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Introduction
Chronic, nonhealing wounds are considered 

a silent epidemic in the United States [1]. 
Affecting 1 in 6 Medicare beneficiaries, 
or 10.5 million people, these ailments cost 
an estimated $22.5 billion each year [1]. In 
addition, over 90 million patients undergo 
a surgical operation in the United States 
each year, and with every incision created, 
a wound is simultaneously created [2,3]. 
For these reasons, wound care expenditure 
in the US is substantial, with annual costs 
exceeding $148 billion [4]. Wound healing is 
a dynamic process occurring in four set stages 
and involving a complex interplay of multiple 
cell types and mechanisms. Disruption to any 
part of the wound healing process increases 
patient risk for surgical site infection (SSI) 
and surgical site complications (SSC), such as 
seroma and nonhealing wounds. Components 
that commonly alter or disrupt the wound 
healing process can be intrinsic or extrinsic. 
Intrinsic factors are patient dependent and 
include medical comorbidities such as 
diabetes mellitus, peripheral artery disease, 
kidney disease, obesity, and advanced 
age. Extrinsic factors commonly include 
smoking, alcoholism, and the presence of 
foreign materials, such as hardware or mesh. 
While this list is not exhaustive, all variables 
have the potential to disrupt wound healing 
despite appropriate medical management, 

contributing to poor outcomes, increased 
and prolonged pain, as well as excessive 
and unnecessary healthcare related costs. 
US census data estimates that the elderly 
population will surpass 94.7 million by 2060, 
suggesting that wound healing aberrancies will 
become an increasingly relevant issue in the 
coming years [5]. In an aging population with 
nearly 40 million individuals suffering from 
type 2 diabetes mellitus, data suggests that 
a considerable portion of the US population 
is at an increased risk for the patient specific 
and healthcare associated consequences of 
dysfunctional wound healing postoperatively 
[5,6]. Dynamic wound care solutions that 
augment tissue regeneration and reduce rates of 
infection are a promising strategy for patients 
at high risk for poor wound healing and the 
associated complications. The purpose of this 
article is to discuss the complex process of 
wound healing, as well as to identify and address 
areas of concern. The product XCelliStem® is, 
to the author’s knowledge, the only product that 
can appropriately intervene and augment the 
various pitfalls associated with wound healing, 
ultimately promoting tissue regeneration to 
a degree in which other products fall short. 
XCelliStem® is a multitissue platform (MTP) 
graft composed of 45% biphasic collagen 
and 55% unique bioactive molecules from an 
extracellular matrix (ECM) source. Another 
emerging organ derived matrix is liver 
extracellular matrix (LEM). As the body’s 
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only fully regenerative organ, the liver produces an ECM that 
is also uniquely rich in bioactive components, and the author 
anticipates that LEM will appear with increasing frequency 
in the literature. Collagen matrices dynamically interact with 
the wound bed and are able to stimulate ECM deposition by 
providing a scaffold that supports growth. In the past, ECMs 
were thought to operate solely as a structural framework; 
however, recent research shows that the bioactive proteins such 
as elastin, laminin, fibronectin, as well as a plethora of various 
growth factors, possess extensive cell signaling abilities for 
spatiotemporal modification of a multitude of cells. Following 
placement into a wound, ECMs modulate the inflammatory 
immune response and stimulate mononuclear cell infiltration 
at the site, thereby initiating, accelerating, and augmenting the 
complex process of tissue repair and remodeling, even in infected 
wound beds [7]. Most ECM matrices currently in practice are 
typically from single tissue sources and contain less than a 
10% concentration of biomolecules; therefore, they are unable 
to generate the robust immune and stem cell differentiation, 
modulation, mobilization, and proliferation as is seen with use 
of XCelliStem®. By aiding the healing process, minimizing 
bacterial colonization, and reducing scarring, XCelliStem® has 
been shown to effectively manage orthopedic trauma wounds, 
even in the setting of contaminated wound fields, avascular 
structures, hardware, and exposed bone and tendon. To the 
author’s knowledge, there is no other intervention that enhances 
the tissue’s innate wound healing ability by providing high 
concentrations of the constituents integral to the healing process 
directly to the wound site. It would stand to reason that use of a 
surgical ECM matrix containing a high concentration of unique 
bioactive proteins with a multifaceted ability to augment the 
healing process would reduce the healthcare burden associated 
with poor wound healing and improve patient outcomes overall.

The Role of Collagen and ECM Biomolecules in 
Wound Healing

Wound healing is a complex, involved process that occurs in 
four stages: coagulation and hemostasis; inflammation; 
proliferation; and remodeling. The early stages of inflammation 
are characterized by an M1 macrophage, proinflammatory 
phenotype, where macrophages work to clear debris, amplify 
the host immune response, and recruit proinflammatory 
cytokines to the wound bed. During the proliferation stage, a 
phenotypic change to the M2 macrophage phenotype decreases 
inflammation, directing focus toward tissue healing and 
regeneration. At this time, fibroblasts produce collagen, 
fibronectin, and proteoglycans. These ECM components work 
alongside other proteins and molecules to establish new 
granulation tissue, effectively replacing the fibrin scaffold and 
reepithelializing damaged tissue for wound closure [8]. Chronic, 
nonhealing wounds are characterized by persistent inflammation 
that fail to progress into or through the proliferation stage. This 
imbalance can be measured in different ways, one of which is an 
increased M1 (proinflammatory) to M2 (antiinflammatory) ratio 
[9]. Failure to generate granulation tissue in the proliferation 
phase not only delays healing but increases the risk of infection 
in multiple ways: first, the wound remains exposed and is more 
susceptible to bacterial colonization; second, without 
vascularized granulation tissue, bacteria are less effectively 
cleared by immune cells. This failure to progress can occur 
secondary to poor fibroblast activity or destruction of the ECM, 
both of which limit collagen bioavailability to the wound site. 
Fibroblast migration and proliferation at the wound site is 

