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Abstract: Background. Decellularized, dehydrated human amniotic mem-
brane (DDHAM) is an extracellular matrix devoid of cells, cell debris, and
growth factors. This study examines the effect of cell attachment to the
DDHAM and the induced cellular responses. Materials and Methods.
The cell types employed in this study were human dermal fibroblasts
(HDF), human epithelial keratinocytes (HEK), and human dermal mi-
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crovascular endothelial cells (HDMEC), all of which play critical roles
in the wound healing process. Further, the DDHAM was compared to a
dehydrated human amnion/chorion membrane (dHACM), which contains
and releases biological entities including growth factors and cytokines.
The HDF and HEK were cultured on the DDHAM and the dHACM, and
cell imaging and proliferation assays were performed to evaluate cell
attachment to and the ability to proliferate on the DDHAM relative to
the dHACM. In addition, the effect of soluble factors released by the
DDHAM and the dHACM on cell survival, attachment, and proliferation
were examined. The authors also evaluated the effect of soluble factors
produced by culturing cells on the DDHAM in in vitro functional assays,
including cell survival and endothelial cell migration in a wound closure
angiogenesis assay. Results. The HDF and HEK cells readily attached
to and proliferated on the DDHAM, while the dHACM did not support
cell attachment and proliferation when cultured under the same condi-
tions. Soluble factors secreted when HDF were cultured on the DDHAM
enhanced both endothelial cell and keratinocyte survival and endothelial
cell migration in a wound closure assay. Conclusions. Although DDHAM
is only an extracellular matrix and serves primarily as a scaffold, it has
sufficient cues to allow for cell attachment and proliferation. Further, the
biological entities released as a consequence of cell attachment promote
cell survival and migration.
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he amniotic membrane is one of the oldest bioma-

terials used as a scaffold in the treatment of burns

and wounds. It was first used by Davis' as a skin
transplant and later for multiple applications in ophthal-
mology,” reconstructive surgeries, and burn and wound
management.® A long history of amniotic membrane use
in wound management has resulted in a considerable vol-
ume of clinical evidence in its support, including an asso-
ciation with reduced pain, inflammation, and scarring, as
well as the ability to provide a nonimmunogenic biologi-
cal barrier for the wound.*

Various methods of preparation of the amniotic mem-
brane allograft are employed today, resulting in a wide
variety of allograft configurations. Options range from
single-layered to multiple-layered sheets, some contain-
ing nonviable cells and growth factors, to completely
decellularized membranes with minimal or no growth
factors (eg, BIOVANCE, Alliqua BioMedical, Yardley, PA;
EpiFix, MiMedx, Marietta, GA; AMNIOEXCEL, Derma Sci-
ences, Plainsboro, NJ, etc.). Each of these allografts differs
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in surface characteristics, composition, and quantities of
biologically active molecules and growth factors. As a
result, they may have different wound-healing attributes
and mechanisms of action.

Wound healing is a complex, temporally regulated
process involving interaction of multiple circulatory
and tissue resident cells with extracellular matrix (ECM)
components.”” In the present investigation, dehydrated,
decellularized human amniotic membrane (DDHAM;
BIOVANCE, Alliqua BioMedical, Yardley, PA) was studied
in comparison to a dehydrated human amnion/chorion
membrane (dHACM; EpiFix, MiMedx, Marietta, GA) in
in vitro models. These benchtop studies included an ex-
amination of cell attachment, proliferation, and the con-
sequent response of cell attachment in functional cell
survival and migration assays. The cell types employed
were human dermal fibroblasts (HDF), human epithelial
keratinocytes (HEK), and human dermal microvascular
endothelial cells (HDMEC), all of which play critical roles
in the wound healing process.An intact single-layer amni-
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Figure 1. Levels of soluble factors released after a 24-hour incubation of dehydrated human amnion/chorion membrane
(dHACM) and decellularized, dehydrated human amniotic membrane (DDHAM) in phosphate buffered saline at 37°C.
TGFR2: transforming growth factor-beta 2; MIP-13: macrophage inflammatory protein-1beta; MCP-1: monocyte chemoat-
tractant protein-1; IL: interleukin; IFNy: interferon-gamma; FGF-2: basic fibroblast growth factor
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otic membrane depleted of all cells and growth factors,
a DDHAM retains a native ECM structure. The dHACM is
a laminate consisting of amnion and chorion that retains
nonviable cells and active growth factors.®

