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Abstract 

Wound healing is a physiological regenerative process that consists of a dynamic series of 

interrelated events that are highly dependent on diverse paracrine signaling for proper progression 

through the phases of wound healing. However, many patients and wound types can be 

predisposed to inadequate progression through the phases of wound healing, subsequently 

resulting in atypical healing and/or protraction of the wound healing response. Notably, aberrant 

wound healing progression is associated with insufficient epidermal regeneration, a critical process 

of wound closure, and ultimate propagation of chronic wounds. The treatment of complex wounds 

affects millions of patients every year in the US, with chronic non-healing wounds associated with 

poor quality of life, adverse health outcomes, and a significant strain and burden to the healthcare 

system. Therefore, there remains a critical need to develop targeted therapies that can circumvent 

aberrant wound healing and promote the proper progression through the phases of wound healing. 

Therapeutic interventions for wounds encompass a diverse array of physical, mechanical, 

material, chemical and biological based modalities that have been shown to modulate the wound 

healing response in a variety of ways; however, many currently utilized therapies lack an effective 

targeted approach. Interestingly, tissue engineering and regenerative medicine approaches for 

wound care applications have grown significantly in the last several years. Recent investigations 

into Mesenchymal Stem Cells (MSCs) have demonstrated promise in augmenting the tissue 

regenerative response of wounds via their intrinsic multipotent nature and the compositional 

plasticity of their secretory profile. Additionally, priming of MSC populations has demonstrated 

the capacity to modulate and control cellular activity. Yet, current ex vivo culture technologies 

result in precipitous decline in the regenerative potential of MSCs and a decreased translatability 

of clinically viable and reproducible products. These changes are compounded by lack of 
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standardized culture conditions, creating a bottleneck in the development of regenerative 

therapeutics. Thus, there is a critical need for developing culture systems for improved MSC 

expansion that allow significant expandability of cell numbers and their regenerative byproducts. 

Although a number of 3D cell culture systems have been investigated, to date, hydrogel-

based scaffold systems appear to offer the greatest advantage for developing a wide-range of 

customizable, tissue-mimetic systems. However, current hydrogel systems are limiting and are 

associated with significant diffusion and scalability constraints. Thus, the research outlined in 

these studies is aimed at developing a novel 3D hydrogel system that is tailorable, tissue-mimetic, 

and permits long-term culture expansion for improved scalability of future MSC-derived clinical 

therapies. A number of parameters were investigated, including the dimensionality, architectural 

design, matrix binding epitopes, material, and mechanical properties of the hydrogel system. 

Notably, the micro- and macro- structural designs are critical. 

The 3D hydrogel system proposed was demonstrated as a system that can be utilized as a 

continuous ñbioreactorò system to expand MSC populations that retain their viability and 

regenerative phenotype. A 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 that retainment of more robust MSC populations was 

associated with increased secretion of regenerative factors. Moreover, MSCs in 3D were able to 

adapt to priming stimuli more readily, resulting in greater diversity of secreted factors that 

modulated keratinocyte epidermal regeneration activity. Ultimately, this system demonstrated the 

potential to be a more efficient and effective methodology for the culture of MSC populations and 

for the improved production of cell-based and/or acellular biologic therapies that can be tailored 

toward specific soft tissue and regenerative applications. 
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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 scaffold in 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 be applied 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 within 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 traditional wounds 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 increasing the flexibility of film dressings. (Alginate) 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 

antimicrobial agent that has been used for decades. (Foam) Depiction of an in 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 that can subsequently be released into the wound bed to promote controlled 

wound regeneration. (Hydrocolloid) Recent investigations in hydrocolloids have shown 

how drugs, biologics, and platelets can be delivered into the wound bed. Platelets have 

been investigated 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 platelets. (Smart Dressing) Smart 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 sensing smart dressing 

that allows for real-time 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 for outpatient monitoring, and a 

drug-eluting scaffold can then be triggered to release antimicrobial compounds. (Hydrogel) 

Schematic depiction of a hydrogel formulated to be deposited into a wound and then a 

secondary semi-permeable dressing can be applied superficially to protect the hydrogel. 

The hydrogel can be dosed with a number of bioactive compounds and cells, such as the 

use of angiogenic-primed stem cells. The angiogenic-primed stem cells demonstrate 

enhanced angiogenic activity within the wound and release compounds 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 tissue after 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, solid lines) 

overlaid with the dotted line tissue layer boundaries create the complete set of ROI 

boundaries. (A-D) Modified images of previously utilized histologically stained sections 

from published manuscript by Hodge et. al. [22]. 

Figure 2.2: Tissue Layer Thickness 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 and location of each linear measurement indicated on the figure correspond to the 

same color-coding 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 was used to 

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 (D, I; turquoise 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 subcutaneous layers 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 manuscript by Hodge et. al [22] for use 

of images. 

Figure 2.3: ROI Boundary Creation & Im age 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 layer boundaries. 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 ROI boundaries for (A, B) 

Massonôs Trichrome, and (C, D) Brown & Brenn. (A-D) Modified images of previously 

utilized histologically stained sections from published manuscript by Hodge et. al. [22]. 

Figure 2.4: Quantification of Nuclear Density as a function of ROI: (A-H) Scatterplots 

displaying the density of quantified nuclei/10,000ɛm2 for all ROIs in each of the 4 tissue 

layers: keratin, epidermis, dermis, and subcutaneous layers, respectively for control (A-D) 

and injured (E-H) tissue. Quantified nuclei are represented in the images by blue dots. (I-

N) Representative images highlighting the tissue layers in control and injured tissue.  (I, L) 

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 the density 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 full-thickness 

wounds (1-cm3) each were made on the back of two female Yucatan 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 

KCI/Acelity vacuum assisted closure (V.A.C.) ViaÊ unit to the wound 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 post-surgery. (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) 1-cm3 full -thickness wounds were made with a custom 3D-printed 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) 

KCI/Acelity GranuFoamÊ plugs (1-cm x 1-cm x 2-cm) 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 with 1-cm2 

openings pre-cut to enable GranuFoamÊ plugs to protrude. (J) A large GranuFoamÊ 

Bridge was placed over the wound array to directly interface with the GranuFoamÊ plugs. 

Afterward, a vacuum assisted closure (V.A.C.) semi-permeable TegadermÊ-like drape 

was securely placed over the wound array to make an airtight seal. A 1-cm2 hole was cut 

in the drape, and a vacuum port was attached. (K) Wound array under NPWT results in 

GranuFoamÊ compression. (L) Wound array without NPWT (foam is not compressed). 

(M) Wounds sutured closed after elliptical excision of the wound with GranuFoamÊ 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 (A) is baseline 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) Non-NPWT was directly 

compared to NPWT for temporal trends over days 3, 6, and 9 for the epidermis and dermis. 

Grey bars indicate non-NPWT wounds. Black bars indicate NPWT wounds. (D) Each 

individual day and layer were then divided into individual scatterplots to demonstrate 

distribution of measurements that compared non-NPWT 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 = 2000ɛm. 

Figure 3.3: No Change in Relative Immune Cell Populations with NPWT. Tissue 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 magnification regions 

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, pink cells are 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 magnification images of each numbered 

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

Bars graphs denoting the average acute (left) immune cell population per óhpfô and average 

chronic (right) immune cell population per óhpfô. Acute and Chronic immune cell 

populations were identified from each of the four high magnification (40x-objective with 

10x-eye piece; high-powered fields [hpf]) regions from each of the three low magnification 

(4x-objective with 10x-eye piece) regions. Grey bars indicate non-NPWT wounds. Black 

bars indicate NPWT wounds. The y-axis is number of cells per óhpfô. Error bars are s.e.m.. 

Significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 and 

n=4. Scale Bar = 50µm. 

Figure 3.4. NPWT Enhances Plasma Protein Adsorption and Tissue Enmeshing within 

GranuFoamÊ. 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 

GranuFoamÊ were assessed to decrease impact of ñenmeshingò from wound edges. (A) 

H&E and (B) Massonôs Trichrome images at 200x magnification comparing non-NPWT 

(top row) and NPWT (bottom row) over the time points of day 3 (first column), day 6 

(second column), and day 9 (third column). Inset is image at 100x magnification. Protein 

adsorption onto GranuFoamÊ denoted by arrows. Open network of pores within 

GranuFoamÊ denoted by black ó*ô and corresponds to ó*ô in inset image. Residual 

GranuFoamÊ can be seen as a ñmulti-pointed particulateò debris residing within the 

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 nuclei. Massonôs Trichrome staining evaluates for 

collagen by staining blue. Plasma proteins and non-collagen matrix proteins stain red. 

Nuclei are stained dark purple/black. It is important to note that each image represents 

GranuFoamÊ in the wound for the same amount of time (i.e., 3 days). Scale Bar = 100µm 

for 200x, and 200ɛm for 100x (inset). 
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Figure 3.5. NPWT Limits Dissemination of Bacteria to Adjacent Tissue. Tissue explanted from 

pigs at day 0, 3, 6 and 9, stained with Brown & Brenn, analyzed with high resolution 

imaging software and montaged together. Gram positive bacteria stain purple. Gram 

negative bacteria stain pink/red. Background tissue stains light yellow. (A-F) 

Demonstration of bacterial invasion on day 9 of wound (B, E) non-NPWT 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 furthest extent of 

bacterial invasion. Dark blue line #4 is depicts GranuFoamÊ. (D-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 bacteria. (B, E) 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 bacteria was found most 

dense around remaining GranuFoamÊ, with limited dissemination to adjacent tissue, 

relative to non-NPWT. Day 9 (G) non-NPWT and (H) NPWT wounds are shown to further 

depict bacterial localization. A bacteria-laden GranuFoamÊ dressing is denoted (#). Scale 

Bar=1000. µm. 

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 post-injury, 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, 

HPRT1, and RPL13A. Each graph compares intragroup temporal differences and intraday 

difference between non-NPWT and NPWT. Non-NPWT (left set) and NPWT (right set) 

average fold changes are depicting temporally with day 3 (light grey), day 6 (dark grey), 

and day 9 (black). A dashed line at a value of ó1ô is used to depict average baseline 

expression. Error bars are s.e.m. and include n = 4. Significance on non-NPWT and NPWT 

wounds relative to the baseline tissue is denoted with a ó#ô above bar and indicates a p < 
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0.05. Intragroup 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 healing array. Significant genes 

involved with the mitogenic process of wound healing were grouped together and analyzed 

at days 3, 6, and 9 post-injury, 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, 

HPRT1, and RPL13A. Each graph compares intragroup temporal differences and intraday 

difference between non-NPWT and NPWT. Non-NPWT (left set) and NPWT (right set) 

average fold changes are depicting temporally with day 3 (light grey), day 6 (dark grey), 

and day 9 (black). A dashed line at a value of ó1ô is used to depict average baseline 

expression. Error bars are s.e.m. and include n = 4. Significance on non-NPWT and NPWT 

wounds relative to the baseline tissue is denoted with a ó#ô above bar and indicates a p < 

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 Remodeling 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 analyzed at days 3, 6, and 9 post-injury, 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, HPRT1, and RPL13A. Each graph compares intragroup 

temporal differences and intraday difference between non-NPWT and NPWT. Non-NPWT 

(left set) and NPWT (right set) average fold changes are depicting temporally with day 3 

(light grey), day 6 (dark grey), and day 9 (black). A dashed line at a value of ó1ô is used to 

depict average baseline expression. Error bars are s.e.m. and include n = 4. Significance on 

non-NPWT and NPWT wounds relative to the baseline tissue is denoted with a ó#ô above 

bar and indicates a p < 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. 



xxvi 

 

Figure 3.9. GranuFoamÊ Induces Foreign Body Response. Tissue samples explanted from 

pigs at day 9 were histologically stained and analyzed under light microscopy. Regions 

within/around wound bed were assessed. Characterizing (A) non-NPWT and (B) NPWT 

at day 9 with H&E (left column) and Massonôs Trichrome (middle column) images at 100x 

(top rows) and 200x (bottom row) magnification for presence of a foreign body response. 

A 400x magnification image of giant cells (white arrows) upon GranuFoamÊ within the 

wound are also shown (large rightmost panels). H&E images demonstrate waves of fibrous 

matrix material (pink) and dense chronic immune cell deposits around GranuFoamÊ. 

Massonôs Trichrome images demonstrates similarly, waves of dense fibrous material of 

different matrix components including collagen (blue) and other matrix-derived 

components (red) encapsulating the GranuFoamÊ. Scale bar = 50ɛm for 400x, 100ɛm for 

200x, and 200ɛm for 100x. 

Supplementary Figure 3.1. Extracellular Matrix Enmeshing into GranuFoamÊ. Tissue 

samples explanted from pigs at day 3, 6 and 9 were histologically stained and analyzed 

under light microscopy. Regions near wound bed/edge were assessed to determine impact 

of tissue ingrowth/enmeshing from wound edges. Massonôs Trichrome images at 200x 

magnification comparing non-NPWT (top row) and NPWT (bottom row) over the time 

points of day 3 (first column), day 6 (second column), and day 9 (third column). Inset is 

image at 100x magnification. Massonôs Trichrome images highlights collagen fibers (blue) 

and other matrix-derived components (red). Scale Bar = 100Õm for 200x, and 200ɛm for 

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 

GranuFoamÊ and wound bed were assessed to characterize involvement of matrix-derived 

compounds. Picrosirius Red under polarized light highlights collagen type I (red/orange) 

and collagen type III (green) and allows differentiation between the two. Alcian Blue stains 

sulfated glycosaminoglycans (GAGs) (blue) and cytoplasm (pink). Non-NPWT (left 

column set) and NPWT (right column set) were examined at three different magnifications 

including 12.5x (top row), 40x (middle row) and 200x (bottom row). White box in 12.5x 

magnification 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 

GranuFoamÊ particles (white solid arrows) is shown in 200x images. Collagen type III 

(green) and collagen type I (red/orange) encapsulation of GranuFoamÊ (dashed white 

arrows) are highlighted in 200x images. Scale Bar = 1000Õm for 12.5x, 500ɛm for 40x, 

and 100ɛm for 200x. 

Supplementary Figure 3.3. Early Changes in Wound Healing Gene Expression. A custom 1-

cm x 1-cm x 1-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 tissue control samples. 

Subsequently, day 0 wounds were then elliptically explanted and analyzed as day 0 

wounds, which occurred within the first 60 minutes of initial wounding. Both day 0 

baseline tissue and day 0 wound tissue were analyzed for expression of key genes 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 day 0 wound 

tissue samples to day 0 baseline tissue samples indicated a number of significant genes 

within the first 60 minute timeframe of wounding to processing. A studentôs unpaired t-

test was used for statistical analysis. Significance denoted as *p < 0.05, **p < 0.01, and 

***p < 0.001. 

Supplementary Figure 3.4. Wound Healing Gene Expression ï ECM Structural. Elliptically 

explanted wound tissue was assessed for expression of key genes via a wound healing 

array. Genes involved with the ECM Structural process of wound healing were grouped 

together and analyzed at days 3, 6, and 9 post-injury, 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, HPRT1, and RPL13A. Each graph compares intragroup temporal 

differences and intraday difference between non-NPWT and NPWT. Non-NPWT (left set) 

and NPWT (right set) average fold changes are depicting temporally with day (light grey), 

day 6 (dark grey), and day 9 (black). A dashed line at a value of ó1ô is used to depict average 

baseline expression. Error bars are s.e.m. and include n = 4. Significance on non-NPWT 

and NPWT wounds relative to the baseline tissue is denoted with a ó#ô above bar and 
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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 3.5. Wound Healing Gene Expression ï ECM Remodeling. Elliptically 

explanted wound tissue 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 post-injury, 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, HPRT1, and RPL13A. Each graph compares intragroup temporal 

differences and intraday difference between non-NPWT and NPWT. Non-NPWT (left set) 

and NPWT (right set) average fold changes are depicting temporally with day (light grey), 

day 6 (dark grey), and day 9 (black). A dashed line at a value of ó1ô is used to depict average 

baseline expression. Error bars are s.e.m. and include n = 4. Significance on non-NPWT 

and NPWT wounds relative to the baseline tissue is denoted with a ó#ô above bar and 

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 Expression ï 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 wound healing were grouped 

together and analyzed at days 3, 6, and 9 post-injury, 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, HPRT1, and RPL13A. Each graph compares intragroup temporal 

differences and intraday difference between non-NPWT and NPWT. Non-NPWT (left set) 

and NPWT (right set) average fold changes are depicting temporally with day (light grey), 

day 6 (dark grey), and day 9 (black). A dashed line at a value of ó1ô is used to depict average 

baseline expression. Error bars are s.e.m. and include n = 4. Significance on non-NPWT 

and NPWT wounds relative to the baseline tissue is denoted with a ó#ô above bar and 

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 explanted from pigs and day 9 samples are shown. Samples were 

histologically stained with H&E and analyzed under light microscopy. Regions Within the 

GranuFoamÊ (top row) and Within the Wound tissue (bottom row) were assessed for 

presence Giant Cell formation (left column), Neovascularization (middle column), and 

Eosinophil Infiltration (right column). Giant Cells are highlighted with ñwhite arrowsò in 

all image sets, Neovascularization is highlighted with ñwhite circleò in image sets, and 

aggregates of Eosinophils are highlighted with ñblack arrowsò in image sets. GranuFoamÊ 

is denoted with ñ*ò. Scale bar = 50ɛm for all images. 

