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Abstract

Peripheral vascular disease (PVD) is one of the most prevalent vascular diseases in the U.S.
afflicting an estimated 8 million people. Obstruction of peripheral arteries leads to insufficient
nutrients and oxygen supply to extremities, which, if not treated properly, can potentially give rise
to a severe condition called critical limb ischemia (CLI). CLI is associated with extremely high
morbidities and mortalities. Conventional treatments such as angioplasty, atherectomy, stent
implantation and bypass surgery have achieved some success in treating localized macrovascular
disease but are limited by their invasiveness. An emerging alternative is the use of growth factor
(delivered as genes or proteins) and cell therapy for PVD treatment. By delivering growth factors
or cells to the ischemic tissue, one can stimulate the regeneration of functional vasculature
network locally, re-perfuse the ischemic tissue, and thus salvage the limb. Here we review recent
advance in nanomaterials, and discuss how their application can improve and facilitate growth
factor or cell therapies. Specifically, nanoparticles (NPs) can serve as drug carrier and target to
ischemic tissues and achieve localized and sustained release of pro-angiogenic proteins. As
nonviral vectors, NPs can greatly enhance the transfection of target cells with pro-angiogenic
genes with relatively fewer safety concern. Further, NPs may also be used in combination with cell
therapy to enhance cell retention, cell survival and secretion of angiogenic factors. Lastly, nano/
micro fibrous vascular grafts can be engineered to better mimic the structure and composition of
native vessels, and hopefully overcome many complications/limitations associated with
conventional synthetic grafts.
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Peripheral Vascular Disease (PVD): Current Treatments and Challenges

Peripheral vascular disease (PVD) is one of the most prevalent vascular disorders in the
U.S., afflicting over 8 million people. The prevalence of PVD increases with age and affects
12-20% of the American population age 65 and over.! In general, PVD refers to the
obstruction or narrowing of the nonmyocardial arteries, most commonly the lower
extremities but including the vasculature of kidney and other vascularized organs. The
resulting lack of blood flow gradually deprives the tissue of oxygen and nutrients causing
symptoms such as claudication, sores, ulcers and skin color change of affected limbs. There
is a considerable risk of limb loss if effective interventions are not administered in time,
giving rise to a condition known as critical limb ischemia (CLI).2 The annual incidence of
CLI is estimated between 5 and 10 new cases per 10 000 in both the U.S. and Europe, with
type-2 diabetes as one of the most important risk factors.> Symptoms associated with CLI
include skin lesions (ulcers or gangrene) and rest pain, both of which can significantly
compromise a patient’s quality of life. CLI is associated with extremely high mortalities and
morbidities. Studies have shown that 30% of patients not eligible for surgical
revascularization will undergo major amputation and 25% of these patients will die within
one year of the onset of CLI.4

To date, numerous strategies have been devised to restore blood perfusion in ischemic
tissues and thus relieve rest pain, heal ulcers and prevent limb loss. Current treatments, such
as angioplasty, atherectomy, stent implantation and bypass surgery can be effective in cases
of localized macrovascular disease. Unfortunately, these conventional treatments are limited
in several ways. First, the invasiveness of mechanical revascularization often renders them
inapplicable to a subset of PVD patients who are physically unsuitable to undergo major
surgeries.® Second, for bypass surgeries, the use of autologous vascular grafts is limited by
the physical condition of the patient, while using conventional synthetic grafts is associated
with risks such as thrombosis, infection and hyperplasia.® Lastly, for CLI patients, it is more
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important to achieve fast and short-term results to avoid limb loss, whereas targeting
macrovascular disease may not bring immediate benefits.

Significant progress has been made to avoid such surgical interventions, by administrating
pro-angiogenic growth factors (delivered either as proteins or as genes that encode them)’
and/or cell therapy (e.g., endothelial progenitor cells or other angiogenic stem cells)® to
stimulate and promote angiogenesis in ischemic tissues. For instance, clinical studies
showed that intramuscular injection of hepatocyte growth factor (HGF) plasmids improved
blood perfusion (measured by increase in ankle-brachial index (ABI) from 0.46 to 0.59) and
reduced ischemic ulcer area by >25% in CLI patients.® Clinical improvements in CLI patient
symptoms were also reported upon intramuscular injection of both autologous bone marrow
mononuclear cells (BM-MNCs) and vascular endothelial growth factor (VEGF) plasmids,
leading to improved perfusion (ABI increased from 0.26 to 0.49) and reduction in rest
pain.10

Despite these promising initial results, some recent phase Il and phase 11 clinical trials of
angiogenic gene therapy did not generate consistent benefits as expected.! The strategy of
direct injection of naked plasmids carrying angiogenic genes is ineffective due to low
cellular transfection efficiency. Using viral vectors to deliver the genes can overcome the low
transfection efficiency but raises safety concerns due to random insertion into the host cell
genome. Additionally, integration of genes that lead to persistent expression of angiogenic
factors raises the concern for developing pathological angiogenesis or tumorigenesis.1
Alternatively, using recombinant proteins is less likely to cause such long-term safety issues.
However, growth factors generally have short circulation half-lives, requiring multiple
injections to achieve sufficient and sustained growth factor levels at the ischemic site.
Multiple injections of angiogenic growth factors may cause adverse effects such as
hypotension,2 vascular leakage!3 and tissue edema.1# Current cell therapy methods are also
facing some potential challenges such as low cell retention, low viability post-
transplantation and limited integration into host tissue.1®