Materials and Methods

Biochemical characterization of DDHAM and
dHACM. For the study, DDHAM and dHACM disks were
cut into 12-mm diameter pieces, incubated in phosphate-
buffered saline (PBS) for 24 hours at 37°C and centrifuged
at 16 000 g for 10 minutes. The supernatant was col-
lected and used for the quantification of soluble factors.
Soluble fibronectin and laminin were measured using
ELISA kits (Takara Bio Inc, Shiga, Japan) on a SpectraMax
i3 Multi-mode Microplate Detection Platform (Molecular
Devices, Sunnyvale, CA). Growth factors were measured
using the MILLIPLEX MAP human cytokine magnetic kit
on the FlexMap 3D system (MILLIPLEX, EMD Millipore,
Billerica, MA). All experiments were conducted with 3
samples isolated from different placentas of the DDHAM
with 3 analytical replicates.

Cell attachment and proliferation. The HDE adult
HEK, and HDMEC, as well as respective growth media,
were purchased from ScienCell Research Laboratories
(Carlsbad, CA). The cells were thawed according to man-
ufacturer protocol.The HDF and the HEK were expanded
in Corning T-75 CellBind flasks (Corning, NY), and the

HDMEC were cultured on fibronectin-coated Corning
T-75 flasks up to passage 4.

For initial cell attachment and proliferation experi-
ments, the DDHAM and the dHACM membranes were cut
into 12-mm disks, and each disk was inserted into indi-
vidual wells of a 24-well ultra-low binding plate (Corning,
Corning, NY). Teflon inserts (11 mm ID) were inserted
into the wells to secure the disks.The teflon inserts were
inserted into wells of a 24-well tissue culture-treated plate
(TCP) without the DDHAM as a control (TCP). Before cell
seeding, 200 uL of growth medium was added to each
well. Plates were incubated at 37°C for 30 minutes. The
HDF and the HEK were trypsinized with 0.25% trypsin/
EDTA (Life Technologies, Carlsbad, CA) from T-75 flasks
and counted. The HDF or the HEK were seeded on the
DDHAM, the dHACM, or the TCP at a respective density
of 3000 cells/cm? or 15 000 cells/cm? in 200 uL of growth
medium and cultured under standard cell culture condi-
tions. Additional plates with scaffolds only were incubat-
ed under the same culture conditions and used as the
assay control.

After 24 hours of cell culture, Calcein AM (Life Tech-
nologies) was added to selected wells from each of the 3
groups and incubated at 37°C for 15 minutes. Cells were
then visualized and imaged using EVOS Cell Imaging Sys-
tems (Life Technologies).

At the same time, 3 samples from each group were
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Figure 2. Levels of soluble extracellular matrix proteins released from dehydrated human amnion/chorion membrane
(dHACM) and decellularized, dehydrated human amniotic membrane (DDHAM) after a 24-hour incubation in phosphate-

buffered saline at 37°C.
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Figure 3. Levels of metabolic activity (MTS assay) of fibroblasts attached to a tissue culture-treated plate (TCP), dehydrated
human amnion/chorion membrane (dHACM), and decellularized, dehydrated human amniotic membrane (DDHAM) at 24
hours (n = 3) and corresponding images of Calcein AM-stained cells at 10x magnification. OD: optical density

* indicates a significant difference compared to dHACM, P < 0.05.

subjected to CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI), and cell met-
abolic activity/proliferation was assessed using proto-
cols as described. In brief, culture media from the wells
were first aspirated, and 100 uL of complete media and
20 uL of MTS reagent were added to each well. Samples
were then incubated at 37°C for 1 hour, 100 uL from
each well was transferred into a 96-well plate, and absor-
bance was read at 490 nm using a plate reader (BioTek,
Winooski, VT). For each time point, samples from scaf-
folds-only wells were used as the control, and optical
density was respectively subtracted from the total ab-
sorbance values.

