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ABSTRACT

PREVENTION OF MUSCLE FIBROSIS IN DUCHENNE MUSCULAR DYSTROPHY VIA

ENGINEERED MESENCHYMAL STROMAL CELL-MEDIATED FIBRONECTIN

DEGRADATION

Duchenne Muscular Dystrophy (DMD) is a genetic disorder caused by the loss of the protein

dystrophin, resulting in progressive muscle degeneration and impaired regeneration. A hallmark

feature of DMD pathology is excessive extracellular matrix (ECM) deposition, marked by early

fibronectin accumulation followed by collagen-rich fibrosis. Currently, no therapies effectively

prevent or reverse fibrosis in DMD, underscoring the need for new regenerative approaches.

Mesenchymal stromal cells (MSCs) have emerged as a promising cell-based therapy due to

their ability to secrete a broad array of paracrine factors, including matrix-remodeling enzymes.

Despite evaluation in over a thousand clinical trials, MSC-based therapies have yielded inconsis-

tent outcomes, in part due to limited control over MSC behavior following administration. Given

the mechanosensitivity of MSCs, which enables them to adapt functionally to their physical mi-

croenvironment, we sought to develop a mechanobiological strategy to enhance the therapeutic

potential of MSC-derived secretomes for muscle fibrosis.

We hypothesized that conditioning MSCs within tunable hydrogel environments would enrich

their secretion of matrix metalloproteinases (MMPs), thereby promoting fibrotic ECM remodeling

in DMD. D1 murine MSCs were cultured on tissue culture plastic or encapsulated within alginate

hydrogels of defined stiffness (~2.9–5.0 kPa) and stimulated with tumor necrosis factor–α (TNFα).

Expression and secretion of MMP 2, 3, 9, and 10 were quantified using qPCR and ELISA. MSCs

encapsulated in softer hydrogels exhibited enhanced MMP expression, with MMP-3 showing the

most pronounced transcriptional upregulation, which was subsequently confirmed at the protein

level.
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Conditioned media from engineered MSCs was then administered via intramuscular injection

into wild-type and dystrophin-deficient mice to assess therapeutic efficacy. Treated dystrophin-

deficient mice demonstrated improved locomotor activity, alongside reduced fibronectin and col-

lagen deposition within muscle tissue, as assessed by immunohistochemistry.

Collectively, these findings demonstrate that hydrogel-mediated mechanobiological condition-

ing enhances the ECM-remodeling capacity of engineered MSCs, leading to reduced fibrotic de-

position and improved muscle function in vivo. This work supports the development of a novel

therapeutic approach for managing muscle fibrosis in Duchenne Muscular Dystrophy.
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Chapter 1

Introduction and Objectives

1.1 Motivation- Duchenne Muscular Dystrophy (DMD)

Duchenne Muscular Dystrophy (DMD) is a genetic disorder caused by mutations within the

dystrophin gene located on chromosome Xp211 as seen in Figure 1.1A, and is an X-linked reces-

sive trait, therefore appearing almost entirely within the male population2. Affecting approximately

1 in 5,000 male births3, DMD is considered one of the most severe forms of inherited muscular

dystrophies. According to data obtained from the U.S. Centers for Disease Control (CDC), oc-

currence is most prevalent in non-Hispanic white males, representing 59.9% of diagnosed cases

(Figure 1.1B)4,5.

Clinically, DMD is often first suspected in children between the ages of 1 and 36, identified by

atypical proximal limb muscle function, manifesting in difficulty with arm movement3. The aver-

age age of diagnosis is around 4 years old1,3,5. Abnormal distal limb muscle behavior exhibited in

gait abnormalities can be observed shortly after, in addition to other symptoms including breathing

difficulties, sleep apnea, and learning disabilities3. By age 12, most individuals require wheelchair

assistance. DMD patient life expectancy is short, as most pass away between the ages of 20 and 30

due to cardiac and respiratory failure, stemming from the absence of dystrophin in cardiac muscle

tissue1 (Figure 1.2).

At the molecular level, the dystrophin gene, also known as the DMD gene, is the largest known

gene in the human genome1. It spans approximately 2.5 megabases of DNA with 79 exons and

78 introns1. This gene produces a 14-kilobase mRNA transcript that encodes dystrophin, a 427-

kilodalton cytoskeletal protein located in the plasma membrane of muscle tissues1. Dystrophin is

critical for stability in the sarcolemma of muscle fibers and is crucial to muscle fiber structural

integrity1,7,8.
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Figure 1.1: (A) Illustration of the 23 human chromosomes, with location of the DMD gene on the Xp21

locus enlarged. Image modified in Biorender to show location of DMD. Note. Adapted from “The genetics

of human blood,” by H. L. Carson, n.d., *Encyclopædia Britannica*. Retrieved November 4, 2025, from

https://www.britannica.com/science/human-genetics/The-genetics-of-human-blood. Copyright Encyclopæ-

dia Britannica, Inc. (B) Prevalence of Duchenne and Becker muscular dystrophy by race/ethnicity. Note.

Adapted from [4]

Deletions in exons 3-9 and 45-55 account for approximately 60% of mutations found in DMD

patients1. Dystrophin interacts with the dystrophin-glyco-protein complex (DGC) serving as a

link between the extracellular matrix (ECM) and the cytoskeleton8 (Figure 1.3). Disruption of this

link due to insufficient dystrophin presence and DGC proteins in DMD results in muscle membrane

fragility and permeability, allowing for degeneration and necrosis of muscle fibers2,8. Furthermore,

dystrophin deficiency disrupts the organization of associated proteins, impairing cell signaling and

exacerbating muscle fiber degeneration1.
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Figure 1.2: Schematic of clinical progression of DMD, including age range, body areas affected, and disease

stages. Note. Adapted from “MRI biomarkers for Duchenne muscular dystrophy (DMD),” by E. Laurie & B.

J. Bedell, 2025, *Biospective*. https://imaging-cro.biospective.com/resources/mri-biomarkers-duchenne-

muscular-dystrophy. Copyright 2025 by Biospective Inc.

1.1.1 Injury Remodeling and Fibrosis in DMD

Immune cell infiltration often precedes clinically observable symptoms and is strongly corre-

lated with DMD severity1. Immune cells play a critical role in skeletal muscle maintenance and re-

pair. Upon injury, there is an initial influx of neutrophils and pro-inflammatory (M1) macrophages,

which begin clearing damaged muscle fibers1. This is followed by a transition to anti-inflammatory

macrophages (M2), which begin to promote fiber regeneration and fibrosis, supported by regula-

tory T-cells such as Foxp3+ Treg1.

In contrast, initial immune cell infiltration in individuals with DMD is predominantly formed

by both M1 and M2 macrophages and an early appearance of T-cells1. These findings are sup-

ported by results in studies performed on dystrophin deficient murine muscles1. This dysregulated

pro- and anti-inflammatory signaling results in a chronic inflammatory response that creates le-

sions incapable of quick healing, further perpetuating muscle damage1. Over time, the diminished

regenerative capacity and the sustained inflammation in dystrophic muscle leads to excess devel-

opment of fibrotic tissue that is incapable of self-resolution1.

The sustained chronic inflammatory response in DMD, marked by an imbalance between M1

and M2 macrophages, leads to increased expression of transforming growth factor-beta (TGF-β), a
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Figure 1.3: Cryo-EM structure of native dystrophin-glycoprotein complex. This figure visualizes the re-

lationship between the cytoplasm, DGC, sarcolemma, and the ECM. Note. Adapted from “Native DGC

structure rationalizes muscular dystrophy-causing mutations,” by S. Liu, T. Su, X. Xia, & Z. H. Zhou,

2024, *Nature*, 637(8006), 1261–1271. https://doi.org/10.1038/s41586-024-08324-w. Copyright 2024 by

Springer Nature.

key regulator of ECM deposition9. This upregulation triggers excessive production of extracellular

fluid containing fibronectin, glycosaminoglycans, and proteoglycans, and overstimulates myofi-

broblasts, resulting in the overproduction of ECM proteins include type I and type III collagen,

as well as fibronectin1,9. Combined with dystrophin deficiency which impairs proper muscular

remodeling, these processes contribute to the development of muscular fibrosis in DMD patients10.

Fibrosis is defined as the aberrant deposition of ECM components due to the body’s inability

to maintain muscular homeostasis10. While ECM typically comprises about 5% of healthy mus-

cle tissue, its levels are shown to be significantly elevated in diseased or injured muscle models,

reaching ~20%1,11. Increased deposition of ECM components– including collagen, fibronectin and

gelatin– further prevents proper tissue function and healing, creating a positive feedback loop that

results in limited mobility and reduces the amount of healthy muscle tissue available for therapeu-

tic interventions1,7,10. Because fibrotic tissue development begins early in individuals with DMD,

treatments targeting the reduction or resolution of fibrosis are desired in DMD treatment strate-

gies1.
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Figure 1.4: (A) Schematic illustration of the arrangement of 3 specimen types. Single fibers (curved pink

lines) were isolated from the muscle and tested individually or secured in groups. Bundles of a similar

number of fibers embedded in ECM (light pink) were isolated and similarly secured (B) Normalized stiffness

of fibers, fiber groups, and fiber bundles. Fiber bundles have a significantly higher modulus than either

individual fibers or fiber groups, demonstrating that the ECM provides a large fraction of the loadbearing.

Fiber and fiber group moduli were not significantly different from each other. Connecting bars represent

significant differences (P < 0.05). Note. Both A and B reprinted from [11]

There are over 20 types of collagen in the human body12, collectively accounting for approx-

imately 30% of total protein content9. Among these, collagen type I is the most abundant12 and

serves as the primary structural component of the ECM9. In fibrotic tissue, collagen levels in

fibrotic tissue can exceed those in healthy tissue by more than 100-fold9.

Within skeletal muscle, the responsibility of passive load bearing primarily falls to the intersti-

tial collagen within the ECM9,11,13. This has been demonstrated in studies comparing the normal-

ized stiffness of isolated muscle fibers, fiber bundles with intact ECM, and bundles with disrupted

ECM (Figure 1.4A)11. By assessing viscoelastic properties in skeletal muscle through incremental

stretching and measuring force and cross-sectional area, researchers found that bundles with intact

ECM exhibited significantly higher stress (Figure 1.4B)11. These findings support the conclusion

that the ECM is largely responsible for loadbearing, with a modulus of up to 25 times greater than

that of muscle cells alone, despite comprising only 5-10% of the cross-sectional area11,14.

In DMD patients, the proportion of ECM in skeletal muscle can increase up to 10-fold, resulting

in markedly increased muscle stiffness11. Measurements of fibrotic wound tissue using atomic

force microscopy (AFM) indicate an elastic modulus (E) ranging from approximately 20 to 60
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kPa15. These values exceed the stiffness of typical soft tissues and overlap with those of cartilage

and precalcified bone, as illustrated in Figure 1.5A15.

A study comparing the stiffness of dissected extensor digitorum longus (EDL) muscles from

wildtype (DBA) and dystrophin deficient (mdx) mice revealed significantly higher stiffness in mdx

muscles (EDL: WT: 156.65 ± 42.27 kPa, mdx: 330.85 ± 127.46 kPa, P = 0.0001;) (Figure

1.5B)14. This same study related mechanical properties to a quantification of collagen presence

in the EDL muscles, as well as the soleus (calf, SOL) muscle14. While collagen levels in the

EDL did not differ significantly between groups, the soleus muscle in mdx mice showed a no-

table increase (Figure 1.5C), supporting the hypothesis that increased stiffness in muscles may

be attributed to collagen presence and organization12,14. Additionally, the increase of the muscle

microenvironment stiffness resulting from excess ECM component presence in fibrotic conditions

generates a positive feedback loop, further stimulating TGF-β1 and enhancing fibrogenesis9.

The assembly and hierarchical architecture of the ECM plays a crucial role in wound healing

and the progression of fibrotic tissue13. The ECM network primarily constructed by fibroblasts,

which deposit fibronectin fibers in a mechanoregulated manner13. Fibronectin is secreted by fi-

broblasts as a disulfide-bonded dimer, composed of three repeating modules that facilitate interac-

tions with cells and other ECM components, such as collagen16. The polymerization of fibronectin

is cell-dependent and requires interactions with integrin receptors16. These interactions induce a

conformational change in fibronectin, exposing binding sites that enable fibronectin-fibronectin

polymerization Figure 1.6A16.

Literature review largely supports that fibronectin and its polymerization precedes and regulates

the deposition of type I and III collagen12,17,18,19. The binding interaction between fibronectin

and collagen types I and III has been well-documented. The collagen binding site is located at

the 3/4–1/4 mammalian collagenase cleavage site16,19, while the fibronectin binding site resides

within a 40-kDa region near its amino terminus (Figure 1.6A)12,20. Specifically, the a1 chain of

collagen type I binds to fibronectin’s gelatin-binding domain (Figure 1.6A), a critical interaction

for initiating collagen deposition13. In vivo, collagen type I assembly is cell-mediated and requires
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Figure 1.5: (A) Soft tissue elasticity scale ranging from soft brain, fat, and striated muscle to stiff cartilage

[E ~20 to 30 kPa at the scale of adhesions] and precalcified bone. Note. Adapted from [15]. (B) Muscle size

and mechanical properties from wildtype (n = 10; 5M/5F) and mdx (n = 10; 5M/5F) mice. Elastic stiffness

taken as the elastic modulus at 10% strain shows the mdx EDL is significantly stiffer than the wildtype

EDL. The soleus had similar stiffness between genotypes. (C) Collagen content and solubility, determined

through a hydroxyproline assay, and its relation to passive mechanics. The amount of collagen per muscle

in wildtype and mdx muscles. The soleus muscle collagen content of mdx mice was significantly increased

compared with the wildtype (n = 6 wildtype; n = 8 mdx). Note. Figures B and C adapted from [14]

active fibronectin fibrillogenesis13. However, the precise mechanisms by which fibronectin fibrils

direct collagen fiber deposition remain unclear, and a hypothetical model is illustrated in Figure

1.6B13. Despite this gap in understanding, the fibronectin-collagen interaction is also known to be

essential for myofibroblast migration17 and cell migration20.

Several studies have been conducted to confirm and further investigate the fibronectin-collagen

relationship. One such study explored the use of binding antibodies targeting the collagen-binding

site on fibronectin, which resulted in the inhibition of collagen fibrillogenesis16. Other studies in-

volved either removing fibronectin entirely or inhibiting its polymerization, with findings showing

that collagen I fibrils were not deposited into the ECM, despite the presence of soluble collagen

I18,12. In the same study, inhibition of fibronectin deposition into the ECM led to the turnover of
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Figure 1.6: (A) Diagram of a FN monomer showing binding and interaction sites. Fn exists as a dimer of

two nearly identical monomers, linked at the C-terminus by disulfide bonds. The yellow circles show the 6

nm Forster energy transfer radius for the acceptor dyes that are located on modules FnIII7 and FnIII15 in

FRET-labelled Fn. While the FRET radii are drawn roughly to scale to indicate which modules are covered,

other aspects of the diagram are not necessarily to scale. The canonical collagen/gelatin-binding domain, the

R1R2 bacterial-adhesin-derived peptide, and the two binding sites for a CLP encompassing the Fn-binding

domain of the collagen I α1 chain are shown in bold. (B) Hypothetical model of collagen fibril nucleation

at the plasma membrane. (1) Dimeric FN (black) binds to α5β1 integrins (green). (2) Engagement of

the integrin with the cytoskeleton (red lines) causes a conformational change in FN with subsequent fibril

formation. Additional receptors (orange bars) bind FN. (3) Collagen I, procollagen I (black), and collagen

V (purple) engage with FN at the fibril surface to facilitate collagen fibril formation. Decorin (interlocking

dimers) shown bound to procollagen. (4) Activated collagen integrins (e.g. α2β1) bind collagen and induce

a conformation change that facilitates fibril formation. (5) Collagen fibril formation at the cell surface.

(6) Interactions between collagen fibrils determine fibril diameter, organization, and spacing. Note. (A)

Adapted from [13]; (B) Adapted from [16].
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both fibronectin and collagen I fibrils18, further emphasizing the essential role of fibronectin in

collagen matrix assembly.

Additional studies have further elucidated the fibronectin-collagen relationship, revealing that

fibronectin initially provides tension-bearing support within the ECM until it is gradually super-

seded by increasing collagen content13. This demonstrates a reciprocal mechanoregulation within

the ECM where collagen I fiber organization is initially guided by fibronectin, but as collagen fibers

mature, they assume the primary role in stabilizing tissue against tensile forces13. Moreover, the

load bearing capabilities previously discussed are largely attributed to collagen-fibronectin binding

interactions13.

Based on these findings, it is reasonable to conclude that regulating fibronectin deposition in

fibrotic disease models may limit collagen deposition, thereby reducing the formation of fibrotic

tissue. This insight presents a promising therapeutic avenue for managing fibrosis in conditions

such as DMD.

1.1.2 Matrix Metalloproteinases (MMPs)

The structure and maintenance of the ECM is mediated by several enzymes, most notably the

matrix metalloproteinases (MMPs)21. The human genome encodes 24 zinc-dependent MMPs, each

with distinct functions and activation cascades22. Some MMPs rely on one another for processing

and directing cytokines, chemokines, cell receptors and growth factors17,21,22. MMPs are classified

based on their substrate specificity, structural domain organization23, and ECM component degra-

dation profiles24. The catalytic activity and degradative capabilities of each MMP correlate with

its classification22 and can be seen in Table 1.1.

Despite their different classifications, all MMPs share a similar core structure. Each MMP typ-

ically contains an 80-amino-acid propeptide domain, a 170-amino-acid catalytic metalloproteinase

domain that includes a zinc ion, and a 200-amino-acid hemopexin domain (Figure 1.7A)22,23.

While some structural variations exist (e.g., matrilysins lack the hemopexin domain), the overall

architecture remains consistent across the MMP family22.
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Table 1.1: MMP Classification and Degradative Capabilities

Classification MMPs Degradative Targets

Collagenases 1, 8, 13, and 18 Triple-helical fibrillar collagens

Gelatinases 2 and 9 Basal lamina

Stromelysins 3, 10, 11, and 19 Fibronectin, other ECM components

Matrilysins 7 and 26 Most ECM components

Membrane-type (MT)-MMPs 14, 15, 16, 17, 24, and 25 Most ECM components

Enamelysins 20 and 21 Dental components

Others 12, 23, 27 and 28 Macrophages, lungs, intestine

MMP enzymes are secreted as inactive precursors known as zymogens, or pro-MMPs (Figure

1.7B)22. Activation requires the removal of the propeptide domain, which enables their enzymatic

activity22. The regulation of MMP activity is tightly controlled by the binding of tissue inhibitors

of metalloproteinases (TIMPs) (Figure 1.7B)22,25. Both pro-MMPs and TIMP-MMP complexes

are enzymatically inactive and incapable of catalysis, meaning that only activated MMPs possess

degradative abilities22. MMPs play a critical role in ECM regulation and turnover, as well as in

tissue signaling, and are essential for maintaining tissue and organismal homeostasis21. Dysregu-

lation of ECM remodeling can lead to uncontrolled cell proliferation, cancer, and tissue fibrosis,

as observed in DMD22. Therefore, precise regulation of ECM components and their modulators is

vital for effective fibrotic tissue repair17.
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Figure 1.7: (A) Major MMP subtypes and structures. A typical MMP consists of a propeptide, a catalytic

domain, a linker peptide (hinge region), and a hemopexin domain. The propeptide has a cysteine switch

(PRCGXPD) whose cysteine sulfhydryl (–SH) group chelates the active site Zn2+, keeping the MMP in the

latent proMMP zymogen form. The catalytic domain contains the Zn2+ binding motif HEXXHXXGXXH,

two Zn2+ ions (one catalytic and one structural), specificity conferring ’S-pockets’, and two or three Ca2+

ions for stabilization. Some MMPs show exceptions in their structures. Gelatinases have 3 type-II fi-

bronectin repeats in the catalytic domain. Note. Adapted from [23] (B) The three forms of MMPs as

illustrated in MMP-2. MMPs are made as inactive zymogens or proMMPs. They are activated by removal

of the propeptide domain. MMPs are regulated primarily by complexation with TIMPs. Note. Adapted

from [22]

1.1.3 Current Therapies for Muscle Fibrosis

Treating fibrotic tissue becomes increasingly challenging as fibrosis progresses, primarily due

to the limited availability of healthy muscle required for effective therapeutic interventions7. The

ability to identify and utilize healthy muscle to support the treatment and healing of surrounding

fibrotic tissue remains a significant obstacle in current therapeutic approaches7.

Glucocorticosteroids are currently the primary treatment for individuals with DMD, although

their mechanisms of action are not yet fully understood1. It is believed that their therapeutic effects,

such as increased muscle mass and strength, are results from the stimulation of insulin-like growth
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factors, leading to reduced inflammation, dampened lymphocyte activity, and decreased cytokine

production, along with enhanced myoblast proliferation1.

Viral gene therapy is another possible intervention, aiming to restore functional dystrophin

levels by replacing the defective gene copy with a healthy one, reestablishing normal dystrophin

expression throughout the body1. However, challenges include the large size of the dystrophin

gene and the difficulty of achieving systemic delivery to all striated muscles1.

Exon-skipping therapy is another investigational strategy that attempts to restore the disrupted

open reading frame of dystrophin transcripts. By skipping defective exons, this method enables the

production of a partially functional, internally truncated dystrophin protein1. Despite its potential,

exon therapy is complex and costly, with limitations including delivery efficiency and variability

in drug-induced dystrophin production1.

Cell-based therapeutics have been explored as a treatment strategy for DMD, including the

transplantation of genetically engineered induced pluripotent cells derived from the host. These

cells contain functional dystrophin and are introduced into dystrophin-deficient muscle tissue1.

While this approach carries a lower immunogenic risk, it is expensive, labor intensive, and not

considered a long term-solution1. Other cellular therapies have investigated the use and modifi-

cation of various cell types, including bone marrow-derived cells, pericytes, mesoangioblasts, and

mesenchymal stromal/stem cells (MSCs). These cell types are considered ideal due to their ability

to access the muscle compartments and their myogenic potential1.

