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Abstract

Heparin plays an important role in many biological processes, via its interaction with various
proteins, and hydrogels and nanoparticles comprising heparin exhibit attractive properties such as
anticoagulant activity, growth factor binding, as well as antiangiogenic and apoptotic effects,
making them great candidates for emerging applications. Accordingly, this review summarizes
recent efforts in the preparation of heparin-based hydrogels and formation of nanoparticles, as
well as the characterization of their properties and applications. The challenges and future
perspectives for heparin-based materials are also discussed. Prospects are promising for heparin-
containing polymeric biomaterials in diverse applications ranging from cell carriers for promoting
cell differentiation to nanoparticle therapeutics for cancer treatment.
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1. Introduction

Heparin is a linear polysaccharide which consists of 1—4 linked disaccharide repeating
units of uronic acid and glucosamine residues (Fig. 1). Discovered nearly 100 years ago,
heparin has been clinically employed as blood anticoagulant since 1935; this activity is a
result of its ability to bind to the serine protease inhibitor antithrombin, causing the inhibitor
to inactivate thrombin [1, 2]. Unfractionated heparin is usually isolated from natural tissues
such as porcine intestine or bovine lung, with an average molecular weight of about 15 kDa,
and is highly heterogeneous in chemical structure and molecular weight.

The prevalence of sulfate and carboxylate groups endows heparin with a high negative
charge (approximately —75), which mediates its electrostatic interactions with many
proteins, such as growth factors, proteases and chemokines [3]. These interactions in many
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cases serve to stabilize proteins or increase their affinity for cell receptors [4]; such
stabilization by heparin of the growth factors fibroblast growth factor (FGF) and vascular
endothelial growth factor (VEGF) has thus been employed in the design of materials as
engineered scaffolds for tissue regeneration and controlled release platforms for growth
factor delivery [5].

Given its function as an anticoagulant, heparin can exhibit undesirable side effects such as
hemorrhagic complications, heparin-induced thrombocytopenia (HIT) and/or low
bioavailability when administered non-intravenously [6]. As a result, low molecular weight
heparin (LMWH), which has a better defined chemical composition, has been developed to
provide more predictable anticoagulant dose, longer half-lives, and reduced side effects [7].
Many studies have indicated that LMWH is more effective in the inhibition of tumor growth
via its regulation of the binding of many angiogenic growth factors (e.g. FGF and VEGF),
when compared with unfractionated heparin. LMWH can also interfere with tumor
metastasis by reducing the activity of heparanase and thus reducing tumor metastatic
potential and growth, or by competing with P-selectin binding, thereby inhibiting the
adhesion of tumor cells [8, 9]. More recent research has suggested that heparin can also
interact with transcription factors to induce apoptotic cell death [10]. Therefore, LMWH has
been widely explored as a component in tumor-targeted delivery systems, and a few
chemically modified LMWH derivatives, such as LMWH-deoxycholic acid (DOCA), have
been developed with reduced anticoagulant activity and high antiangiogenic efficacy [11,
12]. Recent research has also suggested that LMWH may be potentially used as an anti-
fibrotic agent in patients with chronic hepatitis B [13].

Given the pharmacokinetics difficulties posed by heparin's chemical heterogeneity and
diversity of biological activities, heparin-mimetic compounds such as negatively-charged
polymers and sulfonate-modified peptides have been exploited [14-19]. It has been
demonstrated that sulfonated polymers such as poly(styrenesulfonate-co-PEG methacrylate)
and peptide amphiphile nanofibers (composed of heparin-mimetic peptides decorated with
bioactive chemical groups such as sulfonate, carboxylic acid, and hydroxyl groups) have
better-defined structures, more specific bioactivity, and are capable of stabilizing growth
factors and promoting angiogenesis. Additionally, some polysulfonated heparin mimics such
as poly(2-acrylamido-2-methyl-1-propane sulfonic acid), poly(anetholesulfonic acid),
poly(4-styrenesulfonic acid) and polymethacrylic derivatives of 5-amino-2-
naphthalenesulfonic acid are found to be potent inhibitors of angiogenesis. They can
potentially modulate angiogenic processes with low toxicity based on the interaction
between the sulfonic acid groups and FGF, preventing FGF-induced endothelial cell
migration and proliferation [20-22]. The use of these heparin mimics may reduce the risk
associated with batch-to-batch variation and impurities of heparin.

Due to its advantageous biological activities, the incorporation of heparin in biomaterials has
been highly attractive. Heparin is often physically encapsulated or covalently conjugated to
hydrogels to provide sustained release of the anticoagulant [23]. Also, heparin-containing
hydrogels have been widely used for the sequestration and controlled release of growth
factors to promote angiogenesis and bone regeneration [24, 25]. Heparin-functionalized,
naturally derived hydrogels have been developed by taking advantage of their
biocompatibility, low toxicity, relatively low cost, and benign gelation conditions while
heparin-synthetic polymer biohybrid hydrogels have been studied to provide increased
control over their mechanical and chemical properties [26]. Additionally, surfaces and
scaffolds modified with heparin have been explored to suppress non-specific protein
absorption and localize growth factors to promote cell attachment and proliferation [27-29].
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In clinical application, most of the scaffolds and hydrogels either need to be implanted
through a surgical intervention or require injection into the pathological site. The former
mode of administration is inconvenient and poses risks to patients while materials
administered via the latter route can be limited in scope of use owing to the fact that many
pathological sites are not easily accessible via injection. To address this concern,
nanoparticle-based approaches, which render all administration routes possible, have been
developed. Nanoparticles pass through capillary vessels with prolonged circulation half-
lives in the blood stream and can also penetrate cells and tissue barriers to reach target
organs [30]. Heparin-functionalized nanocarriers can both stabilize the growth factors
against denaturation or proteolysis and provide controlled release behaviors, but also
promote therapeutic efficacy by increasing the cellular uptake of the delivered molecules
[31-34].

Nanoparticulate drug delivery systems have demonstrated great promise in cancer
nanotechnology due to their ability to accumulate and reside in tumor tissues via the
enhanced permeation and retention (EPR) effect. Their surface versatility permits
conjugation of a broad range of biomolecules to enhance targeting and therapeutic efficacy
[35, 36]. Given the increasing appreciation of the antiangiogenic and apoptotic effects of
heparin, heparin-based nanoparticles have been widely explored for cancer therapy as well.

In this review, recent progress in the development of heparin-based hydrogels and
nanoparticles is systematically summarized, with an emphasis on those aiming at tissue
engineering and drug delivery applications. Types of polymeric networks (crosslinking
strategies and stimuli-responsiveness) and the formation of the nanoparticles (physical and
chemical synthesis methods) are introduced and some of the important applications for these
types of materials are highlighted. Perspectives on the challenges and promise of heparin-
based materials are also discussed.

2. Heparin Based Hydrogels

Heparin-based hydrogels have been increasingly employed as antithrombogenic materials,
growth factor carriers and scaffolds for tissue regeneration via covalent or non-covalent
strategies. In addition, several chemically labile crosslinks have been explored to temporally
regulate hydrogel degradation in response to environmental stimuli, to encourage the
development of tissue-like structures and achieve on-demand or targeted delivery.