To evaluate the effect of potential biological factors
released from the scaffold extract on cell attachment
and proliferation, DDHAM and dHACM were incubated
in fibroblasts complete or basal medium at 37°C and 5%
CO2 for 24 hours, and supernatant was collected. Hu-
man dermal fibroblasts were resuspended either in the
scaffold extracts or media controls and seeded in culture
plates at 10 000/cm?. Cells were incubated for 24 hours
under standard culture conditions. At 4 hours of culture,

the Caspase-Glo 3/7 assay (Promega) was performed to
evaluate levels of apoptosis. At 24 hours, the MTS assay
was performed to evaluate cell metabolic activities/prolif-
eration. Both assays were performed according to manu-
facturer protocol. Cells were also fixed at 4 hours and
stained for nuclei (4’,6-diamidino-2-phenylindole [DAPI]),
actin (phalloidin 488), and fibronectin (AF594 IgG I, Life
Technologies, Carlsbad, CA). Images were taken with a
40x objective.

To further assess cell attachment and proliferation on
DDHAM for longer culture periods, the HDF or the HEK
were seeded on the DDHAM and the TCP as previously
described. After 4 hours, 1 day,and 3 days of cell culture,
Calcein AM and MTS assays were performed as previously
described.

In vitro functional assays. Conditioned media for the
functional assays were generated as follows: The HDF
were seeded on the DDHAM or the TCP at a density of
6000 cells/cm? in complete medium and cultured as pre-
viously described (fibroblasts on DDHAM and fibroblasts
on TCP groups, respectively). Under the same conditions,
the DDHAM disks and the TCP without cells were also
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Figure 4. Levels of metabolic activity (MTS assay) of keratinocytes attached to a tissue culture-treated plate (TCP), dehy-
drated human amnion/chorion membrane (dHACM), and decellularized, dehydrated human amniotic membrane (DDHAM)
at 24 hours (n = 3) and corresponding images of Calcein AM-stained cells at 10x magnification. OD: optical density

* indicates a significant difference compared to dHACM, P < 0.05.

incubated to serve as controls (DDHAM and TCP groups,
respectively). After 24 hours, complete medium was re-
moved from all wells, wells were washed 3 times with
Dulbecco’s Modified Eagle Medium (DMEM,; Life Technol-
ogies), and 350 puL of DMEM/0.1% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO) was added into each well.
After 18 hours of incubation at standard culture condi-
tions, conditioned medium from each group was col-
lected, stored at -80°C, and used in the following in vitro
functional assays:

1.

32

Cell survival assay: The HDMEC and HEK were
expanded to passage 3 and cultured in a Corning
96-well fibronectin-coated plate and a 96-well
TCP plate, respectively, until ~70% confluent.
Cells were then washed and starved in DMEM
without serum or growth factors for 5 hours.
A 100-pL aliquot of conditioned media was ap-
plied to each well, and cells were incubated for
18 hours under standard culture conditions. A
baseline MTS assay was performed before appli-
cation of the conditioned media and repeated af-
ter 18 hours of culture in the conditioned media.

WOUNDS® www.woundsresearch.com

Wound healing assay: The HDMEC were expand-
ed to passage 3 and cultured in the 96-well fibro-
nectin-coated plates until ~100% confluent.The
cells were washed with DMEM, and a scratch
was created in each well using a WoundMaker
(Essen Bioscience, Ann Arbor, MI). A 150-uL ali-
quot of conditioned media was then added to
each well, and the cells were incubated for 72
hours under standard culture conditions. Imag-
es of wells were taken at 1-hour intervals with
IncuCyte ZOOM System (Essen Bioscience), a
live-cell imaging system, and analyzed for per-
cent of wound confluence (closure) with In-
cuCyte ZOOM, Version 2014A software (Essen
Bioscience).

Tube formation assay: Human umbilical vein
endothelial cells (HUVEC) (Lonza, Walkersville,
MD) were plated at passage 3 at 20 000 cells/cm?
in a Corning T-25 flask) and allowed to recover
overnight at 37°C, 5% CO2. The cells were serum
starved in endothelial basal medium-2 (Lonza)
for 3 hours, detached using 0.25% trypsin, and
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Figure 5. Levels of apoptosis (Caspase 3/7 assay) in fibroblasts seeded on a tissue culture-treated plate and exposed
to decellularized, dehydrated human amniotic membrane (DDHAM) and dehydrated human amnion/chorion membrane
(dHACM) “extracts” (conditioned medium) at 4 hours of culture (n = 3). DMEM: Dulbecco’s Modified Eagle Medium; BSA:
bovine serum albumin