1.2 Mechanobiology Engineering MSCs

1.2.1 Mesenchymal Stromal Cells

Mesenchymal stromal/stem cells (MSCs) were first described in 1967 by Friedenstein as spindle-

shaped, adherent, non-hematopoietic stem cells resident in the bone marrow21. There has been

ongoing debate regarding whether mesenchymal stromal cells and mesenchymal stem cells are

the same. While many reputable sources support their equivalence26,27, others highlight distinct

differences between the two27, leaving the question unresolved. Despite this uncertainty, the ma-
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jority of current literature suggests that both terms refer to the same cell population but emphasize

different aspects: the stem-like properties versus their supportive and modulatory roles within the

tissue environment27. In response to this ambiguity, the International Society for Cellular Therapy

(ISCT) issued a statement recommending that functional definitions be used to clarify whether the

MSC acronym stands for “mesenchymal stem cell” or “mesenchymal stromal cell” and that unfrac-

tionated populations be referred to as stromal cells, given their low frequency of stem/progenitor

cells28. Therefore, in the context of this project, MSCs will refer specifically to mesenchymal

stromal cells, in alignment with ISCT guidelines.

No specific surface markers have been universally identified for MSCs. However, the ISCT has

established a set of minimal criteria to define MSCs21,29:

• Plastic adherence under standard culture conditions

• Positive expression of surface markers: Sca-1, CD44, CD71, CD73, CD90, CD105

• Negative expression of hematopoietic and endothelial markers: CD11b, CD19, CD31, CD34,

CD45

• Multipotency, demonstrated by the ability to differentiate in vitro into various mesodermal

lineages, including osteocytes, adipocytes, chondrocytes, and muscle cells under appropriate

growth conditions

MSCs represent only a minor fraction of the cellular population in bone marrow, but they can

be readily isolated and expanded in vitro. In addition to bone marrow, MSCs can also be obtained

from various other tissues, including the umbilical cord wall, blood, placenta, adipose tissue, lung,

liver, and skin (Figure 1.8)21,29.

Multipotency differentiation by MSCs occurs through a two-step process. The first step is

commitment, during which lineage-specific progenitor cells are generated. This phase continues

until the second step, maturation, where the progenitor cells undergo transformation into terminally

differentiated cells21.
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Figure 1.8: MSC isolation, expansion, differentiation and niche. MSCs can be isolated from various tissues.

Upon isolation, MSCs may be expanded and enriched by in vitro passaging. A combination of positive and

negative markers can be used to determine MSC purity. These cells can undergo differentiation in vitro,

generating adipo, osteo, and chondrocytes, in addition to neurons and myocytes. Note. Adapted from [21]

In vivo microenvironmental characteristics, such as the ECM, mechanical forces, and cell

shape, play a crucial role in determining MSC fate decisions21. Environmental signals from the

MSCs’ surroundings significantly influence their behavior, with the ECM serving as a primary

source of these regulatory cues21. Numerous studies have investigated how MSCs sense and re-

spond to signals from the ECM at the molecular level, ultimately guiding their differentiation

and function21. These studies also demonstrate that MSC interactions with their surrounding mi-

croenvironment are reciprocal: MSCs can remodel their surroundings in response to the chemical

and mechanical cues they receive from them30. This dynamic interplay is a central concept in

mechanobiology, the study of how biological systems, such as cells, tissues and organs, sense and

respond to mechanical stimuli to regulate processes including development, differentiation, phys-

iology, and disease31. The secretome produced by MSCs in response to their microenvironment

14



can, in turn, alter the properties of that environment, further influencing cell behavior and tissue

outcomes29.

The MSC secretome contains a wide array of bioactive molecules that play a significant role in

tissue repair strategies29. It consists of two main components: a soluble fraction, which includes

growth factors, chemokines, cytokines, hormones, cell adhesion molecules, and interleukins; and

a vesicular fraction, which carries RNAs, lipids, proteins, and DNA29. These factors exert regen-

erative and reparative effects primarily through paracrine signaling, facilitating cell-to-cell com-

munication29. This signaling is crucial for adaptive and innate immunomodulation, angiogenesis,

anti-cancer activity, and tissue protection29. MSC ability to exert paracrine effects is considered

one of the key mechanisms underlying the therapeutic efficacy of MSC-based cell therapies29.

Studies have shown that transplanted MSCs typically persist for only about 48 hours32. This

suggests that therapeutic benefits are largely attributed to the angiogenic, immunomodulatory, an-

tioxidative, and anti-apoptotic effects of the secreted growth factors, chemokines and cytokines,

rather than direct differentiation or cell replacement29. Moreover, MSCs actively contribute to

tissue repair and homeostasis by modulating the local environment, reducing inflammation and,

depending on surrounding tissue characteristics, differentiating into other cell types29. The re-

lease of exosomes containing mRNA, protein, and microRNAs further enhances cell proliferation

and reduces inflammation during tissue regeneration29. The relationship between MSCs and the

innate immune system stimulates both pro- and anti-inflammatory responses, highlighting the im-

munoregulatory capabilities of MSCs29. These properties make MSCs great candidates for the

treatments of various diseases.

1.2.2 Overview of Current MSC Therapy Clinical Trials

In 1995, Hillard Lazarus performed the first cell therapy using MSCs. Since then, stem cell

therapy has been widely investigated as a potential method of treatment for graft-versus-host dis-

ease, malignant neoplasms, cardiovascular diseases, immune system disorders, and neurological

conditions29. MSC-based tissue repair has shown promise due to several advantages, including
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autologous transplantation, safe cellular division, and a low risk of teratoma formation29. Accord-

ing to the U.S. National Institutes of Health Clinical Trials database, 416 clinical trials involving

MSCs were conducted between 2015 and 2022. As of 2022, 55 were active but not recruiting, 233

were recruiting, 117 were completed, 11 were terminated (Figure 1.9A)29. The United States and

China are leading in the number of MSC-related clinical trials, with additional contributions from

other countries29. An updated figure (Figure 1.9B), generated using data from the same source as

of October 2025, represents approximately 293 clinical trials.

Discrepancies and mixed outcomes in MSC-based clinical trials have highlighted the need

for a better control and consistency in therapeutic applications. One potential approach involves

using mechanobiology to tailor the microenvironment surrounding MSCs, thereby influencing

their behavior and promoting desired therapeutic outcomes. Previous studies support the use of

mechanobiological strategies to enhance protein secretion from MSCs. For example, significant

differences were observed in MSC responses to microenvironments of varying stiffness, created

using alginate hydrogels crosslinked with CaSO4 to produce tunable stiffness levels33. As shown

in Figure 1.10, MSCs encapsulated in “soft” and “stiff” hydrogels and cultured in the presence of

the inflammatory factor TNF-α exhibited increased secretion of proteins CCL2 and IL-6, with the

“soft” hydrogel eliciting a significantly greater response than the “stiff” hydrogel33. This study,

along with others34,35,36, demonstrates the viability of a mechanobiological approach to enhance

the therapeutic potential of MSCs by modulating their microenvironment.
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Figure 1.9: (A) MSC clinical trials classified by disease categories subdivided by progress status: in green,

“Recruiting Status”; in red, “Completed”; in yellow, “Active not recruiting”; in magenta, “Terminated”. The

22 shown categories account for >90% of the trials reported on clinicaltrials.gov from 2015 to present. Note.

Reprinted from [29] (B) MSC clinical trials classified by disease categories and subdivided by progress sta-

tus: in blue “Withdrawn/Suspended/Terminated”; in pink “Active/Other”; in purple “Completed”, represent-

ing ~293 trials as of October 2025. Information sourced from ClinicalTrials.gov, visualized using GraphPad

Prism.
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Figure 1.10: 3D matrix stiffness regulates expression of TNF-α-inducible genes implicated in monocyte

functions. Effects of 3D matrix stiffness on protein secretion kinetics in response to TNF-α. Data were

fitted to standard one-phase association curves. (i) CCL2: t1/2 = 126 hours for both soft and stiff; plateau

for soft = 156-fold and for stiff = 61-fold. (ii) IL-6: t1/2 = 204 hours for both soft and stiff; plateau for soft

= 143-fold and for stiff = 58-fold. Fold change refers to increase over untreated condition. Note. Adapted

from [33].

1.3 Alginate

Alginate is a naturally occurring anionic polymer, typically derived from brown seaweed or

algae, and is valued for its biocompatibility, low toxicity, cost-effectiveness, and ease of gelation,

qualities that make it ideal for a wide range of biomedical applications37. Once formed into a

hydrogel, alginate exhibits structural similarities to the ECM of living tissues, enabling its use in

wound healing, drug delivery, cell transplantation and other therapeutic applications37. Alginate

hydrogels possess tunable properties that allow for minimally invasive injection and implantation,

further expanding their clinical potential37. Additionally, the ability to modulate characteristics

such as stiffness and porosity, combined with cell encapsulation, enables researchers to tailor cell

behavior, deliver cells to targeted sites, support new tissue formation, and control the structure and

function of engineered tissues37.

1.3.1 General Alginate Properties

Commercially available alginate is typically extracted from brown seaweed or algae through

treatment with aqueous sodium hydroxide alkali solutions37. The extract is then filtered, and algi-

nate is precipitated by adding either sodium chloride or calcium chloride. The resulting alginate
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salt is converted into alginic acid via hydrochloric acid treatment and subsequently purified for

commercial use37.

Alginate is composed of unbranched polysaccharide chains made up of two uronic acid monomers:

mannuronic acid (M), and guluronic acid (G) (Figure 1.11A). The arrangement of these monomers,

whether in consecutive M residues (M-blocks), consecutive G residues (G-blocks), or alternating

M and G residues (MG-blocks) (Figure 1.11B), can significantly influence the physical properties

and chain length of alginate. The overall composition of alginate varies depending on the source

material from which it is extracted37,38.

Figure 1.11: Representative alginate structure: (A) chain conformation and (B) block distribution. Note:

Adapted from [38]

It is believed that only G-blocks within alginate participate in intermolecular cross-linking,

typically achieved through the addition of divalent cations, such as calcium37,38. As a result, G-

block content, length, and molecular weight are critical factors influencing the physical properties

of alginate and the composition of resulting hydrogels37,38. Alginate with a higher G-block content

generally exhibits a larger molecular weight37. Commercially available alginate has a wide range

of molecular weights, typically between 32,000 to 400,000 g/mol37. While increased molecular

weight and longer alginate chains can enhance the stability of the resulting gels, they also con-

tribute to higher viscosity, which can lead to greater shear forces during mixing and injection37.

Additionally, the post-gelation stiffness of alginate hydrogels is largely dependent on both molec-
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ular weight and G-block content, due to their role in crosslinking37. Many properties of fabricated

hydrogels, including gel stability, drug delivery and release, and behavior of encapsulated cells,

can be tuned by adjusting these parameters37,38.

Alginate has been studied in both in vitro and in vivo settings. Discrepancies in its immune

response are largely attributed to alginate purity37. Impurities such as heavy metals, endotoxins,

proteins, and polyphenolic compounds can potentially trigger an immune reaction37. However,

studies using highly purified alginate have shown no significant foreign body reaction or inflam-

matory response when introduced an in vivo environment37.

Alginate degradation via polymer chain cleavage requires alginase enzymes, which are not

naturally present in mammals37. However, ionically cross-linked alginate gels can undergo gel

disintegration through ion exchange reactions, where divalent cations (e.g., calcium) are replaced

by monovalent cations such as sodium ions37. Complete biosorption in vivo depends heavily on

both the type of crosslinker used and the molecular weight of the alginate, as the renal clearance

threshold is lower than the molecular weights of many alginate formulations37. Therefore, careful

consideration of these two variables is essential when selecting the appropriate type of alginate for

in vivo therapeutic applications.

1.3.2 Hydrogel Creation

To create hydrogels from alginate, divalent cations such as calcium must be added. The “egg-

box” model, first introduced in the early 1970s, explains the structure of the alginate gel network.

It illustrates the cross-linking interaction between calcium ions and the guluronic acid (G) blocks

in alginate, resulting in a gel structure that resembles eggs nestled in a carton (Figure 1.12A)37,39.

The selection of a divalent ion for cross-linking is just as important as the choice of the algi-

nate polymer, as differences in ion solubility and composition significantly affect gelation prop-

erties and degradation behavior. Calcium sulfate (CaSO4) (Figure 1.12B) and calcium carbonate

(CaCO3) (Figure 1.12C) are commonly used in hydrogel fabrication due to their low solubility,

which helps slow the gelation rate. This extended working time allows for more uniform gel for-
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Figure 1.12: (A) Schematic drawing and calcium coordination of the “egg-box” model, as described for the

pair of guluronate chains in calcium ALG junction ones. Dark circles represent the oxygen atoms involved

in the coordination of the calcium ion. Note. Adapted from [39] (B) Molecular structure of anhydrous

Calcium sulfate (CaSO4) (C) Molecular structure of calcium carbonate (CaCO3) Note. B and C rendered in

Webqc.org

mation, resulting in improved mechanical integrity37. Additionally, the concentration of calcium

ions within an alginate hydrogel can be adjusted to tune its mechanical properties, particularly

stiffness, as higher calcium concentrations lead to increased cross-link density37.

The need for a bioinert environment that supports nutrient transport and mimics biological

tissue is well addressed by alginate. Its tunable mechanical properties make alginate an excellent

candidate for MSC encapsulation, as modifying the microenvironmental characteristics can elicit

specific, desired responses from the encapsulated MSCs.

1.4 Research Objectives

Inspired by prior mechanobiological studies, this project investigates how mechanical cues

within the cellular microenvironment can be harnessed to enhance matrix metalloproteinase secre-

tion by mesenchymal stromal cells. Specifically, this project focuses on modulating microenvi-

ronmental stiffness to stimulate MMP production, building on evidence that mechanical properties

of the ECM significantly influence cellular behavior. MMPs are critical enzymes responsible for
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ECM remodeling, and their upregulation may facilitate the degradation of excessive ECM com-

ponents, such as collagen, fibronectin, and gelatin, that accumulate during muscle fibrosis, often

resulting from repeated injury and impaired tissue regeneration.

To explore this, MSCs will be encapsulated within tunable alginate hydrogels, allowing pre-

cise control of stiffness parameters. By systematically varying these mechanical properties, the

study aims to identify conditions that optimize MMP secretion. The ultimate goal is to leverage

this mechanobiological response to engineer a therapeutic MSC platform capable of modulating

fibrotic environments and promoting tissue homeostasis. This approach holds promise for devel-

oping customizable treatments tailored to the severity and progression of fibrotic conditions in

skeletal muscle.

1.4.1 Aims

The overall goal of this project is achieved by the following aims:

• Aim 1 Engineer biocompatible alginate hydrogels to enhance MSC secretion of MMPs

• Aim 2 Evaluate the therapeutic efficacy of engineered MSC secretome on rodent muscle

fibrosis

1.5 Organization of the Thesis Document

The second chapter explores the mechanobiological modulation of MSC secretome production

through engineered hydrogel stiffness. To establish a tunable mechanical range, acellular hydro-

gels were fabricated using varying concentrations of calcium sulfate, enabling the identification

of “soft” and “stiff” formulations. These were mechanically characterized via rheometry to con-

firm their distinct stiffness profiles. MSCs were then encapsulated within the optimized hydrogels

and exposed to an inflammatory stimulus to induce cytokine release. Subsequent MMP gene ex-

pression was quantified using qPCR to assess the impact of microenvironmental stiffness of MSC

secretory behavior. MMP-3 levels in the surrounding culture media were quantified using ELISA

to confirm upregulation.
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Chapter 3 evaluates the functional activity of MMP-3 secreted by MSCs encapsulated in hydro-

gels, as identified in Chapter 2. The chapter describes the experimental approaches used to assess

the enzymatic functionality of the engineered MSC secretome in vitro and determine its potential

role in extracellular matrix remodeling. Although these studies did not successfully demonstrate

functional MMP-3 activity under the conditions tested, the results provided important insights into

the limitations of the experimental design and informed the development of subsequent studies.

Collectively, this chapter establishes the groundwork for the in vivo therapeutic investigations pre-

sented in Chapter 4.

Chapter 4 evaluates the enzymatic functionality and therapeutic potential of the engineered

MSC secretome in vivo. Conditioned culture media collected from MSCs encapsulated in hydro-

gels were injected into murine thigh muscle to assess the biological activity of secreted factors.

Histological evaluation of fibronectin and collagen content in skeletal muscle was performed to

establish baseline fibrotic profiles and compare them with tissues receiving conditioned culture

media injections. Data were collected from untreated female wild-type (DBA) and dystrophin-

deficient (mdx) mice. Trichrome staining and immunohistochemistry were performed on calf and

thigh muscle sections to identify collagen and fibronectin content, respectively. Quantification of

collagen and fibronectin levels provided a basis for evaluating the effects of the engineered MSC

secretome on fibrotic remodeling. By integrating histological outcomes with the molecular and cel-

lular findings presented in previous chapters, this chapter investigates the potential of mechanically

tuned, inflammation-preconditioned MSCs to modulate fibrosis and support muscle regeneration

in vivo.

Chapter 5 summarizes the progress made to date and outlines the steps to come in furthering

this research project. It synthesizes findings from earlier chapters, highlighting how mechanical

tuning of MSC microenvironments and inflammatory preconditioning have influenced secretome

output and functional activity. Long-term goals are discussed in the context of translating this

engineered MSC platform into a customizable treatment for skeletal muscle fibrosis, with potential

applications in Duchenne Muscular Dystrophy and other degenerative muscle conditions.
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Chapter 2

Aim 1: Engineer biocompatible alginate hydrogels to

enhance MSC secretion of MMPs

2.1 Introduction

MSCs have the unique ability to remodel their surrounding environment in response to chem-

ical and mechanical cues1,2. Through the principles of mechanobiology, the MSC microenviron-

ment can be intentionally tailored to regulate secretome production1, which in turn can alter the

properties of the surrounding matrix, further influencing cell behavior and tissue architecture3,4,5,6,7.

A bioinert and easily customizable material that mimics biological tissue and supports MSC en-

capsulation3 while promoting desired cytokine output can be found in alginate.

In this aim, alginate hydrogels are fabricated and crosslinked using calcium sulfate (CaSO4) to

control the mechanical properties of the resulting gels for MSC encapsulation. Initially, acellular

hydrogels were created to establish a workable range of CaSO4 concentrations, identifying both

low and high levels to compare responses between “soft” and “stiff” hydrogels for downstream

experiments. Hydrogel stiffness was quantified using rheometric measurements. These optimized

soft and stiff gel formulations were then used for MSC encapsulation. Following encapsulation, the

hydrogels are exposed to an inflammatory factor to stimulate cytokine secretion from the MSCs.

Resulting MMP expression levels were quantified using quantitative PCR (qPCR), the gold stan-

dard for gene expression measurement.

2.2 Alginate as a Biocompatible Matrix

2.2.1 Materials Preparation: Alginate and Calcium Sulfate

Alginic acid sodium salt from brown algae (medium viscosity sodium alginate, Sigma-Aldrich,

A2033) was dissolved in deionized water using a laboratory-grade purification system at 1%
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weight/volume (w/v). The solution was prepared at room temperature with magnetic stir mixing

and allowed to dissolve overnight. The following day, the 1% w/v alginate solution was sterilized

using a bottle-top filter system (CELLTREAT, Cat. No. 229707; 500 mL, 0.22 µm PES mem-

brane).

Dialysis was then performed using Spectra/Por 7 dialysis tubing (50 kDa MWCO Repligen,

Waltham, MA, USA; Cat. No. 132130). The dialysis process involved submerging the filled

tubing for a minimum of three hours in a series of sodium chloride (NaCl) concentrations, starting

at 15M and ending with three changes of pure deionized water. A 2.5M NaCl stock solution was

prepared by dissolving 146.1g of high-purity sodium chloride (Avantor, Radnor, PA, USA; Cat.

No. 7422832) in 1 L of deionized water using a graduated cylinder. This stock solution was used

to create dialysis concentrations (Table 2.1), which were prepared in a 1,600 mL beaker.

Table 2.1: Dialysis Concentrations

NaCl (g/2 mL) 2.5 M NaCl (mL) DI H2O

15 (start) 82.1 1517.9

12.5 68.4 1531.6

10 54.8 1545.2

7.5 41.1 1558.9

5 27.4 1572.6

2.5 13.7 1586.3

Pure DI H2O 3 Times (1600 mL DI H2O)

Post-dialysis alginate was removed from the tubing and transferred into high-performance 50

mL polypropylene centrifuge tubes (VWR, Radnor, PA, USA; Cat. No. 89039-656), filled to their

maximum freezing capacity (approximately 42 mL). The labeled tubes were placed into a −20
◦C

freezer overnight. The following day, the tubes were transferred to a −80
◦C freezer and stored

under these conditions for a minimum of one night. Once frozen, the caps were removed from
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the tubes containing dialyzed 1% w/v alginate, and each tube was covered with Kimtech Science

Kimwipes Delicate Task wipers (Kimberly-Clark Professional; catalog number 34155), secured

with a rubber band. The tubes were loaded into a lyophilizer pre-cooled to −80
◦C and subjected

to vacuum drying. Lyophilization was carried out for a minimum of five days to ensure complete

dehydration. After the process was completed, the lyophilized alginate was carefully removed and

stored under desiccated conditions at −20
◦C for future use.

Calcium sulfate dihydrate (CaSO4·2H2O) (Santa Cruz Biotechnology; SC-207393, MW 172.17

g/mol) was used as the crosslinking agent for alginate gels. To account for the dihydrate compo-

nent, the molecular weight of anhydrous calcium sulfate was calculated using the equation:

• 172.17 g/mol – (2× 18.02 g/mol) = 136.13 g/mol

A 500 mM stock solution was prepared by calculating the required mass of CaSO4·2H2O to

dissolve in a specified volume of deionized water. The solution was made in an autoclavable glass

container and subsequently autoclaved at 120◦C (250◦F) for 45 minutes. After sterilization, the

500 mM CaSO4 solution was stored at 4◦C in a refrigerator for up to one month for future use.

