatory mediators, leading to a higher
magnitude of effect than with devitalized tissues.

Clinically, Grafix� (commercially available int-
hAM) has proved to be effective when used for the
treatment of chronic wounds, including chronic di-
abetic foot ulcers (DFUs), venous leg ulcers, and
other surgical wounds.39,40 Regulski et al. reported
for these wound types an overall 76.1% wound clo-
sure by week 12. The majority of the wounds in this
study had failed other advanced wound-care mo-
dalities.39 In a 20-center, randomized, controlled,
blinded, clinical trial, Grafix was used for the treat-
ment of chronic DFUs. The study showed a statisti-
cally significant difference in wound closure at week
12 between the Grafix group and the standard of care
group: 62% versus 21%, respectively ( p = 0.0001).40

One limitation of this study, however, is that all
data were obtained from in vitro experiments, and
it is still unknown to what extent these outcomes
are predictive of in vivo responses. Future animal
models and clinical trials will help establish this
correlation.

INNOVATION

For wound treatment, hAM has many beneficial
properties, including anti-inflammatory, anti-fibrotic,
and anti-microbial. Currently, more than 25 com-
mercial hAM products are available. The majority of
these products are devitalized with varying degrees
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of structural tissue damage. We recently
developed a cryopreservation method that
maintains all tissue components, including
viable cells, in their native state. In this
study, int-hAM showed significantly
higher anti-inflammatory activity com-
pared with dev-hAM, which does not
contain viable endogenous cells. This
work underlies the importance of pre-
serving viable endogenous cells, in addi-
tion to structural matrix and growth
factors, on the anti-inflammatory activity
of hAM.
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KEY FINDINGS
� Fresh hAM can be preserved in its native state with a retained cell

viability of > 80%.

� Retention of all tissue components in their native state is essential for
achieving a high level of anti-inflammatory activity in cryopreserved
hAM.

� In comparison to dev-hAM that contains no viable cells, int-hAM, in
which both the structural and cellular integrity of placental tissue is
preserved, showed a significantly higher (1) downregulation of pro-
inflammatory TNF-a and IL-1a, (2) upregulation of anti-inflammatory IL-10
and PGE2, and (3) inhibition of collagenase.
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Abbreviations and Acronyms

bFGF¼ basic fibroblast growth factor
CD¼ cluster of differentiation

Dev-hAM¼ devitalized cryopreserved human
amniotic membrane

DFU¼ diabetic foot ulcer
ECM¼ extracellular matrix
EGF¼ epidermal growth factor
HA¼ hyaluronic acid

hAM¼ human amniotic membrane
HGF¼ hepatocyte growth factor

hPBMCs¼ human peripheral blood
mononuclear cells

IGFBP¼ insulin-like growth factor binding
protein

IL¼ interleukin
Int-hAM¼ viable intact cryopreserved human

amniotic membrane
LPS¼ lipopolysaccharide

MMP¼matrix metalloproteinase
N-Gal¼ neutrophil gelatinase-associated

lipocalin
PDGF¼ platelet-derived growth factor
PGE2¼ prostaglandin E2

TGF¼ transforming growth factor
TIMP¼ tissue inhibitor of metalloproteinase

TNF-a¼ tumor necrosis factor-a
VEGF¼ vascular endothelial growth factor
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