* indicates a significant difference compared to dHACM, P < 0.05

resuspended in DMEM/0.1% human serum albu-
min (Octapharma, Hoboken, NJ) and counted.
Cells (25 600) were then resuspended in 0.4 mL
of conditioned media. Next, 100 uL of cell sus-
pension was plated into a 96-well plate precoat-
ed with 50 uL of Cultrex Reduced Growth Factor
(Trevigen, Gaithersburg, MD). The plates were
then placed into the live-cell imaging system in-
cubator, and the cells were imaged at 36 hours
of culture. Image]J software (public domain) was
used to quantify the number of tubes and tube
length per image.®

The same conditioned media from the HDF cul-
tured on the DDHAM were analyzed for the pres-
ence and levels of pro-angiogenic factors poten-
tially contributing to tube formation.

The same conditioned medium from 4 separate
wells were analyzed using a Human Angiogene-
sis/Growth Factor Magnetic Bead Panel 1 multi-
plex kit (EMD Millipore, Billerica, MA). Analyses
were performed per manufacturer protocol. In
brief, 25 uL of standards, controls, and samples
were added to the appropriate wells of 96-well
plate in duplicates. To all wells, 25 pL of 1X

bead solution was added. To the standard and
control wells, 25 pL of assay matrix was added,
and 25 pL of assay buffer was added to the sam-
ple wells. The plate was incubated at 4°C over-
night on a shaker plate. Using a magnetic plate,
all wells were washed 3 times with wash buffer.
For each well, 25 uL of detection antibody solu-
tion was added and incubated at room tempera-
ture for 1 hour with gentle agitation. After the
incubation period, 25 pL of streptavidin-phyco-
erythrin was added to each well and incubated
for 30 minutes at room temperature with gentle
agitation.At the end of incubation, the plate was
washed 3 times and run on the 3D system with
XPONENT software (EMD Millipore). The data
was analyzed using MILLIPLEX Analyst 5.1 soft-
ware (EMD Millipore).

Results

Decellularized, debydrated buman amniotic mem-
brane biochemical composition. Results for the bio-
logical entities released from DDHAM and dHACM are
shown in Figure 1 and Figure 2. Among the selected 29
cytokines and growth factors tested, dHACM contained
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Figure 6. Representative immunostaining images of fibroblasts cultured in complete medium. (A) Decellularized, dehy-
drated human amniotic membrane “extract”; (B) dehydrated human amnion/chorion membrane “extract”; and (C) blue:
nuclei (DAPI), green: actin (phaloidin 488), and red: fibronectin network (AF594 IgG I).

Figure 7. Live stain images of human dermal fibroblasts on decellularized, dehydrated human amniotic membrane (DDHAM)
after (A) 4 hours, (B) 1 day, and (C) 3 days of culture. Live stain images of epithelial keratinocytes on DDHAM after (D) 4
hours, (E) 1 day, and (F) 3 days of culture. Cells were stained with Calcein AM and imaged with fluorescence microscopy
at 10x magnification.

significant amounts of transforming growth factor-beta
2, macrophage inflammatory protein-1f, monocyte che-
moattractant protein-1, IFNy, FGF-2, interleukin 1 beta (IL-
1B), IL-6, IL-8, IL-13, and 1L-15. In contrast, the DDHAM
did not contain any growth factors. Nominal amounts of
fibronectin and laminin were detected in the DDHAM,
while significantly higher amounts of these proteins were
detected in the dHACM (> 10-fold higher quantities rela-
tive to the DDHAM).
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Cell attachment and proliferation. Dermal fibroblast
and keratinocytes seeded on the DDHAM and the tissue
culture plastic (TCP) showed attachment and spread
within 24 hours. Figure 3 shows fluorescent microscopic
images of live staining with Calcein AM of the HDF on
the TCP and the DDHAM at 24 hours.The MTS assay con-
firmed that the HDF were metabolically active on the
TCP and the DDHAM. In contrast, there was no visible
attachment of the HDF on the dHACM with nominal cel-
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Figure 8. Levels of metabolic activity (MTS assay) of endothelial cells after starvation (day 0) and after “treatment” with
conditioned media (day 1) (n = 6). DDHAM: decellularized, dehydrated human amniotic membrane. OD: optical density
*: significant difference compared to the tissue culture-treated plate (TCP) groups (Dulbecco’s Modified Eagle Medium
[DMEM] and fibroblasts on TCP), P < 0.05; #: significant difference compared to the DDHAM group, P < 0.05.

lular metabolic activity as measured by the MTS assay.
Likewise, keratinocytes also attached and spread on the
TCP and the DDHAM but not on the dHACM scaffolds
(Figure 4). Keratinocytes were metabolically active on the
DDHAM, but not on the dHACM.

