
UC San Diego
UC San Diego Previously Published Works

Title
Infusible Extracellular Matrix Biomaterial Promotes Vascular Integrity and Modulates the 
Inflammatory Response in Acute Traumatic Brain Injury.

Permalink
https://escholarship.org/uc/item/7c4817pr

Journal
Advanced Healthcare Materials, 12(25)

Authors
Diaz, Miranda
Kandell, Rebecca
Wu, Jason
et al.

Publication Date
2023-10-01

DOI
10.1002/adhm.202300782
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7c4817pr
https://escholarship.org/uc/item/7c4817pr#author
https://escholarship.org
http://www.cdlib.org/


RESEARCH ARTICLE
www.advhealthmat.de

Infusible Extracellular Matrix Biomaterial Promotes Vascular
Integrity and Modulates the Inflammatory Response in
Acute Traumatic Brain Injury

Miranda D. Diaz, Rebecca M. Kandell, Jason R. Wu, Alexander Chen,
Karen L. Christman,* and Ester J. Kwon*

Traumatic brain injury (TBI) affects millions of people each year and, in many
cases, results in long-term disabilities. Once a TBI has occurred, there is a
significant breakdown of the blood−brain barrier resulting in increased
vascular permeability and progression of the injury. In this study, the use of an
infusible extracellular matrix-derived biomaterial (iECM) for its ability to
reduce vascular permeability and modulate gene expression in the injured
brain is investigated. First, the pharmacokinetics of iECM administration in a
mouse model of TBI is characterized, and the robust accumulation of iECM at
the site of injury is demonstrated. Next, it is shown that iECM administration
after injury can reduce the extravasation of molecules into the brain, and in
vitro, iECM increases trans-endothelial electrical resistance across a
monolayer of TNF𝜶-stimulated endothelial cells. In gene expression analysis
of brain tissue, iECM induces changes that are indicative of downregulation of
the proinflammatory response 1-day post-injury/treatment and
neuroprotection at 5 days post-injury/treatment. Therefore, iECM shows
potential as a treatment for TBI.

1. Introduction

Over 2.7 million Americans experience traumatic brain injury
(TBI) each year.[1] Groups at increased risk for TBI include eth-
nic or racial minorities, those experiencing homelessness, chil-
dren, and military members.[2] Currently, the standard of care for
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patients suffering from TBI is emergency
medicine at the acute stage, which involves
monitoring for internal bleeding, swelling,
and oxygen supply, and palliative care at
the chronic stage. However, there are no
therapeutics available that can mitigate the
progression of injury or promote repair
of the damaged tissue. The initial trauma
of TBI causes vascular and tissue damage
from the physical impact. From minutes to
months afterward, a secondary injury pro-
gresses throughout the perilesional region
surrounding the injury and includes sus-
tained dysfunction of the blood-brain bar-
rier (BBB), neuroinflammation, and neu-
ronal cell death.[3,4] Of particular interest to
this study is the increased permeability of
the BBB, which leads to increased extravasa-
tion of blood components into the brain,[5–7]

leading to detrimental effects on the perile-
sional tissue such as edema, immune infil-
trate, and toxic levels of blood components

in the brain, ultimately contributing to the progressive deteriora-
tion of nervous tissue.

Decellularized extracellular matrix (ECM) derived biomateri-
als have been applied to promote repair and mitigate the inflam-
matory response in various disease and injury models, such as
myocardial infarction (MI), peripheral artery disease, and vol-
umetric muscle loss.[8–11] These ECM biomaterials include in-
jectable hydrogels, which require direct injection into the tissue
of interest or, more recently, infusible ECM biomaterials that can
be delivered via intravenous (i.v.) injection.[12] Previous studies
have investigated the use of a brain ECM-derived hydrogel in-
jected into the injury for the treatment of TBI, resulting in re-
duced lesion size, improved sensorimotor and cognitive perfor-
mance, and amelioration of the neuroinflammatory response.[13]

