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SpeciaL iSSUe Review SpeciaL FocUS Review

Stem Cells for Therapeutic Use

While the potential of stem cells for tissue repair and regenera-
tion in treatment of disease and injury has been subject to intense 
investigation over the past 20 years, the full therapeutic potential 
of these cells have yet to be fully realized. During this time, vari-
ous stem cell lines have been isolated and characterized including 
embryonic and adult stem cells such as hematopoietic, mesen-
chymal, cardiac, neuronal and retinal. All these various stem cell 
lines have been examined for their therapeutic benefits including 
their adoptive transfer for treatment of injuries and diseases as 
diverse as post-chemotherapy blood disorders, myocardial infarc-
tion, burns, spinal cord and brain injuries, eye injury, diabetes, 
Crohn disease and muscular dystrophy, to name a few.1 The 
kidney has been no stranger to this ever expanding and evolv-
ing field. Stem cells have been demonstrated to possess a notable 
repair and regenerative potential when delivered to the injured 
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adoptive transfer of stem cells has shown potential as an 
effective treatment for acute kidney injury (aKi). The current 
strategy for adoptive transfer of stem cells is by intravenous 
injection. However, this conventional method of stem cell 
delivery is riddled with problems causing reduced efficacy of 
the therapeutic potential of delivered stem cells. This review 
summarizes the recent advancements in an alternative method 
of stem cell delivery for treatment of aKi, embedding stem 
cells in hyaluronic acid (Ha-) based hydrogels followed by their 
implantation. Furthermore, one stem cell type in particular, 
endothelial progenitor cells (epc), have shown remarkable 
therapeutic benefits for treatment of aKi when delivered by 
Ha-hydrogels. The review also summarizes the delivery of epc 
by Ha-hydrogels in the setting of aKi.
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kidney.2-8 However, currently much more advancement is needed 
before stem cell therapy is successfully applied clinically for broad 
scale use in the treatment of kidney disease.

One type of stem cells that has shown remarkable renopro-
tective potential without significant side effects are endothelial 
progenitor cells (EPC). EPC have been shown to improve renal 
function, attenuate the pro-inflammatory response associated 
with renal injury, and improve damage to tubules and renal vas-
cular segments during kidney injury while providing enhanced 
neoangiogenesis.2,4,7,8 The beneficial attributes associated with 
EPC delivery for treatment of kidney damage counter the vas-
cular impairment that occurs in the course of various episodes 
of acute kidney injury (AKI) that leads to the progressive nature 
of renal dysfunction and disease.2,7-9 An intact and healthy EPC 
niche, residing in the bone marrow but also found locally in renal 
vascular beds such as in the area of the adventitia layer of ves-
sels, is relied on to maintain normal vascular function including 
maintenance and possible replacement of the endothelium.10-12 
The loss of EPC integrity during kidney disease was illustrated 
by our group in an Adriamycin model of nephropathy,8 in which 
the progressive nature of renal injury was heavily influenced by 
the destruction of competent endogenous EPC. The deteriora-
tion of the bone marrow EPC niche prevented both the mobiliza-
tion of these cells to the sites of renal injury and ensuing repair of 
damage. When exogenous EPC were adoptively transferred, renal 
function considerably improved. These results are not exclusive 
to Adriamycin-induced nephropathy, but have also been seen in 
other models of AKI such as sepsis-induced AKI.2

Problems with Current Methods of Cell Therapy: 
Treatment of AKI

One of the major problems confronting current stem cell (includ-
ing EPC) therapy is the method for cell delivery. When stem cells 
are delivered by IV injection, less than 3% of the delivered cells 
find their way to the injured kidney and engraft, while major-
ity of delivered cells undergo programmed cell death (anoikis) 
before they are capable of providing any therapeutic benefits to 
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regard to cell therapy applications. The use of such biomaterials 
allows for direct delivery and retention of EPC at the precise loca-
tion of tissue damage leading to the improved delivery efficiency, 
a more intense therapeutic response, and avoidance of side effects 
related to systemic IV delivery.

