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Abstract

Negative pressure wound therapy (NPWT) has become the prevailing standard of

care for treating complex soft tissue wounds and is now being considered for use

in alternative applications including improving skin graft take. While it is gener-

ally agreed that negative pressure leads to improved wound healing, universal

consensus on its optimal application is not supported in the literature. We

describe the design and validation of a bioreactor to determine the prospective

benefits of NPWT on skin grafts and engineered skin substitutes (ESS). Clinically

relevant pressures were applied, and the native human skin was able to withstand

greater negative pressures than the engineered substitutes. Both skin types were

cultured under static, flow-only, and �75 mm Hg conditions for 3 days. While it

remained intact, there was damage to the epidermal-dermal junction in the ESS

after application of negative pressure. The normal skin remained viable under all

culture conditions. The engineered skin underwent apoptosis in the flow-only

group; however, the application of negative pressure reduced apoptosis. Vascular

endothelial growth factor levels were significantly higher in the normal flow-only

group, 152.0 ± 75.1 pg/mg protein, than the other culture conditions,

81.6 ± 35.5 pg/mg for the static and 103.6 ± pg/mg for the negative pressure con-

ditions. The engineered skin had a similar trend but the differences were not sig-

nificant. This bioreactor design can be used to evaluate the impacts of NPWT on

the anatomy and physiology of skin to improve outcomes in wounds after grafting

with normal or engineered skin.
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Key Messages
• a novel bioreactor has been designed for in vitro testing of negative pressure

wound therapy (NPWT) settings on normal human skin and engineered
skin substitutes (ESS). Clinically relevant pressures can be applied to the top
of the skin samples while nutrients are flowed below
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• the application of NPWT resulted in increases in vascular endothelial
growth factor (VEGF) in the normal skin and a similar trend in the ESS

• even the lower pressure of �75 mm Hg caused some damage to the ESS, but
not the intact normal skin. Lower pressures may be needed for use with ESS
or epithelial autografts

• this new bioreactor has been validated and can provide information to com-
plement clinical testing. Human tissues can be tested and different pressures
or modalities, such as cyclic pressure, can be screened in vitro prior to
in vivo testing

1 | INTRODUCTION

Negative pressure wound therapy (NPWT) has
become the prevailing standard of care for complex
acute and chronic wounds; however, clinicians have
yet to reach a consensus regarding the best practices
and mechanisms of action.1 While traditionally used
when treating open wounds, NPWT is increasingly
being used for closed wounds, fluid management, and
as an adjunct to improve skin graft adherence of both
meshed and sheet grafts. NPWT has been shown to
lead to decreased graft failure rates,2-14 decreased
hospital stay,3,15 reduced reoperation rate,8 and a
decreased number of complications,12-14 along with
increased patient satisfaction.15,16 While frequently
implemented for wound care in the paediatric popu-
lation, additional studies are still warranted to estab-
lish standard treatment guidelines.17 Currently, the
NPWT devices are approved for wound closure and
removal of exudate; however, use with skin grafts is
not contraindicated per the U.S. Food and Drug
Administration guidelines.18

In vitro testing is an important complement to clinical
trials and animal studies as it allows control of the envi-
ronmental conditions, screen several conditions quickly,
and study the anatomic and physiologic mechanisms of
action of NPWT more easily. Multiple groups have stud-
ied the responses of cells and tissues to negative pressure.
Many have chosen to apply negative pressure to a cham-
ber in which culture dishes were placed.19-21 While this
method could be used with intact skin, it does not fully
recapitulate the clinical use of NPWT. NPWT is tradition-
ally applied via a tube with a suction cup placed on top of
open-cell foam with an impermeable adhesive layer
placed on top; the pressure is measured at the pump and
not at the wound site. While negative pressures, or suc-
tion, may be found directly under the suction cup, it is
evident that there are also positive pressures that exert
forces onto the edges of the tissue or wound being
treated. These pressures also increase proportionally to

