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A COACERVATE-BASED PLATFORM FOR GROWTH FACTOR DELIVERY

Hunghao Chu, Ph.D.

University of Pittsburgh, 2011

Growth factors participating in a variety of biological processes have great potential in
regenerative medicine. However, unprotected growth factors degrade quickly and have little
efficacy at tissue repair. Delivery of growth factors with different vehicles has been examined to
prolong the half-lives of growth factors and therefore increase its therapeutic efficacy. After
decades of research, controlled delivery of growth factor still faces some significant limitations,
and none has reached clinical translation.

Heparin, a highly sulfated macromolecule, is used as an anticoagulant clinically. In
addition, it has high affinity to a large number of biomolecules, including many growth factors.
The interaction between heparin and heparin-binding growth factors is known to adjust their
conformation, protect them from proteolytic degradation and regulate their activities.
Incorporation of heparin in growth factor delivery is consequently a strategy to potentiate the
bioactivity of growth factors. Currently, most approaches used to immobilize heparin on the
delivery vehicles rely on covalent modification of heparin that may alter its inherent properties.
To maximize the efficacy of heparin, we developed a coacervate-based delivery platform in
which heparin is utilized to complex with a polycation without any modification. The polycation
neutralizes the negative charges of heparin and precipitates it out of solution. This approach
allows spatiotemporal control of the release of heparin-binding growth factors. This dissertation
covers the design, production, characterization and application of heparin-based coacervate in

controlled release of growth factors.
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1.0 BACKGROUND

1.1 CARDIOVASCULAR DISEASE

Despite decades of efforts on prevention and treatment, cardiovascular diseases (CVD)

are still the leading cause of death in the US and other developed countries. The latest statistics

from the American Heart Association highlights the morbidity and mortality of CVD [1]:

An estimated 82,600,000 American adults (220 years old) have 1 or more types of CVD.
CVD caused 813,804 of all 2,243,712 deaths (33.6%) or 1 of every 2.9 death in 2007.
Each day, more than 2200 Americans died from CVD. The death rate of CVD patients
was 251.2 per 100,000 (0.251%).

Coronary heart disease caused =1 of every 6 deaths in 2007. It was estimated that
785,000 Americans had a new heart attack, 470,000 had a recurrent attack. Totally,
16,300,000 Americans had coronary heart disease including 7,900,000 had heart and
9,000,000 had chest pain.

Stroke caused =1 of every 18 death in 2007. It was estimated that 610,000 Americans
had a new stroke and 185,000 had a recurrent stroke. Totally, 5,700,000 Americans had
stroke.

5,700,000 Americans had heart failure.

650,000 to 1,300,000 Americans had congenital cardiovascular defect.



The risk factors of CVD including hypertension, smoking, high cholesterol, diabetes and

obesity are still prevalent in the US:

76,400,000 (33.5%) of US adults have hypertension (systolic pressure 2140 mmHg
and/or diastolic pressure 290 mmHg).

Among Americans 218 years old, 23.1% of men and 18.3% of women are smokers.
33,600,000 of US adults have high serum cholesterol (=240 mg/dL).

18,300,000 Americans had been diagnosed diabetes.

149,300,000 Americans are overweight and obese.

The cost of health care and treatment for CVD patients is extremely high:

The total number of cardiovascular operations and procedures rose from 5,382,000 in
1997 to 6,846,000 in 2007 (27% increase).

The direct and indirect cost of CVD was estimated to be 286 billion dollars in 2007. The
amount is higher than the 228 billion dollars spent on cancer and benign neoplasms.

Current diagnosis for CVD relies mostly on physical examination, electrocardiogram

(EKG), echocardiography (ECG) and blood test. Treatment depending on severity of the

disease includes medication and surgery (Table 1) [2].



Table 1. Current treatment of CVD

Cardiovascular disease

Treatment

Heart valve problems

Medication

Heart valve surgery

Arrhythmia

Medication
Pacemaker

Cardiac defibrillation

Heart attack

Medications-clotbusters (should be administered as soon
as possible for certain types of heart attacks)
Coronary angioplasty

Coronary artery bypass graft surgery

Stroke

Medications-clotbusters (must be administered within 3
hours from onset of stroke symptoms for certain types of
strokes)