Various bioengineered scaffolds have been constructed and 
tested for cell therapy purposes. For embedding of stem cells, 
it is highly desirable to create scaffolds that closely mimic the 
endogenous stem cell niche. Collagen, gelatin, fibrin, silk, aga-
rose, alginate, dextran, cellulose, chitosan, heparin, chondroitin 
sulfate and hyaluronic acid engineered scaffolds are the more 
commonly and successfully used natural biomaterials for stem 
cell delivery in animal models.21-23 Recently, hyaluronic acid 
(HA) based hydrogels have emerged as a bioengineered scaf-
fold that holds potential for its application in cell therapy. An 
advantage of stem cell delivery by embedding in HA-hydrogels 
is the ease of delivery. HA-hydrogels are implanted before their 
solidification, which allows for hydrogels with embedded cells 
to be delivered by a simple syringe injection. Once injected, the 
hydrogel concludes the solidification process within a few min-
utes. The delivery of HA-hydrogel scaffolds (without embedded 
cells) composed of thiol-modified gelatin (derived from collagen 
I and IV) results in the least inflammatory response, as compared 
with various other bioengineered scaffolds.24 In experiments by 
our lab, we observed greatest response from embedded EPC when 
pronectin (50 mg/ml) was added to these denatured collagen 
HA-hydrogels and crosslinked at 4% with polyethylene (gly-
col) diacrylate (PEGDA).7 Addition of pronectin introduced the 
critical RGD binding element required by EPC for adhesion and 
activation of cell surface integrins including α5β1, α6β1, αvβ3, 
αvβ5 and α4β1.14 The use of 4% PEGDA crosslinker provides 
optimal hydrogel rigidity and permits significant cell retention 
and viability while preventing infiltration of toxins present in the 
external milieu.7

An advantage of HA-hydrogels is their ability to be readily 
dissolved on demand. Since the main constituents of hydrogels 
are denatured collagen and HA, these scaffolds can easily and 
rapidly be dissolved with hyaluronidase and collagenase, subse-
quently allowing the release and mobilization of embedded stem 
cells. Used in the correct concentrations, these digesting enzymes 
do not cause damage or phenotypical change to embedded cells.7 
The application of digesting enzymes is simple and consists of a 
mere injection directly into the implanted HA-hydrogel, followed 
by dissolution of the gel and complete mobilization of embedded 
cells within 24–48 h.7 The ability to release embedded EPC on 
demand provides greater flexibility of cell therapy. For instance, 
HA-hydrogels with embedded EPC can be implanted into desired 
tissues where they remain until the release of EPC is required for 
local tissue repair. Meanwhile, the considerable retention of EPC 
in HA-hydrogels means embedded cells will stay in their implant 
locality (usually up to two weeks), while retaining their capability 
to secrete anti-inflammatory and pro-angiogenic molecules that 
can escape the scaffolding into the surrounding tissue and circula-
tion.25-27 The ability to regulate the release of EPC from implanted 
scaffolds also allows flexibility in the timing of hydrogel implan-
tation for treatment of kidney injury. The kidney is especially 

damaged tissues.13 Many current trials examining the delivery 
of stem cells for treatment of kidney disease use IV injection of 
large quantities of cells (usually around 1 million cells per injec-
tion), administered all at once into the circulation by a bolus IV 
injection. Often times these delivered cells become trapped in the 
pulmonary vasculature causing embolism or suffer from anoikis 
before ever making it to the injured kidneys.13 Furthermore, if the 
impairment of kidney function is due to circulating factors such 
as cytotoxins, then stem cells introduced into the circulation by 
IV injection become susceptible to the harmful effects of such 
circulating toxins.

Another major problem with IV delivery of stem cells is related 
to integrin dependent activation and homing of delivered cells. 
While β2 integrins are the major regulators of EPC transendothe-
lial migration, integrins α5β1, α6β1, αvβ3 and αvβ5 are major 
determinants of EPC homing, invasion, differentiation and para-
crine factor production with integrin α4β1 being a key regulator 
of EPC retention and/or mobilization from the bone marrow.14 
The expression and activation of these integrins on the surface of 
stem cells is critical for their homing to proper sites of damage, 
adherence and exertion of their renoprotective paracrine influ-
ence.14 In essence, integrins give EPC a “guidance mechanism” to 
find their way around the circulation and locate the targeted dam-
aged tissue. Furthermore, activation of integrins on the surface of 
EPC, and subsequent effects on intracellular cytoskeleton proper-
ties within the EPC, has also been shown to enhance the release 
of both anti-inflammatory and pro-regenerative substances14 
from EPC enhancing their reparative capabilities. Integrins are 
activated once these cells bind to substrates that contain a RGD 
sequence (an arginine-glycine-aspartic acid conserved motif found 
in cell adhesion substrates such as fibronectin).15,16 When EPC are 
delivered by IV injection, because of the aqueous nature of both 
the delivery vehicle solution and the circulating plasma, delivered 
cells lack substrate RGD adherence cues that would trigger the 
expression and activation of integrins on their surface. The lack 
of integrin activation on delivered EPC prevents these cells from 
fully eliciting their protective effects. This presents yet another 
problem with conventional methods of IV delivery of cells.