2.1 Physically crosslinked heparin hydrogels

Physical crosslinking occurs as a result of entanglements between dynamic macromolecular
species or due to specific non-covalent interactions between polymer chains. Typically, the
motifs employed in the formation of physically crosslinked hydrogels include hydrogen
bonding, multivalent ionic, metal-ligand, and host-guest interactions, and
stereocomplexation [37]. Physical hydrogels avoid the addition of toxic crosslinking
reagents, which might potentially affect the integrity and bioactivity of encapsulated
therapeutic agents. In addition, physically crosslinked hydrogels permit injection due to their
shear-thinning capability and the facile re-establishment of the noncovalent bonds [38].

Among the various physical crosslinking mechanisms, biomimetic interactions, including
the heparin-protein interaction, have been used widely in the formation of physically
crosslinked heparin hydrogels. Several heparin-binding peptides (HBPs) such as those
derived from antithrombin 111 (ATIII), heparin interacting protein (HIP) and human platelet
factor 4 (PF42;p) have been exploited for the non-covalent assembly of hydrogel networks.
Based on the fact that growth factors including bFGF (basic fibroblast growth factor), VEGF
(vascular endothelial growth factor), and HGF (hepatocyte growth factor), can bind to short
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sequences in heparin, multivalent species that incorporate the heparin-binding domains of
growth factors could also be potentially employed as multifunctional crosslinkers in the
formation of physical networks [39].

In the earliest studies of physically crosslinked, heparin-containing hydrogels, Panitch and
co-workers employed the non-covalent interaction between heparin and multi-arm
poly(ethylene glycol) (PEG) star polymers functionalized with heparin-binding peptides
(HBPs) [40-43]. Similarly, our group later employed star PEGs functionalized with low
molecular weight heparin (LMWH) for interaction with various HBP-functionalized PEGs
to form non-covalent assembled hydrogels [44-46]. Since then, multiple other approaches
have been developed toward the production of noncovalently crosslinked, heparin-
containing materials.

2.1.1 Protein- or peptide-heparin crosslinked hydrogels—Recently, Tan and co-
workers have prepared nano-fibrous hydrogels via the non-covalent assembly of LMWH-
modified hyaluronic acid (HA) derivatives and HIP-functionalized star PEG copolymers
[47]. The hydrogels have a sponge-like morphology and display a continuous, porous and
nano-fibrous structure with fiber sizes of 50~70 nm, as observed via SEM. The HA-LMWH/
PEG-HIP hydrogels were non-cytotoxic and capable of promoting proliferation and
differentiation of adipose-derived stem cells (ASCs) over 14 days of culture. This work
introduces a novel idea of applying extracellular matrix (ECM)-derived polysaccharide in
the preparation of protein or peptide mediated assembly of heparin hydrogels.

Although proteins and peptides have been widely exploited in the assembly of non-covalent
heparin-containing matrices, the mechanism and prerequisite of hydrogel formation still
remain unclear. Recently, Werner and co-workers have studied the key properties of a
minimal heparin-interacting motif required for the non-covalent peptide-mediated assembly
of physical hydrogels [48]. Various peptides were synthesized based the repetition of the
(BA), and (BG),, motifs (where B is a basic residue, either arginine or lysine, A is alanine
and G is glycine). (BA), peptides tend to form a-helical structures while (BG),, peptides,
which have the same charge density as (BA),, do not form helices owing to the disruption of
the helix by the flexible glycine residues. The PEG-peptide conjugates were subsequently
synthesized via Michael-type addition reactions between cysteine-terminated peptides and
maleimide-terminated 4-arm PEG. Hydrogel formation was tested by the mixing of heparin
with a variety of star PEG-peptide conjugates, in which the amino acid sequences on the
peptides were altered. Particularly, star PEGs modified with the peptides
CWGGRARARARARARARA (RA7), CWGGKAKAKAKAKA, (KA5), or
CWGGKAKAKAKAKAKAKA (KA7) formed stable hydrogels with heparin. The gels
exhibited a wide range of shear storage moduli which could be further tuned by changing the
concentrations of heparin and the peptide-star PEG conjugate. These studies suggest that the
formation of non-covalent peptide-heparin hydrogels is dependent not only on the presence
of positive charges on the peptides, but also on the ability of the peptide to adopt an a-helix
peptide conformation; this assertion was supported by the observation that the gels
disassembled upon treatment with TFE (trifluoroethanol). The studies also suggested that
while charge densities do not necessarily influence the mechanical strength of the non-
covalent network, that the mechanical strength of the hydrogels is proportional to the
number of (BA), repeats on the peptide motif. Interestingly, hydrogels formed by KA7-PEG
hydrogels in which the L-lysines and the L-alanines were replaced by corresponding the D-
amino acids still showed mechanical properties similar to those of the L-hydrogels,
providing potential opportunities for producing protease-resistant gels [49]. The screening of
peptide—polymer conjugates for their ability to form hydrogels with heparin provides insight
into the structure-function relationships of the assembled matrix and allows production of
novel, non-covalent hydrogel systems with a broad range of tunability.
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2.1.2 Growth factor crosslinked hydrogels—Although heparin-peptide interactions
have been used for the assembly of non-covalent hydrogels and for growth factor
sequestration and delivery, we have employed growth factors directly as crosslinks to yield
cell surface receptor-responsive hydrogels via the crosslinking of PEG-LMWH with the
dimeric heparin-binding growth factor VEGF [50]. The hydrogels were formed immediately
in situ by the mixing of low-viscosity solutions of PEG-LMWH and dimeric VEGF, as
confirmed via optical tweezer microrheology by an increase in elastic modulus upon the
addition of VEGF. The hydrogels demonstrated receptor-mediated erosion and sustained
release of VEGF in the presence of VEGF receptors (VEGFR-2) with a total release of
approximately 80% over a 10-day time period. The selective cell-mediated erosion of the
hydrogel networks and the activation of the target receptor by the release of VEGF were
further studied using VEGFR-2 overexpressing PAE/KDR cells (porcine aortic endothelial
cells (PAE)) equipped with the transcript for the kinase insert domain receptor (KDR)) [51].
The release of VEGF and hydrogel erosion reached 100% only in the presence of PAE/
KDR, which again illustrates the receptor responsiveness of the hydrogels. (Fig. 2) These
studies offer a novel potential mechanism for targeted delivery and erosion via the release of
protein therapeutic crosslinkers in response to cell surface receptors.

2.2 Chemically crosslinked heparin hydrogels

Although physically crosslinked hydrogels can provide improved cytocompatibility due to
the absence of toxic initiators, they often suffer from poor mechanical properties. The
covalent bonds in chemically crosslinked hydrogels yield hydrogel networks that are
generally more resistant to mechanical forces and can be easily tuned to adequately alter the
mechanical properties of the final materials for specific biomedical applications. Among the
numerous coupling reactions used for the formation of covalent networks, photo-induced
radical polymerization, Michael-type addition, amide coupling reactions, and enzyme-
catalyzed reactions have been widely exploited in the synthesis of chemically crosslinked
heparin hydrogels [52].