However, direct injection of a biomaterial into the brain is unfa-
vorable for many patients as this would be an invasive surgical
procedure that is resource-intensive and thus can potentially in-
crease morbidity and delay treatment; it is known that reducing
the interval between injury and treatment in TBI is associated
with improved outcomes.[14] Therefore, an i.v. infusible bioma-
terial that can be delivered quickly after injury is more broadly
applicable to different patient care settings. In order to create an
ECM biomaterial that can be administered through a minimally-
invasive injection, we previously developed an intravascularly
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infusible decellularized ECM (iECM) derived from fractionating
a digested myocardial ECM hydrogel that preferentially localizes
to leaky microvasculature in regions of inflammation, includ-
ing in MI and pulmonary arterial hypertension.[12] In a model
of acute MI, intracoronary infusion of iECM improved cardiac
function, reduced vascular permeability, promoted cardiomy-
ocyte survival, and modulated the inflammatory response,[12] but
no studies have fully evaluated targeting, dosing, and/or efficacy
following systemic i.v. delivery or for the application to the BBB
and TBI. While some studies suggest a tissue-matched ECM may
be most effective for tissue regeneration,[8,15–17] in this study, we
evaluated cardiac-derived ECM due to the difficulties and low
yields in processing decellularizing brain ECM, which would
make large-scale manufacturing challenging.[15] Further, a mass
spectrometry organ ECM atlas has recently shown that while the
ECM content of the brain is the most diverse out of any organ,
the ECM content of the heart is among the most similar to that of
the brain.[18] Notable differences found between brain and heart
structural ECM proteins include the lowest content of fibrillar
collagen in the brain, enrichment of multiplexins in the heart,
and network-forming collagens in the brain. Based on their simi-
larity, we reasoned that cardiac-derived iECM, which can be easily
manufactured[12] and is derived from a myocardial ECM hydrogel
that has been tested in patients,[19] could have a potential benefit
for treating injuries in the brain.

In this study, we aimed to understand the feasibility and effi-
cacy of administering iECM for the acute treatment of TBI in a
mouse controlled cortical impact (CCI) model. Initially, we char-
acterized the systemic half-life and retention of iECM in the in-
jured mouse brain following single and multiple i.v. doses. We
found that iECM accumulated into the injured brain in a dose-
dependent manner where it colocalized with vasculature in the
perilesional tissue. With a rapid intravenous half-life of ∼5 min,
iECM was retained in the brain for up to 3 days post-injection.
Further, the redosing of mice significantly improved iECM brain
signal over a single dose regimen. In the evaluation of the im-
pact of iECM on BBB integrity, i.v. administered iECM attenu-
ated the extravasation of 10 kDa dextran and bovine serum al-
bumin (BSA) tracers. In vitro, iECM improved trans-endothelial
resistance (TEER) of endothelial monolayers. Finally, through
medium throughput gene expression, we show that iECM modu-
lates pathways of neurodegeneration and neuroinflammation at
both days 1 and 5 post-injury. This study is the first investigation
into the efficacy and mechanism of action of an ECM-derived in-
fusible biomaterial to promote repair after TBI and provides in-
sight into a promising biomaterial for the treatment of TBI pa-
tients.

2. Results & Discussion

2.1. Fabrication and Characterization of iECM

The iECM has previously been shown to localize in regions of
injury for several disease models.[12] In this study, we chose to
investigate the iECM in a traumatic brain injury (TBI) mouse
model. First, the iECM was fabricated and documented as pre-
viously described[12] (Figure 1a–g) and characterized in vitro to
ensure the reproducibility of the iECM compared to the original
fabrication of iECM. To ensure the reduction of high molecular

weight proteins, the lyophilized iECM was analyzed on an SDS-
PAGE gel (Figure 1h) and compared to rat tail collagen type I,
protein ladder, and the full ECM hydrogel from the same batch
of hearts. To ensure injectability, the complex viscosity of the
iECM was measured and shear thinning behavior was observed
(Figure 1i). Further, the absorbance (Figure 1j) and transmit-
tance (Figure 1k) curves of iECM resembled the saline control.
Cryogenic transmission electron microscopy (CryoTEM) demon-
strated the nanofibrillar architecture of the iECM (Figure 1l).
Finally, the iECM underwent our standard quality control tech-
niques, including double-stranded DNA quantification (0.35 +/−
0.09 ng mg−1 of ECM) to ensure sufficient decellularization
and sulfated glycosaminoglycans (sGAG) quantification, show-
ing some residual sGAGs (0.47 +/− 0.08 μg mg−1 of ECM).

2.2. iECM Accumulates in a Dose-Dependent Manner and
Colocalizes with Brain Endothelium after Intravenous Delivery in
a TBI Mouse Model

After the quality control validation of our fabricated iECM, we
sought to determine whether systemically administered iECM
was able to locate to the injured brain in a dose-dependent man-
ner. iECM was labeled with the near-infrared fluorophore Viv-
oTag 750 and injected at 25, 50, and 100 mg kg−1 through the
tail-vein 4 h after a controlled cortical impact (CCI). Brains were
harvested after perfusion 1 h after iECM administration and the
surface fluorescence from whole brains was imaged with a LiCor
Odyssey (Figure 2a). We observed that the iECM localized to
the injured hemisphere of the brain at all doses administered
(Figure 2b). Additionally, whole brain scans show a clear dose-
dependent accumulation of material in the injured region. Quan-
titative analysis of fluorescently-labeled iECM signal shows a sig-
nificant increase in material accumulation at the 100 mg kg−1

dose compared to all other doses of iECM (Figure 2c). While we
have likely not reached maximum accumulation at 100 mg kg−1