Bioengineered Scaffolds for Stem Cell Delivery: 
Treatment of AKI

In attempt to protect delivered stem cells and to provide them with 
a microenvironment conducive to their viability while maximiz-
ing their therapeutic potential, our laboratory has experimented 
with the delivery of EPC embedded in bioengineered scaffolds. 
Scaffolds provide substantial flexibility because they can be con-
structed from many different substances and their properties 
chemically changed to allow for creation of alternative niche-like 
microenvironments. For instance, variable scaffold compositions 
can be manipulated to affect embedded stem cell retention, dif-
ferentiation and proliferation while also influencing the release of 
anti-inflammatory molecules from embedded cells.17-19 The selec-
tion of specific biomaterial compositions for scaffold engineering 
can provide embedded cells with surroundings resembling the 
endogenous extracellular matrix20 and offer many advantages in 
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elevation in serum creatinine levels by 50–60% and long-term 
proteinuria by 60–75%, with greater improvement observed with 
EPC delivery by HA-hydrogel as compared with IV injection.7 
Engraftment of EPC into the damaged kidney was enhanced by 
as much as 6-fold when EPC were delivered by HA-hydrogel as 
opposed to IV delivery.7 Only slight differences were observed 
when HA-hydrogels were implanted in the ear as compared with 
the kidney. These differences included increased renal engraft-
ment of EPC when HA-hydrogels were implanted in the kid-
ney while ear implants and subsequent EPC release resulted in a 
slightly better improvement of systemic functions, such as blood 
pressure.

We further examined the effects of EPC delivery by 
HA-hydrogel to determine if the enhanced therapeutic effect of 
these bioengineered scaffolds was applicable to other kidney injury 

useful for HA-hydrogel delivery of stem cells 
because during kidney injury, the injured tis-
sue endogenously releases hyaluronidase.28,29 
The intrinsic release of hyaluronidase means 
the kidney, when injured, will automatically 
digest implanted HA-hydrogels even with-
out injection of enzymes, allowing release of 
embedded stem cells. Since hyaluronidase is 
released when kidneys are initially injured, 
the digestion of HA-hydrogels and subsequent 
EPC release occurs at an optimal time during 
kidney injury allowing for EPC therapeutic 
effects to engage before damage becomes too 
extensive and irreparable. A schematic sum-
mary of the implantation of HA-hydrogels 
and subsequent release and mobilization of 
embedded EPC for treatment of AKI is pro-
vided in Figure 1.

In studies by our lab, we have conducted 
multiple experiments using HA-hydrogels 
as a bioengineered scaffold for delivery of 
stem cells (EPC) for the treatment of vari-
ous forms of AKI (the results of these experi-
ments are summarized in Tables 1 and 2).2,7 
The first AKI model we examined was a 
model of Adriamycin (doxorubicin) induced 
nephropathy, which is characterized by tubu-
lointerstitial damage, glomerulosclerosis with 
accompanying glomerular visceral epithelial 
cell damage and proteinuria.30 In prelimi-
nary in vitro experiments, we first assessed 
if HA-hydrogel scaffolds offered protec-
tion to embedded EPC against toxins such 
as Adriamycin. Indeed, at concentrations of 
Adriamycin (1–50 uM) that normally caused 
cell damage and death, HA-hydrogel embed-
ding protected cells against cytotoxicity and 
resulted in 6-fold enhanced cell viability of 
EPC.7 This effect was primarily the result of 
the impediment for toxins to readily infiltrate 
the HA-hydrogel and damage embedded 
EPC. In a murine in vivo model, HA-hydrogels with embedded 
EPC were delivered to Adriamycin-induced AKI mice.7 In these 
in vivo experiments, HA-hydrogels were implanted at two loca-
tions, subcutaneously in the ear (for ease of microscopic moni-
toring of fluorescently labeled embedded cells) and supcapsularly 
in the kidney. While HA-hydrogels were implanted prior to 
Adriamycin-induced AKI, EPC were not released from these scaf-
folds until after administration of Adriamycin. Embedded EPC 
were released into the systemic circulation from ear implanted 
HA-hydrogels by direct injection of digestive enzymes within 
1–2 h after Adriamycin administration. HA-hydrogels implanted 
in the kidney were digested by endogenous renally secreted hyal-
uronidase allowing for release of embedded EPC locally into 
the injured kidney. Adoptive transfer of EPC into mice with 
Adriamycin-induced AKI reduced both short- and long-term 