Opportunities and Promises: Nanoscale Strategies for PVD

The rapid development of nanotechnology in the past two decades has brought about
enormous opportunities to the field of biomedical studies and applications. In particular,
nanomedicine, referring to the medical application of nanotechnologies, is attracting intense
activity. Nanoscale strategies offer new capabilities that are otherwise impossible to achieve.
In the context of nanomedicine, two types of nanomaterials are most extensively used:
nanoparticles and nanofibers. Nanoparticles (NPs) of a size from tens to several hundred
nanometers can be easily endocytosed and have been serving as drug carriers for targeted
delivery and/or imaging contrast agents for diagnostic and therapeutic purposes. The
versatility of polymer-based NPs allows one to tailor physical and chemical properties to
design multifunctional NPs, exhibiting the desired pharmacokinetic profile.16-18 Due to the
high surface area to volume ratio, NPs are ideal for surface coating and modification to
accommodate various therapeutic needs. For example, antibodies can be conjugated to NPs
for targeted delivery and weaken off-target effects.19-21 Generally, NPs are used to protect
their cargo (e.g., proteins or siRNAs) from undesired degradation, prolonging the half-life of
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drugs and making oral delivery of siRNAs and proteins feasible;22-26 however, NPs can be
tuned to respond to specific physical/chemical cues such as pH2” and oxidative stress28 in
order to release their cargo. Alternatively, nanofibers have been broadly studied, especially
in the field of tissue engineering. Electrospun nanofibers are attractive because they can
closely mimic the native, nanofibrous extracellular matrix (ECM) environment in which
cells reside. The natural nanotopographies of ECM, just like biological or chemical cues, are
crucial for the maintenance of cell phenotype and cell growth. To construct these nano-
features /n vitro, fabrication conditions can be tuned to obtain nanofibrous scaffolds of
different fiber diameters, porosity, mechanical properties and orientations.2? In addition,
nanofibers have large specific surface area that allows them to efficiently load various
biomolecules (e.g., VEGF and PDGF) to encourage cell attachment and enhance angiogenic
effects.

In this manuscript, we will focus on recent progress in nanomedicine for treating PVD,
focusing on therapies for CLI. Specifically, we will review four nanoscale strategies
(outlined in Figure 1). (1) As protein carriers, NPs can deliver angiogenic growth factors into
ischemic tissue, reducing undesirable degradation and off-target effects, increasing the
effective drug concentration and lowering the dosage requirements. (2) As gene carriers,
NPs can effectively overcome the cell membrane barrier and release their cargo inside cells
with relatively fewer safety concerns as compared to viral vectors. (3) Nanomaterials can be
used to facilitate existing cell therapy strategies by preprogramming cells to increase their
angiogenic or survival capabilities. (4) Tissue engineered nanofibrous vascular scaffolds are
biocompatible and can be potentially produced on a large scale making them a promising
alternative to synthetic grafts.

Nanoscale Protein Delivery

Over the past decade, research and clinical studies have focused on using pro-angiogenic
growth factors or genes to promote angiogenesis of ischemic tissues. Bolus injection of
growth factors rarely generates satisfying clinical outcomes in part because of their short
circulation half-life (in the order of several minutes).30 Yet, high sustained levels of
angiogenic signals are essential for the development of stable neovascularization,3! requiring
intramuscular or intra-arterial delivery of large growth factor dosages.32 This drawback of
protein-based therapy can be overcome by the use of nanoscale devices. Encapsulating
growth factors in nanocarriers protects them from undesired degradation, allows targeted
delivery to the ischemic tissue, and enables their release in a controlled manner, leading to
stronger therapeutic effects, potentially at lower dosages.

To date, a variety of nanomaterials have been employed to deliver growth factors to ischemic
tissues, including poly(lactic-co-glycolic acid) (PLGA),33 PLGA: poloxamer blend NPs,34
gold NPs3® and graphene oxide36 (summarized in Table 1). Even without incorporation of
specific antibodies or targeting molecules, it has been shown that upon intravenous
injections to mouse models, NPs (<200 nm) would preferentially accumulate in ischemic
limb than in healthy limb (Figure 2).3536 |schemic tissues, including tumor tissues, tend to
secrete angiogenic factors which increase blood vessel permeability, leading to preferential
NP accumulation. This well-known phenomenon is called the enhanced permeability and
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retention (EPR) effect.3” More interestingly, VEGF-coated graphene oxide NPs showed
significantly higher targeting efficiency than empty NPs, implying that VEGF coated on the
surface of the particles may not only act as a therapeutic reagent, but also serve as a
targeting moiety,36 presumably due to overexpression of VEGF receptors on the cell surface
comprising ischemic regions (Figure 3). With this intrinsic targeting capability, NPs carrying
growth factors can be administered v/a intravenous injection, a less invasive and more
convenient approach compared to intramuscular injection.

The versatility of NPs allows one to tailor their physical and chemical properties to design a
specific release kinetic profile. A zero-order release kinetics profile is preferred to achieve a
sustained growth factor concentration at the ischemic site without the need for multiple
injections and to allow for the stabilization of newly formed vessels. Dextran-co-gelatin NPs
are able to achieve near zero-order release, with 69% VEGF released over 10 days in vitro.38
Mesoporous silica NPs released basic fibroblast growth factor (b0FGF) steadily for over 20
days /n vitro, with 50% released in the first 8 days.3° In contrast, PLGA NPs showed a burst
release profile, with 70% of encapsulated VEGF released within 2 days in vitro.33 However,
the /n vitro release profile may not precisely recapitulate the in vivo release kinetics?? given
the biological and chemical complexity of the /77 vivo environment. Monitoring growth
factors concentration in blood samples taken from the ischemic site should provide greater
insight into the pharmacokinetics. Notably, growth factors may not require NP encapsulation
to be functional; instead they can be conjugated onto the NP surface. Conjugating VEGFs
covalently to gold NPs via gold-thiol bonds has demonstrated maintenance of VEGF
bioactivity and stimulated endothelial cell growth to form new blood vessels.3® In this way,
the undesired degradation of growth factors can be reduced, increasing the effective
concentration at ischemic site.

