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Matrix-bound nanovesicles within
ECM bioscaffolds

Luai Huleihel,1,2 George S. Hussey,1,2 Juan Diego Naranjo,1,2 Li Zhang,1,2 Jenna L. Dziki,1,3 Neill J. Turner,1,2
Donna B. Stolz,4,5 Stephen F. Badylak1,2,3*
Biologic scaffold materials composed of extracellular matrix (ECM) have been used in a variety of surgical and tissue
engineering/regenerative medicine applications and are associated with favorable constructive remodeling properties
including angiogenesis, stem cell recruitment, and modulation of macrophage phenotype toward an anti-inflammatory
effector cell type. However, the mechanisms by which these events are mediated are largely unknown. Matrix-bound
nanovesicles (MBVs) are identified as an integral and functional component of ECM bioscaffolds. Extracellular vesicles
(EVs) are potent vehicles of intercellular communication due to their ability to transfer RNA, proteins, enzymes, and
lipids, thereby affecting physiologic and pathologic processes. Formerly identified exclusively in biologic fluids,
the presence of EVs within the ECM of connective tissue has not been reported. In both laboratory-produced and
commercially available biologic scaffolds, MBVs can be separated from the matrix only after enzymatic digestion
of the ECM scaffold material, a temporal sequence similar to the functional activity attributed to implanted bioscaffolds during and following their degradation when used in clinical applications. The present study shows that
MBVs contain microRNA capable of exerting phenotypical and functional effects on macrophage activation and neuroblastoma cell differentiation. The identification of MBVs embedded within the ECM of biologic scaffolds provides
mechanistic insights not only into the inductive properties of ECM bioscaffolds but also into the regulation of tissue
homeostasis.

INTRODUCTION
Biologic scaffold materials composed of mammalian extracellular
matrix (ECM) are commonly used for surgical repair or reconstruction
of ventral hernias (1), skeletal muscle (2), esophagus (3), dura mater (4),
tendon (5), breast tissue (6), and others (7). These ECM-based materials
are either xenogeneic or allogeneic in origin and elicit a variety of favorable cellular responses that promote functional tissue reconstruction including angiogenesis, stem cell recruitment, antimicrobial activity, and
modulation of innate immune response (8–10). However, the mechanisms by which these ECM bioscaffolds influence cell behavior are
largely unknown.
Plausible and logical mechanisms by which ECM bioscaffolds interact with cells include cues generated by specific surface topography
(11, 12), mechanobiology-related cell signaling (13, 14), integrinmediated cell response to the ECM ligand landscape (12, 15), release
of embedded growth factors/cytokines/chemokines (10, 16), and/or
the creation or exposure of signaling cryptic peptide motifs (17). Extracellular vesicles (EVs) are membrane vesicles 30 to 1000 nm in diameter and are released from most cell types into the extracellular space
(18, 19). To date, neither the presence nor the functional role of EVs as
regulators of cell behavior in tissue ECM or in recipients of ECM bioscaffolds has been reported.
EVs are commonly found in cell culture supernatants and in most
biologic fluids such as saliva, plasma, and cerebrospinal fluid (20). Different cell types release exosomes (that is, an EV subgroup that is 30 to
100 nm in diameter) containing microRNA (miRNA), cytokines, che1
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mokines, and other types of proteins that can be internalized by, and
function within, recipient cells (21). The contents of EVs have been
shown to regulate diverse physiologic and pathologic processes, such
as angiogenesis, immune cell phenotype, cell differentiation and fate,
epithelial to mesenchymal transition, and apoptosis (22–24). Here, we
identify EVs, which we have termed matrix-bound nanovesicles
(MBVs), embedded within biologic scaffolds composed of ECM. The
miRNA and protein cargo of MBVs and their ability to influence cell
behavior were investigated.