required for tissue formation, repair, and remodeling. Fibroblasts 
themselves depend on growth factors such as fibroblast growth 
factor (FGF), epidermal growth factor (EGF), and vascular 
endothelial growth factor (VEGF) for signal transduction. These 
growth factors play a complex, involved role in each of the four 
stages of wound healing [10]. FGF plays a critical role in 
angiogenesis, granulation, ECM formation, and tissue 
reepithelization of the wound. Multiple studies have shown that 
the FGF family is able to improve cell proliferation ability, 
promote ECM synthesis, increase blood supply to the wound, 
establish and accelerate growth of granulation tissue, and 
maintain tissue repair and regeneration.11 One study found that 
FGF-1 markedly increased the amount of fibroblasts and 
capillaries in the wound body of diabetic foot ulcers, ultimately 
improving healing of ulcerated tissue [12]. Proangiogenic 
growth factors EGF and VEGF play a similar role, and have 
been shown to increase supply of both oxygen and nutrients to 
damaged tissue. EGFs also have a unique ability to stimulate 
both proliferation and differentiation of specific stem cells 
required for tissue reconstruction. Formation of granulation 
tissue and tissue reepithelialization is also accomplished by 
EGFs, which initiate the migration of vascular endothelial cells, 
keratinocytes, fibroblasts [10]. Studies have shown that aging of 
the stromal tissues is associated with dysfunctional wound 
healing ability, primarily due to the significantly reduced 
proliferative life span and early onset senescence of fibroblasts 
[13]. Additionally, Cialdai and colleagues found that high 
glucose levels inhibit the ability of fibroblasts to migrate to the 
wound site, properly remodel the ECM, and adequately support 
neoangiogenesis for newly developing tissue [14]. In an aging 
population with nearly 40 million individuals suffering from 
type 2 diabetes mellitus, the results of these studies would 
suggest that over 11% of the population is at an increased risk 
for dysfunctional wound healing postoperatively [15]. Collagen 
bioavailability is also limited following damage and destruction 
of the ECM, which can occur when concentrations of elastase 
and matrix metalloproteins (MMPs) surpass those of their 
inhibitors. Elastase degrades elastin, an ECM protein responsible 
for the elastic properties of tissue, and also converts MMPs into 
their active, collagen degrading form. Furthermore, elastase has 
a high affinity for the triple helix portion of endogenous collagen 
and is able to bind and degrade it [16]. These activities explain 
why the ratio of elastase and MMPs to collagen is elevated in 
chronic, nonhealing wounds. Application of wound dressings 
containing collagen can help balance this elevated ratio, acting 
as a substrate for both elastase and MMPs. This maintains the 
ECM and allows wound healing to progress with the production 
of new granulation tissue. Collagen production and activity 
within granulation tissue is high, and literature shows that 
wounds failing to develop appropriate granulation tissue 
demonstrate delayed progression and increased susceptibility to 
infection [17]. When applied exogenously, collagen augments 
the healing process by ensuring healthy granulation tissue 
deposition during the proliferative phase. Following application 
of collagen to a wound, proteases such as collagenases and 
matrix metalloproteinases hydrolyze the protein into soluble 
amino acid peptides. The resultant activated collagen peptides 
support a multitude of cellular activities associated with 
granulation, angiogenesis, and ultimately, re-epithelialization 
[18,19]. Interestingly, a study from George Washington 
University demonstrated that collagen powder alone was equally 
as effective as primary closure with nonabsorbable sutures in 
the management of patients undergoing skin biopsy. Das and 
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colleagues found that skin graft patients receiving collagen 
based dressings showed improved healing and better 
postoperative pain scores throughout recovery than patients 
receiving conventional paraffin gauze dressing. The authors 
stated that collagen dressings confer an observable 
antiinflammatory, antifibrotic, angiogenic, and analgesic effect 
[20]. These characteristics ultimately reduce the risk of infection, 
minimize pain and discomfort for the patient, promote early 
mobilization, and reduce analgesic dependence, saving 
healthcare related time and resources [21]. Collagen dressings 
are primarily composed of sheet collagen, which is ideal for 
epidermal coverage, epithelial migration, and temporary wound 
closure. Cellular activity and proliferation is highest with 
keratinocytes, early fibroblast behavior, and initial activity of 
endothelial cells. This functions as a protective barrier to the 
wound and improves mechanical integrity of the wound bed. 
Porous collagen is collagen that has been processed into a three 
dimensional (3D) wound matrix that supports granulation, 
neovascularization, and dermal regeneration. Cellular activity is 
much more dynamic and is greatest among 3D fibroblasts, 
which deposit new collagen and ECM and promote granulation 
tissue formation; endothelial cells, which generate capillary 
sprouts within the scaffold to facilitate angiogenesis; 
macrophages, which regulate inflammation and tissue 
remodeling; and mesenchymal stem cells. If collagen dressings 
composed primarily of sheet collagen confer substantial wound 
healing benefits in multiple parameters, it would stand to reason 
that biphasic ECM wound matrices composed of both sheet and 
porous collagen would exert an even greater regenerative 
response on injured tissue. The ECM is composed of over 300 
different protein types, which can be isolated into fragments by 
enzymatic degeneration from an organ source. These fragments 
have substantial effects on the wound environment and exert a 
dynamic, synergistic effect on tissue repair. The regenerative 
capacity of ECM was demonstrated in a study by Williams and 
colleagues, which showed that in vitro administration of cardiac 
ECM to postnatal cardiomyocytes, which do not proliferate past 
the neonatal period, demonstrated cellular expansion [22]. A 
more common source of ECM fragments includes decellularized 
urinary bladder matrix (UBM), which has been shown to 
increase the proliferation and migration of perivascular stem 
cells, particularly in injury environments, to augment the healing 
process overall [23,24]. UBM is an ECM scaffold derived from 
the basement membrane or lamina propria of urinary bladder, a 
single tissue source. UBM primarily provides structural support 
and has demonstrated efficacy in wound healing through 
constructive remodeling; however, LEM may provide enhanced 
bioactivity due to retained cytokines, adhesion molecules, and 
basement membrane components, which can promote rapid 
cellular infiltration, differentiation, and neovascularization. This 
could be particularly advantageous in chronic or nonhealing 
wounds where signaling deficits impair normal repair cascades. 
Therefore, it would stand to reason that use of ECM scaffolds 
derived from multitissue platforms (MTP), such as dermis, 
fascia, and other connective tissue layers, would provide the 
wound site with a wider array of bioactive molecules and 
amplify the regenerative capacity of the tissue to an even greater 
extent. 
Surgical Site Infection