NP-based delivery of growth factors has yielded promising results in animal models.
Intramuscular injection of dextran-co-gelatin NPs encapsulating 1 mg VEGF in total
restored blood perfusion in ischemic tissue to 85% of the healthy tissue in a rabbit hind limb
ischemia model.38 Intravenous injection of only 3 1g of VEGF conjugated on gold NPs
improved blood perfusion of the ischemic limb by 1.7-fold, reaching over 90% blood
perfusion of normal tissue whereas bolus injection of the same amount of free VEGF did not
result in any significant improvements.3® Similarly, delivery of VEGF (3 /q) by graphene
oxide NPs increased blood perfusion by 1.5-fold as measured by Doppler scanning.36
Liposomal codelivery of FGF-2 with syndecan-4, which is an important regulator of FGF-2
signaling, strengthened the cellular signaling responses to FGF-2, leading to increased
FGF-2 uptake, and an 80% improvement in blood flow compared to delivery of FGF-2 alone
(Figure 4).%1 Particularly, this strategy not only increased the density of small vessels, it also
significantly increased the number of large vessels of ischemic muscle. Co-morbidities
including diabetes and hyperlipidemia can reduce the effectiveness of growth factor
therapy.#2 Moreover, codelivery of syndecan-4 proteoliposomes with FGF-2 increased the
effectiveness of FGF-2 in diabetic mice to partially overcome this growth factor resistance.42

Despite encouraging preclinical results, more rigorous studies are still required to fully
understand the utility and limitations of nanoscale protein delivery. Most studies
demonstrated the efficacy in healthy animal models of acute ischemia and
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neovascularization. On one hand, there is no doubt that rapid angiogenesis is critical for CLI
patients. On the other hand, however, researchers have rarely, if ever, evaluated the long-
term patency of the newly regenerated vasculature. Specifically, it is possible that as the
supply of exogenous growth factors is depleted, neovasculature could potentially regress
over time.#3 Additionally, given that angiogenesis is a complex physiological process
involving the coordination of several cell types, current methods are relatively simplistic,
delivering one or two factors at most. In the future, multiplexed NPs carrying multiple
enzymes and growth factors with optimum stoichiometry and sequential release may be
developed to further enhance the angiogenic effects.4

Nanoscale Gene Delivery

One advantage of protein delivery over gene delivery is that proteins are readily bioactive
and can directly act on their target cell membrane receptors, whereas genes require a
complex process of delivery inside the cells and translocation into the nucleus to be
transcribed and translated for expression. On the other hand, the delivered proteins will
gradually be consumed, whereas genes can constitutively produce large amount of proteins
so that sustained levels of growth factors can potentially be obtained without the need for
multiple injections. Thus, a proper vector that can escort genes into the cells is crucial for
the success of any gene therapy. Recently, the CRISPER/Cas9 system has revolutionized the
field of gene delivery and gene editing, exploiting the cell’s immune system to activate or
block specific genes. Yet, this systems requires adenovirus to deliver the Cas9 protein and
associated RNA or synthetic transcription factors into the cell.*> Viral or adenoviral vectors
are commonly used for their high transfection efficiency in research but they are associated
with safety issues such as eliciting immune responses and/or causing insertional mutagenesis
of host cells,*6-48 which have been the major bottleneck of translating this technology into
clinical settings.

Alternatively, nonviral vectors such as polymers and lipids are attractive owing to their
relatively low toxicity and design flexibility. However, they are also generally less effective
than viral vectors. To achieve efficient and effective gene delivery, numerous barriers, both
intracellular and extracellular ones, need to be overcome.*® The nanocarrier needs to
navigate through the bloodstream, protect the DNA from degradation by serum DNases,
avoid being taken up by phagocytic cells or the reticuloendothelial system (RES), target to
the specific cell type at the specific site, enter the target cell through internalization, escape
from the endosome into the cytoplasm, and eventually translocate into nucleus and release
the cargo. Additionally, other design targets also need to be met, including inexpensive
synthesis, low toxicity and ease of manufacturing.4®

To date, a wide variety of materials have been used for gene delivery, including polymeric
materials (synthetic or natural) such as polyamidoamine dendrimers (PAMAM),30:51
polyethylenimine (PEI),52-54 carbohydrate-based polymers®®56 and peptides,>’+>8 inorganic
materials such as gold NPs,>%-61 silica NPs62:63 and carbon nanotubes,54 as well as
numerous cationic lipid materials8>-67 (summarized in Table 2). In general, different
nanomaterials offer various features and advantages, but no single nanomaterial or design
readily satisfies all the design targets mentioned above. Thus, it is critical to systematically
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compare and select appropriate nanomaterials for specific applications. For instance, PEI is a
commonly used costeffective gene transfection reagent. It forms polyplexes with DNA via
electrostatic interactions and has reasonably high transfection efficiency /n vitro, partly due
to “proton sponge” effects.®8:69 However, PEI (especially high molecular weight PEI) has
known cytotoxicity’? and poor biodistribution, with about 50% of the injected dosages
accumulated in liver,59 making it less ideal for clinical use. Cationic lipid NPs are highly
versatile in composition, architecture and fabrication methods. Cationic lipids consist of a
covalently bound, positively charged, hydrophilic headgroup with a hydrophobic tail
domain. By combining different lipids, a large library of agents with varying transfection
activities and cytotoxicity are possible.”1:72 Folate modified lipoplexes demonstrated greater
resistance to serum DNase and showed efficient gene delivery both Jn vitro and in vivo.’374
However, significant cytotoxic effects have been associated with cationic lipids, in part due
to their positively charged hydrophilic head groups (e.g., quaternary and tertiary
ammoniums).”® Gold NPs have also emerged as effective gene delivery vectors.>® The
attractive properties of gold NPs include surface plasmon resonance, controllable reactivity
with thiolgroups and ease of synthesis. Ghosh et a/. reported that amino acids functionalized
onto cationic gold NPs can complex with DNA and effectively enter cells, respond to
intracellular glutathione level and subsequently release the DNA.61

Nanoscale gene delivery strategies, aimed to treat peripheral ischemia, have shown
encouraging pre-clinical results. Intra-arterially injected, magnetic, gelatin nanospheres
complexed with VEGF plasmid (5-20 nm) were magnetically guided to the ischemic site in
a rabbit hindlimb ischemia model, resulting in 50% increase in blood vessel density
compared to empty nanospheres.”® Similarly, intramuscular injection of PLGA NPs
encapsulating VEGF plasmid increased capillary density by 2.6-fold compared to the
untreated group in a mouse hind limb ischemia model, whereas PEI-DNA NPs only lead to a
1.4-fold increase in capillary density.”” This difference could partially be explained by the
higher transfection efficiency of PLGA NPs than PEI as evidenced by VEGF expression in
mouse limb. Notably, PEI was cytotoxic, causing a 4-fold increase in cell apoptosis than
PLGA NPs.”” Another promising methodology is to combine ultrasound and
nanocarriers.”879 Utilizing NPs formulated to engulf gas bubbles, ultrasound can be
employed for imaging and tracking the NPs as well as augmenting the intracellular delivery
of materials. PEG-liposomes (200 nm) entrapping perfluoropropane gas as echo-contrast for
the delivery of bFGF gene leads to 65% increase in blood flow in mouse ischemic limb
compared to <40% with naked bFGF plasmid.”® Similarly, intravenous injection of
PEGylated-perfluoropropane gas liposomes loaded with miRNA-126 (a negative regulator of
VEGF inhibitors) leads to 30% increase in blood flow in mouse ischemic limb.&0