RESULTS
Different enzymatic digestions affect the extractable
amount of nucleic acids in ECM bioscaffold materials
Although the quantification of double-stranded DNA (dsDNA) is
commonly used as a metric to assess thoroughness of tissue decellularization during the manufacturing of biologic scaffold materials (25, 26),
the quantification of other forms of nucleic acid, such as RNA or singlestranded DNA (ssDNA), is neglected in these analyses. To determine
whether alternative forms of nucleic acid were present after decellularization of the native tissue, nucleic acid was extracted from comminuted
(acellular) ECM scaffold materials using the phenol/chloroform
method. Quantification of dsDNA was performed using the PicoGreen
assay, and quantification of total nucleic acid was performed by ultraviolet (UV) absorbance at 260 nm, which detects all forms of nucleic
acid, including RNA. Results show that the amount of dsDNA present
was only approximately 25 to 40% of the total nucleic acid present in
ECM scaffold materials (Fig. 1 and table S1). When these ECM scaffolds
were enzymatically degraded after treatment with various proteases
before nucleic acid extraction, the amount of total extractable nucleic
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acid markedly increased compared to untreated samples. This pattern
was observed for all forms of ECM scaffold materials tested, which
included laboratory-produced and commercially available equivalents of urinary bladder matrix (UBM) and ACell MatriStem (Fig.
1A), small intestinal submucosa (SIS) and Cook Biotech Biodesign
(Fig. 1B), and dermis and C.R. Bard XenMatrix (Fig. 1C). Results show
that laboratory-produced scaffolds had similar nucleic acid concentrations to their respective commercially available counterparts, indicating
that these results were not an artifact of laboratory manufacturing
protocols. Furthermore, the nucleic acid content is much lower in dermisderived ECM scaffolds compared to SIS- and UBM-derived ECM
scaffolds, a result possibly due to the differences in anatomic location,
physiologic function, and/or matrix density of the various tissues.

Enzymatic digestion of biologic scaffolds releases small
RNA molecules
To determine whether RNA was present in ECM scaffolds, nucleic acid
extractions from untreated or pepsin-, proteinase K–, or collagenasetreated UBM were exposed to deoxyribonuclease I (DNase I) or ribonuclease A (RNase A) nucleases and were analyzed by agarose gel
electrophoresis (Fig. 2A). Results show that DNase I removed all
nucleic acid material except for a smeared band that ran approximately between 25 and 200 base pairs (bp). Reciprocally, RNase A
removed this small base pair nucleic acid fraction, leaving the larger
base pair material, indicating that these short-length nucleic acid
molecules were small RNA molecules. Furthermore, when compared to untreated (no digest) samples, these small RNA molecules

Fig. 1. Comparison of nucleic acid concentration from UBM, SIS, or dermis and their commercially available equivalents. (A to C) Concentration of
total nucleic acid and dsDNA per milligram dry weight of ECM scaffold from untreated (control) and proteinase K– or collagenase-treated samples of (A) UBM
and ACell MatriStem (porcine UBM), (B) SIS and Cook Biotech Biodesign (porcine SIS), and (C) dermis and C.R. Bard XenMatrix (porcine dermis). Total nucleic
acid concentration was assessed by UV absorbance at 260 nm. dsDNA concentration was assessed using PicoGreen dsDNA quantification reagent. Variability
from isolation to isolation is depicted by SD. Data are means ± SD; n = 3 isolations per sample.
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could only be efficiently extracted after the ECM scaffolds were enzymatically degraded with pepsin, proteinase K, or collagenase (Fig. 2A).
Nucleic acid preparations were further analyzed using the Agilent
2100 Bioanalyzer (Fig. 2B). Results show that, compared to samples
not exposed to nuclease (Fig. 2B, top panel), DNase I removed all nucleic acid material except for the small RNA molecules (Fig. 2B,
bottom panel). These small RNA molecules were identified in all
biologic scaffold materials tested (Fig. 2C). The ability to remove
DNA and RNA molecules from ECM scaffolds by exposure to nuclease before nucleic acid extraction was investigated. Results show that
exposure of untreated or collagenase-treated UBM to DNase I or
RNase A nucleases did not completely degrade the nucleic acid material (Fig. 2D), suggesting that there was a subset of nucleic acid
incorporated within and protected by the ECM from nucleases other
than the “free” nucleic acid (that is, genomic DNA or cellular RNA)

that was present as a result of the decellularization process. We hypothesized that these nuclease-protected nucleic acid molecules
may be packaged within vesicular bodies, such as microvesicles or
exosomes, which have been previously shown to protect RNA/DNA
cargo from nuclease activity (27).
MBVs are present within the ECM
MBVs embedded within the ECM of biologic scaffolds were identified by transmission electron microscopy (TEM) on an osmium
tetroxide–postfixed UBM. Rounded structures that stained positive
for osmium were shown, indicating the presence of lipid membranes
(Fig. 3A, left panel). Treatment with pepsin (Fig. 3A, middle panel),
which only partially digests the ECM scaffold, showed that these
MBVs were closely associated with the collagen network of the matrix.
However, after more complete digestion of the ECM scaffold is attempted

Fig. 2. Enzymatic digestion of decellularized ECM scaffolds releases small RNA molecules. (A) Nucleic acid extracted from untreated UBM (no digest) and
pepsin-, proteinase K–, or collagenase-treated UBM was exposed to RNase A, DNase I, or no-nuclease treatment (control). (B) Electropherogram depicting the
small RNA pattern of nucleic acid in fluorescence units (FU) before (top panel) and after (bottom panel) DNase I treatment. (C) Electropherogram depicting small
RNA pattern from the indicated samples in FU. (D) A subset of nucleic molecules in biologic scaffolds is protected from nuclease degradation.
Huleihel et al. Sci. Adv. 2016; 2 : e1600502