Carotid endarterctomy




1.2 THERAPEUTIC ANGIOGENESIS

There are two processes that lead to new blood vessel formation, vasculogenesis and
angiogenesis. Blood vessel formation in early development is termed vasculogenesis, initiated
by mesodermal stem cells which differentiate in situ to angioblasts and then to endothelial cells.
Angiogenesis is a highly coordinated process that requires many associated cells and signals to
complete. Insufficient vascularization leads to ischemic conditions which inhibit tissue growth or
survival whereas abnormal angiogenesis can promote tumor progression or other diseases
such as macular degeneration. Following vasculogenesis, angiogenesis is a process which
includes sprouting and intussusceptive growth of pre-existing blood vessels and subsequent
remodeling and maturation to form new vasculature [3]. Developing vasculature requires signals
to induce vessel stabilization to prevent nascent vessels from becoming leaky or nonfunctional
and subsequent regression back to their original state. Unlike vasculogenesis which happens
primarily during the embryonic stage, angiogenesis occurs frequently during adulthood. As long
as there are active vessels, new vasculature can be generated following biophysical and
physiological cues in the environment, of which the most highly studied are angiogenic factors.
Notable angiogenic factors include vascular endothelial growth factor (VEGF), angiopoietin,
transforming growth factor, fibroblast growth factor (FGF), hepatocyte growth factor, and
platelet-derived growth factor, although dozens of other proteins are also known to participate in
blood vessel formation. The importance of several angiogenic factors has been revealed by

gene knockout resulting in embryonic lethality [4,5].



Under normal physical conditions, most secretory growth factors are associated with
components of the extracellular matrix (ECM) including heparan sulfate proteoglycan and
fibronectin [6]. Physiological fluctuations such as insufficient nutrients and low oxygen
concentration (hypoxia) induce the release of proangiogenic factors via cleavage of ECM by
hydrolytic enzymes. A chemical gradient is created as released factors diffuse away in the
surrounding tissue. Several downstream angiogenic processes are driven by this gradient
including activation of additional angiogenic genes, proteolytic degradation of the ECM,
proliferation and migration of endothelial cells to form tubes, and recruitment of mural cells that
stabilize the nascent vessels.

Jeffery M. Isner pioneered the concept of therapeutic angiogenesis decades ago led by
[7]. His seminal work observing revascularization in response to VEGF injection in a hindlimb
ischemia model demonstrated that single factor administration can be adequate to generate
functional blood vessels. Subsequently, several other angiogenic factors have also been utilized
alone or combined to promote angiogenesis. Contrary to cancer treatment where drugs are
selected to inhibit blood vessel growth, angiogenic therapy aims to develop neovasculature
through various strategies. Therapeutic angiogenesis has been widely examined for treatment
of many human diseases. Treatment of cardiovascular disorders, which incur high mortality and
morbidity in developed countries, could be significantly improved with successful therapeutic
angiogenesis. Other processes such as wound healing and organ repair and regeneration also
depend on a sufficient blood supply. Unfortunately, there is no FDA-approved drug or device
that can induce angiogenesis efficiently.

Therapeutic angiogenesis includes gene delivery, protein delivery and cell delivery.
Gene delivery has the advantage of high protein production efficiency, essentially providing a
sustained source of protein release. Furthermore, genes carried by viral vectors such as adeno-
associated virus, lentivirus and retrovirus are integrated into the host chromosome, resulting in
expression of angiogenic genes even after cell division. However, this is not always desirable,
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as over-production of a certain angiogenic factor could inhibit blood vessel formation which
requires a precise balance between different signals. One prior study revealed that unregulated
over-production of VEGF in the myocardium caused heart failure and vascular tumor formation
[8]. Viral vectors, which are the most effective vehicle to transfer genes, can also trigger
immune responses against viral components [9]. Other gene transfer methods using non-viral
vectors such as ultrasound and electric field are less efficient and require much investigation
[10,11]. Several Phase-lll clinical trials of angiogenic gene delivery to treat human
cardiovascular diseases have been conducted but the results are mostly discouraging [12].

Protein delivery is the most straightforward strategy for therapeutic angiogenesis. Blood
vessel formation is induced by simple injection of angiogenic proteins, with the extent of
angiogenesis being controlled by dosage and duration of release. Compared to gene- and cell-
based therapies, protein delivery is thought of as an “off-the-shelf” treatment. Protein can be
manufactured and shipped in lyophilized form, reconstituted in buffer and applied immediately.
Production and purification of angiogenic proteins is well established, and the cost is relatively
low. All of these factors contribute to the advantages of angiogenic protein therapy.
Nevertheless, maintaining angiogenic activity at a specific site of interest is a significant
challenge. Angiogenic protein, like viral vectors or cells, can be delivered either systematically
or locally. Systematic administration, such as intravenous or intraperitoneal injection, is
performed easily but is inefficient at targeting a desired tissue and most of injected protein is
rapidly cleared by the mononuclear phagocyte system [13]. Only a small fraction reaches the
desired region, so high dosage and repeated injection of angiogenic factors is required [14].
Local administration such as intracoronary, intramyocardial or intracerebral injection can better
confine the distribution of the protein but usually requires a special device or highly invasive
surgery [15].