an increase in pump pressure settings.22 The magnitude
of the pressure quickly dissipates with distance from the
suction cup where the negative pressure originates leav-
ing many questions regarding mechanisms of action, and
the ability to correlate pressure settings to the physiology
of wound healing. Wilkes et al. developed a bioreactor
that applied negative pressure to cell-seeded hydrogels in
a modified six-well dish.23 This bioreactor incorporated
the foam and adhesive with the pressure being applied
centrally, similar to clinical applications. It also included
medium flow below the hydrogels to provide nutrients
for longer culture times. This system, or similar, was
utilised to study responses to sub-atmospheric pressures
in osteogenic differentiation of adult stem cells,24,25 mor-
phological changes of fibroblasts,26 dressing types on der-
mal fibroblast energetics,27 and cellular proliferation and
viability.28 While a well-designed system, it is unclear if it
could be used to apply clinically relevant pressures to
normal healthy skin (NHS) or engineered skin substitutes
(ESS) that could be used for skin grafting.

The objective of this study was to develop a bioreactor
that could be used to test responses to clinically relevant
NPWT settings and applications by NHS and ESS in vitro.
To accomplish this, an upper chamber where clinically rele-
vant negative pressures could be applied and a lower cham-
ber where nutrients would be supplied were both necessary.
The upper chamber was designed to be able to test grafts of
thicknesses ranging from full-thickness to the thin cultured
endothelial autografts (CEA). This paper presents the design
and validation of a system intended to study the effects of
NPWT and the mechanisms behind them.

2 | MATERIALS AND METHODS

2.1 | Bioreactor design for application
of NPWT

A custom-made bioreactor was used to apply NPWT to
the NHS and ESS while providing nutrients to the grafts.
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The bioreactor is shown in Figure 1. It consists of four
separate chambers for testing skin samples. The graft
material was placed on top of a layer of wicking material
(Whatman filter paper) on a perforated stainless-steel
grate. V.A.C. GranuFoam Silver™ Dressing (KCI, San
Antonio, Texas) was placed on top of the graft. Negative
pressure was applied using a Medela Vario 18 vacuum
pump (Medela LLC-Healthcare, McHenry, Illinois); a
small suction cup was affixed on top of the dressing with
adhesive V.A.C. drape (KCI). The suction cup size was
chosen so that the graft samples would experience similar
pressures as would be expected in vivo with a vacuum at
the suction cup and compression on the edges. As per-
formed clinically, the pressure was measured at the
pump. Culture medium was circulated under the grafts;
the medium reservoir included a tube with a filter on it
for oxygen exchange. The culture medium composition is
described below under ESS fabrication. The culture
medium flow rate was controlled by a multi-channel,
analogue peristaltic pump (Cole-Parmer, Vernon Hills,

Illinois). Each sample had a separate flow loop where the
medium was re-circulated. Due to fact that the pump had
analogue controls, the exact flow rate had to be empiri-
cally determined by measuring the amount of water
pumped into a graduated cylinder in 1 minute. The low-
est flow rate the pump could be achieved repeatably with
the pump head and tubing that was used, at setting num-
ber one, was 4.64 ± 1.51 mL/min. This rate was consid-
ered appropriate because the rate was comparable to the
optimal flow rates determined by Kalyanaraman et al. for
ESS.29 The bioreactor was sized such that it, along with
the medium reservoirs, fit in a standard incubator and
the wound vacuum and peristaltic pump just outside.

2.2 | Skin sources

Commercial allograft skin was procured and used as
NHS; it was tested along with ESS that were fabricated in
our laboratory. PureSkin™ cryopreserved non-meshed

FIGURE 1 Custom-made NPWT bioreactor. A, An overview of one flow loop. (a) The peristaltic pump is used to re-circulate the culture

medium through the chamber of the bioreactor (b), pulling the medium from the medium reservoir (d). The wound vac (c) is applied to the

top of the sample in the bioreactor. B, Each sample is placed in an individual bioreactor chamber (a) through which the culture medium

(b) can flow below the sample. A perforated stainless-steel grate (c, solid line) allows for medium exchange and a wicking material (d,

hashed) is placed on top to help with medium distribution. The skin or ESS (e, solid line) is placed on top of the wicking material (c). A

medical sponge (g) is placed on top of the skin or ESS as would be done clinically. A suction port (i) is placed on top of the sponge and sterile

adhesive dressing (h) is applied. A vacuum line or a sterile filter is attached to the vacuum cup for the NPWT or flow-only conditions,

respectively. C, The assembled bioreactor in the incubator. There are four separate channels with individual flow loops and culture medium.