2.2.1 Photo-crosslinked hydrogels—Photo-induced polymerization allows in situ
hydrogel formation with spatial and temporal control. Anseth and co-workers modified
heparin with methacrylate groups and copolymerized it with dimethacrylated poly-(ethylene
glycol) (PEG) to obtain heparin-functionalized PEG hydrogels [53]. The heparin--
functionalized PEG hydrogels were capable of sequestering bFGF and releasing it in a
controlled manner over a 5-week time period, with zero-order release kinetics after an initial
burst. The bFGF-loaded hydrogels demonstrated enhanced stimulation of the growth of
human mesenchymal stem cell (hMSC) compared to the controls. The potential of heparin-
modified gels as a scaffold for osteogenic differentiation of hMSCs was further investigated
by utilizing the materials as a three-dimensional culture system for human mesenchymal
stem cells (hMSCs) [54]. It is indicated that the heparin-functionalized hydrogels support
hMSC viability as quantified through live/dead imaging and induce osteogenic
differentiation which is measured by increased alkaline phosphatase (ALP) production and
osteopontin (OPN) and collagen | (COL 1) gene expression over 5 weeks. Similarly,
methacrylated heparin has been incorporated into various networks such as poly-(vinyl
alcohol) (PVA) and alginate via photo-induced radical popolymerization to allow affinity-
based growth factor delivery [55, 56].

Recently, Netti and co-workers have developed porous PEG-heparin hydrogels as a 3-D
matrix with sustained release of VEGF to promote angiogenesis [57]. The hydrogel
precursors were modified with methacrylate groups and photo crosslinked along with a
foaming process to cause the formation of a porous network. The VEGF was released from
the hydrogels in a controlled manner, with only 34% released over 13 days. The released
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VEGF was demonstrated to induce the proliferation of human umbilical vein endothelial
cells (HUVECS), as well as capillary network formation in vitro. The hydrogels loaded with
VEGF showed a more than 2-fold increase in the induction of angiogenesis in vivo, in
comparison to PEG hydrogels loaded with fresh VEGF, after implantation on a
chorioallantoic membrane model. Together, these works demonstrate the utility of
incorporating heparin into covalent networks to promote cell adhesion, proliferation and
differentiation as well as sustained local delivery of growth factors.

2.2.2 Hydrogels formed via Michael-type addition reactions—Michael-type
addition is extensively used as a crosslinking strategy for injectable hydrogels, because the
reaction occurs in aqueous medium, at room temperature, and at physiological pH.
Accordingly, our group has designed covalently crosslinked PEG-heparin hydrogels via the
Michael-type addition between thiolated PEGs and maleimide-functionalized heparin [58].
These materials showed a broad range of tunability in the rate of formation and mechanical
properties by varying polymer concentration, composition and heparin functionality. The
hydrogels also demonstrated the potential for controlled release of bFGF over various
timescales for different wound-healing and vascular therapies. The material's abilities to
modulate cell responses were further studied using human aortic adventitial fibroblasts
(AOAF) in 2-D cell culture experiments [59]. Hydrogels with different mechanical
properties (13.7 kPa, 5.2 kPa and 0.3kPa) were subsequently employed to study cellular
responses of three human vascular cell types (human aortic adventitial fibroblasts (AoAF),
human umbilical endothelial cells (HUVEC) and human aortic smooth muscle cells (T/G
HA-VSMC)) [60], showing that the different cell types behave differently on the surfaces of
PEG-LMWH hydrogels with different mechanical properties. Particularly, AoAF and T/G
HA-VSMC demonstrated preferential growth and attachment respectively on the highest-
modulus hydrogel while HUVEC demonstrated preferential growth on the lowest-modulus
hydrogel. These types of materials are suggested to provide opportunities not only in
controlled release, but also offer insight in tailoring and optimizing the biochemical and
mechanical properties of matrices for improved responses of multiple cell types in
cardiovascular tissue engineering.

In another example, Tae and co-workers have developed an injectable heparin-based
hydrogel system via the Michael-type addition between thiol-derivatized heparin and PEG
diacrylates under physiologically relevant buffer conditions [61, 62]. The hydrogels showed
tunable gelation kinetics and mechanical properties by controlling crosslinking density;
sustained release of human growth hormone (hGH) was observed over two weeks. Primary
rat hepatocytes were encapsulated in the heparin-based hydrogels by mixing the cells with
polymer solutions [63]. Immunochemical analysis of the cell culture medium revealed
higher levels of albumin and urea synthesis after three weeks in culture when compared to
PEG-only control gels. Recently, the potential of these heparin-based hydrogels to serve as
vehicles for cell transplantation and matrices for induced cell differentiation and tissue
regeneration was also evaluated using de-differentiated chondrocytes [64]. Chondrocytes
cultured in the heparin-based hydrogels without addition of any exogenous growth factors or
chondrogenic components exhibited effective re-differentiation and production of expected
glycosaminoglycans (GAGs) and extracellular matrices (ECMs) proteins within a week.
Similarly, efficient re-differentiation of cells and cartilage formation in the de-differentiated
cell/hydrogel construct were also observed in vivo after subcutaneous implantation on the
back of nude mice, confirmed by the up-regulated expressions of Type Il collagen and
aggrecan and the completely suppressed expression of Type | collagen (as assessed through
analysis of real-time PCR and immunohistological staining). Additionally, excellent
cartilage regeneration, in partial-thickness defects in the rabbit knee, was observed after the
delivery of de-differentiated chondrocytes using the heparin-based hydrogel. The
chondrogenic nature of these heparin-based hydrogels may be attributed to their ability to
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sequester endogenous growth factors secreted from the chondrocytes. These studies suggest
the promise of utilizing heparin-based hydrogels as matrices for cell encapsulation and
cultivation of some difficult-to-culture cells, as well as injectable carriers for cell
differentiation and induced cartilage regeneration.

In addition to the synthetic polymer materials comprising poly-(ethylene glycol) (PEG) and
poly-(vinyl alcohol) (PVA), hydrogel networks composed of naturally derived polymers
have also been modified with heparin [65, 66]. Heparin, along with other GAGs or natural
polymers such as hyaluronic acid (HA), chondroitin sulfate (CS) and gelatin (Gtn), were
modified with thiol groups and therefore formed various covalent networks via the Michael-
type reaction with PEG-diacrylate crosslinkers. These hydrogels were further demonstrated
to stimulate localized angiogenic responses in vivo in a mouse model, which suggests their
potential in specific diseased tissue/organ angiogenesis [67].