Cell-based therapy is another active field that is drawing a lot of attention. Compared to
single factor therapies, therapeutic angiogenesis via cell therapy is believed to have a more
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comprehensive and extensive effect. Cell selection is based on the capability of the candidate
cells to differentiate into blood vessel-associated cells or secrete proangiogenic factors. Several
stem/progenitor cells such as bone marrow cells and endothelial progenitor cells had been
identified, isolated and applied in clinical trials with myocardial infarction patients [16]. The
results indicate multiple benefits highlighted by improved blood perfusion and cardiac function.
However, acquiring enough cells, on the order of millions per patient, is a significant challenge
and their in vivo viability is usually very low. Most cells fail to integrate with the host tissue and
die soon after delivery. In recent years, induced pluripotent stem cells (iPS), generated by
activating key transcriptional factors, provide an attractive avenue for cell therapy [17]. The
beauty of this technique is that terminally differentiated cells can be reprogrammed back to an
embryonic-like state and then differentiated to a desired cell type under specific culture
conditions [18]. Autologous cells are used which avoids many difficulties such as limited cell
sources and immune rejection. However, the most effective way to achieve pluripotency is
based on viral vectors that carry similar safety concerns to gene therapy. As a very young
technology, iPS therapy still requires significant investigation followed by validation in clinical
trials before its potential can be accurately evaluated [19].

In many cases delivery of angiogenic factors targets ischemic tissue that is intrinsically
different from normal tissue [20,21]. For example, ischemia causes hypoxic conditions that shift
glucose metabolism from aerobic to anaerobic. Hence, the production of lactic acid is greatly
increased and results in acidosis which reduces pH value down to approximate 6.5, significantly
lower than the normal value of approximate 7.4 [22]. In addition, ischemia is often accompanied
by intense inflammatory responses including infiltration of neutrophils and macrophages and
secretion of reactive oxygen species and hydrolytic enzymes to the local region [23]. Lysosomal
enzymes released from the necrotic tissue could degrade surrounding proteins. Furthermore, a
new study found that the rapid development of microvasculature accompanying inflammation is
not necessarily favorable and could trigger a refractory mechanism to clear angiogenic factors
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[24]. All of these elements constitute a harsh environment that makes the bioactivity of delivered
angiogenic factors difficult to maintain.

Among all angiogenic factors, VEGF is believed to be the most important modulator
involved in all steps of vasculature formation [25]. The human VEGF family is comprised of 5
members including VEGF (VEGF-A, vascular permeability factor), VEGF-B, VEGF-C, VEGF-D
and placenta growth factor. Generated by alternative splicing, VEGF-A has 5 isoforms, amongst
which VEGF,; and VEGF ¢ are predominant. All isoforms except VEGF,; contain heparan
sulfate binding domains; their bioactivity is therefore localized and reliant on the presence of
heparan sulfate [26, 27]. All VEGF isoforms bind to VEGF receptor-1 (VEGFR-1, a.k.a Flt-1)
and VEGF receptor-2 (VEGFR-2, a.k.a FIk-1 and KDR), which are receptor tyrosine kinases
(Table 2) [28]. The activation of VEGFR results in phosphorylation and dimerization of the
receptor. Downstream signaling is diverse and includes MAPK, PI3K and PLC-y pathways.
VEGF45 and other high molecular weight isoforms also bind to neuropilin-1, which serves as a
co-receptor that enhances VEGF-VEGFR interaction and alters VEGF signaling [29,30].
Endothelium is the major tissue that expresses both VEGFR-1 and VEGFR-2 and consequently
processes such as proliferation and survival of endothelium is highly regulated by VEGF. For
therapeutic purposes, local VEGF levels have been upregulated by gene, protein, and cell
therapy. Thus far, vegf gene delivery has comprised the majority of clinical trials [31]. In some
trials, significant neovasculature formation and increased blood perfusion were observed
[32,33]. On the other hand, several studies concluded that VEGF expression has to be very
tightly regulated in order to avoid side effects [34,35]. Animal studies have further confirmed
that stable and functional vessel growth requires a high degree of control over VEGF production
[36]. Future efforts in VEGF gene or protein therapeutic strategies will be required to achieve
this goal.

