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Abstract

Wound healing is a physiological regenerative process that consists of a dynamic series of
interrelated events that are highly dependerdiverseparacrine signaling for proper progression
through the phases of wound healifgowever, many patients and wound types can be
predisposed to inadequate progression through the phases of wound, mdiseguently
resulting in atypical healing afat protraction of the wound healing resparidetably, aberrant
wound healing progression is associated with insufficient epidermal regeneration, a critical process
of wound closure, and ultimate propagation of chronic wouns tfeatment of complex wods
affects millions of patients every year in the W&h chronicnon-healing woundassociated with
poor quality of life, adverse health outcomes, as@nificant strain and burden tioe healthcare
system.Therefore, there remains a critical needéweloptargetedherapesthat can circumvent
aberrant wound healirgndpromote the propegrogressionhrough the phases of wound healing

Therapeutic interventions for wounds encompass a diverse array of physical, mechanical,
material,chemicaland biological based modaliti#isat have been shown to modulate the wound
healing response in a variety of walgewever many currently utilized #rapies laclan effective
targeted approachnterestingly tissue engineeringnd regenerative mediciragpproachegor
wound care applications Ysagrown significantly in the last several yedrecen investigatiors
into Mesenchymal Stem Cells (MSCs) kasdemonstrated promise in augmenting the tissue
regenerative response of wounds via their intrinsic multipotent nature and the compositional
plasticity of their secretory profil@dditionally, priming of MSC populations has demonstrated
the capacity to miulate and control cellular activityret, currentex vivoculture technologies
result in precipitous decline in the regenerative potential of 848@d a decreased translatability

of clinically viable and reproducibleproducts. These changes are compounded by lack of



standardized culture conditions, creating a bottleneck in the development of regenerative
therapeutics. Thus, there is a critical need for developing culture systemnspfoved MSC
expansion that allowignificant expandability of cell numbeandtheir regenerativeyproducts

Although a numbeof 3D cell culture systems have been investigatedlate, hydrogel
based scaffold systems appear to offer the greatest advantage for developingangedef
customizabletissuemimetic systemsHowever, current hydrogel systems éimiting and are
associated witlsignificant diffusion andscalability constraints Thus, he research outlined in
these studies is aimeddadvelopinga novel 3D hydrogel systethat is tailorable, tissumimetic,
and permits londgerm culture expansion for improved scalability of future M®&ived clinical
therapies. A number of paramet@rere investigated, including the dimensionality, architectural
design, matrix binding epitopes, material, and mechanical properties of the hydrogel system.
Notably, the micreandmacre structual designs areritical.

The 3Dhydrogel systenproposedvasdemonstrated as a system that lsarutilizedas a
continuousii b i o r esgstein doexpand MSC populations that retain theiability and
regenerativehenotypeA critical component of MSC regenerative potential that was investigated
was the ability of the secretome to promote critical wound healing activity in secondary cell
populations The results demonstrated thegtainment ofmore robust MSC populationsas
associated witlincreased secretion of regeneratigetors. Moreover, MS€in 3D were able to
adapt to priming stimulmore readily resultng in greater diversity ofecretedfactors that
modulatel keratinocyteepidermal regeneraticactivity. Ultimately, thissystemdemonstratethe
potential to be a nre efficient and effective methodology for thalture ofMSC populationgind
for the improved production afell-based and/or acellular biologic theraptileat can betailored

toward specificoft tissue and regeneratigpplicatiors.
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occlusive dressing that permits the movement of gases and water vapor (dashed black
arrow) but typically limits the movement of liquids to variable degrees depending on the
dressing. Sempermeable dressings preveme imovement of cells and bacteria. (Bottom,
black) Permeable or newcclusive dressings are often depicted as foam or -fik@m
materials that are absorbent in nature and allow the movement of fluids, both gas and liquid,
in addition to cells and bacteri@xygen molecules are depicted as small blue circles.
Carbon dioxide molecules are depicted as small purple circles. Bacteria depicted as green
organisms. Water is depicted as larger blue circles. Black arrows depict movement through
the dressing materiallhicker arrows depict the ability to evaporate into an ambient
environment . Red arrow accompanied by red
material. Blackdashed arrow depicts that liquid water does not transport but water vapor

still can. Created analdapted using www.biorender.com software.

Figure 1.11:Example of Multi-Layered Wound Dressing SystemSchematic representation of
dual ayered wound dressing system, Wi nter 0 s
permeable base foam dressing layer (Bottblack) covered by a hydrophobic, semi
permeable dressing layer (Top, green). Depicted in the composite dressing is the combined
effects of a permeable and sepeirmeable dressing, where all fluids and cells/bacteria can
pass through the permeable foam base liquid water (and other liquids such as serous
exudate) in addition to cells/bacteria get stuck within the permeable foam layer because
they cannot pass through into the s@mimeable dressing on superficial surface.
However, the senmpermeable laye still allows some removal of water through
evaporation, where water vapor is allowed to pass but not liquid water. This combination,
known as Winterds composite, creates a per
removal in mildly exudative woundsjpon dressing changes, due to the absorptive
hydrophilic foam. Oxygen molecules are depicted as small blue circles. Carbon dioxide
molecule depicted as small purple circle. Bacteria depicted as green organisms. Water is
depicted as a larger blue circldaBk arrows depict movement through dressing material.
Thicker arrows depict the ability to evaporate into an ambient environment. Red arrow

accompanied by red fiX0 depict eddashadarkowo f t r
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depicts that liquid water @&s not transport but water vapor still can. Created using

www.biorender.com software.

Figure 1.12:Fabricating a Bioengineered Skin Substitute (Graft)Schematic representation of
generating a skin graft with autologous skin cells (i.e., keratinocytes and/or fibroblasts). A
biopsy of a patient can be performed to remove autologous skin cells which can then be
cultured onto/within a polymeric scaffoill vitro. The scaffold can be fabricated a number
of ways, depicted here is the methodology of 3D printing of a collagenous lattice. The skin
cells are cultured on the polymeric scaffold for typically several weeks and then removed
from cultured, and can bgplied to a patient as a customized, autologous skin graft using
their own cells. The graft is thought to work via a number of mechanisms, including
coverage and protection of the wound, the embedded skin cells secrete biologics to promote
wound healing whin the native tissue, and the graft matrix can serve as a healthy tissue

substrate for resident wound cells to grow onto/into and repopulate.

Figure 1.13: Modifying Traditional Wound Dressings (Graft). Schematic depictions of ways
that current traditiolawounds dressings have been modified to enhance their wound
healing capabilities Film) Insertion of a plasticizing agent, such as glucose or other small
molecules into a polymer network can prevent the alignment of polymer fibers and
subsequently increing the flexibility of film dressingsAlginate A number of ions have
been investigated for wound healing capabilities, such as the use of magnesium to enhance
angiogenic signaling via modulation of native endothelial cells, and silver as an
antimicrobal agent that has been used for decadesar) Depiction of anin situ
curing/crosslinking foam that expands to fill the irregular contour of many wounds to
increase surface contact area. Additionally, foams can be embedded with drugs and/or
biologics tha can subsequently be released into the wound bed to promote controlled
wound regenerationHfydrocolloid Recent investigations in hydrocolloids have shown
how drugs, biologics, and platelets can be delivered into the wound bed. Platelets have
been invesgated as a rich source of growth factors and immunomodulatory compounds
via degranulation of their intracellular cargo. Release of platelets can be controlled a
number of ways, shown here is how absorption of wound exudate results in swelling of the
colloidal network and subsequent release of platel&tsaft DressingSmart dressings

can, in theory, be incorporated into a number of different dressing types via insertion of a
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small, flexible electronics. Depicted here is a bacterial compound sensingdsesarhg

that allows for reatime monitoring of wounds, such as burns, ulcers, or surgical, for
bacterial infiltration. Upon detection a sensor can provide both a visual color change in the
dressing, in addition to sending a signal to a phone app fpatent monitoring, and a
drugeluting scaffold can then be triggered to release antimicrobial compotiydsoge)
Schematic depiction of a hydrogel formulated to be deposited into a wound and then a
secondary senpermeable dressing can be applied siupally to protect the hydrogel.

The hydrogel can be dosed with a number of bioactive compounds and cells, such as the
use of angiogeniprimed stem cells. The angiogemidmed stem cells demonstrate
enhanced angiogenic activity within the wound andas#ecompounds that promote

neovascularization within the wound tissue.

Figure 2.1: ROI Boundary Creation & Image Segmentation (A, B) Reconstructed tissue
sections from 200X total magnification images where (A) is control tissue and (B) is
injured tissueaafter 9 days of recovery. These two tissue sections are overlaid with black,
dotted lines indicating the tissue layer boundaries. These dotted lines are the base used to
create the completed ROI grid. (C, D) The ROI column and row blends (black, sesiyl li
overlaid with the dotted line tissue layer boundaries create the complete set of ROI
boundaries. (AD) Modified images of previously utilized histologically stained sections

from published manuscript dyodge et. al[22].

Figure 2.2: Tissue Layer Thtkness Measures(A, F) Reconstructed tissue sections from 200X
total magnification images with colored, dashed lines indicating where measurements took
place wherein (A) is control tissue and (F) is injured tissue after 9 days of recovery. The
color andlocation of each linear measurement indicated on the figure correspond to the
same coloicoding of the scatterplots; however, due to the size of the image and the relative
thinness of the keratin and epidermis tissue layers a single magenta line wae used t
represent the separate thickness measure for both layers. The thickness of each tissue layer
for control and injured tissue sections are shown in scatterplots: Keratin (B, G; black open
circles), Epidermis (C, H; magenta open squares), Dermis (Dgudise open triangles),
and subcutaneous (E, J; purple open diamonds). In the injured tissue, not all layers were
present at all sample locations, and the keratin layer and epidermis have only 5 of 10

possible measurements, although the dermis and suboutatayers do have 10 of 10
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possible measurements. (A, F) Image sets used to provide visual context for methodology,
permissions provided by publisher from previous manuscriptdnjge et. a[22] for use

of images.

Figure 2.3: ROI Boundary Creation & Image Segmentation of MT and B&B (A-D)
Reconstructed tissue sections from 200X total magnification images: (A, C) control tissue
and (B, D) injured tissue after 9 days of recovery. Images are overlaid with black, dotted
lines indicating the tissue layeolndaries. These dotted lines are used to create the
completed ROI grid. The ROI column and row blends (black, solid lines) overlaid with the
dotted line tissue layer boundaries create the complete set of ROl boundaries for (A, B)
Massonds Tr CdhBrawme Brena. (AD) Modified images of previously
utilized histologically stained sections from published manuscriptdage et. al[22].

Figure 2.4: Quantification of Nuclear Density as a function of ROl (A-H) Scatterplots
displaying the densitp f quant i f i e dforruROIlséniedch df thed40ti®saem
layers: keratin, epidermis, dermis, and subcutaneous layers, respectively for colijol (A
and injured (EH) tissue. Quantified nuclei are represented in the images by bluldots.

N) Representative images highlighting the tissue layers in control and injured (istye.
Show the relatively low nuclei density observed in the keratin layer, and the typical density
in the epidermis(J, M) Contrast the stark difference in thesi¢y of the dermis in control

vs. injured tissue. (K, N) Display the density ROIs for the subcutaneous layer.

Figure 3.1. Surgical Procedure Overview(A) Two arrays consisting of eight fetthickness

wounds (3cm?) each were made on the back of two fesmalicatan Miniature Pigs (n=2)

with a custom biopsy wound punch. The same dressing configurations were applied to both
wound arrays. Negative pressure wound therapy (NPWT) was applied using the
KCl/Acelity vacuum assisted closure (V.A.C.) Yaunit to thewound array on the right

side, but not to the wound array on the left side of the animal. Dressings were changed,
clinical images were taken, and elliptical excisional explants were collected for tissue
analysis of wounds at 0, 3, 6, and 9 days -saggey. (B) Animals were allowed to
acclimate to the facility two weeks prior to surgeries. (C) Five days prior to surgeries,
animals were fitted with custom protective jackets to house the vacuum pump and protect

wound sites. (D) £m? full -thickness wounds we made with a custom 3printed biopsy
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punch. (E) A 2 x 4 wound array was made on each flank of each animal. (F) Biopsied tissue
was cleanly removed and was preserved for histological and genetic analysis. (G)
KCl/Acelity GranuFoark plugs (tcm x kcm x 2cm) were inserted into each wound.

(H) The perimeter of each wound array was protected by DuoDerm® dressings. (I) A
TheraBond® 3D Antimicrobial dressing was placed around the wound array ‘eitfi 1
openings preut to enable GranuFoan plugs to protrude(J) A large GranuFoah

Bridge was placed over the wound array to directly interface with the Gran&Fpamgs.
Afterward, a vacuum assisted closure (V.A.C.) sparimeable Tegadeifnlike drape

was securely placed over the wound array to make an airtight’sé-cm? hole was cut

in the drape, and a vacuum port was attached. (K) Wound array under NPWT results in
GranuFoare compression. (L) Wound array without NPWT (foam is not compressed).
(M) Wounds sutured closed after elliptical excision of the wounti BitanuFoar in

situ for analysis.

Figure 3.2: NPWT Modulates Thickness of Skin Layers.(A, B) Reconstructed H&E stained
tissue sections from 200x total magnification images with colored, dashed lines indicating
where measurements took place wherein gA)aseline tissue control biopsy and (B) is
injured tissue after 9 days of recovery. The thickness of the epidermis and dermis; for non
NPWT and NPWT, are shown in graphical form to the right. (C)-NBWT was directly
compared to NPWT for temporal tremmger days 3, 6, and 9 for the epidermis and dermis.
Grey bars indicate neNPWT wounds. Black bars indicate NPWT woun(i3) Each
individual day and layer were then divided into individual scatterplots to demonstrate
distribution of measurements that comgghnonNPWT to NPWT.Grey circles indicate
non-NPWT wounds. Black diamonds indicate NPWT wounds. Error bars denoted as s.e.m.
Significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, or n.s. for
p > 0.05 and n=4. Scale bar = 2000¢m.

Figure 3.3: No Change in Relative Immune Cell Populations with NPWTTissue explanted
samples at day 0, 3, 6 and 9 were stained with Hematoxylin & Eosin and analyzed under
light microscopy for immune cell population analysis. (A) When looking at each H&E
stained slide, each wound sample was divided into three low magoificaegions
indicated by the black dashed circles labeled 1, 2, and 3. Within each of the three low
magnification regions, four high powered magnification regions were obtained based off
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of immune cell density. Purple cells are the epidermal cells, pitdkare dermal cells and

red quadrilateral shape is the wound. (B) A 200x H&E image displaying immune cell
infiltrate containing neutrophils (1), macrophages (2), lymphocytes (3), eosinophils (4),
and fibroblasts (5). Lower panel of five high magnificationages of each numbered

circles from low magnification imagalfove to denote which individual cell labeled. (C)

Bars graphs denoting the averageadef§ ( i mmune cel |l popul ati on
chronic ¢ight) i mmune cel |l p Aputelaadt Chomic inpneume callh p f 6 .
populations were identified from each of the four high magnification-{tective with

10x-eye piece; higipowered fields [hpf]) regions from each of the three low magnification
(4x-objective with 10xeye piece) regions. €y bars indicate neNPWT wounds. Black

bars indicate NPWT wounds. Theayx i s i s number of cells per
Significance is denoted &p < 0.05, **p < 0.01, ***p < 0.001, or ***p < 0.0001 and
n=4.Scale Bar = 50um.

Figure 3.4. NPWT Enhances Plasma Protein Adsorption and Tissue Enmeshing within
GranuFoamE . Tissue samples explanted from pigs at day 3, 6 and 9 were histologically
stained and analyzed under light microscopy. Regions within most interior portion of
GranuFoark were asseesd t o decrease i mpact of HfAenmes
H&E and (B) Massonés Trichrome i mBRNIs at 2
(top row) and NPWT ottom row over the time points of day 3irét columr), day 6
(second columy and day 9third columr). Inset is image at 100x magnification. Protein
adsorption onto GranuFo&n denoted by arrows. Open network of pores within
GranuFoak denoted by black 6*6 and correspond
GranuFoarE can be s ee4oinedspara cfurhwaltteid debris resi
wound bed. Hematoxylin & Eosin (H&E) staining evaluates extracellular matrix proteins
(i.e. collagen) and plasma proteins (i.e. fibrinogen) and is identified as light pink. Dark
purple staining represents cellular nicle Massonds Trichrome st eé
collagen by staining blue. Plasma proteins and-caiagen matrix proteins stain red.

Nuclei are stained dark purple/black. It is important to note that each image represents
GranuFoark in the wound for the saenamount of time (i.e., 3 days). Scale Bar = 100um
for 200x, and 200em for 100x (inset).
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Figure 3.5.NPWT Limits Dissemination of Bacteria to Adjacent TissueTissue explanted from
pigs at day 0, 3, 6 and 9, stained with Brown & Brenn, analyzed with bgiution
imaging software and montaged together. Gram positive bacteria stain purple. Gram
negative bacteria stain pink/red. Background tissue stains light yellowF) (A
Demonstration of bacterial invasion on day 9 of wound (B, E}YMBWT and (C, F)
NPWT. (A-C) Depicts low magnification images of entire wound. Solid black line #1
depicts the epidermal/dermal junction. Solid black line #2 depicts dermal/subcutaneous
junction. Light blue line #3 is an artificial addition to the image to depict furthestteodte
bacterial invasion. Dark blue line #4 is depicts GranuR®aiiD-F) Highlighting furthest
extent of bacterial invasion. (A, D) Day 0 excisional biopsies were used as a baseline tissue
control comparison and indicated Gram Positive and Negative laag¢&riE) Day 9 non
NPWT wounds. In wounds without NPWT treatment, gram negative bacteria infiltrated
into the subcutaneous layer, indicated by more diffuse and darker pink/red stain. (C, F)
Day 9 NPWT wounds. In NPWT treated wounds, gram negative baatesifound most
dense around remaining GranuFdamwith limited dissemination to adjacent tissue,
relative to noANPWT. Day 9 (G) nosNPWT and (H) NPWT wounds are shown to further
depict bacterial localization. A bactet@den GranuFoak dressing is denetl (#). Scale
Bar=1000. pm.

Figure 3.6. Inflammatory Genomic Profile of Wound Healing.Elliptically explanted wound
tissue was assessed for expression of key genes via a wound healing array. Significant
genes involved with the inflammatory process of wound healing were grouped together
and analyzed at days 3, 6, and 9 pogtry, relativeto baseline tissue controls. Values are
reported as fold change against their respective gene expression to baseline tissue biopsies
and normalized to a group of endogenous control genes, that included GAPDH, ACTB,
HPRT1, and RPL13A. Each graph compardéiagroup temporal differences and intraday
difference between neNPWT and NPWT. NoftNPWT (eft se} and NPWT (ight se)
average fold changes are depicting temporally with ddigi3t @rey), day 6 @ark grey,
and day 9 lflack) . A dashed | ine at a value of 0160
expressionError bars are s.e.m. and include n = 4. Significance ofNRMNT and NPWT

wounds relative to the #asadloiviree btairs saned iisn c
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0.05. Inragroup and intraday significance is denoted as *p < 0.05, **p < 0.01, or ***p <
0.001 and n=4.

Figure 3.7.Mitogenic Genomic Profile of Wound Healing.Elliptically explanted wound tissue
was assessed for expression of key genes via a wound healingSagraficant genes
involved with the mitogenic process of wound healing were grouped together and analyzed
at days 3, 6, and 9 pestjury, relative to baseline tissue controls. Values are reported as
fold change against their respective gene expressidoaseline tissue biopsies and
normalized to a group of endogenous control genes, that included GAPDH, ACTB,
HPRT1, and RPL13A. Each graph compares intragroup temporal differences and intraday
difference between neNPWT and NPWT. NoftNPWT (eft se} and NRVT (right se)
average fold changes are depicting temporally with ddigit @rey), day 6 {ark grey,
and day 9 lflack) . A dashed | ine at a value of 6016
expressionError bars are s.e.m. and include n = 4. SignificamceorNPWT and NPWT
wounds relative to the #asadloivree btairs samned iisnc
0.05. Intragroup and intraday significance is denoted as *p < 0.05, **p < 0.01, ***p <
0.001, or ****p < 0.0001 and n=4.

Figure 3.8. ECM Remoddéing Genomic Profile of Wound Healing. Elliptically explanted
wound tissue was assessed for expression of key genes via a wound healing array.
Significant genes involved with the ECM remodeling process of wound healing were
grouped together and analyzeddays 3, 6, and 9 pestjury, relative to baseline tissue
controls. Values are reported as fold change against their respective gene expression to
baseline tissue biopsies and normalized to a group of endogenous control genes, that
included GAPDH, ACTB, IPRT1, and RPL13A. Each graph compares intragroup
temporal differences and intraday difference betweerNPWT and NPWT. NO/iNPWT
(left se} and NPWT (ight se) average fold changes are depicting temporally with day 3
(light grey), day 6 dark grey, andday 9plack . A dashed | ine at a v
depict average baseline expresstomor bars are s.e.m. and include n = 4. Significance on
norNPWT and NPWT wounds relative t# ®©bevkas
bar and indicates g < 0.05. Intragroup and intraday significance is denoted as *p < 0.05,
**p < 0.01, **p < 0.001, or ***p < 0.0001 and n=4.
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Figure 3.9. GranuFoamE Induces Foreign Body ResponseTissue samples explanted from
pigs at day 9 were histologically stained amélgzed under light microscopy. Regions
within/around wound bed were assessed. Characterizing (ANRST and (B) NPWT
atday 9 with H&E leftcolumr)  and Ma s s o middie cAumhimayes atrh@Ox (
(top rowg and 200x lfottom rovwy magnification for presence of a foreign body response.
A 400x magnification image of giant cellalfite arrow$ uponGranuFoark within the
wound are also showta(ge rightmost pane)sH&E images demonstrate waves of fibrous
matrix material (pink) and dee chronic immune cell deposits around Granuf®am
Massonds Trichrome i mages demonstrates sin
different matrix components including collagen (blue) and other rraérived
components (red) encapsulating the GraraufE . Scale bar = %m for 400x, 106m for
200x, and 200em for 100x.

Supplementary Figure 3.1. Extracellular Matrix Enmeshing into GranuFoant . Tissue
samples explanted from pigs at day 3, 6 and 9 were histologically stained and analyzed
under light microsopy. Regions near wound bed/edge were assessed to determine impact
of tissue ingrowth/ enmeshing from wound ec
magnification comparing neNPWT (op row) and NPWT pottom row over the time
points of day 3f{rst column, day 6 §econd columy and day 9third column. Inset is

i mage at 100x magnification. Massonds Tricl
and other matrixderived components (red3.c al e Bar = 1000m for 20
100x (inset).

Supplementary Figure 3.2. Supplemental Picrosirius Red and Alcian Blue Staining for
Matrix Characterization of Wound Bed. Tissue samples explanted from pigs at day 9
were histologically stained and analyzed under light microscopy. Regions within
GranuFoarg and waind bed were assessed to characterize involvement of fdatized
compounds. Picrosirius Red under polarized light highlights collagen typd/bfange
and collagen type lligreer) and allows differentiation between the two. Alcian Blue stains
sulfaed glycosaminoglycans (GAGsbplge) and cytoplasm pink). Non-NPWT (eft
column setand NPWT (ight column sgtwere examined at three different magnifications
including 12.5x {op row), 40x (niddle row and 200x lpottom row. White box in 12.5x
magnificdion indicate region of interest for 40x image, and white box in 40x indicates
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region of interest in 200x image. Leading edge of positive GAGs staining in Alcian Blue
(white arrow heads is shown in 12.5x images. Sulfated GAG encapsulation of
GranuFoar& particles (hite solid arrow} is shown in 200x images. Collagen type llI

(green and collagen type Iréd/orang® encapsulation of GranuFo&m(dashed white

arrows) are highlighted in 200x imageS.c al e Bar = 10000m for 12
and100em for 200x.

Supplementary Figure 3.3. Early Changes in Wound Healing Gene Expressiofs.custom 1
cm x 2cm x I-cm wound biopsy punch was used to inflict all wounds (day 0, 3, 6, and 9)
and tissue was processed and analyzed as day 0 baseline tistoé samples.
Subsequently, day 0 wounds were then elliptically explanted and analyzed as day O
wounds, which occurred within the first 60 minutes of initial woundigth day O
baseline tissue and day 0 wound tissue were analyzexkpoession of key gees via a
wound healing array. Values are reported as fold change against their respective gene
expression to baseline tissue biopsies and normalized to a group of endogenous control
genes, that included GAPDH, ACTB, HPRT1, and RPL13A. Comparison of wayid
tissue samples to day O baseline tissue samples indicated a number of significant genes
within the first 60 minute timeframe of wo
test was used for statistical analysis. Significance denot&ol @9.05,**p < 0.01, and
**p < 0.001.

Supplementary Figure 3.4. Wound Healing Gene ExpressionECM Structural. Elliptically
explanted wound tissue was assessed for expression of key genes via a wound healing
array. Genes involved with the ECM Structural procdssaund healing were grouped
together and analyzed at days 3, 6, and 9-ipasty, relative to baseline tissue controls.
Values are reported as fold change against their respective gene expression to baseline
tissue biopsies and normalized to a group rmdogienous control genes, that included
GAPDH, ACTB, HPRT1, and RPL13A. Each graph compares intragroup temporal
differences and intraday difference between-NG®WT and NPWT. NotNPWT (eft se})
and NPWT f(ight se) average fold changes are depicting terajppmwith day (ight grey),
day 6 flark grey,andday9lflack . A dashed | ine at a value o
baseline expressioirror bars are s.e.m. and include n = 4. Significance oFANRIWWT

and NPWT wounds relative to the baselineuiss i s d e n 86t eadb owiet hb aar &
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indicates a p < 0.05. Intragroup and intraday significance is denoted as *p < 0.05, **p <
0.01, and ***p < 0.001.

Supplementary Figure 3.5Wound Healing Gene Expressiofi ECM Remodeling.Elliptically
explanted woundissue was assessed for expression of key genes via a wound healing
array. Genes involved with the ECM Remodeling process of wound healing were grouped
together and analyzed at days 3, 6, and 9-ipasty, relative to baseline tissue controls.
Values arereported as fold change against their respective gene expression to baseline
tissue biopsies and normalized to a group of endogenous control genes, that included
GAPDH, ACTB, HPRT1, and RPL13A. Each graph compares intragroup temporal
differences and intray difference between nédPWT and NPWT. NoftNPWT (eft se)
and NPWT f(ight se) average fold changes are depicting temporally with kigtyt @rey),
day 6 farkgrey,andday9flack . A dashed | ine at a value
baselineexpressionError bars are s.e.m. and include n = 4. Significance orNRIMNT
and NPWT wounds relative to thealbhasel bae
indicates a p < 0.05. Intragroup and intraday significance is denoted as *p < 0.05, **p <
0.01, and **p < 0.001.

Supplementary Figure 3.6.Wound Healing Gene Expressiori Cell Adhesion. Elliptically
explanted wound tissue was assessed for expression of key genes via a wound healing
array. Genes involved with the Cell Adhesion process of waeading were grouped
together and analyzed at days 3, 6, and 9-ipasty, relative to baseline tissue controls.
Values are reported as fold change against their respective gene expression to baseline
tissue biopsies and normalized to a group of endogeoontrol genes, that included
GAPDH, ACTB, HPRT1, and RPL13A. Each graph compares intragroup temporal
differences and intraday difference between-NG®WT and NPWT. NotNPWT (eft se})
and NPWT f(ight se) average fold changes are depicting temporallia dity (ight grey),
day 6 farkgrey,andday9lflack . A dashed | ine at a value
baseline expressiofrror bars are s.e.m. and include n = 4. Significance orNRINT
and NPWT wounds relative to the baseline tissue isa@é e d #6i tahb oav e0 bar
indicates a p < 0.05. Intragroup and intraday significance is denoted as *p < 0.05, **p <
0.01, and ***p < 0.001.
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Supplementary Figure 3.7 Features of Foreign Body Response and Chronic Inflammation.
Tissue samples explantddom pigs and day 9 samples are shown. Samples were
histologically stained with H&E and analyzed under light microscopy. Regions Within the
GranuFoar& (top row) and Within the Wound tissuédttom row were assessed for
presence Giant Cell formatioteft columr), Neovascularizationnfiddle columj and
Eosinophil Infiltration fight columr) . Giant Cells are highlighi
al |l Il mage sets, Neovascularization is high
aggregates of Eosinophils@ hi ghl i ghted with fAbl adk arrov

is denoted with fdA*o. Scal e bar = 50&em for

Figure 4.1:KUts and KUbes Incisional Porcine Model Experimental Design(A) A schematic
overview of the incisional porcine wound model dépigthe incision depth and insertion
of dressing material. (B) Overall layout of the 4x4 array of incisions on each side of the
animals, with one side receiving NPWT. (C) Demonstration of the tissue processing how
wound explants would be analyzed. Differenaterials were inserted into different rows
on the animals and at each respective timepoint the column was collected as a strip of
tissue, cut into four pieces to separate out the four wounds within each strip and them each
of the four wounds were furgh subdivided into four pieces for analysis [EM = electron
microscopy]. (D) Depiction of the stratification process of each wound explant, separating
the AFull /Bul ko wound into three | ayers,
depiction of some ohe multivariate analyses/comparisons that can be performed with the

stratification processing technique.

