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Soft-tissue defects are often treated using 
autologous grafting and commercially avail-
able fillers. Approximately 90,000 patients 

are treated each year in the United States.1 
However, these treatments are limited by volume 
loss over time, showing variable resorption rates 
of 20% to 80% after 1 year.2 Thus, there is a need 
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Background: Autologous fat grafting is commonly used for soft-tissue repair (approximately 
90,000 cases per year in the United States), but outcomes are limited by volume loss (20% 
to 80%) over time. Human allograft adipose matrix (AAM) stimulates de novo adipogenesis 
in vivo, but retention requires optimization. The extracellular matrix derived from superfi-
cial fascia, interstitial within the adipose layer, is typically removed during AAM processing. 
Thus, fascia, which contains numerous important proteins, might cooperate with AAM to 
stimulate de novo adipogenesis, improving long-term retention compared to AAM alone.
Methods: Human AAM and fascia matrix proteins (back and upper leg regions) were 
identified by mass spectrometry and annotated by gene ontology. A three-dimensional 
in vitro angiogenesis assay was performed. Finally, AAM and/or fascia (1  mL) was 
implanted into 6- to 8-week-old male Fischer rats. After 8 weeks, the authors assessed 
graft retention by gas pycnometry and angiogenesis (CD31) and adipocyte counts 
(hematoxylin and eosin) histologically.
Results: Gene ontology annotation revealed an angiogenic enrichment pattern unique to 
the fascia, including lactadherin, collagen alpha-3(V) chain, and tenascin-C. In vitro, AAM 
stimulated 1.0 ± 0.17 angiogenic sprouts per bead. The addition of fascia matrix increased 
sprouting by 88% (2.0 ± 0.12; P < 0.001). A similar angiogenic response (CD31) was observed 
in vivo. Graft retention volume was 25% (0.25 ± 0.13) for AAM, significantly increasing to 
60% (0.60 ± 0.14) for AAM/fascia (P < 0.05). De novo adipogenesis was 12% (12.4 ± 7.4) for 
AAM, significantly increasing to 51% (51.2 ± 8.0) for AAM/fascia (P < 0.001) by means of 
adipocyte quantification.
Conclusions: Combining fascia matrix with AAM improves angiogenesis and adipogen-
esis compared to AAM alone in rats. These preliminary in vitro and pilot animal studies 
should be further validated before definitive clinical adoption. (Plast. Reconstr. Surg. 
151: 108, 2023.)
Clinical Relevance Statement: When producing an off-the-shelf adipose inducing prod-
uct by adding a connective tissue fascial component (that is normally discarded) to the 
mix of adipose matrix, vasculogenesis is increased and, thus, adipogenesis and graft 
survival is improved. This is a significant advance in this line of product.
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to develop novel treatment modalities to improve 
graft retention.3

Recently, studies have explored techniques 
related to human adipose tissue regeneration.4 
The goal of tissue engineering (a phrase that is 
interchangeably used with regenerative medi-
cine) is to regenerate damaged tissues by develop-
ing biological substitutes that maintain, restore, 
or improve tissue function.5–7 One viable option 
for soft-tissue regeneration is human allograft 
adipose matrix (AAM), which is a bioscaffold for 
tissue regeneration.8–14 AAM is the extracellu-
lar matrix component of allograft adipose tissue 
after removing the lipid and cellular components. 
Properly processed AAM preserves endogenous 
components, including matrix proteins, growth 
factors, and cytokines.8,12 AAM was developed as 
an off-the-shelf alternative to autologous fat graft-
ing and synthetic fillers.15

In preclinical models, implanting AAM in 
humans or mice induces adipose tissue remodel-
ing. For instance, placing AAM in the dorsal wrist 
stimulates de novo adipogenesis 16 weeks after 
implantation, and the retention rate is 47% of the 
initial volume implanted.16 In addition, in a mul-
ticenter, open-label pilot study, AAM was used to 
correct temple atrophy. The temple volume reten-
tion (or fullness) was established using a maxi-
mum atrophy score of 4 and a time zero score of 
0 for the baseline. Volume retention over 8 weeks 
was highly variable (scores from 1 to 3), which 
decreased over the remaining weeks (scores from 
0.8 to 2).15 Thus, improving the retention of the 
resulting tissue after implanting AAM requires 
further investigation.