Figure 4.1: KUts and KUbes Incisional Porcine Model Experimental Design. (A) A schematic 

overview of the incisional porcine wound model depicting the 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. Different materials 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 further subdivided into four pieces for analysis [EM = electron 

microscopy]. (D) Depiction of the stratification process of each wound explant, separating 

the ñFull/Bulkò wound into three layers, epidermis, dermis, and subcutaneous. (E) A 

depiction of some of the multivariate analyses/comparisons that can be performed with the 

stratification processing technique. 

Figure 4.2: Heterogeneity in Global Gene Expressional Profiles Between Wound Layers. (A) 

Graphically depiction of differentially expressed genes (DEGs) for Physiological (left) and 

NPWT-treated (right) wounds that were stratified and separated into each specific layer 

and overlayed. ñLayer Specific Genesò denotes the percentage of DEGs that were uniquely 

expressed in that layer and none of the other layers. (B) Direct comparison of unique DEGs 

for within each layer for either NPWT-treated 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 directionality, only 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 Temporal-Spatial Heterogeneity in 

Canonical Signaling Pathways. A schematic representation of wounds were stratified and 

DEGs were generated via relative expression to 0-hour control wounds for both 8-hour 

control (physiological) and 8-hour NPWT-treated at each layer, including the (A) 

epidermis, (B) dermis, and (C) subcutaneous regions. (D) A heatmap of the top canonical 

pathways with a FDR of 0.05 and a p-value < 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) ñFull/Bulkò and (D) stratified dermis 8-hour and 0-hour wounds that were 

processed for analysis. (B,E) Graphical depictions of the top canonical pathways that 

achieved significance after thresholding, -log(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/downregulation (blue). (C,F) The top regulator effect networks 

associated with the DEGs for the (C) ñFull/Bulkò analysis and (F) stratified dermis 

analysis. (G,H) The top 6 upstream regulator activators and inhibitors are represented in 

tabular form for the (G) ñFull/Bulkò analysis and the (H) stratified dermis analysis. 

Figure 4.5: Stratification Analysis Identifies and Localizes Inflammatory Responses Altered 

by NPWT. An intra-wound analysis that compared DEGs associated with the 

inflammatory response within each layer of skin and relative to the ñFull/Bulkò 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 at 8-hour relative to 0-hour control and (B) 

NPWT-treated response at 8-hour relative to 8-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 upregulated (orange) or downregulated 

(blue). DEGs that were common between physiological and NPWT wounds are ñboldedò 

and denoted with an ñ*ò. 
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Figure 4.6: Stratification Analysis Identif ies and Localizes Angiogenic Responses Altered by 

NPWT. An intra-wound analysis that compared DEGs associated with the angiogenic 

response within each layer of skin and relative to the ñFull/Bulkò 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 at 8-hour relative to 0-hour control and (B) NPWT-treated 

response at 8-hour relative to 8-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 upregulated (orange) or downregulated (blue). DEGs 

that were common between physiological and NPWT wounds are ñboldedò and denoted 

with an ñ*ò. 

Figure 4.7: Stratification Analysis Identifies and Localizes Matrix Remodeling Responses 

Altered by NPWT. An intra-wound analysis that compared DEGs associated with the 

matrix remodeling response within each layer of skin and relative to the ñFull/Bulkò 

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 at 8-hour relative to 0-hour control and 

(B) NPWT-treated response at 8-hour relative to 8-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 upregulated (orange) or 

downregulated (blue). DEGs that were common between physiological and NPWT wounds 

are ñboldedò and denoted with an ñ*ò. 

Supplemental Figure 4.1: Photographic Depiction of the Surgical Procedure Overview and 

Processing of Wounds. (A) A prefabricated 3D-printed 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 a 4x4 array on each side of the animal with a 3D-printed scalpel 

guide to standardized wound depth and size. (C) Wounds were compressed for 2-minunts 

to control for bleeding. (D) Pre-cut wound dressing materials were inserted into each 

appropriate wound for each timepoint. (E) On one side of the animal, NPWT vacuum was 

applied for the pre-determined 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 removed as a single strip of tissue containing all four incisional 

wounds and dressing inserts at a depth of 2cm. A double-scalpel guide was used to 

standardize the explant width and depth, subcutaneous attachments on the deep aspect of 

the wounds was cut to detach 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 wounds into 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 epidermis. This figure was taken and adapted from the 

publication Kirfel et. al., (2003) and its supplied figure legend is provided below. (A) Basal 

epidermal cells express K5, K14 and K15. As basal cells commit to terminal 

differentiation, 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 circumstances: during wound healing, keratinocytes express K6, K16 and K17. K9 

is unique to the suprabasal layers of the palms and soles. (B) Cross-section of mouse paw 

skin stained with hematoxylin and eosin. 

Figure 5.2: Epidermal keratinocytes migrate over the wound bed to epithelialize the wound 

gap. This figure was taken and adapted from the publication Pastar et. al., (2014) and its 

supplied figure legend is provided below. Immunofluorescence staining with keratin 17 

(K17, red) antibody demonstrates epithelialization 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 fronts. K17 is not present at the time of wounding (0 h, 

A). Immediately after injury (A), keratinocytes release proinflammatory cytokines and 

growth factors, including interleukin 1 (IL-1), tumor necrosis factor Ŭ (TNFŬ), and 

epidermal growth factor (EGF). In response to these stimuli, keratinocytes become 

activated and start migrating over the wound bed. Migrating keratinocytes show an 

upregulation of K17 (48 h, B). Strong K17 staining persisted over 4 days after the 

wounding when the wound is completely closed (96 h, C). A well-balanced communication 

with other cell types, fibroblasts, neutrophils, endothelial cells, monocytes, and 
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macrophages (schematically presented at the bottom), B) through various cytokines and 

growth factors (KGF, PDGF-bb, VEGF, GM-CSF, TGFɓ, IL-8), is necessary for 

successful epithelialization. Nuclei are visualized with DAPI (blue). White dashed lines 

indicate the dermalïepidermal boundary. KGF, keratinocyte growth factor; PDGF-bb, 

platelet-derived growth factor bb; VEGF, vascular endothelial growth factor; TGFɓ, 

transforming growth factor ɓ; GM-CSF, granulocyteïmacrophage colony-stimulating 

factor; IL-8, interleukin 8. 

Figure 5.3: Diagram showing re-epithelialization models. This figure was taken and adapted 

from the publication Rousselle et. al., (2020) and 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, keratinocytes from 

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 cells de-differentiate 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 over each 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 epidermal tongue 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 molecular 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 surface 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. This figure 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 Secretome of Cells. This figure was taken and adapted from the publication 

Muzes et. al., (2022) and its supplied figure legend is provided below. The secretome is 

defined as the set of substances released from the cell (e.g., mesenchymal stem cellsð

MSCs) to their surroundings with a wide spectrum of biological action. The figure 

represents the components, their origin, size, and characteristic surface markers. (RNA: 

ribonucleic acid; miRNA: micro-RNA; circRNA: circular-RNA; lncRNA: long non-

coding-RNA; DNA: deoxyribonucleic acid; TS101: tumor susceptibility 101; ESCORT3: 

endosomal sorting complex required for transport-3; CD40L: CD40 ligand; ARF: ADP-

ribosylation factor; VAMP3: vesicle-associated membrane protein 3; ANX: Annexin; PS: 

phosphatidylserine; TS: thrombospondin). 

Figure 5.6: Sources of MSC heterogeneity; considerations for the clinical application of 

culture-expanded MSCs. This figure was taken and adapted from the publication Wilson 

et. al., (2019) and its supplied figure legend is provided below. Significant variation exists 

in MSC cultures isolated from different donors and different tissue sites. Unrefined and 

non-standardized isolation and culture techniques do not select for homogeneous cell 

populations and are likely to give rise to a mixture of stromal cell with different functions. 

Differences in the growth properties of MSC clones can result in cultures being dominated 

by the faster-growing lines. Further levels of heterogeneity can be introduced within MSC 

clones through asymmetric cell division and the 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 extracellular matrices are viscoelastic and exhibit stress 

relaxation in response to a deformation. This figure was taken and adapted from the 

publication Chaudhuri et. al., (2020) and its supplied figure legend is provided below. (A) 

Plot of loss modulus at ~1 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 storage 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 measurement (shear, 

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 traditional two-dimensional monolayer cell culture 

and three-dimensional cell culture systems. This figure was taken and adapted from the 

publication Chaicharoenaudomrung et. al., (2019) and its supplied figure legend is 

provided below. (A) Traditional two-dimensional monolayer cell culture; (B) Three-

dimensional cell culture systems; (C) The structure of three-dimensional spheroid with 

different zones of cells with the models of oxygenation, nutrition, and CO2 removal. Three-

dimensional spheroid from inside to outside. The regions are necrotic zone (innermost), 

quiescent 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 adapted from the publication Noronha et. 

al., (2019) and its supplied figure legend is provided below. (A) Priming with a cytokines 

or growth factors, (B) pharmacological or chemical agents, (C) hypoxia, (D) 3D culture 

conditions. Priming factors/agents and their respectively triggered mechanisms are linked 

by arrows and boxes of the same color. Released soluble factors are represented in 

continuous-line boxes, while other upregulated molecules (such as transcription factors, 

metalloproteinases, chemokine receptors, and enzymes) are represented in dashed-line 

boxes. The general priming effects on MSC (immunomodulatory, migratory, regenerative, 

immunosuppressive and migration, angiogenic, survival and engraftment, anti-apoptotic, 

increase stemness) triggered by the priming 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 populations. This figure 

was taken and adapted from the publication Diaz-Garcia et. al., (2021) and its supplied 

figure legend is provided below. The 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 are hair follicle stem cells, 
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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 representative stem cell subpopulations from the 

dermis (dermal stem cells) including neural crest stem cells, mesenchymal stem cells-like 

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

Figure 6.1: Unique 3D Hydrogel Design Eliminates Subculturing. (A) Depictions of the 

macrostructure of the hydrogel system. (A, left) A single photographic image of the ~1-

cm3 3D hydrogel system, and (A, middle) a photographic image of four hydrogels 

connected to each other within a 6-well plate. (A, right) Photographic image of four 

hydrogels connected and annotations depicting the migration of cells out/from an ñinitially 

seeded hydrogelò into/toward supplementally attached hydrogels without cells. (B) 

Depictions of the microstructure of the hydrogel system. (B, left) Confocal microscopy 

image of a cross-section 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. Blue = Hoechst, Green = Phalloidin, Red = Mitotracker. (B, middle) 

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 microscopy z-stack image of ASC migrating from an ñinitially seeded 

hydrogelò (Hydrogel #1) into a newly attached hydrogel (Hydrogel #2). Large white arrows 

depicting directionality of ASC migration. White dashed line depicting the junction of the 

two attached hydrogels. (C) The three images are depicting a 3D z-stack of images within 

a single pore channel to highlight the 3D networks formed by ASCs (C, middle) and cellular 

extension protruding from the cells (C, right). Low magnification image of entire stained 

hydrogel (C, left). Panel ñCò images were acquired by Nikon on their AXR Confocal 

Imaging System. Blue = Hoechst, Green = Phalloidin, Pink = Mitotracker. 

Figure 6.2: Retainment of Stem-like Surface Markers in 3D Hydrogel Overtime. ASCs 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 adequate 
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surface area for continuous cell growth. (A) At each respective time point (P2, P6, and 

P10), representative images of 2D (leftmost columns) and 3D (rightmost columns) of ASCs 

stained for either CD73 (left), CD90 (middle), or CD105 (right) are depicted. CD marker 

staining denoted by ñgreenò in images. Samples were counterstained with Hoechst (Blue) 

and Phalloidin (Not Shown). (B) Quantification of imaging data performed and total 

percent (%) positive cells denoted by box-and-whiskers plots for each marker. Each 

individual point indicates quantification of a single image of ASCs in 2D (Black Circles) 

or 3D (Teal Diamonds) using a 20x objective. Samples were analyzed in quadruplicate 

(n=4). Scale bar = 100ɛm. Error bars are s.e.m. Significance is denoted as *p < 0.05, **p 

< 0.01, ***p < 0.001, or ****p < 0.0001. 

Figure 6.3: Delayed Induction of Senescence in 3D Hydrogel Overtime. ASCs 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 adequate 

surface area for continuous cell growth. (A) At each respective time point (P2, P6, and 

P10), representative images of 2D (top row) and 3D (bottom row) of ASCs stained 

Senescence/ɓ-Galactosidase (Green) are depicted. Samples were counterstained with 

Hoechst (Blue) and Phalloidin (Not Shown). (B) Quantification of imaging data performed 

and total percent (%) positive cells denoted by box-and-whiskers plots for each marker. 

Each individual point indicates quantification of a single image of ASCs in 2D (Black 

Circles) or 3D (Teal Diamonds) using a 20x objective. Samples were analyzed in 

quadruplicate (n=4). Scale bar = 100ɛm. Error bars are s.e.m. Significance is denoted as 

***p < 0.001 or ****p < 0.0001. 

Figure 6.4: Retainment of ASC Conditioned Media Wound Healing 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 assay. (A) Whole 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 the conclusion 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 determined. KCs treated with 2D ASC-CM are denoted with 

black bars and KCs treated with 3D ASC-CM are denoted with teal bars. Scale bar = 

500ɛm. Significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 

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. Table 1 (upper left) depicts the swelling (Q-ratio) of each hydrogel which is 

the ratio of wet-to-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 from 0.9-2 

Hz, in addition to 1 Hz for each. Table 3 (middle 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 form (bottom row) 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 

pores of the hydrogel. Progression of time moves from leftmost image to rightmost image. 

Total elapsed time was ~1-2 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 

(leftmost) and the most superficial section shown last (rightmost). ASCs seeded at ñP2ò for 

2 weeks. ASCs are seen populating within the porous architecture of the 3D tissue-mimetic 

hydrogel rather than embedded within the hydrogel. Stains include Hoechst 33342 (Blue), 

Phalloidin-AF488 (Green), and MitoTracker (Red). Scale bar = 300ɛm.  
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Figure 7.2: Tissue-Mimetic Hydrogel Culture Decreases ASC Senescence. ASCs seeded at 

ñP2ò within the 3D hydrogel system or continuously subcultured for 2 weeks in traditional 

2D culture until reaching ñP5ò. The ñP5ò ASCs were used for characterization in 2D and 

ñP5ò passage-equivalent were used for 3D. (A) At the conclusion of culture period, ASCs 

were fixed and stained for Senescence/ɓ-Galactosidase (Green), Hoechst 33342 (Blue), 

and Phalloidin-AF647 (Not Shown). (B) ASCs cultured in 2D (Black Bar) or 3D (Teal Bar) 

were evaluated using a 20x objective. ASCs seeded in 2D at ñP2ò were used as an initial 

control population and denoted as the dashed line (Black). All image quantification data 

are displayed as a bar graph and is the result of averaging each group of technical replicates 

(different images within each biological replicate) to quantify senescence. Samples done is 

quadruplicate (n=4). Scale bar = 100ɛm. (C) Relative fold change in gene expression for 

ñP5ò ASCs in both 2D and 3D was assessed for changes in senescence-associated markers, 

p16 (left) and p53 (right), relative to ñP2ò baseline control cells. Samples done in triplicate 

(n=3). All error bars are standard deviation. One-Way ANOVA with Tukeyôs post-hoc was 

used for statistical analysis. Significance is denoted as *p < 0.05 or ****p < 0.0001 for 2D 

versus 3D comparison and #p < 0.05 or ####p < 0.0001 for comparison relative to ñP2ò 

control. 

Figure 7.3: Tissue-Mimetic Hydrogel Culture Improves Retainment of ASC Phenotype. 

ASCs seeded at ñP2ò within the 3D hydrogel system of continuously subcultured for 2 

weeks in traditional 2D culture until reaching ñP5ò. The ñP5ò ASCs were used for 

characterization in 2D and ñP5ò passage-equivalent were used for 3D.  (A) At the 

conclusion of culture period, ASCs were fixed and stained for either CD73, CD90, or 

CD105 (Green) and CD34 or CD45 (Not Shown). Samples were counterstained with 

Hoechst 33342 (Blue). Representative images of 2D (Top Row) and 3D (Bottom Row) 

samples. (B) Quantification of imaging data performed and total percent (%) positive cells 

denoted with bar graphs for each marker (Bottom Panel). ASCs in 2D (Black Bar) or 3D 

(Teal Bar) were evaluated using a 20x objective. Samples done is quadruplicate (n=4). 

Scale bar = 100ɛm. Error bars are standard deviation. One-way ANOVA with Tukeyôs 

post-hoc used for statistical analysis. Significance is denoted as ****p < 0.0001. (C) A 

heatmap representing the relative fold change of twenty-one (21) key genes are displayed 

for the gene expression of ñP5ò ASCs in 2D (left) or 3D (right). Fold change is relative to 
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baseline control ñP2ò ASCs (indicated by white color) Downregulation of gene expression 

denoted with ñredò color and upregulating denoted with ñblueò color. Values are 

normalized to a group of endogenous control genes, that included GAPDH, ACTB, and 

B2M.  

Figure 7.4: Altered Secretory Activity of ASCs Within Tissue-Mimetic Hydrogel. ASCs 

seeded at ñP2ò within the 3D hydrogel system or subcultured one additional time in 

traditional 2D culture until reaching ñP3ò. The ñP3ò ASCs were used for characterization 

in 2D and ñP3ò passage-equivalent were used for 3D. ASC-CM was collected from the 

ñP3ò and ñP3ò passage-equivalent ASC cultures, for 2D and 3D, respectively. Relative 

chemiluminescence was determined for each proteome array membrane. Average fold 

change was calculated and displayed as 3D:2D ratio. Assay was performed in triplicate 

(n=3) and averaged. Significant differences in 3D relative to 2D are denoted (Teal Bars). 