The peristaltic pump and the wound vac are outside of the incubator. ESS, engineered skin substitutes; NPWT, negative pressure wound

therapy

NOTORGIACOMO ET AL. 635



grafts from two donors were purchased from AlloSource
after proposal approval by the manufacturer (RR-351).
These grafts were stored at �80�C before use. The graft
material was dissected under aseptic conditions while
frozen before experimentation to fit the chambers and be
used for paired testing. Graft samples were thawed before
use per the manufacturer's recommendations.

The ESS were fabricated using cells isolated from de-
identified discard tissue from elective procedures performed
at the University of Cincinnati Medical Center or Shriners
Hospital for Children-Cincinnati. The University of Cincin-
nati Institutional Review Board determined that this
does not constitute human subjects research and is exempt
from requirements for informed consent according to
45CFR46.101(b).4 Human dermal fibroblasts (hDFs) and
keratinocytes (hKs) were isolated and cultured as previ-
ously described.30 Briefly, full-thickness skin samples were
incubated overnight at 4�C in Dispase II (Sigma-Aldrich,
St. Louis, Missouri). The epidermis was then mechanically
separated from the dermis. To isolate the hDF, the dermis
was minced and digested using type II collagenase
(Worthington, Lakewood, New Jersey) with periodic agita-
tion. The hDF culture medium consisted of Dulbecco's
modified eagle medium (DMEM, Gibco, Grand Island,
New York) supplemented with 4% vol/vol fetal bovine
serum (FBS, Gibco), 10 ng/mL epidermal growth factor
(EGF, Peprotech, Rocky Hill, New Jersey), 0.5 μg/mL
hydrocortisone (Sigma-Aldrich), 5 μg/mL human insulin
(Sigma-Aldrich), 0.1 M L-ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (AA2P, Sigma), and 1%
vol/vol antibiotic-antimycotic (Gibco). The hKs were iso-
lated from the minced epidermis using 0.025% tyrpisin-
0.01% EDTA (Sigma) solution with gentle agitation. The
hKs were cultured in flasks coated with recombinant
human type I collagen (CoatingMatrix; Invitrogen/Thermo
Fisher Scientific) with selective hK culture medium con-
sisting of modified MCDB153, which was prepared in-
house and supplemented with 1 ng/mL EGF, 5 μg/mL
human insulin, 0.5 mg/mL hydrocortisone, 1% antibiotic-
antimycotic, and 0.2% bovine pituitary extract (Hammond
Cell Tech, Windsor, California). Cells were expanded and
utilised between passages 1 and 3. Cells from two separate
donors were used.

2.3 | ESS fabrication

ESS were fabricated using the process adapted from
Boyce.31 Briefly, collagen-glycosaminoglycan scaffolds
(thickness between 0.25 and 0.35 mm) were inoculated with
hDF (at 5 � 105 cells/cm2) and cultured in hDF culture
medium. The hDF-inoculated scaffolds were incubated for
2 days before hKs were inoculated (at 1 � 106 cells/cm2), at

which time the medium was changed to DMEM/F12
(Sigma-Aldrich) supplemented with 1 mM strontium chlo-
ride, 0.3% vol/vol FBS, 1xITS Supplement (Sigma-Aldrich),
10 μg/mL linoleic acid, 5 ng/mL keratinocyte growth factor
(Peprotech), 0.1 mM AA2P, 20 PM triiodothyronine, 5 μg/
mL hydrocortisone, 1 ng/mL basic FGF, and 1% vol/vol
antibiotic-antimycotic for the duration of the fabrication
process.32 Three days after seeding the hK, the ESS were
raised to the liquid-air interface and cultured for an addi-
tional 10 days before bioreactor culture. Three sets of ESS
were fabricated with each patient-matched set of donor
cells. The ESS were dissected into samples for testing under
the different bioreactor conditions.