2.3 Cell Culturing

2.3.1 General Cell Culturing

The D1 ORL UVA cell line (ATCC, CRL-12424), derived from mouse bone marrow, was

used. Cells were cultured in 12 mL of medium consisting of Gibco DMEM high glucose (Thermo

Fisher Scientific, Cat. No. 31053028) supplemented with 10% MSC-qualified fetal bovine serum

(Quality Biological, Cat. No. 110-001-101HI), 1% penicillin–streptomycin solution (Corning®,

Cat. No. 30-002-CI) and 1% GlutaMAX Supplement (Gibco, Thermo Fisher Scientific, Cat.

No. 35050061). Cultures were maintained in 175 cm2 NEST cell culture flasks (Cat. No.

512983277099814912; NEST Biotechnology Co., Ltd.).

Passaging was performed when MSC confluence reached ~80%. The spent culture medium

was removed and the cells were washed with a 1 × dilution of Hank’s Balanced Salt Solution
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(HBSS) (Gibco, Thermo Fisher Scientific, Cat. No. 14185052). After removing HBSS, adher-

ent cells were detached using 8 mL of HyClone™ Trypsin 0.25% protease solution (Cytiva, P

00445). Flasks were incubated for 3-5 minutes, 37◦C with 5% CO2, then gently tapped to dislodge

remaining cells.

Following detachment, 16 mL of culture medium was added to each flask, creating a 2:1 ratio

with the existing 8mL of trypsin-EDTA. The resulting cell suspension was collected using an au-

topipette and transferred into two 15 mL conical tubes (Corning, 17 mm O.D. × 120 mm, Cat. No.

352196). Tubes were centrifuged at 420 rcf, 20◦C for 3 minutes. The supernatant was discarded,

and the cell pellet was resuspended in either 1 mL of culture medium for continued culturing or 1

mL of freezing medium, composed of 10% molecular biology-grade dimethyl sulfoxide (DMSO)

(bioWORLD; 40470006), 50% FBS and 40% culture medium, prior to storage at −80
◦C.

2.3.2 Cell Counting

Cell viability was assessed using the dye-exclusion method with 20 µL of Trypan Blue solution

(0.4% in phosphate-buffered saline; Cytiva/HyClone, Cat. No. SV3008401) mixed with 20 µL of

the 1 mL cell suspension obtained during routine passaging. From this mixture, 10 µL was loaded

onto each side of a hemocytometer for cell counting. Depending on cell density, dilution of the

original suspension was sometimes necessary. This was typically done by adding additional culture

medium to facilitate accurate counting, followed by repeating the Trypan Blue staining step using

20 µL of the diluted suspension. Viable cells (those excluding the dye) in all eight squares of the

hemocytometer were counted and averaged. The final cell concentration was calculated using the

formula:

• Average cell count x 10,000 x 2

This calculated cell count was then used to prepare either six-well plate cultures or gel-encapsulated

cell cultures.
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2.3.3 Six-Well Plastic Culture

The ideal cell seeding density was determined to be 50,000 cells/mL for a four-day incubation

period in plastic culture, using 2 mL of culture medium per well. To prepare six-well plastic

cultures, the average cell count obtained from hemocytometer readings was used in the dilution

equation:

• C1 × V1 = C2 × V2, where

• C1 = concentration of the original cell suspension,

• C2 = desired concentration (50,000 cells/mL),

• V2 = final volume of the diluted solution needed,

• V1 = volume of the original suspension required to achieve the desired concentration.

An excess volume of the cell/media mixture was prepared to ensure uniform distribution across

all wells. The volume of culture medium added to the C2 suspension was calculated by subtracting

V1 from the total volume needed (with a small excess added for accuracy). The combined V1

and culture medium formed the final cell suspension. 1 mL of the final suspension was added

to each well, followed by an additional 1 mL of fresh culture medium. Cells were seeded into

six-well clear, flat-bottom, tissue culture-treated plates (Falcon®, Corning, Cat. No. 353046) and

incubated at 37 °C with 5% CO2.

2.3.4 Gel-encapsulated MSCs

To prepare gel-encapsulated MSCs, lyophilized alginate was weighed and dissolved Fluo-

roBrite™ DMEM (Thermo Fisher Scientific, Cat. No. A1896701) to create a 3% w/v alginate

solution. The required amount of FluoroBrite DMEM was calculated using the equation:

• 3 g / 100 mL = A / X,
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Where A is the weight of the lyophilized alginate (in grams) and X is the volume of Fluorobrite

DMEM (in mL) needed. The solution was allowed to dissolve overnight at room temperature inside

a culture hood, while being gently being mixed on a low-speed stir plate. After dissolution, the

alginate solution was stored at 4◦C for up to one week.

Two low-retention 2 mL microcentrifuge tubes (Thermo Scientific, Cat. No. 3453) were la-

beled for 60 mM and 160 mM CaSO4 dilutions. To prepare the 60 mM CaSO4 solution, 120 µL

of the 500 mM CaSO4 stock was added to 880 µL of general culture medium. For the 160 mM

CaSO4 solution, 320 µL of the 500 mM stock was mixed with 680 µL of general culture medium.

MSCs were passaged as usual until the cell pellet resuspension step. The resulting pellet was

resuspended in 10 mL of culture medium and subsequently counted. The equation used to calculate

the total cell count for gel encapsulation differs from that used for plastic culture. After obtaining

the average cell count from the hemocytometer, the following formula was used to determine the

Total Cell Count (TCC):

• Average cell count x 10,000 x 2 x 10mL = TCC

Cell-laden hydrogels were seeded at 1.5 million cells per gel, with six gels created per fabri-

cation requiring approximately 9 million cells in total. To determine the volume of the original

suspension needed, the following calculation was performed:

• 9,000,000 ÷ TCC = proportion of the 10 mL suspension needed

The resulting decimal value was then multiplied by 10 mL to obtain the volume of the original

suspension required to achieve the desired cell number for gel encapsulation.

The calculated volume of the cell suspension was divided into six microcentrifuge tubes, one

for each gel to be fabricated. The tubes were centrifuged at 420 rcf, 20 °C for 3 minutes. After

centrifugation, the supernatant was removed, and the resulting cell pellets were resuspended in 1

mL of HBSS. The HBSS-suspended pellets were then centrifuged again under the same conditions.

This washing process was repeated two additional times, for a total of three HBSS washes. Follow-

ing the final centrifugation, the supernatant was discarded, and each pellet was resuspended in 50
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µL of culture medium. These 50 µL cell suspensions were then transferred into sterile, single-use

3 mL Luer-Lok™ syringes (BD, 309657) using a pipette, in preparation for gel encapsulation.

400 µL of the 3% alginate/FluoroBrite DMEM solution was drawn into a 3 mL Luer-lock sy-

ringe and connected to another syringe containing the 50 µL cell pellet suspension. The syringes

were pressed back and forth to mix the contents thoroughly, as illustrated in (Figure 2.1A). The

final cell/alginate mixture was retained in one syringe, while the other was disconnected and dis-

carded.

Figure 2.1: Fabrication of cell-laden alginate hydrogels. (A) Two syringes containing either (1) Algi-

nate/FluoroBrite DMEM solution or cell pellet suspension or (2) cell/alginate mixture or CaSO4 are con-

nected and rapidly pressed back and forth for mixing. (B) The resulting CaSO4/alginate mixture is deposited

onto a glass slide. (C) Base slide is flanked by two 1 mm spacer slides and covered by a third slide to ensure

uniform 1 mm thickness across gel. (D) After gelation period, four punchouts ( 8 mm diameter) were taken

from each gel. Note. Figure generated in Biorender.

Next, 150 µL of the 60 mM CaSO4 dilution was pipetted into a third syringe, which was then

quickly connected to the syringe containing the cell/alginate mixture. The contents were mixed

using the same back-and-forth method (Figure 2.1A). The resulting CaSO4/alginate mixture was

then deposited onto a glass slide (Figure 2.1B), flanked by two 1 mm spacer slides and covered by

a third slide to ensure uniform 1 mm thickness across the gel (Figure 2.1C).

Due to the final composition, the 3% w/v alginate was effectively reduced to a 2% w/v working

concentration, and all CaSO4 dilutions were divided by four to reflect their working concentrations
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in the final 600 µL gel. This process was repeated to fabricate two additional gels at 60 mM CaSO4,

followed by three gels at 160 mM CaSO4.

Gelation was allowed to proceed for 2 hours, after which four punchouts (~8 mm diameter)

were taken from each gel (Figure 2.1D). These punchouts were placed into the center 8 wells of

three 24-well clear, flat-bottom, tissue-culture treated plates (Corning, Cat. No. 3527) with the

center 8 wells filled with 500 µL of culture medium, and the surrounding 16 wells containing 1 mL

of HBSS, as shown in (Figure 2.2A). Submerged gels were then incubated at 37 °C with 5% CO2

for one day.

2.3.5 Gel Mechanical Characterization

The mechanical properties of alginate hydrogels are critical to the experiments in this project.

Therefore, the gel fabrication process (excluding cells) was performed to establish a gel library.

This library was created to identify a workable range of low and high CaSO4 concentrations for

downstream comparisons of cellular responses to “soft” and “stiff” hydrogels. During this process,

qualitative criteria for hydrogel selection included homogeneity and the ability to remain intact and

maintain shape after being covered by the top slide.

Rheological characterization of the hydrogels was performed using the Discovery Hybrid Rheome-

ter HR 20 (TA Instruments, New Castle, DE, USA). Following fabrication, gelation was allowed

to proceed for 2 hours. Punchouts were then extracted from each gel using the same method em-

ployed for cell encapsulation. To simulate physiological conditions, each punchout was placed in

the rheometer’s submersion chamber filled with culture media pre-warmed to 37
◦C. Axial com-

pression tests were conducted using a plate also pre-heated to 37
◦C, with a soak time of 60 seconds

prior to testing. Compression was applied at a rate of 5 µm/sec for a duration of 100 seconds. These

tests were used to determine the Young’s modulus of each gel formulation, residing in the first 10%

of compression. Based on the resulting mechanical profiles, optimal low and high concentrations

of CaSO4 were identified for subsequent experimental use.
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2.3.6 Inflammation Factor

Following a one-day incubation, the 24 well-plates were treated with recombinant mouse TNF-

α (Gibco/PeproTech, 501628684) as an inflammatory factor. Upon arrival, the lyophilized TNF-α

powder was allowed to reach room temperature and then dissolved in HBSS. 1.5 mL microcen-

trifuge tubes were labeled for aliquots, and a concentration of 50 ng/mL was prepared in each

tube.

The optimal ratio of TNF-α to culture media was determined to be 0.4uL TNF-α : 1999.6 uL

culture media, yielding a total volume of 2 mL and a final concentration of 10 µg/mL. This ratio

was established through trial-and-error, as it represented the highest concentration that maintained

nearly 100% cell viability. The existing culture media in the 24 well-plate was carefully removed

via pipette. Then, four of the center eight wells were filled with 500 µL of TNF-α-supplemented

media, while the remaining four received 500 µL of regular culture media, as shown in Figure

2.2A.

TNF-α treatment for the six-well plastic plates was performed similarly: the existing media

was removed via pipette, and 1 mL of either regular or TNF-α-supplemented culture media was

added to each well, as shown in Figure 2.2B. All treated plates were returned to the incubator and

maintained at 37◦C, 5% CO2 for an additional three days.
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Figure 2.2: Well-plate configurations for hydrogel and plastic cultures. (A) 24-well plate layout for

cell-laden alginate hydrogels: orange wells contain standard culture media; red wells contain TNF-α-

supplemented media. (B) 6-well plate layout for MSC plastic cultures: orange = standard media, red =

TNF-α-supplemented media. Note: Schematics in A and B were created using BioRender.

2.4 Plastic Wells RNA Purification and Reverse Transcription

After the three-day experimental incubation period, culture media from each well of the plas-

tic culture plates was carefully removed and transferred into 1.5 mL microcentrifuge tubes for

downstream analyses. Each well was then washed twice with 1 mL of HBSS, followed by total

RNA isolation using 1 mL of TRIzol™ Reagent (Invitrogen™, Thermo Fisher Scientific; Cat. No.

15596018, 200 mL). TRIzol was allowed to incubate in the wells for 3-5 minutes at room tem-

perature. The contents of each well were then collected into 1.5 mL microcentrifuge tubes for

immediate RNA purification or stored at −80
◦C for up to two weeks.

For RNA purification, TRIzol-treated samples were kept on ice throughout the process. 200

µL of chloroform (ACS Reagent Grade; Ricca Chemical, Cat.No.RSOC0020) was added to each

tube to initiate phase separation. Samples were vigorously shaken, then centrifuged at 14,000 rcf,

4
◦C for 10 minutes. New 1.5 mL microcentrifuge tubes were labeled and placed on ice. After

centrifugation, the upper aqueous phase was carefully transferred into the tubes.
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To precipitate nucleic acids, 500 µL of 2-Propanol (Sigma-Aldrich, Cat. No. I9516) was added

to each sample. Tubes were gently shaken and then left undisturbed on ice for at least ten minutes,

followed by centrifugation under the same conditions as above. The supernatant was discarded,

and the resulting pellet was washed with 1 mL of 75% ethanol (Fisher BioReagents™, Catalog

No. BP28184). Samples were vortexed briefly and centrifuged at 2350 rcf, 4◦C for 5 minutes.

The supernatant was carefully removed via pipette to avoid disturbing the pellet, which was then

resuspended in 10 µL of RNase-free water.

RNA quantification was performed using the NanoDrop™ OneC Microvolume UV-Vis Spec-

trophotometer (Thermo Scientific™, Catalog No. ND-ONEC-W). Prior to sample readings, the

instrument was blanked with 1 µL of nuclease-free water, and this step was repeated before the

first sample to ensure proper calibration. 1 µL of each RNA sample was loaded onto the Nan-

oDrop, and absorbance was measured at 260 and 280 nm. The RNA concentration and purity ra-

tios (A260/A280 and A260/A230) were calculated using NanoDrop software (version 2.11.0.10).

Each sample was evaluated to ensure they met minimum criteria of 30 ng/µL for concentration and

a purity ratio of at least 1.60. Samples meeting these thresholds were then advanced to reverse

transcription.

After NanoDrop quantification, RNA samples were transferred from 1.5 mL microcentrifuge

tubes into 0.2 mL polypropylene PCR tubes (USA Scientific, TempAssure, Cat. No. PCR-Tu-Flat).

Total RNA was reverse transcribed into complementary DNA (cDNA) using a protocol adapted for

this study.

Each RNA sample was combined with:

• 1 µL 50 µM Random Hexamer Primer (Thermo Scientific, Cat. No. SO142)

• 1 µL 10 mM dNTP solution (Thermo Scientific, Cat. No. R0192)

The mixture was incubated in a qPCR thermocycler at 65◦C for 5 minutes to denature RNA

secondary structures and facilitate primer annealing. After incubation, samples were chilled on ice

for 1 minute.
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A reverse transcription master mix was then prepared for each sample, containing:

• 4 µL 5x SSIV Buffer (Invitrogen, Thermo Fisher Scientific; Cat. No. 18080044)

• 1 µL DTT (Thermo Fisher Scientific, 0.1 M, Cat. No. 707265ML)

• 1 µL RiboLock RNase Inhibitor (Thermo Scientific, Cat. No. EO0381; 40 U/µL)

• 1 µL SuperScript™ III Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific; Cat.

No. 18080044)

This 7 µL master mix was added to each sample tube, and the tubes were placed back into the

thermocycler under the following conditions:

• Primer annealing: 25◦C for 5 minutes: Stabilizes primer-template hybridization before ex-

tension

• Extension: 50◦C for 45 minutes: SuperScript III synthesizes cDNA from the RNA template

• Enzyme inactivation: 70◦C for 15 minutes: Terminates the reverse transcription reaction by

inactivating the enzyme

The resulting cDNA was either used immediately for qPCR analysis or stored at −20
◦C for

future use.

2.5 Gel-encapsulated MSC Purification & Reverse Transcrip-

tion

2.5.1 Digestion of Gel-encapsulated MSCs

After the three-day experimental incubation period, culture media from each well was carefully

removed and transferred into 1.5 mL microcentrifuge tubes, then stored at −80
◦C for downstream

analyses. The alginate gel constructs were subsequently subjected to ethylenediaminetetraacetic
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acid (EDTA) digestion to prepare for RNA purification. A 50 mM EDTA solution was prepared by

dissolving 0.103 g of EDTA (Sigma-Aldrich, Cat. No. E9884) in 5 mL of nuclease-free water. 150

µL of the EDTA solution was pipetted into each well, and the gels were mechanically disrupted

by pipetting up and down using a 1000 µL pipette until fully disintegrated, to encourage cell wall

breakdown. The resulting contents were then ready for RNA purification.

2.5.2 CTAB protocol and RNA Purification/Reverse Transcription

The presence of alginate required a modification to the standard RNA purification protocol

used for plastic cultures. Literature review revealed the need for polysaccharide decontamina-

tion8,9. Based on a protocol adapted from [8] and [9], it was found that the cationic detergent

cetyltrimethylammonium bromide (CTAB) is effective in precipitating RNA from plant tissues

rich in polysaccharides, making it suitable for alginate-containing samples.

Plant RNA/DNA extraction success depends on accomplishment of the following9:

1. Cell wall breakdown: Achieved in EDTA digestion

2. Cell membrane breakdown: Detergent used to disrupt cell membranes to release RNA and

DNA

3. RNA/DNA protection: Prevention of RNA/DNA degradation

4. RNA/DNA isolation: RNA/DNA in the extraction buffer separated from other components

5. RNA/DNA precipitation: RNA/DNA precipitated out

Using insights from the literature, a CTAB extraction buffer and protocol were prepared. Table

2.2 contains the reagents found in the buffer, in addition to their specific purposes9. The bulk

recipe with precise measurements can be found in Appendix B. The buffer was stored at room

temperature in a chemical fume hood for up to two months.

EDTA-digested samples were transferred into 1.5 mL centrifuge tubes containing pre-warmed

CTAB extraction buffer at 65◦C, and vortexed for 5 minutes. To initiate phase separation, 600 µL
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Table 2.2: CTAB Reagents and Purposes

Reagent Purpose

Nuclease-free Water

CTAB

(Sigma-Aldrich, Cat. No. H6269)
Break cell membranes

Polyvinylpyrrolidone

(Sigma-Aldrich, Cat. No. PVP40)

Remove phenolic compounds from plant

DNA/RNA extracts

NaCl
Remove DNA-bound proteins and keep them

dissolved in aqueous layer

Tris-HCl

(Sigma-Aldrich, Cat. No. 648313)
Buffer for DNA stability

EDTA
Chelates divalent cations (Ca2+ and Mg2+),

make DNases nonfunctional

β-Mercaptoethanol

(Sigma-Aldrich, Cat. No. 444203)
Clean tannins and polyphenols

of 24:1 chloroform-isoamyl alcohol (ACS reagent grade; Sigma Aldrich, Cat.No.AX1440) was

added to each tube. Samples were then vigorously shaken and centrifuged at 15,000 × g, 20◦C for

5 minutes.

After phase separation, the upper aqueous phase was carefully transferred into new 2 mL mi-

crocentrifuge tubes placed on ice. A second round of 600 uL chloroform-isoamyl alcohol was

added to each tube, followed by shaking and again centrifugation under the same conditions. The

upper phase was again extracted, and 600 µL of 2-propanol was added to each tube to precipitate

nucleic acids. Tubes were gently shaken and then left undisturbed on ice for at least 10 minutes.

Samples were then centrifuged at 15,000 × g, 20◦C for 15 minutes. The supernatant was

discarded, and the resulting pellet was washed in 1 mL of 75% ethanol. Samples were centrifuged

again at 15,000 × g, 20◦C for 5 minutes. The supernatant was removed via pipette, taking care not

to disturb the pellet. The pellet was then resuspended in 20 µL of RNase-free water. Samples were

then transferred into 0.2 mL PCR tubes, and NanoDrop quantification was performed as described

for plastic culture samples, using the same concentration and purity criteria.

Following NanoDrop quantification, reverse transcription was performed on the gel-encapsulated

cell RNA samples using the same protocol as for plastic culture samples.
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2.6 qPCR

2.6.1 Primers

Primers are short, single-stranded DNA sequences that serve as starting points for DNA syn-

thesis during polymerase chain reaction (PCR). They are designed to bind specifically to target

regions of DNA, allowing for the amplification of genes of interest. In this study, primers were

designed to target the following genes: GAPDH (as a housekeeping gene for normalization), and

MMP-2, MMP-3, MMP-9, and MMP-10, which are matrix metalloproteinases involved in extra-

cellular matrix remodeling and inflammation.

Primer sequences were identified using the NCBI Primer-BLAST tool (ncbi.nlm.nih.gov),

which provided gene-specific sequences based on accession numbers. These sequences were then

input into IDT’s PrimerQuest Tool (idtdna.com) to finalize assay design and evaluate thermody-

namic properties. The final primer sequences for each gene were ordered from Invitrogen (Table

2.3).

Upon receipt, primers were dissolved in RNase-free water to prepare a 100 µM stock solution.

This concentration is commonly used for long-term storage and allows for flexible downstream

dilutions. From the stock, a working solution of 10 µM was prepared by performing a 1:10 dilution.

Aliquots of the working solution were stored in low-retention microcentrifuge tubes to minimize

freeze-thaw cycles and preserve primer integrity. This working concentration was used for all

qPCR reactions, ensuring consistent primer performance across assays targeting GAPDH, MMP-

2, MMP-3, MMP-9, and MMP-10.