based on the linear increase in signal observed across doses, the
maximum dose for a single injection is 100 mg kg−1 due to the
optimized concentration of the iECM and the limitations in the
maximum volume for i.v. injections in mice. Due to this limita-
tion in rodents, ultimately, dose optimization will need to be per-
formed in a large animal model. To characterize the tissue-level
localization of iECM, we injected Alexa Fluor 568-labeled iECM
at 100 mg kg−1 4 h after injury and harvested brains 1 h post-
injection. Tissue sections stained for CD31 show colocalization
of iECM and endothelial cells as well as binding along microvas-
culature in the injury (Figure 2d). Additionally, we performed the
same analysis after injection of an Alexa Fluor 568-labeled trily-
sine (Lys-Lys-Lys) control to confirm the specific localization of la-
beled iECM in the injured tissue. As expected, we observed some
diffuse trilysine peptide in the injured region, but the signal was
minimal and not colocalized with the vasculature (Figure 2e).

2.3. iECM Shows Clearance from Circulation and Retention in
Injured Brain

Further analyses were done to understand the pharmacokinet-
ics of iECM in the mouse model of TBI; we measured the blood
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Figure 1. In vitro characterization of infusible ECM (iECM). a–g) Images of iECM fabrication process. a) Freshly chopped porcine myocardium. b)
Decellularized ECM. c) Milled ECM. Digested ECM d) before and e) after centrifugation. f) Processed and lyophilized supernatant. g) Resuspended
iECM pre-injection. h) SDS-PAGE of iECM, full ECM, and collagen. i) Complex viscosity of iECM. j,k) Absorbance and transmittance of iECM and saline.
l) CryoTEM image of iECM (scale bar = 50 nm). Arrows note nanofibrous structure.

half-life of iECM in the systemic circulation and the time course
of iECM retention in the injured brain and satellite organs. This
was performed to understand how long the iECM is retained in
the brain to better determine time points for assessing any pos-
sible functional benefits. Blood was sampled over 1 h after injec-
tion, and the blood half-life of iECM was measured as 5.6 min,
indicating that iECM is rapidly cleared from the bloodstream
(Figure 3a). We then harvested brains and satellite organs at 1 h,
6 h, 1 day, and 3 days after iECM administration. Brain surface
imaging and fluorescence quantification showed iECM accumu-
lation and retention in the injury that was detectable up to 1 day
(Figure 3b,c). Additionally, analysis of the lungs, liver, kidney,
spleen, and heart show that the iECM accumulates in the liver
and kidneys 1 h after injection, but the signal rapidly diminishes
over time (Figure S1, Supporting Information), suggesting iECM
is likely efficiently eliminated through the urine and liver.

2.4. Multiple Doses of iECM Can Be Administered to Increase
Brain Accumulation

As discussed above, while 100 mg kg−1 was the maximum dosage
for a single i.v. injection, maximum brain accumulation was
likely not achieved at this dose (Figure 2b,c). Therefore, we in-

vestigated whether increases in accumulation could be achieved
with multiple applications of the 100 mg kg−1 dose. Based on
iECM pharmacokinetic characterization (Figure 3), the blood
half-life of iECM is on the order of minutes and the brain half-
life of iECM is on the order of hours, although iECM can still be
detected in the brain at 1 day. We thus investigated two different
dosing regimens for two i.v. injections of iECM: 1) 30 min and
1 h post-CCI and 2) 30 min and 4 h post-CCI and compared the
two dose regimens against a single dose administered at 30 min
post-CCI (Figure 4a). Whole brain imaging and quantification re-
vealed that both two dose regimens resulted in ≈2-fold increases
in accumulation of iECM into the injured brain compared to a
single dose of iECM, although the regimen of 30 min and 1 h
post-CCI resulted in more consistent increases in accumulation
(Figure 4b,c). Additionally, whole organ scans show that the ma-
terial likewise increased in satellite organs when comparing the
re-dose and single dose regimen (Figure 4d).

2.5. iECM Reduces Vascular Permeability In Vivo and In Vitro

During the period of BBB dysfunction, circulating proteins and
proinflammatory cells accumulate in the injured brain, which
drives the progression of the secondary injury.[20] Disturbance of
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Figure 2. Dose-dependent accumulation of iECM in the injured brain after systemic administration. a) Timeline of dosing study. b) Whole brain fluo-
rescence of iECM and c) quantification of these scans show the highest amount of iECM localization at 100 mg kg−1 of iECM (n = 3 except for n = 2 for
healthy control, mean ± SEM, **** p < 0.0001, *** p < 0.001, ** p < 0.01 ordinary one-way ANOVA with Dunnett’s multiple comparisons test compared
to saline). d) Labeled iECM or e) trilysine control with CD31-labeled endothelial cells in the injured region (blue, nuclei; green, CD31; red, AF568-labeled
iECM or trilysine; scale bar = 100 μm). i) 40× magnification inset shows iECM colocalized with CD31+ microvasculature (scale bar = 20 μm). Arrows
note instances of iECM and CD31 colocalization.