Nanomaterial Facilitated Cell therapy

Cell therapy is an attractive alternative approach to achieve therapeutic angiogenesis with
several unique advantages over growth factor therapy or gene therapy. First, transplanted
cells may serve as a lasting source of multiple angiogenic growth factors so that stable
neovasculature can be formed, whereas directly injected growth factors are subject to quick
degradation. Second, transplanted cells can release growth factors and cytokines in a more
balanced and physiologically relevant manner than gene therapy. Third, the implanted cells
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can differentiate and provide the mechanical and structural support for angiogenesis.8?
Lastly, using autologous cells can circumvent the host immune response to gene therapy
which can be lethal when administering viral vectors.82

Adult stem cell transplantation, using bone marrow mononuclear cells (BMMNCs)8 and
mesenchymal stem cells (MSCs),83 have been most frequently employed to clinically treat
CLI patients. BMMNCs are a mixture of cells containing around 1% CD34+ endothelial
progenitor cells (EPCs).84 MSCs are multipotent cells that can be found in bone marrow,
adipose tissue, umbilical cord blood and placenta,® able to differentiate into
chondrocytes, 6 osteoblasts,87 adipocytes,8” cardiomyocytes®® and endothelial cells®® when
guided with proper chemical/biological/mechanical cues. Using autologous BMMNCs or
MSCs can minimize the risks of host immune responses. Cell therapies with BMMNCs and
MSCs have achieved some encouraging clinical outcomes in the treatment of CLI.
Intramuscular injection of 5.8 x 107 BMMNCs (9.8 x 10° CD34+ cells) to CLI patients
resulted in significant improvements by increasing mean ABI from 0.26 to 0.41, mean
transcutaneous oxygen pressure (TcpO,) from 28 to 52 mmHg and by reducing ulcer healing
time over the period of 6 months.%° In a phase | study, intra-arterial injection of MSCs to
CLI patients significantly increased ABI from 0.56 to 0.67 and TcpO, from 13 to 38
mmHg.%1 The therapeutic effects of adult stem cell therapy are not fully understood. In
general, two mechanisms have been proposed. One possible explanation is that the observed
therapeutic effects are due to paracrine and immunomodulatory effects. This is supported by
a study showing that MSC-conditioned medium facilitated angiogenesis in a diabetic rat
mode.%2 A second proposed mechanism is cell replacement and engraftment. In this case,
progenitors cell are believed to differentiate into endothelial cells and directly contribute to
the formation of new blood vessels.93 Depending on disease model and cell type, the
therapeutic mechanisms of cell therapy may be different.4

In spite of the encouraging preclinical/clinical outcomes, cell therapy is not without
challenges. For instance, the BMMNCs utilized in clinical trials are generally a mixture of
several cell populations that lack complete characterization,%® making it especially difficult
to study or understand the underlying mechanisms and also raising concerns regarding the
quality control of these cells. Using more differentiated cells is limited by the lack of in vitro
expansion capacity, whereas less differentiated stem or progenitor cells are more
proliferative but need to be properly guided to the desired differentiation pathway.
Additionally, cell therapy strategies face several universal challenges, including insuffcient
expression of desired growth factors, low cell viability and low engraftment in host tissue.

The application of nanomaterials can help overcome some of the aforementioned obstacles
and markedly augment the benefits of cell therapy. Specifically, nanomaterials can serve as
nonviral transfection vectors and program cells for enhanced viability, higher expression of
angiogenic factors, as well as better cell retention. Yang et a/. employed biodegradable
poly(s-aminoester) (PBAE) NPs to deliver VEGF plasmid into MSCs. Intramuscular
injection of these high VEGF expressing cells into a mouse hindlimb ischemia model led to
a 2- to 4-fold increase in vessel densities and markedly decreased muscle degeneration and
tissue fibrosis compared to injection of nontransfected cells.%6 Similarly, myoblast cell
sheets that were genetically engineered with PBAE-VEGF plasmid NPs successfully
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protected 5 out of 7 mice from limb loss and prevented the development of necrosis in a
hindlimb ischemia model.9” Alternatively, miRNA delivery has been used to enhance the
angiogenic effects of cell therapy. Gomes et al. formulated multilayered NPs that can be
used simultaneously for miRNA delivery and cell tracking.?8 The core consisted of PLGA
and perfluoro-1,5 crown ether (PFCE) for MRI tracking and the surface was coated with
protamine sulfate (PS), a cationic peptide for miRNA adsorption.?8 These multifunctional
NPs showed effective delivery (50%—-90% transfection efficiency) of pro-survival/angiogenic
miRNAs (miR132 and miR424) into endothelial cells (ECs). Endothelial cells engineered
with NP-miRNAs exhibited a 3-fold increase in cell survival and 3.5-fold increase in blood
perfusion of ischemic mouse limb relative to limbs treated with cells alone. Nanomaterials
can also be used to guide the injected cells to the ischemic site. Intravenously injected EPCs
magnetized with polystyrene-copolymer NPs containing iron oxide could target to ischemic
site and augment blood perfusion by 40% under external magnetic forces.?® Similarly, an
80% improvement in /n vivo homing of EPCs to ischemic site was reported upon
transfection with magnetic NPs (isolated from Magnetospirillum magneticum strain
AMB-1).100 The increased EPC homing resulted in a 25% improvement in blood perfusion
compared to untreated cells. It should be noted that the homing of cells (e.g., EPCs and
MSCs) to sites of ischemia (or tumorigenesis) is a naturally occurring process facilitated by
chemokines (e.g., SDF-1) and growth factors (e.g., VEGF and HGF) released from ischemic
tissue.101 Therefore, to some degree, the injected therapeutic cells may preferentially target
to the ischemic limb than the healthy limb even in absence of active targeting. In the future,
it would be interesting to investigate the efficacy of natural recruiting by chemical cues in
comparison to active targeting by physical cues and the potential synergistic effects between
them.