To further investigate the difference between DDHAM
and dHACM in cell attachment, conditioned medium gen-
erated from an HDF cell culture on the DDHAM and the
dHACM was used to culture HDF on the TCP. As shown
in Figure 5, the conditioned medium generated from the
HDF culture on the DDHAM did not show any apoptosis
of fibroblasts as measured by luminescence in a Caspase
3/7 assay. This was true both for culturing in complete
medium as well as basal medium. In contrast, the con-
ditioned medium generated from culturing HDF on the
dHACM showed higher luminescence, indicative of apop-
tosis of the cultured fibroblasts. Immunostaining of the
HDF at 4 hours revealed a healthy fibroblast phenotype
in the DDHAM extract (Figure 6). The HDF cultured in
the DDHAM-conditioned medium were elongated with
branched cytoplasm, while cells in the dHACM extract
exhibited a contracted and almost nonexistent cytoskel-
eton. A dense network of insoluble fibronectin was de-

posited by the HDF grown in the DDHAM-conditioned
medium (Figure 6A in red).

Cell proliferation on the DDHAM. Fibroblasts and ke-
ratinocytes not only attached but also proliferated on the
DDHAM scaffolds. Figure 7 shows fluorescent microscop-
ic images of live staining with Calcein AM after 4 hours,
1 day, and 3 days for HDF (Figure 7A-C). At 4 hours, the
HDF had already attached to the DDHAM and became
elongated. On day 3, significantly larger numbers of fi-
broblasts were detected on the scaffolds. Keratinocytes
also attached and proliferated on the DDHAM scaffolds
(Figure 7D-F).These results were also confirmed with the
MTS assay (data not shown).

Effect of conditioned medium from an HDF-DDHAM
culture on cell bebavior. Nutrient-deprived endothelial
cells, when exposed to conditioned medium generated
from a culture of HDF on the DDHAM, recovered as dem-
onstrated by an MTS assay as shown in Figure 8. Endothe-
lial cell activity was significantly higher with the condi-
tioned medium from a HDF-DDHAM culture than from a
HDF-TCP culture. In the wound closure assay, an in vitro
assay to assess endothelial cell migration, conditioned me-
dium from a HDF-DDHAM culture supported endothelial
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Figure 9. Time course of “wound confluency” (scratch assay) within endothelial cell monolayer treated with conditioned
media (n = 4). DMEM: Dulbecco’s Modified Eagle Medium; TCP: tissue culture-treated plate; DDHAM: decellularized,

dehydrated human amniotic membrane

cell migration at 68% of complete media, which served as
the positive control (Figure 9). Culture media from fibro-
blasts on the TCP (Figure 9, line C) or the DDHAM alone
(Figure 9, line D) did not show any endothelial cell con-
fluence over time (lack of migration of endothelial cells).

The tube formation assay is an in vitro assay to model
angiogenesis. Figure 10A-E shows images of tube forma-
tion after treating human umbilical vein endothelial cells
with conditioned or complete media for 36 hours. In the
DMEM control group (Figure 10A), only short and sparse-
ly distributed tubes were formed. In the fibroblasts on the
TCP and the DDHAM-alone groups (Figure 10B,C), longer
and more abundant tubes were observed compared to
the DMEM control. However, no networks were visible.In
the fibroblasts on the DDHAM group (Figure 10D), longer
tubes were formed and a network, similar to the positive
control, was produced.

Quantification of the number of tubes per image re-
sulted in a significantly higher density of tube formation
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using conditioned media from the fibroblasts cultured on
the DDHAM-conditioned media compared to the DDHAM
alone or fibroblasts cultured on plastic (Figure 10).