the BBB results in swelling or edema, which can drastically in-
crease intracranial pressure and increase the risk of tissue dam-
age or death. For these reasons, there has been a recent focus
on therapeutics that reduce vascular permeability in TBI.[21,22]

Specifically, early intervention with therapeutics that reduce BBB
permeability has been shown to reduce edema, improve sensori-
motor functional outcomes, and modulate microglia activation
and neuroinflammation in the brain.[23–25] Therefore, our next
goal was to determine the effects of the iECM on vascular perme-
ability. In previous applications of the iECM in acute MI, the ma-
terial reduced the vascular permeability of albumin in the infarct
region, which provided motivation for the application of iECM
for mitigating increased vascular permeability and BBB dysfunc-
tion in TBI.[12]

To determine the effects of the iECM on vascular permeability
in vivo, we measured the extravasation of two molecular weight
tracers after i.v. delivery of iECM or saline in CCI-injured mice.
Initial vascular permeability studies with the injection of iECM
at 4 h post-injury trended towards a reduction in vascular per-
meability for iECM-treated mice, but the differences were highly
variable (Figure S2, Supporting Information). Therefore, for all
subsequent experiments, we investigated the acute application of
iECM, where the iECM was injected 30 min post-injury to maxi-
mize the impact on vascular permeability. For this study, two dif-
ferent molecular weight tracer agents were used: 10 kDa dextran
and 66.5 kDa BSA. The 10 kDa dextran is a polysaccharide tracer
commonly used to evaluate BBB integrity, while BSA is represen-
tative of blood proteins known to cross the BBB after TBI, such
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Figure 3. iECM is retained in the injury for days. a) Half-life of iECM in
the systemic circulation (one phase decay nonlinear curve fit). b) Signal of
iECM in the injured brain from 1 h to 3 days post-injection. c) Quantifica-
tion of iECM signal in the brain (n= 3–4, mean± SEM, *** p< 0.001, ****
p < 0.0001 via ordinary one-way ANOVA with Dunnett’s multiple compar-
isons test against 1 h).

as endogenous albumin.[26] Additionally, due to the known sex-
based differences in vascular permeability after TBI,[27] we per-
formed the study in both male and female mice. iECM was in-
jected 30 min after injury and the two tracers were subsequently
injected 30 min after iECM infusion (Figure 5a). Animals were
perfused and organs were harvested 20 min after tracer injection,
and whole brains were imaged to determine the extent of tracer
extravasation into the injured region. Analysis of tracer signal in
the injured cortex of brain scans shows that after delivery of the
iECM, there is a significant 2.5-fold and 1.6-fold reduction in the
extravasation of BSA and dextran, respectively, over saline control
into the injured tissue (Figure 5b–e). The reduction in tracer ex-
travasation was consistent in both iECM-treated male and female

mice, and no sex-based differences were observed. This suggests
iECM can prevent loss of vascular integrity in the brain across a
range of molecular sizes of at least 10–66 kDa.

We further investigated this in an in vitro model. The en-
dothelial cells of the BBB are characterized by tight junctions
that prevent paracellular transport of proteins and components
> 1000 Da and maintain ionic homeostasis across the BBB.[23,25]

The integrity of the BBB can also be measured using in vitro
methods such as a transendothelial electrical resistance (TEER)
assay.[28] We induced inflammation and loss of tight junctions in
human umbilical cord vascular endothelial cells (HUVECs) with
a 22-h treatment with tumor necrosis factor alpha (TNF𝛼),[29] fol-
lowed by treatment with PBS or iECM for 1 h to allow iECM to
bind (Figure 5f). At 24 h after treatment, iECM prevented the loss
of resistance across the monolayer compared to the PBS control
group (Figure 5g). However, it is not yet determined if this is due
to the iECM itself acting as a physical barrier between the en-
dothelial cells or if the material can promote tight junction in-
tegrity. Additionally, this assay is limited by its use of HUVECs
as opposed to a brain-specific endothelial cell type.

2.6. iECM Modulates Pathways of Neuroinflammation

We next investigated the ability of the iECM to impact gene
expression using the NanoString nCounter Neuroinflammation
panel at days 1 and 5 post-injury. In previous work in a rat acute
MI model, iECM modulated gene expression via promoting
pathways of neovascularization and modulating the immune
and inflammatory response towards pro-repair.[12] The nCounter
Neuroinflammation panel is composed of 770 genes that are
involved in over 20 pathways of neuroinflammation, including
astrogliosis, microglia activation, as well as genes crucial to as-
sessing the integrity of the BBB and endothelial cells. A list of all
genes on the panel can be found in the Supporting Information
(Table S1, Supporting Information). After CCI and subsequent
injection of two doses of either iECM or saline (Figure 6a),
at day 1 post-injection, we saw 89 differentially expressed
genes between treatment groups (Figure 6b, and Table S2 and
Figure S3, Supporting Information), and at day 5 post-injection
we saw 52 differentially expressed gene between treatment
groups (Figure 6c, and Table S3 and Figure S4, Supporting
Information). When we evaluate these differentially expressed
genes using Gene Ontology (GO) Term enrichment, we found
enrichment of pathways associated with cytokine production,
immune cell migration, and wound healing at 1-day post-injury
(Figure 6d). At day 5 post-injury, we found enrichment for path-
ways commonly associated with neuroinflammation after TBI,
such as viral response pathways and IFN pathways (Figure 6e).