The increased understanding of various cell surface receptors, their corresponding ligands,
and downstream signaling networks, allows researchers to employ nanoscale strategies to
manipulate cell surface composition/structures for enhanced cell viability, improved homing
to the target tissue and stronger therapeutic effects upon transplantation (as previously
reviewed).102 Recently, Cheng et a/.193 developed bifunctional iron based NPs coated with
carboxylated dextran. The dextran coating allowed conjugation of two antibodies: one to
target the ischemic heart tissue (myosin light chain) and one to target exogenous/endogenous
MSCs (CD45). Thus, the iron NPs had several roles: first, to guide implanted cells to the
injury site, second, to link these cells to injured tissue and third, to allow imaging of
implanted cells. The enhanced therapeutic effect of increasing the number of implanted cells
at the injury site was demonstrated in a myocardial infract rat model but can be easily
applied toward CLI treatment by replacing the myosin light chain antibody, with SDF-1 for
example. In this study NPs and MSCs were injected separately at different time points to
demonstrate homing of circulating MSCs. However, it would be interesting to examine the
therapeutic effect that primed MSCs, /.e. preconjugating MSCs with iron NPs, would have.
Homing of MSCs was also controlled by converting the CD44 glycoform on their cell
surface to E-selectin/L-selectin194 or by conjugating new receptors such as CXC chemokine
receptor 4 (CXCR4), the receptor for SDF-1.195 |n the latter, modified MSCs migrated
toward an SDF-1 gradient, offering a new opportunity for targeting cell therapy to ischemic
tissue. Alternatively, transfection of ischemic tissue with SDF-1 containing liposomes
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increased homing of CXCR4 expressing progenitor endothelial cells, resulting in improved
neovascularization in a chronic ischemic hindlimb model.1%6 By developing cell-NP hybrids,
cell viability and function following implantation can potentially be enhanced. Conjugating
chitosan NPs to cells prior implantation can scavenge reactive oxygen species (ROS)
generated during ischemia and thus improve the viability of transplanted cells as was shown
for chitosan hydrogels.197 Coupling of cytokines containing NPs to the surface of implanted
cells can elicit autocrine effects as was recently shown for maleimide-thiol conjugated
liposome-T cells, exhibiting enhanced antitumor activity.1%8 Overall, cell surface
engineering is a very versatile methodology that can exercise greater precision in cell
targeting and cell homing processes (e.g., ligand—antigen binding, adhesion and migration)
with relatively fewer long-term safety risks compared to genetic cellular engineering.

In terms of clinical application, comprehensive studies should be performed to compare the
relative safety and efficacy of available methods. The safety of liposome conjugation (100-
300 nm) to the surface of T cells was thoroughly evaluated by Mathias et a/1%8 both /n vivo
and /n vitro. Yet, in the majority of the aforementioned studies, the effect of NPs was only
evaluated in regard to their cytotoxicity /n vitro. The potential /in vivo side effects of NPs as
well as long-term effects on cellular behavior (such as effect on stem cell ability to normally
differentiate and function) need to be carefully evaluated (as further discussed in the From
Bench to Bedside: A Long-Lasting Endeavor section).

Nanoscale Strategies in Tissue Engineered Vascular Grafts

Unlike angiogenic therapies that are intended to regenerate microvasculature at ischemic
sites, a vascular graft aims to directly replace the diseased/blocked arteries. Conventional
synthetic vascular grafts have been used for decades.1%® Some success has been achieved
with synthetic materials such as expanded polytetrafluoroethylene (ePFTE) and polyester
(Dacron) as bypass conduits for relatively large vessels (>6 mm diameter). However, as
small vessel replacements, synthetic grafts have poor outcomes with the primary causes
being anastomotic intimal hyperplasia and thrombogenicity.® A possible cause for
development of hyperplasia can be perturbations in blood flow as a result of mechanical
properties mismatch between the vascular graft and the native vessel. Additionally, since
synthetic grafts do not have an intact layer of endothelial cell coverage, the lumenal surfaces
are directly exposed to blood circulation. Thus, serum proteins such as albumin and
fibrinogen tend to adsorb onto these synthetic materials and initiate blood coagulation
cascades and immune responses. The thrombosis and inflammation can further disrupt the
blood flow and contribute to the development of hyperplasia, leading to the ultimate
occlusion of these small synthetic vascular grafts. Further, synthetic grafts (both large and
small ones) are subject to the risk of infection,19 in part due to the fact that protein
deposition on surfaces can promote bacteria adhesion and growth.

Vascular tissue engineering is aimed to meet the demand for biocompatible vascular grafts
that can seamlessly integrate with native vasculature.111 In contrast to acellular synthetic
grafts, tissue engineered vascular grafts (TEVGs) are either preseeded with autologous cells
to form an intact layer of endothelium or actively recruit native tissue to grow in after
implantation. Covered by endothelium composed of autologous ECs, TEVGs can avoid
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direct exposure of foreign materials and thus avoid serum protein deposition/biofouling.
Therefore, TEVGs are expected to be less prone to induce blood coagulation, less likely to
initiate host immune responses, and less susceptible to bacterial infection.