Figure 4.2: Heterogeneity in Global Gene Expressional Profiles Between Wound Layefs\)
Graphically depiction of differentially expressed genes (DE@dPhysiological left) and
NPWT-treated (ight) wounds that were stratified and separated into each specific layer
and overlayed. fAlLayer Specific Geneso denot
expressed in that layer and none of the othersayB) Direct comparison of unique DEGs
for within each layer for either NPWiFeated or physiological wounds. The percent of
uniquely expressed DEGs for each condition is listed below each respective graph. Of note,
the graphs do not depict directionglionly overlap in DEGs that have met the predefined
threshold of an FDR less than 0.05.
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Figure 4.3: Stratified Genomic Analysis Reveals TemporaSpatial Heterogeneity in
Canonical Signaling PathwaysA schematic representation of wounds were stratified and
DEGs were generated via relative expression-tm@ control wounds for both-{8our
control (physiological) and -Bour NPW'treated at each layer, including the (A)
epidermis, (B) dermis, and (Clilscutaneous regions. (D) A heatmap of the top canonical
pathways with a FDR of 0.05 and avglue < 0.05. Orange depicts upregulation and blue
depicts downregulation of each pathway. White denotes no significant change in pathway

activity.

Figure 4.4: Tissue Stratification Reveals Canonical Signaling and Pathway Regulators
Previously Hidden in Physiological Wound Healing (A,D) Schematic representations
of the (A) AFul | / Bul k-bouramddhoy ®qunds that wetei f i e d
processed for analysi (B,E) Graphical depictions of the top canonical pathways that
achieved significance after thresholdiFgg(p-value) of 1.3 and FC of 1.5. The threshold
line is marked at 1.3. Color denotes fold change directionality, with activation/upregulation
(orange) and inhibition/downregulationb{ue). (C,F) The top regulator effect networks
associated with the DEGs for the (C) AFul
analysis. (G,H) The top 6 upstream regulator activators and inhibitors are represented in

tabular form for the (G) #AFull/Bul ko analy

Figure 4.5: Stratification Analysis Identifies and Localizes Inflammatory Responses Altered
by NPWT. An intrawound analysis that compared DEGs associated with the
infflammat ory response within each | ayer of ski
wounds that achieved the predetermined significance [significance determined to be a
log(p-value of 1.3 which equals a p < 0.05]. Associated DEGs were analyzed in thg setti
of the (A) physiological healing response ahd@ur relative to €hour control and (B)
NPWT-treated response at®ur relative to §our control (physiological). A significance
threshold line is denoted at 1.3. Size of bar denotes level of signific@nte of bars
denote relative fold change directionality as either upregulatadde or downregulated
(bluee . DEGs that were common between physiol

and denoted with an A*o0.
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Figure 4.6: Stratification Analysis Identifies and Localizes Angiogenic Responses Altered by
NPWT. An intrawound analysis that compared DEGs associated with the angiogenic
response within each | ayer of skin and rel
achieved the predetermined significarjsignificance determined to belag(p-value of
1.3 which equals a p < 0.05]. Associated DEGs were analyzed in the setting of the (A)
physiological healing response ah8ur relative to €hour control and (B) NPWreated
response at-8our relative tdB-hour control (physiological). A significance threshold line
is denoted at 1.3. Size of bar denotes level of significance. Color of bars denote relative
fold change directionality as either upregulatechfige or downregulatedb{ue). DEGs
that were comon bet ween physiological and NPWT w

with an f*o.

Figure 4.7: Stratification Analysis Identifies and Localizes Matrix Remodeling Responses
Altered by NPWT. An intrawound analysis that compared DEGs associated with the
matrixr emodel i ng response within each | ayer
analyzed wounds that achieved the predetermined significance [significance determined to
be a-log(p-value of 1.3 which equals a p < 0.05]. Associated DEGs were analyzed in the
setting of the (A) physiological healing response dwo8r relative to éhour control and
(B) NPWT-treated response athdur relative to &our control (physiological). A
significance threshold line is denoted at 1.3. Size of bar denotes level of aigrefi€olor
of bars denote relative fold change directionality as either upregulatadgg or
downregulateddlue). DEGs that were common between physiological and NPWT wounds

are Abol dedd and denoted with an A*o.

Supplemental Figure 4.1:Photographic Depiction of the Surgical Procedure Overview and
Processing of Wounds(A) A prefabricated 3Bprinted stencil was placed on the sides of
the animal and the array/grid was marked with a surgical pen prior to surgery. (B) Incisional
wounds were inflicted in 4x4 array on each side of the animal with af@ihted scalpel
guide to standardized wound depth and size. (C) Wounds were compressaairian
to control for bleeding. (D) Preut wound dressing materials were inserted into each
appropriate wound fagach timepoint. (E) On one side of the animal, NPWT vacuum was
applied for the preletermined timepoints. (F) At each respective timepoint, vacuum was
discontinued and the overlaying Prevena dressing was removed and imaged. (G) The
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timepoint column was reoved as a single strip of tissue containing all four incisional
wounds and dressing inserts at a depth of 2cm. A dadalpel guide was used to
standardize the explant width and depth, subcutaneous attachments on the deep aspect of
the wounds was cut tetach wound from the animal. (H) Newly inflicted wounds from
explant process was hemostatically controlled and imaged. (I) Larger strip of wound
explant was processed in the surgical suite (J) via a Dermatome blade to separate the four
incisional woundsnto separate pieces of tissue followed by additional dissection into four
smaller sections for each wound. (K) Wounds were images at the conclusion of the surgery

to depict serous fluid removal via absorption onto the Prevena dressing.

Figure 5.1: Keratin expression in the epidermisThis figure was taken and adapted from the
publication Kirfel et. al., (2003) and its supplied figure legend is provided béfgviBasal
epidermal cells express K5, K14 and K15. As basal cells commit to terminal
differentiaton, they switch off the expression of K5, K14 and K15 and induce the
expression of K1 and K10. As epidermal cells move up through the spinous layers, they
express K2e, which can pair with K10. Some keratins are expressed in the epidermis under
special ciramstances: during wound healing, keratinocytes express K6, K16 and K17. K9
is unique to the suprabasal layers of the palms and soles. (B}<eat&s of mouse paw

skin stained with hematoxylin and eosin.

Figure 5.2: Epidermal keratinocytes migrate over he wound bed to epithelialize the wound
gap. This figure was taken and adapted from the publication Pastar et. al., (26d4)s
supplied figure legend is provided belolmnmunofluorescence staining with keratin 17
(K17, red) antibody demonstrates eplidlezation process in human ex vivo wound model.
White arrows indicate wound edges after initial wounding, while yellow arrows point at
the edges of the migrating epithelial front
A). Immediately after ijury (A), keratinocytes release proinflammatory cytokines and
growth factors, including interleukin 1 (L) , tumor necrosi s fact
epidermal growth factor (EGF). In response to these stimuli, keratinocytes become
activated and start migragnover the wound bed. Migrating keratinocytes show an
upregul ation of K17 (48 h, B) . Strong K17
wounding when the wound | s -balamcagdorentueidation c | 0 s ¢
with other cell types, fibroblast neutrophils, endothelial cells, monocytes, and
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macrophages (schematically presented at the bottom), B) through various cytokines and
growth factors (KGF, PDGBb, VEGF, GMCS F , T G&),bis nededsary for
successful epithelialization. Nuclei are vispad with DAPI (blue). White dashed lines

indicate the derméépidermal boundary. KGF, keratinocyte growth factor; PEMBF
plateletd er i ved growth factor bb; VEGF, vascul
transfor mi ng g¢r-GSFf dgranufoednaaaphage ;colo@tivhulating

factor; IL-8, interleukin 8.

Figure 5.3: Diagram showing reepithelialization models.This figure was taken and adapted
from the publication Rousselle et. al., (2020d its supplied figure legend is provided
below (A) According to the rolling mechanism, the migrating suprabasal cells roll over
leading basal cells and dedifferentiate to form new leaders at the epidermal tongue that
migrate as a cohesive sheet. (B) According to the sliding mechanism, keratinomytes f
the basal layer move forward in a cohesive block at the leading edge, whereas the above
cluster of superficial cells is passively dragged along. (C) The model of Usui is an
alternative to both previous models suggesting that suprabasal celiffedentiate and
participate, together with the basal cells, in reconstituting the new wound epithelium. (D)
The model of Laplante involves the passive displacement of the superficial layers over the
basal layers of keratinocytes which migrate individually @aah other in agreement with
the rolling model of migration. Pushing force are provided by dividing keratinocytes from
the adjacent unwounded epidermis. (E) The model of Safferling suggested that collectively
migrating basal keratinocytes of the epidermaaigue continuously build a multilayered
epithelium in which suprabasal cells never contact the ECM. Keratinocyte proliferation
occurs in a concentric pattern around the wound, producing new cells that migrate into the
direction of the wound. (F) The moldar profiling of the migrating leading edge of a re
epithelializing wound in mice revealed that this zone is distinctive from a proliferative zone
located behind. (G) The proliferative and migratory zones overlap, and this area is the
major source of suate expansion. Arrow indicates movement of basal and/or suprabasal
keratinocytes. Dark green or orange colors means that basal (dark green) or suprabasal

(orange) keratinocytes are activated.

Figure 5.4: Multipotent Differentiation Potential of MSCs. Thisfigure was taken and adapted
from the publication Han et. al., (2019) and its supplied figure legend is provided.below
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Applications of mesenchymal stem cells with multiple differentiation potential for repair

of various tissues.

Figure 5.5: The Secretomeof Cells. This figure was taken and adapted from the publication
Muzes et. al., (2022)nd its supplied figure legend is provided beldwie secretome is
defined as the set of substances released from the cell (e.g., mesenchymal sbem cells
MSCs) to their srroundings with a wide spectrum of biological action. The figure
represents the components, their origin, size, and characteristic surface markers. (RNA:
ribonucleic acid; miRNA: micrdRNA; circRNA: circularRNA; IncRNA: long non
codingRNA; DNA: deoxyritonucleic acid; TS101: tumor susceptibility 101; ESCORTS3:
endosomal sorting complex required for trans@er€D40L: CD40 ligand; ARF: ADP
ribosylation factor; VAMP3: vesictassociated membrane protein 3; ANX: Annexin; PS:
phosphatidylserine; TS: thrombasyin).

Figure 5.6: Sources of MSC heterogeneity; considerations for the clinical application of
culture-expanded MSCsThis figure was taken and adapted from the publication Wilson
et. al., (2019) and its supplied figure legend is provided hefagnificant variation exists
in MSC cultures isolated from different donors and different tissue sites. Unrefined and
nonstandardized isolation and culture techniques do not select for homogeneous cell
populations and are likely to give rise to a mixture of storell with different functions.
Differences in the growth properties of MSC clones can result in cultures being dominated
by the fastegrowing lines. Further levels of heterogeneity can be introduced within MSC
clones through asymmetric cell divisiondatte effects of stochastic transcriptional noise,
generating cells with modified phenotypes. MSC properties will also be determined by, for

example, proximity to neighboring cells and extrinsic signaling factors.

Figure 5.7: Biological tissues and extradkeilar matrices are viscoelastic and exhibit stress
relaxation in response to a deformationThis figure was taken and adapted from the
publication Chaudhuri et. al., (2020) and its supplied figure legend is provided.h@&pw
Plot of loss modulus at ~Hz, a measure of viscosity (or dissipation), versus storage
modulus at ~1 Hz, a measure of elasticity, for skeletal tissues, soft tissues, and reconstituted
ECMs (rECMs). Grey dotted line indicates a loss modulus that is 10% of storage modulus.

Shear storge and loss moduli were converted to storage and loss moduli by assuming a
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Poisson ratio of 0.5, and thus multiplying by a factor of 3. (B) Stress relaxation tests on the
indicated tissues. Data for a and b result from various modalities of measurereant (sh
compression, tension), various measurement tools (mechanical testers, nanoindentation,
AFM, shear rheometry), and tissue of different animal origins (human, rat, mouse, bovine,

sheep, porcine, canine).

Figure 5.8: Schematic diagrams of the traditionakwo-dimensional monolayer cell culture
and three-dimensional cell culture systemsThis figure was taken and adapted from the
publication Chaicharoenaudomrung et. al., (2019) and its supplied figure legend is
provided below (A) Traditional twedimensionh monolayer cell culture; (B) Three
dimensional cell culture systems; (C) The structure of tdneensional spheroid with
different zones of cells with the models of oxygenation, nutrition, and CO2 removal Three
dimensional spheroid from inside to outsid’he regions are necrotic zone (innermost),

guiescent viable cell zone (middle), and proliferating zone (outermost).

Figure 5.9: Schematic representation of the main priming approaches to improve MSC
therapeutic efficacy.This figure was taken and adagtEom the publication Noronha et.
al., (2019) and its supplied figure legend is provided be(@y Priming with a cytokines
or growth factors, (B) pharmacological or chemical agents, (C) hypoxia, (D) 3D culture
conditions. Priming factors/agents and thiespectively triggered mechanisms are linked
by arrows and boxes of the same color. Released soluble factors are represented in
continuousline boxes, while other upregulated molecules (such as transcription factors,
metalloproteinases, chemokine receptand enzymes) are represented in dashed
boxes. The general priming effects on MSC (immunomodulatory, migratory, regenerative,
immunosuppressive and migration, angiogenic, survival and engraftmerdpaptotic,
increase stemness) triggered by piniening factor/agent are indicated in yellow boxes at

the bottom of each figure.

Figure 5.10: General structure of the skin and endogenous stem cell populatiofitis figure
was taken and adapted from the publication B&arcia et. al., (2021) and its pplied
figure legend is provided belowhe skin is composed of two primary layers: the epidermis
and the dermis. The epidermis, hair follicles, and the dermis are the primary skin stem cells

reservoirs. Among the different populations of stem cells anefbldicle stem cells,

XXXV



interfollicular epidermis stem cells, sebaceous gland stem cells, melanocyte stem cells, and
dermal stem cells. * The dermis represents a larger adult stem cell reservoir than the hair
follicle and epidermis put together. Three es@ntative stem cell subpopulations from the
dermis (dermal stem cells) including neural crest stem cells, mesenchymal stelikecells

dermal stem cells, and dermal hematopoietic cells are represented in the figure.

Figure 6.1: Unique 3D Hydrogel Design Eminates Subculturing. (A) Depictions of the
macrostructure of the hydrogel syster, (eft) A single photographic image of the~1
cm® 3D hydrogel system, andA( middle a photographic image of four hydrogels
connected to each other within am@ll plate (A, right) Photographic image of four
hydrogels connected and annotations depict]|
seeded hydrogel o into/toward suppl Bment al
Depictions of the microstructure of thedrggel system.R, left) Confocal microscopy
image of a crossection of the internal structure of the hydrogel depicting ASCs migrating
and proliferating within the porous architecture. Small white arrow depicting polymeric
struts of the hydrogel. BlueHoechst, Green = Phalloidin, Red = Mitotrackeé, hiddlg
Fluorescent image of ASCs lining an individual pore within the microstructure of the
hydrogel system. Blue = Hoechst, Green = Wheat Germ Agglutinin, Red = Mitotracker.
(B, right) Confocal microscpoy zst ack i mage of ASC migrating
hydrogel 06 (Hydrogel #1) into a newly attact
depicting directionality of ASC migration. White dashed line depicting the junction of the
two attached hybgels. (C) The three images are depicting a 3bagk of images within
a single pore channel to highlight the 3D networks formed by ASGsifdle and cellular
extension protruding from the cells,(@ght). Low magnification image of entire stained
hydrogel (G left) . Panel ACO I mages were acquired |
Imaging SystemBlue = Hoechst, Green = Phalloidin, Pink = Mitotracker.

Figure 6.2: Retainment of Sterdike Surface Markers in 3D Hydrogel Overtime.ASCs were
seeded at passad@gP1) within the 3D hydrogel system or traditional 2D culture. ASCs
were continuously subcultured and assessed at P2, P6, and P10 for 2D culture. The ASCs
in the 3D hydrogel system were compared to their respective 2D counterparts via-passage
equivalentime points. Three additional hydrogels were added to each individual hydrogel

at the two week mark and left for the remainder of the culture period to provide adequate
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surface area for continuous cell growth. (A) At each respective time point (P2, P6, and
P10), representative images of 2&ftftnost columnsand 3D (ightmost columnsof ASCs

stained for either CD73¢{ft), CD90 niddle), or CD105 fight) are depicted. CD marker
staining denoted by @ goowtrstdined with Hoechsy(Blse) Sam
and Phalloidin (Not Shown). (B) Quantification of imaging data performed and total
percent (%) positive cells denoted by kemdwhiskers plots for each marker. Each
individual point indicates quantification of a singieage of ASCs in 2DBlack Circle3

or 3D (Teal Diamondsusing a 20x objective. Samples were analyzed in quadruplicate
(n=4). Scale bar = 100¢gm. Error bars are s
< 0.01, ***p < 0.001, or ****p < 0.0001.

Figure 6.3: Delayed Induction of Senescence in 3D Hydrogel Overtim&SCs were seeded at
passage 1 (P1) within the 3D hydrogel system or traditional 2D culture. ASCs were
continuously subcultured and assessed at P2, P6, and P10 for 2D culture. The ASCs in the
3D hydrogel system were compared to their respective 2D counterparts via passage
equivalent time points. Three additional hydrogels were added to each individual hydrogel
at the two week mark and left for the remainder of the culture period to provide edequa
surface area for continuous cell growth. (A) At each respective time point (P2, P6, and
P10), representative images of 2p( row) and 3D bottom row of ASCs stained
S e n e s cEalacosidabe (Green) are depicted. Samples were counterstained with
Hoechst (Blue) and PhalloidiNot Showi (B) Quantification of imaging data performed
and total percent (%) positive cells denoted by-aoswhiskers plots for each marker.

Each individual point indicates quantification of a single image of ASCs inB2xK

Circles or 3D (Teal Diamonds using a 20x objective. Samples were analyzed in
guadruplicate (n=4). Scale bar = 100¢m. Er
***n < 0.001 or ****p < 0.0001.

Figure 6.4: Retainment of ASC Conditioned Media WoundHealing Capacity. ASC-CM from
2D and 3D from each respective time point was then used to treat KCs. KCs were then
assessed for changes in their Migratory, Metabolic, and Proliferative activity. (A, B)
Migratory activity was assessed via a scratch asggyWhole well image scans were
acquired, and representative images of the wound images are provided. White solid lines

denote original wound boundaries. Black solid lines outline the remaining wound area. (B)
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The average wound area of the wounds at thelgsion of 22 hours was determined and
performed in triplicate. (C) Metabolic activity was quantified via PrestoBlue and displayed

as an average R.F.U. value. (D) Proliferative activity was quantified via PicoGreen and

then average cell number was deterndinKCs treated with 2D ASCM are denoted with

black bars and KCs treated with 3D ASIM are denoted with teal bars. Scale bar =
500¢m. Significance is denoted as *p < 0.

0.0001. Error bars are s.e.m.

Supplementary Figure 6.1: Characterization of Hydrogel Mechanical and Physical
Properties. Summary of mechanical and viscoelastic properties of the different hydrogel
formulations generated that were denoted are rigid, moderate, or soft based on the
formulation. Tablel (upper lefy depicts the swelling (@atio) of each hydrogel which is
the ratio of wetto-dry weight. Table 2 (upper right) denotes the results of frequency sweep
data for evaluations of storage and loss moduli. The range of data is provided f&dm 0.9
Hz, in addition to 1 Hz for each. Table ®ifidle row denotes the data from Dynamic
Mechanical Analysis (DMA) for evaluation of elastic compressive modulus at 0.005 mm/s
compression. The results for the DMA are depicted in graphical foottom rowy for
each parameter, including the max stress achieved and the strain percent (%) at max strain.
The red highlighted box denotes the hydrogel formulation that best matched native adipose

tissue and thus was the hydrogel utilized for the study.

Figure 7.1: Culture of ASCs Within Porous Hydrogel System(A) Demonstration of fluid
transport through 3D hydrogel system via application of liquid media to superficial surface
of hydrogel. Sequential imaging of the system was taken as the fluid migrated through the
poresof the hydrogel. Progression of time moves from leftmost image to rightmost image.
Total elapsed time was -2l seconds. Bottom of hydrogel set on white Kimwipe which
demonstrates absorption of fluid as it migrates through the hydrogel. (B) Confocal image
stacks shown sequentially with section located deepest within the hydrogel shown first
(leftmos} and the most superficial section shown laghfmos) . ASCs seeded at
2 weeks. ASCs are seen populating within the porous architecture of ttes@&nrtimetic
hydrogel rather than embedded within the hydrogel. Stains include Hoechst BB&3l2 (
PhalloidinrAF488 Greer), and MitoTrackerRed . Scale bar = 300¢gm.
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Figure 7.2: TissueMimetic Hydrogel Culture Decreases ASC SenescencASCs seeded at
iP20 within the 3D hydrogel system or cont.i
2D cul ture until reaching AP50. The AP50 A
AP50 peguvalengwere used for 3D. (A) At the conclusion of culture peASCs
were fixed and s t-Galactosidase@reer), Hseehst833428lue; e / b
and PhalloidirAF647 (Not Showi (B) ASCs cultured in 2DBlack Baj) or 3D (Teal Bal)
were evaluated using a 20x o bpsedas anvindgial ASCs
control population and denoted as the dashed BiecK. All image quantification data
aredisplayed as a bar graph and is the result of averaging each group of technical replicates
(different images within each biological replicatejguantify senescence. Samples done is
guadruplicate (n=4). Scale bar = 100¢m. (C
AP50 ASCs in both 2D and 3D wvassecia@dsniakesss ed f ¢
pl6 (eft) and p531ight) , r el @abi basebi B control <cell s.
(n=3). All error bars are standard deviation.@ay ANOVA wi t hkhochwask ey 6 s
used for statistical analysis. Significance is denoted as *p < 0.05 or ****p < 0.0001 for 2D
versus 3D comparison drfp < 0.05 0 < 0. 0001 for compari soa

control.

Figure 7.3: TissueMimetic Hydrogel Culture Improves Retainment of ASC Phenotype.
ASCs seeded at AP20 within the 3D hydrogel
weeks in traditona 2D cul ture until reaching AP50.
characteri zati on iequiva2edt weren ubed fioP 300 (A Atsteea g e
conclusion of culture period, ASCs were fixed and stained for either CD73, CD90, or
CD105 Greer) and CD34 or CD3 (Not Showh Samples were counterstained with
Hoechst 33342Klue). Representative images of 2Dop Row and 3D Bottom Row
samples. (B) Quantification of imaging data performed and total percent (%) positive cells
denoted with bar graphs for each mariBottom Pangl ASCs in 2D Black Bal) or 3D
(Teal Ba) were evaluated using a 20x objective. Samples done is quadruplicate (n=4).
Scale bar = 100¢m. Error-whgr ANOVA svi aihd anc
posthoc used for statistical analysiggfificance is denoted as ****p < 0.0001. (C) A
heatmap representing the relative fold change of twengy(21) key genes are displayed
for the gene expr e def)iora3D fight). Fofd Earge igr8Bl&@ige toi n 2 D
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basel i ne c¢ o nihdicaied byiwRit2 colorAl®Wnsegulation of gene expression
denoted with Airedo col or and upregul ati nc¢
normalized to a group of endogenous control genes, that included GAPDH, ACTB, and

B2M.

Figure 7.4: Altered Secretoy Activity of ASCs Within Tissue-Mimetic Hydrogel. ASCs
seeded at AP20 within the 3D hydrogel Sys
traditional 2D cul ture until reaching AP30
in 2D and -épbBwvalent were sisedfgr&D. ASCM was collected from the
AP30 and fdlvalenpASS sulues, for 2D and 3D, respectively. Relative
chemiluminescence was determined for each proteome array membrane. Average fold
change was calculated and displaysd3D:2D ratio. Assay was performed in triplicate
(n=3) and averaged. Significant differences in 3D relative to 2D are defi@adBar3.

Proteins indicating no significant difference are denoted with black bars. Error bars are
standard deviation. On@ay A NOV A wi t h-hdc udeckfyr Statistigaloasatysis.
Significance is denoted as *p < 0.05, **p < 0.001, ***p < 0.001, and ****p < 0.0001 for
2D versus 3D comparison.

Figure 7.5: Enhanced Production of EVs Within TissueMimetic Hydrogel. (A) ASCs seded
at AP20 within the 3D hydrogel system or
traditional 2D cul ture until reaching AP50
i n 2D and -épBimlent weeused fgre3D. ASCM was collected from the
AP50 and AdybivalentpASE cutges. The EV fraction of ASA was
isolated, purified, and analyzed for relative protein content via three different modalities,
BCA (leftmos}, Bradford (niddle, and QuickDrop rightmos). Concentration of EV
potein fraction displayed as average fnAegg/ ml
concentrating with 10@Da filter. Concentration within control media was analyzed and
is displayed as dashed lirg#&cK). (B) Isolated EV fractions were then anadglavith NTA
for determining concentration of particles/mL within mededtnos} and to assess size
distribution of the measured particles and the cumulative frequency of the different EV
particle sizesr{ghtmos) to determine whether measure particlesteuly within EV size
range. Assays were performed in triplicate (n=3) and averaged. Error bars are standard
deviation. Onevay ANOVA wi t h-hod udec ford Hatistgad srtalysis.
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Significance denoted as ****p < 0.0001 for 2D versus 3D comparmsot?™* < 0.0001

for 3D comparison relative to media control. (C) Representative images of fluorescent
labeled KeratinocytesTop) and Fibroblasts Botton) that were treated with media
supplemented with labeldflVs from 3D ASCCM for 18 hours. Samplesiaged with a

40x objective. Scale bar = 30¢gm.

Figure 7.6: ASC Secretome from Tissudimetic Culture Enhances KC and FB Activity.
ASCs seeded at @AP20 within the 3D hydrogel
weeks in traditional 2D culture until reacng A P50 . The AP50 ASCs
characteri zati on dequivaid weaenuded forlPIDOASIMaveas a g e
coll ected from t he-eqiivalend AS@ culturesi Fob 2D apda3®s a g e
respectively. ASEGCM from 2D and 3D was then used to trE&€s (A-D) and FBs (EH).
(A,E) KCs and FBs were assessed for Morphological, (B,F) Metabolic, (C,G) Proliferative,
and (D,H) Migratory changes. Metabolic activity was quantified via PrestoBlue and then
standardized to relative fluorescence of Hoechst 33@4 96well, to provide an average
R.F.U. value. Proliferative activity was quantified via PicoGreen and then average cell
number per 96vell was determined. Average values for KCs and FBs treated with standard
growth media is denoted by dashed liB&¢K). Metabolic and Proliferative activity was
performed with 5 replicates (n=5). Migratory activity was assessed via scratch assay
recovery. The voided space created by a pipette tip was evaluated for recovery of area via
migration of KCs and FBs. Whole Wémages were acquired and the recovery area of
three different locations per well were averaged. Migration samples were performed in
triplicate (n=3) for a total of nine images per treatment group. Average area
closed/recovered are denoted for each pomt for KCs and FBs after treatment with
ASC-CM from 2D @Black Circleg or 3D (Teal Diamonds Significance is denoted as *p
< 0.05, **p < 0.01, and ****p < 0.0001, anf < 0.05 of*p < 0.01 for 3D comparison
relative to media control. Error baase standard deviation. Om&y ANOVA was used
for Metabolic and Proliferative assays. Tway ANOVA was used for Migratory assay.

Scal e bar = 200¢& m.

Supplemental Figure 7.1. Characterization of ASC Multipotency and Phenotype(A)
Mesenchynphalkhei@os ece mer i stics of initial AP10 .
positive adherence to culture flask and demonstration of spgikdlemorphology.
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Exhibiting trilineage differentiation potential via media challenge with positive staining for
Osteogenic,Agiogeni ¢, and Chondrogenic markers. C
( B) Expression of Astemnesso cell surface
immunolabeling and positive staining for CD73, CD90, and CD105, and less than 5%
positive for CD34 and CEb. Samples were performed in quadruplicate (n=4) for
guanti fication. Counterstained with Hoechs

Quantification of i mmunol abeled AP10 ASCs.