More specifically, at 1 day post-injury, we observed down-
regulation of proinflammatory cytokines and chemokines such
as Ccl2, Ccl5, Ccl7, Ccr2, Cxcl10, Il1r1, and Il1rap. Addition-
ally, modulation of regulators of the complement system such
as C3, C3ar1, C5ar, and Serping1 was observed. Activation of
the complement system after TBI has been previously shown
to have deleterious effects in promoting the expansion of the
secondary injury, while there is some evidence that inhibition
might provide neuroprotective effects in terms of lesion size
and neurological functional measurements.[30] We also show the
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Figure 4. Multiple doses of iECM increase material signal in the injury. a) Timeline of multiple-dose study. One cohort received a single dose of iECM
30 min after CCI, while the second and third cohorts received repeat iECM doses at 1 and 4 h, respectively. All organs were harvested at 6 h post-CCI.
b) LiCor surface imaging of representative 1 dose and re-dose brains. c) Quantitative analysis of iECM signal in the brains (n = 3, mean ± SEM, * p <

0.05 via ordinary one-way ANOVA with Dunnett’s multiple comparisons test against 1 dose). d) Surface scans of representative organs for 1 dose and
re-dose cohorts.

downregulation of multiple caspase genes, such as Casp4, 7, and
8. Caspase proteins play an essential role in initiating and execut-
ing programmed cell death, with Caspase 7 and 8 having been
shown to increase expression after TBI in animal models and
human samples.[31,32] Interestingly, Casp8 was expressed specif-
ically in the neurons of human tissue samples post-TBI.[32] This
observation is consistent with the significant downregulation of
cardiomyocyte apoptosis in the infarct border zone via immuno-
histochemistry in an acute MI model, implying the protective
effects of the iECM across varying models.[12] Finally, we also
observed modulation of immune cell markers such as Marco,
Cd68, Cd14, Cd33, Cd72, and Cd84, possibly indicating a reduc-
tion in immune cell infiltration or activation. When perform-
ing GO pathway enrichment on these differentially expressed
genes, we find modulation of pathways such as decreased cy-
tokine production, altered migration of various immune cell
types, as well as wound healing responses towards pro-repair or
anti-inflammation.

At 5 days post-injury, we saw modulation of genes that are
associated with BBB integrity, such as downregulation of Cldn5
and Esam. While downregulation of Cldn5 generally indicates
poor BBB integrity, there have also been studies showing in-
hibition of Cldn5 may prove beneficial by improving clearance
of fluid in the injury and reducing edema in the sub-acute

phase.[33,34] The downregulation of Esam, on the other hand,
is known to be beneficial as its upregulation is associated
with increased BBB permeability and increased infiltration of
neutrophils.[35,36] The modulation of these genes may play a role
in the ability of iECM to promote BBB and vascular integrity.
Additionally, we saw upregulation of genes associated with
angiogenesis and vascular sprouting, such as Ccl5 (Rantes), Tnf,
Tspan18, and Amigo2, which is known to protect vascular ECs
that are undergoing oxidative stress.[37–40] This data is reflective
of the neovascularization modulation seen in acute MI in which
the iECM upregulated genes such as Vegfa, Bmp7, Nrg1, and
Fgf2 via NanoString analysis.[12] These mechanisms may provide
insight into the interaction between iECM and vascular repair.