2.4 | Validation of the NPWT bioreactor

The maximum pressure achievable without damaging
the tissue was determined. For the purpose of initial vali-
dation, damage is defined as tears that could be assessed
macroscopically. After assembly, the pressure was manu-
ally increased to failure, ie, when pressures could not be
further increased. Once the bioreactor was disassembled,
the visible damage to the tissue could be seen. All of the
samples were able to maintain some level of clinically rel-
evant pressures. Morykwas et al.33 reported the use of
�125 mm Hg pressures and this pressure has remained
the most used setting ever since.34 Settings as low as
�20 mm Hg have been tested35,36; �75 mm Hg is the
most used for skin graft settings.37-39 The NHS could
withstand �125 mm Hg pressure; however, the ESS was
only able to achieve �75 mm Hg; therefore, �75 mm Hg
was used for validation testing.

For testing the samples under NPWT, the NHS and
ESS were divided into 2.5 cm � 3 cm samples.
Three conditions were used for each skin type:
(a) �75 mm Hg of negative pressure applied to the skin
in the bioreactor with circulating medium (NPWT);
(b) 0 mm Hg negative pressure in the bioreactor with
circulating medium (flow-only), and (c) static controls
cultured under standard conditions in the same incuba-
tor (static). For the flow-only controls, the sponge dress-
ing was applied and a suction port with a sterile syringe
filter was affixed in place via the V.A.C. drape. The cul-
ture medium for the static samples was changed daily,
and each of the samples in the bioreactor had separate
channels for 250 mL of circulating medium. All three
groups were incubated under standard conditions (37�C,
5% CO2) for 3 days or 72 hours. At the end of the incu-
bation period, the skin samples were divided, and were
placed in lysis buffer for protein assays, fixed in buffered
formalin for histological evaluation, or stored at �80�C
before analysis.
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Two sets of paired samples were run at a time for the
validation testing with a total of three runs per sample
type. This leads to an n of 12 for each condition. Two of
the chambers had NPWT applied and the other two
chambers each had a vacuum cup with a filter affixed for
oxygen exchange instead of a connection to the NPWT
pump. Static controls were cultured at the liquid-air
interface in a large culture dish on the bottom shelf of
the same incubator.

2.5 | VEGF, DNA, and protein
quantification

The skin samples were homogenised in RIPA buffer
(MilliporeSigma, St. Louis, Missouri) and stored at
�80�C prior to any testing. Vascular endothelial growth
factor (VEGF) levels in the tissue homogenates were
determined by ELISA (R&D Systems, Minneapolis, Min-
nesota) per manufacturer protocols. DNA quantification
was performed using Hoechst 33258 dye in a 7.4 pH Tris-
EDTA buffer (MilliporeSigma) for 15 minutes at room
temperature. Samples were run in duplicate. The fluores-
cence was determined using a SpectraMax fluorometer
(Molecular Devices, San Jose, California) at an excitation

of 365 and an emission of 458 nm. Calf thymus DNA
standards (MilliporeSigma) were used for the standard
curve. The DNA quantities in the tissue were normalised
to protein content, which was determined by Pierce™
BCA assay (ThermoFisher, Rockford, Illinois) per manu-
facturer's guidelines. Duplicates of all samples were run
in the assays, and the two data points were averaged
together.

2.6 | Histological evaluation

The samples were paraffin-embedded and 5 μm sections
were cut. Sections were stained with Masson's trichrome
to assess morphology and collagen density. Viability was
assessed via the terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) assay (ab66110,
Abcam, Cambridge, Massachusetts). Hoechst dye
(Millipore) was used to counterstain the nuclei. The
images of the Masson's trichrome stained sections were
taken with a Nikon DS-Vi1 camera on a Nikon SMX745T
stereomicroscope (Nikon, Melville, New York). The
TUNEL stained sections were imaged using the Cytation
5 Cell Imaging Multi-Mode Reader (BioTek, Winooski,
Vermont).