Supplemental Figure 7.2: Oxygen Distribution Throughout 3D Hydrogel Couresy of O2M
Technologies, thability of nutrients and gases to distribute throughout the 3D system was
indirectly assessed via a conjugated oxygen isotope and magnetic resonance, which
demonstrated relatively homogenous distribution throughout the hydrégebient
oxygen should have a partial pressure of ~160 Torr, which would be in the yeHoge
color range in the dataset provided. As we can see, the oxygen distribution and partial
pressure hits these levels of oxygen in less than 1 hoasefta @&note how gas can

quickly equilibrate within the 3D hydrogel system in this study.

Supplemental Figure 7.3:Mechanical and Physical Characterization of Hydrogel System
3D hydrogels were bioprintefiat were 1.2nm (thickness) but still contained the macro
and micre architectural design of the fedized hydrogels that are traditionallyctn
(length) x Zcm (width) x Xcm (thickness). Hydrogels were sterilized, with 10% pen/strep
and UV irradiatedor 3-hours, followed by submersion in HBSS for 24 hours. Hydrogels
were removed and analyzed with a Dynamic Mechanical Analyzer (DMA; TA Instruments,
RSA3) setup. A 5nm biopsy punch was used to isolate a circular hydrogel sample to
prevent forceconcentating points within the gel. DMA was performed via a dynamic
cylindrical compression analysis with a rate of compression of Ghilsec. DMA was
performed in quadruplicate (n=4) with technical replicate (x2) for each gel, for a total of 8
samples procesd. Max stress was taken at the point of failure (plastic deformation) and
max strain was considered the strain percent at the point of failure (plastic deformation).
Two different compressive elastic moduli are reported in literature for hydrogels. Howeve

typically most compressive moduli for tissue include the modulus at plastic deformation.
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Supplemental Figure 7.4: Quantification of Relative Antioxidant Activity within ASC-CM.
ASC-CM was collected as previously discussed, and antioxidant activityssessed with
a Total Antioxidant Capacity (TAC) Assay kit (Cell Biolabs; Cat. #5389). The kit was
carried out per the manufacturers protocol. In short, the reduction of copper (I) to copper
() by antioxidant activity is assessed, with the naturalljuoing antioxidant uric acid,
used as a control standard for the kit. Antioxidant activity of A was therefore
measured in mM equivalents of uric acid. Control MSC media was used to determine
baseline antioxidant activity of the media without exposoreells. Assay was performed
with technical replicates and biological t
within the 3D hydrogel system or continuously subcultured for 2 weeks in traditional 2D
culture until reachiongedPbor dhar ater ASES I
passagequivalent were used for 3D. ASCM was coll ected from ¢t}
passagequivalent ASC cultures, for 2D and 3D, respectively. Total antioxidant activity
of ASC-CM was measured in uric acid (UA) egalents and quantified according to kit
instructions via plate reader analysis. Assay was performed in triplicate (n=3) and
averaged. Error bars are standard deviation-daey A NOVA wi t thocTlsek ey 0 s
for statistical analysis. Significance derbtes Significance is denoted as *p < 0.05, **p <
0.001, ***p < 0.001, and ****p < 0.0001for 2D versus 3D comparison, &ffa < 0.001

or ##i < 0.0001 for 2D or 3D comparison relative to contneldia.

Supplemental Figure 7.5: Keratinocyte uptake of AS@lerived EVs. EVs that were isolated
from ASC conditioned media were labeled with a lipophilic dye, Dil, and then dosed into
KC media overnight (~18 hours). KCs were then fixed and stained. Colors include Hoechst
33342 Blue), PhalloidirAF488 Greer), and DI -labeled EVsRed. KCs taking up larger
quantities of Dillabeled EVs from ASCs can be clearly seen undergoing more substantial
cytoskeletal changes (via phalloidin stain) when compared to cells that do not appear to
have as many EVs within them. Additionally, EVs can be seen localized in a perinuclear

fashion.

Figure 8.1: Characterization of ASC Phenotype and Substrate Coating_haracterization of
Initial ASC P1 population with (A) Spindle/Mesenchynrtige adherent cells with
trilineage/multipotent potential and (B) CD surface marker expression of

CD34/45/73/90 105/ 271 [ Scal e bar = 100¢ mmetic( C) Ph
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X-Block inserted within a-#vell culture vessel. The textured appearance of the hydrogel
is a result of the microporous architecture. (D) ASCs were cultured on collagen type |,
fibronectn, and fibrin coating 2D and 3D surface to assess for phenotypic changes,

including morphology

Figure 8.2: InducedDiabetic Keratinocytes (idKCs) Exhibit Decreased Epidermal
Regeneration Activity. (A) Schematic diagram of the process of inducing a dietike
phenotype in KCs, performed in parallel to
were seeded in separate culture flasks, with 25mM treatment resulting in induction of
diabetes after 10 days. (B) Morphological images of healthy versus diaketKCs. The
idKCs population have an apparent shift towards more elonghggeed cells [Scale bar =
100em]. The functional effect of ditcalbet es
bar) relative to healthy control KCdlack ba) was evaluatedia (C) metabolic, (D)
proliferative, and ) migratory changes in the idKC populations. A representative image
of the scratch assay at 24 hours is provided for KC and idKCs. White lines depict original
Awoundo edge. Yel | ow r ei@gina necovered, [Staledpdrt=s r e
50em]. Significance denoted as *p < 0.05 o

Figure 8.3: Matrix Substrates Alter ASC Secretion of Factors that Modulate Epidermal
Regeneration Functional Activity in idKCs. The effect of ASGCM from 2D @ilhouete)
and 3D patterned systems that were coated (or rapated control) was evaluated for
ability to modulate idKC (A) metabolic, (B) proliferative, (C) and migratory activity.
Functional activity data are denoted as relative change to baseline contsl, idKich
were cultured with keratinocyte growth media {33/1). Migratory data depicted as
percent (%) area recovered. Dashed line depicts idKCs control. (DPgRTanalysis of
CCND1, CDKN2A, IL1B, EGFR, FLGndTWIST1 GAPDH was used as an internal
contol. Values are represented as relative fold change to baseline control idKC expression,
indicated by dashed line. NC = nonated, Col 1 = collagen type I, Fn = fibronectin, Fib
= fibrin. Significance denoted as *p < 0.05, **p < 0.01, **p < 0.001, andd*< 0.0001.

Figure 8.4: SubstrateDependent Modulation of Secretome Augment idKC Epidermal
Phenotype gRT-PCR analysis of CDH1 (gadherin), CDH2 (Ncadherin), K5, K10, and

K16. GAPDH was used as an internal control. Values are represented as reldtive fo
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change to baseline control idKCs indicated by dashed line. NC <gaird, Col 1 =
collagen type |, Fn = fibronectin, Fib = fibrin. Significance denoted as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.

Figure 8.5: Augmented Secretion of Trophic, Immunomodulatory, and Proteolytic Proteins
Involved in Epidermal Regeneration. (A) ASC-Cm collected from each group was
evaluated for total protein concentration via QuickDrop, BCA, and Bradford (Coomassie).
Thefigure depicts QuickDrop data. (B) A total of twelve (12) ELISAs were performed on
ASC-CM samples. Only seven (7) contained a high enough protein concentration above
the limit of detection for the ELISA. Five (5) key factors of those seven (7) are depicted
the figure. (C) A table to depict pde rela
in relation to the totlgld. amounnXootlepect et et
was below the limit of detection for the ELISA. (D) ASCs weraleated for changes in
gene expression of key markeB8 (selecteflvia a Wound Healing gRPCR array 84
total targe) and depicted with a heatmap. The markers selected are associated with
secretory activity from ASCs and several align with the protdimgerest for the ELISAS.
GAPDH, ACTB, and B2M were the endogenous control genes utilized by the ld@ay
nontcoated, Col 1 = collagen type I, Fn = fibronectin, Fib = fibrin. Significance denoted as
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.001.

Figure 8.6: ASC Exposed to Collagen type | in 3D Enhance Epidermal Regeneration of
idKCs via Secretion EVs.(A) ASC-EVs were isolated from 2Dsilhouett¢ and 3D
(patterned ASC-CM and the relative concentration of EVs per sample were analyzed via
protein content. (B) The relative quantity of EVs to total secreted protein was then
calculated to determine relative compositional changes for each group. (C) Metabolic, (D)
proliferative, (E) and migratory activity were evaluated for idKCs treated withGRC
dosed with 150ug/mL of EVs. (F) gRFCR analysis of CCND1, CDKN2A, FLG, K5,

K10, and K16 was then performed to assess for expressional changes in idKCs. GAPDH
was used as an internal control. Values are represented as relative fold change to baseline
contol idKC expression, indicated by dashed line. NC =ooated, Col 1 = collagen type

I, Fn = fibronectin, Fib = fibrin. Significance denoted as *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001
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Supplemental Figure 8.1: Matrix Substrates Alter ASC $cretion of Factors that Modulate
Epidermal Regeneration Functional Activity in KCs. The effect of ASGCM from 2D
(silhouette) and 3D (patterned) systems that were coated (ecoaded control) was
evaluated for ability t o proiferdtivd, and enigrdtdnye a |l t h
activity (Top row), was done in parallel to idKCs. Functional activity data are denoted as
relative change to baseline control idKCs, which were cultured with keratinocyte growth
media (KGGM). Migratory data depicted as pentg%) area recovered. Dashed line
depicts idKCs control. Bottom rowy qRT-PCR analysis ofCCND1, CDKN2A IL1B,
EGFR FLG, andTWIST1GAPDHwas used as an internal control. Values are represented
as relative fold change to baseline control idKC expressgioiicated by dashed line. NC
= noncoated, Col 1 = collagen type |, Fn = fibronectin, Fib = fibrin. Significance denoted
as *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001.

Supplemental Figure 8.2: ASC Expressional Changes in Key Growth Factorsid Cytokines.
The qRFPCR array data @regenerated into individual comparative graphs for ten (10)

of the key secretory proteins that were also evaluated with ELISAs.

Supplemental Figure 8.3: ASCCM Soluble Protein Quantification. Twelve ELISAs were used
to quantify specific protein compoundsdwn to be important for epidermal regeneration
natively, including EGF, HEEGF, IGF1, FGF2, FGF7 (KGF), TGFb 1 ,  {U,NIRIP-
2, TIMP-1, TIMP-2. IL-1 b, alRal Oflthke twelve, only eight had a sample above the
limit of detection, seven of which wereale for both 2D and 3D. MMB was not detected
in 2D (silhouettg¢ samples but was in 3@dtterned. NC = noncoated, Col 1 = collagen
type |, Fn = fibronectin, Fib = fibrin. Significance denoted as *p < 0.05, **p < 0.01, ***p
< 0.001, and ****p < 0.0001.

Supplemental Figure 8.4: Characterization of EV Population within ASCCM. The isolated
EV fraction was quantified via NTA to establish particle counts for concentréitrahd
size distribution dataight). Significance denoted as *p < 0.05, **p <0.6**p < 0.001,
and ****p < 0.0001.

Supplemental Figure 8.5: Quantification of Relative Antioxidant Activity within ASC-CM.
ASC-CM was collected from 2Ds(lhouett¢ and 3D patterned cultured systems, and

antioxidant activity was assessed with a Totatidxidant Capacity (TAC) Assay Kkit. In
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short, the reduction of copper (1) to copper (I) by antioxidant activity is assessed, with the
naturally occurring antioxidant uric acid, used as a control standard for the kit. Antioxidant

activity of ASGCMwastler ef ore measured in AimM equi val

Figure 9.1: Characterization of ASC Populations. Characterization of Initial ASC P1
population with (A)Spindle/Mesenchymdike adherent cells withritineage/multipotent
potential, (B) CD surface markerpression of CD34/73/90/105Sc al e bar = 100 :
(C) Gene expression of key markers via MSC Phenotyping array. (D) Photograph &f ~1cm
tissuemimetic X-Block within 6-well culture vessel. (B situcell number quantification
within 3D systemX-Block). ASCs were then extracted from 2D or 3D angleted in 2D
for analysis after -lveek (P2 for 2D) and-#&eek (P3 for 2D) to assess for (F) Population
Doubling Time, (G) Metabolic activity, and (H) Mitochondrial activityndmbrane
potentia). Black daskd line indicates initial P1 population. Error bars are s.e.m.
Significance denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Figure 9.2: Larger MW Secretome Fraction is Key Driver of KC Wound Healing Activity.
(A) Schematic diagram of ASCM centrifugation filtration steps for each molecular
weight (MW) kDa cutoff. Upper chamber solution considered concentrate for that range;
residual lower chamber filtrate used for next MW filtration step. (B) AS@ protein
content for each MW fraction. (C) Representative morphology images of KCs after
treatment with K&GM supplemented with different ASCM concentrates [Scale bar =
100um]. (D)Representative image panel of KCs treated with A3Cfractions from 2D
or 3D and stained with Hoechst (Blue) and Vimentin (Cyan) [Scale bar=50um]. (E) Image
guantification of Vimentin immunolabeling of KCs (relative to baseline control KCs). (F)
WesternBlot protein quantification of Vimentin expression from KCs. (G) ¢RIR
analysis of p1843(senescence marker) of KCs after treatment with fractionated @8C
for 24 hours. Dashed line is baseline control KCs. (H) Relative change in metabolic activity
(via PrestoBlue). (I) Relative change in proliferation (via PicoGreen). (J) Relative change
in migration (via scratch assay). Significance denoted as *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.

Figure 9.3: ASC Populations within TissueMimetic System Favor Secretion of EVs. (A)

ASC-CM was processed for EV collection/isolation/purification from 2D and 3D culture
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and evaluated via protein content (QuickDrop/BCA/Bradford) of the EV fradaéthgnd

particle counts with NTAr{ght) to quantify EV concentrations. (B) Relative composition

of EVs within ASGCM was then quantified relative t
fraction (eff and t ot al (i .e., i fght). (CoAnalysiseotBVe t e d p
size distribution for 2D and 3D was assessed with NTA data, and (D) Cumulative
frequency distribution was generated to determine what percentage of measured particles

fell within the standard exosome range-@&nm). Blue patterned bars indit e A wi t hi r
exosome sizeO range, whereas black bars a
denoted as *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

Figure 9.4: ASGEVs within Tissue-Mimetic System Contain More Potent Re
epithelialization Stimulus. (A) Schematic diagram of ASCM filtration via 100 kDa
centrifuge filter foll owed by subsequent
concentrate in upper chamber. IsolatedBEAZs (yellow circles) and 3fEVs (blue circles)
were thenreappliedbatko t he A<100 kDa Filtr-@Mend<sabpl ¢
kDa Fi |l tr adlmueettdfandbnpateided,(with/without EVs, was evaluated
for ability to modulate KC (B) metabolic, (C) proliferative, and (D) migratory activity. (E)
Evaluation®d KC mor phol ogi cal changes after trea
EVs ({op row) and with EVs ljottom rowy [Scale bar = 100um]. Significance denoted as
*p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001.

Figure 9.5: 3D EVs Enhance Expression oBasal and Suprabasal Cytokeratins in a Dose
Dependent Manner.(A) Representative images of KCs stained for cytokeratins (Red),
including Keratin 5top row), Keratin 10 fniddle row, and Keratin 164ottom rowy. KCs
treated with KEGGm served as a contriar baseline expressiote{t columr), and 2DEVs
(middle columhand 3DEVs (right column) at the highest dose of 250ug/mL were the
treatment groups [Scale bar = 100um, Inset Scale bar = 20um}EASG@t different doses
from 2D (ilhouett¢ and 3D patterned) were evaluated. (B) qRPCR analysis oK5,

K10, andK16. GAPDHwas used as an internal control. Values are represented as relative
fold change to baseline control KCs indicated by dashed line. Significance denoted as *p
< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 9.6: EMT and Epidermal Regeneration ® KCs Exhibit Dose-Dependent Response to
ASC-EVs. (A) The effect of ASCEVs at different doses from 2B3ilhouett¢ and 3D
(patterned was evaluated for ability to modulate KC metabolap(row), proliferative
(middle row, and migratory activity dottomrow). (B) Representative images of KC
morphology and cytoskeletal changes after ASCtreatment. Inset is a brightfield image.
Stains include Hoechst (Blue), Phalloidin (Green),-IBileled exosomes (Red). White
arrow denotes formation of actin cap (grgedralloidin). [Scale bar = 100um]. (C) qRT
PCR analysis o€£CNDJ, VIM, FLG, TWIST1CDH1, andCDH2. GAPDHwas used as an
internal control. Values are represented as relative fold change to baseline control KCs
indicated by dashed line. (D) The relativeaadbr RNA expression of NCadherin CDH2)
to E-Cadherin CDH1). (E) Tabulated values for all genes evaluated by-§RR and their
respective Rvalues and relative directionality of correlation. Significance denoted as *p
< 0.05, **p < 0.01, ***p < 0.001and ****p < 0.0001.

Supplemental Figure 9.1: ASC Growth Curve for 2D and 3D to Establish ASCM
Collection Days.ASCs cultured in the 3D system had a slight delay in reaching the growth
phase likely due to an initial migratory phase to equally distritutgughout hydrogel
microarchitecture, but quickly overcame the relative cell number in 2D and eventually
exhibited a higher rate of proliferation in 3D. Therefore, cell numbers were assessed in
advance for 2D and 3D to determine the optimal days for atmlte of ASGCM to
standardize relative medper-cell ratios. Based on prior literature, collection of AS®I
in 2D at 6680% confluency was desired and day8 were selected to collect ASCM.

Media volumes were adjusted accordingly to account for rdiffees in cell numbers
between 2D and 3D.

Supplemental Figure 9.2: Quantification of ASGCM Protein Content. Three (3) separate
protein quantification methodologies were utilized to determine EV content within ASC
CM, QuickDrop, BCA, and Bradford. All thee(3) methods exhibited the same trends
though absolute values slightly varied due to inherent differences in the assay principles.
Absolute protein values (top row) are depicted and relative protein values (bottom row) are
depicted. Additionally, residuél< 3k Dao f il trate was assessed

assays since unable to concentrate the-@8fraction in the same manner as the others.
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The 0<3 kDao fraction also depicts no signi
ASC-CM.

Supplemertal Figure 9.3: Image Analysis of KC Senescence after MW Stratified ASCM
Treatment. Representative images of KCs after treatment with@&W@ supplemented
with different ASCCM MW concent r atGalactosidage ackivity wasoused s .
as a surrogateneasure for senescence. Lower MW fractions of A appeared to
induce senescence in KC populations. This corroborated thePGRT data for pl6
previously discussed.

Supplemental Figure 9.4: NTA Graphical Representation of EV Particle Size and Intensity.
The top panel evaluates the relative quantity of protein within the EV protein fraction
isolated and purified as an indirect measure of EV content. QuickDrop, BCA, and Bradford
assays were all used and demonstrated similar trends between 2D and 3D EV. conte
Bottom panels demonstrate EV particle siz&xis), intensity (yaxis), and concentration

(z-axis) via NTA evaluations.

Supplemental Figure 9.5: KC Morphological Changes after MW Stratified ASCCM
Treatment. Representative morphology images of KCsmafireatment with KEGM
supplemented with different ASCM MW concentrates for 24 hot
A>100 kbDao fractions induce similaxel KC mor
formation, stratification, and collective cell sheet formatk@ morphology changes were
seen to varying extents for both 2D and 3D ASK. Moreover, CellProfiler was used to
assess nucl ear area and circularity. KCs
exhibited nuclei with a larger surface area and lessllairchape (L scale with 0.5 = to

a circle). Likely a result, in part, to cell flattening and consequently, nuclear flattening.

Supplemental Figure 9.6. Evaluating Levels of Baseline Vesicular Particulates within
Control Media. Before exposure to anycells, serurdfree control ASC media was
processed and the procedures for EV procurement was performed. EV/Particulates were
attempted to be isolated from the control media to assess for background levels. Formation
of a EV/particulate pellet via precipitah and centrifugation was performed where no

pellet was observed in control grouef(), followed by NTA analysis which demonstrated



no particles ihiddlg, and subsequently Diabeling of control fraction and treatment of
KCs (right). Inset screenshobf NTA analysis depicts ASCM group for comparison.

Supplemental Figure 97. Dosedependent effect of ASEEV on KC Morphology. ASC-EVs
were isolated from both 2D and 3D systems and dosed int&MCat three distinct
concentrations, 5ug/mLlgft), 25ug/mL (middlg, 250ug/mL (ight). KCs were then
treated with the dosed media from both 2&p(row) and 3D bottom rovy and assessment

for changes in morphology under transmitted light.

Supplemental Figure 98. KC Morphological Changes with Dil-EVs: ASC-EV Dose
ResponseASC-EVs were isolated from both 2D and 3D systems, labeled with a lipophilic
dye, Dil (red), and dosed into K{GM at 250ug/mL for treatment of KCs. KCs were then
treated with the media from both 2 row) and 3D pottom rowy and assessment for

changes in cytoskeletal morphologyéden. Nuclei are staineldlue

Supplemental Figure 99. Comparative KC Morphically Changes with/without Dil -labeled
EVs. ASC-EVswere isolated from both 2D and 3D systems, labeled with a lipophilic dye,
Dil (red), and dosed into KGM at 250ug/mL for treatment of KCs and assessment of
morphological changes. KC morphology under transmitted lighp (row), low
magnification (20x) offluorescent images of KCs with phalloidigréer) and Hoechst
(blue) to depict formation of cell sheets in YV treated group, and high magnification
(60x) of Dil-labeled EVsired) to assess perinuclear localization of EVs. Control KC group
(left column compared to 2EEV treated fhiddle columip and 3DEV treated fight
columr). Scale bar for 20x images = 100um, for 60x imagasysm.

Supplemental Figure 910. Correlation Analysis of KC Functional Activity: ASC-EV Dose
ResponseThe ASGEV dosing study fotreatment of KCs was evaluated for any dose
dependent changes in KC functionality, including metabd#it) ( proliferative (niddle,

and migratoryrfght). Dataaredisplayed as an®Rvalue.
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Supplemental Table 9.1: Physical/Mechanical Properties of TisstMimetic Hydrogel and
Human Adipose. A subset of 3D hydrogels were bioprinted at-bBerght of 1.2mm
(thickness) while still maintaining all other dimensional and structural characteristics o

the unique architectural design of the fsited hydrogels. Hydrogels were analyzed with



a Dynamic Mechanical AnalyzeREA3 TA Instruments) setup at to assess mechanical
and physical properties. A-fam biopsy punch was used to isolate a circular rgelro
sample to prevent foreeoncentrating points. DMA was performed via a dynamic
cylindrical compression analysis with a rate of compression of Gnd®%sec and a
frequency sweep at oneHz. Two (2) 5mm punches were taken from each hydrogel and
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Chapter 1
Evaluating Polymeric Biomaterials to Improve Next Generation
Wound Dressing Design

Adapted from Publication:

Hodge, J. G., Zamierowski, D. SRobinson, J. L. & Mellott, A. J. Evaluating polymeric
biomaterials to improve next generation wound dressing deBigmaterial Research26, 50
(2022).https://doi.org:10.1186/s408P2-002915

1. Abstract

Wound healing is a dynamic series of interconnected events with the ultimate goal of
promoting neotissue formation and restoration of anatomical function. Yet, the complexity of
wound healing can often result in the development of complex, chronic waumdg, currently
results in a significant strain and burden to our healthcare system. The advancement of new and
effective wound care therapies remains a critical issue, with the current therapeutic modalities
often remaining inadequate. Notably, the fiefdissue engineering has grown significantly in the
last several years, in part, due to the diverse properties and applications of polymeric biomaterials.
The interdisciplinary cohesion of the chemical, biological, physical, and material sciences is
pertinent to advancing our current understanding of biomaterials and generating new wound care
modalities. However, there is still room for closing the gap between the clinical and material
science realms in order to more effectively develop novel wound carapths that aid in the
treatment of complex wounds. Thus, in this review, we discuss key material science principles in
the context of polymeric biomaterials, provide a clinical breadth to discuss how these properties
affect wound dressing design, and tbke of polymeric biomaterials in the innovation and design

of the next generation of wound dressings.


https://doi.org:10.1186/s40824-022-00291-5

2. Introduction to Biomaterials

Biomaterials can broadly be defined as any material substance that can be used as a
diagnostic or adjuvant therapeutic s that aids in the detection or treatment of biologically
derived ailments(l). Consequently, biomaterials have become an essential aspect in the
development of innovative therapies that have emerged from the field of tissue engineering over
the lastseveral decades, likely becoming a cornerstone in the future treatment of human disease
(2). Biomaterials are generally broken into three principal material classes, synthetic polymers,
natural polymers, and inorganic compounBgy( 1.1), and can be used as an implantable or
injectable system that permanently replaces a tissue defect, ukdivéo biological compounds,
or act transiently as a temporary matrix until the body is able to heal itself. Thus, biomaterials are
exceedingly diverse in their composition, properties, and ultimate ability to modulate tissue

genesis.

The use of biomateais in wound healing can be traced back thousands of years to ancient
times when cloth and poultidike materials were applied to wounds. Similarly, compounds like
honey, lint, and grease were used to aid in wound healing by Egyptians and other ancient
civilizations (3). Wound care has since then evolved over thousands of years to where we are
today. Interestingly, the principles of dressing wounds to protect them and limit infection still hold
true today. However, the birth of polymer chemistry in the dastury and the coalescence of
polymer scientists, engineers, and clinicians has brought about the development of newer wound
dressings and therapies that continue to push the envelope of advancing wo#d Thesgoal
of this review will be to provide a bridge between the clinical and material science perspectives of
how wound dressings have been developed @@ important characteristics of polymeric

biomaterials to consider for designing the next generation of wound dressings.



3. Overview of Wound Healing

epidermal skin is to providan external barrier from the outside elements, prevent desiccation or
infection, and provide protection from mechanical, ultraviolet, and physical if{Si8fsThus, a

wound is defined as damage or disruption of the external epidermal barrier of skin that results in

Skin is the largest, yet often overlooked, vital organ of the human body. The role of the

exposure of the deeper tissue structures to the outside elements and can result in significant

morbidity if not closed efficiently and appropriat€b,6). Thankfully, our bodies have a natural

physiological fedback loop, a process known as acute wound healing, that responds to injurious

nsults to the skin that works d@ghuickIly t
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3.1. Acute Wound Healing

Acute wound healing follows a physiological and dynasigmaling cascade upon injury
that can be broken down into four component phabés (.2A-B) (6). Starting with the
hemostatic phasewhich is the immediate response of the local tissue vasculature to activate
platelets and generate a clot via formation of a provisional fileitelet matrix(8). The goal of
this phase is to preveexcessive blood loss and exsanguination, while also serving as an initiation
signal for wound healing to commen@. Next, is thanflammatory phasewhich is a series of
immunomodulatory signaling camtes that results in immune cell migration (neutrophil and
monocyte/macrophage) into the wound tissue to begin removing damaged debris, foreign objects,
or bacterig9). The previously deposited fibrplatelet clot serves as a biological signal as well as
a temporary scaffold for invading cell populations into the wound($@e The inflammatoy
phase typically culminates in about one week. Subsequently, is the transition prialifeeative
phase which is the stage of neovascularizatiorepéhelialization, fibroblast proliferation, and
wound contraction(11,12. The key modulators of this phase of healing are fibroblasts and
keratinocytes, and the main outees are formation of granulation tissue and a restored epidermal
barrier, respectivelyl2,13. The final stage is theemodeling phasewhich does not occur until
the wound has been sufficiently closed via reestablishment of the external epidermal barrier.
Fibroblasts are the main cells participating in the remodeling phase and are involved in both the
deposition of new matrix and theaymatic degradation of old matrix in order to ultimately restore

a state of anatomical homeostasis and funggtv).
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Figure 1.2: Phases of Wound HealingDepiction of the phases of wound healing anthparison of
acute versus chronic healing. (A) Progression through the physiological phases starting with u
skin progressing to remodeling and formation of a scab. Includes a time scale to compare tem
(B) Depiction of recently injured wad in hemostatic phase of healing progressing to proper he
and scab formation. (C) Depiction of chronic wound not properly progressing from hemostatig
through healing and scab formation resulting in ulcer formation and an open wound. Creaie

www.biorender.com software.