Surgical site infections (SSIs) are a disastrous complication 
with a substantial impact on both patient and healthcare system 
alike. In addition to a 3% mortality rate, SSIs carry an 11-fold 
increase in patient morbidity [25]. The American College of 

Surgeons and Surgical Infection Society states that standard 
treatment of SSIs costs up to $10 billion each year, increases 
hospitalization costs by $20,000 per admission, and extends 
hospital length of stay by 9.7 days. In addition, SSIs are difficult 
to fully eradicate and require over 90,000 readmissions per year, 
contributing to over $700 million in ancillary treatment costs [26]. 
Patients with preexisting medical comorbidities, such as type 2 
diabetes mellitus, are at higher risk for poor wound healing and 
SSI [27]. This patient demographic is anticipated to reach 1.31 
billion worldwide by 2050, increased from approximately 424.9 
million in 2017 [28]. High glucose levels, a common feature 
in poorly managed diabetics, inhibit the ability of fibroblasts 
to migrate to the wound site, properly remodel the ECM, and 
adequately support neoangiogenesis for newly developing tissue 
[14]. Delays in remodeling increase the tissue’s susceptibility 
for bacterial colonization, and literature has shown that chronic 
wound infections are deficient in collagen due to impaired 
generation of granulation tissue [29]. This patient population 
would benefit from treatments that increase the amount and 
availability of the bioactive molecules required for wound 
healing. Collagen provides a biological matrix that promotes 
and supports fibroblast migration, keratinocyte attachment, 
and angiogenesis, ultimately accelerating granulation and 
epithelialization. By reducing the amount of time the wound 
remains open, bacterial colonization is mitigated and infection 
is reduced. In addition, collagen aids in maintaining sterility 
of a surgical site due to its innate resistance to bacteria and 
intrinsic ability to combat infection [30]. Nowrouzi and 
colleagues evaluated the effect of activated collagen (AC) 
applied subcutaneously prior to wound closure. The result of 
the study was a significant decrease in overall SSI rate with 
use of AC (AC SSI=0.63%, Non-AC SSI= 1.52%, p=.012), a 
significant decrease in SSI rate in clean cases (AC SSI=0.30%, 
Non-AC SSI=0.97%, p=.027), and a trend towards decreased 
SSI rate in clean contaminated cases (AC SSI=1.54%, Non-AC 
SSI=3.36%, p=.064). Overall, the use of activated collagen in 
patients undergoing elective surgery resulted in a significant, 
59% reduction in SSI rate, particularly notable in the clean cases 
which demonstrated a 69% decrease. The study also found that 
minimum inhibitory concentration studies of activated collagen 
applied in vitro not only demonstrated decreased growth of gram 
positive bacteria, but actually arrests gram positive bacterial 
growth with a zone of inhibition comparable to vancomycin 
[18]. These results support research by Lima and colleagues, 
who found that hydrolyzed collagen demonstrated antibacterial 
activity against one gram positive bacterium, Staphylococcus 
aureus, and two gram negative bacteria, Escherichia coli and 
Bacillus subtilis, in all three tests [31]. The authors hypothesized 
that the observable immune benefit is due to collagen activity 
during the inflammation phase, where soluble fragments of 
activated collagen recruit macrophages and other types of 
immune cells that remove microbes and devitalized tissue from 
the wound site [18]. Similar, more pronounced results have been 
observed with application of biological scaffolds composed 
of ECM. Porcine derived ECM composed of small intestinal 
submucosa (SIS) has been successfully used as a resorbable 
biological scaffold due to tissue engineering properties and 
deliberate resistance to bacterial infection. In vitro studies of 
the ECM degradation products contained within SIS-ECM and 
urinary bladder submucosa-ECM possess antibacterial activity 
against gram positive Staphylococcus aureus and gram negative 
Escherichia coli [32]. Brennan and colleagues found that LEM 
also possessed antibacterial activity against S. aureus and E. 
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coli, suggesting that antibacterial activity is a common feature 
of all ECMs. LEM offers a meaningfully different biological 
profile compared to matrices derived from UBM and SIS, 
particularly in its biochemical diversity and retained functional 
proteins. While UBM and SIS are well characterized structural 
scaffolds composed predominantly of collagen types I and 
III, LEM contains a broader spectrum of collagen subtypes, 
including IV and VI, alongside a richer array of matricellular 
proteins, glycoproteins, and endogenous growth factors. This 
reflects the highly metabolic and regenerative role of the liver, 
potentially offering a more instructive microenvironment 
for cell signaling, angiogenesis, and tissue remodeling. The 
authors stated that the progressive in vivo degradation and 
remodeling of an ECM bioscaffold by host tissues may permit 
slow release of antimicrobial peptides, ultimately yielding 
a sustained antibacterial effect at the application site. These 
findings suggest that ECM biological scaffolds would be 
beneficial in cases at high risk for bacterial contamination, such 
as in preventing implant infection, as they confer immediate 
antibacterial protection while host inflammatory responses and 
humoral immune responses are still in the process of activation 
[33]. ECM materials, such as UBM and SIS, have demonstrated 
the ability to modulate macrophage phenotype toward a pro-
remodeling (M2) state, and are able to support bacterial 
clearance indirectly through restoration of host tissue function. 
LEM may extend these benefits by providing a denser repertoire 
of bioactive cues, such as basement membrane components and 
retained cytokine binding domains, that help reestablish cellular 
communication disrupted by infection. Additionally, certain 
ECM degradation products, such as cryptic peptides, generated 
during remodeling have been reported to possess antimicrobial 
and chemotactic properties. These findings suggest that a more 
compositionally complex source, like LEM, could enhance 
these effects. In the case of XCelliStem® specifically, release of 
specific ECM bactericidal peptides allows for the simultaneous 
reduction of microbial load while fostering a regenerative 
environment for wound healing. This feature provides a 
positive solution to wound healing in contaminated, infected 
environments. Noah and colleagues observed this effect in a five 
patient case series, where three of the five patients presented 
with infected abdominal wall mesh. XCelliStem® was applied 
directly to each wound bed and covered with an oil emulsion 
sheet between the superficial dry dressing layer. Three of three 
patients with infected mesh resolved and healed completely, 
negating the need for mesh removal surgery. This is a notable 
finding, as the literature shows that nearly 73% of mesh infection 
cases require explantation in abdominal wall hernias [34]. The 
authors concluded that the combination of antimicrobial activity 
with the regenerative capacity of ECM biomolecules contained 
within XCelliStem® fosters infection control and drives 
lasting tissue repair, potentially negating the need for surgical 
management. Application of XCelliStem® has the potential to 
mitigate surgical debridements and mesh explantation rates, 
reduce healthcare associated expenditure, and improve the 
healing process in patients with high risk, infected wounds [35]. 