Proteins indicating no significant difference are denoted with black bars. Error bars are 

standard deviation. One-way ANOVA with Tukeyôs post-hoc used for statistical analysis. 

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 Tissue-Mimetic Hydrogel. (A) ASCs seeded 

at ñP2ò within the 3D hydrogel system or continuously subcultured for 2 weeks in 

traditional 2D culture until reaching ñP5ò. The ñP5ò ASCs were used for characterization 

in 2D and ñP5ò passage-equivalent were used for 3D. ASC-CM was collected from the 

ñP5ò and ñP5ò passage-equivalent ASC cultures. The EV fraction of ASC-CM was 

isolated, purified, and analyzed for relative protein content via three different modalities, 

BCA (leftmost), Bradford (middle), and QuickDrop (rightmost). Concentration of EV 

protein fraction displayed as average ñɛg/mLò within the initial cell culture volume before 

concentrating with 100-kDa filter. Concentration within control media was analyzed and 

is displayed as dashed line (Black). (B) Isolated EV fractions were then analyzed with NTA 

for determining concentration of particles/mL within media (leftmost) and to assess size 

distribution of the measured particles and the cumulative frequency of the different EV 

particle sizes (rightmost) to determine whether measure particles are truly within EV size 

range. Assays were performed in triplicate (n=3) and averaged. Error bars are standard 

deviation. One-way ANOVA with Tukeyôs post-hoc used for statistical analysis. 
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Significance denoted as ****p < 0.0001 for 2D versus 3D comparison, and ####p < 0.0001 

for 3D comparison relative to media control. (C) Representative images of fluorescent-

labeled Keratinocytes (Top) and Fibroblasts (Bottom) that were treated with media 

supplemented with labeled-EVs from 3D ASC-CM for 18 hours. Samples imaged with a 

40x objective. Scale bar = 30ɛm. 

Figure 7.6: ASC Secretome from Tissue-Mimetic Culture Enhances KC and FB Activity. 

ASCs seeded at ñP2ò within the 3D hydrogel system or continuously subcultured for 2 

weeks in traditional 2D culture until reaching ñP5ò. The ñP5ò ASCs were used for 

characterization in 2D and ñP5ò passage-equivalent were used for 3D. ASC-CM was 

collected from the ñP5ò and ñP5ò passage-equivalent ASC cultures, for 2D and 3D, 

respectively. ASC-CM from 2D and 3D was then used to treat KCs (A-D) and FBs (E-H). 

(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 33342 per 96-well, to provide an average 

R.F.U. value. Proliferative activity was quantified via PicoGreen and then average cell 

number per 96-well was determined. Average values for KCs and FBs treated with standard 

growth media is denoted by dashed line (Black). 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 well images 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 time point for KCs and FBs after treatment with 

ASC-CM from 2D (Black Circles) or 3D (Teal Diamonds). Significance is denoted as *p 

< 0.05, **p < 0.01, and ****p < 0.0001, and #p < 0.05 or ##p < 0.01 for 3D comparison 

relative to media control. Error bars are standard deviation. One-way ANOVA was used 

for Metabolic and Proliferative assays. Two-way ANOVA was used for Migratory assay. 

Scale bar = 200ɛm. 

Supplemental Figure 7.1: Characterization of ASC Multipotency and Phenotype. (A) 

Mesenchymal ñstem-likeò characteristics of initial ñP1ò ASC population was assessed with 

positive adherence to culture flask and demonstration of spindle-like morphology. 
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Exhibiting trilineage differentiation potential via media challenge with positive staining for 

Osteogenic, Adipogenic, and Chondrogenic markers. Objective = 10x Scale bar = 300ɛm. 

(B) Expression of ñstemnessò cell surface markers for ñP1ò ASCs was assessed via 

immunolabeling and positive staining for CD73, CD90, and CD105, and less than 5% 

positive for CD34 and CD45. Samples were performed in quadruplicate (n=4) for 

quantification. Counterstained with Hoechst. Objective = 20x. Scale bar = 100ɛm. (C) 

Quantification of immunolabeled ñP1ò ASCs. 

Supplemental Figure 7.2: Oxygen Distribution Throughout 3D Hydrogel. Courtesy of O2M 

Technologies, the ability 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 hydrogel. Ambient 

oxygen should have a partial pressure of ~160 Torr, which would be in the yellow-orange 

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 hour. These data denote 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 bioprinted that were 1.2-mm (thickness) but still contained the macro- 

and micro- architectural design of the full-sized hydrogels that are traditionally 1-cm 

(length) x 1-cm (width) x 1-cm (thickness). Hydrogels were sterilized, with 10% pen/strep 

and UV irradiated for 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 5-mm biopsy punch was used to isolate a circular hydrogel sample to 

prevent force-concentrating points within the gel. DMA was performed via a dynamic 

cylindrical compression analysis with a rate of compression of 0.005-mm/sec. DMA was 

performed in quadruplicate (n=4) with technical replicate (x2) for each gel, for a total of 8 

samples processed. 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. However, 

typically most compressive moduli for tissue include the modulus at plastic deformation. 



xliii  

 

Supplemental Figure 7.4: Quantification of Relative Antioxidant Activity within ASC-CM. 

ASC-CM was collected as previously discussed, and antioxidant activity was assessed with 

a Total Antioxidant Capacity (TAC) Assay kit (Cell Biolabs; Cat. #STA-360). The kit was 

carried out per the manufacturers protocol. In short, the reduction of copper (II) 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 ASC-CM was therefore 

measured in mM equivalents of uric acid. Control MSC media was used to determine 

baseline antioxidant activity of the media without exposure to cells. Assay was performed 

with technical replicates and biological triplicates (n=3). In short, ASCs seeded at ñP2ò 

within the 3D hydrogel system or continuously subcultured for 2 weeks in traditional 2D 

culture until reaching ñP5ò. The ñP5ò ASCs were used for characterization in 2D and ñP5ò 

passage-equivalent were used for 3D. ASC-CM was collected from the ñP5ò and ñP5ò 

passage-equivalent ASC cultures, for 2D and 3D, respectively. Total antioxidant activity 

of ASC-CM was measured in uric acid (UA) equivalents and quantified according to kit 

instructions via plate reader analysis. Assay was performed in triplicate (n=3) and 

averaged. Error bars are standard deviation. One-way ANOVA with Tukeyôs post-hoc used 

for statistical analysis. Significance denoted as Significance is denoted as *p < 0.05, **p < 

0.001, ***p < 0.001, and ****p < 0.0001for 2D versus 3D comparison, and ###p < 0.001 

or ####p < 0.0001 for 2D or 3D comparison relative to control media. 

Supplemental Figure 7.5: Keratinocyte uptake of ASC-derived EVs. EVs that were isolated 

from ASC conditioned media were labeled with a lipophilic dye, DiI, and then dosed into 

KC media overnight (~18 hours). KCs were then fixed and stained. Colors include Hoechst 

33342 (Blue), Phalloidin-AF488 (Green), and DiI -labeled EVs (Red). KCs taking up larger 

quantities of DiI-labeled 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. Characterization of 

Initial ASC P1 population with (A) Spindle/Mesenchymal-like adherent cells with 

trilineage/multipotent potential and (B) CD surface marker expression of 

CD34/45/73/90/105/271 [Scale bar = 100ɛm]. (C) Photographs of ~1cm3 tissue-mimetic 
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X-Block inserted within a 6-well culture vessel. The textured appearance of the hydrogel 

is a result of the microporous architecture. (D) ASCs were cultured on collagen type I, 

fibronectin, and fibrin coating 2D and 3D surface to assess for phenotypic changes, 

including morphology. 

Figure 8.2: Induced-Diabetic Keratinocytes (idKCs) Exhibit Decreased Epidermal 

Regeneration Activity. (A) Schematic diagram of the process of inducing a diabetic-like 

phenotype in KCs, performed in parallel to healthy KCs from the same donor. KCs at ñP1ò 

were seeded in separate culture flasks, with 25mM treatment resulting in induction of 

diabetes after 10 days. (B) Morphological images of healthy versus diabetic-like KCs. The 

idKCs population have an apparent shift towards more elongated-shaped cells [Scale bar = 

100ɛm]. The functional effect of diabetes induction on epidermal activity of idKCs (teal 

bar) relative to healthy control KCs (black bar) was evaluated via (C) metabolic, (D) 

proliferative, and (E) 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 

ñwoundò edge. Yellow region highlights remaining region not recovered. [Scale bar = 

50ɛm]. Significance denoted as *p < 0.05 or ***p < 0.001. 

Figure 8.3: Matrix Substrates Alter ASC Secretion of Factors that Modulate Epidermal 

Regeneration Functional Activity in idKCs. The effect of ASC-CM from 2D (silhouette) 

and 3D (patterned) systems that were coated (or non-coated 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 control idKCs, which 

were cultured with keratinocyte growth media (KC-GM). Migratory data depicted as 

percent (%) area recovered. Dashed line depicts idKCs control. (D) qRT-PCR analysis of 

CCND1, CDKN2A, IL1B, EGFR, FLG, and TWIST1. GAPDH was used as an internal 

control. Values are represented as relative fold change to baseline control idKC expression, 

indicated by dashed line. NC = non-coated, 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. 

Figure 8.4: Substrate-Dependent Modulation of Secretome Augment idKC Epidermal 

Phenotype. qRT-PCR analysis of CDH1 (E-cadherin), CDH2 (N-cadherin), K5, K10, and 

K16. GAPDH was used as an internal control. Values are represented as relative fold 
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change to baseline control idKCs indicated by dashed line. NC = non-coated, 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. 

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). 

The figure 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 in 

the figure. (C) A table to depict the relative concentration of each protein tested (in ñpgò) 

in relation to the total amount of secreted protein (in ñÕgò). An ñXò depicts that the sample 

was below the limit of detection for the ELISA. (D) ASCs were evaluated for changes in 

gene expression of key markers (28 selected) via a Wound Healing qRT-PCR array (84 

total target) and depicted with a heatmap. The markers selected are associated with 

secretory activity from ASCs and several align with the proteins of interest for the ELISAs. 

GAPDH, ACTB, and B2M were the endogenous control genes utilized by the array. NC = 

non-coated, 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. 

Figure 8.6: ASC Exposed to Collagen type I in 3D Enhance Epidermal Regeneration of 

idKCs via Secretion EVs. (A) ASC-EVs were isolated from 2D (silhouette) 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 with KC-Gm 

dosed with 150µg/mL of EVs. (F) qRT-PCR 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 

control idKC expression, indicated by dashed line. NC = non-coated, 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 Secretion of Factors that Modulate 

Epidermal Regeneration Functional Activity in KCs. The effect of ASC-CM from 2D 

(silhouette) and 3D (patterned) systems that were coated (or non-coated control) was 

evaluated for ability to modulate ñhealthyò KC metabolic, proliferative, and migratory 

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 (KC-GM). Migratory data depicted as percent (%) area recovered. Dashed line 

depicts idKCs control. (Bottom row) qRT-PCR analysis of CCND1, CDKN2A, IL1B, 

EGFR, FLG, and TWIST1. GAPDH was used as an internal control. Values are represented 

as relative fold change to baseline control idKC expression, indicated by dashed line. NC 

= non-coated, 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. 

Supplemental Figure 8.2: ASC Expressional Changes in Key Growth Factors and Cytokines. 

The qRT-PCR array data were generated into individual comparative graphs for ten (10) 

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

Supplemental Figure 8.3: ASC-CM Soluble Protein Quantification. Twelve ELISAs were used 

to quantify specific protein compounds known to be important for epidermal regeneration 

natively, including EGF, HB-EGF, IGF-1, FGF-2, FGF-7 (KGF), TGF-ɓ1, MMP-1, MMP-

2, TIMP-1, TIMP-2. IL-1ɓ, and IL-1Ra. Of the twelve, only eight had a sample above the 

limit of detection, seven of which were above for both 2D and 3D. MMP-9 was not detected 

in 2D (silhouette) samples but was in 3D (patterned). NC = non-coated, 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. 

Supplemental Figure 8.4: Characterization of EV Population within ASC-CM . The isolated 

EV fraction was quantified via NTA to establish particle counts for concentration (left) and 

size distribution data (right). Significance denoted as *p < 0.05, **p < 0.01, ***p < 0.001, 

and ****p < 0.0001. 

Supplemental Figure 8.5: Quantification of Relative Antioxidant Activity within ASC-CM . 

ASC-CM was collected from 2D (silhouette) and 3D (patterned) cultured systems, and 

antioxidant activity was assessed with a Total Antioxidant Capacity (TAC) Assay kit. In 
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short, the reduction of copper (II) 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 ASC-CM was therefore measured in ñmM equivalentsò of uric acid.  

Figure 9.1: Characterization of ASC Populations. Characterization of Initial ASC P1 

population with (A) Spindle/Mesenchymal-like adherent cells with trilineage/multipotent 

potential, (B) CD surface marker expression of CD34/73/90/105 [Scale bar = 100ɛm], and 

(C) Gene expression of key markers via MSC Phenotyping array. (D) Photograph of ~1cm3 

tissue-mimetic X-Block within 6-well culture vessel. (E) In situ cell number quantification 

within 3D system (X-Block). ASCs were then extracted from 2D or 3D and re-plated in 2D 

for analysis after 1-week (P2 for 2D) and 2-week (P3 for 2D) to assess for (F) Population 

Doubling Time, (G) Metabolic activity, and (H) Mitochondrial activity (membrane 

potential). Black dashed 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 ASC-CM 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) ASC-CM protein 

content for each MW fraction. (C) Representative morphology images of KCs after 

treatment with KC-GM supplemented with different ASC-CM concentrates [Scale bar = 

100µm]. (D) Representative image panel of KCs treated with ASC-CM fractions from 2D 

or 3D and stained with Hoechst (Blue) and Vimentin (Cyan) [Scale bar=50µm]. (E) Image 

quantification of Vimentin immunolabeling of KCs (relative to baseline control KCs). (F) 

Western Blot protein quantification of Vimentin expression from KCs. (G) qRT-PCR 

analysis of p16ink4a (senescence marker) of KCs after treatment with fractionated ASC-CM 

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 Tissue-Mimetic System Favor Secretion of EVs.  (A) 

ASC-CM was processed for EV collection/isolation/purification from 2D and 3D culture 



xlviii  

 

and evaluated via protein content (QuickDrop/BCA/Bradford) of the EV fraction (left) and 

particle counts with NTA (right) to quantify EV concentrations. (B) Relative composition 

of EVs within ASC-CM was then quantified relative to protein content of ñ100 kDaò 

fraction (left) and total (i.e., ñFullò) secreted protein content (right). (C) Analysis of EV 

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 (25-250nm). Blue patterned bars indicate ñwithin 

exosome sizeò range, whereas black bars are too large to be exosomes. Significance 

denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

Figure 9.4: ASC-EVs within Tissue-Mimetic System Contain More Potent Re-

epithelialization Stimulus. (A) Schematic diagram of ASC-CM filtration via 100 kDa 

centrifuge filter followed by subsequent EV/exosome isolation from the ñ100 kDaò 

concentrate in upper chamber. Isolated 2D-EVs (yellow circles) and 3D-EVs (blue circles) 

were then reapplied back to the ñ<100 kDa Filtrateò samples. The effect of ASC-CM ñ<100 

kDa Filtrateò from 2D (silhouette) and 3D (patterned), with/without EVs, was evaluated 

for ability to modulate KC (B) metabolic, (C) proliferative, and (D) migratory activity. (E) 

Evaluation of KC morphological changes after treatment of ñ<100 kDa Filtrateò without 

EVs (top row) and with EVs (bottom row) [Scale bar = 100µm]. Significance denoted as 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

Figure 9.5: 3D-EVs Enhance Expression of Basal and Suprabasal Cytokeratins in a Dose-

Dependent Manner. (A) Representative images of KCs stained for cytokeratins (Red), 

including Keratin 5 (top row), Keratin 10 (middle row), and Keratin 16 (bottom row). KCs 

treated with KC-Gm served as a control for baseline expression (left column), and 2D-EVs 

(middle column) and 3D-EVs (right column) at the highest dose of 250µg/mL were the 

treatment groups [Scale bar = 100µm, Inset Scale bar = 20µm]. ASC-EVs at different doses 

from 2D (silhouette) and 3D (patterned) were evaluated. (B) qRT-PCR analysis of K5, 

K10, and K16. GAPDH was 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 of KCs Exhibit Dose-Dependent Response to 

ASC-EVs. (A) The effect of ASC-EVs at different doses from 2D (silhouette) and 3D 

(patterned) was evaluated for ability to modulate KC metabolic (top row), proliferative 

(middle row), and migratory activity (bottom row). (B) Representative images of KC 

morphology and cytoskeletal changes after ASC-EV treatment. Inset is a brightfield image. 

Stains include Hoechst (Blue), Phalloidin (Green), DiI-labeled exosomes (Red). White 

arrow denotes formation of actin cap (green phalloidin). [Scale bar = 100µm]. (C) qRT-

PCR analysis of CCND1, VIM, FLG, TWIST1, CDH1, and CDH2. GAPDH was used as an 

internal control. Values are represented as relative fold change to baseline control KCs 

indicated by dashed line. (D) The relative ratio for RNA expression of N-Cadherin (CDH2) 

to E-Cadherin (CDH1). (E) Tabulated values for all genes evaluated by qRT-PCR and their 

respective R2 values and relative directionality of correlation. Significance denoted as *p 

< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

Supplemental Figure 9.1: ASC Growth Curve for 2D and 3D to Establish ASC-CM 

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 distribute throughout 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 collection of ASC-CM to 

standardize relative media-per-cell ratios. Based on prior literature, collection of ASC-CM 

in 2D at 60-80% confluency was desired and days 6-8 were selected to collect ASC-CM. 