10 June 2016

3 of 11

RESEARCH ARTICLE
with proteinase K treatment (Fig. 3A, right panel), these MBVs could
be separated from the fiber network. The structure (round vesicles)
and size (50 to 400 nm) of these vesicles were similar to previously
reported values for microvesicles and exosomes (21). Using a strategy
of enzymatic digestion coupled with ultracentrifugation, MBVs could
be purified from all tested forms of ECM scaffold materials, including
commercially available products, after proteinase K treatment (Fig.
3B). Nanoparticle Tracking Analysis (NTA) (20) was used to identify
the particle size and quantity of MBVs for each sample. All samples
showed MBVs with the size range reported for EVs (21), ranging from
10 to 1000 nm (Fig. 3C). To determine whether MBVs contained surface antigen markers commonly attributed to exosomes, immunoblot
analysis was performed for CD63, CD81, CD9, and Hsp70 (28).
Results show that in contrast to porcine serum exosomes, human
serum exosomes, or human mesenchymal stem cell (hMSC)–derived
exosomes, no detectable CD63, CD81, CD9, and Hsp70 was observed in the bioscaffold-derived MBVs (Fig. 3D). MBVs were analyzed by SDS–polyacrylamide gel electrophoresis (SDS-PAGE) (Fig.

3E). The silver-stained gel revealed that MBVs contain protein cargo
that appears to be distinctively different than exosomes isolated from
hMSCs.
Bioscaffold-derived MBVs contain miRNA
MBVs isolated from laboratory-produced and equivalent commercial
products were treated with RNase A for 30 min before the RNA isolation
step. RNase A treatment was performed to ensure that RNA sequencing
data represent only RNA within the MBVs (29). Similar to exosomes and
microvesicles (27), MBVs protect their nucleic acid cargo from nuclease
degradation (fig. S1). After extraction of small RNA molecules, the RNAs
that have less than 200 nucleotides (nt) were used to construct small RNA
cDNA libraries. The libraries were read with the Ion Proton platform.
Sequencing data were trimmed on the basis of size and Phred score before
alignment to the human genome, which revealed that more than 34% of
the small RNA reads were mapped. Posterior reads were annotated
to miRBase (release 21). Between 33 and 240 miRNAs were identified
per sample, and more than 50% were mutual between the commercial

Fig. 3. Identification of ECM-embedded MBVs. (A) TEM imaging of MBVs identified in a UBM sheet stained positive with osmium (left panel), pepsintreated UBM (middle panel), or proteinase K–treated UBM (right panel). (B) TEM imaging of MBVs identified in proteinase K–treated ECM from three commercial and three laboratory-produced scaffolds. Scale bars, 100 nm. (C) Validation of MBV size was measured with NanoSight. (D) Western blot analysis was
performed on four exosomal surface markers: CD63, CD81, CD9, and Hsp70. Expression levels were not detectable as compared to porcine serum, human
serum, and human bone marrow–derived mesenchymal stem cell controls. (E) MBV protein cargo signature was different between MBVs and hMSCs as
evaluated using SDS-PAGE and silver stain imaging.
Huleihel et al. Sci. Adv. 2016; 2 : e1600502

10 June 2016

4 of 11

RESEARCH ARTICLE
products and the in-house devices manufactured from the same source
tissue (Fig. 4A). Twenty-two miRNAs were found to be expressed in all
matrices regardless of the source tissue. Ingenuity Pathway Analysis
(IPA) was used to identify pathways and cell and physiologic functions.
All samples were found to contain miRNAs involved in cellular development, cellular growth and proliferation, cell death and survival,
cellular movement, and cell cycle activity (Fig. 4B). Additionally, identified miRNAs were found to play a role in connective tissue development and function, organism development, and organ development
(Fig. 4C).
MBVs are biologically active
MBVs isolated from UBM were labeled with acridine orange. Successful labeling of MBVs was achieved, and these labeled vesicles
were then detected within C2C12 cells following coculture,
confirming cellular uptake (Fig. 5A). To determine whether the
isolated MBVs could influence cell behavior, macrophages were exposed to MBVs (Fig. 5B). Macrophages were stimulated with interferon-g
(IFN-g) and lipopolysaccharide (LPS) to induce an M1-like macrophage phenotype, interleukin-4 (IL-4) to induce an M2-like phenotype, a pepsin control, pepsin-solubilized UBM, collagenase control,
or MBVs isolated from collagenase-treated UBM. Results show that
macrophages expressed the Fizz-1 marker in response to UBMderived MBVs, similar to the expression pattern of the IL-4–stimulated
(M2) cells, an effect comparable to that induced by the parent ECM
(pepsin-solubilized UBM) substrate. Neuroblastoma cells (N1E-115)
have been shown to have neurite extension 5 days after treatment
with pepsin-solubilized UBM (30). Using only MBVs isolated from
collagenase-treated UBM, N1E-115 cells showed neurite extension
within 3 days, whereas no change was observed in the control group
(Fig. 5C).