Postoperative Seroma
Seroma formation is a surgical site complication (SSC) 

occurring secondary to decelerated angiogenesis and 
epithelization during the second phase of wound healing. As 
a result, extensive soft tissue dissection occurs and leads to 
the creation of an anatomic dead space that collects serous 
fluid containing plasma and lymph [36,37]. The subsequent 

fluid collection is not only an undesirable complication in 
and of itself, but is also a nidus for bacterial proliferation that 
increases patient susceptibility to surgical site infection [38]. 
The incidence of seroma formation is procedure specific, 
occurring in up to 80% of breast surgeries, 78% of open 
hernia repairs, and 50% of laparoscopic hernia repairs [37,39]. 
Clinical presentation is also variable, as small seromas often 
resolve with conservative management, whereas resolution of 
larger, more severe seromas often require additional surgical 
interventions. The strongest management strategy is initial 
prevention of seroma formation, which can be accomplished 
by reducing inflammation, minimizing dead space, promoting 
fluid clearance, and increasing adherence of regenerating 
tissues. Application of collagen and ECM products provides 
the host’s inflammatory cascade with a scaffold required for 
structural support and creates an environment that supports 
both tissue ingrowth and remodeling, effectively addressing 
each risk factor to provide a promising solution to postoperative 
seroma formation. In an animal study evaluating the application 
of porcine dermal collagen following mastectomy and axillary 
dissection, a procedure at high risk for seroma formation, seroma 
formation was inversely proportional to the amount of dermal 
collagen applied to the operative site. Furthermore, vascular 
proliferation and granulation tissue formation was higher in the 
dermal collagen group. The authors concluded that the reduction 
in seroma formation with application of porcine dermal collagen 
is achieved by increasing the adhesion, neovascularization, 
and granulation tissue, as well as filling in the dead space and 
accelerating the wound healing [40]. A retrospective review of 
850 breast reconstructions reported that out of the 450 breast 
reconstructions using porcine acellular dermal matrices, a 
processed ECM scaffold derived from a skin source, only 12.2% 
cases were complicated by seroma formation [41]. This value 
is considerably lower than the average incidence of seroma 
formation following mastectomy or axillary lymphadenectomy, 
which can be as high as 80% [42]. A recent study by Creger 
and colleagues evaluated the effect of XCelliStem® Wound 
Powder when incorporated into wound closure of type III 
ventral hernias that necessitated an open repair with abdominal 
wall reconstruction [37]. This particular procedure is considered 
high risk, with a reported 78% seroma formation rate, a 42% 
hernia specific complication rate, and a 26% recurrence rate 
[39,43]. 97 patients were included in the study. Among the 
patients who did not receive XCellistem during closure, 49% 
developed a seroma or seroma related complication, whereas 
in the XCelliStem® group, only 4 patients developed a seroma 
or seroma related complication. The results of the study would 
suggest a statistically significant (p=0.0042) association 
between the use of XCelliStem® during closure and a reduction 
in seroma and seroma related complications [37].

Nonhealing Wound
Up to 3% of Americans over 65 years of age are suffering 

from an open wound at any given time, and chronic, nonhealing 
wounds cost an estimated $22.5 billion annually [1]. A wound 
is considered chronic or nonhealing when it does not progress 
appropriately within a predictable amount of time, or remains 
open after 12 weeks [44]. Nonhealing wounds remain arrested 
in the inflammatory phase of wound healing, failing to progress 
into the proliferative phase where healthy granulation tissue 
is generated, permitting approximation of wound margins. 
They are often characterized by an increased ratio of both 
M1:M2 macrophages, as well as elastase and MMPs to 
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collagen. Application of ECM and collagen to the wound site 
can create a shift from a proinflammatory environment to the 
antiinflammatory environment required for tissue regeneration. 
This is possible as ECM and collagen have been shown to support 
a multitude of cellular activities associated with granulation, 
angiogenesis, and ultimately, reepithelialization [18,19]. The 
summation of these activities explains why multiple studies have 
shown that application of activated collagen not only promotes 
wound healing, but prevents wound dehiscence, a complication 
that increases with delayed healing [45,46]. A meta-analysis 
of 961 patients showed that application of collagen dressings 
to nonhealing wounds was associated with a higher wound 
healing rate, as well as a higher healing velocity compared 
to the control group [47]. A recent case series evaluated the 
efficacy of a collagen matrix wound dressing containing 
partially denatured collagen, carboxymethyl cellulose, alginate, 
and ethylenediaminetetraacetic acid in chronic lower extremity 
ulcers. Carboxymethyl cellulose and alginate are implemented to 
enable greater absorptive capacity of collagen to wound layers, 
as well as to maintain moisture balance. Even with appropriate 
care, lower extremity ulcers are notoriously difficult to treat and 
highly likely to recur, subjecting patients to debilitating pain, 
impaired work productivity, and poor quality of life [48,49]. 
Diabetic foot ulcers (DFUs), specifically, are a leading risk 
factor for lower extremity amputation and markedly increase 
patient mortality rate within 5 years of presentation [50]. 
Furthermore, they are highly susceptible to superinfection with 
multiple strains of bacteria, often starting with gram positive 
strains, and as the wound becomes chronic, progressing to gram 
negative colonization with resultant tissue necrosis [50,51]. 
The wounds included in Alavi and colleague’s case series 
were all characterized by complex local wound physiology 
and severe wound etiology, such as neuropathic ulcers and 
pyoderma gangrenosum. These patients also suffered from 
multiple medical comorbidities, further contributing to poor 
likelihood of resolution. Despite the presence of multiple risk 
factors, application of collagen was associated with an average 
wound size decrease of 73%, with two patients achieving full 
resolution at 8 weeks [49]. Literature shows that with standard 
therapies, only 32% of lower extremity ulcers heal after 12 
weeks and 54.3% after 24 weeks, with an average treatment 
duration of 25 weeks [52]. Furthermore, duration increases 
by 28 days with each additional bacterial strain present within 
the ulcer [53]. The results of this study demonstrated marked 
improvement in healing times compared to standard therapy, 
suggesting that an advanced collagen matrix dressing represents 
a clinically effective, cost efficient, and safe treatment strategy 
for healing refractory chronic lower leg ulcers. Application of 
urinary bladder matrix (UBM), an extracellular matrix scaffold 
derived from the mucosa of porcine urinary bladder, showed 
similar results in both diabetic and nondiabetic patients with 
nonhealing wounds. The diabetic patients in this study were 
characterized by significantly elevated M1:M2 ratios prior to 
treatment. Paige and colleagues found that application of UBM 
was associated with significant (p < 0.05) wound size reduction 
in both patient groups, with the diabetic group showing a 35% 
± 14% reduction and the non diabetic patients showing a 43% 
± 18% reduction. Furthermore, significantly accelerated wound 
healing, measured by a reduction in the area of the wound, was 
observed in both groups. The elevated M1:M2 ratio observed in 
the diabetic patients was reduced to comparative levels in both 
patient groups following treatment with UBM [9]. This finding 
is supported by several animal and in vitro studies, which have 