Media volumes were adjusted accordingly to account for differences in cell numbers 

between 2D and 3D. 

Supplemental Figure 9.2: Quantification of ASC-CM Protein Content. Three (3) separate 

protein quantification methodologies were utilized to determine EV content within ASC-

CM, QuickDrop, BCA, and Bradford. All three (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, residual ñ<3kDaò filtrate was assessed but not used in experimental 

assays since unable to concentrate the ASC-CM fraction in the same manner as the others. 
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The ò<3 kDaò fraction also depicts no significant difference in content between 2D and 3D 

ASC-CM. 

Supplemental Figure 9.3: Image Analysis of KC Senescence after MW Stratified ASC-CM 

Treatment. Representative images of KCs after treatment with KC-GM supplemented 

with different ASC-CM MW concentrates for 24 hours. ȸ-Galactosidase activity was used 

as a surrogate measure for senescence. Lower MW fractions of ASC-CM appeared to 

induce senescence in KC populations. This corroborated the qRT-PCR data for p16 

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 content. 

Bottom panels demonstrate EV particle size (x-axis), intensity (y-axis), and concentration 

(z-axis) via NTA evaluations. 

Supplemental Figure 9.5: KC Morphological Changes after MW Stratified ASC-CM 

Treatment. Representative morphology images of KCs after treatment with KC-GM 

supplemented with different ASC-CM MW concentrates for 24 hours. Only the ñFullò and 

ñ>100 kDaò fractions induce similar KC morphological changes, including spindle-cell 

formation, stratification, and collective cell sheet formation. KC morphology changes were 

seen to varying extents for both 2D and 3D ASC-CM. Moreover, CellProfiler was used to 

assess nuclear area and circularity. KCs treated with ñFullò or ñ<100 kDaò fraction 

exhibited nuclei with a larger surface area and less circular shape (0-1 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 any cells, serum-free 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 precipitation and centrifugation was performed where no 

pellet was observed in control group (left), followed by NTA analysis which demonstrated 
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no particles (middle), and subsequently DiI-labeling of control fraction and treatment of 

KCs (right). Inset screenshot for NTA analysis depicts ASC-CM group for comparison. 

Supplemental Figure 9.7. Dose-dependent effect of ASC-EV on KC Morphology. ASC-EVs 

were isolated from both 2D and 3D systems and dosed into KC-GM at three distinct 

concentrations, 5µg/mL (left), 25µg/mL (middle), 250µg/mL (right). KCs were then 

treated with the dosed media from both 2D (top row) and 3D (bottom row) and assessment 

for changes in morphology under transmitted light. 

Supplemental Figure 9.8. KC Morphological Changes with DiI-EVs: ASC-EV Dose-

Response. ASC-EVs were isolated from both 2D and 3D systems, labeled with a lipophilic 

dye, DiI (red), and dosed into KC-GM at 250µg/mL for treatment of KCs. KCs were then 

treated with the media from both 2D (top row) and 3D (bottom row) and assessment for 

changes in cytoskeletal morphology (green). Nuclei are stained blue. 

Supplemental Figure 9.9. Comparative KC Morphically Changes with/without DiI -labeled 

EVs. ASC-EVs were isolated from both 2D and 3D systems, labeled with a lipophilic dye, 

DiI (red), and dosed into KC-GM at 250µg/mL for treatment of KCs and assessment of 

morphological changes. KC morphology under transmitted light (top row), low 

magnification (20x) of fluorescent images of KCs with phalloidin (green) and Hoechst 

(blue) to depict formation of cell sheets in 3D-EV treated group, and high magnification 

(60x) of DiI-labeled EVs (red) to assess perinuclear localization of EVs. Control KC group 

(left column) compared to 2D-EV treated (middle column) and 3D-EV treated (right 

column). Scale bar for 20x images = 100µm, for 60x images = 25µm. 

Supplemental Figure 9.10. Correlation Analysis of KC Functional Activity: ASC-EV Dose-

Response. The ASC-EV dosing study for treatment of KCs was evaluated for any dose-

dependent changes in KC functionality, including metabolic (left), proliferative (middle), 

and migratory (right). Data are displayed as an R2 value. 
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a Dynamic Mechanical Analyzer (RSA3; TA Instruments) setup at to assess mechanical 

and physical properties. A 5-mm biopsy punch was used to isolate a circular hydrogel 

sample to prevent force-concentrating points. DMA was performed via a dynamic 

cylindrical compression analysis with a rate of compression of 0.005-mm/sec and a 

frequency sweep at one 1-Hz. Two (2) 5-mm punches were taken from each hydrogel and 

a total of four (4) hydrogel were evaluated for a total of eight (8) runs.
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Chapter 1 

Evaluating Polymeric Biomaterials to Improve Next Generation 

Wound Dressing Design 
 

Adapted from Publication: 

Hodge, J. G., Zamierowski, D. S., Robinson, J. L. & Mellott, A. J. Evaluating polymeric 

biomaterials to improve next generation wound dressing design. Biomaterial Research. 26, 50 

(2022). https://doi.org:10.1186/s40824-022-00291-5 

 

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 wounds, which 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 field of tissue 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 care therapies 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 the role of polymeric biomaterials in the innovation and design 

of the next generation of wound dressings.  

https://doi.org:10.1186/s40824-022-00291-5
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2. Introduction to Biomaterials  

Biomaterials can broadly be defined as any material substance that can be used as a 

diagnostic or adjuvant therapeutic system that aids in the detection or treatment of biologically 

derived ailments (1). Consequently, biomaterials have become an essential aspect in the 

development of innovative therapies that have emerged from the field of tissue engineering over 

the last several 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 compounds (Fig. 1.1), and can be used as an implantable or 

injectable system that permanently replaces a tissue defect, used to deliver 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 biomaterials in wound healing can be traced back thousands of years to ancient 

times when cloth and poultice-like 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 last century 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 wound care (4). The goal 

of this review will be to provide a bridge between the clinical and material science perspectives of 

how wound dressings have been developed and the important characteristics of polymeric 

biomaterials to consider for designing the next generation of wound dressings.  
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3. Overview of Wound Healing 

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

epidermal skin is to provide an external barrier from the outside elements, prevent desiccation or 

infection, and provide protection from mechanical, ultraviolet, and physical insults (5,6). Thus, a 

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

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

morbidity if not closed efficiently and appropriately (5,6). Thankfully, our bodies have a natural 

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

insults to the skin that works quickly to counteract and repair ñopenò wounds (7).  

Figure 1.1: Flow Chart of Biomaterial Classifications. Three key subclasses of Biomaterials 

associated with wound dressings are inorganic compounds, natural polymers, and synthetic polymers. 
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3.1. Acute Wound Healing 

Acute wound healing follows a physiological and dynamic signaling cascade upon injury 

that can be broken down into four component phases (Fig. 1.2A-B) (6). Starting with the 

hemostatic phase, which is the immediate response of the local tissue vasculature to activate 

platelets and generate a clot via formation of a provisional fibrin-platelet matrix (8). The goal of 

this phase is to prevent excessive blood loss and exsanguination, while also serving as an initiation 

signal for wound healing to commence (8). Next, is the inflammatory phase, which is a series of 

immunomodulatory signaling cascades that results in immune cell migration (neutrophil and 

monocyte/macrophage) into the wound tissue to begin removing damaged debris, foreign objects, 

or bacteria (9). The previously deposited fibrin-platelet clot serves as a biological signal as well as 

a temporary scaffold for invading cell populations into the wound site (10). The inflammatory 

phase typically culminates in about one week. Subsequently, is the transition into the proliferative 

phase, which is the stage of neovascularization, re-epithelialization, fibroblast proliferation, and 

wound contraction (11,12). The key modulators of this phase of healing are fibroblasts and 

keratinocytes, and the main outcomes are formation of granulation tissue and a restored epidermal 

barrier, respectively (12,13). The final stage is the remodeling phase, which 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 the enzymatic degradation of old matrix in order to ultimately restore 

a state of anatomical homeostasis and function (7,14). 
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Figure 1.2: Phases of Wound Healing. Depiction of the phases of wound healing and comparison of 

acute versus chronic healing. (A) Progression through the physiological phases starting with uninjured 

skin progressing to remodeling and formation of a scab. Includes a time scale to compare temporality. 

(B) Depiction of recently injured wound in hemostatic phase of healing progressing to proper healing 

and scab formation. (C) Depiction of chronic wound not properly progressing from hemostatic phase 

through healing and scab formation resulting in ulcer formation and an open wound. Created using 

www.biorender.com software. 
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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 process. Specifically, 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 and anti-protease activity, and adhesive 

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 non-healing wounds, which continue to be a problem clinically. 

3.2. Progression of Chronic Wounds 

Prolonged or abnormal progression through the stages of wound healing results in 

pathological, chronic, non-healing wounds (Fig. 1.2C) (15). There are a variety of factors that can 

promote the progression towards pathological healing, such as trauma (particularly recurring 

trauma), nutritional deficits, infection, surgery, chronic disease, and radiation (15). Moreover, 

most chronic wounds tend to be stuck in a perpetual cycle of the inflammatory and proliferative 

phases of wound healing (16-18). 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 wounds remain a significant burden on the healthcare system, 

affecting over 8 million people in the US at a cost of over $30 billion annually (20). 

There are a variety of local and systemic factors that can have a detrimental impact on 

wound healing and subsequently result in non-healing wounds. 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 in obstruction of physiological healing (21,22). 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 wounds (23). 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., obesity and diabetes) contribute to non-healing wound 

progression (21). Similarly, complex wounds that result in significant tissue involvement and 

destruction, such as those from extensive burns, traumas, or military-based incidents, are also 

highly prone to progression towards non-healing chronic wounds and require special attention 

(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, non-healing wounds, where up to 15% of diabetics 

develop ulcerative wounds with a greater than 50% recurrence rate (24). Diabetic wounds 

inherently have an improper balance and composition of bioactive compounds within the tissue, 

resulting in inadequate neotissue formation (25). Consequently, lack of wound closure results in 

polymicrobial infections, desiccation, and reinjury of the diabetic wounds, which remain the 

leading cause of non-traumatic lower limb amputations (26,27). Overall, chronic wounds are 

highly complex and variable, though they are often treated in a similar fashion with labor intensive 

and non-specific treatment modalities that can include continuous wound cleaning, debridement, 

surgery, antibiotics, oxygen therapy, and dressing changes (28). Thus, developing more effective 

personalized wound therapies is a critical area of research.  
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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 ambient environment 

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 

35 ï 38°C, has been shown to improve blood flow and delivery of immune cell populations to 

wound tissue, resulting in improved wound outcomes (31-33). A wet or moist wound environment 

has demonstrated the ability to improve autolytic breakdown of dead tissue, promote angiogenesis, 

enhance the rate of re-epithelialization, and decrease scar formation (29,30,34). However, the 

tradeoff is that 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 physiological wound 

healing, wounds become progressively more acidic (35-37). Notably, acidification of more 

alkaline chronic wounds has been shown to improve chronic wound outcomes (38,39). 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 non-healing wounds. Interestingly, fetal wounds undergo a 

more efficient form of wound healing relative to post-natal wounds, often resulting in scarless 

healing (40). Thus, the benefits seen post-natally by maintaining a warm, moist, clean and pH 

controlled environment likely, in part, recapitulate the conditions fetal wounds are exposed to in 

the womb.  
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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 through a HIF-1Ŭ-

dependent mechanism that promotes enhanced stromal cell activity (41). Conversely, a prolonged 

state of hypoxia inhibits wound healing and prevents 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 vascular disease (24). Whereas transient hypoxia is a 

result of disruption of local tissue vasculature upon injury, with the hypoxic environment acting 

as a signal to recruit inflammatory cells to the wound site, stimulate granulation tissue formation, 

and promote angiogenesis (42). 

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 healing and include species such as superoxide anion ẗO2
-, 

peroxide ẗO2
-2, hydrogen peroxide H2O2, hydroxyl radicals ·OH and hydroxyl OHī ions. ROS play 

a critical role in the antimicrobial oxidative burst activity of phagocytic cells and vascular activity 

(i.e., vasodilation and vasoconstriction) (43). However, the prolonged inflammatory phase of 

chronic wounds can result in excessive ROS production and impairment of healing (43). Thus, 

wound dressings that are prone to oxidative activity from 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 relatively exudative, alkaline, and highly proteolytic profile (17,24,44). Thus, 

polymeric dressings 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 of time, they are typically 
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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 aid in modulating the wound healing environment (45). 

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 of re-epithelialization, wound closure, and overall wound 

healing (29,46). This concept has become an essential pillar of wound care and is a major 

influencer on wound dressing design and methodology. Winter suggested that ñcomposite 

dressingsò, ones that included both hydrophilic and hydrophobic components, best achieved the 

desired goal of moist wound healing for enhanced epithelial 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 or semi-occlusive 

dressings that create 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 progression through wound 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 healing, prevent transition from acute-to-chronic wounds, help 

wounds undergo a chronic-to-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 to cover exposed 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 neotissue formation (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 vs. irregular 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.  

Figure 1.3: Web Diagram of Wound Dressing Design Considerations. Schematic diagram listing 

ten important characteristics to consider when design wound dressings. The four circles highlighted in 

blue represent the four design criteria listed within the text as ñkeyò parameters. The remaining six 

circles highlighted with grey are important supplementary parameters to also consider, although the 

degree of importance can vary depending on application. Created using www.biorender.com software. 
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A common type of dressing used clinically for decades is the wet-to-dry 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 derived from plants (47). Other types of common wound dressings include plastic 

films, foams, alginates, hydrocolloids, hydrogels, and bioengineered dressings/grafts, all of which 

have a variety of formulations (48-52). 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 different polymer 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 been made 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 facilitation of everyday life for humans, including the field of medicine. 

The term ñpolymerò is derived from the Greek words poly meaning ñmanyò and meros meaning 

ñpartsò, and thus, polymers are often also called macromolecules because they consist of multiple 

repeating monomeric units (>10 repeat units) to generate large molecules (~10ï10,000,000 

Daltons) (53). Polymers can be biological, synthetic, or semi-synthetic (modified biopolymers) 

and can consist of a single monomer repeat unit (i.e., homopolymers) or consist of more than one 

monomer repeat unit (i.e., co-/hetero-polymers). 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 materials 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 thermoplastics and thermosets, and 

fibers can be classified as cellulosic or non-cellulosic. Polymerization reactions can be carried out 

a number of different ways, including condensation, free-radical, ionic, ring-opening, 

macromolecular substitution, group transfer, or enzymatically. After formation of desired 

polymers, post-processing can occur in order to further tailor polymer properties for specific 

applications, such as end-group methacrylation for forming crosslinkable hydrogels or covalent 

linkages of peptides/proteins (54-56). 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 categorized as a physical (i.e., ionic, hydrogen, or 

hydrophobic interactions), or chemical (e.g., Schiff base, thiol-ene, acrylate, or azide bonds) 

dependent crosslink and can be reversible or irreversible (57,58). Some of the most common ways 

to crosslink polymers include light (e.g., UV), thermal, physical, ionic, or enzymatic (e.g., 

thrombin) (59,60). Lastly, end application polymer-based materials, such as wound dressings, can 

be fabricated via a number of different manufacturing modalities, including injection molding, 

melt molding, extrusion, phase separation, woven or non-woven meshes, 3D printing, and 

electrospinning, all of which exhibit various levels of control over the structural and mechanical 

properties (61-64). Thus, the ability to create a diverse range of characteristics of polymer-based 

materials with customizable properties is what makes polymers such an appealing option for 

developing wound dressings. This section will highlight a variety of important material 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 bioengineer and advance beyond the limitations of modern 

types of wound dressings discussed in the subsequent section. 

5.1. Molecular Weight 

There are a number of different ñmolecular weightò values used to describe polymers, 

including the number-average (Mn), weight-average (Mw), and viscosity-average (Mv) 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 increase its 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 generally denoted with a range of 

molecular weights, denoted as dispersity (ņ) (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 characteristics and 

applications (65). Dispersity is considered a crude parameter for evaluating polymer uniformity, 

and can be calculated with the equation of ņ = Mw/Mn. As ņ approaches a value of 1, the polymer 

is considered to approach monodispersity, though ņ = 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 polymerization (67,68), nitroxide mediated polymerization (NMP) (69), and 

reversible additionïfragmentation chain-transfer (RAFT) polymerization (70), polymer synthesis 

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

Molecular weight modulation is an especially important parameter when considering the 

design of wound dressings, such as hydrogel-based 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 bioactive compounds (Fig. 1.4A-C) (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 by increasing the distance between crosslink units for most 

traditional hydrogel networks (Fig. 1.4A). Notably, frequency and activity of possible crosslink 

sites within polymeric units can be dependent on other properties as well, including polymer 

structure/chemistry, environmental conditions, and crosslinking methodology, therefore molecular 

weight is not the only parameter to consider. 