Figure 1. Schematic of the implantation of Ha-hydrogels and subsequent release and 
mobilization of embedded epc for treatment of aKi in a mouse model. (1) Ha-hydrogels with 
embedded epc are implanted either superficially into ears or subcapsularly into kidneys. (2) 
induction of aKi (cyto-/endotoxins). (3a) Kidney implants are digested by endogenous release 
of hyaluronidase from the kidneys during aKi and embedded epc are mobilized into the 
kidney, or (3b) ear implants are digested by direct injection of hydrogel-digesting enzymes 
and embedded epc are mobilized into the circulation. (4) Released epc generate therapeutic 
effects (see Tables 1 and 2).
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renal repair and regeneration.34-36 While adoptive transfer of EPC 
is an attractive approach to combat sepsis-induced AKI, conven-
tional IV delivery of these cells is problematic because once EPC 
are introduced into the circulation, they are predisposed to dam-
age due to their exposure to the circulating endotoxins initially 
responsible for both systemic and local tissue damage.

Similar to our studies on Adriamycin, HA-hydrogels pro-
tected embedded EPC from the endotoxin LPS in in vitro experi-
ments. In in vivo studies, adoptive transfer of EPC to septic mice 
improved systemic functions within 24 h after injection of LPS.2 
Sepsis is typically characterized by hypotension and elevation of 
circulating hepatic enzymes.2,32 EPC delivery by IV injection sig-
nificantly improved arterial blood pressure and reduced hepatic 
release of ALT and AST, however, EPC delivery by HA-hydrogel 
completely normalized both blood pressure and hepatic enzyme 
release to healthy baseline levels.2 EPC adoptive transfer also 
afforded renoprotection, both short- and long-term during sep-
sis. Impaired renal hemodynamics has been found to be crucially 
involved in kidney injury during sepsis.37 IV administration of 
EPC improved renal blood flow, both cortical and medullary, 
by 40% and 22%, respectively; however, this improvement was 
markedly potentiated to 75% and 56% when EPC were deliv-
ered by HA-hydrogel. In addition to improving renal microcir-
culation, renal function (as measured by serum creatinine) was 
improved by 55% upon HA-hydrogel EPC delivery.2 In long-term 
studies, EPC delivery by HA-hydrogel cut in half the renal inter-
stitial fibrosis that was associated with sepsis-induced AKI and 
endogenous bone marrow EPC competence was restored.2 While 
adoptive transfer of EPC in general led to improvement of all 
sepsis-induced systemic and renal abnormalities, the therapeutic 
ability of EPC was greatly enhanced (both short- and long-term) 
when these cells were delivered by HA-hydrogel scaffolding. 
The duration of a latent period before cells are released from the 
implanted HA-hydrogel scaffold and become exposed to the cir-
culating endotoxins represents the major difference between the 
adoptive transfer of cells via HA-hydrogel vs. IV delivery.

In the latest series of hydrogel experiments by our lab, we have 
combined delivery of EPC with renal mesenchymal stem cells 
(MSC). Our lab has previously isolated MSC from the murine 
kidney.38 These MSC are positive for typical stem cell markers 
such as Sca-1, CD29, CD44, CD73, negative for CD117 and 
CD45, and are able to differentiate into multiple cell lineages 
including chondrocytes, osteocytes and adipocytes.38 Intrinsic 
stem cell niches, such as in bone marrow and in cardiac tissue, 
contain multiple progenitor cell types and lineage committed cells 
which serve as supporting cells for the niche.39-41 Supporting cells 
help maintain the quality and stability of the niche and play a role 
in asymmetric stem cell division and renewal of daughter cells.39-41  
Introducing renal MSC into HA-hydrogels to support EPC may 
improve the quality of the bioartificial niche and enhance the 
regenerative response of the embedded cells. MSC are especially 
attractive candidates for the supporting cell role because they 
have been reported to improve stem cell niche quality and stem 
cell mobilization and homing through release of SDF-1, SCF and 
LIF.42 MSC also possess immuno-modulatory properties due to 
their release of anti-inflammatory molecules, such as IL-10, and 