shown that UBM increases concentrations of M2 macrophages, 
promoting tissue regeneration [54,55]. The results of this study 
would suggest that UBM provides a structural scaffold for cell 
migration, adhesion, and proliferation, while promoting and 
restoring an antiinflammatory state that is conducive for wound 
healing. 

Over 150,000 patients require lower extremity amputation 
(LEA) in the United States each year, which include below 
knee amputation (BKA) and above knee amputation (AKA) 
[56]. As the population ages and the incidence of diabetes and 
peripheral vascular disease continues to rise, these procedures 
are expected to increase by 145% prior to 2060 [57]. The 
patient demographic requiring these procedures often suffer 
from multiple medical comorbidities and are at increased risk 
for surgical site complications due to poor wound healing. 
Both procedures, but particularly BKAs, are highly associated 
with a plethora of wound healing complications including 
superficial skin breakdown, complete stump dehiscence, 
recurrent osteomyelitis, and progressive ischemic insults [58]. 
All of the aforementioned complications typically require 
management with reoperation, including stump revision or 
further amputation; for this reason, some studies have shown 
that the 5 year mortality rate following LEA can be as high as 
77% [59]. In a recent study, Creger and colleagues evaluated the 
effects of XCelliStem® Wound Powder applied during closure 
of LEA. In the control group, 35% of BKAs and 20% of AKAs 
required additional operations, resulting in an overall operative 
revision rate of 30.0%. In the XCelliStem® group, only 6.4% 
of BKAs required reoperation. The results of the study showed 
a 70% (p=0.00058) reduction in the need for reoperation in 
amputees receiving XCelliStem®, indicating that treatment 
with XCelliStem® improves healing and angiogenesis while 
reducing the incidence of superficial skin breakdown, stump 
dehiscence, and osteomyelitis [58]. 

A five patient case series by Noah and colleagues further 
supports the regenerative and antimicrobial properties of 
XCelliStem®. In the study, two of the five patients presented 
with a vulvar wound in an area that was previously irradiated 
and an enterocutaneous fistula. Radiation therapy has been 
hypothesized to disrupt the inflammatory and proliferative 
phases of wound healing, severely minimizing the tissue’s 
capacity for neovascularization, reepithelization, and 
granulation tissue formation. As a result of decreased 
angiogenesis and collagen deposition, wound healing is often 
delayed, at increased risk for superimposed infection, and 
characterized by poor tensile strength [60]. Literature shows 
that wound healing complications after radiation therapy occurs 
in approximately 60% of surgical cases, but has even been 
shown to reach 100% in certain cases, and typically necessitates 
extensive reconstructive efforts [61, 62]. Direct application of 
XCelliStem® to the wound bed facilitated robust granulation 
and reepithelization, measured by complete closure and healing 
of the radiated vulvar wound and the enterocutaneous fistula, 
without surgical management. These results would suggest 
that use of XCelliStem® is an effective intervention to reduce 
healthcare associated expenditure and improve the healing 
process in patients with high risk, nonhealing wounds [35]. 

Case Examples
DAs the patient population ages and the incidence of medical 

comorbidities that promote dysfunctional wound healing 
continues to rise, research has shifted toward the development of 
advanced wound particulates with the ability to simultaneously 
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promote tissue regeneration and prevent infection. All current 
ECMs are 90% to 99% collagen, whereas XCelliStem® is 
composed of 45% collagen and 55% unique biomolecules. This 
is achieved by a unique process able to retain the biomolecules 
within spleen and lung ECM sources. By including a greater 
concentration of noncollagen proteins, such as laminin, elastin, 
fibronectin, fibroblast growth factor (FGF), vascular endothelial 
growth factor (VEGF), epidermal growth factor (EGF), and 
hyaluronic acid, XCelliStem® provides additional binding sites 
and promotes chemotaxis in a manner that cannot be achieved 
by other ECM tissues. The result of this increased concentration 
is robust, site appropriate tissue remodeling that promotes 
accelerated restoration of healthy tissue. Multiple sources 
have shown that XCelliStem® is able to improve and hasten 
wound healing, as well as reduce rates of infection and seroma 
formation. 