DISCUSSION
The present study shows that 10- to 1000-nm MBVs are present in
ECM bioscaffolds produced by the decellularization of source tissues,
such as urinary bladder, SIS, and dermis. These MBVs survive chemical, enzymatic, and detergent-based decellularization protocols and
can induce changes in cell behavior, as shown by the differential expression of macrophage surface markers that are associated with functional phenotypes, and the rapid formation of dendritic processes in a
neural progenitor cell line. Of potential clinical significance, these
MBVs are present in commercially manufactured ECM bioscaffolds.
First identified by electron microscopy in 1967 as a product of platelets (31, 32), EVs have attracted considerable attention over the past decade as potent vehicles of intercellular communication because of their
ability to transfer RNA, proteins, enzymes, and lipids, thereby affecting
various physiologic and pathologic processes. The production and
release of EVs is evolutionarily conserved in both prokaryotic and
eukaryotic organisms, thus underscoring the importance of vesiclemediated processes in mammalian cell physiology (33). EVs are nanosized, membrane-bound vesicles with diameters ranging from 30 to
1000 nm and are categorized into three main groups (exosomes, microvesicles, and apoptotic bodies) on the basis of their size, origin, markers,
and mode of release (19). EVs are secreted by a variety of cell types and
have been isolated from biologic fluids or in cell culture supernatants
(20). Several reports have shown that EVs are capable of anchoring to
ECM constituents through the presence of adhesion molecules, such as
intercellular adhesion molecule–1 (ICAM-1) and members of the integrin family such as aM and b2 integrins (34–36). For example, B cell–
derived exosomes have been found to express b1 and b2 integrins capable
of mediating anchorage to collagen-1, fibronectin, and tumor necrosis
factor–a (TNF-a)–activated fibroblasts (37). In addition, EVs that have
been termed “matrix vesicles” or “calcification vesicles” were shown to

Fig. 4. Identification of miRNA packaged within MBVs. MBV small RNA sequencing analysis reveals specific miRNA signature between commercial
products and comparable in-house products (n = 1). (A) Numbers in each box represents different miRNAs within each sample. (B and C) Molecular and
cellular functions (B) and physiological system development and function pathways (C) associated with identified miRNAs were generated using IPA. Each
box represents the numbers of different miRNAs involved in each pathway.
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anchor selectively to the matrix of bone, cartilage, and predentin (38, 39),
which are the product of chondrocytes, osteoblasts, and odontoblasts, and
have been shown to serve as the initial site of calcification in skeletal tissues (40). However, it is still uncertain whether calcification vesicles participate in intercellular signaling similar to exosomes and microvesicles
(41). Although MBVs share features similar to exosomes and microvesicles, including nanometer size and the presence of miRNA cargo,
their presence within the interstitial matrix of soft tissue and the lack
of identifiable markers (for example, CD63, CD81, CD9, and Hsp70) suggest that MBVs represent a different population of signaling vesicles. It

is also possible that treatment with proteinase K may affect the presence
of MBV surface markers as part of its enzymatic activity. Furthermore,
the protein signature of hMSC exosomes was distinctively different
from MBVs as shown by the silver stain. Notably, the signature of
MBVs varies between the different source tissues from which the bioscaffolds were prepared. UBM and SIS MBVs have a similar protein
cargo signature compared to dermis MBVs. Further studies are needed
to identify the specific protein cargo of MBVs and how quickly this cargo
can change in response to microenvironmental stimuli, such as hypoxia,
mechanical loading, and others.