Figure 1.4: Polymeric Hydrogel Physical Properties. (A) Depiction of a hydrogel model showing 

differences in mesh sizes between (left) low molecular weight polymers and (right) high molecular 

weight polymer hydrogels. The frequency in functional reactive sites can be seen and is depicted as teal 

circles at the junction point of polymer strands. (B) Schematic representing the function of molecular 

weight in the swelling of a polymeric hydrogel. (C) Chart of relative trends in polymeric hydrogels as 

a function of molecular weight. Created using www.biorender.com software. 
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In general, when keeping other parameters constant, increasing molecular weight will 

result in increased mesh sizes and swelling capabilities of a hydrogel, while also decreasing 

mechanical properties and the rate of degradation (Fig. 1.4B-C) (58,72-74). Conversely, 

decreasing molecular weight decreases mesh size and increases the mechanical properties of the 

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 degradative mechanics (Fig. 1.4A-C) (58,72-

74). Thus, depending on the context of wound type, specific polymer molecular weights can be 

applied to achieve desired effects, which is often important when utilizing hydrogels as temporary 

delivery vehicles versus long-term wound dressings (58). 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 reactivity a polymer has with water. Polymers that 

thermodynamically favor dissolution with water are labeled hydrophilic (water-loving) and 

polymers that favor dissolution in oils are labeled hydrophobic (water-resistant) (Fig. 1.5A-B) 

(75). Hydrophobic polymers are structurally composed of long hydrocarbon chains (-H2C-CH2-) 

or contain aromatic rings (e.g., benzene) and thus, are more nonpolar in nature. Whereas 

hydrophilic polymers often consist of hydroxyl (-OH), carboxylic acid (-COOH), or amino (-NH2) 

functional groups and are more polar in nature (Fig. 1.5A-B). Hydrophobicity is important to 

consider when designing polymer-based biomedical devices, such as wound dressings. Polymers 

that are more hydrophobic in nature exhibit increased protein adsorption and moisture wicking 

properties (76), whereas hydrophilic components will increase absorptive capabilities of aqueous 
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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 structure due to hydrophobic interactions, 

which can expose protein epitopes that can promote the propagation of a foreign body response 

via inflammatory cell recognition (77-79). 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 

degradation and pH alterations within the wound tissue due to acidic byproducts (45). However, 

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 epithelization (38,45). 

As previously discussed, maintaining a moist wound environment while simultaneously 

removing exudate are both key properties of wound dressings to consider. Many wound dressings 

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 fluid (48,49,80). 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 environment to avoid excessive 

drying out of wound tissue and inhibition of healing. Addition of a semi-permeable 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 a hydrophilic dressing. By combining hydrophobic and 

hydrophilic layers together within a wound dressing (i.e., Winterôs composite dressing), a wetting 

gradient can be created that allows for the absorption of exudate, while also permitting the 
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regulation of moisture vapor transpiration (81-83). 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 need 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 appropriate (50). 

  

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 properties. 

(B) Depicts a hydrophobicity scale with more hydrophobic (water-resistant) polymers including 

polymers with more hydrocarbons linkages and less hydrophobic polymers containing more reactive 

oxygen and nitrogen moieties. Includes different amino acids (top) and different synthetic monomers 

(bottom), in addition to cellulose (bottom left). Created using ChemDraw Office software. 
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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 bioresorption depending 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 amongst 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 set value for how quickly 

polymeric compounds, such as a wound dressing, may degrade.  

Figure 1.6: Polymer Degradation Mechanisms. (A) Enzymatic degradation depiction with proteolytic 

enzyme breaking down collagen fibril into smaller collagen peptides. (B) Oxidative degradation 

depiction with a reactive oxygen species degradation polymer with a proline derivative. (C) Hydrolytic 

degradation depiction of an ester-containing polymer reacting with water and broken down into an 

alcohol and carboxylic acid. Created using www.biorender.com software. 
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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 in the context of 

this review) (Fig. 1.6A-C) (84). Most synthetic polymers do not degrade efficiently via enzymes 

which target specific amino acid sequences unless enzyme-sensitive moieties are introduced within 

the polymer network (58,85). However, peptide moieties are commonly incorporated into 

synthetic polymeric biomaterials to improve biocompatibility, cellular attachment, and 

degradation control, such as the incorporation of the amino peptide sequence GPVGLIGK, an 

MMP-2/9 sensitive peptide sequence (Fig. 1.7) (86). Hydrolytically degradable polymers contain 

a higher relative composition of labile functional groups that react with water, commonly esters, 

anhydrides, acetals, carbonates, amides, urethanes and phosphates (Fig. 1.5A) (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 functional sites will significantly degrade in water; one must 

also consider relative hydrophobic properties, glass transition temperature (Tg), and crystallinity 

of the polymer. Lastly, oxidative degradation of polymers occurs via reaction within ether-based 

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 species that can readily react with 

oxidative-sensitive moieties within polymer chains and other biological molecules (Fig. 1.8A-C).  

Utilizing the degradation kinetics of surface erosion of a polymer is a popular technique 

for developing tailored time-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 hydrolysis (Fig. 1.8A) (45). Degradation kinetics are important to 
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consider when designing polymer-based 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.  

  

Figure 1.7: Insertion of Peptide Sequences into Polymeric Biomaterials. Diagram to depict how 

different peptide sequences can be incorporated into polymeric biomaterials to modulate their 

properties. Shown here is the insertion of an MMP-sensitive peptide sequence (orange polygons) that 

is inserted into individual polymer strands (black polygons) to allow for control over degradative 

kinetics and release of small molecules (green), such as drugs or biologics (right). Created and adapted 

from www.biorender.com software. 
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Figure 1.8: Bulk versus Surface Erosion Dynamics. (A) Depiction of polymer structure (grey circle) 

that contains small molecules (red circles) within the polymeric structure. (Top) Demonstration of bulk 

erosion and more rapid burst release of small molecules due to the rate of solvent absorption being 

greater than polymer degradation, relatively. (Bottom) Demonstration of surface erosion and a more 

gradual controlled release of small molecules due to the rate of degradation being greater than solvent 

absorption, relatively. (B) Graphical representation of polymeric dressing properties and drug/small 

molecular release kinetics over time via Bulk (left) and Surface (right) erosion. Changes in polymer 

properties depicted in blue lines. Changes in drug release kinetics depicted by red line. (C) Schematic 

to represent the relative role of ROS compounds in wound healing. Created using www.biorender.com 

software. 
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5.4. Biocompatibility/Toxicity 

Biomedical devices derived of polymers must maintain a high level of biocompatibility. 

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 interventions 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 granulation tissue formation, both key components of wound healing (88). Thus, 

if a wound dressing prompts the foreign body response, such as that seen with GranufoamÊ during 

negative pressure wound therapy (NPWT) (89), it could possibly be aiding in the wound healing 

response. In the right 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 shown to prime the 

immune system to generate a more robust response to vaccines (90-95). Therefore, for the purposes 

of this review, we define biocompatibility to describe a polymer and its byproducts to be non-toxic 

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 wound healing and tissue formation relative to no intervention, as opposed to whether 

the functional activity is deemed ñbeneficialò or ñdesirableò. Ultimately, it is important to consider 

the polymer, polymer byproducts, biomodulatory cargo, and direct physical interactions between 

the dressing and tissue.  
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5.5. Mechanical Properties 

The mechanical properties of wound dressings are important at both the macro- and micro- 

level of tissue functionality and can be either static or dynamic in nature. Macroscopically, wound 

dressings provide support for the surrounding tissue and thus can be exposed to a variety of 

different mechanical insults depending on the wound type, location, and application it is being 

used for. Superficial wounds covered with films and bandages are typically elastic and flexible, 

especially for tissue locations that are involved in dynamic movements (e.g., elbow), but also tough 

enough to resist abrasive shear, torsional, and mild impact forces (Fig. 9). Non-superficial, 

complex wounds, often dressed with foams and hydrogels, may encounter additional 

environmental forces 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 secondary semi-

permeable dressing that incorporates a vacuum source (96,97). 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 flexible and compressible upon exposure to sub-atmospheric pressures, 

yet mechanically rigid enough to not be destroyed in such an environment. Moreover, complex 

wounds involving significant, support-tissue structures with high mechanical loads, such as muscle 

and/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 load-bearing tissues. However, more 

advanced tissue engineered wound dressings, such as custom 3D-printed scaffolds dosed with stem 
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cells and/or regenerative biologics, are currently being explored and demonstrate promise in 

potentially improving outcomes seen in deeper, more complex wounds.  

  

Figure 1.9: Native Tissue Force Dynamics. Schematic representation of the common forces 

that skin tissue is exposed to. Created using www.biorender.com software. 
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Microscopically, recent evidence suggests a significant role of 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 mechanics. For example, the micro-deformations 

induced by porous foam dressing spicules on wound tissue has been thought to upregulate protein 

production and matrix production (98-103). Thus, resident cells can ñsenseò and ñadaptò to a 

variety of mechanical cues in the extracellular matrix and tissue environment during both 

physiological wound healing and upon interventional wound therapies (98,99). Review of recent 

literature further demonstrates the role of mechanotransductive, as well as topological, cues in 

augmenting fibroblast and stem cell maturation, function, and overall activity (104-108). 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 stages (109-111). 

Clinically, evidence has demonstrated how compression of wounds can be beneficial, though 

exposure to excessive compressive or tensile forces, such as over-suturing (112), can result in 

aberrant healing with fibrosis and hypertrophic scarring, possibly through induction 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 utilized for specific wound applications 

(Fig. 1.10). Often highly permeable dressings that are non-occlusive are utilized for the removal 

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

dressings allow the movement of fluids, both liquids and gases, and even cells/bacteria (48). Care 
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must be taken to avoid infection in instances where non-occlusive, permeable dressings are used. 

Semi-permeable, or semi-occlusive, dressings are one of the more common formulations for most 

dressings (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 are often capable of regulating moisture within the wound environment 

through a process known as moisture vapor transpiration (114-116). 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 fluid (52). Lastly, are the impermeable, 

or occlusive, dressings which tend to allow minimal gas and vapor exchange, though low levels 

can still occur (48). Occlusive dressings should not be used in the setting of exudative 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 multi-layered system with a permeability gradient or the combination 

of multiple different wound dressing classes together (e.g., an absorptive foam covered with a 

semi-permeable film) (Fig. 1.11).  

  



 

28 
 

  

Figure 1.10: Comparing the Relative Permeability of Dressings. Schematic representation of the 

different degrees of permeability a wound dressing contains. (Top, blue) Depiction of an occlusive or 

non-permeable dressing that is most commonly used as a superficial or outermost layer. Occlusive 

dressings prevent the movement of fluids, both gas and liquids, as well as cells and bacteria. (Middle, 

green) Depiction of a semi-permeable or semi-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. Semi-permeable dressings prevent the movement of cells and bacteria. 

(Bottom, black) Permeable or non-occlusive dressings are often depicted as foam or foam-like materials 

that are absorbent in nature and allow the movement of fluids, both gas and liquid, in addition to cells 

and bacteria. Oxygen molecules depicted as small blue circles. Carbon dioxide molecules depicted as 

small purple circles. Bacteria depicted as green organisms. Water is depicted as larger blue circles. 

Black arrows depict movement through the dressing material. Thicker arrows depict ability to evaporate 

into ambient environment. Red arrow accompanied by red ñXò depicts lack of transport through 

material. Black-dashed arrow depicts that liquid water does not transport but water vapor still can. 

Created and adapted using www.biorender.com software. 
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Figure 1.11: Example of Multi -Layered Wound Dressing System. Schematic representation of dual-

layered wound dressing system, Winterôs Composite. Includes a hydrophilic, permeable base foam 

dressing layer (Bottom, black) covered by a hydrophobic, semi-permeable dressing layer (Top, green). 

Depicted in the composite dressing is the combined effects of a permeable and semi-permeable dressing, 

where all fluids and cells/bacteria can pass through the permeable foam base, but 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 semi-permeable dressing on superficial surface. However, 

the semi-permeable layer still allows some removal of water through evaporation, where water vapor is 

allowed to pass but not liquid water. This combination, known as Winterôs composite, creates a 

permeability gradient and can aid in exudative removal in mildly exudative wounds, upon dressing 

changes, due to the absorptive hydrophilic foam. Oxygen molecule depicted as small blue circle. Carbon 

dioxide molecule depicted as small purple circle. Bacteria depicted as green organism. Water is depicted 

as larger blue circle. Black arrows depict movement through dressing material. Thicker arrows depict 

ability to evaporate into ambient environment. Red arrow accompanied by red ñXò depicts lack of 

transport through material. Black-dashed arrow depicts that liquid water does not transport but water 

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 biomaterials (117-120). In the field of tissue engineering, 

polymers are modified to alter their physical properties (degradation kinetics, mechanics, 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 of drugs/biologics). As our understanding of physiology 

continues to progress and polymer synthesis techniques become more advanced, the library of 

synthetic- and naturally- derived polymers continues to expand with enhanced versatility for fine-

tuning polymer properties to modulate specific biological activity.  

Perhaps one of the more transformational qualities in polymer chemistry is the versatility 

of functional group modulation within polymers (119-122). End-chain, but also intra-chain, 

functional groups are common sites of chemical manipulation to alter the polymer macromolecular 

properties, including tissue-material 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, or primary and secondary amine containing compounds, are often utilized. 

For example, the chemical acrylation of polyethylene glycol (PEG) to form polyethylene glycol 

diacrylate (PEGDA) (123,124). Incorporating acrylate groups into the polymer chain (or acrylic 

acids to end groups) allows for physical or chemical crosslinking to improve mechanics, covalent 

binding of other polymers or bioactive compounds (e.g., growth factors), and incorporation of 

selective enzyme-sensitive sites for biologically controlled degradation. 
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As previously mentioned, altering the biological activity of polymer biomaterials is often 

desired. For example, by integrating naturally occurring extracellular matrix binding motifs, 

polymer properties such as material mechanics, cellular adhesion, and tissue integration can be 

controlled (125-128). Similarly, proteins, antibodies, oligonucleotides and drugs can be covalently 

or non-covalently (adsorption, electrostatic interactions, hydrophobic interactions, or hydrogen 

bonding) affixed to polymer chains (129). Cell-mediated release of covalently affixed compounds 

can be mediated via enzymatic cleavage of growth factors or other biologics that were previously 

conjugated to incorporated enzyme-labile moieties (MMP-sensitive) within the polymer chain. 

Conversely, non-covalent release is often a result of environmental or affinity-based 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 for dynamically 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, enzyme sensitive 

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 material-cell interaction within the delivery vehicle, 

in addition to co-delivery of drugs and/or biologics with cells to achieve temporal-spatial control 

over cell fate. 

5.8. Synthetic vs Biologic 

Not only are there synthetically derived polymers utilized for the fabrication of wound 

dressings, but there are also a number of biopolymer options that can be classified into the 

categories of polynucleotides, polysaccharides, or polypeptides (Fig. 1.1) (48,49,80,130). Notably, 
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the most commonly used dressing in the world is gauze, which is derived of cellulose, a natural 

polysaccharide. Additionally, there are other plant and algae-based biopolymers, such as pectin, 

dextrin, and alginate, or chitosan which is derived from crustaceans, that are commonly used for 

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 environment consisting of proteins, such as collagen, 

and polypeptides inherently contains a diverse range of physiological cues for tissue regenerative 

processes (131-133). Thus, a variety of formulations are currently under investigation searching 

for ways to replicate the bodyôs natural biopolymer structure, biomechanical, and biophysical 

properties (134-137). Polynucleotides are less commonly used for wound dressing applications 

but have been 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 response (138,139). 

Alternatively, synthetic polymers consist of a diverse range of macromolecular compounds that 

typically allow for greater control of structure, chemistry, composition, and bioactivity, which 

ultimately allows for enhanced customization capabilities of synthetic polymer-based 

biomaterials. Technical approaches are commonly utilized to alter the synthetic polymer and/or 

the bodyôs immunological reaction to the synthetic polymer, to prevent undesirable immune 

responses and potential graft/dressing failure, such as incorporation of biomodulatory or anti-

inflammatory compounds (140), such as TGF-ɓ or IL-10.  
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aOutside-In: Prevents infiltration of exogenous bacteria. 
bInside-Out: Helps eliminate bacteria residing within wound. 
cAll dressing classes can be modified to incorporate in antimicrobial compounds. 
dPore size is inversely related to permeability of gas, liquid, bacteria, and tissue. 
eTissue enmeshing is dependent on pore size and permeability of dressings. 

Table 1.1: Characteristics of Common Polymeric 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 mitigate bacterial colonization in order to maintain a warm, moist, 

clean, and pH-controlled environment. Traditional modern dressings vary in their structure, 

function, mechanics, and bioactivity and include gauze, films, foams, alginates, hydrocolloids, and 

hydrogels. There are many advantages to each respective dressing class depending on the clinical 

context, with modern dressings significantly improving wound care and patient outcomes (Table 

1.1). However, there are limitations to modern wound dressings, often due to the broad ñone size 

fits allò 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 

ɓ-1,4-glycosidic bonds (141). Notably, cellulose can theoretically be degraded via oxidation, 

hydrolysis, or enzymatically via glucosidases/cellulases (bacterially-derived) (142-144), though 

the three-dimensional 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 either woven or non-woven 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 

management (52,145). Gauze does not naturally hydrate tissue or modulate bioactive signaling 

within the wound. More recent formulations involve impregnating fine-mesh gauze via addition 
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of water, oil, or other bioactive compounds, such as antibacterial silver derivatives (52,146). 

Impregnated gauze is less absorbent and is typically not suitable for highly exudative wounds (52). 

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 wound, such as with films, 

wraps, or adhesive tapes of differing porosity and permeability. Moreover, antimicrobial 

impregnated fine-mesh gauze formulations have garnered interest due to their ability to reduce the 

rate of infection, leading to improved wound outcomes (48,147). 

Although wet-to-dry gauze dressings remain one of the leading wound dressings used 

clinically, there are a number of limitations to this modality (148). As previously 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 healing (148). Impregnating fine-mesh gauze with hydrophobic 

coatings, such as petroleum jelly (Vaseline), has been utilized in order to improve the moisture 

retention properties (4). Moreover, more traditional loose-weave 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 of healing 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 maintaining absorptive capabilities (4). A gauze sheet is referred to as fine-mesh 

gauze when its pore sizes are small enough (typically measured as a fiber warp/weave of 44/36) 

to resist enmeshing of granulation tissue and encourages re-epithelialization beneath it. 