Diaz-Valadez and colleagues evaluated the effects of 
intraoperative XCelliStem® application in 10 cases of complex 
postsurgical abdominal wall wounds. These wounds all required 
surgical debridement and were characterized by substantial 
tissue necrosis, panniculectomy dehiscence, or locations of 
hardware removal. At a median time of 2.5 weeks, complete 
healing was achieved in all patients without complication. 
Histological studies demonstrated adequate fibroblast activity, 
new collagen deposition, and neovascularization, consistent 
with a remodeling neutrophil and antiinflammatory macrophage 
response. This supports prior literature regarding ECM treated 
tissues, which demonstrated increased functional remodeling 
with decreased fibrosis and granuloma formation, as well as 
increased laminar collagen, with an antiinflammatory M2 
macrophage predominance on histological examination [63]. 
Treatment with XCelliStem® alone was found to be more 
than adequate for wound healing, as patients in the study did 
not necessitate wound center visits, nurse visits, home wound 
care, antibiotics, or negative pressure devices. As a result, 
patients were spared from managing cumbersome wound 
care equipment, travel considerations to wound clinics, and 
home intrusions from members of the healthcare team. The 
authors concluded that use of XCelliStem® was associated 
with improved clinical results and an observable cost benefit 
compared to negative pressure treatment [64]. 

Two case studies have demonstrated the efficacy of 
XCelliStem® in promoting tissue regeneration and healing 
within ischemic and necrotic tissues. Wounds characterized by 
poor perfusion or ischemia are deprived of oxygen, nutrients, 
and growth factors required for healing; as a result, the healing 
demands of the tissue cannot be met and the risk of dehiscence 
and infection is markedly increased [65].  

XCelliStem® was applied to a noncompliant diabetic patient 
with plantar gas gangrene. Gas gangrene is a life threatening 
infection that causes rapid muscular necrosis, microvascular 
thrombosis, and severe tissue destruction. Not only is the 
mortality rate associated with this infection as high as 40%, the 
recovery is long and difficult, and patients are at risk for delayed 
wound healing, secondary superinfections, dehiscence, and 
amputation [66]. Furthermore, the patient’s history of poorly 
managed diabetes compounds the risk for tissue ischemia, 
necrosis, and poor wound healing to an even greater extent. 
The patient was managed with two debridements for complete 
removal of necrotic tissue, resulting in tendon exposure. The 
surgeon applied Lodofoam for 2 days, followed by 2000mg of 
XCelliStem® and a wound vac was also placed. 7 days after 

XCelliStem®, the exposed tendons were completely covered. 
(Figure 1) This is a promising finding, as the literature shows 
that mean time to granulation tissue in the setting of necrotizing 
fasciitis is over 23 days [67]. In this case, administration of 
XCelliStem® not only approximated wound margins at a rate 
faster than the average standard time, but was able to achieve 
this effect in an immunocompromised patient. 

XCelliStem® demonstrated utility in the setting of trauma 
and tissue necrosis in a case where a patient was hit by a car 
while riding a bike. After treatment with external fixator and 
negative pressure wound therapy, he was instructed to follow 
up in 1 week for reevaluation. Due to a lack of transportation, 
the patient’s next clinical encounter was 6 weeks after initial 
hospitalization. The lack of care resulted in tissue necrosis, 
which led to tendon exposure requiring debridement. Following 
debridement, 250mg of XCelliStem® was applied to the wound 
in the clinic and the wound vac was replaced. At follow up 
1 week later, nearly all the wound was covered with healthy 
granulated tissue. An additional application of 250mg of 
XCelliStem® was applied, and at the subsequent follow up, 
healing had progressed to fully cover the tendon, allowing the 
patient to be prepped for split thickness skin grafting. (Figure 2)

Goss and colleagues compiled the effects of XCelliStem® 
during wound closure of 49 patients following posterior lumbar 
surgery. The surgeries consisted of primary and revision 
lumbar decompressions, single and multilevel posterior 
instrumented fusions, and spinal cord stimulator placement 
procedures. The authors maintained the same, standardized 
wound closure process for all patients. Among the 49 high-risk 
patients, primary comorbidities included obesity (21), tobacco 
use (14), diabetes (3), and revision surgery (20), with several 
patients presenting multiple risk factors. Out of the series, 49 
of 49 patients displayed appropriate, timely wound healing 
without readmission for postoperative wound infection. This 
is a notable finding highlighting the utility of XCelliStem® in 
reducing infection and improving wound healing, as incisional 
complications following lumbar surgery has been shown to be 
as high as 18% [68].  

Murphy and colleagues evaluated the effect of XCelliStem® 
in a 48 year old obese female with a complex tissue defect from 
the anterior superior iliac spine to the distal patella measuring 
35cm x 20cm. In addition to extensive soft tissue damage, the 
patient developed a vesicocutaneous fistula and required 40 
subsequent operations for debridement of necrotic tissue. Wound 
healing remained stagnant prior to application of XCelliStem®, 
after which granulation tissue began developing to allow for a 
split thickness skin graft [69]. (Figure 3)

Ghani and colleagues evaluated the effect of XCelliStem® 
on an infected scalp lesion with underlying skull exposure that 
had become a chronic nonhealing wound. The patient was a 41 
year old female with a past medical history of diabetes mellitus, 
who presented on 6/30 with an infected scalp eschar. Serial 
debridements were performed on 7/2 and 7/30, after which it 
was discovered the underlying skull was also infected. There 
was little to no granulation tissue developing over the infected 
scalp lesion during this time. On 8/25, the patient underwent 
another debridement, during which Burr holes were drilled into 
the skull and 1 gram of XCelliStem® was placed into the wound. 
The purpose of the Burr holes was to increase XCelliStem® 
penetration and provide increased potential for angiogenesis 
and wound healing. Hypergranulation was observed 1 week 
following XCelliStem® administration, and complete wound 
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resolution was observed at 3 months. (Figure 4) Not only does 
this case study represent the first successful use of XCelliStem® 
in an infected scalp or skull wound, it demonstrates that 
XCelliStem® is safe and effective for use in infected wound 
beds. The authors also stated that it was inexpensive, easy 
to use, fast acting, and low maintenance for both patient and 
provider [70].