Fig. 5. MBVs are biologically active. MBVs isolated from UBM were labeled with Exo-Glow. (A) C2C12 cells were exposed to labeled MBVs for 4 hours. The left
panel shows a representative image of successful labeling of MBVs before exposure to cell culture. The right panel represents exposure of labeled MBVs in C2C12
compared to the middle panel image (control). Green fluorescence represents DNA, whereas red fluorescence represents RNA MBV cargo that is successfully
integrated with target cells. (B) Bone marrow was isolated from C57bl/6 mice and cultured in medium supplemented with macrophage colony-stimulating factor
(M-CSF) to derive macrophages. Macrophages were treated with IFN-g (20 ng/ml) and LPS (100 ng/ml) to derive M1 macrophages, IL-4 (20 ng/ml) to derive M2
macrophages, and isolated MBVs (5 mg/ml) from a UBM source. Macrophages were fixed and immunolabeled for the pan-macrophage marker (F4/80) and
markers associated with the M1 (iNOS) and M2 (Fizz-1) phenotype. MBV-treated macrophages are predominantly F4/80 + Fizz-1 + macrophages, indicating an
M2-like phenotype. Experiment was conducted with n = 2 samples with four technical replicates. (C) N1E-115 neuroblastoma cells were exposed to pepsinsolubilized UBM and MBVs. Five days (solubilized UBM) and three days (MBVs) after exposure, neurite extensions were visible in treated cells compared to control.
Huleihel et al. Sci. Adv. 2016; 2 : e1600502
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The present study shows that MBVs are an integral and functional
component of ECM bioscaffolds. In both laboratory-produced and
commercially available products, MBVs can only be isolated from
ECM scaffolds after disruption of the matrix by enzymatic digestion.
It is possible that the close association of MBVs with collagen fibers provides protection from the decellularization agents used in the
manufacturing of bioscaffolds. Other plausible explanations may be
attributed to their nanometer size and the inherent stability of EVs, including resistance to RNase degradation and capacity to withstand lyophilization and extreme changes in temperature and pH (42–45).
Results of the present study show that MBVs isolated from anatomically distinct source tissue have differential miRNA signatures, a
finding that may be exploited to develop a more defined and effective
use of ECM scaffold materials for clinical applications. We identified
22 miRNAs that are expressed in all samples regardless of their tissue
origin. Although further studies are required, this result suggests the
potential use of specific miRNAs as an MBV marker. Note that sequencing analysis was done with n = 1 sample, and therefore, definitive
conclusions cannot be made regarding the consistency of the tissuespecific miRNA profiles. The biologic effects of the profile of MBV
miRNA found in the present study are consistent with the recognized
inductive properties of biologic scaffolds in both preclinical and clinical applications, including cell growth and proliferation (46), cell survival (47), and cell migration and differentiation (48, 49). Although it
is unlikely that MBVs mediate all biologic effects attributed to ECM
scaffolds, the present data suggest that MBVs are sufficient to recapitulate some of the biologic effects of the parent ECM. miRNAs have
been shown to be highly conserved in both vertebrate and invertebrate
animal species (50–53). Because of this high degree of homology, recent studies have used computational methods to identify miRNA
orthologs in pigs by performing a homology search with known miRNA
sequences from human and mouse genomes (54). Therefore, it is not
surprising that MBV miRNA isolated from porcine-derived bioscaffolds
are capable of exerting biologic effects on murine-derived macrophages
and likely with human cells when used in clinical applications. However, future studies are required to fully characterize the MBV miRNA
signature and to more finely delineate their functional roles during constructive tissue remodeling.
Numerous studies have investigated the role of EVs in pathologic
processes, such as cancer and autoimmune disorders; however, the role
of EVs in cellular and tissue homeostasis, response to injury, and regulation of physiologic and regenerative processes are unknown. The
biologic effects of EV signaling, which include inhibition of cell senescence and apoptosis (55, 56), transfer of proangiogenic proteins and
miRNAs (57, 58), ECM production and remodeling (59, 60), promotion
of anti-inflammatory cytokine secretion, and modulation of the M1/M2
macrophage phenotype (61, 62), all have functional relevance in wound
healing and regenerative processes. Our results show that MBVs are capable of influencing macrophage polarization toward anti-inflammatory
M2-like phenotype and of stem cell differentiation, which are phenomena
previously identified as hallmarks of ECM-mediated constructive remodeling (2, 63). These results also suggest possible physiologic roles
for MBVs during tissue development, homeostasis, and wound healing.
Studies that use EVs isolated from biologic fluids have shown a differential miRNA signature that is dependent on cell origin and is reflective of the disease state of the tissue from which they were secreted
(20). Similarly, we speculate that MBV cargo may also be altered in
disease states where dynamic remodeling of the ECM occurs, such
Huleihel et al. Sci. Adv. 2016; 2 : e1600502
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as fibrosis, chronic inflammation, and neoplastic progression, raising
the possibility that MBVs could be used as prognostic biomarkers for
health and disease. A significant body of work has shown that the age
and species of the native source tissue used for preparation of bioscaffolds
are critical factors that determine the outcome in clinical applications
(64, 65), raising the possibility that MBVs isolated from bioscaffolds
might also be used as a quality control metric for clinical devices
manufactured from these source tissues. Results reported here represent
the first identification of MBVs in biologic scaffold materials and offer
insights into the mechanisms by which ECM scaffolds modulate cell
behavior.