One cannot overstate the critical role of the extracellular matrix (ECM) in wound healing,
consisting of a myriad of biophysical, biomechanical, and biochemical cues that orchestrate the
wound healing processSpecifically, the instructive cues provided by the topographical
architecture, biological factors such as growth factors anchored to the structural proteins of the
fibrous matrix that are carefully regulated by protease anedpestease activity, and adtiee
binding sites that promote the migration and proliferation of cells within the wound site.
Unfortunately, the hostile environment of many complex wounds can dysregulate these processes

and results in nohealing wounds, which continue to be a probtdimically.
3.2. Progression of Chronic Wounds

Prolonged or abnormal progression through the stages of wound healing results in
pathological, chronic, nehealing woundsKig. 1.2C) (15). There are aariety of factors that can
promote the progression towards pathological healing, such as trauma (particularly recurring
trauma), nutritional deficits, infection, surgery, chronic disease, and rad{@®pnMoreover,
most chronic wounds tend to be stuck in a perpetual cycle of the inflammatory and proliferative
phases of wound healir{@6-18). Ultimately, this leads to wounds that fall within the continuum
of excessive scar tissue formation and fibrosis or insufficient scar tissue formation and ulceration
(16-19). Unfortunately, chronic munds remain a significant burden on the healthcare system,

affecting over 8 million people in the US at a cost of over $30 billion ann{2l)y

There are a variety of local and systemic factors that can have a detrimental impact on
wound healing and subsequently result in-healing wound. Locally, chronic wounds tend to
maintain a highly inflammatory, oxidative, alkaline, and proteolytic tissue environment, in
addition to having a higher propensity for microbial colonization (especially biofilm) and

infection, which ultimately results wbstruction of physiological healir{g1,22. Notably, wound
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fluid from chronic wounds demonstrated the ability to rapidly degrade matrix structural proteins
(e.g., collagen) and key signaling factors, further demonstrating the destructive capacity of the
proteolytic imbalance of chronic wound&3). Systemically, comorbid conditions that are
associated with inadequate supply of nutrients and waste transport (e.g., cardiovascular disease)
and states of chronic inflammation (e.g., sibeand diabetes) contribute to Abealing wound
progression(21). Similarly, complex wounds that result in significant tissue involvement and
destruction, such as those from extensive burns, traumas, or wlgseyg incidents, are also

highly prone to progression towards Aogaling chronic wounds and require speeii&ntion
(15).

All of the above mentioned factors are important to consider when generating a wound
treatment plan for a patient who may have varying degrees of each. However, comorbid health
conditions, such as diabetes, are considered to play one of the most significant roles in the
development and progression of chronic, healing wounds, where up to 15% of diabetics
develop ulcerative wounds with a greater than 50% recurrence(24te Diabetic wounds
inherently have an improper balance and composition of bioactive compounds within the tissue,
resulting in inadequate neotissue fation (25). Consequently, lack of wound closure results in
polymicrobial infections, desiccation, and reinjury of the diabetic wounds, which remain the
leading cause of nemaumatic lower limb amputation®6,27. Overall, chronic wounds are
highly complex and variable, though they are often treated in a similar fashion with labor intensive
and nonspecific treatment modalities that can include continuous wound cleaning, debridement,
surgery, antibiats, oxygen therapy, and dressing char(@8s Thus, developing more effective

personalized wound therasi is a critical area of research.



3.3. Physiological Parameters Within Wound Environments

Wounds are more likely to heal appropriately when they maintain a warm, moist, clean,
and pH controlled environment, with open exposure of wounds to the ambientnemsto
resulting in drying out and cooling of wounds, increasing the risk of infection and impeding overall
healing(29,30. Maintaining a warm wound environment near native body temperature, between
3571 38°C, has been shown to improve blood flow and delivery of immune cell populations to
wound tissue, resulting in impved wound outcomg81-33). A wet or moist wound environment
has demonstrated the ability to improve autolytic breakdown of dead tissue, promote angiogenesis,
enhance the rate of -epithelialization, and decrease scar formai{@9,30,34. However, the
tradeoff is th& permitting the wound to scab and dry provides protection from microbial
colonization. Thus, careful antiseptic measures should also be considered when maintaining moist
wounds. Healthy skin maintains a relatively neutral pH, whereas during acute piigsiolound
healing, wounds become progressively more ac{@8&37). Notably, acidification of more
alkaline chronic wounds has been shown to improve chronic wound out¢d&29. Lastly,
infection of wounds drastically decreases wound closure and can result in progression towards a
chronic wound(21,27. Therefore, any insults that prevent the tissue from achieving a warm,
moist, clean, and pH controlled environment are likely to result in hindrance of physiological
wound healing and deviation towards Awgaling wounds. Interestingly, fetal woundsdergo a
more efficient form of wound healing relative to pastal wounds, often resulting in scarless
healing (40). Thus, the benefits seen posttally by maintaining a warm, moist, clean and pH
controlled environment likely, in part, recapitulate the conditions fetal wounds are exposed to in

the womb.



Another important parameter is the relative oxygen abundance within the wound tissue. An
initial state of transient hypoxia is considered a stimulus for wound healing throughla $1F
dependent mechanism that promotes enhanced stromal cell gdtyit¢onversely, a prolonged
state of hypoxia inhibits wound healing apaevents adequate nutrient exchange for neotissue
formation (42). Chronic hypoxia is often a result of vascular insufficiency due to comorbid
conditions, such as diabetes and peripheral Vasdiseas€24). Whereas transient hypoxia is a
result of disruption of local tissue vasculature upon injury, with the hypoxic environmeng actin
as a signal to recruit inflammatory cells to the wound site, stimulate granulation tissue formation,

and promote angiogenegi?).

The relative abundance of reactive oxygen species (ROS) within many wound types is also
important to consider when designing proper wound dressings. ROS are involved in the
inflammatory processes of wound healingl dnclude species such as superoxide amn
peroxidetO2?, hydrogen peroxide #D,, hydroxyl radicals -OH and hydroxyl Okbns. ROS play
a critical role in the antimicrobial oxidative burst activity of phagocytic cells and vascular activity
(i.e., vasodilation and vasoconstrictiofd#3). However, the prolonged inflammatory phase of
chronic wounds can result in excessive ROS production and impairment of Hd&)inghus,
wound dressings that are prone to oxidative agtivom ROS will be more labile within chronic
wound tissue. If oxidation is important for proper dressing functionality (e.g., drug release via
surface erosion), then this may be a desirable characteristic. Similarly, chronic wounds tend to
maintain a rkatively exudative, alkaline, and highly proteolytic profi@7,24,44. Thus,
polymeric dessings prone to enzymatic degradation (e.g., biopolymers like collagen) or hydrolytic
degradation (e.g., synthetic poly(esters)) will be susceptible to being broken down and

metabolized. Since most wound dressings are applied for a short duration tieyrege typically



not prone to significant degradation. However, degradative kinetics can be a key parameter when
designing polymer dressings for the purpose of serving as a drug delivery vehicle for controlled

release of bioactive compounds that aichindulating the wound healing environmeéf).
4. Goals of Wound Dressings

A pair of landmark studies by George Winter in the 1960s demonstrated that maintaining
a moist environment enhances the rate adpighelialization, wound closure, and overall wound
healing (29,469. This concept has become an essential pillar ofndocare and is a major
influencer on wound dressing design and metl
dressingso, ones that included both hydrophil
desired goal of moist wound healing for enhancedelp@l migration, whereas progressive drying
promotes epithelial maturation and hinders microbial colonization. To this day, there is yet to be a
single class of materials most effective for all wounds, though occlusive oroselusive
dressings that cate and maintain a moist environment are considered the foundation of wound
care. As is discussed in this review, the ultimate goal of wound dressings are to serve as an adjuvant
to augment biological wound healing. Thus, the appropriate progressiontthwougd healing is
not only dependent on the wound type and systemic factors, but also wound dressing design and
material interactions within the wound site. Ultimately, wound dressings should be designed to aid
in the progression of acute wound healingvent transition from acut®-chronic wounds, help

wounds undergo a chronrio-acute reversion, or a combination of these processes.

There are a variety of different ways and outcome measures used to classify desirable
wound dressing characteristics. However, broadly speaking, there are four key properties that are
important to consider when designing wound dressings: 1) Ability tor @xmosed tissue and

protect from external insults (e.g., UV irradiation, physical trauma, or infection), 2) aid in exudate
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removal, 3) prevent desiccation and maintain a moist environment, and 4) augment the tissue
regeneration response to promote neo@sformation Fig. 1.3. The fourth property is an
important property to consider when developing wound dressings for more specific, tailored tissue
responses. Other factors to consider as well are, location of the wounds on the body (e.g., flat
surface vsirregular contour), tissue types involved (e.g., fascia, muscle, bone, etc..), mobility of
the tissue site (e.g., regular dynamic movement vs. immobilized), duration of application (e.g.,

permanent vs. transient), and extent of body surface area involved.
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Figure 1.3: Web Diagram of Wound Dressing Design Consideratics Schematic diagram listing
ten important characteristics to consider when design wound dressings. The four circles highli
blue represent the four design criteria |

circles highlighted wh grey are important supplementary parameters to also consider, althou

degree of importance can vary depending on application. Created using www.biorender.com s
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A common type of dressing used clinically for decades is theoadity gauze, which is
simple and inexpensive but can be labor intensive and further damage the wound site if allowed to
dry (17,22. Gauze is typically made of rayon, polyester, or cotton, which are varying forms of
cellulose fibers dered from plantg47). Other types of common wound dressings include plastic
films, foams, alginates, hydrocolloids, hydrogels] Bioengineered dressings/grafts, all of which
have a variety of formulation@8-52). Thus, this review provides a generalized overview of
different types of synthetic and biologically derived polymeric wound dressings, the pros and cons
of each, how different wound applications benefit from diffepatymer properties, and the role
they each play in different wound healing settings. Of note, many clinically utilized wound
dressing modalities are proprietary in nature and thus the exact formulations are not public
knowledge, though an attempt has be®atde to broadly characterize each category with respect

to their material science background.
5. Important Polymer Properties to Consider

Polymers are one of the most widely produced substances in the world and have become
intimately involved in the facildtion of everyday life for humans, including the field of medicine.
The term fApolymer o i s pmblyme aridnd r dmesosngeaningGm & e k
Apartso, and thus, polymers are often also ca
repeating monomeric units (>10 repeat units) to generate large moleculéd Q000,000
Daltons)(53). Polymers can be biological, synthetic, or seymthetic (modified biopolymers)
and can consist of a single monomer repeat unit lfioenopolymers) or consist of more than one
monomer repeat unit (i.e., €beterepolymers). Ultimately, polymer science intertwines and

connects the fields of chemistry, biology, physics, material science, engineering, and medicine in
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order to generate maials that cover a diverse range of mechanical, chemical, physical, and

biological properties.

Polymers are typically broken down into three general classes, 1) Plastics, 2) Fibers, and
3) Elastomers. Plastics can then be further subdivided into thermoplasd thermosets, and
fibers can be classified as cellulosic or oatlulosic. Polymerization reactions can be carried out
a number of different ways, including condensation, -fegkcal, ionic, ringopening,
macromolecular substitution, group tramsfer enzymatically. After formation of desired
polymers, posprocessing can occur in order to further tailor polymer properties for specific
applications, such as emgloup methacrylation for forming crosslinkable hydrogels or covalent
linkages of peptids/proteing54-56). Crosslinking of polymeric scaffolds is not always necessary
but is typically required for hydrogels in order to improve mechanics and provide dimensional
stability of the substrate. Crosslinking can be categossed physical (i.e., ionic, hydrogen, or
hydrophobic interactionsr chemical (e.g., Schiff base, thiehe, acrylate, or azide bonds)
dependent crosslink and can be reversible or irreve&b|88. Some of the mostommon ways
to crosslink polymers include light (e.g., UV), thermal, physical, ionic, or enzymatic (e.g.,
thrombin)(59,60. Lastly, end application polymdrased materials, such as wound dressings, can
be fabricated via a number of different manufacturing modalities, including injection molding,
melt molding, extrusion, phase separation, woven orwaven meshes, 3D printingand
electrospinning, all of which exhibit various levels of control over the structural and mechanical
propertieg61-64). Thus, the ability to create a diverse range of characteristics of pehased
materials with customizable properties is what makes polymers such an appealing option for
developing wound dressings. This section will highlight a variety of impbrteaterial science

concepts and provide a general overview of how these polymer properties can be modulated to
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alter biomaterial functionality. The information in this section, though not exhaustive, will be
important for understanding how to bioenginaad advance beyond the limitations of modern

types of wound dressings discussed in the subsequent section.
5.1. Molecular Weight

There are a number of di fferent Amol ecul ai
including the numbeaverage (M), weightaverage (M), and viscosityaverage (M) molecular
weights. The molecular weight is a key property of polymers and can have significant effects on a
variety of other polymer properties. Relatively speaking, increasing molecular weight of a polymer
will increaseits size, decrease its rate of degradation, modulate its mechanical properties, and alter
absorptive capabilities. It is important to note that the synthesis of polymers results in a
heterogenous distribution of polymer sizes, thus polymers are gergealyed with a range of
molecular weights, denoted as dispersity (65). The extent of dispersity for polymer molecular
weights often depends on the polymer class, composition of reaction mixture, and synthesis
technique/conditions, which can have resonating effects on overall polymer charactenidtics
applicationg(65). Dispersity is considerea crude parameter for evaluating polymer uniformity,
and can be calculated with the equation of Mw/Mn. Asn approaches a value of 1, the polymer
is considered to approach monodispersity, thaugh 1 is yet to ever be achieved in practice.
However, with the recent advancement of techniques such as atom transfer radical polymerization
(ATRP) (66), ionic polymerization67,68, nitroxide mediated polymerization (NMF§9), and
reversible additionfragmentation chantransfer (RAFT) polymerizatio(r0), polymer synthesis

has come close to a generating a homogenous, monodispersed population.

Molecular weight modulation is an especially important parametenveonsidering the

design of wound dressings, such as hydrtigsled dressings. Molecular weight can have
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significant effects on hydrogel network formation and overall mesh sizes, which is a common
method to control the diffusional delivery rate of bidaetcompoundsKig. 1.4AC) (71,72.
Hydrogel mesh size is the linear distance between two adjacent polymer crosslink sites, thus
increasing molecular weight increases the number of polymeric units and can decrease the
frequency of functional crosslink sites imgreasing the distance between crosslink units for most
traditional hydrogel networkd={g. 1.4A). Notably, frequency and activity of possible crosslink
sites within polymeric units can be dependent on other properties as well, including polymer
structuréchemistry, environmental conditions, and crosslinking methodology, therefore molecular

weight is not the only parameter to consider.
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Figure 1.4: Polymeric Hydrogel Physical Properties (A) Depiction of a hydrogel model showin
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circles at the junction point of polymer strands. (B) Schematic representing the function of mg
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a function of molecular weight. Created using www.biorender.com software.

15



In general, when keeping other parameters consitagrgasing molecular weight will
result in increased mesh sizes and swelling capabilities of a hydrogel, while also decreasing
mechanical properties and the rate of degradatkig. (1.4BC) (58,7274). Conversely,
decreasing molecular weight decreases mesh size and increases the mechanicakpmbpiesti
hydrogel due to increased crosslinking per unit area, but decreasing molecular weight also often
leads to a more rapidly degrading hydrogel due to increased frequency of the more reactive
crosslinking sites and end groups, depending on the ddy@dnechanicsHg. 1.4AC) (58,72
74). Thus, depending on the context of wound type, specific polymer molecular weights can be
applied to achieve desiredfects, which is often important when utilizing hydrogels as temporary
delivery vehicles versus lortgrm wound dressind88). Ultimately, molecular weight is only one
of many parameters to consider, though it offers an easily controllable polymer property with

predictable effects.
5.2. Hydrophobicity

Hydrophobicity is the measure of readijva polymer has with water. Polymers that
thermodynamically favor dissolution with water are labeled hydrophilic (Watérg) and
polymers that favor dissolution in oils are labeled hydrophobic (watsstant) Fig. 1.5A-B)

(75). Hydrophobic polymers are structurally composed of long hydrocarbon chdi@sCH,-)

or containaromatic rings (e.g., benzene) and thus, are more nonpolar in nature. Whereas
hydrophilic polymers often consist of hydroxyOH), carboxylic acid{COOH), or amino-NH>)
functional groups and are more polar in natdtg.(1.5A-B). Hydrophobicity is imprtant to
consider when designing polymieased biomedical devices, such as wound dressings. Polymers
that are more hydrophobic in nature exhibit increased protein adsorption and moisture wicking

propertieg76), whereas hydrophilic components will increase absorptive capabilitiegiebas
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solutions. Depending on the context, protein adsorption may be advantageous or disadvantageous.
However, it is believed that protein adsorption of blood proteins onto hydrophobic materials
induces a unique morphological change in the protein steude to hydrophobic interactions,

which can expose protein epitopes that can promote the propagation of a foreign body response
via inflammatory cell recognitio(v7-79). Hydrophilic polymer dressings are typically seen in the
setting of hydrogels and absorptive foams. Moreover, polar, hydrophilic polymers are more
susceptible to hydrolytic breakdown within highly exudative wounds and thus can result in
degradtion and pH alterations within the wound tissue due to acidic bypro@i&tdHowever,
acidification of chronic wounds has been shown to aid healing in many settings by increasing
antimicrobial activity to mitigate bacterial burden and production of toxins, altering proteolytic

activity, enhancing angiogenesis and tissue oxygenation, and improving epithe(i2at#s

As previously discussed, maintaining a moist wound environment while simultaneously
removing exudate are both key properties of wound dressings to consider. Many woundgdressing
are specifically designed to target this very principle. Absorptive wound dressings are hydrophilic
dressings and have a continuous porous microarchitecture, which allows these polymer dressings
to absorb and trap aqueous fl(@®,49,80. The absorptive capabilities of some dressings can also
be manipulated via modulation of the porous microarchitecture. Care must be taken to ensure
removal of exudate is done while still maintaining a moist wound environmewvith excessive
drying out of wound tissue and inhibition of healing. Addition of a seenmeable hydrophobic
moisture wicking layer is often utilized to aid in exudate removal and can be incorporated as a
base contact layer or superficial backing to arbgtilic dressing. By combining hydrophobic and
hydrophilic | ayers together within a wound dr

gradient can be created that allows for the absorption of exudate, while also permitting the
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regulation of masture vapor transpiratioii81-83). Not all wound dressings are inherently
comprised of both of these properties, but depending on the context of the wound type, a wound
may not ned both; for instance, healing of drier wounds can be hindered by absorptive dressings

due to excessive drying, thus, a dressing that provides added moisture is more apfBOpriate

A
CH.
Hac/\/ ’
Alkane Ether )J\ )J\ )k
R SH
Thiol Alcohol Carboxyhc Acxd Ester Anhydride
B HoN NH
T
HN
H3C OH H,C CH;
OH OH
OH N N
N H H
o) o} (¢]
inine eonine soleucine
Arg Thr Isol

B

VA S N GV

Cellulose Polyglycolic Acid Polycaprolactone Polyethylene

Figure 1.5: Material Chemistry and Hydrophobicity. (A) Depiction of the different functional
groups that are commonly found in polymeric biomaterials and give rise to many of their prof
(B) Depicts a hydrophobicity scale with more hydrophobic (weagsistant) polymers includin
polymers with moréhydrocarbons linkages and less hydrophobic polymers containing more re
oxygen and nitrogen moieties. Includes different amino atig} &nd different synthetic monome
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5.3. Biodegradation/Bioerosion/Bioresorption

Polymers are broken down within the human body and degraded into smaller parts, known
as biodegradation, bioerosion, or bioresorptiepending on the context. We will use degradation
as an umbrella term for the purposes of this review. Both larger polymeric structures, as well as
the smaller degraded byproducts can ultimately interact with the body. The rate of degradation
varies amongt polymers and depends on a variety of factors, including hydrophilicity, molecular
weight, size, crystallinity, molecular structure, reactivity of labile groups, bonding, and
environmental cues, just to name a few. Therefore, there is no single setovdiogr quickly
polymeric compounds, such as a wound dressing, may degrade.
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Figure 1.6: Polymer Degradation Mechanisms(A) Enzymatic degradation depiction with proteoly!
enzyme breaking down collagen fibril into smaller collagen peptides. (B) Oxidative degra
depicton with a reactive oxygen species degradation polymer with a proline derivative. (C) Hyd
degradation depiction of an estantaining polymer reacting with water and broken down intg

alcohol and carboxylic acid. Created using www.biorender.cétwae.
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Polymers are degraded via one of three main mechanisms, enzymatically, hydrolytically,
or oxidatively (the physical/mechanical disruption of bonds will not be discussed inmttestoaf
this review) Fig. 1.6A-C) (84). Most synthetic polymers do not degrade effitdievia enzymes
which target specific amino acid sequences unless enggnsitive moieties are introduced within
the polymer network(58,85. However, peptide moieties are commonly incorporated into
synthetc polymeric biomaterials to improve biocompatibility, cellular attachment, and
degradation control, such as the incorporation of the amino peptide se@RWE._IGK, an
MMP-2/9 sensitive peptide sequenéég( 1.7) (86). Hydrolytically degradable polymg contain
a higher relative composition of labile functional groups that react with water, commonly esters,
anhydrides, acetals, carbonates, amides, urethanes and phodfibatieS4) (87). Polymers that
contain mostly hydrocarbons, such as polyethylene (PE) or polycaprolactone (PCL), are more
hydrophobic in nature and do not tend to degrade as rapidly via hydrolysis. However, not all
polymers with hydrolytically labile funiinal sites will significantly degrade in water; one must
also consider relative hydrophobic properties, glass transition temperagyran@ crystallinity
of the polymer. Lastly, oxidative degradation of polymers occurs via reaction withinbetbea
bonds in the backbone and side chains of polymeric units. Oxidative degradation tends to occur
via surface erosion with chain transfer of reactive oxygen species by water. Highly inflamed and
chronic wounds typically contain abundant reactive oxygen spdwesan readily react with

oxidative-sensitive moieties within polymer chains and other biological moleduigsl(.8A-C).

Utilizing the degradation kinetics of surface erosion of a polymer is a popular technique
for developing tailoredime-release of drug compounds and can occur via both oxidative and
hydrolytic degradation; whereas bulk erosion of polymers typically results in more rapid, burst

release of compounds via hydrolysisig. 1.8A) (45). Degradation kinetics are important to
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consider when designimgplymerbased wound dressings. For example, a hydrolytically sensitive
wound dressing within a chronic wound environment may degrade faster, relative to acute wounds,

due to the highly exudative and alkaline environment.
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Figure 1.7: Insertion of Peptide Sequences into Polymeric Biomaterial®iagram to depict how
different peptide sequences can be incorporated into polymeric biomaterials to modulat
properties. Shown here is the insertion of an Mé#&Rsitive peptide sequence (orange polygons)
is inserted into individual polymer strands (black polygons) to allow for control over degra
kinetics and release of small molecules (green), such as drugs or bidliggit)s Created and adapte
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5.4. Biocompatibility/Toxicity

Biomedical devices derived of polymers must maintain a high level of bjmatirity.
Biocompatibility is often a broad and ambiguous term used to measure whether biomedical devices
promote negative, unintended, or detrimental effects on tissue. However, it is not always accurate
to consider biocompatibility of clinical intervBons based on such qualifiers. For instance, the
natural physiological immune response to a foreign dressing material over time is eventual
encapsulation via the foreign body response. The foreign body response entails increased
angiogenesis and granutatitissue formation, both key components of wound he&i@g Thus,
if a wound dressing prompts the foreign body response, such as that seen with Grandéwam
negative pressure wound therapy (NPWAY), it could possibly be aiding in the wound healing
response. In theight context and with proper control, it is reasonable to consider the trophic
response of tissue after stimulation of the foreign body reaction to a biomaterial as desirable.
Notably, the immunogenicity of biomaterial delivery vehicles has been shovaninh@ the
immune system to generate a more robust response to va@h8&3. Therefore, for the purposes
of this review, we define biocompatibility to describe a padym@nd its byproducts to be rtoxic
and that they do not negatively impact the overall rate of wound healing and tissue formation,
relative to if there was no clinical intervention. This definition focuses on the quantifiable result
being rate of wounddaling and tissue formation relative to no intervention, as opposed to whether
the functional activity is deemed fAbeneficial
the polymer, polymer byproducts, biomodulatory cargo, and direct physieedctions between

the dressing and tissue.
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5.5. Mechanical Properties

The mechanical properties of wound dressings are important at both the amatcnaicre
level of tissue functionality and can be either static or dynamic in nature. Macroscopically, wound
dressings provide support for the surrounding tissue and thusecamplosed to a variety of
different mechanical insults depending on the wound type, location, and application it is being
used for. Superficial wounds covered with flms and bandages are typically elastic and flexible,
especially for tissue locations thak involved in dynamic movements (e.g., elbow), but also tough
enough to resist abrasive shear, torsional, and mild impact forces (Fig. 9suplenficial,
complex wounds, often dressed with foams and hydrogels, may encounter additional
environmental fares that require adequate compressive and tensile properties. For instance, an
increasingly utilized wound healing modality is NPWT, which involves the insertion of a porous
polyurethane foam into deep, complex wounds, and covering the foam with a sgczerdar
permeable dressing that incorporates a vacuum sd@6;87. Subsequent exposure to sub
atmospheric forces results in mechanical contraction of the wound site volume and has been shown
to expedite the rate of wound closure in several wound types. Thus, the porous foam dressings
used in NPWT must be flexibland compressible upon exposure to-aumospheric pressures,
yet mechanically rigid enough to not be destroyed in such an environment. Moreover, complex
wounds involving significant, suppetissue structures with high mechanical loads, such as muscle
ard/or bone, require more significant interventions. Current wound dressing modalities often fall
short in providing significant mechanical support and dimensional stability while still being able
to promote tissue regeneration in these types of high-deadhg tissues. However, more

advanced tissue engineered wound dressings, such as cusfmnt& scaffolds dosed with stem
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cells and/or regenerative biologics, are currently being explored and demonstrate promise in

potentially improving outcomes seendaeper, more complex wounds.
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Microscopically, recent evidence suggests a signifiagdataf wound dressing mechanical
properties on overall wound healing signaling and outcomes via mechanotransductive signaling
(98,99. Local cells residing within the tissue, including fibroblasts, epithelial, endothelial and
progenitor cells, directly interact with the dressing material, but also indirectly respond to the
physical disruption the dressing has on tissue am@ch. For example, the miedeformations
induced by porous foam dressing spicules on wound tissue has been thought to upregulate protein
production and matrix productiof®8-103). Thus, resident cell s can
variety of mechanical cues in the extracellular matrix ansud¢isenvironment during both
physiological wound healing and upon interventional wound ther&®839. Review of recent
literature further demonstrates the role of mechanotransductiweelh as topological, cues in
augmenting fibroblast and stem cell maturation, function, and overall a¢fiGy108). Notably,
recent studies have revealed the potential critical role of tissue mechanics on epigenetic changes
within cells, termed mechanoepigenetics, which is still in the early investigative 18§44 1).
Clinically, evidence has demonstrated how compression of wounds can be beneficial, though
exposure to excessive compressive or tensile forces, such asutwéng(112), can result in
aberrant healing with fibrosis and hypertrophic scarring, possibly thiadghtion of YAP/TAZ
signaling(113).