The ideal TEVG should mimic both the structure and composition of native blood vessels. In
native blood vessels, ECs are aligned along the direction of blood flow to form an intact,
interconnected layer of endothelium supported by basement membrane. The endothelial
basement membrane provides mechanical support and also serves as reservoir of growth
factors which are released to modulate ECs during basement membrane remodeling.112
Major components of basement membrane such as collagen fibers and polysaccharides have
nanosize features. Aortic heart valve basement membrane exhibited sub-100 nm range
features (e.g., fiber diameter and pore size).113 Furthermore, it has been shown that EC
behavior, specifically cell morphology, cell adhesion and cell proliferation, is sensitive to
small changes in nanotopographies. Polystyrene (PS) and poly(4-bromostyrene) (PBrS)
demixed nano islands of different heights (13, 35, and 95 nm) significantly increased ECs
cell spreading and number of arcuate-shaped cells compared to flat surfaces of the same
chemistry, and the 13 nm islands resulted in significantly larger cell spreading than 35 or 95
nm islands.}14 Human umbilical cord vein endothelial cells (HUVECS) grown on titanium
surfaces with nanocleaves showed higher cell adhesion than other nanofeatures (¢.g.,
nanorods, nanoporous) or control polished surfaces.115 Vascular smooth muscle cells
(VSMCs) are the major functional cells present in the tunica media of arteries. Like ECs,
VvSMCs are also surrounded and regulated by nanoscale topologies. The interlamellar matrix
of the tunica media contains microfibrils ranging from 100 to 500 nm.116 Collagen fibrils
within media exhibited variable diameters depending on locations: from 37 nm near intima
to 46 nm near the adventitia.118 Poly(methyl methacrylate) (PMMA) and
poly(dimethylsiloxane) (PDMS) with nanopatterned gratings on surfaces significantly
enhanced vSMCs cell alignment and reduced cell proliferation.}17 In addition,
microtopographical cues can alter both the differentiation of vSMCs and their inflammatory
state.118

Researchers have shown great interest in employing nanoscale strategies to recapitulate the
nano/micro scale interactions between cells and ECM. In general, three fabrication methods
have been employed to produce nanofibers. Self-assembly, phase separation and
electrospinning. Self-assembly refers to the spontaneous organization of individual
components into ordered structure driven by noncovalent interactions (e.g., hydrophobic
interactions and hydrogen bonding). This is a common naturally occurring process in
cells.119 Peptide-amphiphiles (PAs) are a class of materials that combine the bioactivity of
natural peptides and the chemical structures of surfactants. Because of this unique feature,
PAs are commonly employed for production of self-assembled nanofibers.120 PAs
containing Cardin-Weintraub sequences can bind to heparin, a biopolymer known to capture
angiogenic growth factors such as VEGF and FGF-2.121 Heparin binding PAs (HBPAS) can
be triggered by heparin addition and form a nanofiber-heparin gel, which was shown to
promote angiogenesis in a rat corneal assay.122 Self-assembly can generate fibers on the
lowest scales of ECM, between 5 and 8 nm; however, the process is relatively difficult to
control and the yield is relatively low; consequently, the applicability of this method is
limited.123
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Phase separation is another way to create nanofibrous scaffolds, generally via five steps as
described by Ma et al., including dissolution of polymer, phase separation (e.g., by thermal
induction) and gelation, solvent exchange with water, freezing and lyophilization.124 One
can obtain scaffolds with the desired chemical composition and morphology by varying
parameters such as polymer concentration, gelation temperature and freezing temperature.
For instance, high gelation temperature resulted into platelet-like structures whereas under
low gelation temperature nanofibrous structures were formed.124 A major advantage of the
phase separation method is that the pore size and interconnectivity of the scaffold can be
precisely tailored through the addition of various porogens like inorganic salts.11® However,
the phase separation method also suffers from relatively low yields and is thus unsuitable for
large-scale industrial production.123

Currently, the most extensively used approach to produce nano/micro fibers is
electrospinning. Electro-spinning is a highly tunable, versatile and cost-effective process. By
varying parameters such as applied voltage, solution viscosity, volumetric charge density,
distance to collector and collection method, one can precisely control the resulting structures
and topographies such as fiber diameter, pore size and fiber orientation.125-128 |n contrast to
self-assembly or phase separation methods, which are limited to relatively few polymers, a
wide variety of materials have been electrospun to produce fibrous matrices with nanoscale
features, examples including synthetic materials such as poly-e-caprolactone (PCL),129
poly(p-lactide) (PDLA),130 poly(L-lactide) (PLA)3! and polydioxane (PDO),132 and also
natural polymers such as gelatins, 133 collagens, 34 fibrins13% and elastins.13¢ Additionally,
electrospinning can be employed in both laboratory and industrial settings.123

Electrospun nanofibrous scaffolds have distinct advantages as nanomedicines. Specifically,
electrospun fibers can be tailored to achieve desired topographical and structural features.
These nanoscale features have been shown to promote cell attachment, cell growth or cell
infiltration. ECs cultured on aligned electrospun PCL/collagen fibers of 100 or 300 nm
diameter showed better cell alignment, elongated cell morphology, more cell-cell adhesions
(measured by VE-cadherin staining) as well as more focal adhesions (measured by vinculin
staining) compared to ECs grown on fibers with random orientations or larger diameters
(1200 nm).137 Cell infiltration is also an important step for constructing a bioactive scaffold.
One can increase cell penetration into the scaffold by increasing fiber dimension and pore
size at the potential cost of reduced cell attachment or cell spreading.138 Besides,
electrospun nanofibrous scaffolds can be tailored to match the mechanical properties of
native arteries and thus reducing compliance mismatch and reducing the risk of hyperplasia.
For instance, hybrid elastin/polycaprolactone scaffolds were shown to have burst pressures
equivalent to internal mammary artery (around 2000 mmHg).139 In addition, due to the high
surface-to-volume ratio, electrospun nanofibers can be efficiently loaded with factors to
enhance the performance of the scaffold. Zhang et a/. fabricated double-layered membrane
by coaxial electrospinning and encapsulated VEGF/PDGF in the inner/outer layers,
respectively. The release of VEGF/PDGF promoted the proliferation of vascular ECs and
SMCs (Figure 5).140 Finally, electrospun nanofibers can be surface coated/modified to
improve biocompatibility and thus enhance cell attachment. Li et a/.141 modified the surface
of electrospun PCL mats with two macromolecules: a zwitterionic poly(carboxybetaine
methacrylate) (PCBMA) to reduce protein deposition and thus increase biocompatibility and
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a peptide selected by phage-display that can specifically capture circulating endothelial
progenitor cells (EPCs) from blood circulation.