2.6.2 Quantitative PCR (qPCR)

PCR plates were prepared for both plastic culture and gel-encapsulated cell samples, with each

gene analysis performed in triplicate to ensure reproducibility and statistical reliability. The plate

layout was organized as shown in Figure 2.3. To perform quantitative PCR (qPCR), a master mix

was prepared for each target gene, including the housekeeping gene GAPDH, which served as an

internal control for normalization.
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Gene and Accession Forward Reverse

GAPDH

NM_008084.4
CTTTGTCAAGCTCATTTCCTGG TCTTGCTCAGTGTCCTTGC

MMP-2

NM_008610.3
ACCAAGAACTTCCGATTATCCC CAGTACCAGTGTCAGTATCAGC

MMP-3

NM_010809.3
GATGAACGATGGACAGAGGATG AAACGGGACAAGTCTGTGG

MMP-9

NM_013599.5
GATCCCCAGAGCGTCATTC CCACCTTGTTCACCTCATTTTG

MMP-10

NM_019471.3
AGACCCCAGACAAATGTGATC CAAATGAAATTCAGGCTCGGG

Table 2.3: Primer and Probe Sequences used for qPCR.

qPCR was conducted using SYBR Green chemistry on a QuantStudio 3 Real-Time PCR Sys-

tem (Thermo Fisher Scientific). Plate setup and run parameters were configured using Applied

Biosystems Design & Analysis Software version 2.6.0 with layout matching that illustrated in

Figure 2.3. Each 30 µL reaction contained the following components:

• 15 µL Forget-Me-Not™ EvaGreen® qPCR Master Mix (Biotium, Cat. No. 31041-T)

• 0.3 µL 10 µM forward primer

• 0.3 µL 10 uM reverse primer

• 3 µL of cDNA template

The cycling conditions were as follows:

• Initial hold: 50 °C for 2 minutes

• Initial denaturation: 95 °C for 10 minutes

• Amplification: 40 cycles of: 95 °C for 15 seconds, 60 °C for 1 minute
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Figure 2.3: PCR Plate Layout. Target genes are sectioned by black lines, and labeled GAPDH, MMP-2,

MMP-3, MMP-9 and MMP-10. Colors for samples are pink = soft gel control, purple = soft gel TNF-α,

blue = stiff gel control, green = stiff gel TNF-α, orange = plastic control, red = plastic TNF-α. Samples

were analyzed in triplicate to ensure reproducibility and statistical reliability.

2.7 MMP-3 ELISA

Given the significant upregulation of MMP-3 observed in the qPCR results (Figure 2.6) and

the known role of fibronectin in modulating collagen deposition10,11,12,13, MMP-3 was selected

for further investigation as a potential therapeutic target. To quantify MMP-3 production levels

secreted into the surrounding culture media by gel-encapsulated MSCs, a solid-phase sandwich

ELISA kit specific to MMP-3 was used. Because MMP-3 levels were expected to be difficult to

quantify, the high sensitivity of ELISA made it an ideal method for detection.

2.7.1 Collection of Conditioned Culture Media (CCM) from Gel-Encapsulated

Cells and Plastic Culture

Gel-encapsulated MSCs were prepared as described previously for subsequent RNA analysis

of MMP-3 expression. During sample preparation for RNA purification, the culture media sur-

rounding both the hydrogels and plastic cultures was collected into 2 mL microcentrifuge tubes
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and stored at −80
◦C for downstream applications. This collected media, referred to henceforth as

conditioned culture media (CCM), was used for MMP-3 ELISA analysis and an in vivo degradation

analysis, the latter performed in a fibrosis murine model and discussed in a subsequent chapter.

2.7.2 Reagents

For this experiment, the Mouse Matrix Metalloproteinase 3 (MMP-3) ELISA Kit (Thermofisher,

Cat. EEL099) was used. This kit is a solid-phase sandwich enzyme-linked immunosorbent assay

(ELISA) designed to detect and quantify murine MMP-3 levels in biological fluids. All necessary

reagents for quantification were provided in the kit.

Reagent Preparation:

• 1X Wash Buffer: 30 mL of Wash Solution Concentrate (25X) was diluted with 720 mL of

deionized water. The solution was labeled as 1X Wash Buffer and stored at 8◦C.

• 1X Biotinylated Detection Antibody Solution: Prepared as needed, using 100 µL/per well

(plus an additional 200 µL to ensure sufficient volume). The antibody vial was centrifuged

at 800 × g at 2-8◦C for one minute. The 100x antibody solution was then diluted to a 1X

working solution using the Biotinylated Detection Antibody Diluent, based on the calculated

required volume.

• 1X HRP Conjugate Solution: Prepared similarly, using 100 µL/per well (plus 200 µL extra).

The HRP vial was centrifuged at 800 × g at 2-8◦C for one minute. The 100x HRP solution

was diluted to a 1X working solution using the HRP Conjugate Diluent, according to the

calculated volume needed.

• Diluted Standards: The provided standard vial was centrifuged at 10,000 × g at 2-8◦C for

one minute collect contents at the bottom. 1 mL of Standard & Sample diluent was added,

and the vial was allowed to stand for 10 minutes with occasional inversion. Afterward, the

contents were mixed thoroughly with a pipette to create a working solution of 10 ng/mL.

Seven 1.5 mL microcentrifuge tubes were prepared, each containing 500 µL of Standard &
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Sample diluent. A serial dilution was performed by transferring 500 µL of the 10 ng/mL

solution into the first tube and mixing thoroughly to create a 5 ng/mL solution. This process

was repeated sequentially until the second-to-last tube. The final tube contained only diluent

and served as the blank. The resulting dilution gradient was: 10, 5, 2.5, 1.25, 0.63, 0.31,

0.16, and 0 ng/mL. The remaining 10 ng/mL stock was stored at −20
◦C for future use.

Samples were thawed on ice and required no dilution to fall within the standard curve range.

To minimize degradation and variability, samples were only thawed once, used immediately, and

then discarded.

2.7.3 Procedure and Analysis

100 µL of standards, blanks, and duplicate samples were added to designated wells, following

the layout shown in Figure 2.4. The plate was sealed with the provided plate sealer and incubated

for 90 minutes at 37◦C. After incubation, the plate was aspirated. Next, 100 µL of Biotinylated

Detection Antibody Working Solution was added to all wells. The plate was resealed and incubated

for 60 minutes at 37◦C. Following incubation, the plate was aspirated and washed three times with

350 µL of 1x Wash Buffer. The buffer was allowed to sit in the wells for 1 minute before each

aspiration.

After the third wash, 100 µL of HRP Conjugate Working Solution was added to each well.

The plate was covered and incubated for 30 minutes at 37◦C. It was then aspirated, and the wash

process was repeated 5 times using 350 µL of 1X Wash Buffer per wash. Following the final wash,

90 µL of Substrate Reagent was added to each well. The plate was resealed and incubated for ap-

proximately 15 minutes, protected from light. Once sufficient color development was observed, 50

µL of Stop Solution was added to each well in the same order as the substrate addition, terminating

the enzymatic reaction and changing the color from blue to yellow. The plate was gently tapped to

ensure thorough mixing, and absorbance was immediately measured at 450 nm using a microplate

reader (Agilent BioTek Epoch 2 Microplate Spectrophotometer; Agilent Technologies) with Gen

6 software version 1.04.
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Raw absorbance values were exported to Excel for analysis. The absorbance value of the blank

standard was subtracted from all readings. A standard curve was generated in Excel by forcing the

Y-intercept to (0,0) and fitting a line of best fit. The standard linear equation, Y = mX + b, was

used to calculate the concentration of each sample, where Y is the blank-adjusted absorbance, m

is the slope of the fitted line, and b is the forced intercept of zero. Each equation was solved for X,

yielding the MMP-3 concentration of each sample in ng/mL.

Figure 2.4: MMP-3 ELISA plate layout for a single experiment containing a standard curve (purple), soft

gel control (light pink), soft gel TNF-α (dark pink), stiff gel control (light blue), stiff gel TNF-α (dark blue),

plastic control (light green), and plastic TNF-α (dark green). All samples were performed in duplicate.

2.8 Stiffness Analysis of Hydrogels

Compression testing was conducted on alginate hydrogels crosslinked with varying concen-

trations of CaSO4 to evaluate the influence of crosslinker density on mechanical stiffness and to

determine optimal low and high CaSO4 concentrations for subsequent experimental use. Only

gels that met the minimum qualitative criteria, including homogeneity, structural integrity and the

ability to maintain shape after being covered by a top slide, were selected for rheometric analysis.

Each hydrogel had a total volume of 600 µL, composed of:
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• 400 µL of 3% (w/v) alginate solution

• 50 µL of FluoroBrite DMEM

• 150 µL of CaSO4 solution

This formulation effectively reduced the alginate concentration from 3% to 2% (w/v) in the

final gel. Additionally, the CaSO4 concentration was diluted to one-quarter of its original stock

concentration due to the mixing ratio. Based on qualitative assessments, the working range of

CaSO4 concentrations was determined to be 15 mM to 40 mM, with compression tests performed

at 5 mM increments within this range.

The stress-strain curves for all samples exhibited nonlinear elastic behavior, with a distinct

linear region up to approximately 10% strain. To ensure consistency across samples, Young’s

modulus was calculated at 10% strain, within this linear region. As shown in Figure 2.5, the

results demonstrated a clear trend: increasing CaSO4 concentration led to a progressive increase

in Young’s modulus, indicating enhanced network stiffness due to greater ionic crosslinking.

To determine whether the difference in stiffness between the softest and stiffest hydrogels was

statistically significant, an unpaired two-tailed t-test with Welch’s correction was performed. The

comparison was made between hydrogels crosslinked with 15 mM CaSO4 (softest group, n = 3)

and 40 mM CaSO4 (stiffest group, n = 3).

The softest hydrogels exhibited a mean value of 2.91 kPa, while the stiffest hydrogels measured

5.00 kPa. The difference between groups was 2.09 ± 0.62 (SEM). An unpaired two-tailed Welch’s

t-test yielded a t value of 3.386 with 3.572 degrees of freedom and a p value of 0.0329, indicating

a statistically significant difference between the two groups (Figure 2.5).
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Figure 2.5: Young’s Modulus measurements of alginate hydrogels. Comparison between the softest (15

mM CaSO4) and stiffest (40 mM CaSO4) hydrogels: the softest formulation exhibited a mean Young’s

Modulus of 2.91 kPa, while the stiffest reached 5.00 kPa. Statistical analysis yielded a p-value < 0.0329.

Note. Graph visualized in GraphPad Prism.

2.9 qPCR Results

Quantitative PCR was used to identify gene expressions of different MMPs in plastic and gel-

encapsulated MSC samples. This analysis was used to confirm whether alginate hydrogel encap-

sulation affects MSC behavior and expression of these ECM modulating enzymes. Normalizing

against the housekeeping gene GAPDH, the MMPs 2, 3, 9 and 10 were selected for qPCR analyses.

MMP-2 and 9 are gelatinases and degrade gelatin and basement membranes present in the ECM,

while MMP-3 and 10 are stromelysins and primarily degrade fibronectin and collagen14. All qPCR

analyses were performed on cells between passages 11 and 32. Results of qPCR analysis can be

seen in Figure 2.6 and are presented individually.

To assess whether there were statistically significant differences among six independent groups,

a two-way analysis of variance (ANOVA) was conducted. This test was appropriate for comparing

group means based on gel encapsulation and inflammation factor, with gene expression as the

outcome measure. Prior to analysis, assumptions of normality and homogeneity of variances were

evaluated and met. The ANOVA revealed significant differences among the groups, prompting
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a post hoc analysis using Tukey’s Honestly Significant Difference (HSD) test. This allowed for

pairwise comparisons to determine which specific group differences were statistically significant

while controlling for Type I error.

2.9.1 MMP-2

A two-way ANOVA was performed to examine the effects of gel encapsulation and TNF-α

treatment on MMP-2 expression. The analysis revealed significant main effects of both factors and

a significant interaction. Specifically, the row factor (gel encapsulation) was significant (F(2, 24)

= 5.037, p = 0.0149), the column factor (TNF-α vs. Control) was significant (F(1,24) = 6.527, p

= 0.0174), and the interaction between the two factors was also significant (F(2,24) = 3.987, p =

0.0320). These findings indicate that TNF-α treatment increased MMP-2 expression and that this

effect varied depending on gel encapsulation. The predicted least squares mean for the control

group was 0.0002899, while TNF-α was 0.001229, with a mean difference of -0.0009391 (95%

CI: -0.001698 to -0.0001804), confirming a robust increase in MMP-2 with TNF-α treatment. To

identify which specific groups differed, a post hoc analysis using Tukey’s Honestly Significant

Difference (HSD) test was conducted.

Tukey’s HSD post hoc analysis revealed several statistically significant pairwise differences

among the six groups. Specifically, the soft gel with inflammation factor (soft TNF-α) differed

significantly from both the plastic control (p = 0.0050), the plastic TNF-α (p = 0.0032), indicating

that gel encapsulation is necessary for upregulation. Additionally, the soft TNF-α group showed

significant difference when compared to the soft control (p = 0.0114), and the stiff control (p =

0.0117), indicating that inflammation factor presence in addition to gel encapsulation is necessary

for upregulation of MMP-2. Lastly, significance was established between the soft TNF-α and

the stiff TNF-α (p = 0.0254), suggesting that encapsulation in a softer matrix can elicit a higher

expression. No significant differences were observed between plastic control and plastic TNF-α

groups, as well as between stiff control and stiff TNF-α groups. Altogether, these results suggest
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that encapsulation in a softer matrix with inflammation factor presence for MSCs has a more

pronounced effect on MMP-2 expression. These results are illustrated in Figure 2.6A.

2.9.2 MMP-3

Two-way ANOVA analysis for MMP-3 revealed a significant main effect of the column factor

(TNF-α vs. Control) (F(1, 24) = 7.070, p = 0.0137), indicating that TNF-α treatment increased

MMP-3 expression compared to control. However, the row factor (F(2,24) = 2.611, p = 0.0942),

and the interaction between the row and column factors (F(2,24) = 2.599, p = 0.0951) were not

statistically significant, suggesting that differences among gel encapsulation conditions and their

interaction with TNF-α did not meaningfully influence MMP-3 levels. The predicted least squares

mean for the control group was 0.001317, while TNF-α was 0.05830, with a mean difference of

-0.05698 (95% CI: -0.1012 to -0.01275), confirming a significant increase in MMP-3 expression

with TNF-α treatment. To explore pairwise differences among row conditions within each treat-

ment group, a post hoc analysis using Tukey’s HSD test was conducted.

Tukey’s HSD post hoc analysis revealed significant pairwise differences between the soft gel

with inflammation factor (soft TNF-α) and the plastic control (p = 0.0244), and plastic TNF-α (p =

0.0266), again indicating that gel encapsulation is necessary for upregulation. Additionally, the soft

TNF-α group showed significant difference when compared to the soft control (p = 0.0248), the

stiff control (p = 0.0258), again showing the effect of inflammation factor presence on expression.

No significant differences were observed between plastic control and TNF-α groups, as well as

between stiff control and TNF-α groups. However, there was also no significance established

between the soft TNF-α and stiff TNF-α, indicating that matrix stiffness may not have an impact

on MMP-3 expression. It is also worth noting that the scale at which MMP-3 was upregulated was

much larger than in other MMPs. These results suggest that encapsulation in a matrix and presence

of an inflammation factor may elicit significant MMP-3 upregulation, but that matrix stiffness may

not have an impact. Results of these findings are illustrated in Figure 2.6B.
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2.9.3 MMP-9

Two-way ANOVA analysis for MMP-9 revealed a significant main effect of the column factor

(TNF-α vs. Control) (F(1, 10) = 18.94, p = 0.0014), indicating that TNF-α treatment markedly

increased MMP-9 expression compared to control. In contrast, the row factor (F(1,10) = 3.800, p

= 0.0798), and the interaction between the row and column factors (F(1,10) = 3.035, p = 0.1121)

were not statistically significant, suggesting that matrix stiffness and its interaction with TNF-α did

not significantly influence MMP-9 levels. The predicted least squares mean for the control group

was 2.868 × 10−5, while TNF-α was 3.628 × 10−4, with a mean difference of -0.0003341 (95%

CI: -0.0005052 to -0.0001631), confirming a strong TNF-α-driven increase in MMP-9 expression.

Post-hoc analysis using Tukey’s HSD was used to identify significant pairwise differences.

Tukey’s HSD post hoc analysis revealed significant pairwise differences between the soft gel

with inflammation factor (soft TNF-α) and the soft control (p = 0.0070) and stiff control (p =

0.0056), again showing the effect of inflammation factor presence on expression. No significant

differences were observed between the soft TNF-α and stiff TNF-α, indicating that matrix stiffness

may not have an impact on MMP-9 expression. Additionally, plastic control and TNF-α data

obtained at this time did not fit inclusion criteria. Therefore, plastic analysis will be included in

further studies. Absent of plastic comparisons, these results suggest that encapsulation in a matrix

and presence of an inflammation factor may result in significant MMP-9 upregulation, but that

matrix stiffness may not have an impact. Results of these findings are illustrated in Figure 2.6C.

2.9.4 MMP-10

A two-way ANOVA was conducted to evaluate the effects of gel encapsulation and TNF-α

treatment on MMP-10 expression. The analysis revealed significant main effects of both factors

and a significant interaction. Specifically, the row factor (gel encapsulation) was significant (F(2,

14) = 4.647, p = 0.0283), the column factor (TNF-α vs. Control) was highly significant (F(1, 14)

= 16.85, p = 0.0011), and the interaction between the two factors was also significant (F(2,14) =

7.066, p = 0.0076). These findings indicate that TNF-α treatment increased MMP-10 expression
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and that this effect varied depending on gel encapsulation. The predicted least squares mean for the

control group was 0.0008325, while TNF-α was 0.004433, with a mean difference of -0.003600

(95% CI: -0.005481 to -0.001719), confirming a strong TNF-α-driven increase in MMP-10 expres-

sion. Post-hoc analysis using Tukey’s HSD was conducted to identify specific pairwise differences.

Tukey’s HSD post hoc analysis revealed significant pairwise differences between the soft gel

with inflammation factor (soft TNF-α) and the plastic control (p = 0.0010), and plastic TNF-α (p

= 0.0072), again indicating that gel encapsulation is necessary for upregulation. Additionally, the

soft TNF-α group showed significant difference when compared to the soft control (p = 0.0009)

and the stiff control (p = 0.0045), indicating that inflammation factor presence in addition to gel

encapsulation is necessary for upregulation of MMP-10. Lastly, significance was established be-

tween the soft TNF-α and the stiff TNF-α (p = 0.0083), suggesting that encapsulation in a softer

matrix can cause higher MMP-10 expression. No significant differences were observed between

plastic control and plastic TNF-α groups, as well as between stiff control and stiff TNF-α groups.

These results suggest that encapsulation in a softer matrix with inflammation factor presence can

stimulate MMP-10 expression. Results are illustrated in Figure 2.6D.
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Figure 2.6: MMP Expressions in Plastics and Gel-Encapsulated MSCS, significance established by Two-

Way Anova and confirmed with Tukey’s post-hoc HSD. (A) MMP-2 expression is significantly upregulated

in the soft gel with inflammation factor (soft TNF-α) compared to the plastic control (p = 0.0050), the

plastic TNF-α (p = 0.0032), the soft control (p = 0.0114), and the stiff control (p = 0.0117). Significance

was also established between the soft TNF-α and the stiff TNF-α (p = 0.0350). (B) MMP-3 expression

is significantly upregulated in the soft gel with inflammation factor (soft TNF-α) compared to the plastic

control (p = 0.0244), plastic TNF-α (p = 0.0266), the soft control (p = 0.0248), and the stiff control (p =

0.0258). No significance established between the soft TNF-α and stiff TNF-α. The scale at which MMP-3

was upregulated was much larger than in other MMPs. (C) MMP-9 expression is significantly upregulated

in the soft gel with inflammation factor (soft TNF-α) compared to the and the soft control (p = 0.0070) and

stiff control (p = 0.0056). No significance was established between the soft TNF-α and stiff TNF-α. MMP-9

plastic control and TNF-α data obtained at this time did not fit inclusion criteria. (D) MMP-10 expression

is significantly upregulated in the soft gel with inflammation factor (soft TNF-α) when compared to the

plastic control (p = 0.0010), plastic TNF-α (p = 0.0072), soft control (p = 0.0009) and the stiff control (p =

0.0045). Significance was also established between the soft TNF-α and the stiff TNF-α (p = 0.0083). Note.

All graphs visualized in GraphPad Prism.
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2.10 MMP-3 ELISA Results

To assess the levels of MMP-3 secreted into culture media, an ELISA was performed, with

standard curves generated for production comparison. Figure B.1 in Appendix B displays the

three standard curves generated from known concentrations of MMP-3 across the three studies,

along with raw absorbance values and calculated concentrations. The resulting standard curve

exhibited a strong linear relationship between absorbance and concentration. All sample analyses

were performed in duplicate.

MMP-3 concentrations were measured in culture media collected from plastic cultures treated

with either pure media or TNF-α, as well as from soft and stiff hydrogels incubated with and

without TNF-α. The results are summarized in Figure 2.7, which shows the mean MMP-3 con-

centrations across all conditions.

A two-way ANOVA was performed to examine the effects of gel encapsulation and TNF-α

treatment on MMP-3 production. The analysis revealed significant main effects of both factors

and a significant interaction. Specifically, the row factor (gel encapsulation) was significant (F(2,

26) = 8.850, p = 0.0012), the column factor (TNF-α vs. Control) was highly significant (F(1, 26)

= 47.07, p < 0.0001), and the interaction between the two factors was also significant (F(2, 26)

= 8.272, p = 0.0017). These findings indicate that TNF-α treatment strongly increased MMP-3

production and that this effect varied depending on gel encapsulation. The predicted least squares

mean for the control group was 0.1406, while TNF-α was 4.270, with a mean difference of –4.129

(95% CI: -5.367 to –2.892), confirming a substantial TNF-α-driven increase. To identify which

specific groups differed, a post hoc analysis using Tukey’s HSD test was conducted.