Discussion

Chronic and difficult-to-heal wounds are characterized
by disruption of ECM growth factor interactions, which
are due to biochemical abnormalities of the wound ECM
and are often found in patients with diabetes and venous
insufficiency.!® This disruption impairs normal ECM-cell
interactions, which in turn could result in abnormal cell
proliferation and ECM deposition. A variety of tissue-
derived products are widely used for wound manage-
ment in patients with delayed or nonhealing wounds.
These products have been shown to improve wound
closure and reduce wound-healing time. However, the
mechanisms by which these advanced tissue products
work remains to be understood; each product type may
work via different mechanisms. In the current study, sev-
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Figure 10. Images of tube formation (A-E) after human umbilical vein endothelial cell treatment with conditioned media.
(A) Dulbecco’s Modified Eagle Medium (DMEM); (B) fibroblasts on tissue culture-treated plate (TCP); (C) decellularized,
dehydrated human amniotic membrane (DDHAM); (D) fibroblasts on DDHAM; (E) endothelial cell growth medium (EGM-2)
(positive control) for 36 hours; and (F) tubes selected by software. Scale bar represents 500 ym

eral in vitro model systems were employed to investigate
a DDHAM, which does not contain or release growth fac-
tors, cytokines, or other bioactive molecules. The results
for DDHAM were compared to results for dHACM, which
is an amnion-chorion product containing and releasing
growth factors, cytokines, and ECM protein residuals.
These studies show that DDHAM behaves primarily as an
ECM with sufficient biological cues to allow for cell at-
tachment and proliferation.'"!? Further, conditioned me-
dia generated from cultures of fibroblasts on DDHAM are
able to enhance cell survival and support endothelial cell
migration and tube formation in an in vitro setting.

It is well known that anchorage and attachment of ad-
herent cells to an ECM is a primary requirement for their
survival and growth in the wound environment."> An ECM
contains multiple cell adhesion proteins, such as collagen,
fibronectin, and laminin, which are recognized by specif-
ic cell surface integrins to mediate attachment to the sur-
face of the matrix.'*!> Decellularized, dehydrated human
amniotic membrane is a decellularized ECM in which the
natural composition and structure of the matrix proteins
are preserved. These extracellular proteins, comprised
of collagen and elastin as well as fibronectin, laminin,
and glycosaminoglycans, support cell attachment.'® The
MTS metabolic assay and cell imaging demonstrated that

DDHAM supports fibroblast and keratinocyte attachment
and proliferation. In contrast to DDHAM, dHACM did not
support either fibroblast or keratinocyte attachment or
subsequent survival on the scaffold. The release of bioac-
tive molecules from dHACM likely has a negative effect
on cell attachment, in that these molecules interfere with
cell attachment rather than help it. Further, if cells such as
fibroblasts are unable to attach and spread in the first few
hours, they become apoptotic and die within 24 hours.
Given that revascularization and wound closure
are subsequent events to fibroblast proliferation in the
wound-healing cascade, the investigation examined the
effect of fibroblasts on DDHAM-conditioned medium on
the health and function of endothelial cell and keratino-
cytes through in vitro cell survival, wound closure, and
endothelial cell tube formation assays (Figure 10). Fibro-
blasts on DDHAM-conditioned medium rescued endothe-
lial cells that were subjected to nutrient deprivation and
promoted endothelial cell tube and network formation
as well as endothelial cell migration and proliferation. Be-
cause cells did not attach to the dHACM (amnion-chorion
product) and because conditioned medium from dHACM
causes apoptosis, tube formation and endothelial migra-
tion studies could not be performed with dHACM.The in
vitro functional studies with a HDF-DDHAM culture con-
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ditioned medium show sufficient biological signals in the
conditioned medium to impact endothelial cell migration
and tube formation.

Conclusions

In this work, in vitro models systems that allowed ex-
amination of ECM-cell interactions and consequent dif-
ferentiation between 2 biologic advanced wound-man-
agement products were employed.This work leads to the
conclusion that DDHAM is only an ECM scaffold, which
interacts with key cell types important in the wound heal-
ing process.The data showed that ECM-cell interaction is
sufficient to allow for the release of key biological enti-
ties in the conditioned media and that these biological
entities can impact cell function such as endothelial cell
migration and vascularization — both important events
in wound repair.
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