From Bench to Bedside: A Long-Lasting Endeavor

Translating a new drug/medical device from a laboratory to clinical setting is a challenging
process. One of the main challenges is centered on safety evaluation. Safety considerations
include genotoxicity, immunotoxicity, developmental toxicity and carcinogenicity. The
nanoscale dimensions of NPs can be a double-edged sword when considering their
biomedical applications. On one hand, the small size renders NPs ideal for surface coating/
modification and eases their uptake by cells. On the other hand, since nanomaterials are of
similar dimensions to natural macromolecules, the interactions between NPs and
biomacromolecules and cells become more sophisticated. Additionally, NPs shape can affect
uptake efficiency and internalization mechanism. Endothelial cells will uptake nearly double
more discs than rod shaped NPs.142 Inflammatory and nephrotoxic effects triggered by NPs
administration are size-dependent. Ten nm gold NPs increased white blood cells (WBCs)
count whereas 5 and 30 nm NPs caused a drop in both WBCs and red blood cells (RBCs)
count. 143

To translate nanotechnologies into clinical settings, rigorous preclinical safety studies should
be performed both in vivoand in vitro as has been previously reviewed.144145 For jn vitro
assessment of cytotoxicity, DNA synthesis assays and DNA damage assays are critical to
assess the risk of tumorigenesis. DNA damage can be evaluated by comet assay (single-
strand breakage) or »-H2AX immunostaining (double strand breakage).146 Oxidative stress
is another commonly observed toxic effect associated with NPs, especially with metal oxide
NPs and carbon nanotubes.14’ NPs can induce the generation of reactive oxygen species
(ROS) by either directly catalyzing ROS production#® or activating immune cells that
would initiate an inflammatory response.14® ROS production and the resulting oxidative
stress are believed to be responsible for various pathological events including inflammation,
fibrosis and even carcinogenesis.14” ROS or oxidative stress can be assessed using
oxidizable fluorescent probes such as dihydroethidium (DHE), carboxyl derivatives and
other fluorescein derivatives. Additionally, proliferative assays (e.g., MTT assay), necrosis
assays (e.g., propidium iodide staining) and apoptosis assays (e.g., annexin-V assay) are also
commonly used, but these assays provide only limited insights into the molecular
mechanisms underlying the nanotoxicity.

For in vivo assessment, biodistribution and drug clearance are usually examined. Particle
properties such as composition, surface modification, size and charge can significantly affect
biodistribution and clearance.1%0 Ideally, therapeutic NPs should be able to preferentially
accumulate in target tissues (e.g., tumor or ischemic tissues). Protein adsorption onto NPs is
a major concern because it promotes opsonization leading to rapid clearance of NPs by the
reticuloendothelial system (RES).151 Nondegradable NPs usually accumulate in the liver and
spleen. Biodistribution can be studied on both live animals or fixed tissues by detecting the
fluorescent/radioactive tags!®2 or by using HPLC.153 Hematology analysis is a more
convenient and clinically relevant method to examine /7 vivo toxicity. Significant changes in
blood chemistry or cell composition may reffect signs of toxicity.14> Useful hematological
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parameters to monitor may include white blood cell (WBC) count, red blood cell (RBC)
count, albumin concentration, alkaline phosphatase (ALP), creatinine, alanine transaminase,
aspartate transaminase and hemoglobin.143.154 For instance, a rise in WBCs is typically a
sign of an elevated inflammatory response, an increase in creatinine level signifies
impairment of kidney function, and a low albumin level is a sign of liver or kidney disease.
Histologic and pathologic analysis of fixed tissues can also provide useful insights into NP
toxicity. One can perform basic H&E staining to examine any visible changes in cell and
tissue morphology or, immunostain for specific cells/biomarkers that are indicative of
pathological changes in organs/tissues (mostly liver, kidney, spleen, and thymus).

In spite of all currently existing methods to evaluate the safety of NPs, numerous challenges
still remain. First, NPs are generally comprised of the nanocarrier, therapeutic payload and
often surface functional groups. This multicomponent nature inevitably increases the
difficulty in predicting the long-term behaviors of NPs, such as interactions with cells/
biomolecules and degradation. Our current understanding of nanotoxicity mechanisms and
NPs behavior in vivois still incomplete. Minor variations in NP composition, architecture
and surface modification can significantly influence the in vivo outcome.15% Therefore, it is
difficult to generalize a set of desirable physiochemical characteristics that can be applied to
different NP systems.15® As a result, safety and efficacy studies are required on a case-by-
case basis and cannot be predicted from similar formulations of NPs. Finally, for a
nanomaterial formulated in lab to be translated for clinical use, challenges remain in
optimizing the manufacturing of nanomaterials in terms of process scale up, economics and
quality control. As nanomaterials have been used in primarily early stage development
studies, these critical considerations have not been addressed.

In addition to safety issues, efficacy is also a challenge. To justify the use of hanomaterials
in the treatment of PVD, one needs to demonstrate that nanomaterials based therapies can
achieve clinically satisfying outcomes which can hardly be accomplished with existing gene
therapies or cell therapies. To date, to our knowledge, there has been very few, if any,
clinical studies using NPs to treat PVD, specifically CLI. TEVGs have achieved promising
clinical results for various applications such as treatment of congenital heart diseases®® and
peripheral revascularization.1®” Despite encouraging clinical outcomes, one limitation is that
some of these most successful TEVGs rely on /n vitro expansion of patients derived
autologous cells, a procedure that can range from weeks to months, thus making them less
suitable for CLI patients who need effective therapies in a short time.

CONCLUDING REMARKS

Nanomedicine is a relatively new but thriving field with significant potential. Nanoscale
strategies show promise for applications that will revolutionize the therapeutic
methodologies for various diseases from cancer to cardiovascular diseases. In the context of
treating peripheral vascular diseases, numerous preclinical studies have demonstrated the
advantages of using nanomaterials as either protein/gene carriers or as tissue engineered
vascular grafts. As protein carriers, NPs generated sustained release of angiogenic factors in
the localized microenvironment and enhanced angiogenesis efficacy, reducing the required
dosages and thus lowering the cost of therapy and unwanted side effects. As gene carriers,

ACS Nano. Author manuscript; available in PMC 2017 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tuetal.