Tukey’s HSD post hoc analysis revealed significant pairwise differences between the soft gel

with TNF-α (soft TNF-α) and the plastic control (p < 0.0001), as well as the plastic TNF-α group

(p = 0.0003), indicating that gel encapsulation is necessary for upregulation. Additionally, the soft

TNF-α group differed significantly from the soft control (p < 0.0001) and the stiff control (p <

0.0001), highlighting the impact of the inflammatory factor on MMP-3 expression. The stiff TNF-

57



α group also showed significant differences when compared to the plastic control (p < 0.0001),

plastic TNF-α (p = 0.0002), soft control (p < 0.0001) and stiff control (p < 0.0001).

No significant differences were observed between the plastic control and plastic TNF-α groups,

nor between either plastic group and the soft or stiff controls. Furthermore, no significant differ-

ence was found between the soft TNF-α and stiff TNF-α groups, suggesting that matrix stiffness

may not influence MMP-3 expression, consistent with qPCR results. These results suggest that

encapsulation within a matrix and the presence of an inflammatory factor may elicit significant

MMP-3 upregulation, while matrix stiffness alone does not appear to have an effect. Results are

illustrated in Figure 2.7.

Figure 2.7: MMP-3 ELISA Assay Results. Statistical analysis using two-way ANOVA revealed revealed

significant main effects of row factor (gel encapsulation) (F(2, 26) = 8.850, p = 0.0012), column factor

(TNF-α vs. Control) (F(1, 26) = 47.07, p <0.0001), and interaction between factors (F(2, 26) = 8.272, p =

0.0017). Tukey’s HSD post hoc analysis revealed significant pairwise differences between the soft gel with

TNF-α (soft TNF-α) and the plastic control (p < 0.0001), plastic TNF-α group (p = 0.0003), soft control

(p < 0.0001) and the stiff control (p < 0.0001). The stiff TNF-α group also showed significant differences

when compared to the plastic control (p < 0.0001), plastic TNF-α (p = 0.0002), soft control (p < 0.0001) and

stiff control (p < 0.0001). No significance was established between the soft TNF-α and stiff TNF-α groups.
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2.11 Discussion

To initiate this phase of the project, it was essential to characterize alginate hydrogel mechanics

in order to establish a range of stiffness values suitable for evaluating MSC responses to soft versus

stiff microenvironments. Compression testing was performed on alginate hydrogels formulated

with varying concentrations of CaSO4, a crosslinking agent that modulates gel stiffness through

ionic interactions3. Hydrogels meeting the minimum criteria for uniformity and integrity were

selected for mechanical testing, with CaSO4 concentrations ranging from 15 mM to 40 mM in 5

mM increments.

Stress-strain curves generated from compression testing allowed for the calculation of Young’s

modulus at 10% strain, a region within the linear elastic range of the material. Results demon-

strated a clear trend: increasing CaSO4 concentration led to a progressive rise in Young’s modulus,

indicating enhanced network stiffness due to increased ionic crosslinking density. This confirmed

that CaSO4 concentration is a reliable parameter for tuning alginate hydrogel stiffness.

The difference in stiffness between the softest and stiffest gels was statistically significant,

providing a sufficient mechanical contrast for downstream analysis of MSC behavior. This qual-

itatively and quantitatively determined mechanical range was deemed appropriate for modeling

soft and stiff microenvironments, in turn representing healthy and fibrotic tissue stiffness profiles,

which are known to influence MSC fate decisions and cytokine secretion5,6,7.

Prior literature reports an anticipated hydrogel stiffness range of approximately 9–15 kPa, de-

pending on formulation and measurement methodology15. While the stiffness values obtained

in this study fall slightly below this reported range, they are substantially closer to the expected

physiological regime than earlier measurements and, importantly, exhibit a clear and statistically

significant distinction between the defined soft and stiff hydrogel conditions. This mechanically

distinct separation, though modest in magnitude, was sufficient to induce observable changes in

MSC behavior, emphasizing the sensitivity of these cells to relatively small variations in matrix

stiffness.
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These findings support the suitability of the selected CaSO4 concentrations for systematically

modulating the mechanical microenvironment in this hydrogel system. As such, the ability to

reproducibly generate distinct soft and stiff conditions is functionally meaningful for probing

mechanobiological responses. Collectively, these results underscore the importance of precise

mechanical characterization in biomaterials research, particularly when linking material properties

to cell behavior. Accurate and reproducible stiffness measurements are essential for interpreting

mechanobiological outcomes, enabling cross-study comparisons, and ensuring the translational

relevance of engineered extracellular matrix analogs.

qPCR was employed to assess the expression of MMPs in MSCs cultured on plastic and within

alginate hydrogels of varying stiffness, both with and without the inflammatory cytokine TNF-α.

This analysis aimed to determine whether hydrogel encapsulation and inflammatory stimulation

influence MSC behavior, particularly in the expression of ECM-remodeling enzymes.

MMP-2 expression was significantly upregulated in the soft TNF-α group compared to both

plastic control and plastic TNF-α groups, indicating that gel encapsulation is necessary for up-

regulation. Furthermore, soft TNF-α samples showed significantly higher expression than soft and

stiff controls, suggesting that inflammatory stimulation in combination with a soft matrix enhances

MMP-2 expression. A significant difference between soft TNF-α and stiff TNF-α groups further

implies that matrix softness may potentiate MMP-2 expression. No significant differences were

observed between plastic control and plastic TNF-α, or between stiff control and stiff TNF-α,

reinforcing the importance of both encapsulation and matrix compliance.

MMP-3 expression followed a similar trend. The soft TNF-α group showed significant upregu-

lation compared to plastic control, plastic TNF-α, soft control, and stiff control, again highlighting

the combined effect of encapsulation and inflammation. However, no significant difference was

observed between soft TNF-α and stiff TNF-α groups, suggesting that matrix stiffness may not

influence MMP-3 expression. Notably, the magnitude of MMP-3 upregulation was substantially

higher than that of the other MMPs, indicating a potentially dominant role for MMP-3 in ECM

modulation under these conditions.
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MMP-9 expression was significantly elevated in the soft TNF-α group compared to soft and

stiff controls, supporting the role of inflammatory stimulation in driving expression. However, no

significant difference was found between soft TNF-α and stiff TNF-α groups, again suggesting

that matrix stiffness may not be a key regulator of MMP-9 expression. Due to technical issues,

data from plastic control and plastic TNF-α groups did not meet inclusion criteria. Despite this

limitation, the current data suggest that encapsulation and inflammation together promote MMP-9

expression, independent of stiffness.

MMP-10 expression was significantly higher in the soft TNF-α group compared to plastic con-

trol, soft control and stiff control, indicating that both encapsulation and inflammatory signaling

are necessary for upregulation. Additionally, a significant difference between soft TNF-α and stiff

TNF-α groups suggests that a softer matrix may further enhance MMP-10 expression. No signifi-

cant differences were observed between plastic control and plastic TNF-α groups, or between stiff

control and stiff TNF-α, reinforcing the importance of the combined mechanical and biochemical

cues.

During method development, several technical challenges were encountered. Initially, alginate

digestion for RNA extraction was performed using alginate lyase, but this approach yielded incon-

sistent and low-quality qPCR results. A serendipitous substitution with EDTA, due to a temporary

shortage of alginate lyase, resulted in markedly improved data quality. It is attributed that EDTA,

by chelating calcium ions and rapidly disrupting ionic crosslinks, preserves the cellular transcrip-

tomic state more effectively than the slower enzymatic digestion by alginate lyase, which may

allow cells to adapt to the changing microenvironment during processing16,17.

While each MMP exhibited distinct expression patterns, a consistent trend emerged: encapsu-

lation within alginate hydrogels combined with TNF-α stimulation led to upregulation of MMPs,

particularly in softer matrices. Although the influence of matrix stiffness was not uniform across

all MMPs—being more pronounced in MMP-2 and MMP-10—these findings suggest that softer

hydrogels may be more effective in promoting ECM-modulating activity in MSCs, which is critical

for applications targeting fibrotic tissue remodeling.
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The quantification of MMP-3 levels in culture media using ELISA revealed that a combina-

tion of gel encapsulation and the presence of an inflammatory factor (TNF-α) is necessary for

significant upregulation of MMP-3. These results suggest that modifying the MSC microenviron-

ment, particularly through mechanical confinement and inflammatory signaling, can influence cell

behavior and cytokine output—specifically MMP-3, as observed in this study.

While the ELISA assay successfully quantified MMP-3 levels, it does not differentiate between

the active and inactive (pro-form) of the enzyme18. MSCs typically secrete MMP-3 in its latent

form, which requires activation, often via physiological mechanisms such as proteolytic cleav-

age or exposure to activating agents like 4-aminophenylmercuric acetate (APMA)19,20. Activated

MMP-3 plays a critical role in ECM remodeling, with known degradative effects on fibronectin,

collagen, and gelatin, all of which are commonly upregulated in fibrotic conditions, particularly

within skeletal muscle11,14,21.

Given that fibronectin deposition precedes and regulates collagen deposition10,11,12,13, increased

MMP-3 activity in fibrotic tissue may help resolve or prevent progression of fibrosis. This ther-

apeutic implication elucidates the importance of not only quantifying MMP-3 but also assessing

its functional activity. Therefore, a follow-up functionality assay investigating the capabilities of

MSC-derived MMP-3 is necessary to evaluate its degradative potential on fibronectin.

These results contribute to a growing body of evidence supporting the use of mechanically tun-

able hydrogels and inflammatory cues to direct MSC behavior. Future studies will aim to validate

these findings by correlating gene expression data with protein-level activity through functional

assays, which is essential to fully understand the therapeutic potential of MSC-derived MMPs in

regenerative medicine.
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Chapter 3

Evaluate the Functionality of Engineered MSC

Secretome in vitro

3.1 Introduction

Given the significant upregulation of MMP-3 observed in the qPCR results, and its known role

in extracellular matrix remodeling, it was important to evaluate its functional activity. Fibronectin

was selected as a target due to its role as an early ECM component that regulates collagen depo-

sition during fibrosis1,2,3,4. Therefore, assessing the ability of MSC-secreted MMP-3 to degrade

fibronectin provides key insight into its potential to disrupt early fibrotic processes and limit down-

stream matrix accumulation.

Following MMP-3 protein analysis, an attempt was made to modify a second solid-phase sand-

wich ELISA kit to detect fibronectin. This kit required protocol modifications, as it was repur-

posed for a functional assay, specifically, to observe and quantify fibronectin degradation mediated

by MMPs present in the conditioned culture media surrounding the gel-encapsulated MSCs. This

application differed from the kit’s standard use, which typically involves measuring fibronectin

concentration rather than its degradation.

3.2 Fibronectin Degradation Assay

3.2.1 Modified Fibronectin ELISA kit

Following the quantification of MMP-3 levels in the samples, a functionality assay was con-

ducted to evaluate the activity of secreted MMP-3 and other cytokines from gel-encapsulated cells

in degrading fibronectin. To achieve this, the standard protocol of a fibronectin ELISA kit was

adapted to create a simplified degradability assay with reduced time requirements compared to

conventional methods. The Mouse Fibronectin ELISA Kit (Invitrogen, Thermo Fisher Scientific;
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Cat No. EEL096) was selected for this purpose. While the kit itself remained unmodified, the

protocol was altered and additional reagents were introduced prior to use.

Literature review informed the appropriate MMP-3 to fibronectin ratio for analysis5, and the

calculations for sample and fibronectin standard volumes are discussed below. As outlined in

Chapter 1, MMPs secreted by gel-encapsulated MSCs are initially in their inactive pro-form, ren-

dering them incapable of ECM degradation6. Literature also supports the use of p-aminophenylmercuric

acetate (APMA) buffer to activate latent MMPs5,7. By activating the pro-MMPs present in the

culture media from gel-encapsulated cells, the functional capacity of these enzymes to degrade

fibronectin could be assessed using the modified ELISA protocol. The extent of fibronectin degra-

dation was then quantified against a set of standards.

3.2.2 Modified Incubation Protocol/APMA

To activate latent MMPs, a buffer solution was prepared containing 50 mM Tris-HCl, 10 mM

CaCl2 (Spectrum Chemical, Cat. No. C1096), 150 mM NaCl, 0.05% Brij-35 (Brij® 35, Sigma-

Aldrich, Cat. No. 801962), and deionized water. All components were mixed under sterile con-

ditions and filtered through a 0.22 µm syringe filter into a sterile 15 mL conical tube. The pH of

the solution was adjusted to 7.4-7.5 using a pH meter. The buffer was then filtered again through a

0.22 µm syringe filter under sterile conditions. Fresh buffer was prepared from stock solutions for

each use each and was not stored.

To prepare 1 mL of 100 mM APMA stock solution, 35.18 mg of APMA powder (MW = 351.8

g/mol, MedChemExpress, Cat. No. HY-148905) was dissolved in 1 mL of DMSO. The stock

solution was stored at −20
◦C and protected from light.

For activation, the final APMA concentration in the buffer was 2 mM, achieved by adding 20

µL of the 100 mM APMA stock to 980 µL of activation buffer. For six of the eight experimental

samples (plastic control, plastic TNF-α, soft control, soft TNF-α, stiff control, and stiff TNF-α), 1

mL of sample was mixed in a 1:1 ratio with the APMA-containing activation buffer. This dilution

67



reduced the final APMA concentration to 1 mM and halved the MMP-3 concentration in the soft

and stiff TNF-α samples to 3 ng/mL, based on ELISA results.

A positive control using recombinant MMP-3 (R&D Systems, Cat. No. 548-MM) was pre-

pared similarly. Recombinant MMP-3 was first diluted to 100 µg/mL by adding 100 µL of ac-

tivation buffer (without APMA) to the received vial. To prepare 2 mL of activated recombinant

MMP-3, 20 µL of the 100 µg/mL stock and 20 µL of 100 mM APMA stock were added to 1.96

mL of activation buffer, resulting in final concentrations of 1 mM APMA and 1 ng/µL recombinant

MMP-3.

All seven samples were incubated for 1.5 hours at 37◦C in a 5% CO2 atmosphere. Following

incubation, samples were placed on ice to halt APMA activity.

3.2.3 Filtration

To remove APMA following incubation, 10 kDa molecular weight cut-off (MWCO) spin filters

(Thermo Scientific, Cat. No. 88517) were employed. Filters were first equilibrated by adding 300

µL of activation buffer (without APMA) and centrifuging at 14,000 × g for 1 minute. The flow-

through was discarded. Then, 2 mL of each activated sample was transferred into the top chamber

of its respective filter unit. Samples were centrifuged until approximately 100 µL remained (~25

minutes). The filtrate was discarded and 400 µL of activation buffer was added to the top chamber

for a second wash, followed by centrifugation to ~100 µL. This washing process was repeated a

total of three times.

After the final wash, samples were recovered by adding 500 µL of fresh activation buffer,

restoring them to their original concentrations (0.006 ng/µL for experimental samples). The final

concentration of recombinant MMP-3 was adjusted to 0.250 ng/µL.

3.2.4 Incubation Protocol

A literature review was conducted to determine the appropriate MMP-3 to fibronectin ratio for

meaningful analysis5. The fibronectin standard supplied with the ELISA kit was reconstituted in
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Standard & Sample Diluent according to the manufacturer’s protocol, yielding a final concentration

of 0.10 ng/µL.

For each of the eight experimental conditions, 40.80 µL of either conditioned culture media, re-

combinant MMP-3, or untreated culture media was added to 175 µL of the reconstituted fibronectin

solution. These mixtures were incubated at 37◦C in a 5% CO2 atmosphere for 24 hours.

3.2.5 Fibronectin ELISA Assay Procedure

Following incubation, ELISA was performed with a minor modification to the standard curve

generation protocol. In the original ELISA procedure, serial dilutions were conducted using a two-

fold (1:2) dilution scheme. This involved combining 500 µL of the starting standard solution (100

ng/mL) with 500 µL of Standard & Sample Diluent in 1.5 mL microcentrifuge tubes. The process

was repeated sequentially across six dilution steps, resulting in final concentrations of 100, 50, 25,

12.5, 6.25, 3.13 and 1.56 ng/mL. A seventh tube containing only diluent served as the blank.

To reduce reagent consumption and accommodate the limited standard volume remaining from

earlier steps, the protocol was modified to use 150 µL of standard and 150 µL of diluent per dilution

step. This adjustment maintained the same dilution factor and produced a standard curve that was

consistent and fell within expected ranges during subsequent absorbance readings.

For the assay, 100 µL of standards, blanks, and duplicate samples were added to the desig-

nated wells, as illustrated in Figure 3.3. The plate was sealed with the provided plate sealer and

incubated for 90 minutes at 37◦C. After incubation, the plate was aspirated, and 100 µL of Bi-

otinylated Detection Antibody Working Solution was added to each well. The plate was resealed

and incubated for an additional 60 minutes at 37◦C.

Following this, the plate was aspirated and washed three times with 350 µL of 1 × Wash Buffer,

allowing the buffer to sit in the wells for one minute before each aspiration. After the third wash,

100 µL of HRP Conjugate Working Solution was added to each well, and the plate was incubated

for 30 minutes. The plate was then aspirated and washed five times using the same procedure.
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Figure 3.1: Fibronectin ELISA plate layout for a single experiment containing a standard curve (purple),

plastic control (light pink), plastic TNF-α (dark pink), soft gel control (light blue), soft gel TNF-α (dark

blue), stiff gel control (light green), stiff gel TNF-α (dark green), recombinant MMP-3 (orange), and un-

treated culture media (red). All samples were performed in duplicate.

After the final wash, 90 µL of Substrate Reagent was added to each well. The plate was

resealed and incubated for approximately 15 minutes, protected from light. Once sufficient color

development was observed, 50 µL of Stop Solution was added to each well in the same order as the

substrate addition, halting the enzymatic reaction and changing the color from blue to yellow. The

plate was gently tapped to mix, and absorbance was immediately read at 450 nm using a microplate

reader.

Raw absorbance values were exported to Excel for analysis. Standard curves were generated

and equations solved using the same approach as described in the MMP-3 ELISA analysis.

3.2.6 Results

The results obtained from this portion of the study were ultimately inconclusive, as the adapted

in vitro assay failed to yield consistent or interpretable measurements of fibronectin degradation.

Significant variability across replicates, combined with insufficient assay sensitivity, limited the

ability to directly evaluate enzymatic activity within the MSC secretome under controlled con-

ditions. These technical challenges likely stemmed from a combination of factors, including the
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complexity of extracellular matrix protein degradation, potential interference from assay compo-

nents, and constraints associated with recapitulating proteolytic dynamics in simplified in vitro

systems.

Given these limitations, further optimization of the assay was deemed impractical within the

scope of the study. Consequently, the experimental focus shifted toward in vivo models, where

the biological activity of the MSC secretome could be assessed within a physiologically relevant

microenvironment that more accurately reflects native matrix remodeling processes. This transi-

tion enabled evaluation of secretome function in the context of endogenous enzymatic regulation,

cell–matrix interactions, and tissue-level feedback mechanisms that are difficult to replicate in

vitro. While the in vitro findings did not permit definitive conclusions regarding fibronectin degra-

dation, they informed the strategic decision to prioritize in vivo experimentation as a more robust

and biologically meaningful approach for characterizing MSC-mediated matrix remodeling.

3.3 Discussion

The quantification of MMP-3 levels in culture media using ELISA revealed that a combina-

tion of gel encapsulation and the presence of an inflammatory factor (TNF-α) is necessary for

significant upregulation of MMP-3. These results suggest that modifying the MSC microenviron-

ment, particularly through mechanical confinement and inflammatory signaling, can influence cell

behavior and cytokine output—specifically MMP-3, as observed in this study.

These findings align with previous studies, such as those by Wong et al., which report that

mechanobiological interventions can enhance cytokine secretion from MSCs8,9,10. Such evidence

supports the broader concept that mechanobiology can be leveraged to tailor MSC behavior, po-

tentially enabling therapeutic modulation of the microenvironment in regenerative medicine appli-

cations.

Although MMP-3 concentrations were successfully measured, the assay does not provide in-

formation regarding enzyme activation state11. This distinction is important because MSC-derived

MMP-3 is typically secreted as an inactive zymogen that must undergo activation before partic-
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ipating in matrix degradation5,7. Therefore, elevated MMP-3 levels do not necessarily indicate

increased proteolytic activity. Active MMP-3 can cleave several matrix components, including fi-

bronectin, collagen, and gelatin, and has been implicated in the regulation of fibrotic extracellular

matrix remodeling2,6,12

Given the established role of fibronectin as a precursor to collagen-rich fibrotic matrix forma-

tion1,2,3,4, enzymes capable of degrading fibronectin may influence fibrosis resolution. This rela-

tionship underscores the importance of assessing MMP-3 activity in addition to protein abundance.

Accordingly, the degradative capacity of activated MMP-3 toward fibronectin was examined in a

dedicated functional assay.

To address this limitation, multiple iterations of a commercially available fibronectin ELISA

were explored with the goal of adapting the assay to detect MMP–mediated degradation of fi-

bronectin. These efforts included modifications to assay conditions and detection strategies in-

tended to capture proteolytic breakdown products rather than total fibronectin content. Despite

extensive optimization attempts, the adapted assay failed to yield consistent or interpretable mea-

surements, thereby precluding reliable quantification of enzymatic activity within the MSC se-

cretome. The technical challenges encountered highlight the difficulty of repurposing endpoint

binding assays to assess dynamic extracellular matrix degradation processes in vitro.