2.2.3 Amide coupling for crosslinking of hydrogels—A 3-D heparin-containing
network was recently developed by Werner and co-workers via the crosslinking of amino
end-functionalized star-PEG with EDC/sulfo-NHS-activated carboxylic acid groups of
heparin [68-70]. The hydrogels were modified with cell-adhesion-mediating RGD peptides
via the EDC/sulfo-NHS activation of the carboxylic acid groups of heparin (Fig. 3i). Pro-
angiogenic growth factors such as FGF-2 and VEGF were non-covalently sequestered in the
star PEG-heparin networks to permit combined delivery of the two factors, based on the
observed improvement of the formation of stable blood vessels with the dual GF delivery
[70], due to the fact that different factors are known to act at distinct stages of vascular
development [71]. In experiments with human umbilical vein endothelial cells (HUVECS),
the combination of both growth factors delivered by the hydrogels significantly increased
cell survival, proliferation, differentiation and migration compared to experiments in which
single cytokines were delivered, (Fig. 3ii) and vascularization was also improved, as
confirmed in a chicken embryo chorioallantoic membrane (CAM) model. These star PEG-
heparin hydrogels were also employed for sustained release of stromal cell-derived
factor-1a (SDF-1a) to promote the localized accumulation of early endothelial progenitor
cells (eEPCs) [72, 73]. More recently, the Werner group has designed macroporous
scaffolds with adaptable mechanical and biomolecular properties using the EDC/sulfo-NHS
crosslinking between amine-terminated star-PEG and heparin, combined with cryogenic
treatment of the gel-forming reaction mixture, followed by lyophilization [74]. These
materials showed sponge-like morphology and high permeability due to their interconnected
pore structure, allowing HUVECs in culture to migrate into the cryogels. These works
demonstrate the advantageous structural characteristic as well as tunable physical and
biomolecular properties of the star PEG-heparin hydrogels, suggesting their use as multi-
factor delivery vehicles and cell carriers for clinical applications in tissue regeneration. It
would be valuable to study the temporally staged delivery of multiple growth factors and
their influence on blood vessel formation compared to simultaneous delivery.

2.2.4 Enzyme-mediated crosslinked hydrogels—Dijkstra and co-workers prepared
heparin-containing injectable hydrogels by horseradish peroxidase (HRP)-mediated
crosslinking of dextran-tyramine (Dex-TA) and heparin-tyramine (Hep-TA) conjugates [75].
These materials revealed tunable gelation Kinetics (ca. 30-350s) that were achieved by
varying the HRP concentration, and adjustable mechanical properties (G’, 3.6 to 48 kPa)
that were achieved by changing the composition of the hydrogels (heparin content, 100 to 0
wt%, respectively). The incorporation of heparin into the hydrogels greatly increased the
hydrogel swelling, facilitating nutrient transport for cell culture. The encapsulation of bovine
chondrocytes into these gels promoted enhanced chondrocyte viability, proliferation, and
matrix production, when compared to control hydrogels composed of Dex-TA conjugates
alone, demonstrating the potential of Dex—TA/Hep—TA hydrogels as matrices for cartilage
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tissue engineering. Horseradish peroxidase (HRP)-mediated chemical crosslinking has also
been used to prepare in situ forming heparin hydrogel surfaces for blood-compatible coating
of metallic biomaterials [76], with significantly enhanced blood compatibility and reduced
fibrinogen absorption and platelet adhesion.

2.3 Stimuli-responsive heparin hydrogels

Stimuli-responsive hydrogels undergo significant physical and/or chemical changes, such as
swelling, shrinkage, degradation or sol-gel phase transition, in response to environmental
stimuli. In recent years, a wide variety of chemically labile bonds have been exploited to
regulate hydrogel degradation in response to environmental stimuli such as pH, enzyme and
light, in order to provide a mechanism for triggered release of therapeutic molecules.
Although the field of stimuli-responsive heparin hydrogels is still in early stages, several
strategies have been developed. Some of the first environmentally sensitive heparin-based
hydrogels showed reversibly temperature-responsive rheological behavior by the application
of a combination of covalent and non-covalent crosslinking strategies [41-43]. Since then,
multiple other strategies have been developed, as detailed below.

2.3.1 Enzymatically responsive hydrogels—Heparin, as a naturally derived
glycosaminoglycan (GAG), is degraded by heparanase, which is a hydrolase found in human
platelets at high levels. Other sources of heparanase include endothelial cells (EC) and
smooth muscle cells (SMC). Heparanase cleaves heparin chains at the 3-O-sulfated
glucosamine, diminishing heparin's anticoagulation properties while increasing its FGF-2
signaling activity. Additionally, other enzymes such as heparinase and heparitinase, are also
found to be capable of degrading heparin by cleaving it into di- or tri-saccharide units [77].

Whitelock and co-workers have observed the enzymatic degradation of heparin/PVA
hydrogels by incubating the hydrogels with platelet extract (PE) [78]. The PE, which
contains heparanase, was found to be capable of releasing covalently crosslinked heparin
fragments from the hydrogels. Through analysis of proliferation of BaF3 cells and plasma
clotting time, the release of the heparin was confirmed by increased in proliferation index
and plasma clotting time in PE-treated hydrogels supernatant compared with those of non-
PE treated hydrogels. This heparin/PVVA hydrogel system provides insight on the potential
effects of heparinized hydrogel scaffolds when they are applied to a site of injury. Owing to
potential degradation by enzymes, the stability of heparin in vivo can be a challenge for
heparin-containing materials, which can be addressed by employing heparin-mimetic
materials that are inactive to enzymatic degradation [16-19, 21, 22].

A commonly employed alternative mechanism to design enzymatically degradable
hydrogels is to incorporate peptides, which may be cleaved by cell-produced proteases, into
the hydrogel networks. A wide range of peptide motifs are degraded by matrix
metalloproteinases (MMPSs) and can be readily incorporated into hydrogels [79-83].
Michael-type addition reactions are perhaps the most commonly used strategy for the
conjugation of enzyme-cleavable peptide sequences, via the reaction of a multifunctional
polymer (e.g. PEG-acrylates or PEG-vinyl sulfones) with thiols from the cysteine residues
of the peptides [84]. Such approaches can also be easily employed with heparin-containing
materials, as well [42, 43, 85-87].

Likewise, Werner and co-workers have prepared enzymatically degradable PEG-heparin
gels by including a matrix metalloproteinase (MMP)-cleavable peptide sequence into the
hydrogel crosslinks [85]. The MMP-cleavable peptide NH,—GPQGIWGQC-CONH, was
conjugated to star-PEG polymers via Michael-type addition and then a 3-D network was
formed via the coupling of the carboxylate groups of heparin (EDC/sNHS chemistry) to the
N-terminal amine groups of the PEG-peptide conjugates. Degradation of the hydrogel
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network was triggered by the action of bacterial collagenase 1V, as confirmed via UV-Vis
spectroscopy by the characteristic absorption of the tryptophan residue of the cleaved
peptides in the supernatant of the gels. Bifunctional peptide crosslinkers for the PEG-heparin
hydrogels were designed by combining MMP-sensitive and RGD cell adhesive modules [86]
into a single peptide (GGRGDGPQGIWGQGGCG-CONH, (MMP-RGD)) and then
incorporated into the hydrogel networks as covalent crosslinkers. The resulting hydrogels
were demonstrated to stimulate cellular remodeling and three-dimensional migration of
human endothelial cells. Recently, PEG-heparin hydrogels with two-tier degradation profiles
were developed by combining MMP-sensitive motifs and hydrolytically labile ester linkages
via the Michael-type addition between the acrylate groups of star PEG-polymers and
cysteine residues in the peptide [87]. With better control over the rate of hydrogel
degradation by these two mechanisms, it was shown that gels with accelerated degradation
strongly enhanced the invasion of human endothelial cells and exhibited increased
proangiogenic response both in in vitro culture (endothelial cells (ECs)) and in a chicken
embryo chorioallantoic membrane (CAM) model. The incorporation of matrix
metalloproteinase (MMP)-sensitive peptides into hydrogel networks not only permits cell-
mediated degradation and matrix remodeling for engineering tissues such as bone and
vascular structures, but also offers opportunities for controlled delivery of molecules in
diseases where protease activity is altered, such as cancer, rheumatoid arthritis and after
myocardial infarction [84]. Furthermore, MMP-sensitive matrices can also serve as cell
carriers that permit cellular morphogenesis, and therefore encourage the formation of a
variety of tissue structures.