One avenue to improve graft survival is to 
ensure sufficient neovascularization.17 A prospec-
tive study that examined fasciitis patients revealed 
that the fascia component of the lesion was asso-
ciated with angiogenesis and vascular endothelial 
growth factor–producing cells to a greater degree 
than the muscle, as determined by immunohis-
tochemistry.18 When AAM is prepared, the fascia 
component, the continuous framework of loose 
connective tissue that extends throughout the 
body, is typically removed.19 The fascia of interest, 
concerning adipose tissue, is the superficial fas-
cia, which is derived from mesoderm and located 
directly under the skin and superficial adipose 
layers. It shows stratification grossly and micro-
scopically and is made of membranous layers with 
loosely packed interwoven collagen and elastic 
fibers.20

Although fascia is traditionally regarded 
for its structural features, the isolation and 

characterization of superficial fascia–derived 
stromal cells from rats using flow cytometry fol-
lowed by adipogenic differentiation revealed that 
these cells are lineage-committed preadipocytes 
capable of spontaneous and induced adipogenic 
differentiation. Thus, a new proposed model for 
adipogenesis involves fascial preadipocytes, which 
form primitive adipose lobules in subcutaneous 
superficial fascia.21 Thus, given the potential asso-
ciation of the fascia with both angiogenesis and 
adipogenesis, we hypothesize that AAM, without 
the fascia, may be missing key functional proteins. 
As such, in this study, we combined fascia matrix 
and AAM to induce de novo adipose tissue regen-
eration and angiogenesis, intending to increase 
graft retention volume in rats.

MATERIALS AND METHODS

Cell Culture Conditions
Primary human umbilical vein endothelial 

cells (HUVEC) were isolated from umbilical cords 
obtained from local hospitals under the University 
of California, Irvine, Institutional Review Board 
approval and were cultured as described.22 HUVEC 
were transduced with lentivirus-expressing green 
fluorescent protein and LeGO-V2 (plasmid no. 
27340), from Boris Fehse (Addgene). Normal 
human lung fibroblasts (Lonza) were cultured 
in Dulbecco’s Modified Eagle Medium contain-
ing 10% fetal bovine serum and 1% penicillin/
streptomycin.

AAM and Fascia Preparation
The overall experimental design of this study 

is shown. [See Figure, Supplemental Digital 
Content 1, which shows the experimental design. 
Cadaveric adipose tissue was centrifuged to sepa-
rate the adipose and fascia fractions. Each frac-
tion was decellularized and powderized, creating 
AAM and fascia matrix. The AAM and fascia 
matrix were subjected to three different assays. 
First, they were digested and analyzed by mass 
spectrometry followed by gene ontology anno-
tation. Second, the AAM and fascia matrix were 
used in a three-dimensional in vitro angiogen-
esis assay to assess the angiogenic capacity of 
each matrix in vitro. Lastly, the AAM and fascia 
matrix were implanted into rats either alone or 
in combination. After the tissue was harvested 
(at 8 weeks), it was assessed for volume reten-
tion, angiogenesis, and de novo adipogenesis, 
http://links.lww.com/PRS/F518.] The AAM and 
fascia matrix were obtained from human adipose 
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tissue recovered from cadaveric donors and were 
provided by MTF Biologics (Edison, NJ). Under 
approved protocols, the tissue was obtained fol-
lowing existing regulations and was screened for 
pathogens by serologic testing and incoming bio-
burden identification. The anatomical location 
of the recovered skin was the back and upper leg 
regions. The adipose tissue was recovered from 
the subcutaneous layer of the full-thickness skin 
and was separated using a semiautonomous der-
matome machine and was mechanically reduced 
and centrifuged to isolate the adipose fraction 
and fascia fraction. During the initial mechanical 
reduction, the tissue was sheared through a stain-
less-steel plate containing multiple through-holes 
(small-diameter boreholes). The shearing action 
facilitated lipid removal during subsequent pro-
cessing steps.

The resultant slurry of adipose and superfi-
cial fascia components was then centrifuged to 
separate the tissue into four layers gravimetri-
cally (least dense to most dense), namely, the 
lipid (45%), adipose (40%), blood/water (5%), 
and fascia (10%). [See Figure, Supplemental 
Digital Content 2, which shows the separation 
and centrifugation of the matrices. (Above, left) 
Superficial adipose, superficial fascia, and deep 
adipose layers (before mechanical reduction). 
(Above, right) Example of the deep fascia/connec-
tive tissue layer observation (manually removed 
and discarded). (Below) Fractions after mechani-
cal reduction and centrifugation, http://links.lww.
com/PRS/F519.] Then, the adipose and fascia lay-
ers were segregated for further downstream pro-
cessing. The fascia component was derived from 
the superficial fascia that is interstitial within the 
adipose tissue layer. Any residual deep fascia was 
removed during the initial inspection of the tissue 
in the upstream processing procedure.