5.6. Permeability

The permeability of a polymer wound dressing is another key parameter to consider
(48,51,52. A variety of different levels of permeability are utdfor specific wound applications
(Fig. 1.10. Often highly permeable dressings that are-octlusive are utilized for the removal

of highly exudative wounds, such as through the use of absorbent gauze. Highly permeable

dressings allow the movement dfifls, both liquids and gases, and even cells/bag@8jaCare
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must be taken to avoid infection in instanedgere norocclusive, permeable dressings are used.
Semipermeable, or sentcclusive, dressings are one of the more common formulations for most
dressing$48). These allow the flow and exchange of water vapor and gases, but not liquid or cells.
Thus, these can help trap in moisture to aid in moisturizing the wound tissue. Notably, semi
permeable dressings aretasf capable of regulating moisture within the wound environment
through a process known as moisture vapor transpirétiigh116). However, in highly exudative
wounds, addition of absorbent materials with frequent dressing changes are typically required to
prevent maceration of wounds and excessive trapping of(8@d Lastly, are the impermeable,

or occlusive, dressings which tend to allow minimal gas\aaebr exchange, though low levels

can still occur(48). Occlusive dressings should not be used in the saifiegudative wounds
because they can also result in moisture trapping, maceration of periwound tissue, and an increased
risk of infection(48). Two approaches to generate a wound dressing with variable permeability
properties are the use of a mi#tyered system with a permeability gradient or the combination

of multiple different wound dressing classes togefleay., an absorptive foam covered with a

semipermeable film) Eig. 1.17).
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Occlusive
Dressing

[—

@ Semi-Permeable
Dressing

Permeable
Dressing

Figure 1.10: Comparing the Relative Permeability of DressingsSchematic representation of tlf
different degrees of permeability a wound dressing contains. (Top, blue) iDemitan occlusive of
nonpermeable dressing that is most commonly used as a superficial or outermost layer. O
dressings prevent the movement of fluids, both gas and liquids, as well as cells and bacteria.
green) Depiction of a sempermeable or sembcclusive dressing that permits the movement of gz
and water vapor (dashed black arrow) but typically limits the movement of liquids to variable d
depending on the dressing. Sgmermeable dressings prevent the movement of cells acigria.
(Bottom, black) Permeable or naacclusive dressings are often depicted as foam or-fixenmaterials
that are absorbent in nature and allow the movement of fluids, both gas and liquid, in addition
and bacteria. Oxygen molecules depicisdsmall blue circles. Carbon dioxide molecules depicte
small purple circles. Bacteria depicted as green organisms. Water is depicted as larger blue
Black arrows depict movement through the dressing material. Thicker arrows depict abildapooate
i nto ambient environment . Red arrow accon
material. Blackdashed arrow depicts that liquid water does not transport but water vapor sti

Created and adapted using www.biorender.com software
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Multi-Layered Dressing System
Winter's Composite ‘

Hydrophobic Semi-Permeable Dressing

Hydrophilic Permeable Dressing

Figure 1.11: Example of Multi-Layered Wound Dressing SystemSchematic representation of dud
| ayered wound dressing system, Winterbs C
dressing layer (Bottom, black) covered by a hydrophobic,-permeable dressing layer (Top, gree
Depicted in the compositiFessing is the combined effects of a permeable andmeEmieable dressing
where all fluids and cells/bacteria can pass through the permeable foam base, but liquid water (3
liquids such as serous exudate) in addition to cells/bacteria get sthak the permeable foam laye
because they cannot pass through into the-pemmeable dressing on superficial surface. Howe
the semipermeable layer still allows some removal of water through evaporation, where water Vv
allowed to pass butndti qui d water . This combinati on,
permeability gradient and can aid in exudative removal in mildly exudative wounds, upon df
changes, due to the absorptive hydrophilic foam. Oxygen molecule depicted as snaaitlelu€arbon
dioxide molecule depicted as small purple circle. Bacteria depicted as green organism. Water is
as larger blue circle. Black arrows depict movement through dressing material. Thicker arrows
ability to evaporate into ambienhes i r on ment . Red arr ow agaclain

transport through material. Bladkashed arrow depicts that liquid water does not transport but

vapor still can. Created using www.biorender.com software.
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5.7. Modifiability

Polymers are appealing for the generation of wound dressings, in part, because the already
diverse profile of synthetic and natural polymers can be further modified in a distinct and
controllable manner to generate tailored biomate(idl3120). In the field of tissue engineering,
polymers are modified to alter their physical properties (degradation kinetcbamics, shape
forming ability, or microarchitecture), chemical interactions (ionic, acidic/alkaline, aqueous, or
other bonding interactions), and biological activity (cellular interactions, promotion of tissue
genesis, immunomodulation, and delivery afgs/biologics). As our understanding of physiology
continues to progress and polymer synthesis techniques become more advanced, the library of
synthetie and naturally derived polymers continues to expand with enhanced versatility fer fine

tuning polymerproperties to modulate specific biological activity.

Perhaps one of the more transformational qualities in polymer chemistry is the versatility
of functional group modulation within polymef419122). Endchain, but also intrghain,
functional groups are common sites of chemical manipulation tafat@olymer macromolecular
properties, including tissumaterial interactions and controlled release of biologics and/or cells.
Incorporation of selectively reactive functional groups into the polymer chain, such as hydroxyls,
carboxylic acids, thiols, grrimary and secondary amine containing compounds, are often utilized.
For example, the chemical acrylation of polyethylene glycol (PEG) to form polyethylene glycol
diacrylate (PEGDAY123,124. Incorporating acrylate groups into the polymer chain (or acrylic
acids to end groups) allows for physical or chenucasslinking to improve mechanics, covalent
binding of other polymers or bioactive compounds (e.g., growth factors), and incorporation of

selective enzymsensitive sites for biologically controlled degradation.
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As previously mentioned, altering the bioicagj activity of polymer biomaterials is often
desired. For example, by integrating naturally occurring extracellular matrix binding maotifs,
polymer properties such as material mechanics, cellular adhesion, and tissue integration can be
controlled(125128). Similarly, poteins, antibodies, oligonucleotides and drugs can be covalently
or noncovalently (adsorption, electrostatic interactions, hydrophobic interactions, or hydrogen
bonding) affixed to polymer chair{$29. Cellkmediated release of covalendifixed compounds
can be mediated via enzymatic cleavage of growth factors or other biologics that were previously
conjugated to incorporated enzyiadile moieties (MMPsensitive) within the polymer chain.
Conversely, noitovalent release is often a riesaf environmental or affiniypbased mechanisms.
Therefore, the benefits of controllable, diverse polymer compounds can be combined with distinct
cellular bioactivity via selective modification of polymer chains and integration of bioactive
compounds fodynamically responsive biomaterials. The potential ability to improve cellular
delivery methodologies is important for the future development of next generation tissue
engineered therapies. Altering the number of hydrolytically labile moieties, enzymgveens
moieties, or controlling the crystallinity of the polymer, permits control over release kinetics of
cells from polymer vehicles. However, one step further is the ability to control cellular phenotype,
viability, and engraftment by modifying the magdrcell interaction within the delivery vehicle,
in addition to cedelivery of drugs and/or biologics with cells to achieve tempgpatial control

over cell fate.
5.8. Synthetic vs Biologic

Not only are there synthetically derived polymers utilized for #diwi¢ation of wound
dressings, but there are also a number of biopolymer options that can be classified into the

categories of polynucleotides, polysaccharides, or polypep#esi(]) (48,49,80,130 Notably,
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the most commonly used deng in the world is gauze, which is derived of cellulose, a natural
polysaccharide. Additionally, there are other plant and dbgaed biopolymers, such as pectin,
dextrin, and alginate, or chitosan which is derived from crustaceans, that are comseahigru

wound dressings. Similarly, mammalian polysaccharides such as hyaluronan, chondroitin sulfate,
and heparin are often used. Polypeptides are garnering increasing interest in the field of tissue
engineering. This is because the native tissue envenhoonsisting of proteins, such as collagen,

and polypeptides inherently contains a diverse range of physiological cues for tissue regenerative
processe$131-133. Thus, a variety of formulations are currently under investigation searching
for ways to replicate the bodybés natur al bi o
properties(134-137). Polynucleotides are less commonly used for wound dressing applications
but havebeen used for the purposes of providing a bioactive signal and thus, can be incorporated
into wound dressings for the purpose of augmenting the tissue regenerative résp8is9).
Alternatively, synthetic polymers consist of a diverse range of macromolecular compounds that
typically allow for greater control of structure, chetnjs composition, and bioactivity, which
ultimately allows for enhanced customization capabilities of synthetic polgassd
biomaterials. Technical approaches are commonly utilized to alter the synthetic polymer and/or
the bodyds i mmuao thé symhetc pdlymar, doapmetventoundesirable immune
responses and potential graft/dressing failure, such as incorporation of biomodulatory or anti

inflammatory compound@40), suchas TGl o0410. | L
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Table 1.1: Characteristics of Common Polymeric Dressings.

5 Natural . .
Dressing Polvmer o Bacteria/Infection > bilisy? Exudative/Moisture Wound Tvpes ——— Commercial
ass Component(s) . Control®b¢ Permeability Control Limitations Products
Lomponent(s) | o thet Lontrol Lroaucts
nthetic T
Dry: Outside-In - *Absorptive; aidsin removal Dry: Reinjury of tissues upon
External barrier of exudate. Wetness, coating, removal if enmeshing occurs. Requires
) protection dependent No-Occlusive: and fiber weave alter *Moderate-to-Highly | dressing change when exudate
Loose-Weave on thickness and fiber Eber e an:i absorption. exudative wounds. absorption "strikes through" to outer Suegical Ganze
Gauze Cellulose-derived Natural weave thiciness carl altes *Wet-to-Dry: A technique Wound protectionas a| surface. s
(Dry/Wet) “Wet: Inside-Out - bty where premoistened gauze secondary dressingin | sWet-to-Dry: Rrequires dressing and Kerlix
N Baderial removal P &4 creates an Inside-Out many wound types. change every few hours to maintain
dependent on external moisture gradient (frequent moisture gradient or is prone to
absorptive gradient dressing changes). baderial overgrowth.
*Uncoated: Absorptive, &
2 *Wounds that
although single ply is thin shzﬁl:\lv znd = *Uncoated: Requires secondary
. *Inside-Out - 3 . | without much capadity, 7 3 i A A
Fine-Mesh At o Semi-permeable; ot secondary disssi superficial. dressing. Can become incorporated in -
Giinze i P iy © Tight fiber weave e'}q;ich g SR 2 | .Often used for scab. Scarlet Red”,
Cellulose-derived Natura | Foondarvdressingfor| o0y 4436, | Whichmustthenbe changed. | o e «Coated: Still requires secondary ©
g q Xeroform
(Coated/ extemal absorptive *Coated: Maintains moisture SN 3 P s :
dient 'warp/weft) reduces e ted with epithelializtion, of dressing but maintains moisture and Vaseline Gauze
Uncoated) L] permeability. :;: ckolabg b i - which coated fine- reduces scab. Decreased absorptive
YRIOpIOUIC i, mesh gauze is often properties.
preventing drying and ideal
redudng scabbing. )
. - -Dry-to-Minimaly | . : ;o Tegadern®
Polyurethane, Silicon, Qutside-In - Exterml _[Semi-Permeatle or r\n?f:ff s i exudative wounds. Qﬁém”a‘fﬁ;ﬁﬁ?&m i cogv fea®,
Films DNylon, Polyester, or. | ‘Synthetic barrier protection Ocdusive Permits moisture vapor 3 “Seconcay e *Minimal mechanical tecu%n0 ) ‘ac- ez: '
Polyethylene o S P dressingtohold other | N oY 2! Opsite™,
g transpiration. 3 +Pain upon removal due to adhesion. B
dressings. Darmatac
SO e «Can trap bacteria within the foam Allevyn®,
dressin, Granufoam”®,
Variable absomptivity; ::Du;?l:‘ﬁ;ilg‘:‘g‘h - -C:n d.r% out some wounds. Opu'foam‘:‘ i
. - Variable - Dependent | Variable (typically| dependent on hydrophobic Ypeany SN *More rigid foam dressings can induce o
Foams Polyuretiazia, Siliconé, Svynthetic on pore size and Permeable-to-Semi] moisture gradient. PVA will Moderate-to-Highly tissue injury ata micron level Aquacel”,
and Polyvinyl Alcohol Y 58 S exudative wounds. iy & s e )
’ hydrophobicity Permeable) dry to rigidity if exposed to $Composte dressing Reinjury of tissue upon removal due to|  Bioatain®,
i are common for enmeshing. Polymem:=
iy -Reql.lites wound monitoring and Hydrofera
dressing changes every 1-7 days. Blue®
= 1 *Moderate-to-Highly | o Kaltostat®.
5 foside-One .| Highly Absorbent, aids in exudative wounds. Cad g i save g o Sie
. Mannuronic and Dependent on Permeable or Semi- = ‘wounds. Algisite™.
Alginates i i Natural inherent antimicrobial Permeable teinoval obremdatoand Canbonmdto *Often require secondary dressing to @
Guluronic Acid S moisture from wounds. promote hok i ;Zce 3 e Sorbsan”,
BOOPRIRes reepithelialization. ; Seasorb®
Silicone or . *Colloidal gel can breakdown in -
Polyurethane backing Moderaln Abssorption, G wounds xiag hydrolytic and enzymatic Rephmreg 4
Hvd lloid ! " | Natural or | Outside-In - External |Semi-Permeable or| remove wound exdate while | ~Dry-to-Minimally ity R - Duoderm”,
ydrocolloids Carboxymethyl cellul ose Synthetic | barrier protection Ocdusive also donoting moisture to exudative wounds. g Exuderm®
(CMC). pectin, or wounds via colloidal gel *Requires monitoring of wound and B
gelatin colloid layer = dressing changes every 5-10 days. Comfeel®
+Can over saturate wounds and cause Amerigel®
< erigel ”,
Variable (Cellulose, Minimal - Dependent “Dry-to-Moderately ";ﬁ‘:‘[‘:’}‘“ teatvtic s enzvmatic Aquaflo®
Alginate, Polyethylene | Natural or | on secondary dressings|Permeable or Semi{ Minimal absorption; though | exudative wounds. B R e
Hydrogels g o : degradation in exudative wounds. Aquaform
g Glycol, Synthetic | andadded Permeable provide moisture to wounds. | *Complex and deeper Az 7 5 >
. antimicrobials wounds *Typially nust b paired wth Intrasite®, Nu-
Polymethacrylate) - additional dressings due to minimal -
mechanical or adhesive properties. gel

aQutsideln: Prevents infiltration oéxogenous bacteria.

bInside-Out: Helps eliminate bacteria residing within wound.
All dressing classes can be modified to incorporate in antimicrobial compounds.
dPore size is inversely related to permeability of gas, liquid, bacteria, and tissue.

€Tissue enmeshing is dependent on pore size and permeability of dressings.
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6. Examples of Traditional Wound Dressings

As previously discussed, the overarching goals of wound dressings are to protect the
wounds, regulate moisture, and mitigageterial colonization in order to maintain a warm, moist,
clean, and pktontrolled environment. Traditional modern dressings vary in their structure,
function, mechanics, and bioactivity and include gauze, films, foams, alginates, hydrocolloids, and
hydragels. There are many advantages to each respective dressing class depending on the clinical
context, with modern dressings significantly improving wound care and patient outcabés (
1.1). However, there are limitations to modern wound dressings, oftee t o t he br oad

fits all o approach in their designs.
6.1. Gauze

As previously mentioned, gauze is one of the most commonly utilized and fundamental
wound dressings in the world. Gauze is derived from cellulose, the most abundant polymer on the
planet Cellulose is a natural, homopolysaccharide, linear polymer capable of forming both
crystalline and amorphous structures and is derived from glucose monomer units linked through
b-1,4-glycosidic bondg(141). Notably, cellulose can theoretically be degraded via oxidation,
hydrolysis, or enzymatically via glucosidases/cellulases (bactedatiyed)(142-144), though
the threedimensional structure and hardy crystalline nature makes it exceedingly difficult to
breakdown within the context of a wound bed. Additionally, the degraded byproducts are non
toxic glucose moieties. Traditional gauze comes in eitheewar noAawvoven forms, is highly
absorbent and permeable, is commonly utilized for exudative wounds, and typically acts-as a non
occlusive dressing so it is prone to increased rates of bacterial colonization without proper
managemen(52,145. Gauze does not naturally hydrate tissuenodulate bioactive signaling

within the wound. More recent formulations involve impregnating-firessh gauze via addition
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of water, oil, or other bioactive compounds, such as antibacterial silver deriviiR,a4q.
Impregnated gauze is less absorbent and is typically not suitable for highly exudative (88unds
Gauze dressings most commonly are associated with a secondary dressing material to aid in
holding the gauze in place and help modulate moisture level within the wouh@sswith films,

wraps, or adhesive tapes of differing porosity and permeability. Moreover, antimicrobial
impregnated finenesh gauze formulations have garnered interest due to their ability to reduce the

rate of infection, leading to improved wound outes{#8,147.

Although wetto-dry gauze dressings remain one of the leading wound dressings used
clinically, there are a number of limitations to this modd[l8). As previousy mentioned, gauze
often must be wetted first in order to prevent the wound from drying out; dried gauze within a
wound can result in impaired healif@48). Impregnating finemesh gauze with hydrophobic
coatings, such as petroleum jelly (Vaseline), has been utilized in order to improve the moisture
retention propertie$4). Moreover, more traditional loosgeave gauze dressings are prone to
integration with granulation tissue and tissue enmeshing if left in the wound for extended periods
of time and results in disruption béaling tissue within the wound upon removal of the dressing
(149. Thus, modulation of gauze fiber count and sizes has been used as a way to control tissue
enmeshing while maintaimg absorptive capabilitigqg). A gauze sheet is referred to as finesh
gauze when its pore sizes are smalbugh (typically measured as a fiber warp/weave of 44/36)
to resist enmeshing of granulation tissue and encouragepithelialization beneath it.
Additionally, the benefits seen with incorporating antimicrobial compounds into gauze dressings
suggests tht controlled release of impregnated biomodulatory compounds within gauze dressings
could offer a potential avenue for regulating the inflammatory and trophic responses within wound

tissue. Similarly, future incorporation of smart devices/sensors integalressings (and other
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dressings as well), permits the continuous and easy inpatient or outpatient observation of wound
characteristics, such as exudate production and bacterial infiltrations to better denote when to

change a dressing or administer antirobial therapy.
6.2. Films

Adhesive film dressings are thin, flexible dressings that are often transparent in nature and
are commonly used as a secondary dressing to seal the wound. The permeability and transparency
of film dressings are often dependent onaaiety of factors, including polymer chemistry,
crystallinity, or Tg, in addition to manufacturing modality and environmental stimuli. Adhesive
film dressings are commonly derived of polyurethane, silicone, nylon, polyester or polyethylene
materials oftemwith a hypoallergenic acrylic adhesive layer around the edges, and are considered
semipermeable; allowing water vapor, oxygen, and carbon dioxide to pass through but preventing
water and bacteria from passifgg). Semipermeable films are capable of providing a moist
environment while also removing small amounts of liquid via a process known as moisture vapor
transpiration (measured by moisture vapor transmission rate; MVTR). Adhesive films when used
alone do not have a high enough MVTR to prevent excessive moisture trapping in mtuderate
highly exudative wounds. Thus, due to the moisture trapping and indbiliegulate large fluid
volumes, sempermeable films are able to maintain a moist wound environment conducive of
autolytic debridement, but due to moisture accumulation are also more prone to promoting

wound/periwound maceration and bacterial overgrqd@h

Overall, semipermeable adhesive film dressings are typically considered to be
comfortable relative to ber dressings, and the transparent characteristics allows for constant
wound observatio52). Additionally, the thin elastic film can offer some protection of wounds

from mechanical shear forces, while still permitting flexibility in dynamic tissues, but pale in
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comparison to the protective effects of other dressing moddb@es-ilms are typically reserved

for dry, superficial wounds and should be avoided in infected, deep, heavily exudative wounds or
in the setting of patients with fragile skin, if possitB&). Adhesive films can be paired with an
absorbent dressing layer, such as a foam dressing, for more exudative wounds, but still require
regular dressing changesdditionally, the use of films, particularly with the addition of silicone

to increase sealing and skin comfort, can be used with adjuncts such as intermittent irrigation
and/or the use of mechanical or motorized vacuums to increase air flow and tlvesarediagontrol
moisture vapor content. Ultimately, thin wound films are often limited in their capacity to act as a
single dressing modality and are often considered a supplementary dressing or part of a multi
layered, composite dressing system. Howewadric¢ating thin adhesive films capable of both drug
delivery and wound monitoring, while permitting greater moisture control could bolster the

efficacy of film dressings.
6.3. Foams

Foam dressings are a diverse class of wound dressings that have beenmizadety
of settings due to their wide ranging compositions and porous nature, including thin foam dressings
for topical applications and bulky, porous foam dressings for insertion into deepénjdkitiess
wounds(150). The ability to modulate the main polymeric component (typically polyurethane or
silicone) and a variety of different structural components, give rise to a versatile wound dressing
class (150. Commonly, microardtectural properties are modulated to alter the overall
macrostructural characteristics, including alteration of size, morphology, distribution and
composition of the pores. Ultimately, the benefits of foam dressings can be stratified into four key
categores, physical, mechanical, chemical, and biologid®80. Physical benefits of foam

dressings include moisture control, various degrees of permeability, thermal insulation, and
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absorptive properties. As with any woudressing, there must be a balance between absorptive
properties and moisture maintenance, and this can be controlled via stratification of hydrophilic
and hydrophobic polymeric layers, in addition to the stratification of variable pores sizes.
Mechanical kenefits include the often more rigid/stiff nature of foam dressings for deeper wounds,
which provide greater protection from mechanical and/or physical insults, relative to other types
of wound dressings, such as films. Though, the highly porous naturesiffoam dressings
provides a flexible and compressible substrate, with some exceptions. Similarly, foam struts and
spicules can inflict micraleformation and mickstrain on wound bed tissue, which has been
shown to increase the production of matrix pino$ important for wound healing@9-101).
Chemical benefits include the wettability of foam dressings, incorporation bésae
components, and ability to deliver drugs in a controlled environment. However, the absorptive
nature of most current foam dressing formulations makes controlled drug delivery more difficult.
Lastly, are the biological benefits of foam dressingsh siscthe protection from microorganisms,
prevention of tissue necrosis, delivery of bioactive compounds, and subsequent improvement in
wound outcomes. Notably, due to larger pores sizes and common use in despperfioial
wounds, some foam dressinge @rone to tissue ingrowth and enmeshing of neotissue which can
provoke pain and reinjury upon removyab1). Thus, foam dressings are often changed anywhere

from every 17 days depending on the formulation, application, and wound type.

Foam dressings are utilized for exudative wounds that are sagtéerficial and non
superficial (i.e. deep to the epidermis), often times complex in nature, such as traumatic or chronic
ulcerative wound§&8,80,150. The diverse characteristics and \aitdy of foam dressings allows
for their application in a variety of wound settings. For instance, many foams are polyurethane

derived, and due to the diverse nature of polyurethanes, the foams can be both hydrophilic and
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hydrophobic(152). Aside from the popular use of polyurethdresed foams, are silicoiased

foams that tend to be softer and moralleable which allows greater moldability to the irregular
shape/contour of the tiss(#8,150. Moldability is an important feature of silicofmsed foams
because more efficient surface contact can allow for enhanced mechanical and moisture wicking
properties, often associated with increased rates of wound closure. Hoaevent clinically
utilized foam dressing formulations are restricted by theiffgmaed nature which limits their
tailorability to specific wound shapes and contours. Therefore, future formulations looking at
injectable, pourable, and sprayable foamg #wpand and/or curen situ provide additional
personalization of foam dressings for the complex and variable nature of wound care, including
the ability to treat deeper wounds via endovascular or percutaneous modalities. Additionally,
designing foams wit dynamic pore gradients with the capacity to tailor moisture control and
drug/biologics delivery to wounds would drastically expand the breadth and efficacy of foam

based dressings.
6.4. Alginates

Alginate is a naturally occurring ionic biopolymer isolated from brown seaweed and used
to fabricate a variety of different wound dressing formulation, including hydrogels, films, and
foams(153,154. Alginate dressings are sodium and calcium salts comprfs@@mnuronic and
guluronic acid units, and thus are nontoxic and considered biocompatible in (A&t15&3,15.
Alginate is found to be naturally diverse with wide ranging ratios of gulur@goatennuronate
residues (G:M)(153,159. Thus, alginate inherently maintains a diverse profile of physical
properties and molecular weights based on the relative composition of G and M réé8)Jues
Alginate typically forms a block of G and M residues either in a consecutive pattern

(GGGGGMMMMM) or an alternating pattern (GMGMGM)}53). Alginate gels are formulated
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with either acidic precipitation or ionic crosslinking with cations {¢a(153. Additional
processing of alginate gels via freehging can result in the formulation of foams and fibrous
sheets(153). Notably, ions within alginatbased dressings can promote the generation of a
protective film upon exposure to blood proteins and maintain bioactivity beneficial to wound

healing in some circumstees(155).

Biodegradable alginate wound dressings are highly absorbent, and thus are used in the
setting of exudative wound@9,153. Additionally, alginate dressings have been shown to
intrinsically have antimicrobial, hemostatic, and immunomodulatory propé¢ifds. Howe\er,
the absorptive properties paired with the permeable nature of alginate dressings can result in
excessive drying of wounds and are not recommended for dry wounds. Therefore, alginate
dressings often require a secondary dressing to superimpose oy tdle alginate dressing
to prevent excessive drying of the wound. Additionally, alginate dressings may invoke an allergic
response in some individuals and are-adherent, thus requiring a secondary dressing. The ability
to formulate alginate as arfil, foam, mesh, or gel offers a unique opportunity to take advantage
of the naturally absorbent, hemostatic, antimicrobial, and immunomodulatory properties of
alginate in a variety of settings. Creating hybrid polymeric dressings composed of alginate would

likely provide immense benefits to current dressing formulations for a variety of applications.
6.5. Hydrocolloids

Hydrocolloid dressings typically consist of a tl&yer wound dressing system, an inner
colloidal layer and outer serocclusive/occlusive laygi52). The inner colloidal layer is often
selfadhesive and contains hydrophilic, -f@ming polymer compounds, such as
carboxymethylcellulose (CMC), pectin, or gela{B?). The inner colloidal layer will form a

protective gel cushion over the wound upon contact/absorption of wound exudate thae to
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hydrophilic nature of the colloidal polymer particlés?). The outer layer is typically semi
permeable foam or film, often a formulation of polyurethane, that is permeable to water vapor but
impermeable to bacteriél56). The outer layer seals the wound and can help protect from

additional damage via external insuli$6).

Hydrocoloid dressings are ideal for let@-moderately exudative wounds and are effective
in providing a moist wound environment that promotes granulation tissue formation-and re
epithelialization, while preventing infection and not requiring a secondary dre&strithg.
Colloidal dressings are often used for stiped and partial thickness wounds and can remain on
wounds for longer periods of time, upwards ef(¥ days, though care must be taken to monitor
whether the dressing becomes saturated with ex(Bfile Evidence has demonstrated the benefit
of hydrocolloid dressings over traditional gauze dressing in the treatment of chronic \{@h6)ds
However, the inner gel layer can begin to brdaln within the wound environment and should
be monitored157). Ultimately, the benefits seen with hydrocolloid dressings warrants further
investigations into future iterations that are fabricated with a colloidal layer that permits greater
control over the degradation and possible delivery @didtive compounds. Moreover, generating
a more stable and transparent hydrocolloid would offer the opportunity to continuously monitor

the status of the wound tissue and potentially extend the tipetiveen dressing changes.
6.6. Hydrogels

A new age of hydrogel dressings have emerged, garnering renewed interest due to their
chemical, structural, and biological diversity. Hydrogels consist of a hydrophilic polymer that
forms a crosslinked network polymer and can absorb up to 1000x its dyitvireiwater, thus
ultimately able to achieve >90% water cont@&#,158,15%. Different crosslinking techniques are

used to form hydrogels, including the physical crosslinking methods of ionic bonding, hydrogen
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bonding, and hydrophobic interactions, in additiorihe chemical crosslinking methods of free
radical polymerization, conjugation chemistry, and enzymatic moda(it@&3162). Hydrogels

are produced via a variety of different fabrication techniques including sheets, films, fibers, foams,
nanoparticles, and coatings and can be iaggcsprayed, or spread into a wound. Hydrogel
dressings are able to provide moisture to the wound site, though addition of a secondary dressing
is often desired to limit drying out of the hydrogel and to protect the hydrogel dressing, which
often have limied mechanical properties. Counterintuitively, hydrogels tend to absorb minimal
exudate because they are already saturated with water, however, changes in osmolarity and
degradation can lead to changes in swelling within the hydrogel after applida6&n
Additionally, hydrogels are neacclusive and permeable to water and gas exchange. However,
the moist environment and network structure permit bacterial colonization, limiting their use as an
independent dressing without careful antiseptic nreaqi2). Moreover, the low absorptive
capacity of hydrogels lends to owsetting of wounds ad possible maceration if not properly

addressed.

As mentioned above, hydrogels are a diverse and growing class of wound dressings. Both
synthetic and biologically derived polymer formulations have been investigated. More recently,
hydrogels have been instigated as a potential delivery vehicle for antimicrobials, biologics,
drugs, and cells. The diverse class of polymer chemistries, ability to embed molecules, and ease
of modulating the microarchitecture of hydrogels offers a conducive environment foulloog
the delivery kinetics of bioactive factors capable of augmenting the wound envirqds&it4.
Encapsulation of compounds and cells within a secondary polymer vehicle within the hydrogel is
another commonly utilized approach in tissue enginedfifig,165. Thus, the moleculareight

and degradation kinetics of the hydrogel polymer delivery vehicles are important for determining

42



the release kinetics of the drugs and/or cells to the local ti€sa®. Additionally, the
environmental factors withithe wound site including hydrolytic, oxidative, and proteolytic

activity, are critical factors to consider that can modulate the polymer properties and release

kinetics, depending on how théactive factors are anchored within the hydrogels.