Given these constraints, the study pivoted toward in vivo experimentation, where the functional

impact of the MSC secretome could be evaluated within a physiologically relevant tissue envi-

ronment. This approach enabled assessment of secretome activity in the context of native matrix

architecture, endogenous protease regulation, and complex cell–matrix interactions that are not

readily replicated in simplified in vitro systems. As such, the transition to in vivo studies provided

a more biologically informative framework for investigating MSC-mediated matrix remodeling.
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Chapter 4

Evaluate the Therapeutic Efficacy of Engineered

MSC Secretome on Rodent Muscle Fibrosis

4.1 Introduction

Following the inconclusive in vitro degradation assay results, the study transitioned to evalu-

ating the biological effects of the MSC secretome in vivo. Conditioned culture media enriched in

MSC-derived MMPs were directly injected into murine skeletal muscle to assess their impact on

tissue remodeling. Behavioral performance was quantified using AnyMaze to identify functional

changes following treatment. Muscle tissues were then harvested and analyzed using Masson’s

trichrome staining to assess collagen deposition and immunohistochemistry (IHC) to evaluate fi-

bronectin content, enabling detailed characterization of extracellular matrix (ECM) remodeling at

both the histological and molecular levels. Quantification of these histological results was per-

formed using custom ImageJ analysis code.

Histological analysis is a critical tool for evaluating tissue architecture, ECM composition, and

biological responses to engineered therapeutics and biomaterials. Both qualitative and quantita-

tive assessments provide insight into inflammatory, fibrotic, and regenerative processes that occur

following administration of novel treatments. In this chapter, trichrome staining and immunohis-

tochemistry are employed to examine collagen and fibronectin content in murine skeletal muscle

tissue, both before and after treatment with engineered MSC derived conditioned media.

By integrating molecular assays, in vivo behavioral analysis, and comprehensive histological

and immunohistochemical evaluation, this chapter establishes a framework for determining how

conditioned media derived from mechanically tuned, inflammation preconditioned MSCs may in-

fluence ECM turnover, reduce fibrosis, and promote muscle regeneration. Ultimately, these find-
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ings provide foundational evidence to inform future development of MSC based therapeutic strate-

gies targeting muscle fibrosis and tissue repair.

4.2 Animal Handling

All animal procedures were conducted in accordance with the guidelines established by Col-

orado State University (CSU) and were approved by the Institutional Animal Care and Use Com-

mittee (IACUC Protocol #7497). Female wild-type DBA (DBA/2J mice, JAX® Stock No. 000671;

The Jackson Laboratory, Bar Harbor, ME) and dystrophin-deficient mdx (D2.B10-Dmd mdx/J

mice, JAX® Stock No. 013141; Jackson Laboratory, Bar Harbor, ME) mice were used in this

study to evaluate baseline tissue responses. Mice were housed under standard laboratory condi-

tions with ad libitum access to food and water.

4.2.1 Home Cage Activity Monitoring Using AnyMaze

Adult female mice of both strains were used for all behavioral experiments. Home cage activity

was assessed using the animals’ standard home cages placed within an AnyMaze imaging enclo-

sure. Prior to testing, all mice were removed from their home cage and transferred to a temporary

holding cage with access to food and water. Loose bedding enrichment (e.g., paper shreds) was

removed to prevent interference with automated tracking.

A rectangular red plastic shelter (hut) was included in the cage, and a white laminated cover

was affixed to the top of the hut using double sided tape to improve contrast for video tracking.

The prepared cage was then placed inside the imaging unit, ensuring consistent positioning across

observations. Behavioral tracking was performed using AnyMaze software (Stoelting Co.). An

overhead mounted camera integrated within the imaging unit was used to capture video. Prior to

each experiment, the appropriate AnyMaze protocol for mouse cage monitoring was loaded, and

a new experiment file was created using a standardized naming convention including the study

name, experimental day, date, and operator initials.
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Animals were registered within the experiment file using unique animal identification numbers,

identifiable by ear notches. The apparatus boundaries were defined within AnyMaze by manually

adjusting the cage outline and hut region to match the visual field of the camera. A digital ruler

tool within the software was used to confirm accurate scaling of the cage dimensions.

For each observation, a background image of the empty cage was captured before introduc-

ing the animal. A new background image was obtained whenever the cage or apparatus position

was changed. Individual mice were then placed into the cage, and recording was initiated. Each

observation consisted of a 30 second acclimation period, followed by 10 minutes of continuous

automated tracking. During recording, care was taken to minimize external disturbances such as

movement, shadows, or excessive noise, as these can interrupt tracking. If animals attempted to

climb the cage walls, movement near the enclosure was minimized and corrected gently to prevent

escape without direct handling.

During the first minute of each observation, tracking accuracy was visually inspected in real

time by confirming that the software correctly labeled animal location and behavioral states (e.g.,

immobility, presence in hut). Observations with incorrect tracking (e.g., false detection of being “in

hut”) were stopped and either discarded or repeated following correction of the issue. Observations

were allowed to run to completion without interruption. Successful completion was indicated by

automatic termination of the test at the end of the recording period.

AnyMaze automatically quantified locomotor and activity related parameters throughout the

recording period. Behavioral outputs included time spent mobile versus immobile, spatial location

within the cage (including time spent in the hut), and general movement patterns. Behavioral

definitions and tracking parameters were consistent across all animals within an experiment.

At the conclusion of testing, AnyMaze experiment files were saved for downstream analysis,

and behavioral data were exported from the Results tab of AnyMaze as structured reports including

animal IDs, observation numbers, and summary statistics.
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4.2.2 Intramusuclar Injection of Engineered MSC Secretome

Following behavioral assessment using the AnyMaze tracking system, select cohorts of mice

received intramuscular injections of conditioned culture media. Animals were anesthetized prior

to injection to minimize discomfort and ensure consistent delivery. Each mouse received daily in-

tramuscular injections of 50 µL of conditioned culture media for a period of one week. Injections

were administered using sterile hypodermic needles suitable for small-animal applications, follow-

ing established institutional animal care and use protocols. This dosing regimen was designed to

evaluate the effects of the conditioned media on muscle and behavioral outcomes in vivo.

At designated endpoints, animals were euthanized using CO2 inhalation, followed by cervical

dislocation as a secondary method to ensure death, in accordance with humane euthanasia proto-

cols. Tissue samples, including calf and thigh muscles, were harvested immediately post-mortem

for histological analysis.

4.2.3 Isolation of Murine Skeletal Muscle Tissue

Following euthanasia, mice were briefly rinsed in 70% ethanol to reduce surface contaminants

and facilitate sterile tissue handling. Bilateral thigh and calf muscles were carefully excised for

histological analysis. In addition to skeletal muscle, other organs, including the heart, lungs, and

kidneys, were also harvested and preserved for future studies.

Excised tissues were immediately rinsed in HBSS to remove residual blood and debris. Sam-

ples were then placed into labeled histology cassettes and submerged in 10% neutral buffered

formalin (VWR, Cat. No. 89370-094) for fixation. Tissues were fixed for 48 hours at room tem-

perature to ensure adequate penetration and preservation of cellular and extracellular matrix struc-

tures prior to paraffin embedding and sectioning. This fixation duration was selected to optimize

tissue integrity and facilitate downstream histological staining and analysis.
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4.3 Histology

4.3.1 Tissue Processing

Tissue processing was performed using a Tissue-Tek VIP® 6 AI automated processor (Sakura

Finetek), following a standardized dehydration and clearing protocol. Samples underwent a graded

ethanol series for dehydration, consisting of sequential immersions in 70%, 80%, 80%, 95%, 95%,

100%, 100%, and 100% ethanol, with each step lasting 90 minutes to ensure thorough removal of

water content. This was followed by two xylene treatments, each for 90 minutes, to clear residual

ethanol and prepare tissues for paraffin infiltration.

Subsequently, tissues were immersed in four consecutive paraffin baths, each lasting 30 min-

utes, to allow complete infiltration of paraffin wax. This extended paraffin exposure was imple-

mented to enhance tissue preservation and ensure optimal embedding quality for downstream sec-

tioning and histological analysis.

4.3.2 Tissue Embedding

Following tissue processing, paraffin-infiltrated tissue cassettes were transferred from the au-

tomated processor to the Leica EG1150 H embedding station for manual embedding. Embedding

molds were pre-warmed in a heated bath to maintain the paraffin in a molten state at approximately

60
◦C. Using a dispenser-operated nozzle, molten paraffin was dispensed into each mold to create

a base layer.

Tissues were carefully transferred into the molds using heated forceps, allowing precise orien-

tation to preserve anatomical structure for downstream histological analysis. The corresponding

labeled tissue cassette was placed atop the mold, and additional molten paraffin was dispensed to

fully encapsulate the tissue and ensure secure adhesion between the tissue and the cassette.

Once properly positioned, the modes were transferred to a cold plate maintained at approxi-

mately 10
◦C, facilitating rapid solidification of the paraffin and stabilization of tissue orientation.

After approximately 30 minutes, the solidified paraffin blocks were removed from the molds and

stored at room temperature until ready for microtomy and slide preparation.
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4.3.3 Tissue Sectioning

Paraffin-embedded tissue blocks were sectioned using a Leica RM2255 motorized rotary mi-

crotome. Each block was securely clamped into the universal cassette holder, and the specimen

was carefully oriented to align the cutting plane. Section thickness was set to 10 µm, a standard

thickness for histological analysis that balances structural integrity with staining clarity.

A disposable microtome blade was installed in the knife holder, and initial trimming was per-

formed manually to expose the tissue surface and create a smooth cutting face. Once this tissue

was exposed, serial sections were cut in continuous ribbons and gently transferred to a 40◦C warm

water bath containing Photoflo (Kodak), a wetting agent that reduces surface tension and helps

flatten the sections.

Flattened sections were then mounted onto positively charged glass microscope slides, with

two sections placed per slide to allow for comparative staining and analysis. Slides were left to

air dry overnight at room temperature to ensure proper adhesion of the tissue to the slide surface.

Once dried, slides were either stored in slide boxes at room temperature, or processed further for

histological staining procedures.

4.3.4 Masson’s Trichrome Staining

Masson’s Trichrome staining was performed to assess baseline collagen content in murine

thigh and calf muscles from mice aged 20 to 24 weeks. Both wild-type DBA mice and dystrophin-

deficient mdx mice were included in this analysis to compare normal and fibrotic muscle tissue

characteristics.

Prepared slides from previously sectioned paraffin-embedded tissues were deparaffinized using

a Leica Autostainer XL (ST5010; Leica Biosystems Nussloch GmbH). Slides were immersed in

xyline for six minutes, followed by a descending ethanol series (100%, 100%, 95%, 70%) to

rehydrate the tissue. Slides were then rinsed in distilled water for 5 minutes to complete the

deparaffinization process.
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Next, slides were incubated overnight at room temperature in Bouin’s Fixative (Epredia, Cat.

No. 22110621) to enhance staining intensity and tissue contrast. Following incubation, slides were

rinsed in distilled water for five minutes to remove residual fixative.

For nuclear staining, slides were immersed in 600 mL of a 1:1 mixture of Weigert’s Iron Hema-

toxylin Part A (Rankin Biomedical, Cat. No. N-6259A-16) and Part B (Ferric Chloride; Rankin

Biomedical, Cat. No. N-6259B-16) for seven minutes, followed by a five-minute rinse in run-

ning distilled water. Cytoplasmic and muscle fibers were stained red using Biebrich Scarlet-Acid

Fuchsin Stain (Cancer Diagnostics, Cat. No. SSC1052) for three minutes, then rinsed for three

minutes in running distilled water. To differentiate collagen fibers, slides were immersed in Phos-

phomolybdic/Phosphotungstic Acid (Rankin Biomedical, Cat. No. N-6165-16) for 12 minutes,

which selectively removes red dye from collagen. Slides were then transferred immediately to an

Aniline Blue solution (Cancer Diagnostics, Cat. No. SSC1048) for four minutes to stain collagen

fibers blue. Excess dye was removed with a three-minute rinse in distilled water, followed by a

one-minute immersion in 1% glacial acetic acid (Fisher Chemical, Cat. No. A38500; Certified

ACS grade, ≥ 99.7%) to enhance contrast. A final three-minute rinse in distilled water completed

the staining process.

Slides were then dehydrated in the Leica Autostainer XL using a graded ethanol series (95%,

100%, 100%, 100%) for one minute each, followed by a two-minute immersion in xylene. Cov-

erslipping was performed using an automatic coverslipper; in cases where manual coverslipping

was required, Cytoseal™ Mounting Medium (Richard-Allan Scientific, Cat. No. 23244257) was

used. Slides were allowed to dry overnight at room temperature before proceeding to microscopic

imaging and analysis.

4.3.5 Immunohistochemistry (IHC) Staining

Immunohistochemistry (IHC) staining was performed to assess fibronectin content in murine

thigh and calf muscles from mice aged 20 to 24 weeks. Both wild-type DBA mice and dystrophin-
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deficient mdx mice were included in this analysis to compare normal and fibrotic muscle tissue

characteristics.

Prepared slides from previously sectioned paraffin-embedded tissues were deparaffinized using

a Leica Autostainer XL (ST5010; Leica Biosystems Nussloch GmbH). Slides were immersed in

xylene for six minutes, followed by a descending ethanol series (100%, 100%, 95%, 70%) to

rehydrate the tissue. Slides were then rinsed in distilled water for 5 minutes to complete the

deparaffinization process.

Slides were immersed in phosphate buffered saline (PBS; Gibco™, Thermo Fisher Scientific,

Cat. No. 10010023) to prevent dehydration while proceeding to the next step. Slides were taken

one at a time from the PBS bath, and circles were drawn around each tissue sample on the slide

using a PAP pen hydrophobic barrier liquid blocker (Newcomer Supply, Middleton, WI, USA;

Part No. 6505). Circled tissue samples were then covered with 0.1% Triton™ X-100 (Thermo

Scientific Chemicals, Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. A16046.AE) for

10-15 minutes to encourage tissue permeability. Following this, slides were washed using HBSS

three times. Slides were then covered in 5% horse serum (Omega Scientific, Tarzana, CA, USA;

Cat. No. DH-07) for 1 hour to encourage the blocking of non-specific binding. After an hour, the

primary antibody (rabbit IgG; Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA; Cat.

No. PA5-29578) was diluted in HBSS to 1:500. One tissue sample of each sample was preserved

with no primary antibody, to be used as a negative control, while the rest of the samples received

the primary antibody dilution. Slides were then incubated overnight at 2− 8
◦C.

After overnight incubation, slides were retrieved and kept in the dark for the remainder of the

staining procedure. Slides were washed three times with Tween 0.1% (Ultra Pure; Thermo Scien-

tific, Waltham, MA, USA; Cat. No. AAJ20605AP), and then covered with a secondary antibody

(Goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor™ 488 (polyclonal;

Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. A-11008), and left to in-

cubate at room temperature for 2 hours. Following the two hour incubation period, the secondary

antibody was removed and slides were washed three times with Tween 0.1%, followed by a single
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HBSS wash. Slides were then covered in a 1:1000 DAPI (4’,6-diamidino-2-phenylindole; Invitro-

gen™, Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. D3571) to HBSS/Glycerol (ACS

grade; Macron™, Avantor, Radnor, PA, USA; Cat. No. MK-5092-200) mixture for staining of the

nuclei, followed by a glass coverslip. Slides were then immediately taken for imaging, with care

to protect them from light exposure.

4.3.6 Imaging

Dried slides were imaged using the Olympus VS200 Slide Scanner, which allows high-resolution

whole-slide imaging. Each slide was loaded into the scanner and imaged at 10 × magnification to

capture collagen or fibronectin deposition across the tissue sections.

Quantitative image analysis was performed using Fiji (ImageJ 2.14.0/1.53t; Schindelin et al.,

2012), an open-source image processing platform. The analysis focused on quantifying collagen

or fibronectin content in each tissue section. For collagen detection, after calibrating spatial res-

olution (1 pixel = 0.548 µm), images were converted to RGB format. A blank 8-bit black image

(collagenMask) was generated to store detected collagen pixels.

A custom macro (see Appendix C) iterated through each pixel, identifying tissue regions where

the sum of RGB values is less than 700 (excluding white background and black voids). Collagen

pixels were defined by a dominant blue channel using the condition:

• blue > red + 37 && blue > green + 37 && blue > 100

Detected collagen pixels were marked as white in the mask.

A duplicate of the original image (EditableOverlay) was created, and blue pixels (RGB: 0, 0,

255) were overlaid where collagen was detected. Manual editng was then performed to refine de-

tection, removing artifacts such as edge effects and pooled dye regions that could falsely indicate

collagen. After refinement, the macro recalculated tissue and and collagen pixel counts and com-

puted collagen percentage, collagen area, and total tissue area. Results were exported to Excel,

and a side-by-side comparison image was generated (see Figure 4.1), showing the original image

alongside the edited overlay with collagen highlighted in blue.
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Figure 4.1: Example comparison image generated from ImageJ code for collagen content analysis. Image

is of a 24-week mdx thigh, analyzed with a custom macro in Fiji (ImageJ).

For fibronectin quantitative image analysis, Fiji was also employed, but a different method had

to be used to use it with fluorescence capturing. The fluorescence analysis focused on quantifying

fibronectin content in each tissue section. After calibrating spatial resolution (1 pixel = 0.650 µm),

the threshold for tissue identification was set (ranging 1 to 5), and any pixel that was not entirely

black was turned white against a black background with the condition:

white = (255«16)+(255«8)+255; black = 0;

Image editing allowed for removal of non-tissue related pixels, such as the scale bar, to ensure

accurate tissue area count (tissueMask).

Following acceptance of the tissue mask, the threshold for green identification within the sam-

ple was determined by trial and error, with a range of 40-60 for the minGreen (raw brightness

cutoff) and 20-30 for the minExcess (green hue stronger than others). The user is able to change

threshold values repeatedly until satisfied with the amount of green being shown. Following this,

areas of green that may not be true fibronectin detection, such as areas of dye pooling or trapped

dye, can be removed.

The custom macro (see Appendix D) iterated through each pixel, identifying fibronectin (green)

pixels defined by a dominant green channel using the condition:
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Figure 4.2: Example comparison image generated from ImageJ code for fibronectin content analysis. Image

is of a 24-week untreated mdx thigh, analyzed with a custom macro in Fiji (ImageJ).

(g2>200 && r2<50 && b2<50)

Detected pixels were marked as green in the mask.

A duplicate of the original image (EditableOverlay) was created, and green pixels were overlaid

where fibronectin was detected. After refinement, the macro recalculated tissue and fibronectin

pixel counts and computed fibronectin percentage, area, and total tissue area, as well as a log of

the threshold values used for each image. Results were exported to Excel, and comparison images

were generated (see Figure 4.2), showing the original image alongside the tissue overlay, and the

edited overlay with fibronectin highlighted in green.

4.4 AnyMaze Results

In this study, a total of 16 female mice aged 20–24 weeks were evaluated. Animals were

divided into four groups (n = 4 per group): wild-type DBA mice without injection, wild-type

DBA mice receiving injection, dystrophin-deficient (mdx) mice without injection, and dystrophin-

deficient (mdx) mice receiving injection. Mice in the treatment groups received intramuscular

injections into the left thigh consisting of plain culture media, and an injection with conditioned

culture media (CCM) on their right thigh. The CCM was derived from the culture environment

surrounding bulk-encapsulated mesenchymal stem cells (MSCs), as described in Chapter 2.

Behavioral data were collected using the AnyMaze tracking system across an eight-day period,

consisting of one baseline measurement followed by seven consecutive days of monitoring. The
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software quantified multiple locomotor parameters, including mean and maximum velocity, total

distance traveled, and freezing duration. For the purposes of this analysis, distance traveled and

anti-clockwise turning behavior were selected due to their relevance and sensitivity to observed

differences between groups. All measurements were normalized to each animal’s Day 1 baseline

to account for inter-individual variability.

4.4.1 Distance Traveled

Locomotor activity, as assessed by total distance traveled, was evaluated over seven consecutive

testing days in both DBA and mdx mice, with and without treatment (Figure 4.3A). Wild-type

DBA mice exhibited relatively low and stable levels of locomotion throughout the study period

(blue and red). Importantly, administration of injections did not produce a substantial deviation

from this baseline pattern (red), indicating that treatment had minimal impact on locomotor output

in healthy animals.

In contrast, mdx mice (green and purple) demonstrated consistently elevated locomotor ac-

tivity relative to DBA controls. This increase is consistent with previously described behavioral

phenotypes associated with dystrophin deficiency, including altered muscle function and compen-

satory movement patterns. Among mdx mice, treatment appeared to modulate activity in a distinct

manner. Treated mdx mice (green) displayed notably higher and more variable locomotor activity,

particularly during the early testing days, suggesting a transient enhancement or dysregulation of

movement. In comparison, untreated mdx mice (purple) exhibited more constrained and compara-

tively stable activity levels over time.

Across all experimental groups, a gradual decline in activity was observed over repeated testing

days. This trend may reflect habituation to the testing environment or reduced exploratory drive

with repeated exposure. Notably, however, treated mdx mice maintained greater variability despite

this overall downward trend, which may indicate underlying changes in neuromuscular function or

behavioral responsiveness.
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4.4.2 Anti-Clockwise Turning Behavior

Anti-clockwise turning behavior was also quantified to assess directional bias, motor coordina-

tion, and potential asymmetries in movement (Figure 4.3B). This parameter is less intuitive than

gross locomotion but provides insight into lateralized motor function and stereotyped movement

patterns. Increased anti-clockwise turning is generally indicative of leftward turning bias, which

may arise from asymmetries in muscle strength, coordination, or neural control.

Wild-type DBA mice (blue and red) exhibited low to moderate levels of turning behavior with

modest variability across days. Similar to the distance traveled results, treatment (red) did not

significantly alter turning patterns in this group, suggesting preserved motor symmetry and coor-

dination in healthy animals regardless of injection.

In contrast, mdx mice (green and purple) displayed a marked increase in anti-clockwise turning

behavior compared to DBA controls. This finding is consistent with impaired motor coordination

and potential asymmetrical muscle function associated with dystrophin deficiency. Within the mdx

cohort, treated animals (green) showed particularly elevated and more variable turning behavior

across the testing period. Untreated mdx mice (purple), while still showing increased turning

relative to DBA mice, exhibited more constrained and consistent values.

The enhanced turning bias observed in treated mdx mice may reflect treatment-induced mod-

ulation of limb function. Given that CCM injections were administered unilaterally to the right

hindlimb, these findings suggest that localized changes in muscle strength, stiffness, or coordina-

tion could contribute to altered movement symmetry. This asymmetry may manifest behaviorally

as increased directional turning, particularly during exploratory activity.