The AAM and fascia matrix were processed 
in an aseptic environment in International 
Organization for Standardization 5 and 4 clean-
rooms. The lipid component was removed using 
an organic solvent. A surfactant/ethanol-based 
solution removed the cellular content (the tis-
sue-resident cells) and cellular debris (i.e., the 
organic waste left over after a cell dies) while 
preserving the extracellular matrix components. 
The matrices were decontaminated and lyophi-
lized. Tissue sterility was verified using the United 
States Pharmacopeia <71> Sterility Test guidelines 
(Nelson Laboratories). This tissue is “shelf-ready,” 
and further information regarding the processing 
of the materials is proprietary. A version of the 
AAM like the one used in this study is currently 

commercially available (RENUVA; MTF Biologics) 
and used in clinical studies.16,23

Nanoscale Liquid Chromatography Coupled to 
Tandem Mass Spectrometry

The AAM and fascia matrix samples were 
denatured in formic acid. One crystal (approxi-
mately 20 to 100 molar excess) of cyanogen bro-
mide was added to each sample. It was digested 
and evaporated to dryness under vacuum, redis-
solved, and reduced. The samples were then 
ultrasonicated and diluted. Trypsin was added to 
an estimated enzyme-to-substrate ratio of 1:100. 
After an overnight digestion, a fresh equivalent of 
trypsin was added, and digestion proceeded for 
4 hours. Then, the samples were supplemented 
with formic acid and desalted as described24 using 
C18-SCX filters. The stacked filters were activated 
and washed. The C18 filters were loaded with pep-
tides and were washed and transluted to the SCX 
filter. Peptides were eluted from the SCX filter. 
The elutions were vacuum dried and redissolved 
in 0.1% formic acid in water for mass spectrom-
etry on an LTQ Orbitrap Velos Pro with EASY-nLC 
1000 (ThermoFisher Scientific). Fractionation 
occurred on a 25 × 0.075 mm C18 column/elec-
trospray tip, eluting with a linear gradient of 
acetonitrile in 0.1% formic acid. Precursor spec-
tral resolution was 60,000. Peptides were identi-
fied using Mascot Server 2.6, searching against 
SwissProt/human and a common contaminant 
database allowing variable modifications of deam-
idation (N/Q) and oxidation (M). Precursor 
and fragment tolerances were 20 ppm/20 mmu, 
respectively; enzyme specificity was cyanogen bro-
mide plus trypsin and maximum missed cleavages 
= 1. Bioinformatics was performed using a gene 
ontology analysis25 and https://string-db.org/.

Immunofluorescence for Validation
To validate the proteins identified by mass 

spectrometry, the AAM and fascia matrix were 
pepsin digested and dried on a glass slide. Then, 
the samples were fixed in 4% paraformaldehyde 
(ThermoFisher Scientific), washed, and blocked 
with 5% bovine serum albumin (Sigma-Aldrich) 
in phosphate-buffered solution. Then, primary 
antibodies [anti-tenascin C (R&D Systems), anti-
NG2 (Abcam), or anti-collagen VI a3 (OriGene)] 
in 5% bovine serum albumin were added. After 
washing, the samples were incubated with an 
Alexa Fluor 488–conjugated secondary antibody 
(ThermoFisher). Then, the samples were washed 
and imaged using an EVOS cell imaging system 
(ThermoFisher) (10× objective). Three fields of 

http://links.lww.com/PRS/F519
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view were captured for each sample, and the fluo-
rescence intensity was quantified using ImageJ 
(National Institutes of Health).