FIGURE 2 Masson's Trichrome staining. The collagen looks denser in both the flow-only and negative pressure wound therapy samples

compared with static for both skin types. While the epidermis is still intact, the NPWT does appear to cause some damage to the ESS but not

to the NHS (indicated by arrow). Scale bar = 50 μm. ESS, engineered skin substitutes; NHS, normal healthy skin
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2.7 | Statistical analysis

Quantitative data are presented as mean ± SE of the
mean. Multivariate analysis of variance (MANOVA) was
performed to compare the VEGF and DNA contents of
the NHS samples to those of the ESS. The Bartlett test of
homogeneity of variances and Mardia's multivariate

normality test were used to check the assumptions of the
MANOVA, and a post hoc Hotelling's t-squared test was
applied. P value <.05 was considered statistically
significant.

3 | RESULTS

3.1 | Grafts were able to withstand
clinically relevant pressures

Clinically relevant values were achieved for both the ESS
and NHS, �75 and �125 mm Hg respectively, during
preliminary testing. The ESS, though much thinner than
the NHS, did not display any visible signs of damage
when either �75 or �125 mm Hg was applied, so we
elected to use the �75 mm Hg setting for both skin types
to make comparisons between the two tissue types.

Masson's trichrome staining was used to visualise
the collagen in the ESS as well as the gross histology
after culture with negative pressure or control condi-
tions (Figure 2). In both tissues, there is denser collagen
in the dermis of the samples that were cultured in the
bioreactor regardless of the application of NPWT. The
NHS remained intact in all conditions. Under NPWT,
the epidermal layer of the EDS remained attached; how-
ever, there appeared to be disruption to the epidermal-

FIGURE 3 DNA and VEGF contents in grafts. A, The DNA

content did not significantly change with any of the culture

conditions; however, it was significantly higher in the ESS than in

the NHS. B, VEGF content changes showed a similar pattern

between the ESS and the NHS due to treatment; however, only the

NHS had significantly more VEGF after flow alone than static

culture. The VEGF content was significantly higher in the ESS than

in the NHS. n = 12; *P < .05 compared with NHS of the same

treatment; #P < .05 compared with static control of same skin type.

ESS, engineered skin substitutes; NHS, normal healthy skin

FIGURE 4 TUNEL staining. Red staining indicates DNA nicks, blue DNA counterstaining was used for comparison. Some red

autofluorescence can be seen, especially in the epidermis. The NHS remained highly viable in all culture conditions. The ESS showed

significant DNA damage in the Flow-only culture; however, this was reduced with the application of negative pressure. The static controls

had minimal DNA damage. Scale bar = 100 μm. ESS, engineered skin substitutes; NHS, normal healthy skin; TUNEL, transferase dUTP

nick end labelling;

638 NOTORGIACOMO ET AL.



dermal junction as the clear distinction between the two
layers is lost (Figure 2). Additionally, this damage
appears to be more towards the centre of the graft where
the suction port was placed. The edges of the ESS that
were exposed to NPWT looked similar to those in the
flow-only group.

3.2 | Changes in DNA and VEGF
contents

The DNA contents of the homogenised ESS and NHS
were evaluated for all culture conditions. DNA content
was used as a surrogate for proliferation. The DNA
content was statistically lower in the NHS than in the
ESS for each of the three test conditions (Figure 3);
however, there were no differences among the DNA
contents due to incubation conditions for either the
ESS or the NHS.

VEGF, which promotes angiogenesis, was assayed
and normalised to DNA content. The normalised VEGF
content was statistically different between the NHS and
the ESS for each of the three test conditions (Figure 3).
Both skin types yielded the lowest VEGF content in the
static condition samples and the highest VEGF content
in the flow condition samples; however, this difference
was only statistically significant within the ESS flow
group. No other significant differences in VEGF were
found.

3.3 | Cell viability

The viability of the NHS and ESS was determined by
TUNEL assay (Figure 4) where fragmented DNA is
labelled fluorescent red. Fragmented DNA may represent
apoptosis. In all cases, the NHS had very low levels of cell
death with slightly more apoptotic cells in the dermis of
the skin undergoing NPWT. Overall, the ESS had more
apoptotic cells and more cells than the NHS. ESS cul-
tured in static conditions had fewer apoptotic cells than
those cultured in the bioreactor, and the apoptotic cells
were often in the epidermis. The ESS subjected to the
flow conditions had significant numbers of apoptotic cells
that stained very brightly. When NPWT was applied
along with flow, the number of stained cells was reduced,
and apoptotic cells were more prevalent in the dermis.