Page 15

NPs increase the transfection efficiency compared to naked DNAs and have relatively high
safety profile compared to viral vectors. As tissue engineered vascular grafts, nanofibrous
grafts with specific topographies, structures and surface functional groups can facilitate cell
retention, cell survival, cell growth and secretion of angiogenic factors and may also possess
the desired mechanical properties similar to native blood vessels.

However, there is a long way to go before nanoscale therapeutic strategies can be widely
used in treating PVVD and CLI patients in clinical settings, mostly because many of these
have been shown to be safe but not efficacious. Currently, growth factor therapy, gene
therapy and cell therapy are under clinical trials. Using nanomaterials with formulations that
are not yet approved in these therapies will inevitably add another layer of complexity to
safety evaluations. Additionally, promising preclinical results from animal models may not
necessarily translate to successful human trials. One reason is that animal models are
intrinsically limited in terms of precisely modeling human disease. Regarding the modeling
of limb ischemia, one should note that rodents have distinct blood flow rates from humans.
Additionally, most preclinical studies were performed within a very short time frame (~2
weeks). For therapeutic angiogenesis, the key is to generate stable neovasculature that can
persistently supply blood to the ischemic tissues. However, many preclinical studies failed to
demonstrate that the newly formed blood vessels did not regress as the therapy stops. Lastly,
angiogenesis is a complex process that requires the coordination of multiple cell types such
as endothelial cells, smooth muscle cells and pericytes with complex signaling regulations.
However, existing nanoscale strategies are overly simplistic, mostly delivering just one or
two growth factor/genes, which do not recapitulate the natural angiogenesis process.

In the future, more rigorous preclinical and clinical studies on the safety and efficacy of
nanomaterial-based therapy are needed; specifically, extending the time frame of animal
studies to confirm the long-term (e.g., several months) patency of the regenerated micro/
macro vessels. Additionally, multiplexed nanomaterials should be designed to carry multiple
proangiogenic factors, which, ideally, can be released by active control (e.g., infrared
irradiation or ultrasound activation) or passively but sequentially released to better mimic the
concentration gradients of growth factors involved in the angiogenesis and
neovascularization processes. Ultimately, successful treatment of PVD or CLI may rely on
more than one nanoscale strategy. For instance, a nanoscale protein/gene delivery may
needed for immediate treatment for ischemic disease to avoid amputation while the
replacement of the diseased arteries with tissue engineered nanofibrous scaffold may be
needed to achieve long-term recovery. Looking at the rapid growth and numerous
achievements in the field of nanomedicine, it is clear that nanoscale strategies will play a
pivotal role in the future therapy of PVD diseases.

VOCABULARY

Peripheral vascular disease
refers to the obstruction or narrowing of the nonmyocardial arteries, most commonly the
lower extremities but including the vasculature of kidney and other organs

Critical limb ischemia
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is a significant blockage of the arteries of the lower limb resulting in skin lesions (ulcers or
gangrene) and rest pain, both of which can significantly compromise a patient’s quality of
life

Nanomedicine
is the application of nanotechnology to problems in medicine

Nonviral gene delivery

is the delivery of nucleic acid cargo into the nucleus of a cell through any means other than a
viral vector includingelectroporation, microinjection, gene gun, hydrostatic pressure,
continuous infusion, sonication, lipofection or polyplexes

Electrospinning
is the application of a high voltage across a polymer solution droplet to draw the material
into a continuous jet. This material can then be collected as a nanoscale fiber
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Schematic illustration of nanoscale strategies in

or critical limb ischemia.

the treatment of peripheral vascular disease
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Figure 2.

PEGylated Cy5.5-labeled silica nanoparticles (Cy-SiNPs) preferentially accumulated in
ischemic tissue upon intravenous injection in mouse, as evidenced by fluorescent imaging on
the front side (a) and the opposite side (b) of limb tissue as well as the fluorescent images of
cryosectioned tissue (c), where NPs were red and nuclei were stained blue. Notably, same
targeting effects were not observed with bare NPs. Reprinted with permission from ref 35.

Copyright 2011 American Chemical Society.
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Figure 3.
Graphene oxide nanoparticles (GO) loaded with VEGF by physical adsorption and

conjugated to IR800, a commonly used near-infrared fluorescent dye, for VEGF delivery
and imaging. (a) Schematic structure of IR800-VEGF-GO; (b) atomic force microscopy
(AFM) images and (c) the height profile of IR800-GO (without VEGF); (d) absorption and
(e) emission spectrum of various GO NPs. /n vitro tube formation assay with (f) GO-IR800,
(9) free VEGF, and (h) GO-IR800-VEGF, using human umbilical vascular endothelial cells
(HUVECS). Reprinted from ref 36 with permission. Copyright 2013 Royal Society of
Chemistry.
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~FGF + Syn-4 Liposomes
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Post-Ligation

6 days 16 days

(A) Schematic diagram of syndecan-4 and FGF-2 co-delivery using liposomes into ischemic
tissue for effective revascularization. (B) Laser Doppler images of the rat ischemic hind
limbs 14 days after induction of ischemia through femoral artery ligation. The quantification
of blood flow at days 0, 7, and 14 are shown below. *Statistically different from all other
groups (P< 0.05). (C) Quantification of large vessel number per field of view. Quantification
of capillary number per field of view. *Statistically different from FGF group (P < 0.05).
**Statistically different from all other groups (P < 0.05). Reprinted from ref 41 with
permission. Copyright 2012 National Academy of Sciences of the United States of America.

ACS Nano. Author manuscript; available in PMC 2017 July 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tuetal.

Page 29

Figureb.
Small diameter (2.2 mm) vascular graft with coaxial-electrospun double-layered membrane

encapsulating VEGF/PDGF on the inner/outer layer respectively to enhance the growth of
vascular endothelial cells (vECs) and vascular smooth muscle cells (vSMCs). SEM images
of the vascular graft (A) and the cross section of the nanofibrous membrane (B). Reprinted
from ref 140 with permission. Copyright 2013 Elsevier Ltd.
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