2.3.2 Glutathione (GSH)-responsive hydrogels—Glutathione (GSH) is a thiol-
containing tripeptide localized in cellular compartments or tumor microenvironments, which
has motivated the use of reduction-sensitive bonds, such as disulfide linkages, in the
production of hydrogels. Given the greatly increased intracellular concentration of GSH (ca.
2-10mM in cells versus 2-20pM in plasma), GSH-sensitive hydrogels remain stable outside
of cells, while they are rapidly degraded in intracellular compartments; targeted intracellular
delivery of drugs is thus possible [88-92]. The reduction of disulfide bonds can suffer from
limited control of cleavage kinetics (half-lives ranging from 8 to 45 min), which can
temporally limit the therapeutic effects of the biomolecules encapsulated in these materials.

Although thiol-maleimide Michael-type reactions have long been employed for the in situ
formation of hydrogels owing to the stability of the adducts, our group has exploited the
little-appreciated reversibility of these Michael-type reactions in the presence of GSH [93].
Select maleimide-thiol adducts synthesized from the Michael-type addition were shown to
undergo retro and exchange reactions in the presence of GSH at physiologically relevant pH
and temperature. In initial investigations, small-molecule adducts were formed by the
Michael-type addition, to N-ethylmaleimide (NEM), of various thiols (4-
mercaptophenylacetic acid (MPA), N-acetylcysteine, or 3-mercaptopropionic acid (MP)).
The adducts incubated with glutathione showed half-lives of the retro reaction ranging from
20 to 80 h with extents of conversion varied from 20% to 90%. Adducts formed with the
arylthiol showed the greatest rate and extent of conversion of the retro reaction, with the
MPA-NEM adduct showing conversion of nearly 85% after 70 h. The N-acetylcysteine-
NEM conjugate showed much slower kinetics and substantially lower conversion, while the
MP-NEM adduct exhibited almost no activity in the retro reaction (Fig. 4i). The rate of the
exchange reaction was suggested, on the basis of these experiments, to be dependent on the
pKj of the Michael donors (thiols), with a higher thiol pKj correlating with a decreased rate,
likely owing to the poorer Michael-donor properties of the thiol.

The observed differences in the rate of the retro-reaction offer opportunities to tune
degradation rates to achieve long term delivery of drugs in reducing environments, with
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rates of degradation that are intermediate between those of disulfide- and ester-based
strategies. The potential use of these labile chemical linkages in biomedical applications was
thus further explored in hydrogels comprising maleimide-functionalized low molecular
weight heparin (LMWH) and various thiol-functionalized poly(ethylene glycol) (PEG) star
polymers [94] (Fig. 4ii). Specifically, mercaptopropionic acid (MP), mercaptoisobutyric acid
(MIB), 4-mercaptophenylpropionic acid (MPP) and 2,2-dimethyl-3-(4-
mercaptophenyl)propionic acid (DMMPP) were used to modify four-arm, hydroxyl-
functionalized PEG to yield thiolated four-arm PEGs of various Michael-donor activity. The
arylthiol derivatives have lower pKa values than those of the alkylthiols (6.6 vs. 10.3) and
should thus form hydrogels that exhibit greater rates of degradation via the retro reaction.

Characterization of the degradation of and LMWH release from the hydrogels further
confirmed the GSH sensitivity of the arylthiol adducts in these materials. Gels prepared with
arylthiol-modified PEGs (PEG-MPP and PEG-DMMPP) showed significantly more rapid
degradation under conditions similar to those in intracellular compartments and tumor
microenvironments (10mM GSH) when compared to the rate of degradation under reducing
conditions in blood circulation (10mM GSH) (Fig. 4iii). The PEG-LMWH hydrogels
produced by the thiol-maleimide Michael-type reactions exhibited increased stability against
reducing agents than disulfide-crosslinked hydrogels, with 10-fold slower rates of
degradation; these results suggesting the potential of the Michael adducts in providing
alternative options for drug delivery over longer timescales than those afforded by disulfide-
linked hydrogels. These strategies could be applied to a broad range of biomaterials for
matrix remodeling in tissue engineering applications and targeted/controlled delivery of
therapeutics to pathological sites where GSH is overproduced (e.g. up to 10-fold greater
levels of GSH in tumors than that in adjacent normal tissues) [95].

3. Heparin Based/Modified Nanoparticles

Over the past few decades, nanotechnology has made significant impact on the development
of drug delivery systems. Many types of nanoparticles have been developed such as lipid-
based carriers, polymeric nanostructures including polymer-drug conjugates, block
copolymer micelles and nanogels, and inorganic nanoparticles. Compared to conventional
drug delivery vehicles, nanoparticulate systems can enhance therapeutic efficacy by
improving the solubility of hydrophobic drugs, prolonging circulation half-life, reducing
potential immunogenicity, and releasing drugs in a sustained or stimuli-triggered fashion
[96-98]. Particularly, nanoscale particles can actively and passively target specific tissues
(e.g. tumors), on the basis of their surface functionalization with specific ligands and the
enhanced permeability and retention (EPR) effect, respectively. Furthermore, metallic
nanoparticles provide opportunities for magnetic resonance imaging (MRI) or photothermal
therapy in addition to drug delivery applications, while nanogels introduce better
biocompatibility and enhanced cellular uptake due to their gel-like structures [99-102].

With the appreciation and exploitation of the biological properties of heparin, heparin based/
modified nanoparticles have become of increased interest owing to the advantages resulting
from their nanoscale dimension and biological activities as described above. Heparin has
been conjugated to the surface of metallic nanoparticles such as those iron oxide and gold
nanoparticles to prevent self-aggregation, improve stability and increase cellular uptake, as
well as to provide targeted detection and induce cellular apoptosis [103-105]. For heparin-
functionalized polymeric nanoparticles, heparin has been used to coat nanoparticle surfaces
and also as a building block of the nanoparticle. As heparin-protein interactions and anti-
tumor effects continue to be of interest, heparin based/modified polymeric nanoparticles
have been widely studied as therapeutic delivery vehicles in the fields of tissue engineering
and cancer therapy.
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3.1 Nanoparticles for growth factor delivery

A major challenge in both hydrogel and nanoparticulate systems for growth factor delivery
is protein stability. Encapsulation of growth factors in nanoparticles (e.g. PLGA)
synthesized by emulsion methods usually results in disruption of the secondary and tertiary
structures of the protein due to protein-organic solvent and protein-polymer hydrophobic
interactions. Compared to simple physical entrapment of growth factors, the protein affinity
offered by heparin-based/modified nanoparticles may yield increased protein stability and
provide more controllable sustained release behaviors. This improvement may obviate the
need to load the protein during nanoparticle synthesis, which could eliminate concerns
regarding the potential denaturation and aggregation of protein in the presence of organic
solvent.