4 | DISCUSSION

This is the first bioreactor described that can test both
NHS and ESS using a system that replicates the clinical

application of NPWT in vitro. Another similar bioreactor
reported in the literature is designed to test cell-seeded
hydrogels.23 The decision to perform testing for 3-day
periods was intended to follow clinical conventional pro-
tocols in wound care aimed at removing saturated spon-
ges, reducing microbial load, and providing gentle
debridement of the wound.33 Our bioreactor design was
able to incubate NHS for 3 days without significant cell
death. The ESS that were tested did undergo some apo-
ptosis; however, this was attenuated when negative pres-
sure was applied. This result is interpreted as due to the
NPWT improving the mass transfer of nutrients and
mitogens into the samples. This follows the hypothesis
that negative and positive pressure may lead to cellular
strain and stretch and thus stimulate proliferation and
differentiation. Investigation of this hypothesis is part of
our ongoing studies. The cell death in the ESS may be
due to the choice of silver-coated foam dressing. Results
from a previous study suggest that the ionic silver-coated
material may be cytotoxic to cells in ESS.40 Unfortu-
nately, there was no control for the dressing so this can-
not be confirmed at this point and we cannot rule out
issues with the mass transfer of nutrients. Longer-term
studies can be conducted prospectively on NHS with the
current design while additional work should be contin-
ued to improve the viability outcomes of the ESS.
Improvements may include alternative media formula-
tions, changes to the flow rates or wicking material to
facilitate nutrient exchange and the viability of the ESS.
When grafting ESS, the actual situation is likely some-
where between the flow and static conditions. There is
not a large volume of medium or blood; however, based
on the clinical success of the graft materials,41 the wound
bed likely provides more nutrient supply through imbibi-
tion than what the ESS were getting in the flow
condition.

Samples incubated in the bioreactor had denser colla-
gen in the dermal layer than those cultured in static con-
ditions. NPWT may have resulted in compression of the
dermis, as we saw previously42; however, the flow-only
groups also had denser collagen than the static samples.
This suggests that there was some collagen synthesis.
There may be compression due to the application of the
sponge dressing and suction port; however, it would be
expected that the compression would be greater with the
application of NPWT. The flow itself may have helped
with the circulation of nutrients, which may stimulate
collagen synthesis. Further work needs to be done to con-
firm this. VEGF levels in both NHS and ESS had similar
patterns under the different incubation conditions; how-
ever, the only significant difference compared with con-
trol was the ESS flow group. The differences in VEGF
levels between the NHS and ESS are likely because the
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scaffold used for the ESS is a hydrogel. It is less dense
than native tissue and therefore there is less protein con-
tent, and it is more hydrated and will contain more of the
secreted VEGF than the NHS. There is likely less oxygen
supplied to the tissues in the bioreactor than what is
available in the static condition; an increase in VEGF
levels is likely due to lower oxygen levels and increased
hypoxia-inducible factor in these tissues.43,44

Based on these preliminary results, it is evident that
NPWT may lead to favourable physiologic conditions all-
owing improved viability and engraftment success of the
skin graft materials. In the case of ESS or epithelial auto-
grafts, a lower pressure should be used as even pump
pressures as low as �75 mm Hg caused damage to the
dermal-epidermal junction in the ESS. This may also be a
concern for open wounds. These data regarding effects of
higher negative and positive pressure on dermal-
epidermal structures would suggest the pump pressure
setting should be adjusted over time to the specific
wound morphology, and that a single pressure setting
utilised may not be optimal for all wound healing
applications.