In addition to effects on ECs and BBB integrity, at day 5,
the iECM modulated genes associated with neuronal protection
or neuronal apoptosis. Specifically, we saw the upregulation of
Amigo2, Atr, Grin2b Irak3, Bdnf, Sin3a, and Xiap, all of which
have been shown to have neuroprotective effects or decrease the
apoptosis of neurons.[41–51] Of note is the upregulation of Bdnf,
which has previously been investigated as a therapeutic for TBI
as it is a known factor that is crucial for healthy neuronal devel-
opment and maintenance.[47] In addition to promoting survival,
it is well established that Bdnf supports neuronal regeneration
and differentiation.[52,53] We also observed the upregulation of
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Figure 5. iECM localizes to the injured region of the brain and promotes vascular integrity in male and female mice in vivo, and maintains endothelial
resistance in vitro. a) Timeline of tracer study. b,c) Representative LiCor Odyssey scans of b) 10 kDa dextran and c) BSA after treatment with iECM or
saline control. d,e) iECM reduces the permeability of d) 10 kDa dextran and e) BSA into the injured region of the brain in male (blue square) and female
(red circle) mice (n = 8, mean ± SEM, * p < 0.05, **** p < 0.0001 via unpaired two-tailed t-test). f) TEER assay timeline. g) iECM shows a significant
increase in TEER at 24 h post-treatment compared to PBS control (n = 10–11, mean ± SEM, * p < 0.05 via two-way ANOVA with Sidak’s multiple
comparisons test).
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Figure 6. iECM modulates neuroinflammatory pathways at days 1 and 5 post-injury. a) Timeline of study. b,c) Volcano plots of differentially expressed
genes at b) days 1 and c) 5 post-injury. d,e) GO dot plots showing enriched pathways of differentially expressed genes at d) days 1 and e) 5 post-injury.
N = 5 mice per treatment for each time point.
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Sin3a, which has been shown to be important for cognition and
memory and is associated with hippocampal function.[42] As ROS
generation is a key mechanism by which the secondary injury of
TBI spreads and damages neurons and other brain cell types, it’s
important to point out the modulation of genes involved in ox-
idative stress. The iECM downregulated Irf6 and Osgin1, both
of which are known to be upregulated during times of oxidative
stress.[51,54] While these data together support a role for iECM in
neuronal protection and neurogenesis, phenotypes such as neu-
ronal proliferation and axonal sprouting are not exhibited until a
week or more after injury.[55] Therefore, further investigation into
the impact of iECM on neuronal protection and regeneration is
warranted.

Additionally, we point out that the iECM was also shown to
modulate certain markers of microglia or astrocyte activation in-
volving Cd6, Cd86, Cd83, Il15ra, Irf7, Tmem204, and Suz12. It is
important to note that by day 5 post-injection, the iECM should
be degraded and largely absent from the injured brain. Taken to-
gether, this may suggest that iECM can play a role in the suppres-
sion of proinflammatory pathways in the acute phase post-injury
that results in neuroprotection and endothelial cell survival or
proliferation within the first 5 days post-injury.

3. Conclusion

TBI is among the leading causes of disability in the US and
worldwide.[56] While the primary injury can only be prevented,
the progressive loss of neuronal tissue during the secondary
injury is an opportunity for therapeutic intervention. Injury to
the BBB plays a large role in exacerbating the secondary injury
and preventing, halting, or reversing BBB dysfunction is a
promising therapeutic target for preventing tissue loss. Previous
applications of the iECM have shown promise for promoting
the repair of endothelial cell dysfunction and improving cardiac
function in small and large pre-clinical models of acute my-
ocardial infarction.[12] While the iECM has been characterized
previously in vitro and has undergone hemocompatibility studies
in vivo,[12] in this work, we performed further characterization
of the iECM in a mouse model of TBI.

In this study, we have shown that we can deliver an infusible
ECM-derived biomaterial through i.v. delivery with localization to
the injured brain in an acute model of TBI. The localization and
retention of the material are dose-dependent, and multiple doses
can further increase accumulation in the brain, although given
the limited volume that can be injected into the bloodstream in
mice and the inability to directly scale dosing to a large animal (or
human), dosing optimization (both low and high doses) will need
to be optimized in a large animal model. We also found that the
iECM is able to reduce vascular permeability in the brain in vivo
and improve the TEER of a HUVEC monolayer in vitro. Gene
expression analyses elucidated the ability of the iECM to modu-
late key pathways of neuroinflammation that are associated with
response to TBI. Specifically, the iECM mitigates inflammation
within the first day of injury, which may result in the modulation
of angiogenic and BBB integrity pathways. This early mitigation
of the inflammatory response is hypothesized to be linked to the
ability of the iECM to reduce vascular permeability when applied
acutely after injury, possibly lessening the extent of secondary in-
jury.

4. Experimental Section
Infusible Extracellular Matrix Preparation: The liquid precursor of the

myocardial matrix hydrogel was generated based on previously described
protocols.[57,58] Briefly, hearts were harvested from adult Yorkshire farm
pigs (30–45 kg), and the LV myocardium was isolated. Tissue was first
processed to remove major vessels and connective tissue. The remaining
tissue was minced. The tissue was decellularized in 1% sodium dodecyl
sulfate (SDS) in phosphate buffer saline (PBS) for 4–5 days. After decel-
lularization, there was 24 h of water rinsing to remove any remaining de-
tergent. The material was then lyophilized and milled into a fine powder
and then partially enzymatically digested using pepsin in 0.1 M hydrochlo-
ric acid at a concentration of 10 mg ml−1 ECM powder and 1 mg ml−1