Table 1.2: Common Polymericderived Skin Substitutes.

Product Composition Classification
Name Polymer Component(s) Cellular Component(s) Clinical Use(s) Note(s)
Improvements in wond healing
D * Polyelactin Mesh Allogeneic Neonatal Burns, Skin Grafting, Chronic |time and graft success, shown to
ermagra e Fibroblasts (Human) Wounds be less painful and easier to
remove than allografts
Bilsvered Tyoe T Collie Allogeneic Keratinocytes Burns, Skin Grafting, Chronic Bilayered living skin
Ap]igrafg Y ( B;?;ne) = (Human) and Allogeneic Wounds, Diabetic Ulcers, equivalent, promotes
’ Neonatal Fibroblasts (Human) Epidermolysis Bullosa cellular/tissue ingrowth
Superficial Allogeneic Bilayered living cellular matrix,
Bilayered Sponge of Type | Keratinocyte Layer (Human) ; ; ; often used as an overlay
® ' ; . :
Orcel Collagen (Bovine) and Deep Allogeneic Fibroblast Chronic Wound. Slein Graghing dressing on skin grafts to
Layer (Human) improve function and cosmesis
Delivery of hyaluronan to
. @ |Bilayered Hyaluronan Scaffold, Autologous Fibroblasts Burns. Chronic Wounds wound bed, with a silicone
Hyalomatrix Outer Silastic Membrane (Human) E ’ membrane that acts asa
temporary epidermal barrier
Superficial Allogeneic : - ;
. . N . . . Bilayered living sk
Strat ft® Bilayered Type I Collagen Keratinocyte Layer (Human) | Burns, Skin Grafting, Chronic N llfiizll:m l‘f;ilot:
ratagra (Murine) and Deep Allogeneic Fibroblast| Wounds, Diabetic Ulcers, d - P .
Laver(Homn) cellular/tissue ingrowth
Inner Nylon Mesh, Outer S " Shown to be particularly
Biobrane® |Silastic Membrane, Polypeptide N/A G Sku;\s}lafziuxg Gl beenficial for pediatric
Coating (Porcine) Ocs populations
3 = : ; : Outer silasti br
Collagen (Bovine), Chondroitin Burns, Skin Grafting, Chronic 1;:; ::NZ l:;g:ﬁiﬁlsaﬁ:;:n
IntegraE 6-Sulphate (Bovine), Outer N/A Wounds, Other Soft Tissue P ¥ Y N R
- Superior healing time relative
Silastic Membrane Defects
to auto-/allo-/xeno-grafts
2 5 3 . |Matrix is structurally intact and
: ® | Matrix of TypeI Collagen N/A Burns, Skin Grafting, Chronic a zllzot:;ccelﬁ? 111311« /1352; .
Matriderm (Bovine ) and Elastin (Bovine) G Wounds B + srowih
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The tailorability and capacity to augment the tissue response with bioactive factors and
cells is what makes hydrogels a desirable approach to chronibeating wound$163-165). In
this specific environment, there is a sustained state of inadequate growth factor bioavailability,
overriding inflammation, and excessive proteolysis. Thus, delivery of counteracting factors in a
temporalspatial manner all@s for the ability to potentially reverse this process in more difficult
to treat wounds and improve wound outcomes not seen in traditional wound dressing modalities.
Therefore, hydrogels are considered one of the more enticing bioengineering approaches fo

developing advanced wound therapies.
7. Recent Advancements in Polymerialerived Dressings

7.1.Bioengineered Skin Substitutes

More recently, bioengineered cellaased living skin substitutégrafts) have emerged
and are currently still in the earlier stag# clinical use, though their use has grown tremendously
in the last several year§gble 1.2. Relative to more traditional wound dressings and skin grafting
techniques, they have shown mixed results in some clinical contexts but overall have desdonstrat
promise and offer a pathway for advancing wound ¢&66). Currently, bioengineered skin grafts
are considered to be namferior to autologous skin grafting and often superior to traditional
wound dressing modalities in many clinical situati§gh67-173). They consist of a range of
synthetic, semsynthetic, and biologicaltgerived polymers and polypeptides, often with a
cellular component that consists of autologous or allogeneic human fibroblasts and/or
keratinocytes Table 1.2 (166,167. Most bioengineered grafts that utilize biological polymers

(collagen) are derived from animal sources, such as porcine or bBigné.[129.
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Bioengineered skin grafts can be used temporarily to promote tigewth, prime a skin
grafting site, or serve as a more lelegm replacement of tissu€l66,163. Currently,
bioengineered skin grafts are typically reserved for more complex wounds, such a®phardia
thickness wounds, that involve more extensive damage to deeper anatomical tissues, but can be
used for superficial wounds as wélle6,167. Of note, not discussed in detail in this review, is
the use of autologous skin grafts for the treatment of a variety of complex wounds, such as burns.
Autologous skin grafts are often considered the standard of care for many complex partitl and fu
thickness wounds, such as burns, and have demonstrated benefit over traditional wound dressings
(174). However, autologus grafting requires removal of skin tissue at specific locations from a
donor site on the patient resulting in subsequent injury of that site. Additionally, patients with
extensive wounds covering large portions of the body, such as with severe blkadintiag
adequate graft sites not feasible. More recent, is the practieg wvivoculture expansion of

autologous skin cells or skin tissue teimglant back into patient$-{g. 1.129.

One presumed mechanism of bioengineered grafts is that theydgravibasement
membrandike layer for new epithelial growth due to the natural matexived polypeptides
structures (e.g., collagen, laminin, fibronectin), while the grafted cells also serve as a vehicle to
deliver growth factors via cellular secretioreftre they ultimately undergo apoptosis.
Consequently, the growth factors from grafted cells can induce migration of the native autologous
epithelial cells. Thus, the premise of bioengineered skin grafts is that they more closely resemble
native tissue, idude biological substrates, and often contain cells capable of secreting a
heterogenous milieu of growth factors, which ultimately expedites the wound healing process to a
greater extent than traditional wound dressirfgg.(1.12. Whereasmore traditimal wound

dressings, previously discussed in this review, work by attempting to promote a warm, moist,
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clean, and pH balanced wound environment, and historically do not typically resemble native skin

tissue.
Bioengineered Skin Substitute (Graft)
Explant Autologous Collagenous
Skin Cells Scaffold
Severe Wound

Production of
Acellular Scaffold

3D Bioengineered
Cellular Skin Graft

=
Graft Release of
Cellular Biologics

Figure 1.12: Fabricating a Bioengineered Skin Substitute (Graft).Schematic representation
generating a skin graft with autologous skin cells (i.e., keratinocytes and/or fibroblasts). A biop
patient can be performed to remove autologous skin cells which can then be ecottdvéthin a
polymeric scaffoldin vitro. The scaffold can be fabricated a number of ways, depicted here
methodology of 3D printing of a collagenous lattice. The skin cells are cultured on the poly
scaffold for typically several weeks and themoved from culture, and can be applied to a patient
customized, autologous skin graft using their own cells. The graft is thought to work via a nun
mechanisms, including coverage and protection of the wound, the embedded skin cellsisbge®
to promote wound healing within the native tissue, and the graft matrix can serve as a health

substrate for resident wound cells to grow onto/into and repopulate.
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Similar to the above method of fabricating bioengineered biologicabddsfiromex vivo
expansion of autologous cells, is the recent investigations into decellularized tissuél@Erfts
Tissue can be isolated from a variety of sources, including human amnion, bovine tissue, and fish
(176-:178. The process of decellularization removes the unwanted cellular components of the
tissue to decrease the risk of rejection and failure of engraftrfiets). Decellularized
animal/human tissue is biologically derived and thus, cositaany of the important extracellular
matrix compounds, such as proteins like collagen, that dmitigsue regeneration process. Many
decellularization processes and tissue sources are currently under investigation in clinical trials for
a variety of different wound types, but often are utilized in more severe cases such as burns,
traumatic, and chrao wounds. Ongoing studies are looking to improve the decellularization
process to enhance the retainment of native biochemical and structural tissue properties, which can

often be disrupted during the process of decellularization.
7.2. Modifying Traditional Véund Dressings

Traditional wound dressings often fall short when it comes to treating chronibgading
wounds, which remain very difficult to treat due to their heterogenous and complex matlee (
1.3 (181-208). Thus, future wound dressing design looks to improve upon the limitations
previously highlighted in current traditional wound dressing formulations, by not only improving
their curreat properties that help promote a conducive healing environment but taking the next step
in tailoring their antimicrobial and biological activityif. 1.13. Additionally, several studies
have begun to demonstrate that many of the traditional modern wioessing classes are more

efficacious upon merging into a hybrid dressing instead of a-stlaneé dressing.
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Table 1.3: Overview and Descrintion of Common Wound Tvpes.

, Depth o Common
Wound —L'Z : s — Common x 28 x 3
T Tissue Wound Description Location(s) Insuffciencies Most Common Dressing(s) Utilized Design Considerations References
ype Involvem ent of Wounds
Plantaraspectof [ ..
2 A S % : sV 5 A 2 g
Frsdiss;;  |Oftiayofaewopstiss efaiopy Progresion:| Took Bpafis, | i o Saline soabiad gancze of ipee gaaled gae Off-weightirg neuropathic pressure points. Targeting the
S ¢ *Neurological (S omatic) - f , while
;. . Demis, of simple acute wound towards chronic lateral or fifth s with silver or other antimicrobial. e 3 £ 2o
Diabetic “Epithelialization S : regulating infammation and matrix depostion are key factors.
Subcutaneous, | wound due to vascular and nerves damage. lateral z i *Foams, and hydrogels that aid in bacterial S > S L 28,240-244
Ulcer Fascia, bones and | Inadequate blood/ axygen/ mitrients supélv malleolus and “Matdx Deposition mitigation. . Hydrogel-based dressings for the contralled deliveryof drugs,
joints and wasts removal. " | other pressure fHactens arith Hoflm, '.\'o;wdhe‘ten( dressings most common. gowth fackes, seon cells and innunomoditaloey fackos iy
i Infection ? shown promise. Needs vary with depth of penstration.
A localized chronic wound induced by *Saline soaked gauze. . . e . .
chronic contact pressure to the skin or soft MisclEMiss “Foams, hydrocolloids, and hydrogels that id | 1 2%€ting the promotion of re-¢ pithelialization and matrix
Epidemmis, S . " | Ssitesofbony | -Skin Atrophy 3 e g deposition with neofissue formation are key design factors.
P tissue site. Occurs at the site of a bony 3 2 2 in bacterial mitigation and moisture control. 3 - %
ressure Demis, 5 S prominences (e.g.| *Epithelialization : 5 Offloading needs and depth of wound will also affect dressing ey
prominence orlocation of compression S L 7 pis *Often associated with a polyurethane or 3 = = > 244249
Ulcer Subcungeous from a medical device, frequentlyin heel, ischium, 'Mamx_ Deposition silicone film o superficial cover design Hydrogel _and fibrous polymer based d:esmg§ forthe
Fascia =7 trochanter) <Bacteria and Biofilm = N N controlled deliveryof stem cells and stem cell derived
insensate ara or with depressed level of s “Negative pressure wound therapy often A 2
consciousness. REHon employed. yproducts appear promising
Arterial insufficiency: Terminal digit Arterar | Vasolar d:z‘:;: i:?i;zf‘;:ﬁm‘u Targeting the promotion of angiogenesis and neofissve
Vascular Epidemis, secrosis. Marginating skinlosswith poor | o 0y igits, E clloids and foame. formation are key design factors asis the inclusion of
Insafficiency |  Demis qualifysubcutaneous base distal foreleg. |~ o F Matdx Degosition £ ot o e B ion in venous insufficiency: Bi ialbased [ oe o0 osoc)
7 | Subcutaneous, Venous Insufficiency: Similar ‘.:m“:%:s‘;l *Bacteria and Biofilm o ° on[ onotantmicol erEpys dressings and le for the controlled y el
Ulcer Fascia appearance distal foreleg but hemosiderin P Contamimation s oflog s important [E0EeHIC factors such as VEGF and FGF, bave demonstrated
staining present. = <Exudate Control o o = ¥ benefit Stem cell based therapies are also promising.
€ in venous insufficiency ®
i Tissue damage induced bythermal energy: “Vasaslar and fluid loss Masst provide moisture to wounds while mitigating bacterial
Posans; Removal of dead'necrotic tissue necessary. *Neurological (S omatic and ) 2 propagation Non-adherent dressing are preferred. Full
Demis, = = *Moist semi-permeable or occlusive dressings 3 &
Sobeitenescs, Prone to infection and bacterial propagation. Autonomic) ot ot vl Gl or ottt anb dscsobial thickness bums will require debridement and dressings which
Severitydepends on agent (e.g. flame, *Epithelialization 5 aid eschar removal. Earlybumn flvid loss require extensiveuse |
Burn Fascia, Muscle, Ml it Anywhers e “Inchudes gauze, foams, and hydrogels often R boiiab e 252256
Bone Tendon, [Flectrical, chemical), depth, tissue structures| “Matiix Deposition e of pads and wraps. Delivety of biological compounds such as
Liommagte Donp | H0lved, ad total ara of bum. All burs +Aggressive Bacterial _Sh:'“"‘- e stem cells and growth factors have demonstrated the capacity
‘g“"ﬂ : P | below the demis are "full thickness," third Invasion graffing is coma o to expedite and improve long term healing outcomes.
b degree orbeyond. *Moisture Control Hydrogels are of specificinterest.
Localized skin damaged due to radiation «Celular proliferation : N Mpisture donating dressings that have anti-radiation factors,
*Saline soaked gauze dressings with silver or <h8 P
(therapeutic or incidental) results in Risrtidis «E pithelialization SBas s d;i o as such a , curcumin and. ~would
- E pidermis, decreased cellular proliferation and SUYWIEEE | Matiix Deposition PN provide benefits to wound outcomes. Additionally, hyahuronic
Radiation (commonly sites *Impregnated gauze, hydrocolloid, of
= Demis, bioactive factor production (e.g. growth Fia *Prore to Bacterial i o i & acid based dressings have demonstrated enhanced wound 257261
Dermatitis Subcutaneous factors and cytokines). Damages matrix om“c;;me; Colonizati iR T — outcomes. Depth of involvement varies from superficial to
proteins (e.g. collager). Shares 7 dmreawdSensifivityto | - SV foame e deep Specially formulated non-sensitizing creams bene ficial
characteristics with arterial insufficiency: Togical Agents e in superficial radiation buss.
3 3 P ndent on wound characteristics and tissue
Epidemis, Depe:
5 2 A involvement. 5
Demis, Woundinduced via peretration ofan object “Depends ontissse “Packing wounds with gauzz and foamsis often Dependent on depth of wound and tissue types involved
Penetrating Subcutaneous, | through the external skin bamier (e.g. gun i molvement utilized if wounds afe too large tobe - Malleable dressing materials and formable gel- and foam-
W a Fascia, Muscle, | shot or stab wound). Canbe associated with|  Anywhere 'Oﬁen‘\ andrere a 4 ‘based dressings are ideal for imegular contour of deep 262266
oun Bone, Tendon, | foreign debris and structural damage to soft - PEREEEs ; y penetrating wounds Hemostatic materials for wounds that
2 2 % = damage can be present. *Exudate, foreign matesial and debris removal R 5 st
Ligaments, Desp and hard tissue. lybleed to prevent
and moisture control are important
soft tissue 2
*Film coverings are also common.
Dependent on complexity of wounds and tissue types
; o . " ’ involved. Stem cells offer a heterogenous functionality that can
Fpdemis. | Resuit of taumatic event (e car accident “Depedt ontizse *Dependact on wound canclensicsand Bsie | o s el ahionof realiks B s Mallogbie
c . S e | of military-based) where multiple tissues “Ofet voscalii s aave Pl of S with s sl Bk o dressing materials and formable gel- and foam- based dressings|
omplex | - are almost always invovled. Can be ., e 8 > are ideal forimegular contour of complex traumatic wounds. | o -
3 ascia, Moscle, 2 BT Anywhere damage can be present skin grafting can be utilized for larger wounds. : Qi A z 3 : 262,266-268
Traumatic Boie Todea, asociated with foreign debris and structural ~Lu:n;:han’c< ey ‘Ex vziate éreim akrial sl e b;is i Matesials that provide mechanical and dimensional stability
¥ * | damage to soft and hard tissue, in addition % SRR % 5 3 ideal for structural damage of tissue. May be paried with
Ligaments, Deep S commonly involved with and moisture control are important. 3 SPES A
= 5 to vascular, nervous, and lymphatic damage. =& ST negative pressure therapy. Tailoring release of bioactive
soft tissue edema typicallypresent *Film coverings are also common.
YRty e factors depending on tissue invovlement will provide control
of tissue regeneration.

3 stablishmenof etiology and the correction of the underlying pathology should be the first orc
care. This review looks at dressings presuming that is being carried out.

Benefits of film dressing designs are their adhesive, transparent, and flexible nature.
However, they are often limited due to their limited moisture vapor transpiration activity in
exudative wounds and mechanical properties, with cracking or tearing upon extreme stretching of
the film in some circumstances, in addition to bacterial proliferatitinn the moisturerapped
wound. Recent studies have demonstrated the ability to improve the antimicrobial properties of
films by impregnating antibiotics, silver, silica, or other compounds into the flexible adhesive films

dressingg209-211) or fabricating films of bioactive como u n d s , -ghicarc garamaykn, fo
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enhance their immunomodulatory and wound healing acti{@d?2,213. Additionally, the
generation of sillibroin based films have demonstrated potential benefits of belhg to
modulate the absorptive and mechanical properties of films, with introduction of a plasticizer (e.g.,
glucose) further enhancing the flexibility of the siikroin films without compromising the
mechanical propertig214) (Fig. 1.13. Lastly, recent investigations illustrate that conductive film
dressings (e.g., polypyrrole r@nbes) have the capacity to promote cellular activity of wound

healing cells, such as keratinocytes and fibrobl@sts,216.

The highly porous nature of foam dressings allloam to absorb large quantities of wound
exudate while still maintaining a moist wound environment, compared to the moisture trapping
activity of film dressings. However, the trad# is with more moisture, wounds are more prone
to bacterial proliferatin. Moreover, the malleable and compressive nature of foams is beneficial,
although they typically come as preformed shapes and sizes. Recent studies have investigated the
controlled inclusion of antimicrobial compounds, such as antibiotics (e.g., cioiitgx small
molecules (antimicrobial peptides), or inorganic compounds (e.g., silver) into foam dressing via
covalent or norcovalent linkageg217-221). Additionally, another interesting clinical study
showed how a hydrated polyurethane foam for the delivery of growth factors enhanced the rate of
healing in venous leg ulcef822). Ultimately, investigations intm situfoaming dressings could
provide immense benefit, with the ability to apply the dressing as a viscous fluid (e.g. spray, inject,
pour, spread) and cure/crosslink within the tisdeig.(1.13. This would enhance the surface
contact to the irregular contour of deep, more complex wounds, such as the case often seen with
negative pressure wound therapy treated wounds. Similarly, research into the delivery of biological
compounds with foardressings is still very early, but taking advantages of the tunable nature of

polymeric biomaterials and the high surface doeaolume ratio of absorbent foams offers an
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opportunity for controlled delivery of biomodulatory factors, likely through enzigdhgtrolytic

cleavage of bound compounds or the sustained release via erosion of a polymer substrate.

As research into alginateased dressings continues, the goal is to better control wound
healing responses by reducing inflammation, promoting angiogemeproving antimicrobial
properties, and enhancing wound moisturization via incorporation of bioactive compounds or
blending with other biomaterial based compounds. More specifically, incorporation of chitosan
and silver nanopatrticles to algindiaseddressings has demonstrated enhanced antimicrobial and
immunomodulatory properti223,224, whereas incorporation of a sugar moiety or magnesium
helped improve the angiogenic potential of alginate dres§®§5226 (Fig. 1.13. Similarly, the
antimicrobial peptide Tet213 was conjugated to a hybrid alginate/collagen/hyaluronic acid
dressing which enhanced the antimicrobial activity against methicé$iistant Staphylococcus
aureus (MRSA) and other bacterial species while taaimg its absorptive, biodegradable, and
mechanical propertig227). Uniguely, is the fact that alginateerived dressings can come in the
form of films, foams, or gels, permitting the customization of alginate dressings for specific wound
types and applications, such as tlemeration of a porous alginate foam embedded with cells

and/or biologics that have been encapsulated with an alginate hydrogel.
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Figure 1.13: Modifying Traditional Wound Dressings (Graft). Schematic depictions of ways th
current traditional wounds dssings have been modified to enhance their wound healing capab
(Film) Insertion of a plasticizing agent, such as glucose or other small molecules into a polymer 1
can prevent the alignment of polymer fibers and subsequently increasing xitditfleof film

dressings.Alginatd A number of ions have been investigated for wound healing capabilities, st
the use of magnesium to enhance angiogenic signaling via modulation of native endothelial ce
silver as an antimicrobial agent thaas been used for decadeBodm) Depiction of anin situ

curing/crosslinking foam that expands to fill the irregular contour of many wounds to increase
contact area. Additionally, foams can be embedded with drugs and/or biologics that can subs
be released into the wound bed to promote contrallednd regeneration Hyydrocolloid) Recent
investigations in hydrocolloids have shown how drugs, biologics, and platelets can be delivered
wound bed. Platelets have been investigated as a rich source of growth factors and immunomg
compound via degranulation of their intracellular cargo. Release of platelets can be contrg
number of ways, shown here is how absorption of wound exudate results in swelling of the ¢
network and subsequent release of platel@maft Dressing Smat dressings can, in theory, |
incorporated into a number of different dressing types via insertion of a small, flexible elect
Depicted here a bacterial compound sensing smart dressing that allows -toneeadonitoring of
wounds, such as burndcers, or surgical, for bacterial infiltration. Upon detection a sensor can pr
both a visual color change in the dressing, in addition to sending a signal to a phone app for o
monitoring, and a drugluting scaffold can then be triggered &ease antimicrobial compound
(Hydroge) Schematic depiction of a hydrogel formulated to be deposited into a wound and
secondary senpermeable dressing can be applied superficially to protect the hydrogel. The hy
can be dosed with a numbafr bioactive compounds and cells, such as the use of angiggemied
stem cells. The angiogerzimed stem cells demonstrate enhanced angiogenic activity withi

wound and release compounds that promote neovascularization within the wound tissue.
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Hydrocolloids can protect the wound via their sgmaimeable or occlusive nature but also
contain a colloidal gel layer that helps moisten wound tissue. The colloidal gel layer offers a unique
opportunity to modulate the absorptive capacity of the orgsshile also delivering a variety of
biomodulatory compounds, which is a current area of research. A recent study has demonstrated
how a hybrid curdlafbased (glucosderived polymer) dressing in conjunction with
agarose/chitosan resulted in a superdi®dr nortoxic dressing that did not degrade in the
presence of collagenase but could easily be removed without damaging newly deposited tissue
(228. Another study investigated the delivery of plateileth fibrin (PRF), whichcontains a
variety of growth factors and cytokines, with different dressings that included a hydrocolloid

formulation Fig. 1.13. The study found the hydrocolloids resulted in improved control and
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retainment of the PRF releasatehich they postulated could result in greater enhancement of

wound healing activity229).

Hydrogel based wound dressings historically have been utilized to help donate moisture to
wounds, but a drawback to current formulations is their lack afcitiee biological cues and that
they are prone to infection. Thus, there are a number of ongoing investigations looking into
different ways to delivery antimicrobial compounds to wounds with hydrogels. Some
antimicrobial formulations include loading thelg with silver and gold nanoparticléz30,23),
incorporatng in antibiotic§232-234), or utilizing substrates with inherent antimicrobial properties
(235-239. Antimicrobials can be simply dissolved within the hydssg covalently or non
covalently linked to polymer backbone and/or sittain, or even microencapsulated within a
secondary hydrogel or microparticleig. 1.13. Additionally, a recent study demonstrated the
ability to control the release of antimicrolsiavia a mechanoesponsive hydrogel for more

dynamic wound location@40).

Some of the most commonly studied hydrogels for wound dressings to date are composed
of collagen and the glycosaminggans (GAGSs), hyaluronic acid and chondroitin sulfate
(134,241243). Incorporation of GAGs into hydrogels have previously demonstrated the ability to
enhance cellular infiltration, proliferation, and spreadi244,249. Other naturallyderived
polymeric hydrogels include the use of fibrin for its inherenti@genic propertieg246-248),
cellulose (249,250, and alginate or chitosan for their inherent antimicrobial and hemostatic
propeties(251-253). In addition to collage-based peptide hydrogels, are geldiased hydrogel.

Gelatin is the denature and chopped up form of collagen peptides and thus maintains many of the
same bioactive cues as collag@b4). Additionally, synthetic modifications to biologically

derived hydrogels are also commonly investigated, such as the use of polyethylene glycol (PEG)
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to form linker units within collagen or fibrin klyogels(255,25§. PEGylating these compounds
expands the hydrogel tailorability and permits the conjugation of other peptides, drugs, or other
biomodulatoy compounds within the hydrogels, as well as the capacity to further modulate the
crosslinking kinetics of the gels. Interesting work has also been done recently in the delivery of
stem cells to wounds via hydrogel encapsulation and demonstrated berwférall wound
healing(257-260). Similarly, encapsulation of stem cell derived exosomes is a new and exciting
area of research that demonstrates a novel approach to an acellular regenerative therapy that

potentially eliminates to the need for using autologous cell so(26&63).

The ability to construct hydrogels from both synthetic and naturally occurringarords
and mimic the native fibrous matrix of tissue while permitting fluid and mass transport, highlights
some of the benefits of hydrogehsed dressings. Recent investigations have begun to look into
utilizing hydrogels as delivery systems for biomodtg compounds, such as drugs or biologics
to promote angiogenesis,-epithelialization, neotissue formation, and immunomodulation to
develop the next generation of tailored wound dress{B64,265. Some examples include a
hyaluronic acid hydrogel tdeliver a DNA plasmid encoding for vascular endothelial growth
factor (VEGF) (266, a PVA/chitosan/gelatin hydgel to deliver FGR (267), a
hyaluronan/gelatin hydrogel was used to delivedLand VEGFE (268), and a SDH loaded
gelatinbased hydroge269. Similarly, other major benefits of hydrogels are the capacity to
formulate hydrogels that cuie situor utilization of sheathinning polymeic hydrogels, allowing

for injectable systemd 64,270,271

Ultimately, hydrogels potentially offer many advantages as a wound dressing system,
including their ability to mimic native tissue microarchitecture, modulate mechanical properties,

injectability, mass transport properties, water and moisture conterdbditylto easily conjugate
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and deliver biological factors. Incorporation of hydrogels into other dressing types to form hybrid
dressing classes, or as a standalone system, will likely offer superior outcomes in many types of
wounds. For example, recentidtes have demonstrated how the incorporation of secondary fiber
meshes within hydrogels further augment the mechanical properties of hydrogels by forming

hybrid fiber/hydrogel composite dressi(®y2,273.

Another exciting area of biomaterial research is the generation of smart wound dressings
and microneedle patches, such ag of flexible electronics for the continuous monitoring of
wound status for bacterial infiltration or biofilm formation, followed by the subsequent ability to
locally administer antimicrobial@74276) (Fig. 1.13. As technology progresses, these flexible
electronic devices may more easily be integrated into current and future wound dressing designs

to permit continuous inpatient and patient monitoring of wound healing status.

Ultimately, the next generation of wound dressings will likely incorporate biological
compounds and deliver those factors in a controlled manner in order to augment the tissue healing
process and decrease bacteburden. Additionally, formulating dressings with customizable
macroeproperties, such as porosity, permeability, conductivity, and absorption, will aid in
maximizing the current capacity of dressings to create a conducive healing environment that is

warm, moist, clean, and pidontrolled.

8. Future Outlook and Direction

The conception of tissue engineering was a product of the unification of the biological,
material, and engineering disciplines. Current and future progress in the field has continued to
coalesce a variety of other fields, including computer, electrical, chemical, and biomedical science,

with polymerbased materials playing a key role in each of those fields. The diverse utility of
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synthetic polymers has vastly expanded biomedical therapewttbsincreasing capabilities to
fine-tune select polymer characteristics in a predictable and controllable fa@¥pnThe
incorporation of natural polymers and materialachs as extracellular matrix compounds,
polysaccharides, and polypeptides has permitted the further biointegration of polymeric materials
into complex native tissue environments. Thus, the field of wound care has greatly benefited from
the progress in tissuengineering and has opened the door to a future of more personalized
medicine with customized wound dressings that have tailored mechanical, chemical, physical, and
biological attributes that enhance both the efficiency and efficacy of wound healirgnestc
Engineering polymeric biomaterials for the controlled delivery of stem cells, biologics, and drugs
to augment wound healing and tailor tissue regenerative processes is revolutionizing the

development of personalized wound care therapies.