The described bioreactor was designed to be able to
accommodate grafts of varying thickness, from full-
thickness to thin CEA. The data presented are from
split-thickness allografts and thin ESS that includes both
epithelium and a thin dermis. One preliminary test using
full-thickness skin was completed and was viable for
the duration of the study; however, the data were not
included as there were no replicates. While we did
not test CEAs, we are confident that we could test CEA
by placing it on the same wicking material used for the
ESS. The negative pressure would likely need to be
reduced for CEA such as was reported by Goh et al.45

While this was designed for skin grafts, it could be used
for additional tissues such as the muscle layer of the
wound or possibly for wound interface studies. It is lim-
ited to a depth of approximately 6 mm; however, the
thicker the tissue the more difficult it is to provide nutri-
ents to the top layers. The design could be modified to
improve this and to increase the area of the tissue that
could be tested; however, to test significantly deeper
wounds, a different bioreactor design would be required.

The bioreactor designed for this study served as an
affordable, reusable device that can support an in vitro
method for comparing ESS and NHS to supplement
human and animal studies. While an in vitro model will
not include the complete, complex physiology that an
in vivo study would provide, an in vitro skin study offers
more control over mechanisms of action in the samples
than studies involving live animal or human subjects.
This model can be modified to further investigate the
optimisation of NPWT, and if this optimisation leads to

shorter treatment times or fewer dressing changes, it
could potentially increase the rate of patient compliance
in this therapy option.46

Any in vitro system such as this has inherent limita-
tions; these can aid in reducing variation to understand
some mechanisms of action in wound healing, but also
decrease the biologic complexity that exists in vivo. Clini-
cally relevant results were desired, so the pressure sup-
plied was measured at the vacuum pump. However, this
does not reflect the pressures that are seen in the tissue,
which will vary based on the area of the graft, depth of
the wound, potential drop of pressure over the length
of the vacuum tube, and distance from the application of
negative pressure. Differences in the area and thickness
of the samples could also affect the actual pressures in
the tissues. Commercial allograft material was chosen to
reduce the variation in the thickness and processing of
the allografts. A template was used to assist with cutting
the allograft and ESS sections to size for the bioreactor;
however, variability does occur. Only three of the four
possible culture conditions were used, making it more
challenging to delineate what results are due to NPWT
alone versus what may be due to the combinations of
NPWT and flow. An NPWT only sample was not tested
due to concerns with cell death due to lack of nutrients
without having medium circulating under the sample. A
time zero sample may have provided more information
on changes in cellularity; however, for validation, we
were more concerned with differences between condi-
tions. The results are only based on 3 days of testing; lon-
ger time frames are likely to provide more information,
especially at the protein level. The material tested was
non-meshed allograft or ESS, not an open wound. There
were no variations in the depth or size of the wound
modelled in this study. The ESS contained only a small
number of cell types in a much less dense material, it
lacked an immune system, and a simplified culture
medium was used instead of blood or plasma. Any inter-
pretations must take these factors into account; however,
this system can be used as a valuable complement to
in vivo testing. The bioreactor design provides nutrients
to the graft by wicking medium from the reservoir below
the tissues. This assumes a fairly vascularised tissue. This
design would need to be validated to see if the results rep-
licated those of poorly vascularised tissues such as those
in the foot. Shon et al.47 found that oxygenation in the
foot was reduced with the application of NPWT, unlike
what was found in more vascularised tissues. Similar to
other NPWT bioreactor designs,19-21,23-28 this model does
not provide any means of quantifying the exact pressure
applied at the wound site. This is something that should
be explored and would be best done using finite element
modelling.
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In conclusion, the bioreactor described here can be
used to test NHS and ESS at physiologically relevant neg-
ative pressures. The ESS have similar responses to the
NHS; however, they may not always have the same
responses and use as a surrogate to NHS should be care-
fully considered. The ESS, having less strength and cell
density than native tissue, may provide insights into the
use of NPWT on dermal templates and epithelial auto-
grafts. Future studies testing NPWT on tissue before and
after grafting to wounds on immunocompromised mice
may provide benefits as there are significant changes to
the ESS after in vivo culture and remodelling. These tis-
sues may benefit from NPWT, but lower pressures may
be desired based on the histologic evaluation of the ESS.
More work to understand different pressure protocols
and results at different time points is needed, but we now
have a device that can screen these conditions in vitro
and can be used to better understand the mechanisms
involved and to screen for the most promising conditions
to test in vivo.
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