models in addition to Adriamycin nephropathy. In a mouse renal 
ischemia-reperfusion injury (IRI) model of AKI, in which renal 
blood flow was occluded for 30 min causing microcirculatory and 
tubular damage, the delivery of EPC by HA-hydrogel resulted 
in 50% attenuation of the associated rise in serum creatinine 36 
h post-IRI, demonstrating the beneficial effects of HA-hydrogel 
delivery of EPC are not limited to Adriamycin-induced AKI.7 
EPC have been shown to mediate re-vascularization and angio-
genesis in models of vascular injury.7,10,11,31 Improvement in 
microvascular competence and function plays a role in the reno-
protective effects offered by EPC during AKI. When EPC were 
delivered into a model of vascular injury (a murine model of hind 
limb femoral ligation), conventional IV delivery of EPC improved 
neovascularization by 25% while HA-hydrogel delivery of EPC 
improved neovascularization and angiogenesis by 45%, further 
illustrating enhancement of vascular reparative effects mediated 
by HA-hydrogel delivery.7

The improvement in the therapeutic efficacy of adoptive trans-
fer of EPC by HA-hydrogel delivery prompted us to examine the 
effects of this phenomenon more elaborately in another model of 
AKI. Endotoxemia and related sepsis is a growing health prob-
lem in our society today and is a significant contributor to AKI. 
During sepsis, circulating endotoxins cause damage to the vas-
cular endothelium and promote a cataclysmic immune system 
response that involves substantial release of chemokines and cyto-
kines causing multiple organ damage including AKI.32,33 Since 
sepsis-induced AKI is a result of microvascular damage and the 
immune response, the ability of EPC to mediate both vascular 
repair/regeneration while also modulating the immune response 
makes these stem/progenitor cells attractive candidates for cell 
therapy of this form of AKI. A critical effect that occurs dur-
ing sepsis is that intrinsic EPC niches and reparative stem cell 
pools are adversely affected by circulating endotoxins including 
loss of endogenous EPC competence, integrity and viability lead-
ing to the inability of these stem cells to mediate vascular and 

Table 1. The improvement in various systemic and local parameters 
during sepsis- and adriamycin-induced aKi after treatment by adoptive 
transfer of epc by either conventional iv delivery or implantation of Ha-
hydrogels with embedded epc

IV delivery
HA-hydrogel 

delivery

Mean blood pressure ++ +++

Hepatic enzymes (aLT and aST) + +++

Bone marrow epc colony  
forming ability

++ +++

Serum creatinine ++ ++++

intrarenal microcirculation ++ ++++

epc engraftment + +++

cytokines/chemokines ++ +++

proteinuria ++ +++

Long-term fibrosis +++ ++++

all parameters were measured 18–36 h after induction of aKi, except 
long-term proteinuria and fibrosis, which were measured 3 weeks  
and 2 mo, respectively, after aKi induction. + denotes improvement.
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may be particularly true for MSC which are capable of abundant 
release of anti-inflammatory and pro-angiogenic paracrine mol-
ecules such IL-10, IL-8, IP-10, MMP’s and various growth factors 
including VEGF, bFGF and HGH.42

Conclusions

EPC delivery in bioengineered scaffolds, such HA-hydrogels, 
offers significant advantages over conventional cell delivery by 