Three-Dimensional Angiogenesis Assay
The three-dimensional in vitro angiogenesis 

assay was performed as described, with some mod-
ifications.22 Briefly, green fluorescent protein–
transduced HUVEC were coated onto Cytodex 3 
microcarrier beads (Amersham Biosciences) and 
were embedded into a fibrin gel (MP Biomedicals). 
Vasculife (Life Line Cell Technology) containing 
normal human lung fibroblasts was added to each 
well, and the cultures were maintained for 10 days. 
This condition served as the control. The assay was 
carried out as described above to test the AAM and 
fascia matrix, but instead of fibrin alone, the AAM 
and fascia matrix were mixed at 75/25 (matrix/
fibrin) by volume. When AAM or fascia was used 
at 100%, it did not gel, which is necessary for the 
three-dimensional in vitro angiogenesis assay. 
Based on previous experience with extracellular 
matrices derived from other tissues, adding 25% 
fibrin was ideal for assessing the matrix.26 For the 
condition with both AAM and fascia, the 75/25 
mixes were combined to make a 50/50 mix by vol-
ume of the AAM and fascia matrix. For quantifi-
cation, 30 beads were randomly selected in each 
condition and were counted for each experiment 
(n = 3 using three different donors and for each 
donor there were six replicates). A sprout was only 
counted if it was at least as long as the diameter of 
the bead.

In Vivo Model
AAM and fascia matrix were reconstituted in 

sterile saline and subcutaneously injected in the 
dorsal flanks of 6- to 8-week-old male Fischer rats 
using a 16-gauge blunt-tip cannula (1 cc per site). 
Adherence to the regulations and standards set 
forth by the University of California, Irvine, and 
the National Institutes of Health Office of Animal 
Care and Use were strictly followed. Nine rats were 
assigned randomly to three groups: AAM alone, 
fascia alone, and 50/50 AAM/fascia (by volume) 
(n = 3 per group and each animal received four 
injections). The tissue (12 explants per condition) 
was harvested 8 weeks after implantation. Volume 
was assessed by gas pycnometry (Micromeritics). 
The explants were fixed in formaldehyde and 
embedded in paraffin. The tissue sections were 
subjected to hematoxylin and eosin staining to 
assess adipocytes. The number of adipocytes was 
counted in five fields per section at 4×. For each 
group, there were 12 sections. The sections were 

processed using standard immunohistochemistry 
methods to assess vessel density. Briefly, after they 
were deparaffinized and rehydrated, the sections 
were blocked in hydrogen peroxide. Then, a tryp-
sin enzymatic antigen retrieval kit (Abcam) was 
used. The subsequent processing was done using 
the Mouse and Rabbit Specific HRP/DAB (ABC) 
Detection IHC kit (Abcam) alone with the CD31 
primary antibody (Novus Biologicals). The sec-
tions were mounted and imaged at 4×. Five fields 
of view per section were quantified using ImageJ 
software. For each group, there were 12 sections. 
The primary endpoint was to show a 50% higher 
volume retention in the AAM/fascia grafts than 
the AAM–alone grafts at 8 weeks. The secondary 
endpoints were to show 50% higher levels of adi-
pocyte counts and vessels densities for the AAM/
fascia grafts compared to the AAM–alone grafts at 
8 weeks. The study required three animals for each 
group to achieve 80% power to test this hypoth-
esis using a paired t test at a 5% significance level.

Statistical Analysis
The researchers were blinded to the experi-

mental conditions before performing the quanti-
fications. The statistical analyses were performed 
using Microsoft Excel (Microsoft Corp.) and 
GraphPad Prism 6 (GraphPad Software, Inc.). The 
in vitro data are presented as the mean ± standard 
error of the mean, and a t test was used to analyze 
the differences between the experimental groups. 
For the in vivo study, the data are presented as the 
mean ± standard deviation. A one-way analysis of 
variance with Tukey post hoc test was used to com-
pare the groups. The data were considered statisti-
cally significant for values of P < 0.05.

RESULTS

AAM and Fascia Matrix Have Different Protein 
Profiles

After the mass spectrometry analysis of the 
AAM and fascia matrix from four donors (desig-
nated donors 1 through 4) (Table 1), the identi-
fied proteins were classified as matrisome related. 
A total of 42.6% of the AAM matrisome proteins 
and 42.9% of the fascia matrix matrisome proteins 
were shared between the four donors. [See Figure, 
Supplemental Digital Content 3, which shows the 
donor comparisons. AAM and fascia matrix from 
four donors were analyzed by mass spectrometry. 
Identified proteins were classified as matrisome-
related based on The Matrisome Project (http://
matrisomeproject.mit.edu/). Matrisome pro-
teomic overlap between the four donors for AAM 

http://matrisomeproject.mit.edu/
http://matrisomeproject.mit.edu/
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and fascia matrix is shown above. A total of 42.6% 
and 42.9% of the AAM and fascia matrix proteins, 
respectively, were shared between all four donors. 
The Venn diagram shows that a total of 115 and 98 
matrisome proteins were identified as AAM and 
fascia matrix components, respectively, http://
links.lww.com/PRS/F520.] A total of 115 and 98 
matrisome proteins were identified in the adipose 
and fascia components, respectively. (See Table, 
Supplemental Digital Content 4, which shows all 
the matrisome proteins identified in each matrix 
by mass spectrometry, http://links.lww.com/PRS/