Modern syntlsis techniques have expanded the precision and capabilities of fabricating
polymerbased materials, with fireined nangmicro-architecture that more closely mimics the
complex fibrous network and mechanics seen in native tissue. Moreover, the evolution
techniques suchas selffs sembl i ng nanoparticl es, Asmarto mi
materials, orgafon-chip, and electrospinning have garnered a lot of interest for their ability to
generate weltefined micre/macrebiomaterial structureswith unique properties. The
devel opment of fismarto materials that respond
temperature, pH, ionic state, magnetism, and electricity) can result in a physiological state
dependent control of cellular behaxi Seltassembling nanoparticles can be produced to form
predefined structures, including aligning or crosslinking of polymer fibers (e.g., collagen) to
modulate the mechanical properties of the tissue scaffold. Microneedle technology has emerged

as a tebnigue that could one day be incorporated into wound dressings for drug delivery
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applications, or to capture and monitor biochemical profiles, such as cytokines or growth factors,
within tissue. The genesis and evolution of electrospinning technologgtiseararea of exciting
advancement. The new portable, hdwedd polymer extruding gun from Nanomedic opens the
door for a new class of customizable wound dressings that architecturally mimic the fibrous nature
of native tissue and can be applied in virpiainy pointof-care setting, including both surgical

and nonsurgical environment®77,279. Similarly, the advancement of more precise and higher
resolution manufacturing techniques, like 3D printing technology, has led to the fabrication of
polymeric biomaterials that are more capable of resembling complex tissue structures. For
example, prefoned vascular and capillatike channels can be 3D bioprinted within the
microarchitecture of a biomaterial graft to improve nutrient exchange and result in more effective

integration of synthetic tissue grafts within wound tissue.

The inclusion of diffeent tissue structures, locations, and profiles paired with individual
health status and wound type, results in complex wound profiles with individually unique wound
healing processes. Thus, as healthcare continues to evolve towards a pbesistbmedioe
model, the diverse, congshentary profile of polymebased technologies facilitate an exciting
approach to potentially treat complex wounds, like burn, traumatic, and chronic wounds. Emerging
technologies, such as hydrodmsed dressings, look to munihe native tissue environment
architecturally, mechanically, and biologically more closely, with hopes of generating a wound
dressing or graft that promotes more efficient biointegration. Additional inclusion of small
molecules, drugs, biologics and sedlllows for further promotion of cellular processes with the
ultimate goal of wound dressings with customized properties that enhance tissue regeneration and

neotissue formation with temporspatial control.
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9. Conclusion

Wound dressings have advanced rotlee years to include a variety of approaches.
However, the same traditional treatment modalities of clean, cover, and moisturize are still used
by default. This approach is often effective and adequate for simple acute wounds, but relies solely
onthebdy6s natural capabilities, which is not al
wounds. Thus, current strategies focus on developing bioactivated wound dressings, where the
dressings are used to deliver factors like drugs, biologics, or stésntoeaugment the tissue
healing response. Ultimately, combining what we know about the traditional classes of dressing
materials to achieve warm, clean, moist, and pH controlled wounds will help to develop a standard
Asystemo of wo u nadond indvisal dregsing typa The eext stephis figuring
out how to customize and tailor these systems towards different wound types, and individual
patient populations based on their health or wound status. Thus, the diverse range and adaptability
of pdymer-based biomaterials paired with the advancement of tissue engineering modalities,

appear to play an intimate role in the development of the future of personalized wound care.
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Analysis for Tissue Biopsies
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*co-first authors

1. Abstract

Advancements in high content imagealysis have led to an increase in the adoption of
these techniques in basic science and clinical research. High throughput approaches to imaging
and image analysis require minimal user interventions, circumventing the often prohibitively time
consuming ad unreliable standard manual analysis. In this study we demonstrate how high
content imaging (HCI) techniques in combination with high content analysis (HCA) can be paired
with more traditional manual analysis to quantify both miarad macrdevel featues of biopsied
tissue sections. High resolution, full color images of stained tissue were acquired and stitched
together to reconstruct the entire tissue section, which enabled analyses that required accurate
identification of &hinthe tissue seatiangA casto segidn ofdnéetest o n =~ W
grid was generated that followed the curvature of the tissue. The composite images were used in
two separate analyses, tissue layer thickness as a-teaet@pproach and nuclei density as a
micro-level approach. Ultimately, the flexibility of the HCI and HCA methodologies utilized in

this study allowed for complex analysis of tissue that would not have been otherwise feasible.
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2. Introduction

In recent years, advancements in computing power and anbbftoaithms have led to
significant developments in the field of scientific reseaft}?). Microscopy and analytical
imaging have greatly benefited from these innovative new approaches leading to breakthroughs
pertaining to cellular, molecular, and genomic biol¢#%). There are several different terms used
when referring to modern analytical imaging approaches of biological systems. High Content
Saeening (HCS) is a term often used to describe the use of an automated imaging system and
large data sets to screen drugs or other biological analytes and assesses their endpoint effects on
cellular population$6,7). For smaller data sets (often less than 100,000 data points), the preferred
terminology used is High Content Imaging (HCA). There is also High Content Analysis (HCA),
which is typically used to describe automated analytical software used to process images or data
acquired via HCS or HQl7). HCS and HCI are frequently used to describe the image acquisition
process. Depending on the system or application of interest, HCA systems can autonomously
guantify predefined biological endpoints afterest that include fixed samples, cell suspensions,
cell cultures, microplates, or histopathological biopé3es). These new and evolvimgicroscopy
techniques have become widespread and are being integrated into scientific research as a key
aspect of data acquisition and analy@s/). Additionally, due to the ability t@rocess large
amounts of data rapidly, HCA techniques are growing in popularity in diagnostic and clinical
institutions, such as hospitals and pharmaceutical comp@Aie€s.

HCA allows analysis of samples with minimal or no user intervention, while still allowing
for additional manual analysis if necessd6y7). Standardizing the analytical process with
automated HCAbased methods improves robustness, validity, and reproducibility of samples

while minimizing observer big8,11). Additionally, this frees up time for researchers or clinicians
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to proces more samples and collect more data in a shorter period of time than standard manual
observation and analy<g).

The development of effective retaine HCA-based approaches to analyze a variety of
diagnostic and histopathological tissue samples, such as biopsies for cancer, autoimmune diseases,
and traumatic ochronic wounds could significantly improve patient q&;®). Analytical imaging
i s extremely i mportant whireenaluatiogtissiuedanplesiogpssiat p at |
clinicians in potential patient diagnogd®). Frequently, in a clinical setting, a biopsy specimen
is benign and has common simple characteristicpatterns that could easily be analyzed
autonomously8). Therefore, pathologists often spend more time sifting through benign specimens
instead of focusing on samples with complex pathologies that require more intensive &alysis
Therefore, there is need for effective and economical approaches to analyze samples that relieves
the time burden that pathologists and researchers have. Moreover, repetitive measurement tasks
are especially at risk for reliable and reproducible analyssamples. This is due to inherent
variability between the same and different individuals that perform the analysis over time, also
called intra and intefrater reliability, respectivelyl3-15).

The burden of labeintensive manual analysis and the potential for irded intrarater
variability highlights the importance of developing automated quantitative image analysis
methodologies. Although all thacollected must be taken into context of the sample collection,
processing, and imaging, the overall HCA process streamlines analytical imaging and provides a
more quantitative assessment. Currently, many HCA approaches utilize comibaseidl
systemshat are only compatible with proprietary HCI or HCS imaging systems. These setups can

be a large financial commitment, making it difficult for researchers that only perform occasional
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analysis of large data sets to benefit from such an approach. Thss isfla problem for core
imaging facilities, but these core facilities often have an-buedened staff.

Providing accurate high throughput analytics will allow clinicians, pathologists, and
researchers to standardize quantification of discrete attribfitesmples, such as assessing an
inflammatory infiltrate by calculating cell numbers or measuring tissue thickness to determine the
level of fibrosis of a wound. These are characteristics that offer significant amounts of information
about the status ofteéssue and provide assessment of potential prognostic features. Approaches
that can efficiently analyze large tissue specimens with minimal user intervention, when compared
to traditional analyses for predefined macamd micre cell characteristics, wilmake tissue
analytics more reliable and economical. For example, analysis of wound healing in skin is often
hindered when associated with sustained levels of pathological inflamnie®o herefore, an
HCA-based approach could allow pathologists to assess the status of different layers of a
superficial wound, such as #betic ulcer, as it heald7). Throughout the healing process the
layers of skin (keratin, epidermis, dermis, and subcutaneous) tend to fluctuate in thicleness du
fibrosis, migration of cells, and infiltration of edematous fI(ii&,19.

The clinical benefit of an effective HGBased approach that can analyze a large data set
could help demarcate future treatment for patients with chronic or traumatic wounds. HCA will
improve the reproducibility and statistical rigor of data regardingbioal specimens from both
in vitro andin vivostudies while enabling processing of multiple samples simultane@sR/).

For instance, the sizer @ensity of an inflammatory infiltrate within a wound could be more
precisely defined and compared across multiple samples. Therefore, there is a need for a cost
effective HCAbased approach that is compatible across multiple imaging platforms that can

amalyze an image of an entire large tissue specimen. Additionally, it would be advantageous for
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this method to be able to preserve high resolution characteristics dfasell features upon
magnification and does not require reimaging at different magtidfita to analyze specific
features, while also remaining compatible with a variety of histopathological staining
methodologies to provide a holistic perspective of tissue specimens.

In this study, we present a customized methodology for a HCI automaage mmalysis
approach that utilizes iterative machine assisted capture of multipledsghlution images of a
single tissue section that are then stitched together to form a singleeh@ttion image. This
method permits the userto program imageyasai s sof t ware to create fiRe
that maintain the curved, organic contours typically found in biological specimens. Discrete image
features based on parameters such as size and shape can be analyzed. Moreover, the use of
histological &aining can further maximize the specificity of image analysis by providing an
additional layer of image differentiation based on color intensity. This automated approach allows
analysis of macrostructures by creating a reconstructed image from multbleesolution
images that are stitched back together to analyze features such as the morphology and thickness of
skin layers within a wound. Additionally, the method provides the capability to evaluate critical
microstructures. such as individual nucleithin a cell or tissue from the reconstructed image
without loss of resolution. This approach can be utilized with sections from virtually any type of

tissue imaged using a wide array of methods.
3. Materials and Methodology

3.1.Animals Use, Surgery, & Tissue Kast

Experiments were approved by the University of Kansas Medical Center (KUMC)
Institutional Animal Care and Use Committee (IACUC#2@8B43.9).Hodge et. alhave previously

described the animal handling, surgical, and tissue harvesting m¢gapds brief, two female
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4-monthold miniature Yucatan pigs (Auxvasse, MO) were acclimated for 14 days in an AAALAC
accredited facility at KUMC witlad libitumaccess to food and water. Under general anesthesia a
custom biopsy punch was used in conjunction with aP8iDted acrylaitrile butadiene styrene

(ABS) guide to create aseriesof fomounds on both the Il eft and ri
(8 per side, 16 total). Harvested biopsies were roughly bisected. One half of the excised tissue
block was preserved in 10% naltbuffered formalin (NBF) and the other half was preserved in

RNALater (SigmaAldrich, St. Louis, MO).
3.2. Histological Processing

Tissue placed in 10% NBF was fixed for a minimum of one week prior to being washed with
phosphate buffered saline (PBS) andtpthin 70% ethanol for a minimum of 24 hours. Samples
were sent to Charles River (Wilmington, MA) for serial sectioning(@rOthickness) and staining
using irhouse protocols. Every third serial section was stained in a repeating pattern of

Hematoxylnad Eosin (H&E) , Massonds Trichrome (MT)
3.3.Image Acquisition & Reconstruction

The end goal of the image acquisition and reconstruction process was to generate a composite
image of the entire tissue section suitable for gross tismasurements while also providing
sufficient resolution to facilitate segmented, cell featueed automated quantification. This
allows for both gross histological measurements and fine cell feature quantification using the same
image set.

A Nikon Eclipse Ttautomated imaging system equipped with a NikonHlBScamera and
NIS-Elements HCA imaging software (Nikon Instruments Inc., Melville, NY) was used to acquire
full-color, 8 bit, RGB images for the entirety of each tissue section at 200x total roatyorirfi

Images were saved as *.ND2 files. Approximat&hp and 650 individual imagegere acquired
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for the two tissue sections used in this paper. The complete image sets were precisely stitched
together based on the (X, y) coordinates of each indivichade using NISElements software,
resulting in the reconstruction of the complete tissue seckimn 2.1A-B). The reconstructed
images were 6.5 and 11.5 GB, although file sizes can easily reach >30 GB in size as the dimensions
of the tissue section ineases. File sizes >4 GB restricts the available file formats in which the
images could be saved; reconstructed sections were saved as LIM .ND2 files. This imaging and

reconstruction approach resulted in an i mage
3.4.Region of InteregiROI) Boundary Creation & Image Segmentation

The image analysis approach in this paper subdivides each section into multiple, distinct ROls
as a function of tissue layer. Furthermore, ROI creation seeks to accurately capture and maintain
the irregular cotours of the tissue while excluding negative space outside the tissue boundaries.
Adobe lllustrator (Adobe, San Jose, CA) was used for ROl boundary creation because of its
precision controls for vector based linework, which was then used HENI8ents.

To create the ROIs for a reconstructed sectionNi¥ files were opened in NiElements
and scaled down for export as .TIFF files (4 GB maximum file size). The relative percent size
reduction of the .TIFF was recorded for each file for future referembe .TIFF file was opened
in Adobe lllustrator, centered on the artboard of equal size, and locked. On a separate layer, the
upper contour of the keratin, epidermal and dermal layers, and the upper and lower contours of the
subcutaneous layer were trdcesing the Pen tool. Similarly, the right and left contours of the
tissue section were traced on their own layer, and then cut using the Scissors tool to create layer
specific boundaries. In aggregate, these contours collectively define the upper |éfiywand

right boundaries of each tissue lay€ig( 2.1A-B). The adjacent tissue sections stained with MT
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and BB were used as visual references, when needed, to best determine where the tissue layer
boundaries should be placed.

Using the Blend tool, #leftmost control points on the upper and lower boundaries for the
dermis were selected and the blend parameters were set to create a horizontal midline (Object >
Bl end > Blend Optionsé > Spacing > Speeified
topmost control points of the left and right tissue layer contours were selected, and the blend
parameters were set to create a smooth trar
approxi mately equal wi dt h midl i neng¢@ Opdegifiedct > E
Steps = 9). The blend containing the column divisions and the dermis midline were both selected,
and the blend spline was replaced with the midline (Object > Blend > Replace Spline) so the
column divisions more closely approximated theegal curvature of the tissue section. The same
general process was repeated to create 10 columns for the subcutaneous layer. Using the Blend
tool, the leftmost control points for the upper and lower boundaries of the dermis were selected,
and the blendpr amet er s were set to create a smooth
approximately equal height for both the dermis and subcutaneous layers. The column and row
grids were overlaid on the tissue layers boundaries to create the completed R@Itgadissue
section Fig. 2.1C-D). The image of the tissue layer was hidden leaving only the black lines of
the ROI grid visible, and the grid was exported as a .TIFF file.

In NIS-Elements, the ROI grid and ND2 file for the paired-&ifle tissue section were both
opened, and the R@Fid was scaled up to match the document size of the tsesti®n. The ROI
editor was opened in the file containing the ROI grid, and thedattrt tool was used to identify

the regions. The ROI set was saved and then loaded in the file contairstegribd tissue section.
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2000 um - 2000 um

2000 um ' 2000 um

Figure 2.1: ROI Boundary Creation & Image Segmentation (A, B) Reconstructed tissue sectio
from 200X total magnification images where (A) is control tissue and (B) is injured tissue after
of recovery. These two tissue sections are overlaid with black, dotted lines indicating the tissl
boundaies. These dotted lines are the base used to create the completed ROI grid. (C, D) T
column and row blends (black, solid lines) overlaid with the dotted line tissue layer boundarieg
the complete set of ROI boundaries:[PAModified images opreviously utilized histologically staine

sections from published manuscriptidgdge et. al[22].

3.5.Tissue Thickness Measurements

Thickness of the tissue layers can vary considerably across the width of the sample,
particularly in wounded tissue, which makes single point sampling of a given layer inaccurate. To

offset this variability a maximum of 10 thickness measures per layetissee section were
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collected Fig. 2.2). These 10 measures correspond to one thickness measurement per column,
which pairs efficiently with the previously established ROI grid. Distance measurements could
also be applied to other specific ROIs or woueattires if desired. Layer thickness measurements
were not collected using automated processes. For each column of ROIs in a given tissue layer
the midpoints of the topmost ROI and the bottom most ROI were connected, and a straight line

connecting the endsf the midpoints were measured and recorded.
3.6. Automated Cell Feature Counting

The previously reconstructed images of H&E stained tissue that were overlaid with the ROI
grid were scaled down in size to prevent the software from crashing during anadsiitiRn
of the images used for analysis was 0.51&em/ px
developed in NISElements software that allowed the number of nuclei in all ROIs for each tissue
layer to be quantified. Although all images were acaguirging brightfield microscopy, individual
RGB channel color data were used extensively during the analysis process to better filter or
identify cell nuclei, since each channel had different degrees of color contrast between specific
cell features. Analysi parameters were designed to be specific to each tissue layer due to the
distinct staining patterns:

Keratin layer images were analyzed using the green channel from the full color images.
Images were prprocessed using auto contrast and soothing commaridsto being subjected
to an over/under threshold that was further refined by filling holes, eroding, and filtering based on
width.

Epidermal layer images were analyzed using data from the red and green channels, and nuclei
were identified by havingpecific positive characteristics in both channels. In the red channel,

images were prprocessed using local contrast and soothing commands prior to being subjected
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to a dark spot detection threshold with settings for diameter and contrast. This wagé€iribd

using a thickening command. In the green channel, images were subject to smoothing-and auto
contrast commands prior to being subjected to an over/under threshold that was refined using
dilated and filter on area commands.

Dermal layerimages wee analyzed using data from red, green, and blue channels. Ultimately,
nuclei were identified by having specific positive characteristics in the red and green channels
while having specific negative characteristics in the blue channel. In the blue ciraagek were
pre-processed using a detect peaks command and then subjected to an over/under threshold that
was refined by dilating and eroding the threshold binary to close minor holes, and then filtered
based on circularity. In the green channel, image®wot preprocessed but were subjected to a
dark spot detection threshold with settings for diameter and contrast. This was further refined using
erode and filter on area commands. In the red channel, images wgn@gessed using auto
contrast and sdbing commands, prior to being subjected to an over/under threshold that was
further refined by filling holes, eroding, and filtering based on elongation.

Subcutaneous layeimages were analyzed using data from the red channel. In the red channel
images wee not preprocessed but were subjected to a dark spot detection threshold with settings
for diameter and contrast which was further refined using erode and filter based on elongation
commands.

Using the parameters described above, the macro was rumoarntify cell nuclei per ROl in

addition to calculating the area of each ROI.
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4. Results

4.1.Tissue Layer Thickness Measurements

In Figure 2.2 the thickness of the keratiiif. 2.2B-G), epidermis Fig. 2.2C-H), dermis
(Fig. 2.2D-1) and subcutaneou§ify. 2.2E-J) layers are displayed in the control and wounded
tissues. Nosinjured tissue displayed less variation in thickness across each tissue layer than
injured. In the injuredissue, not all layers were present at all sample locations, and as a result the
keratin layer and epidermis thickness measurements have 5 data points out of the possible
maximum of 10. This did not impact measurement acquisition. Variation in thickrteggailats
is inherent to the intrinsic variability of layer thickness (especially wounded) across the tissue
specimen, not as a result of the methodology. Additional histological stains are Eegpmer.3
to demonstrate the capacity to utilize the khiess quantification across multiple staining
modalities. Supplementary stains, such as M@.(2.3A-B) can be used to aid in identification of
tissue layers/regions based on collagen (blue) and keratin (red), whereakig&B3C-D) helps

identify regbons populated by gram positive (purple) and gram negative (red/pink) bacteria.

Figure 2.2: Tissue Layer Thickness MeasureqA, F) Reconstructed tissue sections from 200X t
magnification images with colored, dashed lines indicating where measurements took place
(A) is control tissue and (F) is injured tissue after 9 days of recovery. The color and locatiom
linear measurement indicated on the figure correspond to the sameadiloy of the scatterplots
however, due to the size of the image and the relative thinness of the keratin and epidermis tiss
a single magenta line was used to represenséparate thickness measure for both layers.

thickness of each tissue layer for control and injured tissue sections are shown in scatterplots
(B, G; black open circles), Epidermis (C, H; magenta open squares), Dermis (D, I; turquois
triangles), and subcutaneous (E, J; purple open diamonds). In the injured tissue, not all lays
present at all sample locations, and the keratin layer and epidermis have only 5 of 10 {
measurements, although the dermis and subcutaneous layergedd0 of 10 possible measuremer

(A, F) Image sets used to provide visual context for methodology, permissions provided by py

from previous manuscript dyodge et. a[22] for use of images.
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4.2.ROI Area, Nuclei Counts & Density

Data output from the macro included the number of counted objects, area of the counted
objects, area of the ROI, and the area fractionettunted objects within the ROI. Several other
parameters could be readily added to the data output in an experiment specific fashion. Descriptive
statistics for the ROIs themselves are showmahle 2.1and Table 2.2for control and injured

tissue, respectively. The number of counted objects and ROI area were used to calculate the density

of the counted objects for each ROI.
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2000 um 2000 um

Figure 2.3: ROI Boundary Creation & Image Segmentation of MT and B&B. (A-D) Reconstructe
tissue sections from 200X total magnification images: (A, C) control tissue and (B, D) injured
after 9 days of recovery. Images are overlaid with black, dotted lines indicating the tissu
boundaries. These dotted lines are used to createotnpleted ROI grid. The ROI column and rq
blends (black, solid lines) overlaid with the dotted line tissue layer boundaries create the comy
of ROI boundaries for (A, B) Mas s ®nModifiedimages
of previously utilized histologically stained sections from published manuscridbbige et. al[22].
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In Figure 2.4the results of the automated nuclei quantification are displayed as densities to
control for variation in ROI size. ROIs for both injured andtcol tissue cell densities followed
the same general trends. Cell densities from lowest to highest were found in the keratin,
subcutaneous, epidermis, and dermis tissue layers; although, the average density and spread of cell
densities for control and imjed tissue differed. The average density + standard error of the mean
are reported ifable 2.3for both control and injured tissues. Table 4 gives examples of many of
the commands used in the macro for nuclei counting along with example settings ameadry
potential usesTable 2.4f urt her el aborates on the fApositivVve
in this methodology. The exact settings would be dependent on the operator and staining
modality/intensity and, thusTable 2.4 provides generalizegarameters that can be used to

perform quantification of an object, such as cell nuclei.

Figure 2.4: Quantification of Nuclear Density as a function of RO1 (A-H) Scatterplots displaying
the density of g u?onalROlsineath ofitbhect tissuie laykr8: kebalinQepidern
dermis, and subcutaneous layers, respectively for contrdl)(And injured (EH) tissue. Quantified
nuclei are represented in the images by blue dei¢) Representative images highlighting the tiss
layers in control and injured tissu@, L) Show the relatively low nuclei density observed in the ker
layer, and the typical density in the epiderrfis.M) Contrast the stark difference in the density of

dermis in control vs. injured tissue. (K) Display the density ROIs for the subcutaneous layer.
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5. Discussion

High Content Analysis (HCA) is part of a growing field of analytical imaging that utilizes
fully, or semi, automated systems to assess image features. Imaging software providesah appro
to quantitative analytical imaging that holds the potential to provide tremendous benefit to both
researchers and clinicians. With the field of hrgbolution imaging growing in its capabilities, it
is important to develop methodologies that are atolesand provide quantifiable data from the
dense amount of information provided by imaging and histopathological analysis techniques. In
this study, we present a potential combination of methods for improving the way users can
extrapolate information fio tissue specimens and decrease the inherent biases aridtiabsive
process of current manual approaches to benefit researchers and clinicians in the study of diseases.

One of the many benefits of this methodology is that it can be paired with ebsamntja
imaging system as the primary requirement is only an image to analyze. This includes macroscopic
tissue images down to electron microscopy images, and everything in between. After multiple
high-resolution images are acquired, a single image islolee@ by reconstructing the individual
images via a process of stitching. The user can then determine specific image features of interest
for analysis. Once the image feature is determined, then customizable ROIs of any shape and size
can be created. If ¢htarget of interest is a mictevel feature like cellular nuclei, as performed in
this study, then automated counting can be applied based on the color, shape, or size of the image
feature.

Differentiation of image features based on color is maximizaedithizing staining or
labeling methods to enhance features and removal of unwanted background noise. Additionally,
the use of shape and size for image feature differentiation can be utilized to further qualify certain

components of the image and incretise specificity of feature quantification. A unique quality
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of this method is its ability to work effectively with nomiform shapes and tissue samples, which
can often provide problems for other HCA systems that rely on rigid gridding and geometrical

shapes.

Table 2.1: ROI Descriptive Statistics: Control Tissue

CONTROL TISSUE Keratin Epidermis Dermis Subcutaneous
Number of ROIs 10 10 50 50
Average % 21168 57248 385177 281751
St. Dev. 6774 13607 109232 41443
S.E.M. 2142 4303 15447 5860
Mi ni mum AY} 8210 32836 211044 202005
Maxi mum A3 30929 77215 602751 405888

As shown in this study, one can count nuclei, but if specific cell populations are of interest,
then a different stain can be used, or a counterstain can be applied to enhance tbityspietié
nuclear quantification. The ability to use this methodology with multiple staining/labeling
techniques or even without staining/labeling allows for customization of a variety of image
features. If a more mactlevel feature is of interest, suels tissue thickness or quantification of
tumor size, then an automated ROI approach or manual analysis of the tissue can be performed.

Sometimes manual analysis of certain image features is ideal. With this methodology, the

user can perform manual anadgt of image features. In fact, the method enhances the ability to
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perform certain manual analyses. Thus, users can go from lower magnification to higher
magnification with the same image where image resolution is only limited by the processing power

of the computers used for analysis.

Table 2.2: ROI Descriptive Stats: Wounded Tissue

INJURED TISSUE Keratin Epidermis Dermis Subcutaneous
Number of ROIs 5 5 50 50
Average % 130180 395599 705708 474365
St. Dev. 102597 300702 246138 183254
S.E.M. 45883 134478 34809 25916
Mi ni mum AY) 41729 44377 19017 201035
Maxi mum A3 276629 873955 1167425 855840

Moreover, this method can be used to validate accuracy and reliability of manual
measurements of image features to assess el intra rater reliability. It is inportant to
recognize that there are many inherent biases during image analysis. Biases can be dependent on
tissue collection, processing, mounting, staining, imaging software, or user. Therefore, a more
autonomous approach to the processing and analyisiagés can help prevent bias and improve
the rigor of the data collected.

Another feature is that this method can also work in tandem with malshgsel learning
programs to enhance a data set or can also be used to validate the accuracy and regyroducibil
machinebased learning programs, such as CellPrdilerThe discrete data generated by
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characterizing the custom ROI[Faple 2.1:2.3) can aid in the construction of machibased
learning programs. One important difference between our methodolayy amachinéased
learning program is that users know the exact qualifying parameters utilized and how they are
being generated. In machibased learning there is less awareness of what dynamic algorithms
are being used to quantify image features. Fotaterapplications, machiAeased learning
programs are likely more efficient, such as mordepth analysis of complex systems. However,
reproducibility of machindvased learning programs can often be subjective and contain inherent

biases from the operator.