Overall, these results demonstrate clear strain-dependent differences in both locomotor activ-

ity and turning behavior, with mdx mice exhibiting greater movement variability and asymmetry

compared to wild-type controls. Furthermore, treatment with CCM appears to selectively influ-

ence behavioral outputs in mdx mice, potentially enhancing or altering neuromuscular function in

a manner that is not observed in healthy animals.
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Figure 4.3: AnyMaze Results of sixteen 20 -24 week female mice divided into four groups (n = 4 per group):

wild-type DBA mice without injection, wild-type DBA mice receiving injection, dystrophin-deficient (mdx)

mice without injection, and dystrophin-deficient (mdx) mice receiving injection. (A) Distance traveled.

Wild-type DBA mice exhibited low and stable levels of locomotion, mdx mice demonstrated consistently

elevated locomotor activity relative to DBA controls. Treated mdx mice displayed notably higher and more

variable locomotor activity, while untreated mdx mice exhibited more stable activity levels. (B) Anti-

clockwise turning behavior. DBA mice exhibited low to moderate levels of turning behavior with modest

variability. mdx mice displayed a marked increase in anti-clockwise turning behavior, and treated animals

showed particularly elevated and more variable turning behavior across the testing period. Untreated mdx

mice exhibited more constrained and consistent values compared to treated mdx mice.

To determine whether these behavioral differences are associated with underlying structural or

cellular changes, subsequent histological analyses were performed.

4.5 Fibronectin Deposition After Engineered MSC Treatment

To evaluate fibronectin deposition, histological samples were obtained from the same cohort of

16 treated and untreated DBA and dystrophin-deficient (mdx) mice. Muscle sections were stained

using immunohistochemistry (IHC) to detect fibronectin and imaged under consistent acquisition

settings. Images were analyzed using a custom ImageJ macro, which enabled standardized thresh-

olding and included steps to remove background signal and false-positive detection. Fibronectin-

positive regions were identified based on green fluorescence intensity, and the proportion of pos-

itive staining was calculated relative to total tissue area, yielding a percentage-based measure of

fibronectin content.

The resulting quantification from all samples was then compiled and visualized graphically to

assess differences in fibronectin deposition between treated and untreated wild-type and dystrophin-
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deficient mice. Statistical analyses were performed to determine the presence of significant differ-

ences between groups.

4.5.1 Baseline Comparison: mdx vs. DBA

Before evaluating treatment effects, we first characterized baseline differences in fibronectin

deposition between dystrophin-deficient (mdx) and wild-type (DBA) mice. Both thigh and calf

muscles were analyzed to determine whether fibrotic pathology varied between muscle groups.

A two-way ANOVA revealed significant effects of genotype (F(1,12) = 26.15, p = 0.0003) and

muscle group (F(1,12) = 99.52, p < 0.0001), as well as a significant interaction between genotype

and muscle (F(1,12) = 17.87, p = 0.0012), indicating that the extent of fibrosis depends on both

disease state and muscle type.

Post hoc analysis confirmed that mdx mice exhibited significantly higher fibronectin content

than DBA controls in both muscles. This difference was present in the thigh (p = 0.0074) and

was even more pronounced in the calf (p < 0.0001). Additionally, fibronectin levels in mdx mice

were significantly higher in the calf compared to the thigh (p = 0.0001), whereas no difference was

observed between muscles in DBA mice (p = 0.9214).

Together, these results as shown in Figure 4.4A establish a clear disease baseline, with mdx

mice exhibiting elevated fibronectin deposition and the calf muscle representing a more severely

affected region. The presence of a significant interaction further supports analyzing thigh and calf

muscles separately when assessing treatment effects.

4.5.2 Treatment Effects in Thigh Muscle

Given the baseline differences we observed, we next examined treatment effects specifically in

the thigh muscle (Figure 4.4B), which was also the site of intramuscular injection.

A one-way ANOVA revealed a significant effect of treatment condition on fibronectin con-

tent (F(5,18) = 11.04, p < 0.0001). Variance testing indicated no significant differences between

groups (Brown–Forsythe p = 0.0790; Bartlett’s p = 0.1314), supporting the validity of the analysis.

Tukey’s multiple comparisons test was used for post hoc evaluation.
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In mdx mice, conditioned media (CCM; M) produced a significant improvement relative to

both untreated (U) and regular culture media (CM; C) controls, with fibronectin levels significantly

reduced compared to mdx untreated (p = 0.0007) and mdx CM (p = 0.0033). In contrast, no

significant difference was observed between mdx untreated and mdx CM groups (p = 0.9739),

indicating that standard culture media alone does not significantly impact fibronectin deposition.

Notably, fibronectin levels in mdx mice treated with CCM were no longer significantly different

from DBA controls (p > 0.9999), suggesting that treatment restores fibronectin content to near

baseline levels.

In contrast, DBA thigh muscle did not exhibit a detectable treatment response. No significant

differences were observed between DBA untreated (U), CM (C), and CCM (M) groups (all p > 0.8),

indicating that fibronectin levels remain low and stable in healthy muscle regardless of treatment.

Overall, the effect in thigh muscle was present but modest, consistent with the lower baseline

disease severity observed in this muscle compared to the calf. While we observed a measurable

treatment response in the thigh, the magnitude of change was limited relative to more severely

affected tissue.

While we observed a measurable treatment response in thigh muscle, baseline data indicated

that the calf muscle was more severely affected in mdx mice. We therefore next focused on the

calf muscle to determine whether disease severity influences responsiveness to conditioned media,

and whether treatment effects extend beyond the immediate injection site to impact distal muscle

regions.

4.5.3 Treatment Effects in Calf Muscle

Although the thigh was the injection site, our baseline analysis showed that calf muscle was

more severely affected in mdx mice. We therefore examined treatment effects in the calf muscle to

determine whether increased disease severity influences responsiveness to conditioned media, and

whether treatment effects extend beyond the immediate injection site (Figure 4.4C).
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A one-way ANOVA revealed a significant effect of treatment condition on fibronectin content

in calf muscle (F(5,18) = 9.574, p = 0.0001). Assumptions of equal variance were satisfied, as in-

dicated by non-significant Brown–Forsythe (p = 0.9660) and Bartlett’s (p = 0.9767) tests. Tukey’s

multiple comparisons test was therefore used for post hoc analysis.

Consistent with baseline findings, mdx untreated (U) mice exhibited significantly elevated fi-

bronectin levels compared to DBA controls (DBA untreated vs. mdx untreated, p = 0.0001), con-

firming the presence of more severe fibrotic pathology in the calf muscle.

When we examined treatment effects in mdx mice, conditioned media produced a robust im-

provement. Fibronectin levels were significantly reduced in the mdx CCM (M) group compared to

mdx untreated (U) animals (p = 0.0007), indicating a strong anti-fibrotic effect. In contrast, culture

media (CM; C) alone produced only a partial effect, with mdx CM showing a modest reduction

relative to mdx untreated (p = 0.0371), but remaining elevated overall. Importantly, the differ-

ence between mdx CM and mdx CCM was not statistically significant (p = 0.4400), suggesting

variability in response or a less consistent effect of CM treatment.

Notably, fibronectin levels in mdx mice treated with CCM were no longer significantly different

from DBA groups (e.g., DBA untreated vs. mdx CCM, p = 0.9530), indicating substantial normal-

ization of ECM composition in this more severely affected muscle. In contrast, DBA mice again

did not exhibit a detectable treatment response. No significant differences were observed between

DBA untreated, CM, and CCM groups (all p > 0.7), consistent with the stable, low fibronectin

levels observed in healthy tissue.

Overall, conditioned media produced a stronger effect in the calf muscle compared to the thigh

and is shown in Figure 4.4C, consistent with the higher baseline disease severity in this region.

This suggests that treatment efficacy may be influenced by the extent of pre-existing fibrosis. Fur-

thermore, the presence of a treatment effect in the calf, despite it not being the injection site,

indicates that conditioned media effects are not strictly localized, but instead reflect broader tissue-

level remodeling.
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Figure 4.4: Quantification of fibronectin deposition in thigh and calf muscles across DBA and mdx mice

following treatment. (A) mdx mice showed significantly elevated fibronectin compared to DBA controls at

baseline, with greater severity in calf muscle. (B) In the thigh, conditioned culture media (M) significantly

reduced fibronectin levels in mdx mice relative to untreated (U) and culture media (C) groups, resulting

in values comparable to DBA controls, while CM alone had no significant effect. (C) In the calf, CCM

produced a more pronounced reduction in fibronectin, consistent with increased baseline disease severity,

whereas CM showed only partial or variable effects. No significant treatment effects were observed in DBA

mice. Data are normalized to baseline and presented as mean ± [SEM/SD]; significance determined by one-

or two-way ANOVA with Tukey’s multiple comparisons test

Fibronectin is an early ECM component associated with tissue remodeling and, as discussed

previously, often precedes and organizes collagen fibrillogenesis. To determine whether the condi-

tioned media effects extend beyond early ECM changes, we next examined collagen deposition.

4.6 Collagen Deposition After Engineered MSC Treatment

Collagen content provides insight into fibrotic remodeling and long-term tissue architecture,

representing a later stage of extracellular matrix (ECM) deposition compared to fibronectin. To

determine whether the effects observed in fibronectin extend to more mature fibrotic outcomes,

collagen content was quantified in vivo using the same cohort of treated and untreated DBA and

dystrophin-deficient (mdx) mice.
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Muscle sections from both thigh and calf were stained using Masson’s trichrome, in which col-

lagen is visualized in blue. Slides were imaged under consistent acquisition settings and analyzed

using a custom ImageJ macro, optimized for collagen detection. This macro enabled standardized

thresholding and included steps to remove background signal and false-positive detection.

The resulting quantification was expressed as the percentage of collagen-positive area relative

to total tissue area. These values were compiled across all groups and visualized graphically to

assess differences in collagen deposition between treated and untreated wild-type and dystrophin-

deficient mice. Statistical analyses were performed to determine the presence of significant differ-

ences between groups.

4.6.1 Baseline Comparison: mdx vs. DBA

We first examined baseline collagen deposition as a readout of fibrotic extracellular matrix

remodeling. A two-way ANOVA revealed a significant main effect of genotype (F(1,12) = 41.75,

p < 0.0001) and a significant interaction between genotype and muscle group (F(1,12) = 4.890, p

= 0.0472), while the main effect of muscle group alone was not statistically significant (F(1,12) =

4.386, p = 0.0581). These results indicate that collagen deposition is strongly driven by disease

status, with muscle-specific differences emerging in the context of dystrophy.

As expected, mdx muscle exhibited substantially higher collagen levels than DBA controls,

confirming pronounced baseline fibrosis. Post hoc analysis further demonstrated that this increase

was significant in both muscle groups. In the thigh, mdx mice showed significantly elevated colla-

gen compared to DBA controls (p = 0.0003), and a similar difference was observed in the calf (p

= 0.0469).

Importantly, a muscle-dependent effect was observed within mdx mice. Collagen deposition

in mdx thigh muscle was significantly higher than in mdx calf muscle (p = 0.0439), indicating

regional variation in fibrotic severity. In contrast, DBA muscles remained uniformly low, with no

significant difference between thigh and calf (p = 0.9998).
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Additional comparisons supported this pattern, with mdx thigh muscle exhibiting significantly

higher collagen levels than DBA calf muscle (p = 0.0003), further highlighting the magnitude of

dystrophic remodeling.

Together, these findings shown in Figure 4.5A demonstrate that baseline fibrotic burden is

strongly disease-dependent and exhibits muscle-specific variation in mdx mice. While overall

differences between muscle groups were modest at the main-effect level, the significant interaction

underscores that muscle type influences collagen deposition specifically in the presence of disease.

Given these muscle-specific differences in baseline fibrosis, we next asked whether conditioned

media alters collagen deposition differently across muscles.

4.6.2 Treatment Effects in Thigh Muscle

With the elevated baseline collagen deposition observed in mdx thigh muscle, we next assessed

whether treatment could modulate fibrotic remodeling at this site.

A one-way ANOVA revealed a significant effect of treatment condition on collagen content

(F(5,18) = 21.66, p < 0.0001). While the Brown–Forsythe test was not significant (p = 0.2464),

Bartlett’s test indicated unequal variances (p < 0.0001), suggesting some heterogeneity across

groups. Despite this, the overall ANOVA remained highly significant, and Tukey’s multiple com-

parisons test was used for post hoc evaluation.

Consistent with baseline findings, mdx mice exhibited significantly elevated collagen deposi-

tion compared to DBA controls across all conditions (all p ≤ 0.0327), confirming persistent fibrotic

remodeling in dystrophic muscle.

When examining treatment effects within mdx mice, conditioned culture media (CCM; M) pro-

duced a reduction in collagen deposition relative to culture media (CM; C) (p = 0.0117). However,

CCM did not significantly reduce collagen compared to untreated mdx muscle (p = 0.1570), and

CM alone also did not differ significantly from untreated mdx (p = 0.7690). These findings indi-

cate that while CCM provides some improvement relative to CM, it does not fully reverse collagen

accumulation in dystrophic thigh muscle.
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Importantly, collagen levels in mdx CCM-treated mice remained significantly higher than DBA

controls (all p ≤ 0.0327), further supporting that treatment does not restore collagen deposition to

baseline levels in this muscle.

In contrast, DBA thigh muscle remained low in collagen across all treatment conditions (U,

C, M), with no significant differences observed between groups (all p > 0.9999), confirming that

treatment does not alter ECM composition in healthy tissue.

Overall, these results illustrated in Figure 4.5B suggest that conditioned media partially at-

tenuates fibrotic remodeling in dystrophic thigh muscle, rather than fully normalizing collagen

deposition. Compared to the fibronectin findings, where CCM restored levels to those of DBA

controls, the more limited effect observed here is consistent with collagen representing a later

stage of fibrosis that may be less readily reversible. We anticipate that these trends may become

more robust with increased sample size in future studies.

In contrast to fibronectin, baseline collagen deposition was higher in mdx thigh than in calf

muscle. We therefore next focused on the calf muscle to assess whether collagen remodeling is

similarly responsive to treatment in a less fibrotic tissue environment, and to evaluate potential

non-local effects of conditioned media.

4.6.3 Treatment Effects in Calf Muscle

In contrast to thigh muscle, collagen deposition in calf muscle appeared to be driven primar-

ily by disease status rather than treatment. A one-way ANOVA revealed a significant effect of

treatment condition (F(5,18) = 6.020, p = 0.0019). However, tests for equal variance were signifi-

cant (Brown–Forsythe p < 0.0001; Bartlett’s p < 0.0001), indicating substantial variability across

groups, which should be considered when interpreting post hoc comparisons.

Consistent with baseline findings, mdx mice exhibited elevated collagen levels compared to

DBA controls. Post hoc analysis indicated that this difference reached significance in some com-

parisons (e.g., DBA untreated vs. mdx CM, p = 0.0263), while others approached but did not reach
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significance (e.g., DBA untreated vs. mdx untreated, p = 0.0930; DBA untreated vs. mdx CCM, p

= 0.0516), reflecting variability within the dataset.

When examining treatment effects within mdx mice, no significant differences were observed

between untreated (U), CM-treated (C), and CCM-treated groups (M) (all p > 0.98). This indicates

that neither conditioned media nor culture media significantly altered collagen deposition in calf

muscle. In contrast, DBA mice remained uniformly low in collagen across all treatment conditions

(U, C, M), with no significant differences observed (all p > 0.9999), consistent with the stable

ECM profile of healthy tissue.

Overall, these findings illustrated in Figure 4.5C suggest that fibrotic remodeling in calf muscle

is less responsive to treatment compared to the thigh. Despite evidence of elevated collagen in

mdx mice, conditioned media did not significantly reduce collagen levels relative to untreated or

culture media-treated groups. This may reflect differences in matrix maturity, turnover dynamics,

or therapeutic accessibility within the calf muscle microenvironment.

Together, these data indicate that collagen remodeling exhibits muscle-dependent treatment

sensitivity, with partial modulation observed in thigh muscle but a more treatment-resistant fibrotic

profile in calf muscle.
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Figure 4.5: Collagen deposition in thigh and calf muscles of DBA and mdx mice with and without treatment.

(A) At baseline, mdx mice exhibited significantly higher collagen content compared to DBA controls, with

a muscle-dependent pattern in which thigh muscle showed greater collagen accumulation than calf. (B) In

thigh muscle, conditioned culture media (M) partially reduced collagen deposition relative to culture media

(C), but did not significantly differ from untreated (U) mdx, indicating incomplete reversal of fibrosis. (C) In

calf muscle, collagen levels were primarily driven by disease status, with no significant differences observed

between treatment conditions in mdx mice. DBA mice remained low in collagen across all groups. Data

represent mean ± [SEM/SD]; statistical significance determined by ANOVA with Tukey’s post hoc test (p <

0.05).

4.7 Discussion

In this study, a total of 16 female mice aged 20–24 weeks were evaluated and divided into four

groups (n = 4 per group): wild-type DBA mice without injection, wild-type DBA mice receiving

injection, dystrophin-deficient (mdx) mice without injection, and dystrophin-deficient (mdx) mice

receiving injection. Mice in the treatment groups received intramuscular injections into the left

thigh consisting of culture media, as well as conditioned culture media (CCM) in the contralat-

eral thigh. The CCM was derived from the culture environment surrounding bulk-encapsulated

mesenchymal stem cells (MSCs), as described in Chapter 2.
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Behavioral data were collected using the AnyMaze tracking system to assess locomotor ac-

tivity, including distance traveled and anti-clockwise turning behavior. Wild-type DBA mice

exhibited low and stable levels of locomotion throughout the testing period, whereas mdx mice

demonstrated consistently elevated locomotor activity relative to DBA controls. Treated mdx mice

displayed higher and more variable activity levels, particularly during early testing days, while

untreated mdx mice exhibited more stable locomotion.

These findings suggest that conditioned media influences movement behavior, indicating a bio-

logical effect on neuromuscular function. However, the increased activity and variability observed

in treated mdx mice likely reflect a combination of altered muscle function, compensation, or adap-

tation over time, rather than a direct measure of improved muscle performance. The early increase

in activity may represent an initial response to treatment, while the variability across animals sug-

gests heterogeneous effects. As such, behavioral changes should be interpreted cautiously and in

conjunction with histological outcomes to better assess therapeutic impact.

Analysis of turning behavior revealed a similar trend. DBA mice showed low to moderate turn-

ing behavior with limited variability, while mdx mice exhibited increased anti-clockwise turning,

indicative of altered coordination or asymmetry in movement. Treated mdx mice displayed greater

variability and elevated turning behavior compared to untreated mdx mice, suggesting that treat-

ment may influence movement patterns, potentially through localized changes in muscle function.

However, several limitations are associated with the AnyMaze behavioral analysis. Behavioral

outputs such as distance traveled and turning behavior provide quantitative measures of locomo-

tion, but do not directly explain the underlying biological mechanisms1,2. Observed changes may

reflect a combination of muscle function, compensatory movement strategies, or behavioral fac-

tors such as stress or habituation2,3,4. Additionally, behavioral data are sensitive to experimental

conditions including lighting, handling, and time of day, although efforts were made to standardize

these variables5,6,7.

DBA mice are known to display distinct behavioral phenotypes, including heightened stress

responsiveness and increased excitability, which can contribute to variability in experimental out-
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comes and make repeated handling more difficult, particularly under conditions of repeated testing

or environmental change8,9. Furthermore, the relatively small sample size increases variability

across groups. Importantly, AnyMaze captures whole-animal movement and cannot resolve limb-

specific contributions, which is a key limitation given the localized nature of the intramuscular

injections. For this reason, histological analyses were included to provide tissue-level insight into

the observed behavioral changes.

Histological analysis of fibronectin and collagen deposition aligned with the established pathol-

ogy of Duchenne muscular dystrophy (DMD), in which the absence of dystrophin leads to progres-

sive degeneration and fibrosis10,11,12. Statistical analyses were performed using one-way or two-

way ANOVA depending on the experimental design, followed by Tukey’s post-hoc tests when ap-

propriate. These analyses demonstrated that genotype exerted a dominant effect on both fibronectin

and collagen deposition, consistent with the fibrotic progression observed in dystrophin-deficient

muscle10,11,13.

Baseline fibronectin analysis revealed significantly elevated deposition in mdx mice compared

to DBA controls, with the calf muscle representing a more severely affected region. The pres-

ence of a significant interaction between genotype and muscle group supports the importance of

evaluating muscle types independently. Treatment with conditioned media resulted in a measur-

able reduction in fibronectin in mdx mice, with a modest effect observed in the thigh and a more

pronounced response in the calf. Notably, this effect was observed even in the non-injected calf

muscle, suggesting that conditioned media may exert broader tissue-level effects rather than acting

solely at the injection site. These findings indicate that treatment efficacy may be influenced by

baseline disease severity, with more fibrotic tissue exhibiting greater responsiveness.

Fibronectin serves as an early marker of extracellular matrix remodeling and plays a key role

in organizing collagen deposition14,15,16,17. To determine whether the effects of conditioned media

extend to later stages of fibrosis, collagen deposition was evaluated. Baseline collagen analysis

confirmed elevated fibrotic burden in mdx mice, with a significant dependence on both disease

status and muscle type.
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In the thigh muscle, conditioned media partially attenuated collagen deposition. While collagen

levels were reduced relative to culture media-treated groups, they remained elevated compared to

DBA controls and were not significantly different from untreated mdx mice. This contrasts with the

fibronectin results, in which conditioned media restored levels to those of healthy controls. These

findings suggest that while conditioned media effectively modulates early ECM remodeling, it has

a more limited impact on established fibrosis, consistent with collagen representing a later and

more stable stage of matrix deposition.

In contrast, collagen remodeling in the calf muscle was largely unresponsive to treatment.