F521.) Eighty-six of these were common to the 
AAM and fascia matrix, 25% were unique to the 
AAM, and 12% were unique to the fascia matrix. 
The unique components of each matrix are pre-
sented in Table 2.

Mass Spectrometry Protein Identification Is 
Validated Using an Antibody-Based Method

Collagen VI alpha 3 was identified in both 
samples and had the highest Mascot score based 
on the mass spectrometry data. Thus, collagen VI 
alpha 3 was the positive control. To validate the 
unique proteins in the AAM and fascia matrix, 
we examined neural glial antigen 2 and tenascin-
C, respectively. The intensity of neural glial anti-
gen 2 in the AAM (7.35 ± 0.52) was significantly 
greater (P < 0.05) than in the fascia (1.57 ± 0.33). 
The intensity of tenascin-C in the fascia (7.10 ± 
0.03) was significantly greater (P < 0.05) than in 
the AAM (1.85 ± 0.59). [See Figure, Supplemental 

Table 1. Donor Characteristics

Donor Sex Age (yr) Height (in) Weight (lb) CoD 

1 F 41 65 320 Unknown
2 F 60 66 195 Drug OD
3 F 51 66 209 Unknown
4 M 62 70 296 Cardiac arrest
F, female; M, male; CoD, cause of death; OD, overdose.

Table 2. Unique AAM and Fascia Matrix Proteins

Entry Protein Name Gene Name Fraction 

P07858 Cathepsin B CTSB AAM
Q9UBR2 Cathepsin Z CTSZ AAM
Q9H6Z9 Egl nine homolog 3 EGLN3 AAM
Q9BXX0 EMILIN-2 EMILIN2 AAM
P00734 Prothrombin F2 AAM
P09038 Fibroblast growth factor 2 FGF2 AAM
Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 AAM
P24043 Laminin subunit alpha-2 LAMA2 AAM
P49257 Protein ERGIC-53 LMAN1 AAM
O00339 Matrilin-2 MATN2 AAM
Q9H8L6 Multimerin-2 MMRN2 AAM
P31949 Protein S100-A11 S100A11 AAM
P06703 Protein S100-A6 S100A6 AAM
P05109 Protein S100-A8 S100A8 AAM
P06702 Protein S100-A9 S100A9 AAM
P08185 Corticosteroid-binding globulin SERPINA6 AAM
P30740 Leukocyte elastase inhibitor SERPINB1 AAM
P01008 Antithrombin-III SERPINC1 AAM
P09486 Secreted protein acidic and rich in cysteine SPARC AAM
Q6PCB0 von Willebrand factor A domain-containing protein 1 VWA1 AAM
P01019 Angiotensinogen AGT AAM
P49747 Cartilage oligomeric matrix protein COMP AAM
P01034 Cystatin-C CST3 AAM
Q6UVK1 Chondroitin sulfate proteoglycan 4 CSPG4 AAM
P12429 Annexin A3 ANXA3 AAM
Q8IUX7 Adipocyte enhancer-binding protein 1 AEBP1 AAM
P02746 Complement C1q subcomponent subunit B C1QB AAM
Q96CG8 Collagen triple helix repeat-containing protein 1 CTHRC1 AAM
Q86Y22 Collagen alpha-1(XXIII) chain COL23A1 AAM
O96014 Protein Wnt-11 WNT11 Fascia
P24821 Tenascin-C TNC Fascia
P20908 Collagen alpha-1(V) chain COL5A1 Fascia
P21980 Protein-glutamine gamma-glutamyltransferase 2 TGM2 Fascia
P05546 Heparin cofactor 2 SERPIND1 Fascia
P27658 Collagen alpha-1(VIII) chain COL8A1 Fascia
Q08431 Lactadherin MFGE8 Fascia
O75888 Tumor necrosis factor ligand superfamily member 13 TNFSF13 Fascia
P05997 Collagen alpha-2(V) chain COL5A2 Fascia
Q15113 Procollagen C-endopeptidase enhancer 1 PCOLCE Fascia
P25940 Collagen alpha-3(V) chain COL5A3 Fascia
Q2M2W7 UPF0450 protein C17orf58 C17orf58 Fascia