3.1.1 Heparin-coated nanoparticles—Strategies commonly used in surface
functionalization of nanoparticles are covalent coupling, noncovalent attachment (including
electrostatic interaction), and physical encapsulation [106]. Tae and co-workers have
reported heparin-coated nanoparticles that are composed of biodegradable hydrophobic
cores (PLGA) and hydrophilic surface layers (Pluronic® F-127), with heparin physically
entrapped near the surface of the particle, via a solvent-diffusion emulsion method and high-
speed centrifugation [32]. These nanoparticles showed an average diameter ranging from
156nm t0188nm, depending on the amount of heparin used, as indicated by DLS (dynamic
light scattering). The presence of heparin on the particle surface was indicated by the
increased negative zeta potential value and the presence of heparin activity in an anti-factor
Xa assay. The heparin content at the surface layer of the resulting nanoparticles varied from
1.9% to 4.0% depending on the amount of heparin used, as determined via characterization
of the heparin on the surface of the particles versus that recovered after disruption of the
nanoparticles. These nanoparticles exhibited controlled release of VEGF, without initial
burst, for over a month. Subsequently, the heparin-functionalized PLGA nanoparticles were
combined with fibrin gels to form composite structures that enhanced the sustained release
of the growth factors, as well as improved cell proliferation and migration [107].

3.1.2 Heparin-containing nanoparticles—The high negative charge density of heparin
has been exploited to form nanoparticles based on electrostatic interaction. Kipper and co-
workers have designed polyelectrolyte complex nanoparticles (PCN) consisting of chitosan-
heparin and chitosan-hyaluronan polyelectrolyte pairs [108, 109]. The PCNs were prepared
by the addition of polycation/polyanion solutions to the oppositely charged polymer
solution. These heparin-containing polyelectrolyte complex nanoparticles were then
combined with nanostructured chitosan-based electrospun fibers with high porosity for the
binding, stabilization and controlled release of FGF-2 [110]. The heparin-containing PCN/
fiber complex released FGF-2 in a sustained manner with zero-order kinetics over a 30-day
time period, and exhibited mitogenic activity on ovine bone marrow-derived mesenchymal
stem cells, suggesting opportunities for such growth factor sequestration and controlled
delivery based on polysaccharide-containing, matrix-mimetic nanomaterials.

Similarly, Tan and co-workers have prepared polysaccharide nanoparticles that are non-
covalently assembled via the electrostatic interaction between N,N,N-trimethyl chitosan
chloride (TMC) and LMWH [33]. These LMWH/TMC nanoparticles displayed spherical
morphology with a number-average size of 146.5 nm. Controlled release of VEGF from
these polysaccharide nanoparticles was observed with reduced burst release and a total
cumulative release of about 49% after 14-day incubation in a zero-order fashion. The VEGF
release rate was further decreased by integrating the VEGF-loaded polysaccharide
nanoparticles into a nanofibrous HA-PEG hydrogel network formed via the interaction of
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streptavidin-functionalized HA and biotin-terminated four-arm PEG; these composite
materials exhibited a total cumulative release VEGF of approximately 34% over two weeks.

In another example, Mi, Sung and co-workers developed heparin-functionalized chitosan
(CS)/poly(y-glutamic acid) (y-PGA) nanoparticles (Heparin-CS/g-PGA nanoparticles) for
multi-functional delivery of fibroblast growth factor (0FGF) and heparin [111]. The
nanoparticles self-assembled from electrostatic interaction between the anionic y-PGA and
heparin, with the cationic chitosan, and thus were sensitive to variations in pH (Fig. 5). The
nanoparticles were stable at pH=6.0 and gradually swelled without disintegration at pH 6.6,
but quickly disintegrated at pH=7.4, as was confirmed via TEM and an increase in light
transmission. The disintegration of the particles was attributed to the loss of electrostatic
interaction, which was suggested by measurements of zeta potential. The heparinized
nanoparticles sequestered bFGF and controlled its release at physiological pH values, at
which the nanoparticles were intact, but released heparin upon disintegration of the
nanoparticles at the pH of repaired tissue (pH=7.4); these properties prevent blood vessel
rethrombosis. The controlled release of bFGF from the nanoparticles significantly enhanced
the proliferation of human foreskin fibroblasts (HFF) and effectively stimulated tube
formation of human umbilical vein endothelial cells (HUVEC) (1.5 fold increase at 24h
when compared to effects of bFGF alone). The heparin released as a result of the pH-
induced disintegration of the nanoparticles was demonstrated to maintain its anticoagulant
property, as indicated by the presence of anti-factor Xa activity in blood plasma. This
nanoparticulate system provides a novel example of heparin-based nanoparticles for multi-
functional controlled delivery of therapeutic molecules for ischemic tissue regeneration and
prevention of harmful clots. The stability of the system needs to be further studied under
normal circulation in vivo, to ensure that they do not degrade significantly at physiological
pH during transport of the nanoparticles from their site of introduction to their molecular site
of action.

In addition to natural polymers such as chitosan, well-defined cationic block copolymers
synthesized via reversible addition-fragmentation chain-transfer (RAFT) polymerization
have also been recently developed as building blocks for heparin-containing nanoparticles
based on electrostatic interaction [112, 113]. Cationic block copolymers such as poly(methyl
methacrylate-b-trimethyl aminoethyl methacrylate) and poly[(oligo(ethylene glycol) methyl
ether methacrylate-b- 2-(methacryloyloxy)ethyl trimethyl ammonium chloride] were utilized
to complex with negatively-charged heparin molecules, demonstrating tunable properties
depending on the block copolymer composition. Such well-defined synthetic cationic
polymers prepared by controlled/living radical polymerization offer a novel strategy in
formulating heparin-based nanoparticles based on electrostatic interactions.

3.1.3 Heparin-containing hydrogel particles—In addition to the physical
incorporation of heparin into nanomaterials, Jia and co-workers have synthesized heparin
(HP)-decorated, hyaluronic acid (HA)-based hydrogel particles [34]. The HA was modified
with heparin and then formed into nanoparticles via an inverse emulsion polymerization
technique; these particles were employed as vehicles for growth factor delivery in hydrogel
matrices. The particles exhibited spherical morphology and showed a bimodal size
distribution (~1pm and 70nm). Due to the affinity of growth factors for the heparin, these
particles demonstrated a high loading capacity for bone morphogenetic protein-2 (BMP-2)
and released the protein in a controlled manner over 13 days with tunable release Kinetics;
variation of the heparin composition of the particles permitted variation in the release rates.
The BMP-2 released from the particles, combined with the bioactivity of HA molecules,
induced robust and consistent chondrogenic differentiation of murine mesenchymal stem
cells, as indicated by up-regulation of the mRNA levels of chondrogenic markers and the
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production of cartilage-specific extracellular matrix components; such hydrogel particle
approaches may thus be promising for cartilage repair and regeneration.

3.2 Nanoparticles for cancer therapy

In recent years, there has been increasing interest in the antitumor effects of heparin and in
harnessing these activities in nanomaterials as a chemotherapeutic approach. Heparin itself
could serve as a chemotherapeutic owing to its antianiogenic and apoptotic effects. Heparin
can also function as a targeting moiety in such approaches, by taking advantage of its high
binding affinity to angiogenic growth factors, which are often overexpressed in tumor
tissues, and its internalization in dividing endothelial cells [114, 115].