pepsin for at least 48 h. Next, the material was neutralized using sodium
hydroxide and buffered to match in vivo conditions, which yielded a liquid
myocardial matrix. Finally, the myocardial matrix was diluted to 6 mg ml−1

using PBS.
Next, the liquid myocardial matrix was centrifuged at 15000 RCF at 4

°C for 45 min to separate the high and low molecular weight components.
The supernatant (low molecular weight components, iECM) was isolated
from the insoluble pellet. The pellet was then rinsed with PBS, and cen-
trifugation was repeated to increase the yield of iECM. To adjust the con-
centration of salts, the iECM was dialyzed over 48 h at 4 °C in 0.5× PBS,
0.25× PBS, and then two times in deionized water (with each solution
being replaced approximately every 12 h), and then lyophilized. After dial-
ysis, the iECM was resuspended at a high concentration of 16 mg mL−1 in
1× PBS and passed through 0.22 μm syringe filters (Millipore) into sterile
test tubes. It was then lyophilized, weighed, and stored at −80 °C for fu-
ture use. Once ready for injection, the iECM was then resuspended to the
appropriate concentration in sterile water at least 30 min before injection
and placed on ice. For fluorescently labeled iECM or trilysine, the material
was conjugated at room temperature for a minimum of 1 h before injec-
tion with 10 mg mL−1 of either VivoTag 750 (PerkinElmer, dilution 1:1000)
or AlexaFluor 568 (Invitrogen, dilution 1:100) as previously described.[12]

Infusible Extracellular Matrix Characterization and Quality Control: The
iECM was characterized as previously described.[12] In short, the iECM
peptide size and distribution were visualized through SDS-PAGE using a
4–12% Bis-Tris gel NuPage Kit (Invitrogen). The controls were a rat tail col-
lagen type I, the full ECM hydrogel counterpart from the same biological
batch of hearts, and an Abcam Prestained Protein Ladder Broad molec-
ular weight ranging from 10–245 kDa (ab116028). Double-stranded DNA
was quantified for the iECM. Aliquots were digested with Proteinase-K,
isolated with a NucleoSpin kit, and quantified using a PicoGreen fluores-
cent reporter. Sulfated glycosaminoglycans (sGAGs) for iECM were quan-
tified using a 1,9-dimethyl methylene blue (DMMB) assay and compared
against chondroitin sulfate standards. Complex viscosity was measured
on a TA Instruments AR-G2 rheometer using a shear rate sweep test from
0.1 to 1000 s−1. The iECM was resuspended, and 200 μL was measured at
a gap distance of 500 μm at 25 °C. Optical properties (absorbance) were
measured as previously described. An absorbance scan was performed on
a Spark microplate reader (Tecan) with 5 nm steps from 230 to 1000 nm,
temperature maintained at 25 °C, using iECM at 10 mg ECM/mL alongside
saline as a control. Transmittance was calculated from absorbance using
the equation; transmittance = 10ˆ(2 − absorbance). Cryogenic transmis-
sion electron microscopy (CryoTEM) samples were prepared via a vitrifi-
cation robot (Vitrobot Mark IV, ThermoFisher). Lacey carbon 300 mesh
copper TEM grids were purchased from EMS. TEM grids were glow dis-
charged (K950X, Emitech) for 45 s with a 20-mA current before vitrifica-
tion. For sample vitrification, 4 uL iECM solution at 10 mg ECM per mL
was pipetted onto the TEM grid and placed inside the Vitrobot chamber,
which was maintained at 4 °C and 95% relative humidity. The grid was
blotted immediately with filter paper to remove the excess solution with a
blot time of 4 s, a blot force of 4, and subsequently plunge-frozen in liq-
uid ethane. The vitrified samples were transferred to and stored in liquid
nitrogen. Samples were imaged using a Talos Artica (FEI) (maintained at
≤−170 °C) operating at 200 kV equipped with a Falcon 4i Direct Electron
Detector (ThermoFisher). Images were collected using EPU (Version 3.2,
ThermoFisher). Exposures were taken with Data Acquisition preset (150k×
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magnification, 0.95 Andstrom/pixel, Dose: ≈40–50 electron/Angstromˆ2)
and were automatically motion corrected within EPU.

Surgical Procedures: All described mouse procedures were approved
by Institutional Animal Care and Use Committee (IACUC) at the University
of California San Diego, Animal Welfare Assurance number D16-00020. 8–
10-week-old female or male C57BL/6J mice (Jackson Labs) were secured
in a stereotaxic frame under 2.5% isoflurane anesthesia, and a 5-mm-
diameter craniotomy was performed above the right cortex. Controlled
cortical impact (CCI) was performed with a 2-mm-diameter stainless steel
piston tip at a velocity of 3 m s−1 to a depth of 2 mm and 100 ms dwell
time using an ImpactOne (Leica Biosystems) at a location of 2.0 ± 0.5 mm
caudal and 2.0 ± 0.5 mm right of bregma. For in vivo vascular permeabil-
ity studies, bovine serum albumin (Sigma) labeled with VivoTag 750 flu-
orophore and 10 kDa dextran (Sigma) labeled with AlexaFluor 680 were
injected intravenously at a tracer concentration of 5 mg kg−1. Brains and
satellite organs used for immunohistochemistry and histology were har-
vested after perfusion fixation at times indicated. Animals used for gene
expression analyses were briefly perfused with cold PBS, and organs were
harvested and immediately frozen.