http://links.lww.com/PRS/F520
http://links.lww.com/PRS/F520
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Digital Content 5, showing validation of the mass 
spectrometry (MS) data. The AAM and fascia 
matrix were digested with pepsin and were coated 
onto glass slides. The proteins were fixed, blocked, 
and stained with antibodies to detect collagen VI 
alpha 3, neural glial antigen 2, and tenascin-C. 
The images were acquired using an EVOS fluores-
cent microscope and are presented in gray scale 
(left). Scale bar = 1000 μm. (Right) Quantified data, 
which are the average of two of the donor sam-
ples, with three fields of view from each donor, 
and are expressed as the fluorescence intensity in 
arbitrary units (AU), as measured using ImageJ 
software. The data are presented as the mean ± 
SEM (n = 3; five fields were counted per condi-
tion; *P < 0.05), http://links.lww.com/PRS/F522.]

Functional Annotation Reveals a Unique 
Angiogenic Profile for the Fascia Matrix

The gene ontology analysis demonstrated that 
for biological process, 224 pathways were com-
mon to the two samples. However, examining 
the top 40 enriched biological process pathways 
in each sample revealed unique pathway enrich-
ments (Table 3). Pathways related to angiogenesis 
were identified in the fascia matrix. These were 
not enriched in this portion of the pathways from 
the AAM sample. Next, six pathways were unique 
in the AAM for molecular function, and there 
were three unique pathways in the fascia matrix 
(Table  3). These findings indicated that the 
AAM showed an enriched binding capacity com-
pared to the fascia matrix. Finally, for the cellular 

component category, five pathways were unique 
for the AAM, and three were unique for the fascia 
matrix (Table  3). These unique cellular compo-
nent pathways indicated that the AAM was associ-
ated with proteins related to cell parts, whereas 
the fascia was enriched for components related to 
collagen.

Fascia Matrix Supports Angiogenic Sprouting
The average number of angiogenic sprouts 

per bead for the AAM condition was 1.0 ± 0.12. 
The fascia matrix produced 4.1 ± 0.21 sprouts per 
bead, which was a significant increase (294%) (P 
< 0.001). Not surprisingly, the control wells, with 
pure fibrin, gave the most robust response (6.9 ± 
0.17 sprouts per bead). When the AAM and fascia 
matrix were mixed (50/50 by volume), this combi-
nation showed an average of 2.0 ± 0.17 sprouts per 
bead. The difference between the AAM and the 
mixed condition was significant (88% increase; P < 
0.001). [See Figure, Supplemental Digital Content 
6, which shows the in vitro angiogenesis data. (Left) 
Green fluorescent protein–transduced HUVEC 
were coated onto Cytodex beds and embedded 
in variety of extracellular matrix gels. Control 
assay: HUVEC–coated beads were embedded in 
a fibrin gel. AAM assay: HUVEC–coated beads 
were embedded in a gel made of 75% AAM and 
25% fibrin. Fascia matrix assay: HUVEC–coated 
beads were embedded in a gel made of 75% fas-
cia matrix and 25% fibrin. AAM/fascia mix assay: 
HUVEC–coated beads were embedded in a gel 
made of 75% AAM and fascia (a 50:50 mix) and 

Table 3. Unique Pathway Enrichments

 AAM Fascia 

Biological process Regulation of endopeptidase activity Regulation of cell-substrate adhesion
Negative regulation of proteolysis Positive regulation of cell-substrate adhesion
Regulation of wound healing Single-organism catabolic process
Negative regulation of cellular process Blood vessel development
Single-multicellular organism process Vasculature development
Negative regulation of wound healing Cell-substrate adhesion
Negative regulation of biological process Regulation of cell adhesion
Glycosaminoglycan catabolic process Vesicle-mediated transport
System development Peptide cross-linking
Multicellular organismal process Cell-matrix adhesion
Cell activation Blood vessel morphogenesis
Negative regulation of protein metabolic process  

Molecular function S100 protein binding Molecular function regulator
RAGE receptor binding Carbohydrate derivative binding
Toll-like receptor 4 binding Peptidase activator activity
Identical protein binding  
Cysteine-type endopeptidase inhibitor activity  
Arachidonic acid binding  