Fortner and colleagues evaluated the efficacy of XCelliStem® 
in the treatment of a severe lactational abscess with overlying 
skin necrosis. The patient was a 24 year old female, 3 months 
postpartum, who presented to the emergency department 
with fever and leukocytosis despite completing a course of 
antibiotics. Ultrasound revealed a 5 cm x 4cm abscess located at 
9:00, needle guided aspiration yielded 53mL of purulent fluid. 
At follow up examination 5 days later, a 5.5 cm x 5.5 cm full-
thickness area of dermal necrosis was observed in the region of 
the previous abscess. The wound was 3 cm deep and filled with 
breast milk. During wound management, XCelliStem® was 
applied, and serial applications were performed in the clinic at 
5-10 day intervals. Within 48 hours of the initial XCelliStem® 
treatment, pain levels reduced from 10/10 to 0/10. At 5 days, the 
wound was significantly reduced, measuring 2.5 cm L x 3.5 cm 
W x 0 cm D. Complete wound healing was achieved within 6 
weeks of initial XCelliStem® application. (Figure 5) Treatment 
with XCelliStem® allowed the patient to avoid formal surgical 
debridement, which is typically required to treat breast abscesses 
that fail to resolve with percutaneous aspiration and antibiotics, 
as in this case. Furthermore, the patient was able to continue 
breastfeeding, her pain was reduced, the cosmetic outcome was 
improved, and she avoided complications frequently associated 
with debridement, such as milk suppression, fistula, and chronic 
infection. This case highlights the ability of XCelliStem® to 
facilitate constructive remodeling and accelerate healing of 
contaminated wounds in challenging locations. Additionally, 
improved tissue regeneration seemed to confer a pain relief 
benefit as well. The authors concluded that XCelliStem® 
is an excellent choice in the treatment of severe lactational 
abscesses, potentially allowing patients to avoid formal surgical 
debridement altogether [71].

As previously discussed, severe trauma increases patient risk 
of SSI and SSC, with some studies showing SSI rates as high as 
23% [72]. Zhu and colleagues evaluated the efficacy of porcine 
urinary bladder matrix (PUBM) and XCelliStem® in a large 
traumatic crush and avulsion injury to the anterior calf, ankle, 
and foot [73]. The patient was a 48 year old male who presented 
after a motor vehicle collision where his leg was trapped under 
12,000 pounds of concrete rebar for over 30 minutes. Initially, 
the wound measured 19 cm x 14 cm x 1 cm with exposed 
muscle, fascia, tendon and bone. (Figure 6a) There were no 
fractures. He underwent debridement and washout, PUBM 
was placed on hospital day 4, and he was discharged on day 
7. PUBM was kept in place and removed at a 4 week office 
follow-up. (Figure 6b) Within 8 weeks, all the exposed bone, 
tendon, muscle, and fascia were covered with robust granulation 
tissue that was level with the skin. At a 13 week office followup, 
healing had stalled. At this time, XCelliStem® was applied to 
the wound, which measured 8.5 cm x 4.4 cm. (Figure 6c) Within 
6 weeks of XCelliStem® application, the wound completely 
epithelialized and was fully remodelled by 6 months. (Figure 
6d) The recommended treatment for this case was free flap 
reconstruction; however, use of PUBM and XCelliStem® not 
only allowed wound healing to occur without this procedure, 
but negated the need for even a skin graft. As a result, length 

of hospital stay was drastically reduced and the patient was 
able to return to daily activities at an accelerated rate [73]. As 
previously discussed, PUBM has been shown to exert profound 
effects on wound healing. This is accomplished by increasing 
the proliferation and migration of perivascular stem cells, 
particularly in injury environments [24,25]. PUBM is derived 
from a single tissue source, typically the basement membrane 
or lamina propria of the porcine urinary bladder. This case 
study highlights the efficacy of MTPs, such as XCelliStem®, 
over single tissue ECM platforms. The greater diversity of 
bioactive molecules derived from liver, lung, and spleen 
tissue sources exerts a multiplicative effect on wound healing 
compared to a singular tissue source. This was demonstrated 
when XCelliStem® administration fostered the transition from 
5 weeks of arrested healing in the lower extremity wound to 
complete closure in less than 6 weeks.  

Law and colleagues applied XCelliStem® to a 58 year old 
male involved in a head-on collision with an automobile while 
riding his motorcycle. He suffered an open tibia fracture that was 
managed with ORIF. The patient was a smoker with multiple 
medical comorbidities, and was noncompliant to postoperative 
treatment recommendations. After being lost to follow up, he 
was eventually readmitted to the hospital due to infection of the 
operative site. The patient was noted to have a draining sinus 
track approximately 30mm in diameter with purulent drainage, 
malodorous discharge, and exposed bone on the medial portion 
of the midshaft tibia. Once the patient was stabilized, he was 
taken to surgery for debridement, removal of hardware, and 
repeat ORIF. Culture samples from a large purulent pocket 
in the subcutaneous tissues of the left leg grew MRSA. The 
patient was being treated with a wound vac for 54 days without 
success when the decision was made to apply XCelliStem®. 
After the first application, the odor from the wound resolved. 
By day 15, exposed bone was completely covered, necrotic 
tissue cleared, and the wound was granulating with healthy 
vascularized tissue. By day 40, the wound margins continued 
to approximate. Full resolution of the wound was achieved and 
maintained without recurrent infection or complication. (Figure 
7) The patient continued smoking throughout treatment. This 
case demonstrates the efficacy of XCelliStem® in the presence 
of infection and arrested wound healing. It is notable that 
XCelliStem® is safe to apply with implanted material, which is 
known to carry a higher risk for infection.