3.2.1 Heparin-coated nanoparticles—Tae and co-workers have reported heparin-
functionalized poly (lactide-co-glycolide) (PLGA)-based nanoparticles for improved tumor-
targeting efficacy and cellular internalization via the interaction of heparin with cell-surface
receptors [116]. Heparin was introduced to the nanoparticles surface via its covalent
conjugation to Pluronic® F127; the inclusion of heparin was intended for the targeting of
dividing vascular endothelial cells, which are abundant in tumor tissues. The nanoparticles
were synthesized via nanoprecipitation/solvent diffusion methods. Although the morphology
of these nanoparticles was not reported, the heparin-coated PLGA nanoparticles showed a
diameter of 144nm and zeta potential value of —=50mV (in deionized water). They were also
shown to effectively enhance in vitro cellular uptake when incubated with normal fibroblast
(NIH/3T3) and tumor cells (SCC7). In an in vivo tumor model study on SCC7 tumor-bearing
athymic mice, a 2.2-fold increase in the accumulation of heparin-functionalized PLGA
nanoparticles in the tumor was observed compared to that of a non-heparin-functionalized
control particle, suggesting a limited, but positive effect of heparin surface functionalization
on tumor targeting.

3.2.2 Heparin-based nanogels—~Park and co-workers have also developed a novel self-
assembled heparin-Pluronic® nanogels for the intracellular delivery of RNase A [117].
Heparin was covalently conjugated to carboxylated Pluronic® via EDC/NHS coupling
chemistry and the polymer thus formed self-assembled nanostructures (~30-90 nm in
diameter), via hydrophobic interactions, in aqueous solution. Heparin-protein interactions
were also exploited in these studies to improve cellular internalization of the nanoparticles.
RNase A was incorporated into the heparin-Pluronic® nanogels via electrostatic interactions
during nanogel formation. The mean diameter of the nanogels decreased significantly (from
ca. 90 to 30 nm) and the surface of the nanogels became more negative as the ratio of RNase
A was increased. Since the pKa values of the sulfonate group of heparin and of RNase A are
1.9 and 9.0 respectively, the electrostatic interaction between the nanogel and RNase were
stronger under acidic conditions, which led to slower release kinetics at pH 5.0 compared to
those at pH 7.4. These nanogels exhibited high loading efficiency of RNase A (>78%) and
demonstrated effective cellular uptake and nucleus penetration when incubated with HelLa
cells, although they exhibited an irregular morphology. Subsequently, the heparin-Pluronic®
nanogels were loaded with paclitaxel and DNase for combined chemotherapy [118]. The
combined delivery of paclitaxel and DNase by the nanogels, over a 24 hour period,
exhibited a dose-dependence and synergistic cytotoxicity when compared to the effects of
single drug and free-drug treatment, as determined by the MTT assay.

In addition to self-assembled heparin-based nanogels, Park and co-workers have synthesized
covalently crosslinked heparin nanogels in order to induce apoptotic cell death [119]. The
heparin was chemically modified with thiol groups and then crosslinked via disulfide
linkages in organic solvent under sonication to form reduction-sensitive heparin nanogels
(Fig. 6). These materials showed a spherical morphology with an average diameter of ca.
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191nm and exhibited sustained release of free heparin in a GSH-concentration-dependent
fashion, due to degradation of the disulfide crosslinked nanogels, with almost 65% of the
heparin released at 5mM GSH while less than 3% of heparin was released in the absence of
GSH over 150 hrs. The heparin nanogels significantly inhibited the proliferation of mouse
melanoma B16F10 cells by inducing caspase-mediated apoptotic cell death, with a ca. 44%
reduction in the cell growth for nanogels at a concentration of 10 pg/mL compared to ca.
12% for free heparin alone (Fig. 6ii). The apoptotic effect of these heparin nanogels was
further determined via confocal laser scanning microscopy and flow cytometry analysis. The
cells incubated with the heparin-containing nanogels displayed strong purple fluorescence
when incubated with a fluorogenic substrate for caspases 3 and 7 (proteases essential for
apoptosis in mammalian cells). Quantitative analysis of apoptosis was performed via flow
cytometry after propidium iodide staining of the cell nuclei; apoptotic cells have lower DNA
content within their nuclei. These studies indicated a remarkable increase of the sub-G1 cell
population (with DNA content of less than diploid) was observed in cells treated with
heparin nanogels (31.5%) vs. that of untreated cells (6.1%). Such heparin-based nanocarrier
systems could induce effective apoptotic activity under a reducing cellular
microenvironment and potentially be employed as tumor-targeted delivery vehicles for
cancer therapeutics and diagnostics.

3.2.3 Self-assembled heparin-based nanoparticles—With abundant carboxyl
(COO07) and sulfate (OSO3™) groups along the heparin chain, heparin is highly hydrophilic
and thus could be potentially used as hydrophilic segments to form self-assembled core/shell
nanoparticle structure in agqueous solution when conjugated with hydrophobic molecules.
Xiang and co-workers have synthesized amphiphilic heparin-paclitaxel conjugates as anti-
cancer drug delivery systems by using different amino acids as spacers [120]. The heparin
was succinylated via an O-acylation reaction with succinic anhydride to increase the number
of carboxyl groups before its conjugation to paclitaxel via amino acid linkers. The self-
assembled nanoparticles, consisting of a hydrophobic paclitaxel core and a hydrophilic
heparin shell, displayed a spherical shape with mean diameters of 140-180 nm. Paclitaxel
released from these heparin-paclitaxel conjugates exhibited increased cytotoxicity after 48h,
compared to free paclitaxel, for MCF-7 human breast cancer cells. The anticoagulant
activity of these prodrugs was decreased significantly compared to that of heparin, likely
through a reduction of binding to antithrombin 111, therefore reducing the potential side
effects with the use of heparin such as hemorrhagic complications. Subsequently, Yao and
co-workers have developed taxol-loaded heparin-PEG-folate nanoparticles for improved
cellular uptake efficiency [121]. The succinylated heparin was conjugated with PEGylated
folate via EDC/NHS coupling to endow tumor-targeting capability to the self-assembled
nanoparticles. These nanoparticles showed a spherical shape with mean diameters of ca. 165
and 190 nm for nanoparticles with PEG1000 and PEG3000 spacers, respectively. These
materials revealed significantly increased cellular uptake via folate-receptor-mediated
endocytosis, which was suggested by the increased uptake of the nanoparticles by KB-3-1
cells (a cell line that overexpresses folate receptor) compared to those incubated with A549
cells (a folate receptor-deficient cell line), suggesting their potential as targeted delivery
vehicles.

In another example, heparin was conjugated with poly(B-benzyl-L-aspartate) (PBLA) to
afford amphiphilic copolymers that were further modified with folate—poly(ethylene glycol)
to allow targeted delivery of doxorubicin [122]. These materials self-assembled into well-
defined nanoparticles with a spherical shape and average diameters of ca. 105 and 135 nm,
with the larger particle size arising from copolymers with a higher PBLA content. The zeta
potentials of these nanoparticles were negative owing to the presence of heparin in the outer
shells, with values of —24 and —22 mV, suggesting their long-term stability in the
physiological environment; nanoparticles incubated in PBS showed no significant changes
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in size over 14 days. The DOX sequestered in the nanoparticles by its hydrophobic
interaction with the PLBA cores at pH 7.4 was selectively released under acidic conditions,
likely owing to the pH-dependent solubility of DOX. The DOX-loaded heparin-PLBA
nanoparticles with folate-targeting ligands, compared with folate-free nanoparticles, showed
enhanced cellular uptake and increased targeting capacity, as indicated via confocal laser
scanning microscopy (CLSM) of treated KB cells; assessment of proliferation via MTT
assays also indicated the increased cytotoxicity of the targeted nanoparticles for folate-
receptor-expressing KB cells. In contrast, both types of nanoparticles exhibited similar
cytotoxic effects when incubated with a folate-receptor deficient A549 cell line.