Tissue Processing: Fluorescence signals from whole organs were im-
aged on a LiCor Odyssey. To perform immunohistochemistry, fixed organs
were equilibrated in 30% w/v sucrose-PBS overnight and subsequently
frozen in TissueTek OCT. Ten-micron frozen coronal sections were col-
lected within the injury region and subsequently used for immunohisto-
chemistry. For CD31 staining, tissues were blocked for 1 h in 0.1% TritonX-
100, 2% bovine serum albumin, and 5% serum of secondary antibody.
CD31 primary antibody (BD 553370) was applied to tissues at 2.5 μg mL−1

concentration overnight at 4 ˚C. Following three 1× PBS wash steps, Gt
anti-RT 647 secondary antibodies (Thermo A-21247) diluted 1:500 and
Hoechst 33342 (Thermo) diluted 1:1000 were incubated for 1 h at room
temperature. Finally, tissues were washed with 1× PBS and mounted with
Fluoromount-G (Southern Biotech). Images were obtained using a Nikon
Eclipse Ti2 microscope fitted with a Hamamatsu Orca-Flash 4.0 digital
camera. The same exposure and LED intensity settings were used across
all images for direct comparison.

TEER Assay: Human umbilical vein endothelial cells (HUVECs) were
cultured on transwell permeable supports for 6 days in endothelial cell
growth medium-2 (PromoCell). On the sixth day, in some sample groups,
TNF𝛼 was added to the media at a concentration of 100 ng mL−1 for 22
h. After 22 h of TNF𝛼 treatment, 100 μL of PBS or iECM at a concentra-
tion of 10 mg mL−1 were doped into the top compartment of the transwell
and allowed to incubate for 1 h. After 1 h of treatment with PBS or iECM,
the top compartment of the transwell was replaced with fresh media and
allowed to incubate for 24 h. Transendothelial electrical resistance (TEER)
measurements were taken with an EVOM2 Meter (World Precision Instru-
ments) before TNF𝛼 treatment, immediately after TNF𝛼 treatment, and
24 h post-treatment with PBS or iECM. TEER was determined via the fol-
lowing equation: Ωcm2 = (Ωsample − Ωblank) × transwell surface area.

NanoString Multiplex Gene Expression Analysis: RNA was isolated from
the injured region of the brain using the BeadBug 6 tissue homogenizer
and the Qiagen RNeasy Tissue Mini Kit. The NanoString nCounter MAX
Analysis System[59,60] with nCounter Neuroinflammation Panel (Mouse)
allowed for the multiplexed assessment of over 700 genes (see Table S1,
Supporting Information for full gene list). Samples were processed accord-
ing to manufacturer instructions. In brief, RNA sample concentrations
were measured on a Qubit 3.0 Fluorometer with a Qubit RNA HS Assay kit.
70 μL of hybridization buffer was mixed with Immunology Panel Reporter
CodeSet solution, and 8 μL of this master mix was mixed in a separate
reaction vessel with 50–100 ng of RNA per tissue sample and RNA-free
water up to 13 μL total. 2 μL of Capture ProbeSet was added to each ves-
sel, mixed, and placed on a thermocycler at 65 °C for 16–48 h before being
maintained at 4 °C for less than 24 h. NanoString nCounter Prep Station
performed automated fluidic sample processing to purify and immobilize
hybridized samples to the cartridge surface. Digital barcode reads were
analyzed by NanoString nCounter Digital Analyzer. Results were analyzed
by manufacturer nSolver Analysis Software 4.0 and custom R scripts.

Statistical Analysis: In vivo LiCor dose-dependent accumulation,
degradation, and re-dose results were compared using one-way ANOVA

with Dunnett’s correction. In vitro TEER assay results were compared us-
ing two-way ANOVA with Sidak’s Correction. In vivo tracer permeability
assay was compared between iECM and saline control groups using an
unpaired two-tailed t-test. Significance was accepted at p-value < 0.05.
Data were reported as mean ± SEM. GraphPad Prism (9.2.0) was used for
statistics. Gene expression normalization and differential expression were
analyzed by the NanoStringDiff package with significance at a p-value <

0.05.[61 Heatmap was displayed with the pheatmap package ([Software]
KRpPh). Gene enrichment analysis was performed with the clusterpro-
filer package[62] and KEGG pathway images created with the Pathview
package.[63]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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