Table 2.3: AverageCell Density in ROls

(Avg + S.E.M.) Keratin Epidermis Dermis Subcutaneous

Control Tissue 6.468 + 2.079| 93.78 £6.392 | 10.39 +0.4213| 1.938 £0.1750

Injured Tissue 1417 £9.135| 46.42+11.69 | 43.23+3.610 | 7.661 +0.482

Lastly, the methodology in this study provides a financial advantage. As previously stated,
this approach can be paired with almost any imaging system or analysis software that a laboratory
may currently hae without the need to purchase new equipment or expensive software. Therefore,
the financial burden that plagues many HCA systems, that may come as part of compatible HCI
or HCS systems, can be bypassed to permit greater access to the wealth of dbtd pyamage
analytics. The measurement of tissue layer thickness measures was limited only by the
presence/absence of tissue layers in the images. The quantification of the nuclei density, as a
function of ROI, was mildly limited by the stability of thaaysis software when handling large

file sizes and the processing power of the computer used for analysis.
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Analysis Parameter

Setting Example(s)

Potential use(s)

Dark spot detection

Identifying general location of

A Diameter Min = 6.5 uM nuclei and/or other cell and tissU
A Contrast Min level = 10 features
Detect Peaks _ o
A Threshold Range = 20 255 Broadly identifying areas to
_ use as masks for future steps
Asize Range = n/a

(Color) Threshold

A Single channel use

A Multichannel use

Range =0 117, red
channel

Range = 36 101, green
channel

Range = 28 255, blue
channel

Operators

Add
Subject

And
Or
Having

Perform calculation

Combine mask and/or feature
areas

Filter on Elongation
Filter on Circularity
Filter on Width
Filter on FilArea

Min=1, Max=6.4
Min =0, Max = 0.7
Min =19, Max =b
Min =5, Max =b

Inclusion criteria
Exclusion criteria

Smooth
Dilate
Erode
Thicken

Kernel setting, Count = 1

Grow by 1.2 uM
Shrink by 0.17 uM
Count=1

Shape refinement for masks
and/or features

Morpho separate
objects

Kernel setting, Count = 1

Subdivide merged areas

Fill holes

N/A

Closes holes trapped within a

existing area
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6. Conclusion

In summary, this methods study demonstrated a new analytical imaging technique that
involves a combination of high content imaging and the reconstruction of images to generate a
single high resolution image. This newly generated image can be customigedrbgnting the
image into Regions of Interest (ROIs). Notably, this methodology works well withuniéorm
and organic contours of biological specimens, such as that from a clinical biopsy, which is often
problematic for other HCA methods that rely agidigeometry methods. A wound healing model
was used to demonstrate some of the common features of this methodology. Cellular nuclei counts
and tissue thickness measurements were chosen to demonstrate thandionacrecapabilities
of this method. Addionally, we discuss in this paper how the automated features of this method
are able to limit the inherent biases and error that often plague quantification of image features,
especially those that require repetitive analysis. Moreover, our method gaedo@ tandem with
other HCA methods, including machibased learning, to improve data rigor and reproducibility.
Our methodology can be utilized across different platforms and is not reliant on any one specific
imaging software. Ultimately, this methazin aid both clinical and academic researchers by

providing a more economical approach to image analysis.
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Chapter 3

Novel Insights into Negative Pressure Wound Healing from am
situ Porcine Perspective

Adapted from Publication:
Hodge, J. Get al. Novel insights into negative pressure wound healing faonin situ porcine
perspectiveWound Repair RegegR021).https://doi.org:10.1111/wrr.12971

1. Abstract

Negative pressure wound therapy (NPWT) is used clinically to promote tissue formation and
wound closure. In this studyg porcine wound model was used to further investigate the
mechanisms as to how NPWT modulates wound healing via utilization of a form of NPWT called
the V.A.C. (vacuurrassisted closure). To observe the effect of NPWT more accurately, non
NPWT control wound containing GranuFodfn dressings, without vacuum exposure, were
utilized. In situ histological analysis revealed that NPWT enhanced plasma protein adsorption
throughout the GranuFodin resulting in increased cellular colonization and tissue ingrowth.
Gram staining revealed that NPWT decreased bacterial dissemination to adjacent tissue with
greater bacterial localization within the GranuF&nGenomic analysis demonstrated significant
changes in gene expression across a humber of genes between wourtdisviteater NPWT
and NPWT when compared against baseline tissue. However, minimal differences were noted
between notNPWT and NPWT wounds, including no significant differences in expression of
collagen, angiogenic, or key inflammatory genes. Similarly,ifsogmt increases in immune cell
populations were observed from day 0 to day 9 for bothNPWT and NPWT wounds, though

no differences were noted between #IPWT and NPWT wounds. Furthermore, histological
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analysis demonstrated presence of a foreign Ibesiyonse (FBR), with giant cell formation and
encapsulation of GranuFo&mparticles. The uniquim situ histological evaluation and genomic
comparison of NnotNPWT and NPWT wounds in this pilot study provided a never before shown
perspective, offering novehsights into the physiological processes of NPWT and the potential

role of a FBR in NPWT clinical outcomes.
2. Introduction

The ter m, Awound healingo, i's a very broc
predictable set of cascading events that occur in the setting of tissue damage that has resulted from
loss of tissue structure and functidn2). When our bodies incur a form of tissue damage resulting
in either superficial, deep, or even structural damage, the skin is often left traumatized and exposed.
The subsequent series of systematic events impartially affect most types of wounds aaftdérssue
an injury. Those defined events &imostasiswhich results in tissue exposure to blood proteins,
platelet activation, clot formation and provisional fibrin matrix formati(8). Next is
inflammaton, which is a series of inflammatory signals that results in immune cell migration into
the wound site and removal of damaged debris and bad@riarhis is followed by the
proliferative phase, the stage of granulation tissue formation that includes neovascularization,
fibroblasts proliferation, and wound contracti®6). Fibroblasts become the key contributor
during this phase and begin dispersing throughout the wound site to prepare the tissue for the final
stage ofremodeling which occurs after wound clogufrom reepithelialization(7). Fibroblasts
delicately perform the remodeling process through a synchronized balance of collagen deposition
and simultaneous degradation via secreted enzymatic factors, such as Matrix Metalloproteases

(MMPs) (8,9). The overall purpose of this cascade of events is returning the tissue to a state of
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anatomical homeostasis and restoration of fun€garhese four distinct stages are used to define

our bodyo6s i niti al,alsoksoproas acete wound healisgs ue da mag

The complex and dynamic nature of wound healing often can result in perturbation of acute
wound healing, leading to pathological wound hea{?d0. Pathological wound healing can be
thought of as a continuum of physiologic healingene an aberrant process leads to an imbalance.
One such imbalance can lead to excessive scar tissue formation and (kirds)s Conversely,
with insufficient scar tissue formation there is a deficit in healing which can result in ulcer
formation (11,13. Abnormally healing wounds can become chronic and result in complicated,
northealing wounds accompanied by chronic inflammafibh14. There are several systemic
and local factors that can have a negative influence on wound headidggeto chronic

inflammation and noimealing wounds, including the presence of an infection or foreign (i&ey
17).

Infection within awvound site triggers a proinflammatory response that prompts recruitment
of neutrophils, production of Reactive Oxygen Species (ROS) and proteases, and subsequent tissue
damage(18,19. Inability to resolve the infection can result in chronic inflammation and a
sustained state of ndrealing(20,21). The Foreign Body Response (FBR) is chamazéd by
adsorption of plasma proteins onto a foreign object, which serves as both a biological stimulus and
an anchor point for inflammatory celf22,23. A subsequent series of inflammatory signaling
events results in a transition from acute to chronic inflammation, granulation tissue deposition,
neovascularization, and a phenotypic switch from M1 to M2 macrophage®). Following
failed attempts of Afrustratedo macrophages t
Cells (FBGC) are formed, which are multinucleated giar$ arived from fused macrophages

that aid in the fibrotic encapsulation and/or expulsion of the foreign object from th¢lfax).
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Failure to expel the foreign object from the body results in a sustained stimulus and chronic

inflammation.

To this day, there is yet to be a singular type of wound care modality proven most effective
for all wounds. However, @tusive or sembcclusive dressings that create and maintain a moist
environment are considered the mainstay of wound(d4r&5. A recent and innovative strategy
for wound care is the Vacuumssisted Closure (V.A.C.) system. The V.A.C. system is a form of
Negative Pressure Wound Therapy (NPWT), whids gained increasing interest since its
inception in 199725,26. The V.A.C. has shown clinical efficacy in a number of settings including
surgical wounds and preparation of surgical wound sites for closure or grafting, traumatic wounds,
skin grafting, complex ulcerative wounds (diabetic, pressure, and venais istiuced), and
wounds involving exposed bone and orthopedic implg#s30). The V.A.C. system consists of
inserting an opewell reticulated polyurethargerived foam dressing into a wound, called
GranuFoark , followed by sealing the wound site by applying a sparimeable adhesive film
over the wound and foam dressing. The V.As@stem is then attached to a subatmospheric
pressure system, typically set at 125mmHg for this material. The-agblemrreticulated
characteristic of the foam provides equal distribution of forces throughout the wound site and the
ability for air and fluidto freely pass through the foaf®5,3]). Application of subatmospheric
pressure results in contraction of the reticulated foam andchaneal decrease in wound site
volume, thus bringing the wound edges closer together. This is similar to how sutures close
surgical wounds or a compression bone plate bridges together two pieces of3h@3e
Moreover, exposure of wounds to the subatmospheric pressure V.A.C. system has been claimed

to enhance blood fle, remove excess fluid, decrease bacterial load, promote cellular proliferation,
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stimulate granulation tissue formation, and expedite the overall wound healing process

(25,26,31,3)%

A current hypothesized mechanism of how the V.A.C. system decreases bacterial load
revolves around increased oxygenation from augmented neovascularization within the wound
(25,3). The increased circulation leads to improved neutrophil recruitment and the higher
abundance of oxygen provides means for neutrophil oxidative burst a¢88tyHowever, the
data surrounding this mechanisare not fully understood and requires further stu@g,37.
Clinically, bacterial burden is of high interest to physicians due to the negative impacts it can have
on prope wound healind19). Although bacteriare known to adhere to plastic implants or other
devices, they have not yet specifically been shown adhering or proliferating directly on
GranuFoarf!. Yet, blood and matrix proteins, such as fibrinogen and vitronectin, are known to
adsorb onto biomaterialgpon implantation into the bod{23,38. Plasma protein adgation
results in modulation of the inflammatory response and subsequent cellular colonization and
matrix deposition within the fg28% Sherefdrethbehe f 0¢
FBR can be thought of as a stimulus for tissue enmeshing due to the promotion of fibrous matrix
deposition and encapsulation of the foreign b(#l). Moreover, plasma protein coated plastics
have been shown to enhance the adhesion and proliferation of bé@8edi@,4). Thus, plasma
protein adsorption and tissue enmeshing together coulidpreged points for bacteria to adhere
to and propagate within the GranuFddmConsequently, it is possible that there is a higher
bacterial presence than originally thought, due to bacteria residing within the foam and the foam

surface interacting witthe wound environment.

In this pilot study, a porcine wound array was developed to establish a holistic and temporal

perspective for the evolution of the wound healing process and expand upon the original study

122



performed by Morykwas and Argen{a5,29. A porcine model was used due to the similarities
between the wound healing processes of pigs and hufign8.(). The mechanisms behind how

the V.A.C system exerts its effeoh the wound healing process over time was assessed by
controlling for the effects of the GranuFomdressing without subatmospheric pressure. The
impact of removal and reapplication of the foam dressing on wound healing was evaluated, in
addition to howthe V.A.C. system may be mitigating bacterial load. We aimed to determine the
relationship between the foam dressing and bacterial bumdsitu, compared to the traditional
method ofex vivobiopsy analysis of the wound bed without the dressing, whiohrt&nowledge

has never been investigated up to this point. We hypothesized that protein adsorption and tissue
enmeshing within the GranuFo&mis providing potential seed points for bacteria to adhere to
within the GranuFoafs dressing with increased prateadsorption and enmeshing due to
exposure to subatmospheric pressure. Proliferating bacteria within the GrafiiFostmeen
dressing changes could be negatively augmenting the wound environment. This pilot study
provides a new perspective to the mechanddnbacterial mitigation by the V.A.C system.
Additionally, the noANPWT control group paired with thi situ perspective in this study
provides novel insight into the potential role of a Foreign Body Response (FBR) to the

GranuFoarf dressing as a possibkey component to outcomes seen in NPWT.
3. Materials and Methodology

3.1. Animals

Animal studies were approved by the University of Kansas Medical Center (KUMC)
Institutional Animal Care and Use Committee (IACUC) under animal care and use protocol
(ACUP) #20162319. Two female 4.2 monibid miniature Yucatan pigs weighing-30 kg were

procured from Sinclair Biwesources (Auxvasse, MO), and allowed to acclimate for 14 days in an
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AAALAC accredited facility at KUMC. Animals were provided with food, water, andatoc

enrichmentad libitum

A Full Wound Dressing, No Negative Pressure Full Wound Dressing, Negative Pressure
Left Flank Right Flank

124



Figure 3.1: Surgical Procedure Overview.(A) Two arrays consisting of eight fuhickness wounds
(1-cm?®) each were made on the back of two female Yucatan Miniature Pigs (n=2) with a custom
wound punch. The sanakeessing configurations were applied to both wound arrays. Negative pré
wound therapy (NPWT) was applied using the KCl/Acelity vacuum assisted closure (V.A.€.)
unit to the wound array on the right side, but not to the wound array on the lefif sfde animal.
Dressings were changed, clinical images were taken, and elliptical excisional explants were G
for tissue analysis of wounds at 0, 3, 6, and 9 dayssuogery(B) Animals were allowed to acclimat
to the facility two weeks priomtsurgeries. (C) Five days prior to surgeries, animals were fitted
custom protective jackets to house the vacuum pump and protect wound sitesn{lill-thickness
wounds were made with a custom-Bbnted biopsy punch. (E) A 2 x 4 wound array was made on
flank of each animal. (F) Biopsied tissue was cleanly removed and was preserved for histolog
genetic analysis. (G) KCl/Acelity GranuFo& plugs (tcm x kcm x 2cm) were inserted into ead
wound. (H) The perimeter of each wound array was protected by DuoDerm® dressings
TheraBond® 3D Antimicrobial dressing was placed around the wound array-withdpenings pre
cut to enable GraroanE plugs to protrude. (J) A large GranuFdanBridge was placed over th
wound array to directly interface with the GranuF&arplugs. Afterward, a vacuum assisted clos
(V.A.C.) semipermeable Tegadeffnlike drape was securely placed over the wounalyair make an
airtight seal. A Icn? hole was cut in the drape, and a vacuum port was attached. (K) Wound
under NPWT results in GranuFoBmcompression. (L) Wound array without NPWT (foam is f

compressed). (M) Wounds sutured closed after ellipéigaision of the wound with GranuFo&min

situfor analysis.

3.2.Surgeries, Sample Preparation, and Necropsy

Surgeries were performed sequentially on animals, with the same animal operated on in
the morning while the other animal was operated on in the afterioo all procedures. Animals
were placed under general anesthesia and ophthalmic lubricating ointment was placed to protect
the eyes. The animals were prepped with three alternating scrubs of betadine and alcohol. A sterile
surgical drape was placed oube animal and a hole to expose the surgical area was cut in the
drape. A custom biopsy punch was used with &3idted acrylonitrile butadiene styrene stencil
guide to create two rows of four fethickness wounds that were approximatelgni long by 1

cmwidebyicm deep on both the | eft and right side
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on each animal. Biopsies were bisected and preserved as baseline tissue controls in Neutral
Buffered Formalin (NBF) or RNAlaté& (SigmaAldrich, St. Louis, MD) for downstream
analysis. The wounds were closed witfD Prolene® sutures (Johnson and Johnson, New
Brunswick, NJ) using an interrupted horizontal mattress suture technique with alternating
directions for each closure. The four most posterior wounds wlesed on day 0, post initial
surgery. A DuoDerm® dressing (ConvaTec, Bridgewater, NJ) was used to form a perimeter around
each wound array. All remaining open wounds were plugged with@up@ranuFoarfa dressing

(1-cm long x tcm wide x 2cm deep) (Kmetic Concepts Inc. (KCI) an Acelity company, San
Antonio, TX). A TheraBond® 3D Antimicrobial System dressing (Argentum Medical LLC,
Geneva, IL) with preut windows was placed around each wound array enabling the
GranuFoark plugs to protrude through. Ngstemic antibiotics were used. A GranuFd&armpad

was placed over each wound array so that all protruding GraniFqaunys interfaced directly

with the GranuFoafa pad. A Tegaderis -like vacuumassisted closure (V.A.C.) adhesive drape

was placed over each waliarray so that it completely covered the wound array and DuoDerm®
dressing. A 2.5£m hole was cut in the center of each V.A.C. drape, and a V.A.C. port was attached.
AV.A.C. VIAE pump (KClAcelity) was attached to the right side of the animal, and 125g1mH

was applied at a constant rate. The left side of each animal served as the control. The animal was
placed in a custormade protective jacket (Lomir Biomedical Inc., Nebamede| 6-Pdrret,

QC, Canada) to protect the wounds and hold the vacuum pumepVRA.C. VIAE pump was
changed out every eight hours on each animal. The surgery was repeated again at 3, 6, and 9 days
post initial surgery. The same size GranuFB4piece was inserted in the wounds at each dressing
change and was not decreased in sizn if the wound was decreasing in size as evidenced by a

change in wound perimeter. Four wounds were excised containing GraritiFaaeach time
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point by making an elliptical cut around each wound that was approximatetynldgep and 1-5

cm wide with ascalpel. All excised tissue was bisected and preserved in 10% NBF and stored at
4°C for at least one week or RNAlater(SigmaAldrich) and refrigerated at 4°C for 24 hours
followed by storage at80°C. After excision, tissues were sutured closed usingséme
procedures as the prior surgery. Wounds were excised from posterior to anterior over time. At each
time point, open wounds were-ptugged with fresh GranuFodmn Animals were euthanized

while under deep level general anesthesia via exsanguination.overview of the entire

experimental procedure is depictedigure 3.1A-M.
3.3. Histological Analysis of Pig Tissue Explants

Samples preserved in 10% NBF were removed from 4°C storage then washed with
Phosphate Buffered Saline (PBS) thrice and placed inét@&ol for at least 24 houSamples
were sent to the KUMC histology core for paraffinization. Samples were then collected and sent
to Charles River, where samples were serial sectioned at a thicknessmof drtd stained with
Hematoxylin and Eosin (H&E) Massondés Tri chr ome, and Brown &
in a repeating pattern on adjacent sections. Charles River followexlige protocols for all sets
of stainsH&E stains cytoplasm, matrix and plasma proteins (fibrin(ogen), fibronectin, edtion
pink and cellular nucl ei dark purpl e. Massono
collagen blue and cellular nuclei blackdditional staining was performed-house utilizing
Picrosirius Red (Cat.# ab150681, Abcam, Cambridge, UKhistaiwith polarized microscopy
and Alcian Blue (Cat# 8378, ScienCell, Carlsbad, CA) staining to further characterize collagen
composition and glycosaminoglycans (GAGS), respectively. Picrosirius Red staining was carried

out per t he ma nUndeapolarized lght, dolagen typetl appears red and collagen
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type 111 appears green. Al cian Blue staining

sulfated glycosaminoglycans (GAGS) staining blue, nuclei red, and cytoplasm pink.
3.4. Tissue Thickrnes Measurements

Unique regions of interest (ROIs) gridding was developed to account for the natural
curvature and contour of wounded soft tisstig.(3.2A-B). For each column of ROIs in a given
tissue layer the midpoints of the topmost ROI and the bothast ROI were connected, and a
straight line connecting the ends of the midpoints were measured and redtrel¢cickness of
the tissue layers can vary considerably across the width of the sample, particularly in wounded
tissue, which makes single poisampling of a given layer less than accurate. To offset this
variability, 10 thickness measures per layer per tissue section were collected for all 4 wounds of

each given treatment group, for a total of up to 40 possible measurerign&3).
3.5. Histologcal Quantification of Immune Cell Wound Infiltration

Analysis of the immune cell infiltration into the wound site was performed on tissue
explants at days 0, 3, 6, and 9. Wounds were either treated with full wound dressings and
subatmospheric pressure (i.e., Negative Pressure Wound Therapy; NPWT) or weasidgdr
without subatmospheric pressure (i.e., iNPWT). Day 0 excisional wounds not exposed to
therapy or dressings were used as a baseline for tissue comparison. A total of two wounds per
experimental group were obtained from each pig giving a tot@usfsamples per experimental
group. Samples were sectioned and stained for H&E. The H&E slides were provided to a blinded
clinical dermatopathologist, who analyzed the slides for presence of acute and/or chronic immune
cell populations via light microscgpusing an Olympus BX46 microscope, (Olympus, Center
Valley, PA). Histological analysis of the wounds demonstrated heterogeneity in their shapes, sizes,

and overall appearance. Therefore, in order to standardize the approach of cell number
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guantificatonan array method was developed to cal cul :
to identifyo anchor points within the tissue.
structure into three regions (one region at each side of the wound at the elgideaial junction

and one region at the basal surface of the woundFigee3.3A) at low power objective (4x

objective and 10xeyepiece). The three lower magnification regions were then further subdivided

into four higher power objective (4@bjective and 10xeyepiece) regions. These higher
magnification regions were determined by taking the most densely populated regions-within 1

of each of the three regions. The higher magnification regions were counted for both acute immune
cells (neutrophils) anahronic immune cells (lymphocytes, macrophages, and eosinophils),
independently. A total of four high powered fields (hpf) of view were attempted to be counted for

each of the three regions to obtain an average for up to twelve total counts per wagidn@ r

[low mag] x 4 counts [high mag] = 12 total). Wound groups were performed in duplicates for each

pig (12 counts x 2 replicates = 24 total) and a total of two pigs were used, totaling for up to 48 total
counts for each experimental wound group. Th&oidl counts per wound group of each pig were

added together to form an aggregate average of the wound site inflammation. Each of the averages
for the NPWT treatment groups were compared to theNWT counterparts and indicated as

total number ofimmune el | s per &6hpf 6. This was done for |
delicacy of tissue samples during wound healing and sample processing with thie f&tun

some samples were torn or lost a portion of tissue during processing and four measupaEn

Ohpféd was not al ways feasible.
3.6. Gene Expression and Analysis

When ready for processing, tissue explants were bisected with a vertical cut via a scalpel

to split the excised wound tissue into equal halves that contained the full epidermis, dermis, and
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subcutaneous tissue layers. The Granufpamas removed from eaclssue sample to allow for
maximum RNA isolation. Samples were weighed and tissues were trimmed outside the wound
edges with a scalpel until each sample weighed 30 mg for RNA isolation. RNA was isolated and
purified from tissue samples using a RNeasy MinikK ( Qi agen) according
instructions. RNA integrity was assessed using an Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Samples that displayed an RNA integrity number (RIN) of 7 or greater were
used for downstream processi@amples were reversed transcribed using High Capacity cDNA
Reverse Transcription Kits (ThermoFisher Scientific, Waltham, MA) and a q¥oeatime
thermocycler (Analytik Jena, Jena, Ger many)
were analyzé for purity using a QuickDrop micreolume spectrophotometer (Molecular
Devices, San Jose, CA). Samples that displayed an absorbance pa#lb 64 of 1.8 were
designated pure and used for analysis. Gene expression was assessed dsiregyqeahtitdve
polymerase chain reaction (RJPCR) using a qTowéreaktime thermocycler. A Qiagen RT?2
ProfilerE PCR Array for Pig Wound Healing (PASI217G24) was used to assess for genomic
expression of 84 wound healing genes. Cycle threshold (Ct) values werde and analyzed

via the DeltaDelta:Ct methodGlyceraldehyde phosphate dehydrogenasPDH), Betaactin
(ACTB), Hypoxanthine Phosphoribosyltransferds€dHPRT1), and Ribosomal Protein L13a
(RPL13A) were the endogenous control genes utilized byattag. Excision of day O biopsies

used to inflict initial wounds were used as the baseline tissue control for which each NPWT and
nonNPWT sample Ct values were compared against to calculate the relative change in gene

expression.
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3.7. Statistical analysis.

All data are reported as means with standard error of the feeam.). A power analysis
indicated that a minimum of ten pigs were needed to perform appropriate statistical tests. However,
due to the nature of this study being a dpil
statistical tests to be perforothewounds were performead duplicate for each pig, providing a
total of four (n=4) wounds for each treatment group. Histological analysis of immune cell
populations and all genomic analyses were assessed using-\waywANOVA approach.
Histological analyis of skin layer thickness measurements utilized a-wwagp ANOVA for

assessing the differences temporally. For scatter plots of skin layer thickness for each individual
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Figure 3.2: NPWT Modulates Thickness of Skin Layers.(A, B) Reconstructed H&E stained tissl
sections from 200x total magnification images with colored, dashed lines indicating
measurements took place wherein (A) is baseline tissue control biopsy and (B) is injured tissu
days of recovery. The thickness of the epidermis and dermis, faXBWAT and NPWT, are shown i
graphical form to the right. (C) NeNPWT was directly compared to NPWT for temporal trends ¢
days 3, 6, and 9 for the epidermis and der@i®y bars indiate noANPWT wounds. Black bars
indicate NPWT wounds(D) Each individual day and layer were then divided into individ
scatterplots to demonstrate distribution of measurements that compardifPwwéh to NPWT.Grey
circles indicate noNPWT wounds. Blackliamonds indicate NPWT wounds. Error bars denote
s.e.m.Significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, or n.s. for
0.05 and n=4. Scale bar = 2000¢m.

4. Results

4.1. NPWT Exposure Modulates Thickness of Skin Layers

Thethickness of the epidermal and dermal layers of skin can vary depending on a variety of
stimuli, including hyperproliferation, inflammatory infiltration, edema, and fibrosis. Modulation
of layer thickness for the epidermis and dermis were assessed batopgnamunique ROI grid of
the H&E stained tissue sectiorfaiq. 3.2A-B). Analysis demonstrated that NPWT resulted in a
significant increase in epidermal thickness at days 3 and 6, when comparedNE&WaIn(Fig
3.2C-D). Conversely, exposure of NPWT to wals did not result thickening of the dermal layer,
whereas nofNPWT wounds had increased dermal thickening. This can be seen at day 9 in the
nonNPWT wounds where there was a significant increase relative to days 3 and 6 in-the non

NPWT wounds, in additioto NPWT wounds on day 9ig 3.2GD).
4.2.No Change in Relative Immune Cell Populations with NPWT

Analysis of the immune cell infiltration into the wound site was performed on both non
NPWT and NPWT wounds. The aver agenedfg.38@.ch of

The data demonstrated a significant increase of both acute and chronic immune cell populations
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by day 9 for both the neNPWT and NPWT treated wounds. Overall, no significant differences
were noted between ndPWT and NPWT treated wountts either cell population at any of the

time points in this study.
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Figure 3.3: No Change in Relative Immune Cell Populations with NPWTTissue explanted sample
at day 0, 3, 6 and 9 were stained with Hematoxylin & Eosin and analyzed under light microsc
immune cell population analysis. (A) When looking at each H&E stained slide, each wound sam
divided into three low magnifiten regions indicated by the black dashed circles labeled 1, 2, g
Within each of the three low magnification regions, four high powered magnification regions
obtained based off of immune cell density. Purple cells are the epidermal cellseltsrére dermal
cells and red quadrilateral shape is the wound. (B) A 200x H&E image displaying immune cell in
containing neutrophils (1), macrophages (2), lymphocytes (3), eosinophils (4), and fibrobla;
Lower panel of five high magnificatimages of each numbered circles from low magnification in
(above to denote which individual cell labeled. (C) Bars graphs denoting the average laftut
i mmune cell popul ationrigher i mmphé aedl!| apoury
and Chronic immune cell populations were identified from each of the four high magnification
objective with 10xeye piece; higipowered fields [hpf]) regions from each of the three |
magnification (4xobjective with 10xeye piece) regions. &y bars indicate neNPWT wounds. Black]
bars indicate NPWT wounds. Theayx i s i s number of <cells per
is denoted a¥p < 0.05, **p < 0.01, **p < 0.001, or ***p < 0.0001 and n=&cale Bar = 50um.

4.3.NPWT Enhancesl&ma Protein Adsorption and Matrix Deposition within GranuF&am

Hi st ol ogi cal sections stained for H&E and |
interaction of the healing wound tissue with GranuFBain situ for each 3 day timepoint
Regions towards the interior portion of GranuF&amwere assessed for protein agstion upon
GranuFoark t o decrease interference T©ht H&Eeectioess hi n g ¢
demonstrated an increasing trend in plasma protein deposits (pink) within the porous network of
the GranuFoaf from Day 3 to Day 9 in both the néWPWT and NPWT woundg(Fig. 3.4A).
Similarly, a thicker protein deposition can be seen adsorbing to the surface of GraBuFoam
particles over time for each groufdte- tissue processing can result in protein layer detaching
from GranuFoar& leaving a void spage However, NPWT resulted in more abundant protein

deposition between and onto GranuF&arparticles at each time poirfig. 3.4A). Notably, the
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H&E sections revealed enhanced immune cell localization (dark purple) within the dense protein

deposits around GraRoant particles for both notNPWT and NPWT wounds{g. 3.4A).
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