In a related approach, Gu and co-workers have synthesized heparin-doxorubicin conjugates
as pH-sensitive drug delivery vehicles for cancer therapy [123]. Azido-functionalized
heparin was dendronized with a low-generation dendron via Cu(l)-catalyzed azide-alkyne
cycloaddition (CUAAC) and then covalently modified with doxorubicin (DOX) via pH-
sensitive hydrazine linkages. The dendronized heparin-doxorubicin (heparin-DOX)
conjugates self-assembled into well-defined nanoparticles with an average hydrodynamic
diameter of ~90nm and zeta potential of —35 mV; they also showed increased release of
DOX at pH=5.0 compared to that at pH=7.4. These nanoparticles demonstrated significantly
increased antitumor efficacy and antiangiogenesis effects in a mouse 4T1 breast cancer
tumor model in vivo, as assessed through measurements of tumor weights, tumor growth
curves and immunohistochemical assessment, compared to results for free DOX and saline
controls. Taken together, these studies illustrate the potential for exploiting the
hydrophilicity and high negative charge density of heparin in preparing self-assembled core-
shell nanoparticles with improved colloidal stability and antitumor activities in vivo.

4. Conclusions and Perspectives

Owing to the biological and chemical versatility of heparin, heparin-based hydrogels and
nanoparticles have significant potential in a variety of biomedical applications; indeed, the
use of heparin in hydrogels and nanoparticles has demonstrated advantageous
biocompatibility and therapeutic efficacy, which could have significant implications in
various applications including growth factor delivery, cell carriers, and cancer therapeutics.
The abundant functional groups in heparin offer opportunities for conjugation of a wide
range of biomolecules to improve biocompatibility and therapeutic efficacy, promoting cell
adhesion, enabling cell-mediated proteolytic degradation, and permitting sequestration and
controlled delivery of growth factors. The benefit of attaching targeting ligands to heparin-
based nanoparticles has been demonstrated in the improved cellular uptake and therapeutic
efficacy of functionalized nanoparticulate systems.

However, many challenges remain. Only few studies have been reported with an aim of
developing heparin-based materials with more specific bioactivities and reduced side
effects; integration of the extensive work on the biological activity of specific heparin
isoforms [124-126] could significantly benefit biomaterials-related investigations, as the
targeting and antitumor roles of heparin could be more extensively exploited in materials
design. The use of other stimuli such as light and mechanical force, for triggered action of
heparin-based hydrogels, would permit improved spatial and temporal control of hydrogel
degradation, which could, for growth-factor-sequestering gels, also yield concomitant
benefits of manipulating local release of cytokines, stimulating matrix production by cells,
and encouraging tissue regeneration [127, 128]. Recent advances in mechanical
measurements, such as microrheology, could also be brought to bear on these materials,
providing a rapid and straightforward method for generating rheological libraries of
hydrogelation conditions over a large composition parameter space. Such approaches would
be of great value in the identification of hydrogel assembly and efficient optimization of
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heparin-containing materials for therapeutic applications [129, 130]. The development of a
broader range of heparin-based biomaterials, including nanopatterned materials and particle-
hydrogel complexes, would also further expand potential applications and impact of these
materials. As such approaches are developed for clinical use, materials must be designed to
maintain desired stability in vivo while being effectively eliminated from the body without
formation of undesired metabolites. As these challenges are addressed, heparin-based
biomaterials are likely to have an increasingly significant impact on the treatment of various
diseases and damaged tissues.
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Fig. 1.
Major (ca. 85%) and minor (ca. 15%) disaccharide sequences of heparin.
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Dual growth factor delivery from star PEG-heparin hydrogels. i) Design of star
poly(ethylene glycol)-heparin hydrogels showing decoupled mechanical and modular
biomolecular characteristics. ii)Interactions of differently modified hydrogels on the
different substrates. (A): representative fluorescence microscopy images after live/dead
staining of HUVECs (scale bar 130 pm); (B): HUVECs proliferation/survival as accessed
via cell numbers quantified by an MTT assay; (C): HUVECs morphology as accessed via
cell circularity by the circularity calculation within ImageJ. Reprinted with permission from
[66], copyright (2010) Elsevier and [67], copyright (2011) Elsevier.
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GSH-responsive PEG-LMWH hydrogels via reversible maleimide—thiol Michael-type
addition. i)Conversion of retro-Michael adducts formed with Michael donors of different
reactivity. ii) Schematic representation of the formation and degradation of GSH-responsive
PEG-LMWH hydrogels. iii) Comparison of storage moduli for select degrading hydrogels:
PEG-SH hydrogel (*x) LMWH-PEG-MPP (@) and -DMMPP (m) under high reducing
conditions (10mM GSH) and LMWH-PEG-MPP (O) under standard reducing conditions
(10pM GSH). Reprinted with permission from [90], copyright (2011) American Chemical
Society and [91], copyright (2013) The Royal Society of Chemistry.
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Schematic of polyelectrolyte self-assembly of heparinized CS/y-PGA nanoparticles (HP-CS/
v-PGA NPs) and release of bFGF or heparin from the nanoparticles, depending on the
environmental pH. Reprinted with permission from [108], copyright (2010) Elsevier.

Acta Biomater. Author manuscript; available in PMC 2015 April 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Liang and Kiick

T

05

Page 28
X )
22 o B
v S
‘\6‘\ -‘f'n % Sonication o ), ‘ro\P »
PGy s ——e O TP
S ¢ Dialysis & S.g( *
Sk siy Sk sk
—p——
<200 nm Disulfide cross-linkded
heparin nanogels
. Thiolated &;\S * Polyethylene glycol
heparin
B 800
- Control
@ Heparin (10 pgimL)
SR Heparin nanogel (10 pg/mL)
600
2
§ 400
£
3
&
3 .
© 200 !
1 10‘ o 1 2 3

heparin nanogel (ug/mL)

i)
SHSH
H-bonding
SH
SH SH >
m DMSO
SH SH
SH sH SH
ii)
A
1 +
2 I
E 80 ==
]
g
3 60
&
3
L}
40
20 + .
Control 10 pg/mL. 0.1 0.2
heparin
Fig. 6.

Time (days)

Intracellular delivery of reducible heparin nanogels for apoptotic cell death. i) Synthetic
scheme of disulfide crosslinked heparin nanogels. ii) (A) Dose-dependent anti-proliferative
effect of heparin nanogels against mouse melanoma B16F10 cells after 3 days; (B) Growth
profiles of B16F10 cells cultured in the presence of heparin or heparin nanogels. Reprinted
with permission from [114], copyright (2008) Elsevier.
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