MATERIALS AND METHODS
Chemicals and reagents
Pepsin from porcine stomach mucosa was obtained from MP Biomedicals. Collagenase from Clostridium histolyticum was obtained from
Sigma-Aldrich. The proteinase K solution, Quant-iT PicoGreen
dsDNA Assay Kit, and RNase A were obtained from Thermo Fisher
Scientific. RNase-free DNase was obtained from Qiagen. All reagents
were assessed by TEM to ensure that they were free of contaminating
EVs.
ECM bioscaffold production
Dermal ECM. Dermal ECM was prepared as previously described
(16). Briefly, full-thickness skin was harvested from market-weight
(∼110 kg) pigs (Tissue Source Inc.), and the subcutaneous fat and epidermis were removed by mechanical delamination. This tissue was
then treated with 0.25% trypsin (Thermo Fisher Scientific) for 6 hours,
70% ethanol for 10 hours, 3% H2O2 for 15 min, 1% Triton X-100
(Sigma-Aldrich) in 0.26% EDTA/0.69% tris for 6 hours with a solution
change for an additional 16 hours, and 0.1% peracetic acid/4% ethanol
(Rochester Midland) for 2 hours. Water washes were performed between each chemical change with alternating water and phosphatebuffered saline (PBS) washes following the final step. All chemical
exposures were conducted under agitation on an orbital shaker at
300 rpm. Dermal ECM was then lyophilized and milled into particulate form using a Wiley Mill with a #40 mesh screen.
Urinary bladder matrix. UBM was prepared as previously described (66). Porcine urinary bladders from market-weight animals
were acquired from Tissue Source, LLC. Briefly, the tunica serosa, tunica
muscularis externa, tunica submucosa, and tunica muscularis mucosa
were mechanically removed. The luminal urothelial cells of the tunica
mucosa were dissociated from the basement membrane by washing
with deionized water. The remaining tissue consisted of basement
membrane and subjacent lamina propria of the tunica mucosa and
was decellularized by agitation in 0.1% peracetic acid with 4% ethanol
for 2 hours at 300 rpm. The tissue was then extensively rinsed with PBS
and sterile water. The UBM was then lyophilized and milled into particulate form using a Wiley Mill with a #60 mesh screen.
Small intestinal submucosa. Preparation of SIS bioscaffold
has been previously described (67). Briefly, jejunum was harvested
from 6-month-old market-weight (~110 to ~120 kg) pigs and split longitudinally. The superficial layers of the tunica mucosa were mechanically removed. Likewise, the tunica serosa and tunica muscularis externa
were mechanically removed, leaving the tunica submucosa and basilar
portions of the tunica mucosa. Decellularization and disinfection of
7 of 11
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the tissue were completed by agitation in 0.1% peracetic acid with 4%
ethanol for 2 hours at 300 rpm. The tissue was then extensively rinsed
with PBS and sterile water. The SIS was then lyophilized and milled
into particulate form using a Wiley Mill with a #60 mesh screen.
Three commercially available biologic scaffolds, each composed of
one of the three tissue ECMs described above, were also evaluated in this
study: MatriStem (ACell Inc.), XenMatrix (C.R. Bard–Davol Inc.), and
Biodesign (Cook Biotech Inc.).
Enzymatic digestion of ECM samples
ECM samples were lyophilized and ground into a powder using a Wiley
Mill with #40 or #60 mesh screen. Enzymatic digestion was performed
by treating each sample (5 mg dry weight) with either proteinase
K (0.1 mg/ml) in buffer [50 mM tris-HCl (pH 8) and 200 mM NaCl]
for 24 hours at room temperature, collagenase (0.1 mg/ml) in buffer
[50 mM tris (pH 8), 5 mM CaCl2, and 200 mM NaCl] for 24 hours at
room temperature, or pepsin (1 mg/ml) in 0.01 M HCl for 24 hours
at room temperature. Before nucleic acid extraction, pepsin-solubilized
samples were neutralized to pH 7.4 with NaOH. Untreated samples
(control) were prepared by resuspension of each sample (5 mg/ml
dry weight) in 50 mM tris-HCl (pH 7.4) and 200 mM NaCl. Before
ECM addition, all enzymatic solutions were passed through a 0.22-mm
filter (Millipore).
Nucleic acid extraction and profiling
Nucleic acid was extracted from ECM samples by the addition of an
equal volume of phenol/chloroform (pH 7.4). Samples were briefly vortexed and centrifuged at 12,000g for 10 min, and the aqueous phase was
then transferred to a new tube. Nucleic acid was precipitated by the addition of 1/10 volume of 3 M sodium acetate and 3 volumes of 100%
ethanol, mixed by inversion, and centrifuged for 20 min at 20,000g