Although mdx mice exhibited elevated collagen levels relative to DBA controls, no significant dif-

ferences were observed between untreated, culture media-treated, and conditioned media-treated

mdx groups. This suggests that fibrotic remodeling in the calf may be more resistant to thera-

peutic intervention, potentially due to differences in matrix maturity, turnover dynamics, or tissue

accessibility11,13.

Several limitations are associated with the histological analyses performed in this study. Both

IHC and Masson’s trichrome staining are semi-quantitative techniques, and results may be influ-

enced by staining variability or differences in image acquisition18,19,20,21. Although custom ImageJ

macros were used to standardize quantification and remove false positives, the analysis remains de-

pendent on thresholding parameters, introducing some degree of user bias. Additionally, histologi-

cal assessment represents two-dimensional sections of inherently heterogeneous three-dimensional

tissue, which may not fully capture regional variability in fibrosis22,23,24. The relatively small sam-

ple size further contributes to variability in the dataset. Finally, while fibronectin and collagen

provide valuable markers of ECM remodeling, these measures do not directly reflect functional

properties such as tissue stiffness or contractility.

Importantly, the limitations of histological and behavioral analyses are complementary. His-

tology provides detailed insight into tissue-level changes but lacks functional resolution, whereas

behavioral analysis captures functional outcomes but lacks mechanistic specificity. Together, these

approaches provide a more comprehensive understanding of treatment effects.
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Overall, these findings demonstrate that MMP-enriched conditioned media derived from hydrogel-

encapsulated MSCs can modulate fibrotic remodeling in dystrophic muscle, with pronounced ef-

fects on early ECM components such as fibronectin and more limited effects on established colla-

gen deposition. The therapeutic response appears to be both muscle-dependent and influenced by

baseline disease severity. These results support the potential of MSC-derived conditioned media as

a strategy to attenuate fibrosis in DMD, while also highlighting the need for further investigation

into optimizing treatment efficacy and understanding the mechanisms underlying ECM remodel-

ing.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

This project investigated the therapeutic potential of conditioned culture media derived from

mesenchymal stromal cells encapsulated within alginate hydrogels of tunable stiffness, with the

goal of modulating the MSC secretome to promote degradation of fibrotic tissue in Duchenne

Muscular Dystrophy. By varying calcium sulfate concentrations and characterizing mechanical

properties via rheometry, distinct soft and stiff hydrogel environments were established and used

to encapsulate MSCs in bulk alginate constructs.

Results from in vitro studies demonstrated that matrix stiffness plays a critical role in regulating

MSC behavior. In particular, softer hydrogel environments enhanced the expression of matrix met-

alloproteinases, including MMP-2, MMP-3, MMP-9, and MMP-10, which are key mediators of

extracellular matrix remodeling. Although MMP-3 expression did not significantly differ between

soft and stiff matrices under TNF-α stimulation, its overall upregulation, particularly in soft ma-

trices, remains notable given its established role in collagen remodeling and fibrotic progression.

These findings suggest that a compliant microenvironment may promote a more therapeutically

favorable secretory profile.

ELISA-based protein quantification further supported the gene expression data, confirming el-

evated MMP-3 secretion by encapsulated MSCs compared to traditional plastic culture conditions.

While stiffness-dependent differences in MMP-3 secretion were not significant under inflammatory

stimulation, the soft hydrogel condition remained advantageous due to its broader enhancement of

multiple MMPs. This suggests that modulation of matrix mechanics may influence not just indi-

vidual factors, but the overall composition of the MSC secretome, potentially enabling synergistic

effects on fibrotic tissue degradation.
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To assess the functional relevance of these findings, in vivo studies were conducted using wild-

type (DBA) and dystrophin-deficient (mdx) mice. Behavioral analysis using the AnyMaze tracking

system revealed that treated mdx mice exhibited increased anti-clockwise turning behavior, which

may reflect altered motor patterns or asymmetrical limb function. Given that injections were ad-

ministered locally, this observation may indicate improved function or strength in the treated limb,

although behavioral measures alone cannot definitively establish the underlying mechanism.

Histological analyses provided more direct evidence of ECM remodeling. Immunohistochem-

ical staining for fibronectin demonstrated a reduction in fibronectin deposition in muscles exposed

to CCM, indicating an effect on early-stage fibrotic processes. Subsequent Masson’s trichrome

staining revealed a decrease in collagen content in treated muscle, although these effects were more

modest and muscle-dependent. Together, these findings support a model in which CCM influences

early ECM remodeling and may partially attenuate the progression of fibrosis. Importantly, the

differential effects observed between fibronectin and collagen highlight a key insight of this study:

while CCM is effective at modulating early fibrotic markers, its ability to reverse established fi-

brosis is more limited. This suggests that timing and disease stage may be critical determinants

of therapeutic efficacy. Additionally, variation in response between muscle groups indicates that

local tissue environment and baseline disease severity play important roles in treatment outcomes.

Overall, these results demonstrate that MSC-derived conditioned media, particularly when gen-

erated within soft, biomimetic hydrogel environments, holds promise as a therapeutic strategy for

modulating fibrotic remodeling in DMD. By enhancing the secretion of matrix-degrading enzymes,

this approach offers a potential means of targeting fibrosis indirectly through cell-derived factors,

rather than requiring direct cell engraftment.

In conclusion, this study provides foundational evidence that engineering the microenviron-

ment of MSCs can be leveraged to direct their secretome toward anti-fibrotic outcomes. These

findings contribute to the broader development of biomaterial-based therapies for DMD and high-

light the potential of fibronectin-targeted and MMP-mediated strategies to mitigate fibrosis and

improve muscle tissue integrity.
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5.2 Future Work

Future work will focus on expanding both the scope and depth of this study to further evaluate

and optimize the therapeutic potential of MSC-derived conditioned media. Increasing sample size

will be a critical first step to improve statistical power and reduce variability across both behavioral

and histological outcomes. In parallel, refining delivery strategies, such as optimizing injection

frequency, dosage, and targeting, will be essential to enhance treatment consistency and efficacy.

Further characterization of the molecular mechanisms underlying ECM remodeling, particularly

the role of MMPs and their interactions with fibronectin and collagen, will also provide important

insight into how this therapy functions at a mechanistic level.

To better assess functional outcomes, future studies will incorporate additional assays of mus-

cle performance, including strength-based tests such as hanging or grip assays, as well as mea-

surements of muscle contractility. Longitudinal studies will also be implemented to evaluate the

progression of fibrosis over time and to determine whether conditioned media acts primarily to

prevent fibrosis, delay its progression, or reverse established tissue remodeling.

Building upon the current work, future efforts will expand to include primary cell isolation and

single-cell encapsulation using a microfluidic approach currently under development in the labo-

ratory. Emerging literature suggests that singly encapsulated or singly coated MSCs may exhibit

enhanced gene expression and improved therapeutic efficacy compared to bulk populations1,2. By

encapsulating individual MSCs within defined microenvironments, it may be possible to achieve

greater control over cell behavior and secretome composition.

These primary cells will be individually encapsulated and delivered in vivo using DBA and

mdx mouse models of DMD. Outcomes will be evaluated through a combination of behavioral

assays and histological analyses, including quantification of fibronectin and collagen deposition.

This approach aims to more closely mimic physiological cellular organization while improving the

consistency and potency of the therapeutic response.

Ultimately, future studies will compare the efficacy of this MSC-based conditioned media ap-

proach to existing or commercially available therapies for DMD. Such comparisons will be critical
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in determining the translational potential of this strategy and its viability as a competitive therapeu-

tic option. By integrating advances in biomaterials, cell engineering, and in vivo evaluation, this

work has the potential to contribute toward the development of more effective, targeted treatments

for fibrosis in dystrophic muscle.

109



References

[1] S. W. Wong et al. “Controlled Deposition of 3D Matrices to Direct Single Cell Functions”.

In: Advanced Science 7.20 (2020), p. 2001066. DOI: 10.1002/advs.202001066. URL: https:

//doi.org/10.1002/advs.202001066.

[2] S. W. Wong et al. “Inhibition of aberrant tissue remodelling by mesenchymal stromal cells

singly coated with soft gels presenting defined chemomechanical cues”. In: Nature Biomed-

ical Engineering 6.1 (2022), pp. 54–66. DOI: 10.1038/s41551-021-00740-x. URL: https:

//doi.org/10.1038/s41551-021-00740-x.

110



Appendix A

CTAB Bulk Mixture Recipe (100 mL)

1. 70 mL of solvent (RNase free H2O) put in graduated cylinder with a stir bar

2. Add 2 g CTAB

3. Add 2 g polyvinylpyrrolidone

4. Add 8.1816 g of NaCl

5. Add 1.576 g of Tris-HCl

6. Add .58498 g of EDTA

7. Wait until fully dissolved

8. Remove stir bar

9. Add RNase free water until reaches 99 mL

10. Put in 100 mL bottle

11. pH solution until it equals 8.0 (this is when it turns clear)

12. Autoclave

13. Add back stir bar

14. Add 1 mL B-mercaptoethanol
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Appendix B

MMP-3 Excel Standard Curves

Figure B.1: Excel-generated standard curves from the three MMP-3 ELISA experiments
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Appendix C

ImageJ Editable Collagen Macro

1 // ==========================

2 // Editable Collagen Macro (Original Tissue Colors + Blue Collagen)

3 // ==========================

4

5 // Define pixel size in micrometers

6 pixelSize = 0.548;

7 pixelArea = pixelSize * pixelSize;

8

9 // Adjustable darkness factor for right side overlay

10 darkenFactor = 0.5; // 0.7 = lighter, 0.3 = darker

11

12 dir = getDirectory("Choose folder with your image");

13 list = getFileList(dir);

14

15 csvPath = dir + "collagen_results.csv";

16 File.delete(csvPath);

17 File.append("ImageName,CollagenPixels,TissuePixels,CollagenPercent,

CollagenArea_um2,TissueArea_um2\n", csvPath);

18

19 setBatchMode(true);

20

21 for (i = 0; i < list.length; i++) {

22 if (endsWith(list[i], ".png") || endsWith(list[i], ".jpg") || endsWith(

list[i], ".tif")) {

23

24 open(dir + list[i]);

25 title = getTitle();

26 run("RGB Color");

27
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28 width = getWidth();

29 height = getHeight();

30

31 totalPixels = 0;

32

33 // --- Step 1: Count tissue pixels and identify initial collagen ---

34 newImage("collagenMask", "8-bit black", width, height, 1);

35 selectWindow(title);

36

37 for (y = 0; y < height; y++) {

38 for (x = 0; x < width; x++) {

39 value = getPixel(x, y);

40 r = (value & 0xff0000) >> 16;

41 g = (value & 0x00ff00) >> 8;

42 b = (value & 0x0000ff);

43

44 if (r + g + b < 700) { // tissue pixel

45 totalPixels++;

46 if (b > r + 37 && b > g + 37 && b > 100) {

47 selectWindow("collagenMask");

48 setPixel(x, y, 255); // mark collagen in mask

49 selectWindow(title);

50 }

51 }

52 }

53 }

54

55 // --- Step 2: Create editable overlay on top of original tissue ---

56 run("Duplicate...", "title=EditableOverlay");

57 selectWindow("EditableOverlay");

58

59 // packed RGB for blue

60 blue = (0<<16) + (0<<8) + 255;
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61

62 for (y = 0; y < height; y++) {

63 for (x = 0; x < width; x++) {

64 selectWindow("collagenMask");

65 maskVal = getPixel(x, y) & 0xff;

66 selectWindow("EditableOverlay");

67

68 if (maskVal > 0) {

69 setPixel(x, y, blue); // paint collagen blue

70 }

71 }

72 }

73

74 // --- Step 3: Let user manually edit collagen ---

75 setBatchMode(false);

76 waitForUser("Edit collagen areas directly on the overlay (blue on

tissue). Click OK when done.");

77 setBatchMode(true);

78

79 // --- Step 4: Recount collagen + tissue pixels after manual editing

---

80 bluePixels = 0;

81 newTotalPixels = 0;

82 selectWindow("EditableOverlay");

83

84 for (y = 0; y < height; y++) {

85 for (x = 0; x < width; x++) {

86 value = getPixel(x, y);

87 r = (value & 0xff0000) >> 16;

88 g = (value & 0x00ff00) >> 8;

89 b = (value & 0x0000ff);

90

91 if (r + g + b < 700) {
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92 newTotalPixels++;

93 }

94 if (b > r + 37 && b > g + 37 && b > 100) {

95 bluePixels++;

96 }

97 }

98 }

99

100 percent = (bluePixels / newTotalPixels * 100);

101 collagenArea = bluePixels * pixelArea;

102 tissueArea = newTotalPixels * pixelArea;

103

104 // --- Step 5: Save results to CSV ---

105 line = title + "," + bluePixels + "," + newTotalPixels + "," + d2s(

percent, 2) + "," + d2s(collagenArea, 2) + "," + d2s(tissueArea,

2) + "\n";

106 File.append(line, csvPath);

107

108 // --- Step 5b: Print to log ---

109 print("Image: " + title);

110 print("Edited Collagen (blue) pixels: " + bluePixels);

111 print("Original total tissue pixels: " + totalPixels);

112 print("Edited total tissue pixels: " + newTotalPixels);

113 print("Collagen %: " + d2s(percent, 2));

114 print("Collagen area (ÂţmÂš): " + d2s(collagenArea, 2));

115 print("Total Tissue area (ÂţmÂš): " + d2s(tissueArea, 2));

116 print("---------------------------");

117

118 // --- Step 6: Save overlay ---

119 saveAs("Tiff", dir + title + "_overlay.tif");

120

121 // --- Step 7: Side-by-side comparison ---

122 newImage("Comparison_" + title, "RGB black", width*2, height, 1);
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123

124 open(dir + list[i]);

125 title = getTitle();

126 selectWindow(title); run("Copy");

127 selectWindow("Comparison_" + title); makeRectangle(0,0,width,height);

run("Paste");

128

129 selectWindow(title +"_overlay.tif"); run("Copy");

130 selectWindow("Comparison_" + title); makeRectangle(width,0,width,

height); run("Paste");

131

132 // --- Darken right side but keep collagen bright ---

133 selectWindow("Comparison_" + title);

134 for (y = 0; y < height; y++) {

135 for (x = width; x < width*2; x++) {

136 value = getPixel(x, y);

137 r = (value & 0xff0000) >> 16;

138 g = (value & 0x00ff00) >> 8;

139 b = (value & 0x0000ff);

140

141 if (b > r + 37 && b > g + 37 && b > 100) {

142 newVal = (r<<16) + (g<<8) + b;

143 } else {

144 r = r * darkenFactor;

145 g = g * darkenFactor;

146 b = b * darkenFactor;

147 newVal = (r<<16) + (g<<8) + b;

148 }

149 setPixel(x, y, newVal);

150 }

151 }

152

153 // --- Step 8: Add labels ---
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154 setFont("SansSerif", 18, "bold");

155 setColor("yellow");

156 textX = width + 20; textY = 30;

157 drawString("Total Tissue Area: " + d2s(tissueArea, 2) + " ÂţmÂš",

textX, textY);

158 drawString("Collagen Area: " + d2s(collagenArea, 2) + " ÂţmÂš", textX,

textY + 25);

159 drawString("Collagen %: " + d2s(percent, 2) + "%", textX, textY + 50);

160

161 saveAs("Tiff", dir + "Comparison_" + title + ".tif");

162

163 // --- Step 9: Close images ---

164 close(title);

165 close("collagenMask");

166 close("EditableOverlay");

167 }

168 }

169

170 setBatchMode(false);

Listing C.1: Editable Collagen Macro used for quantifying and visualizing collagen content while

preserving original tissue colors.

118



Appendix D

ImageJ Editable Fibronectin Macro

1 // ==========================

2 // IHC GREEN MACRO: FINAL + SIDE-BY-SIDE OUTPUT + THRESHOLD LOGGING

3 // ==========================

4

5 // Pixel size

6 pixelSize = 0.650;

7 pixelArea = pixelSize * pixelSize;

8

9 // ==========================

10 // CHOOSE FOLDER

11 // ==========================

12 dir = getDirectory("Choose folder with your images");

13 list = getFileList(dir);

14

15 // Output folder

16 outDir = dir + "output_images/";

17 File.makeDirectory(outDir);

18

19 // CSV with thresholds logged

20 csvPath = dir + "ihc_results.csv";

21 File.delete(csvPath);

22 File.append("ImageName,MinGreen,MinExcess,GreenPixels,TissuePixels,

GreenPercent,GreenArea_um2,TissueArea_um2\n", csvPath);

23

24 // Defaults

25 minTissue = 30;

26 minGreen = 40; // starting faint-slide default

27 minExcess = 20;

28
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29 // ==========================

30 // LOOP

31 // ==========================

32 for (i = 0; i < list.length; i++) {

33

34 if (endsWith(list[i], ".png") || endsWith(list[i], ".jpg") || endsWith(

list[i], ".tif")) {

35

36 open(dir + list[i]);

37 title = getTitle();

38 run("RGB Color");

39

40 width = getWidth();

41 height = getHeight();

42

43 // ==========================

44 // TISSUE EDIT

45 // ==========================

46 adjustingTissue = true;

47 while (adjustingTissue) {

48

49 Dialog.create("Tissue Threshold - " + title);

50 Dialog.addNumber("Min Tissue Brightness:", minTissue);

51 Dialog.show();

52 minTissue = Dialog.getNumber();

53

54 run("Duplicate...", "title=TissuePreview");

55 selectWindow("TissuePreview");

56

57 white = (255<<16)+(255<<8)+255;

58 black = 0;

59

60 for (y=0; y<height; y++) {
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61 for (x=0; x<width; x++) {

62 v = getPixel(x,y);

63 r=(v&0xff0000)>>16; g=(v&0x00ff00)>>8; b=(v&0x0000ff);

64 bright=(r+g+b)/3;

65 if (bright>minTissue) setPixel(x,y,white);

66 else setPixel(x,y,black);

67 }

68 }

69

70 waitForUser("Edit tissue (WHITE), then OK.");

71 if (getBoolean("Use this tissue?")) {

72 adjustingTissue=false;

73 rename("FinalTissueMask");

74 } else {

75 close("TissuePreview");

76 }

77 }

78

79 // Store tissue mask

80 selectWindow("FinalTissueMask");

81 tissueMask = newArray(width*height);

82 index=0;

83 for (y=0;y<height;y++) {

84 for (x=0;x<width;x++) {

85 tissueMask[index++] = getPixel(x,y);

86 }

87 }

88

89 // ==========================

90 // GREEN EDIT

91 // ==========================

92 continuePreview=true;

93 while (continuePreview) {
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94

95 Dialog.create("Green Thresholds");

96 Dialog.addNumber("Min Green:", minGreen);

97 Dialog.addNumber("Min Green Excess:", minExcess);

98 Dialog.show();

99

100 minGreen = Dialog.getNumber();

101 minExcess = Dialog.getNumber();

102

103 selectWindow(title);

104 run("Duplicate...", "title=EditableOverlay");

105 selectWindow("EditableOverlay");

106

107 green = (0<<16)+(255<<8)+0;

108

109 for (y=0;y<height;y++) {

110 for (x=0;x<width;x++) {

111 v=getPixel(x,y);

112 r=(v&0xff0000)>>16; g=(v&0x00ff00)>>8; b=(v&0x0000ff);

113 bright=(r+g+b)/3;

114 if (bright>minTissue) {

115 gExcess=g-(r+b)/2;

116 if (g>minGreen && gExcess>minExcess)

117 setPixel(x,y,green);

118 }

119 }

120 }

121

122 waitForUser("Edit GREEN, then OK.");

123 if (getBoolean("Use this green?")) continuePreview=false;

124 else close("EditableOverlay");

125 }

126
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127 // Store overlay pixels

128 selectWindow("EditableOverlay");

129 overlayPixels = newArray(width*height);

130 index=0;

131 for (y=0;y<height;y++) {

132 for (x=0;x<width;x++) {

133 overlayPixels[index++] = getPixel(x,y);

134 }

135 }

136

137 // ==========================

138 // COUNTING

139 // ==========================

140 greenPixels=0;

141 tissuePixels=0;

142 index=0;

143

144 for (y=0;y<height;y++) {

145 for (x=0;x<width;x++) {

146

147 vT = tissueMask[index];

148 rT=(vT&0xff0000)>>16; gT=(vT&0x00ff00)>>8; bT=(vT&0x0000ff);

149

150 if (rT>200 && gT>200 && bT>200) { // tissue

151 tissuePixels++;

152

153 v = overlayPixels[index];

154 r2=(v&0xff0000)>>16; g2=(v&0x00ff00)>>8; b2=(v&0x0000ff);

155

156 if (g2>200 && r2<50 && b2<50) greenPixels++;

157 }

158 index++;

159 }
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160 }

161

162 if (tissuePixels==0) percent=0;

163 else percent=(greenPixels/tissuePixels)*100;

164

165 greenArea = greenPixels * pixelArea;

166 tissueArea = tissuePixels * pixelArea;

167

168 // ==========================

169 // LOG TO CSV (with thresholds)

170 // ==========================

171 File.append(title + "," + minGreen + "," + minExcess + "," +

172 greenPixels + "," + tissuePixels + "," +

173 d2s(percent,3) + "," +

174 d2s(greenArea,3) + "," +

175 d2s(tissueArea,3) + "\n", csvPath);

176

177 // ==========================

178 // SIDE-BY-SIDE OUTPUT

179 // ==========================

180 selectWindow(title);

181 run("Duplicate...", "title=OriginalCopy");

182 selectWindow("FinalTissueMask");

183 run("Duplicate...", "title=TissueCopy");

184 selectWindow("EditableOverlay");

185 run("Duplicate...", "title=GreenCopy");

186

187 run("Images to Stack", "name=Stack title=[] use");

188 run("Make Montage...", "columns=3 rows=1 scale=1");

189

190 saveAs("PNG", outDir + title + "_comparison.png");

191

192 // Cleanup
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193 close("*");

194 }

195 }

196

197 print("DONE. CSV + side-by-side images saved. Thresholds logged per slide.");

Listing D.1: Editable Fibronectin Macro used for quantifying and visualizing fibronectin content
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