Cellular component Organelle Collagen type V trimer
Cytoplasmic vesicle part Network-forming collagen trimer
Golgi apparatus part Macromolecular complex
Side of membrane  
Perinuclear region of cytoplasm  
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25% fibrin. The gels were fixed and imaged at 10 
days. Scale bar = 400 μm. The sprouts were counted 
from 30 beads per condition, and the average and 
standard error of the mean are presented (n = 3 
using three different donors and for each donor 
there were six replicates; ***P < 0.001). (Right) 
Fischer rats were implanted subcutaneously with 
AAM, fascia matrix or a mix of 50/50 AAM and 
fascia matrix into the dorsum (four implants per 
animal; n = 3 animals per group). After 8 weeks, 
the explants (12 per group) were embedded in 
paraffin and sectioned, and the endothelial cells 
within the sections were visualized by staining for 
CD31+ cells. The arrows indicate the positive ves-
sel staining. Scale bar = 100 μm. Vascular density 
was calculated using ImageJ. Five representative 
areas from each section were used for the calcula-
tions (*P < 0.05), http://links.lww.com/PRS/F523.]

Adding Fascia Matrix to AAM improves 
Angiogenesis, Volume Retention, and 
Adipogenesis In Vivo

Eight weeks after implantation, the tissue 
harvested from the rats revealed that there was 
a statistically significant increase in CD31+ cells 
when the fascia matrix alone (214.2 ± 4.0) was 
implanted compared to the AAM alone (175.1 
± 4.0; 23% increase; P < 0.05). The increase for 
the 50/50 mixture (183.7 ± 3.3; 7% increase; P < 
0.05) was also statistically significant compared to 
the AAM alone. The difference between the fascia 
alone and the 50/50 group was not significant (P 
> 0.05) (see Figure, Supplemental Digital Content 
6, http://links.lww.com/PRS/F523).

Furthermore, implanting fascia alone and the 
50/50 mixture resulted in significantly greater 
volume retentions (0.70 ± 0.08 and 0.60 ± 0.14, 
respectively; P < 0.05 for both) compared to the 
AAM alone (0.25 ± 0.13). The difference between 
the fascia alone and the 50/50 group was not sig-
nificant (P > 0.05). [See Figure, Supplemental 
Digital Content 7, which shows volume retention. 
The explants were imaged to demonstrate the size 
differences visually. Scale bar = 5  mm. A volume 
assessment was performed on all the explants 
using a gas pycnometer. The data are presented as 
the mean ± SEM (n = 12 per condition; *P < 0.05), 
http://links.lww.com/PRS/F524.]

Finally, we examined de novo adipogenesis. 
The percentage adipose area of the 50/50 group 
was statistically significantly greater than the 
AAM–alone group (51.2 ± 8.0 and 12.4 ± 7.4; P < 
0.001). The difference between the AAM (12.4 ± 
7.4) and fascia groups (23.5 ± 7.9) was not signifi-
cant (P > 0.05) (Fig. 1).

DISCUSSION
Determining the matrisome constituents of 

AAM and fascia matrix is essential for understand-
ing function. The mass spectrometry analysis and 
annotation of these extracellular matrix proteins 
revealed that the fascia matrix showed a greater 
enrichment for angiogenesis-related pathways 
than the AAM, leading to the hypothesis that the 
fascia matrix might contain factors that contrib-
ute to angiogenesis during adipoinduction.

Previously, an array of angiogenic-related 
extracellular matrix proteins was identified using 
a three-dimensional in vitro angiogenesis assay.27 
Among these proteins, ANXA2, COL1A1, FN, 
COL1A2, TGFB1, and LAMC1 were present in the 
AAM and fascia matrisomes from all four donors. 
In addition, SPARC was identified in three donors 
in the AAM, and PCOLCE was identified in two 
donors in the fascia matrix. The AAM and fascia 
matrix were used in the same three-dimensional 
in vitro angiogenesis assay. AAM poorly supported 
angiogenesis. However, the fascia induced robust 
sprouting (an increase of 294% compared to 
AAM), and adding fascia to the AAM stimulated 
sprouting angiogenesis (an increase of 88%). 
These findings supported the bioinformatics data, 
revealing that fascia matrix was angiogenic. Part 
of the mechanism by which extracellular matrix 
proteins regulate angiogenesis is by increasing 
the stiffness of the extracellular matrix.27 The 
AAM and fascia matrix are composed of different 
extracellular matrix proteins related to angiogen-
esis. Thus, understanding the balance of the AAM 
and facia matrix proteins will be important for 
assessing the stiffness of the matrices in the three-
dimensional angiogenesis assay.