Additionally, the benefits seen with incorporating antimicrobial compounds into gauze dressings 

suggests that 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 into gauzes dressings (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 antimicrobial 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 on a variety 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 often with a hypoallergenic acrylic adhesive layer around the edges, and are considered 

semi-permeable; allowing water vapor, oxygen, and carbon dioxide to pass through but preventing 

water and bacteria from passing (48). Semi-permeable 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 moderate-to-

highly exudative wounds. Thus, due to the moisture trapping and inability to regulate large fluid 

volumes, semi-permeable 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 overgrowth (48). 

Overall, semi-permeable adhesive film dressings are typically considered to be 

comfortable relative to other dressings, and the transparent characteristics allows for constant 

wound observation (52). 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 modalities (52). Films 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 possible (52). Adhesive films can be paired with an 

absorbent dressing layer, such as a foam dressing, for more exudative wounds, but still require 

regular dressing changes. Additionally, 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 thus reduce and control 

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. However, fabricating 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 been utilized in a variety 

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 deeper, full-thickness 

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, microarchitectural 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 

categories, physical, mechanical, chemical, and biological (150). Physical benefits of foam 

dressings include moisture control, various degrees of permeability, thermal insulation, and 
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absorptive properties. As with any wound dressing, 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 benefits 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 nature of most foam dressings 

provides a flexible and compressible substrate, with some exceptions. Similarly, foam struts and 

spicules can inflict micro-deformation and micro-strain on wound bed tissue, which has been 

shown to increase the production of matrix proteins important for wound healing (99-101). 

Chemical benefits include the wettability of foam dressings, incorporation of adhesive 

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 dressings, such as the 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 deep, non-superficial 

wounds, some foam dressings are prone to tissue ingrowth and enmeshing of neotissue which can 

provoke pain and reinjury upon removal (151). Thus, foam dressings are often changed anywhere 

from every 1-7 days depending on the formulation, application, and wound type. 

Foam dressings are utilized for exudative wounds that are both superficial and non-

superficial (i.e. deep to the epidermis), often times complex in nature, such as traumatic or chronic 

ulcerative wounds (48,80,150). The diverse characteristics and versatility 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 polyurethane-based foams, are silicone-based 

foams that tend to be softer and more malleable which allows greater moldability to the irregular 

shape/contour of the tissue (48,150). Moldability is an important feature of silicone-based foams 

because more efficient surface contact can allow for enhanced mechanical and moisture wicking 

properties, often associated with increased rates of wound closure. However, current clinically 

utilized foam dressing formulations are restricted by their pre-formed nature which limits their 

tailorability to specific wound shapes and contours. Therefore, future formulations looking at 

injectable, pourable, and sprayable foams that expand and/or cure in 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 with 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 comprised of mannuronic and 

guluronic acid units, and thus are nontoxic and considered biocompatible in nature (49,153,154). 

Alginate is found to be naturally diverse with wide ranging ratios of guluronate-to-mannuronate 

residues (G:M) (153,154). Thus, alginate inherently maintains a diverse profile of physical 

properties and molecular weights based on the relative composition of G and M residues (49). 

Alginate typically forms a block of G and M residues either in a consecutive pattern 

(GGGGGMMMMM) or an alternating pattern (GMGMGM) (153). Alginate gels are formulated 
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with either acidic precipitation or ionic crosslinking with cations (Ca2+) (153). Additional 

processing of alginate gels via freeze-drying can result in the formulation of foams and fibrous 

sheets (153). Notably, ions within alginate-based dressings can promote the generation of a 

protective film upon exposure to blood proteins and maintain bioactivity beneficial to wound 

healing in some circumstances (155).  

Biodegradable alginate wound dressings are highly absorbent, and thus are used in the 

setting of exudative wounds (49,153). Additionally, alginate dressings have been shown to 

intrinsically have antimicrobial, hemostatic, and immunomodulatory properties (153). However, 

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 over the top of the alginate dressing 

to prevent excessive drying of the wound. Additionally, alginate dressings may invoke an allergic 

response in some individuals and are non-adherent, thus requiring a secondary dressing. The ability 

to formulate alginate as a film, 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 two-layer wound dressing system, an inner 

colloidal layer and outer semi-occlusive/occlusive layer (52). The inner colloidal layer is often 

self-adhesive and contains hydrophilic, gel-forming polymer compounds, such as 

carboxymethylcellulose (CMC), pectin, or gelatin (52). The inner colloidal layer will form a 

protective gel cushion over the wound upon contact/absorption of wound exudate due to the 
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hydrophilic nature of the colloidal polymer particles (52). The outer layer is typically a semi-

permeable foam or film, often a formulation of polyurethane, that is permeable to water vapor but 

impermeable to bacteria (156). The outer layer seals the wound and can help protect from 

additional damage via external insults (156). 

Hydrocolloid dressings are ideal for low-to-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 dressing (52,156). 

Colloidal dressings are often used for superficial and partial thickness wounds and can remain on 

wounds for longer periods of time, upwards of 7-10 days, though care must be taken to monitor 

whether the dressing becomes saturated with exudate (156). Evidence has demonstrated the benefit 

of hydrocolloid dressings over traditional gauze dressing in the treatment of chronic wounds (156). 

However, the inner gel layer can begin to break down within the wound environment and should 

be monitored (157). 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 of bioactive 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 time in-between 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 dry weight in water, thus 

ultimately able to achieve >90% water content (52,158,159). 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 addition to the chemical crosslinking methods of free 

radical polymerization, conjugation chemistry, and enzymatic modalities (160-162). Hydrogels 

are produced via a variety of different fabrication techniques including sheets, films, fibers, foams, 

nanoparticles, and coatings and can be injected, sprayed, 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 limited 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 application (158). 

Additionally, hydrogels are non-occlusive 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 measures (52). Moreover, the low absorptive 

capacity of hydrogels lends to over-wetting of wounds and 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 investigated 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 for controlling 

the delivery kinetics of bioactive factors capable of augmenting the wound environment (163,164). 

Encapsulation of compounds and cells within a secondary polymer vehicle within the hydrogel is 

another commonly utilized approach in tissue engineering (164,165). Thus, the molecular weight 

and degradation kinetics of the hydrogel polymer delivery vehicles are important for determining 
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the release kinetics of the drugs and/or cells to the local tissue (165). Additionally, the 

environmental factors within the 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 the bioactive factors are anchored within the hydrogels. 

 

  

Table 1.2: Common Polymeric-derived Skin Substitutes. 
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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 chronic, non-healing wounds (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 

temporal-spatial manner allows 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 for 

developing advanced wound therapies.  

7. Recent Advancements in Polymeric-derived Dressings 

7.1. Bioengineered Skin Substitutes 

More recently, bioengineered cellular-based living skin substitutes (grafts) have emerged 

and are currently still in the earlier stages of clinical use, though their use has grown tremendously 

in the last several years (Table 1.2). Relative to more traditional wound dressings and skin grafting 

techniques, they have shown mixed results in some clinical contexts but overall have demonstrated 

promise and offer a pathway for advancing wound care (166). Currently, bioengineered skin grafts 

are considered to be non-inferior to autologous skin grafting and often superior to traditional 

wound dressing modalities in many clinical situations (167-173). They consist of a range of 

synthetic, semi-synthetic, and biologically-derived 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 bovine (Fig. 1.12). 
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Bioengineered skin grafts can be used temporarily to promote tissue growth, prime a skin 

grafting site, or serve as a more long-term replacement of tissue (166,167). Currently, 

bioengineered skin grafts are typically reserved for more complex wounds, such as partial or full 

thickness wounds, that involve more extensive damage to deeper anatomical tissues, but can be 

used for superficial wounds as well (166,167). 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 partial and full 

thickness wounds, such as burns, and have demonstrated benefit over traditional wound dressings 

(174). However, autologous 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 burns, make finding 

adequate graft sites not feasible. More recent, is the practice of ex vivo culture expansion of 

autologous skin cells or skin tissue to re-implant back into patients (Fig. 1.12).  

One presumed mechanism of bioengineered grafts is that they provide a basement 

membrane-like layer for new epithelial growth due to the natural matrix-derived polypeptides 

structures (e.g., collagen, laminin, fibronectin), while the grafted cells also serve as a vehicle to 

deliver growth factors via cellular secretion before 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, include 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 dressings (Fig. 1.12). Whereas, more traditional 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.  

  

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 culture onto/within a 

polymeric scaffold in 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 culture, and can be applied 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 within the native tissue, and the graft matrix can serve as a healthy tissue 

substrate for resident wound cells to grow onto/into and repopulate. 
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Similar to the above method of fabricating bioengineered biological scaffolds from ex vivo 

expansion of autologous cells, is the recent investigations into decellularized tissue grafts (175). 

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 engraftment (179). Decellularized 

animal/human tissue is biologically derived and thus, contains many of the important extracellular 

matrix compounds, such as proteins like collagen, that aid in the tissue 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 chronic 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 Wound Dressings 

Traditional wound dressings often fall short when it comes to treating chronic, non-healing 

wounds, which remain very difficult to treat due to their heterogenous and complex nature (Table 

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 current properties that help promote a conducive healing environment but taking the next step 

in tailoring their antimicrobial and biological activity (Fig. 1.13). Additionally, several studies 

have begun to demonstrate that many of the traditional modern wound dressing classes are more 

efficacious upon merging into a hybrid dressing instead of a stand-alone dressing.  
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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 proliferation within the moisture-trapped 

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 

dressings (209-211) or fabricating films of bioactive compounds, such as ɓ-glucan paramylon, to 

Table 1.3: Overview and Description of Common Wound Types. 
 

aEstablishment of etiology and the correction of the underlying pathology should be the first order of 

care. This review looks at dressings presuming that is being carried out. 
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enhance their immunomodulatory and wound healing activity (212,213). Additionally, the 

generation of silk-fibroin based films have demonstrated potential benefits of being able to 

modulate the absorptive and mechanical properties of films, with introduction of a plasticizer (e.g., 

glucose) further enhancing the flexibility of the silk-fibroin films without compromising the 

mechanical properties (214) (Fig. 1.13). Lastly, recent investigations illustrate that conductive film 

dressings (e.g., polypyrrole nanotubes) have the capacity to promote cellular activity of wound 

healing cells, such as keratinocytes and fibroblasts (215,216). 

The highly porous nature of foam dressings allow them 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 trade-off is with more moisture, wounds are more prone 

to bacterial proliferation. 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., ciprofloxacin), small 

molecules (antimicrobial peptides), or inorganic compounds (e.g., silver) into foam dressing via 

covalent or non-covalent linkages (217-221). 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 ulcers (222). Ultimately, investigations into in situ foaming 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 tissue (Fig. 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 foam dressings is still very early, but taking advantages of the tunable nature of 

polymeric biomaterials and the high surface area-to-volume ratio of absorbent foams offers an 
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opportunity for controlled delivery of biomodulatory factors, likely through enzymatic/hydrolytic 

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

As research into alginate-based dressings continues, the goal is to better control wound 

healing responses by reducing inflammation, promoting angiogenesis, improving 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 nanoparticles to alginate-based dressings has demonstrated enhanced antimicrobial and 

immunomodulatory properties (223,224), whereas incorporation of a sugar moiety or magnesium 

helped improve the angiogenic potential of alginate dressings (225,226) (Fig. 1.13). Similarly, the 

antimicrobial peptide Tet213 was conjugated to a hybrid alginate/collagen/hyaluronic acid 

dressing which enhanced the antimicrobial activity against methicillin-resistant Staphylococcus 

aureus (MRSA) and other bacterial species while maintaining its absorptive, biodegradable, and 

mechanical properties (227). Uniquely, is the fact that alginate-derived 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 the generation 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 that 

current traditional wounds 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 increasing the flexibility of film 

dressings. (Alginate) 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 antimicrobial agent that has been used for decades. (Foam) Depiction of an in 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 that can subsequently 

be released into the wound bed to promote controlled wound regeneration. (Hydrocolloid) Recent 

investigations in hydrocolloids have shown how drugs, biologics, and platelets can be delivered into the 

wound bed. Platelets have been investigated 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 platelets. (Smart Dressing) Smart dressings can, in theory, be 

incorporated into a number of different dressing types via insertion of a small, flexible electronics. 

Depicted here a bacterial compound sensing smart dressing that allows for real-time 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 for outpatient 

monitoring, and a drug-eluting scaffold can then be triggered to release antimicrobial compounds. 

(Hydrogel) Schematic depiction of a hydrogel formulated to be deposited into a wound and then a 

secondary semi-permeable dressing can be applied superficially to protect the hydrogel. The hydrogel 

can be dosed with a number of bioactive compounds and cells, such as the use of angiogenic-primed 

stem cells. The angiogenic-primed stem cells demonstrate enhanced angiogenic activity within the 

wound and release compounds that promote neovascularization within the wound tissue.  
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Hydrocolloids can protect the wound via their semi-permeable 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 dressing while also delivering a variety of 

biomodulatory compounds, which is a current area of research. A recent study has demonstrated 

how a hybrid curdlan-based (glucose-derived polymer) dressing in conjunction with 

agarose/chitosan resulted in a superabsorbent, non-toxic 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 platelet-rich fibrin (PRF), which contains 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 releasate, which they postulated could result in greater enhancement of 

wound healing activity (229).  

Hydrogel based wound dressings historically have been utilized to help donate moisture to 

wounds, but a drawback to current formulations is their lack of inductive 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 the gels with silver and gold nanoparticles (230,231), 

incorporating in antibiotics (232-234), or utilizing substrates with inherent antimicrobial properties 

(235-239). Antimicrobials can be simply dissolved within the hydrogels, covalently or non-

covalently linked to polymer backbone and/or side-chain, or even microencapsulated within a 

secondary hydrogel or microparticle (Fig. 1.13). Additionally, a recent study demonstrated the 

ability to control the release of antimicrobials via a mechano-responsive hydrogel for more 

dynamic wound locations (240).  

Some of the most commonly studied hydrogels for wound dressings to date are composed 

of collagen and the glycosaminoglycans (GAGs), hyaluronic acid and chondroitin sulfate 

(134,241-243). Incorporation of GAGs into hydrogels have previously demonstrated the ability to 

enhance cellular infiltration, proliferation, and spreading (244,245). Other naturally-derived 

polymeric hydrogels include the use of fibrin for its inherent angiogenic properties (246-248), 

cellulose (249,250), and alginate or chitosan for their inherent antimicrobial and hemostatic 

properties (251-253). In addition to collagen-based peptide hydrogels, are gelatin-based hydrogel. 

Gelatin is the denature and chopped up form of collagen peptides and thus maintains many of the 

same bioactive cues as collagen (254). 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 hydrogels (255,256). PEGylating these compounds 

expands the hydrogel tailorability and permits the conjugation of other peptides, drugs, or other 

biomodulatory 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 benefit in overall 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 sources (261-263). 

The ability to construct hydrogels from both synthetic and naturally occurring compounds 

and mimic the native fibrous matrix of tissue while permitting fluid and mass transport, highlights 

some of the benefits of hydrogel-based dressings. Recent investigations have begun to look into 

utilizing hydrogels as delivery systems for biomodulatory compounds, such as drugs or biologics 

to promote angiogenesis, re-epithelialization, neotissue formation, and immunomodulation to 

develop the next generation of tailored wound dressings (264,265). Some examples include a 

hyaluronic acid hydrogel to deliver a DNA plasmid encoding for vascular endothelial growth 

factor (VEGF) (266), a PVA/chitosan/gelatin hydrogel to deliver FGF-2 (267), a 

hyaluronan/gelatin hydrogel was used to deliver IL-10 and VEGF-E (268), and a SDF-1 loaded 

gelatin-based hydrogel (269). Similarly, other major benefits of hydrogels are the capacity to 

formulate hydrogels that cure in situ or utilization of shear-thinning polymeric hydrogels, allowing 

for injectable systems (164,270,271).  

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 content, and ability to 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, recent studies have demonstrated how the incorporation of secondary fiber 

meshes within hydrogels further augment the mechanical properties of hydrogels by forming 

hybrid fiber/hydrogel composite dressing (272,273). 

Another exciting area of biomaterial research is the generation of smart wound dressings 

and microneedle patches, such as use of flexible electronics for the continuous monitoring of 

wound status for bacterial infiltration or biofilm formation, followed by the subsequent ability to 

locally administer antimicrobials (274-276) (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 outpatient 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 bacterial burden. Additionally, formulating dressings with customizable 

macro-properties, 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 pH-controlled.  

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 polymer-based materials playing a key role in each of those fields. The diverse utility of 
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synthetic polymers has vastly expanded biomedical therapeutics, with increasing capabilities to 

fine-tune select polymer characteristics in a predictable and controllable fashion (87). The 

incorporation of natural polymers and materials, such 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 tissue engineering 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 healing outcomes. 