XCelliStem® is not only effective in standard wound care, 
but has shown promise in treating high energy, complex trauma 
wounds from gunshots, explosive devices, and large surface 
degloving injuries. In a 15 patient case series, Irfan and colleagues 
evaluated the efficacy of XCelliStem® used as an adjunct to 
standard debridement and wound care in patients with complex 
ballistic and blast injuries during the 2023-2025 Israeli military 
assault on Gaza [74]. The purpose of the study was to determine 
the efficacy of the multitissue ECM biomaterials contained 
within XCelliStem® in increasing granulation tissue formation, 
improving wound closure, and mitigating early complications, 
such as infection or dehiscence. The study was conducted under 
conditions of extreme resource scarcity, supply shortages, 
unpredictable access to sterile equipment or negative pressure 
systems, and frequent power outages. The patient demographic 
included in the study also suffers from severe malnutrition, 
which is associated with delayed wound healing, poor wound 
tensile strength, and increased rates of infection [75]. As a 
result of these barriers, wound treatment in Gaza is difficult 
to standardize and post surgical infection and complication 
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rates are high. Moreover, World Health Organization (WHO) 
data demonstrates that the conflict-strained regions of the 
Eastern Mediterranean carry the highest rates of antimicrobial 
resistance, further increasing the likelihood of infection and 
complication [76]. In the study, devitalized tissue was surgically 
debrided and irrigated, and fractures were repaired with external 
fixation, intramedullary nailing, or K-wires, if indicated. 0.5-1g 
of XCelliStem®, with or without vancomycin powder, was then 
administered directly to the wound bed. A nonadherent primary 
layer, such as petroleum gauze, and a secondary absorbent 
dressing were applied after closure. Even when applied in poor 
conditions and in complicated wounds, such as exposed bone, 
devitalized soft tissue, and external fixation hardware, patients 
treated with XCelliStem® displayed progressive granulation 
tissue formation and closure within a short timeframe and without 
complications. (Figure 8a, 8b) The authors concluded that adding 
a dynamic MTP ECM scaffold to the wound bed promotes tissue 
regeneration by increasing angiogenesis and modulating the 
inflammatory immune response. The growth factors contained 
within XCelliStem® not only promote vascular ingrowth, but 
communicate with precursor immune cells to shift the healing 
environment from one favoring fibrosis and scarring (M1) to 
a constructive, antiinflammatory macrophage phenotype (M2) 
favoring tissue regeneration and remodeling. XCelliStem® is 
not only effective from a biochemical standpoint, but is useful 
in high risk, resource poor settings as it is dry and shelf stable, 
permitting flexible use at the bedside or in the operating room. 
It is also able to be combined and used in adjunct with other 
antimicrobials, such as vancomycin, for synergistic therapeutic 
benefit [74].

Figure 1: XCelliStem® in plantar gas gangrene. Initial wound 
(A), wound progress at 7 (B) and 21 (C.) days after XCelliStem® 

placement.

Figure 2: CelliStem® in exposed tendon

Figure 3: Treatment of 35cm x 20cm Soft Tissue Injury to Left Lower 
Extremity with XCelliStem® [69]

Figure 4: Treatment of Infected Scalp Wound with XCelliStem® [70] 

Figure 5: Treatment of a 5.5 cm x 5.5 cm x 3 cm lactational abscess 
with XCelliStem® 

Figure 6A: Initial soft tissue defect (A & B) and partial closure (C & 
D) [76]. 
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Fig 6C: Lower extremity at 13 week follow up with application of 
XCelliStem® (A), 17 week follow up (B & C), and 20 week follow up 

(D) 

Figure 6B: Lower extremity 4 weeks after PUBM administration, 
with adhesive dressings removed [76]. 

Figure 6d: Complete lower extremity wound healing at 6 months ;76]

Figure 7: XCelliStem® in infected tibia ORIF

Figure 8A: Intraoperative application of XCelliStem® to 3 month post 
op [72]

Figure 8B: Hand injury progression [72]
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Conclusion
XCelliStem® is an MTP ECM scaffold derived from porcine 

spleen and lung designed to augment and accelerate tissue 
regeneration in various wound types. Porcine ECMs have 
been shown to exert a multitude of beneficial effects on tissue 
regeneration by promoting migration of fibroblasts and penetration 
of epithelial cells, while enhancing neovascularization and tissue 
adhesion. Composed of 45% biphasic collagen and 55% unique 
bioactive molecules from multiple ECM sources, XCelliStem® 
is distinctly different from other ECMs, which typically contain 
less than a 10% concentration of biomolecules. As a result, 
XCelliStem® is able to overcome the limitations of tissue grafts 
currently in practice and generate novel, robust differentiation, 
modulation, mobilization, and proliferation of immune and 
stem cells. Following placement into a wound, ECMs modulate 
the inflammatory immune response and stimulate mononuclear 
cell infiltration at the site to initiate and accelerate the complex 
process of tissue repair and remodeling, even in infected wound 
beds [7]. ECM composition varies markedly between structural 
and parenchymal tissues. Decellularized matrices derived 
from SIS are composed predominantly of fibrillar collagen, 
exceeding 90% of dry weight, and therefore function primarily 
as mechanically robust scaffolds. In contrast, UBM retains a 
broader array of extracellular components, including basement 
membrane associated proteins. Parenchymal tissues, such as 
LEM and MTPs, exhibit a more complex and less collagen 
dominant ECM. This ECM consists of multiple collagen 
subtypes, alongside a diverse population of glycoproteins and 
proteoglycans, which have been identified through quantitative 
proteomics. Upon enzymatic or physiological degradation, 
these matrices release low molecular weight bioactive peptides 
that have been shown to modulate immune response and exhibit 
antimicrobial activity. Collectively, these findings support a 
continuum in ECM biomaterials ranging from collagen dense 
structural scaffolds to protein rich, signaling oriented matrices 
with enhanced bioactivity. It is because of these complex cellular 
activities that XCelliStem® is not only a useful therapeutic 
strategy for management of SSI and SSCs, but has even been 
shown to be an effective treatment that negates the need for 
surgical management altogether. 

The most common indications for XCelliStem® include high 
risk surgical settings, such as infection; cases of exposed bone, 
or tendon; fracture, including open fracture and tibial plateau 
fractures; fasciotomy; achilles tendon repair; washouts; incision 
and drainage; incision and drainage with spacer placement; 
BKAs and AKAs; and implant revisions. XCelliStem® has 
demonstrated efficacy in notoriously difficult cases at high risk 
for poor healing and outcomes, such as necrotizing fasciitis in 
immunocompromised patients and in complex ballistic trauma 
wounds. Furthermore, the total cost of treatment is less than 
many standard wound therapy regimens currently in practice. In 
light of these findings, XCelliStem® has been proven clinically 
to improve both healing and patient outcomes. It would stand 
to reason that use of XCelliStem® would reduce the healthcare 
burden associated with poor wound healing and improve patient 
outcomes overall.
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