and 4°C. Nucleic acid pellets were washed once with 75% ethanol
and resuspended in nuclease-free water. Nucleic acid was analyzed
using the Agilent 2100 Bioanalyzer (Agilent Technologies) or by electrophoresis in 2% (w/v) agarose gels and ethidium bromide staining.
Quantification of total nucleic acid was performed by UV absorbance
at 260 nm using the Thermo Fisher Scientific NanoDrop 1000 Spectrophotometer. Quantification of dsDNA was performed using the Quant-iT
PicoGreen dsDNA Assay Kit, according to the manufacturer’s recommended protocol.
MBV isolation
Enzymatically digested ECM was subjected to successive centrifugations at 500g (10 min), 2500g (20 min), and 10,000g (30 min) to remove
collagen fibril remnants. Each of the above centrifugation steps was performed three times. The fiber-free supernatant was then centrifuged at
100,000g (Beckman Coulter Optima L-90K ultracentrifuge) at 4°C for
70 min. The 100,000g pellets were washed and suspended in 500 ml of
PBS and passed through a 0.22-mm filter (Millipore). All solutions used
for enzymatic digestion of the samples were subjected to the same
procedure to ensure the absence of EVs in the preparations.
MBV imaging
TEM imaging was conducted on ECM vesicles loaded on carbon-coated
grids and fixed in 4% paraformaldehyde. Grids were imaged at 80 kV
with a JEOL 1210 TEM with a high-resolution Advanced Microscopy
Techniques digital camera. Size of MVs was determined from representative images using JEOL TEM software.
Huleihel et al. Sci. Adv. 2016; 2 : e1600502
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MBV size determination
MBVs were diluted in particle-free PBS, and their size was determined
using NTA (20), as described (68). Briefly, NTA measurements were
performed using a NanoSight NS500 instrument (NanoSight NTA
2.3 Nanoparticle Tracking and Analysis Release Version Build 0025).
Size distribution of MBVs was determined by measuring the rate of
Brownian motion with a NanoSight LM10 system (NanoSight)
equipped with fast video capture and particle-tracking software. MBVs
were diluted in particle-free PBS and injected into a NanoSight sample
cubicle. The mean ± SD size distribution was determined.
Gel electrophoresis, Western blotting, and silver stain
MBV protein concentration was determined using bicinchoninic acid
assay quantification kit (Pierce Chemical). Equal concentrations of
MBVs were resuspended in Laemmli buffer (R&D Systems) containing
5% b-mercaptoethanol (Sigma-Aldrich) and fractionated on a 4 to 20%
gradient SDS-PAGE (Bio-Rad). The gels were run using Mini-PROTEAN
electrophoresis module assembly (Bio-Rad) at 150 mV in running
buffer (25 mM tris base, 192 mM glycine, and 0.1% SDS), followed
by semidry transfer to polyvinylidene difluoride membranes (Millipore)
for 45 min at constant voltage in transfer buffer [25 mM tris (pH 7.5),
192 mM glycine, 20% methanol, and 0.025% SDS]. The membranes
were then blocked for 45 min with Pierce protein-free blocking buffer
(Pierce Chemical) and incubated overnight with the following primary
antibodies: rabbit anti-CD63, rabbit anti-CD81, rabbit anti-CD9, and
rabbit anti-Hsp70, at 1:1000 dilution (System Biosciences). Membranes
were washed three times for 15 min each before and after they were
incubated with goat anti-rabbit secondary antibody, at 1:10,000 dilution
(System Biosciences). The washed membranes were exposed to chemiluminescent substrate (Bio-Rad) and then visualized using a ChemiDoc
Touch instrument (Bio-Rad). Silver staining of gels was performed
using the Silver Stain Plus Kit (Bio-Rad) according to the manufacturer’s instruction and visualized using a ChemiDoc Touch instrument
(Bio-Rad).
RNA isolation
MBV RNA was isolated using the SeraMir Kit (System Biosciences)
according to the manufacturer’s instructions. Before RNA isolation,
MBV samples were treated with RNase A (10 mg/ml) (Applied Biosystems) at 37°C for 30 min to degrade any contaminating “free RNA” that
remained from the decellularization process. The reaction was terminated
by the addition of RNase inhibitor (Applied Biosystems). RNA quantity
was determined using NanoDrop spectrophotometer (NanoDrop),
and its quality was determined by Agilent Bioanalyzer 2100 (Agilent
Technologies).
RNA sequencing and data analysis
Small RNA libraries were prepared using Ion Total RNA-Seq Kit version 2, according to the manufacturer’s instructions. Following beadbased size selection of RNA in the 10- to 20-nt range, cDNA was created
by hybridization and ligation of indexed sequencing adapters followed