are capable of inducing neighbor cells to secrete cytokines which 
may inhibit inflammation and pathological remodeling.42 The 
therapeutic effects of MSC were recently further demonstrated in 
a study by Gao et al., in which renal delivery of adipose-derived 
MSC embedded in a chitosan based hydrogel improved renal 
function in an IRI model of AKI, an effect that included reduced 
renal cell apoptosis, improved microvessel density and enhanced 
tubular cell proliferation.43 The study by Gao et al. supports the 
use of hydrogels for therapeutic delivery of stem cells and shows 
the hydrogel scaffold capable supporting delivery of various stem 
cell lines. To this end, we rationalized that by embedding MSC 
along with EPC into HA-hydrogels destined for implantation, 
the therapeutic efficacy of EPC may be enhanced even farther 
than if EPC were embedded and delivered alone. In in vitro stud-
ies, we observed significant improvement in the resistance of EPC 
to endotoxins (LPS) when MSC were embedded in combination 
with EPC, as opposed to EPC embedding alone (Fig. 2) (our 
unpublished observations). In in vivo studies on sepsis-induced 
AKI, delivery of EPC in HA-hydrogels in combination with 
MSC led to greater improvement in renal microcirculation and 
renal function, compared with EPC delivered alone. While we 
are currently investigating the mechanism(s) of beneficial effects 
that MSC have on EPC, it appears these effects are paracrine in 
nature and are mediated by the release of protective molecules.

In our experiments using various AKI models, HA-hydrogel 
delivery of EPC resulted in enhanced renal engraftment of these 
cells, as compared with IV delivery. Although improvement in 
systemic and renal function parallels the difference in engrafting 
EPC, the relatively low frequency of kidney-lodged cells suggests 
that this is not the major route responsible for improved renal func-
tion and microcirculation. Upon further evaluation, we observed 
significant reduction of circulating pro-inflammatory chemo-
kines and cytokines when EPC are delivered by HA-hydrogel, an 
effect that concomitantly accompanied improvement of systemic 
and renal function. Delivery of EPC by HA-hydrogel greatly 
attenuated the release of pro-inflammatory molecules such as 
IL-1α, IL-1β, IL-6, IFNγ and IP-10, to name a few.2 The reduc-
tion of the pro-inflammatory response that accompanies sepsis 
may in large part mediate the improvement in systemic hemody-
namics, renal microcirculation and endothelial integrity, factors 
that all improve renal function. While HA-hydrogel embedded 
EPC are protected from circulating endotoxins, these cells are 
still able to secrete anti-inflammatory and pro-angiogenic mol-
ecules that can escape the scaffolding into the surrounding tis-
sue and circulation thereby eliciting a pro-reparative effect. This 

Table 2. The summary of systemic and renal effects when epc are delivered by Ha-hydrogel embedding and transplantation as compared with con-
ventional iv injection during aKi

Systemic therapeutic effects Renal therapeutic effects

Normalized mean blood pressure increased renal epc engraftment

Reduced release of aLT/aST enhanced cortical and medullary microcirculation

improved competence of endogenous stem cells improved proteinuria

Reduced release of pro-inflammatory cyto-/chemokines improved serum creatinine

enhanced release of anti- inflammatory cyto-/chemokines Decreased fibrosis

enhanced release of pro-angiogenic molecules

Figure 2. Schematic representation (left) and corresponding images 
(right) (40× magnification) of epc treated with 10 ug/ml LpS for 24 h. 
During LpS treatment, epc were plated on culture plates (A) (without 
Ha-hydrogel embedding), embedded in Ha-hydrogels (B), or embed-
ded in Ha-hydrogels along with MSc (C). embedding epc in Ha-hydro-
gels improved epc viability and resistance to endotoxins, an effect that 
was considerably enhanced when epc were co-embedded with MSc. 
To determine cell viability, cells were subject to a Live/DeaD assay in 
which live cells were stained green with calcein and dead cells were 
stained red with ethidium homodimer.
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potentiated release of anti-inflammatory and pro-angiogenic 
molecules, engraftment and transdifferentiation. Despite current 
advancements, continued development of the adoptive transfer of 
EPC by HA-hydrogel delivery is needed before its application is 
clinically realized for treatment of AKI.
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IV injection. Pronectin-coated HA-hydrogels closely resemble 
endogenous stem cell niches and thus provide a microenviron-
ment conducive for viability and expansion of embedded cells 
while also providing protection from circulating cyto- and endo-
toxins. HA-hydrogels are readily implantable within tissues and 
organs, including the kidney. The composition of HA-hydrogels 
allows them to be easily dissolved on demand permitting mobili-
zation of embedded cells. In experiments using multiple models 
of AKI, the use of HA-hydrogels for delivery of EPC enhances 
the therapeutic efficacy of these stem cells by providing substan-
tial systemic and renal protective effects. The enhanced thera-
peutic performance of HA-hydrogel embedded EPC is the result 
of multiple factors. Increased cellular α4β1 integrin binding to 
RGD sequences present in HA-hydrogels activate EPC causing 
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