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 synthesis techniques have expanded the precision and capabilities of fabricating 

polymer-based materials, with fine-tuned nano-/micro-architecture that more closely mimics the 

complex fibrous network and mechanics seen in native tissue. Moreover, the evolution of 

techniques such as self-assembling nanoparticles, ñsmartò materials, microneedles, piezoelectric 

materials, organ-on-chip, and electrospinning have garnered a lot of interest for their ability to 

generate well-defined micro-/macro-biomaterial structures with unique properties. The 

development of ñsmartò materials that respond to specific environmental stimuli (e.g., pressure, 

temperature, pH, ionic state, magnetism, and electricity) can result in a physiological state-

dependent control of cellular behavior. Self-assembling 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 technique 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 technology is another area of exciting 

advancement. The new portable, hand-held 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 virtually any point-of-care setting, including both surgical 

and non-surgical environments (277,278). 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, preformed vascular and capillary-like 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 different 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 precision-based medicine 

model, the diverse, complementary profile of polymer-based technologies facilitate an exciting 

approach to potentially treat complex wounds, like burn, traumatic, and chronic wounds. Emerging 

technologies, such as hydrogel-based dressings, look to mimic the 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 cells allows for further promotion of cellular processes with the 

ultimate goal of wound dressings with customized properties that enhance tissue regeneration and 

neotissue formation with temporal-spatial control. 
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9. Conclusion 

Wound dressings have advanced over the 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 

on the bodyôs natural capabilities, which is not always adequate in the setting of complex, chronic 

wounds. Thus, current strategies focus on developing bioactivated wound dressings, where the 

dressings are used to deliver factors like drugs, biologics, or stem cells, to augment 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 

ñsystemò of wound dressings rather than one individual dressing type. The next step is 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 polymer-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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1. Abstract 

Advancements in high content image analysis 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 and 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 micro- and macro-level features 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 a given regionôs location within the tissue section. A custom region of interest 

grid was generated that followed the curvature of the tissue. The composite images were used in 

two separate analyses, tissue layer thickness as a macro-level approach 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 analytical algorithms have led to 

significant developments in the field of scientific research (1,2). Microscopy and analytical 

imaging have greatly benefited from these innovative new approaches leading to breakthroughs 

pertaining to cellular, molecular, and genomic biology (2-5). There are several different terms used 

when referring to modern analytical imaging approaches of biological systems. High Content 

Screening (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 populations (6,7). For smaller data sets (often less than 100,000 data points), the preferred 

terminology used is High Content Imaging (HCI) (7). 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 HCI (7). HCS and HCI are frequently used to describe the image acquisition 

process. Depending on the system or application of interest, HCA systems can autonomously 

quantify pre-defined biological endpoints of interest that include fixed samples, cell suspensions, 

cell cultures, microplates, or histopathological biopsies (3,5). These new and evolving microscopy 

techniques have become widespread and are being integrated into scientific research as a key 

aspect of data acquisition and analysis (6,7). Additionally, due to the ability to process large 

amounts of data rapidly, HCA techniques are growing in popularity in diagnostic and clinical 

institutions, such as hospitals and pharmaceutical companies (8-10).   

HCA allows analysis of samples with minimal or no user intervention, while still allowing 

for additional manual analysis if necessary (6,7). Standardizing the analytical process with 

automated HCA-based methods improves robustness, validity, and reproducibility of samples 

while minimizing observer bias (8,11). Additionally, this frees up time for researchers or clinicians 
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to process more samples and collect more data in a shorter period of time than standard manual 

observation and analysis (7).  

The development of effective real-time HCA-based approaches to analyze a variety of 

diagnostic and histopathological tissue samples, such as biopsies for cancer, autoimmune diseases, 

and traumatic or chronic wounds could significantly improve patient care (3,5). Analytical imaging 

is extremely important when considering a pathologistôs role in evaluating tissue samples to assist 

clinicians in potential patient diagnoses (12). Frequently, in a clinical setting, a biopsy specimen 

is benign and has common simple characteristics or patterns that could easily be analyzed 

autonomously (8). Therefore, pathologists often spend more time sifting through benign specimens 

instead of focusing on samples with complex pathologies that require more intensive analysis (8). 

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 analysis of samples. This is due to inherent 

variability between the same and different individuals that perform the analysis over time, also 

called intra- and inter-rater reliability, respectively (13-15).  

The burden of labor-intensive manual analysis and the potential for inter- and intra-rater 

variability highlights the importance of developing automated quantitative image analysis 

methodologies. Although all data collected 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 commercial-based 

systems that 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. This is less of a problem for core 

imaging facilities, but these core facilities often have an over-burdened staff. 

Providing accurate high throughput analytics will allow clinicians, pathologists, and 

researchers to standardize quantification of discrete attributes of samples, 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 of a tissue 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 macro- and micro- cell characteristics, will make tissue 

analytics more reliable and economical. For example, analysis of wound healing in skin is often 

hindered when associated with sustained levels of pathological inflammation (16). Therefore, an 

HCA-based approach could allow pathologists to assess the status of different layers of a 

superficial wound, such as a diabetic ulcer, as it heals (17). Throughout the healing process the 

layers of skin (keratin, epidermis, dermis, and subcutaneous) tend to fluctuate in thickness due 

fibrosis, migration of cells, and infiltration of edematous fluid (18,19).  

The clinical benefit of an effective HCA-based 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 regarding biological specimens from both 

in vitro and in vivo studies while enabling processing of multiple samples simultaneously (20,21). 

For instance, the size or density 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 HCA-based approach that is compatible across multiple imaging platforms that can 

analyze 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 of cell-based features upon 

magnification and does not require reimaging at different magnifications 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 automated image analysis 

approach that utilizes iterative machine assisted capture of multiple high-resolution images of a 

single tissue section that are then stitched together to form a single high-resolution image. This 

method permits the user to program  image analysis software to create ñRegions of Interestò (ROIs) 

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 staining 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 multiple high-resolution 

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 nuclei, within 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 Harvest 

Experiments were approved by the University of Kansas Medical Center (KUMC) 

Institutional Animal Care and Use Committee (IACUC#2016-2319). Hodge et. al. have previously 

described the animal handling, surgical, and tissue harvesting methods (22). In brief, two female 
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4-month-old miniature Yucatan pigs (Auxvasse, MO) were acclimated for 14 days in an AAALAC 

accredited facility at KUMC with ad libitum access to food and water. Under general anesthesia a 

custom biopsy punch was used in conjunction with a 3D-Printed acrylonitrile butadiene styrene 

(ABS) guide to create a series of 1cm3 wounds on both the left and right sides of the animalôs back 

(8 per side, 16 total).  Harvested biopsies were roughly bisected. One half of the excised tissue 

block was preserved in 10% neutral buffered formalin (NBF) and the other half was preserved in 

RNALater (Sigma-Aldrich, 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) and placed in 70% ethanol for a minimum of 24 hours.  Samples 

were sent to Charles River (Wilmington, MA) for serial sectioning (10-µm thickness) and staining 

using in-house protocols. Every third serial section was stained in a repeating pattern of 

Hematoxylin and Eosin (H&E), Massonôs Trichrome (MT), and Brown and Brenn (B&B). 

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 tissue measurements while also providing 

sufficient resolution to facilitate segmented, cell feature-based automated quantification. This 

allows for both gross histological measurements and fine cell feature quantification using the same 

image set.  

A Nikon Eclipse Ti-automated imaging system equipped with a Nikon DS-Fi3 camera 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 magnification. 

Images were saved as *.ND2 files. Approximately 375 and 650 individual images were 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 individual image using NIS-Elements software, 

resulting in the reconstruction of the complete tissue section (Fig. 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 increases. 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 image resolution of 0.17ɛm/px.  

3.4. Region of Interest (ROI) Boundary Creation & Image Segmentation 

The image analysis approach in this paper subdivides each section into multiple, distinct ROIs 

as a function of tissue layer.  Furthermore, ROI creation seeks to accurately capture and maintain 

the irregular contours of the tissue while excluding negative space outside the tissue boundaries.  

Adobe Illustrator (Adobe, San Jose, CA) was used for ROI boundary creation because of its 

precision controls for vector based linework, which was then used in NIS-Elements.  

To create the ROIs for a reconstructed section the .ND2 files were opened in NIS-Elements 

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 reference.  The .TIFF file was opened 

in Adobe Illustrator, 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 traced using 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, lower, left, and 

right boundaries of each tissue layer (Fig. 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, the 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 > 

Blend > Blend Optionsé > Spacing > Specified Steps = 1). Similarly, using the blend tool, the 

topmost control points of the left and right tissue layer contours were selected, and the blend 

parameters were set to create a smooth transition across 10 ñcolumnsò or divisions of 

approximately equal width midline (Object > Blend > Blend Optionsé > Spacing > Specified 

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 the general 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 blend parameters were set to create a smooth transition across 5 ñrowsò or divisions of 

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 ROI grid for the tissue 

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 full-size tissue section were both 

opened, and the ROI grid was scaled up to match the document size of the tissue-section. The ROI 

editor was opened in the file containing the ROI grid, and the auto-detect tool was used to identify 

the regions.  The ROI set was saved and then loaded in the file containing the stained tissue section.  
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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 layer per tissue section were 

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 tissue after 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, solid lines) overlaid with the dotted line tissue layer boundaries create 

the complete set of ROI boundaries. (A-D) Modified images of previously utilized histologically stained 

sections from published manuscript by Hodge et. al. [22]. 
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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 wound features 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 ends of 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 analysis. Resolution 

of the images used for analysis was 0.51ɛm/px. A custom, automated image analysis scheme was 

developed in NIS-Elements software that allowed the number of nuclei in all ROIs for each tissue 

layer to be quantified. Although all images were acquired using 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. Analysis 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 pre-processed using auto contrast and soothing commands, prior to 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 having specific positive characteristics in both channels. In the red channel, 

images were pre-processed 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 was further refined 

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 layer images were 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 channel, images 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, images were not pre-processed 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 were pre-processed using auto 

contrast and soothing commands, prior to being subjected to an over/under threshold that was 

further refined by filling holes, eroding, and filtering based on elongation. 

Subcutaneous layer images were analyzed using data from the red channel. In the red channel 

images were not pre-processed 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 run on to quantify cell nuclei per ROI 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 keratin (Fig. 2.2B-G), epidermis (Fig. 2.2C-H), dermis 

(Fig. 2.2D-I ) and subcutaneous (Fig. 2.2E-J) layers are displayed in the control and wounded 

tissues. Non-injured tissue displayed less variation in thickness across each tissue layer than 

injured.  In the injured tissue, 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 thickness data points 

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 seen in Figure 2.3 

to demonstrate the capacity to utilize the thickness quantification across multiple staining 

modalities. Supplementary stains, such as MT (Fig. 2.3A-B) can be used to aid in identification of 

tissue layers/regions based on collagen (blue) and keratin (red), whereas B&B (Fig. 2.3C-D) helps 

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

Figure 2.2: Tissue Layer Thickness 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 and location of each 

linear measurement indicated on the figure correspond to the same color-coding 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 was used to 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 (D, I; turquoise 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 subcutaneous layers do have 10 of 10 possible measurements.  

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

from previous manuscript by Hodge et. al [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 fraction of the counted 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 shown in Table 2.1 and Table 2.2 for 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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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 layer 

boundaries. 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 ROI boundaries for (A, B) Massonôs Trichrome, and (C, D) Brown & Brenn. (A-D) Modified images 

of previously utilized histologically stained sections from published manuscript by Hodge et. al. [22]. 
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In Figure 2.4 the results of the automated nuclei quantification are displayed as densities to 

control for variation in ROI size. ROIs for both injured and control 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 injured tissue differed. The average density ± standard error of the mean 

are reported in Table 2.3 for 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 and very broad 

potential uses.  Table 2.4 further elaborates on the ñpositiveò and ñnegativeò characteristics used 

in this methodology. The exact settings would be dependent on the operator and staining 

modality/intensity and, thus, Table 2.4 provides generalized parameters 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 ROI: (A-H) Scatterplots displaying 

the density of quantified nuclei/10,000ɛm2 for all ROIs in each of the 4 tissue layers: keratin, epidermis, 

dermis, and subcutaneous layers, respectively for control (A-D) and injured (E-H) tissue. Quantified 

nuclei are represented in the images by blue dots. (I-N) Representative images highlighting the tissue 

layers in control and injured tissue.  (I, L) 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 the density of the 

dermis in control vs. injured tissue. (K, N) 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 provides an approach 

to quantitative analytical imaging that holds the potential to provide tremendous benefit to both 

researchers and clinicians. With the field of high-resolution imaging growing in its capabilities, it 

is important to develop methodologies that are accessible and 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 from tissue specimens and decrease the inherent biases and labor-intensive 

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 essentially any 

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 is developed 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 the target of interest is a micro-level 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 maximized by utilizing 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 increase the specificity of feature quantification. A unique quality 
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of this method is its ability to work effectively with non-uniform shapes and tissue samples, which 

can often provide problems for other HCA systems that rely on rigid gridding and geometrical 

shapes.  

 

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 the specificity of the 

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 macro-level feature is of interest, such as 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 analytics of image features. In fact, the method enhances the ability to 

Table 2.1:  ROI Descriptive Statistics: Control Tissue 

 CONTROL TISSUE Keratin  Epidermis Dermis Subcutaneous 

Number of ROIs 10 10 50 50 

Average Area (ɛm2) 21168 57248 385177 281751 

St. Dev. 6774 13607 109232 41443 

S.E.M. 2142 4303 15447 5860 

Minimum Area (ɛm2) 8210 32836 211044 202005 

Maximum Area (ɛm2) 30929 77215 602751 405888 
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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.  

 

Moreover, this method can be used to validate accuracy and reliability of manual 

measurements of image features to assess inter- and intra- rater reliability. It is important 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 analysis of images can help prevent bias and improve 

the rigor of the data collected. 

 Another feature is that this method can also work in tandem with machine-based learning 

programs to enhance a data set or can also be used to validate the accuracy and reproducibility of 

machine-based learning programs, such as CellProfilerÊ. The discrete data generated by 

INJURED TISSUE Keratin  Epidermis Dermis Subcutaneous 

Number of ROIs 5 5 50 50 

Average Area (ɛm2) 130180 395599 705708 474365 

St. Dev. 102597 300702 246138 183254 

S.E.M. 45883 134478 34809 25916 

Minimum Area (ɛm2) 41729 44377 19017 201035 

Maximum Area (ɛm2) 276629 873955 1167425 855840 

 

Table 2.2: ROI Descriptive Stats: Wounded Tissue 
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characterizing the custom ROIs (Table 2.1-2.3) can aid in the construction of machine-based 

learning programs. One important difference between our methodology and a machine-based 

learning program is that users know the exact qualifying parameters utilized and how they are 

being generated. In machine-based learning there is less awareness of what dynamic algorithms 

are being used to quantify image features. For certain applications, machine-based learning 

programs are likely more efficient, such as more in-depth analysis of complex systems. However, 

reproducibility of machine-based learning programs can often be subjective and contain inherent 

biases from the operator. 

 

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 have 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 data provided by image 

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 the analysis software when handling large 

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

 

(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 14.17 ± 9.135 46.42 ± 11.69 43.23 ± 3.610 7.661 ± 0.482 

 

Table 2.3: Average Cell Density in ROIs 
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Analysis Parameter Setting Example(s) Potential use(s) 

Dark spot detection   ·   Identifying general location of 

nuclei and/or other cell and tissue 

features 

  Å  Diameter Min = 6.5 uM 

  Å  Contrast Min level = 10 

Detect Peaks   
·   Broadly identifying areas to 

use as masks for future steps 
  Å  Threshold Range = 20 - 255 

  Å  Size Range = n/a 

(Color) Threshold     

  Å  Single channel use 
Range = 0 ï 117, red 

channel 
  

  Å  Multichannel use 
Range = 36 ï 101, green 

channel 
  

  
Range = 28 ï 255, blue 

channel 
  

Operators 

Add ·   Perform calculation  

Subject 
·   Combine mask and/or feature 

areas 

And   

Or   

Having   

Filter on Elongation Min = 1, Max = 6.4 ·   Inclusion criteria 

Filter on Circularity  Min = 0, Max = 0.7 ·   Exclusion criteria 

Filter on Width  Min = 19, Max = Ð    

Filter on FilArea  Min = 5, Max = Ð   

Smooth Kernel setting, Count = 1 

·   Shape refinement for masks 

and/or features 

Dilate Grow by 1.2 uM 

Erode Shrink by 0.17 uM 

Thicken Count = 1 

Morpho separate 

objects 
Kernel setting, Count = 1 ·   Subdivide merged areas 

Fill holes N/A 
·   Closes holes trapped within an 

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 customized by segmenting the 

image into Regions of Interest (ROIs). Notably, this methodology works well with non-uniform 

and organic contours of biological specimens, such as that from a clinical biopsy, which is often 

problematic for other HCA methods that rely on rigid geometry 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 the micro- and macro- capabilities 

of this method. Additionally, 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 can be used in tandem with 

other HCA methods, including machine-based 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 method can 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 an in 

situ Porcine Perspective 
 

Adapted from Publication:  

Hodge, J. G. et al. Novel insights into negative pressure wound healing from an in situ porcine 

perspective. Wound Repair Regen (2021). 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 study, a 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. (vacuum-assisted closure). To observe the effect of NPWT more accurately, non-

NPWT control wounds containing GranuFoamÊ dressings, without vacuum exposure, were 

utilized. In situ histological analysis revealed that NPWT enhanced plasma protein adsorption 

throughout the GranuFoamÊ, 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 GranuFoamÊ. Genomic analysis demonstrated significant 

changes in gene expression across a number of genes between wounds treated with non-NPWT 

and NPWT when compared against baseline tissue. However, minimal differences were noted 

between non-NPWT and NPWT wounds, including no significant differences in expression of 

collagen, angiogenic, or key inflammatory genes. Similarly, significant increases in immune cell 

populations were observed from day 0 to day 9 for both non-NPWT and NPWT wounds, though 

no differences were noted between non-NPWT and NPWT wounds. Furthermore, histological 

https://doi.org:10.1111/wrr.12971
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analysis demonstrated presence of a foreign body response (FBR), with giant cell formation and 

encapsulation of GranuFoamÊ particles. The unique in situ histological evaluation and genomic 

comparison of non-NPWT and NPWT wounds in this pilot study provided a never before shown 

perspective, offering novel insights into the physiological processes of NPWT and the potential 

role of a FBR in NPWT clinical outcomes. 