Implanting the fascia alone and the 50/50 mix 
of AAM and fascia in rats showed an enhanced 
vessel density at 8 weeks compared to AAM alone 
(23% and 7% increases, respectively), suggesting 
that adding fascia matrix enhanced the angiogenic 
capacity of AAM. Previously, when AAM alone was 
implanted in mice, it stimulated angiogenesis to a 
greater degree (>50% increase in vessel density) 
compared to fat grafting.28 Thus, adding fascia to 
AAM should improve angiogenesis in the graft 
compared to fat grafting.

Here, AAM supported adipogenesis, which 
was significantly improved at 8 weeks by adding 
fascia, increasing from 12% to 51%. However, 
fascia alone did not significantly improve adi-
pogenesis (23%) compared to AAM. In addi-
tion, the volume retention after 8 weeks for the 
AAM group was only 12.4% but increased to 
60% in the AAM/fascia group. The fascia alone 
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group revealed the largest volume retention 
at 70%. Together with the adipogenesis data, 
these findings reveal that the best scaffold for 
supporting volume retention, along with adipo-
genesis, was demonstrated when AAM included 
the fascia component. Previously, when AAM 
was implanted in mice, volume retention was 
improved by 61% compared to fat grafting. This 
was further improved to 82% when the AAM was 
combined with external volume expansion.28 
Thus, AAM performs better than fat grafting 
with respect to volume retention. Our data sug-
gest that when fascia is added, this improvement 
could be even more significant (Fig. 2).

Given that the AAM used here is similar to 
Renuva Allograft Adipose Matrix, we propose 
that the indications/contraindications would 
be similar. This AAM/fascia matrix would be 
intended for the replacement of damaged or 
insufficient integumental adipose tissue matrix 
in areas where native fat already exists. In addi-
tion, it might also be used as reinforcement or 
supplemental support for underlying adipose 

tissue matrix as the result of damage or naturally 
occurring defects. The contraindications would 
be that it should not be injected in an area where 
native adipose does not typically exist and that 
it should not be used for patients with severe 
allergy sensitivities.

This study has several limitations that deserve 
attention with respect to future experiments. 
First, the mass spectrometry–based proteomic 
methods used were qualitative rather than quan-
titative. To provide further information on the 
composition of these matrices, in the future, we 
might use label-free mass spectrometry methods 
to quantify the individual peptide concentra-
tions.29 Second, the in vivo study only examined 
one time point. Ongoing studies in our labora-
tory examine the grafts over time, for a longer 
period and with more animals per condition. 
This is a crucial goal for better understanding 
the translatability of these studies. Third, these 
results should be compared to lipoaspirate or 
cell-assisted lipotransfer in an animal model. 
However, because most of the animal models 

Fig. 1. De novo adipogenesis. (Above) After 8 weeks, the explants (12 per group) were paraffin embedded, sectioned, and hema-
toxylin and eosin stained. Adipocytes within the sections were visualized by microscopy. The arrows indicate areas of adipocytes. 
Scale bar = 100 μm. (Below) De novo adipogenesis was assessed by counting the number of adipocytes in each explant relative to 
the entire area of the section. Five representative areas from each section were used for the calculations. The data are presented as 
the mean ± SEM (n = 12 per condition; ***P < 0.001).
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in the literature use mice or athymic rats and 
we used immunocompetent rats, in the future, 
we plan to incorporate these comparisons using 
the appropriate model. Finally, further studies 
exploring the elasticity, stiffness, and compres-
sive properties of these matrices alone and in 
combination with respect to the matrisome pro-
teins identified would extend the scope of the 
current data.

CONCLUSIONS
In summary, we deconstructed the compo-

nents of AAM and fascia matrix and determined 
that the angiogenic properties of these matrices 
were differential. Given the close relationship 
between angiogenesis and adipogenesis, we also 
revealed that retaining the fascia matrix within 
the AAM created an improved bioscaffold that can 
potentially be used off-the-shelf for tissue regener-
ation. If these initial preliminary findings are con-
firmed and validated, the fascia matrix and AAM 
combination could be used for soft-tissue recon-
struction in various clinical conditions.
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