by reverse transcription and polymerase chain reaction (PCR). Amplified library was again size-selected using a bead-based method and was
run on a bioanalyzer to verify library size distribution. The Ion One
Touch 2 System was used to perform automated emulsion PCR of
the prepared libraries and templated Ion Sphere Particle enrichment.
Sequencing was performed on the Ion Proton platform using a single
P1 sequencing chip. Obtained data were imported into CLC Genomics
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Workbench 8 (Qiagen). All of the following steps were performed on
CLC, unless mentioned otherwise. The adaptors were trimmed, and all
reads that had two ambiguous nucleotides, had a Phred score <30, or
were lower than 15 nt or above 100 nt were removed. Conserved reads
were then aligned to the human genome (hg38) to verify valid reads.
Reads were extracted, counted, and then annotated on miRBase 21 (human reference); a 2-nt mismatch was allowed per read. Only sequences
that matched a mature miRNA were used for downstream analysis.
Ingenuity Pathway Analysis
miRNAs identified by RNA sequencing were analyzed by IPA to determine an miRNA signaling pathway signature.
MBV fluorescence labeling
MBV nucleic acid cargo was labeled using Exo-Glow (System Biosciences), according to the manufacturer’s instructions. Briefly, 500 ml
of resuspended MBVs was labeled with Exo-Glow and incubated at
37°C for 10 min. ExoQuick-TC (100 ml) was added to stop the reaction,
and samples were placed on ice for 30 min. Samples were then centrifuged for 10 min at 14,000g. The supernatant was removed, and
the pellet was resuspended with 500 ml of 1× PBS; 50 ml of this MBV
suspension was added to C2C12 in culture. The cells were cultured
for 4 hours, and the transfer of the MBV cargo to the cells was determined by imaging using a 100× objective and Axio Observer Z1
microscope.
Cell culture
C2C12 mouse muscle myoblast cells were obtained from the American
Type Culture Collection (ATCC) and cultured following the ATCC
guidelines in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (Sigma-Aldrich) at 37°C in 5% CO2. N1E-115 mouse
neuroblastoma cells were obtained from ATCC and maintained in
DMEM (Invitrogen) supplemented with 5% FBS, 1% L-glutamine
(2 mM), and 1% penicillin/streptomycin (Sigma-Aldrich) at 37°C in
5% CO2. One million cells were plated in a six-well plate before addition
of MBVs. Murine bone marrow–derived macrophages (BMDMs) were
isolated and characterized as previously described (69). Briefly, bone
marrow was harvested from 6- to 8-week-old C57bl/6 mice. Harvested
cells from the bone marrow were washed and plated at 1 × 106 cells/ml
and were allowed to differentiate into macrophages for 7 days with
complete medium changes every 48 hours.
Macrophage immunolabeling
Primary mouse BMDMs were isolated, and the presence of two markers
(iNOS and Fizz-1) that are associated with the proinflammatory “M1like” and anti-inflammatory “M2-like” (respectively) phenotypes was
determined (69). The primary antibodies used for immunofluorescence
staining were (i) rat monoclonal anti-F4/80 (Abcam) at 1:200 dilution
for a pan-macrophage marker, (ii) rabbit polyclonal anti-iNOS (Abcam)
at 1:100 dilution for an M1 marker, and (iii) rabbit polyclonal anti–
Fizz-1 (PeproTech) for an M2 marker. Cells were incubated in
blocking solution consisting of PBS, 0.1% Triton X, 0.1% Tween 20,
4% goat serum, and 2% bovine serum albumin to prevent nonspecific
binding for 1 hour at room temperature. Blocking solution was removed, and cells were incubated in primary antibodies for 16 hours
at 4°C. After washing in PBS, cells were incubated in fluorophoreconjugated secondary antibodies (Alexa Fluor donkey anti-rat 488
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or donkey anti-rabbit 488; Invitrogen) for 1 hour at room temperature. After washing again with PBS, nuclei were counterstained with
4′,6-diamidino-2-phenylindole before imaging. Images of three 20×
fields were taken for each well using a live-cell microscope. Light exposure times for ECM- and MBV-treated macrophages were standardized on the basis of those set for cytokine-treated macrophages to
determine the presence of the markers on the macrophages.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/6/e1600502/DC1
table S1. Comparison of nucleic acid concentration from UBM, SIS, or dermis and their
commercially available equivalents.
fig. S1. Nuclease protection assay.
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