2. Introduction  

The term, ñwound healingò, is a very broad way to describe a highly complex yet 

predictable set of cascading events that occur in the setting of tissue damage that has resulted from 

loss of tissue structure and function (1,2). 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 and tissue after 

an injury. Those defined events are hemostasis, which results in tissue exposure to blood proteins, 

platelet activation, clot formation and provisional fibrin matrix formation (3). Next is 

inflammation, which is a series of inflammatory signals that results in immune cell migration into 

the wound site and removal of damaged debris and bacteria (4). This is followed by the 

proliferative phase, the stage of granulation tissue formation that includes neovascularization, 

fibroblasts proliferation, and wound contraction (5,6). Fibroblasts become the key contributor 

during this phase and begin dispersing throughout the wound site to prepare the tissue for the final 

stage of remodeling, which occurs after wound closure from re-epithelialization (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 function (2). These four distinct stages are used to define 

our bodyôs initial response to tissue damage, also known as acute wound healing.   

The complex and dynamic nature of wound healing often can result in perturbation of acute 

wound healing, leading to pathological wound healing (9,10). Pathological wound healing can be 

thought of as a continuum of physiologic healing where an aberrant process leads to an imbalance. 

One such imbalance can lead to excessive scar tissue formation and fibrosis (11,12). 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, 

non-healing wounds accompanied by chronic inflammation (11,14). There are several systemic 

and local factors that can have a negative influence on wound healing leading to chronic 

inflammation and non-healing wounds, including the presence of an infection or foreign body (15-

17). 

Infection within a wound 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 non-healing (20,21). The Foreign Body Response (FBR) is characterized by 

adsorption of plasma proteins onto a foreign object, which serves as both a biological stimulus and 

an anchor point for inflammatory cells (22,23). 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 macrophages (16,24). Following 

failed attempts of ñfrustratedò macrophages to phagocytose the foreign object, Foreign Body Giant 

Cells (FBGC) are formed, which are multinucleated giant cells derived from fused macrophages 

that aid in the fibrotic encapsulation and/or expulsion of the foreign object from the body (16,24). 
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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, occlusive or semi-occlusive dressings that create and maintain a moist 

environment are considered the mainstay of wound care (14,15). A recent and innovative strategy 

for wound care is the Vacuum-Assisted Closure (V.A.C.) system. The V.A.C. system is a form of 

Negative Pressure Wound Therapy (NPWT), which has gained increasing interest since its 

inception in 1997 (25,26). 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 venous stasis induced), and 

wounds involving exposed bone and orthopedic implants (27-30). The V.A.C. system consists of 

inserting an open-cell reticulated polyurethane-derived foam dressing into a wound, called 

GranuFoamÊ, followed by sealing the wound site by applying a semi-permeable adhesive film 

over the wound and foam dressing. The V.A.C. system is then attached to a subatmospheric 

pressure system, typically set at 125mmHg for this material. The open-cell reticulated 

characteristic of the foam provides equal distribution of forces throughout the wound site and the 

ability for air and fluid to freely pass through the foam (25,31). Application of subatmospheric 

pressure results in contraction of the reticulated foam and a mechanical 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 of bone (32,33). 

Moreover, exposure of wounds to the subatmospheric pressure V.A.C. system has been claimed 

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

(25,26,31,34).  

A current hypothesized mechanism of how the V.A.C. system decreases bacterial load 

revolves around increased oxygenation from augmented neovascularization within the wound 

(25,31). The increased circulation leads to improved neutrophil recruitment and the higher 

abundance of oxygen provides means for neutrophil oxidative burst activity (35). However, the 

data surrounding this mechanism are not fully understood and requires further study (36,37). 

Clinically, bacterial burden is of high interest to physicians due to the negative impacts it can have 

on proper wound healing (19). Although bacteria are known to adhere to plastic implants or other 

devices, they have not yet specifically been shown adhering or proliferating directly on 

GranuFoamTM. Yet, blood and matrix proteins, such as fibrinogen and vitronectin, are known to 

adsorb onto biomaterials upon implantation into the body (23,38). Plasma protein adsorption 

results in modulation of the inflammatory response and subsequent cellular colonization and 

matrix deposition within the pores of the foam, known as ñenmeshingò (24,39). Therefore, the 

FBR can be thought of as a stimulus for tissue enmeshing due to the promotion of fibrous matrix 

deposition and encapsulation of the foreign body (24). Moreover, plasma protein coated plastics 

have been shown to enhance the adhesion and proliferation of bacteria (38,40,41). Thus, plasma 

protein adsorption and tissue enmeshing together could provide seed points for bacteria to adhere 

to and propagate within the GranuFoamTM. Consequently, 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 with the 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 
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performed by Morykwas and Argenta (25,26). A porcine model was used due to the similarities 

between the wound healing processes of pigs and humans (Fig. 3.1). The mechanisms behind how 

the V.A.C system exerts its effect on the wound healing process over time was assessed by 

controlling for the effects of the GranuFoamÊ dressing without subatmospheric pressure. The 

impact of removal and reapplication of the foam dressing on wound healing was evaluated, in 

addition to how the V.A.C. system may be mitigating bacterial load. We aimed to determine the 

relationship between the foam dressing and bacterial burden in situ, compared to the traditional 

method of ex vivo biopsy analysis of the wound bed without the dressing, which to our knowledge 

has never been investigated up to this point. We hypothesized that protein adsorption and tissue 

enmeshing within the GranuFoamÊ is providing potential seed points for bacteria to adhere to 

within the GranuFoamÊ dressing with increased protein adsorption and enmeshing due to 

exposure to subatmospheric pressure. Proliferating bacteria within the GranuFoamÊ between 

dressing changes could be negatively augmenting the wound environment. This pilot study 

provides a new perspective to the mechanism of bacterial mitigation by the V.A.C system. 

Additionally, the non-NPWT control group paired with the in situ perspective in this study 

provides novel insight into the potential role of a Foreign Body Response (FBR) to the 

GranuFoamÊ dressing as a possible key 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) #2016-2319. Two female 4.2 month-old miniature Yucatan pigs weighing 30-40 kg were 

procured from Sinclair Bio-resources (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, and social 

enrichment ad libitum.   
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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 afternoon for 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 over the animal and a hole to expose the surgical area was cut in the 

drape. A custom biopsy punch was used with a 3D-Printed acrylonitrile butadiene styrene stencil 

guide to create two rows of four full-thickness wounds that were approximately 1-cm long by 1-

cm wide by 1-cm deep on both the left and right side of the animalôs back for a total of 16 wounds 

Figure 3.1: Surgical Procedure Overview. (A) Two arrays consisting of eight full-thickness wounds 

(1-cm3) each were made on the back of two female Yucatan 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 KCI/Acelity vacuum assisted closure (V.A.C.) ViaÊ 

unit to the wound 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 post-surgery. (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) 1-cm3 full -thickness 

wounds were made with a custom 3D-printed biopsy 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) KCI/Acelity GranuFoamÊ plugs (1-cm x 1-cm x 2-cm) 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 with 1-cm2 openings pre-

cut to enable GranuFoamÊ plugs to protrude. (J) A large GranuFoamÊ Bridge was placed over the 

wound array to directly interface with the GranuFoamÊ plugs. Afterward, a vacuum assisted closure 

(V.A.C.) semi-permeable TegadermÊ-like drape was securely placed over the wound array to make an 

airtight seal. A 1-cm2 hole was cut in the drape, and a vacuum port was attached. (K) Wound array 

under NPWT results in GranuFoamÊ compression. (L) Wound array without NPWT (foam is not 

compressed). (M) Wounds sutured closed after elliptical excision of the wound with GranuFoamÊ in 

situ for analysis. 
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on each animal. Biopsies were bisected and preserved as baseline tissue controls in Neutral 

Buffered Formalin (NBF) or RNAlaterÊ (Sigma-Aldrich, St. Louis, MO) for downstream 

analysis. The wounds were closed with 2-0 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 were closed 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 a pre-cut GranuFoamÊ dressing 

(1-cm long x 1-cm wide x 2-cm deep) (Kinetic Concepts Inc. (KCI) an Acelity company, San 

Antonio, TX). A TheraBond® 3D Antimicrobial System dressing (Argentum Medical LLC, 

Geneva, IL) with pre-cut windows was placed around each wound array enabling the 

GranuFoamÊ plugs to protrude through. No systemic antibiotics were used. A GranuFoamÊ pad 

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

with the GranuFoamÊ pad. A TegadermÊ-like vacuum-assisted closure (V.A.C.) adhesive drape 

was placed over each wound array so that it completely covered the wound array and DuoDerm® 

dressing. A 2.5-cm hole was cut in the center of each V.A.C. drape, and a V.A.C. port was attached. 

A V.A.C. VIAÊ pump (KCI/Acelity) was attached to the right side of the animal, and 125mmHg 

was applied at a constant rate. The left side of each animal served as the control. The animal was 

placed in a custom-made protective jacket (Lomir Biomedical Inc., Notre-Dame-de-lô´le-Perrot, 

QC, Canada) to protect the wounds and hold the vacuum pump. The V.A.C. VIAÊ 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 GranuFoamTM piece was inserted in the wounds at each dressing 

change and was not decreased in size even if the wound was decreasing in size as evidenced by a 

change in wound perimeter. Four wounds were excised containing GranuFoamÊ at each time 
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point by making an elliptical cut around each wound that was approximately 1.5-cm deep and 1.5-

cm wide with a scalpel. All excised tissue was bisected and preserved in 10% NBF and stored at 

4°C for at least one week or RNAlaterÊ (Sigma-Aldrich) and refrigerated at 4°C for 24 hours 

followed by storage at -80°C. After excision, tissues were sutured closed using the same 

procedures as the prior surgery. Wounds were excised from posterior to anterior over time. At each 

time point, open wounds were re-plugged with fresh GranuFoamÊ. Animals were euthanized 

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

experimental procedure is depicted in Figure 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 in 70% ethanol for at least 24 hours. Samples 

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 thickness of 10-mm and stained with 

Hematoxylin and Eosin (H&E), Massonôs Trichrome, and Brown & Brenn (modified gram stain) 

in a repeating pattern on adjacent sections. Charles River followed in-house protocols for all sets 

of stains. H&E stains cytoplasm, matrix and plasma proteins (fibrin(ogen), fibronectin, vitronectin) 

pink and cellular nuclei dark purple. Massonôs Trichrome stains matrix and plasma proteins red, 

collagen blue and cellular nuclei black. Additional staining was performed in-house utilizing 

Picrosirius Red (Cat.# ab150681, Abcam, Cambridge, UK) staining with 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 the manufacturerôs protocol. Under polarized light, collagen type I appears red and collagen 
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type III appears green. Alcian Blue staining was carried out per manufacturerôs protocol, with 

sulfated glycosaminoglycans (GAGs) staining blue, nuclei red, and cytoplasm pink. 

3.4. Tissue Thickness Measurements 

Unique regions of interest (ROIs) gridding was developed to account for the natural 

curvature and contour of wounded soft tissue (Fig. 3.2A-B). 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 ends of the midpoints were measured and recorded. The 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 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 measurements (Fig. 3.2).   

3.5. Histological 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 wound dressings 

without subatmospheric pressure (i.e., non-NPWT). 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 total of four samples 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 microscopy using 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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quantification, an array method was developed to calculate cell numbers from H&E slides at ñeasy 

to identifyò anchor points within the tissue. Analysis consisted of dividing the general wound 

structure into three regions (one region at each side of the wound at the dermal-epidermal junction 

and one region at the basal surface of the wound; see Fig. 3.3A) at low power objective (4x-

objective and 10x-eyepiece). The three lower magnification regions were then further subdivided 

into four higher power objective (40x-objective and 10x-eyepiece) regions. These higher 

magnification regions were determined by taking the most densely populated regions within 1-mm 

of each of the three regions. The higher magnification regions were counted for both acute immune 

cells (neutrophils) and chronic 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 wound (3 regions 

[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. The 12 total 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 the non-NPWT counterparts and indicated as 

total number of immune cells per óhpfô. This was done for both acute and chronic cells. Due to the 

delicacy of tissue samples during wound healing and sample processing with the foam in situ, 

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

óhpfô was not always 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 GranuFoamÊ was removed from each tissue 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 Mini Kit (Qiagen) according to manufacturerôs 

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 processing. Samples were reversed transcribed using High Capacity cDNA 

Reverse Transcription Kits (ThermoFisher Scientific, Waltham, MA) and a qTower3 real-time 

thermocycler (Analytik Jena, Jena, Germany) according to manufacturerôs instructions. Samples 

were analyzed for purity using a QuickDrop micro-volume spectrophotometer (Molecular 

Devices, San Jose, CA). Samples that displayed an absorbance ratio (A260/A280) of 1.8 were 

designated pure and used for analysis. Gene expression was assessed using real-time quantitative 

polymerase chain reaction (RT-qPCR) using a qTower3 real-time thermocycler. A Qiagen RT² 

ProfilerÊ PCR Array for Pig Wound Healing (PASS-121ZC-24) was used to assess for genomic 

expression of 84 wound healing genes. Cycle threshold (Ct) values were recorded and analyzed 

via the Delta-Delta-Ct method. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Beta-actin 

(ACTB), Hypoxanthine Phosphoribosyltransferase-1 (HPRT1), and Ribosomal Protein L13a 

(RPL13A) were the endogenous control genes utilized by the array. Excision of day 0 biopsies 

used to inflict initial wounds were used as the baseline tissue control for which each NPWT and 

non-NPWT 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 mean (s.e.m.). 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 ñpilot studyò only two pigs were utilized. To allow for 

statistical tests to be performed, wounds were performed in 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 a two-way ANOVA approach. 

Histological analysis of skin layer thickness measurements utilized a two-way ANOVA for 

assessing the differences temporally. For scatter plots of skin layer thickness for each individual 

time point, an unpaired studentôs t-test was used.  
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4. Results 

4.1. NPWT Exposure Modulates Thickness of Skin Layers 

The thickness 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 by generating a unique ROI grid of 

the H&E stained tissue sections (Fig. 3.2A-B). Analysis demonstrated that NPWT resulted in a 

significant increase in epidermal thickness at days 3 and 6, when compared to non-NPWT (Fig 

3.2C-D). Conversely, exposure of NPWT to wounds did not result thickening of the dermal layer, 

whereas non-NPWT wounds had increased dermal thickening. This can be seen at day 9 in the 

non-NPWT wounds where there was a significant increase relative to days 3 and 6 in the non-

NPWT wounds, in addition to NPWT wounds on day 9. (Fig 3.2C-D).  

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 average of each of the wounds óhpfsô were obtained (Fig. 3.3C). 

The data demonstrated a significant increase of both acute and chronic immune cell populations 

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 (A) is baseline 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) Non-NPWT was directly compared to NPWT for temporal trends over 

days 3, 6, and 9 for the epidermis and dermis. Grey bars indicate non-NPWT wounds. Black bars 

indicate NPWT wounds. (D) Each individual day and layer were then divided into individual 

scatterplots to demonstrate distribution of measurements that compared non-NPWT 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 = 2000ɛm. 
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by day 9 for both the non-NPWT and NPWT treated wounds. Overall, no significant differences 

were noted between non-NPWT and NPWT treated wounds for either cell population at any of the 

time points in this study.  
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4.3. NPWT Enhances Plasma Protein Adsorption and Matrix Deposition within GranuFoamÊ  

Histological sections stained for H&E and Massonôs Trichrome were used to analyze the 

interaction of the healing wound tissue with GranuFoamÊ in situ for each 3 day timepoint. 

Regions towards the interior portion of GranuFoamÊ were assessed for protein adsorption upon 

GranuFoamÊ to decrease interference of ñenmeshingò from wound edges. The H&E sections 

demonstrated an increasing trend in plasma protein deposits (pink) within the porous network of 

the GranuFoamÊ from Day 3 to Day 9 in both the non-NPWT and NPWT wounds (Fig. 3.4A). 

Similarly, a thicker protein deposition can be seen adsorbing to the surface of GranuFoamÊ 

particles over time for each group (Note - tissue processing can result in protein layer detaching 

from GranuFoamÊ leaving a void space). However, NPWT resulted in more abundant protein 

deposition between and onto GranuFoamÊ particles at each time point (Fig. 3.4A). Notably, the 

Figure 3.3: No Change in Relative Immune Cell Populations with NPWT. Tissue 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 magnification regions 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 of immune cell density. Purple cells are the epidermal cells, pink cells are 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 magnification images of each numbered circles from low magnification image 

(above) to denote which individual cell labeled. (C) Bars graphs denoting the average acute (left) 

immune cell population per óhpfô and average chronic (right) immune cell population per óhpfô. Acute 

and Chronic immune cell populations were identified from each of the four high magnification (40x-

objective with 10x-eye piece; high-powered fields [hpf]) regions from each of the three low 

magnification (4x-objective with 10x-eye piece) regions. Grey bars indicate non-NPWT wounds. Black 

bars indicate NPWT wounds. The y-axis is number of cells per óhpfô. Error bars are s.e.m. Significance 

is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 and n=4. Scale Bar = 50µm. 
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H&E sections revealed enhanced immune cell localization (dark purple) within the dense protein 

deposits around GranuFoamÊ particles for both non-NPWT and NPWT wounds (Fig. 3.4A). 

 

 


















































































































































































































































































































































































































































































































































































































































































































































