Another potent and widely employed angiogenic factor is FGF. FGFs are expressed in
diverse organisms from nematodes to vertebrates. In vertebrates, 22 FGFs with 30-70% amino
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acid sequence homology, bind selectively to 4 major receptors: FGFR1b/c, FGFR2b/c,
FGFR3b/c and FGFR4 [37,38]. Direct comparison of amino acid sequences suggests that FGFs
share conserved sequences in the primary FGFR binding site but differ in the secondary site,
resulting in the selectivity between FGFRs [39]. FGFR is also a receptor tyrosine kinase and its
activation induces phosphorylation and dimerization. Similar to VEGF, downstream signaling
pathways include MAPK, PI3K and PLC-y which control both genotype and phenotype. It is
worth noting that heparan sulfate binds to all FGF-FGFR complexes and potentiates the FGF
signal transduction. The FGF pathway participates in many biological processes including
embryonic development [40], wound healing [41], angiogenesis [42] and tumorigenesis and is
thus regarded as one of the most pleiotrophic factors. Specifically in angiogenesis, it is well
known that the effects of FGFs include migration [43], proliferation [44,45], differentiation and
survival of blood vessel-associated cells. Recent studies also show that the integrity of the
vasculature is highly regulated by FGF signaling. When FGF signaling is inhibited, endothelial
junctions become compromised resulting in increased vessel permeability [46]. FGF signaling is
also capable of controlling other angiogenic factor pathways, especially VEGF. This is evident
because sustained stimulation by FGF is required to maintain VEGFR expression in the
endothelium [47].

Among all FGF members, FGF2 is the most extensively studied and most often utilized
in therapeutic angiogenesis. Multiple animal studies have demonstrated the potential of
controlled delivery of FGF2 alone or combined with other factors in treating ischemic diseases
[48,49]. So far, a few FGF2 phase-l human trials have been conducted in myocardial infarction
patients. No obvious toxicity was observed when high dosage of FGF2 was administered by
intracoronary delivery, verifying that these levels of FGF2 are safe in humans [50,51]. However,
long-term benefit was not observed, possibly due to insufficient activity of FGF2 in the human

body [52,53].



Besides FGF2, other FGF members also can initiate angiogenesis and may be
successful therapeutics. For example, fgf4 and fgf5 are two angiogenic genes that have been
delivered via adenovirus at the embryonic stage for treating coronary heart diseases [54,55].
FGF9, in contrast to FGF2 that affects both endothelium and mesenchyme, is known to
primarily target mesenchyme. Developmental studies suggest that FGF9 induces vegfa
expression in lung mesenchyme and is necessary for capillary formation [56]. Another study
elucidates the upregulation of FGF9 during the maturation of the smooth muscle layer which
controls the survival and physiological response of the vasculature [57]. Superior to FGF2
alone, co-delivery of FGF2 and FGF9 in growth factor-depleted matrigel generates blood
vessels of larger diameter and with thicker smooth muscle layers.

Although FGF members share conserved amino acid sequences, the expression pattern
and functions of each are still distinctive. Current knowledge of FGFs was mainly accumulated
by gene knockout studies which are not able to detect events at molecular level (Table 3).
Consequently, the biological roles of many FGFs require further investigation to decipher. It is
highly possible that more FGFs or FGF combinations will possibly be utilized in future
therapeultics.

Besides VEGF and FGF, other angiogenic factors have also been intensely investigated.
Angiopoietin-1, which binds to the Tie2 receptor, is able to balance the effects of VEGF and
enhance vasculature stability and its efficacy has been demonstrated in animal studies [58,59].
Hepatocyte growth factor, which stimulates endothelial cell proliferation, can potentiate the
mitogenic activity of VEGF and increase VEGF production [60]. It has also been shown to
promote secretion of proteases that are involved in ECM degradation and cell migration [61].
Granulocyte colony-stimulating factor acts primarily as a cytokine to mobilize progenitor cells
from the bone marrow and has been demonstrated to recruit CD34-positive cells to the infarct

area and improve ventricular function in a clinical study [62]. However, its overall effect is still
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debated [63]. Other angiogenic factors such as insulin-like growth factor, erythropoietin and
stem cell factor have also been investigated in clinical trials [64].

Another group of proteins drawing significant attention in therapeutic angiogenesis are
morphogens such as Sonic hedgehog[65] , Notch [66] and Wnt [67]. The effects of morphogens
are thought to be more comprehensive because they can regulate transcriptional upregulation
of myriad pathways. However, their mechanisms in blood vessel development have to be better
understood before clinical trials can be justified.

Blood vessels that carry oxygen, nutrients and signals are critical in both developmental
and adult physiology. Induction of neovasculature has the potential to treat many human
diseases. No matter which approach is used, angiogenic activity has to be maintained and
precisely controlled in order to achieve stable vascularization. In addition to further
understanding of angiogenic factors, improvements in delivery strategies will be critical for the

success of therapeutic angiogenesis.
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Table 2. VEGF family and function

Major receptor

Function

factor

VEGF VEGFR-1; VEGFR-2 ; neuropilin Vasculogenesis;
Angiogenesis
VEGF-B VEGFR-1 Vasculogenesis;
Angiogenesis
VEGF-C VEGFR-3 (Flk-4) Lymphangiogenesis
VEGF-D VEGFR-3 Lymphangiogenesis
Placenta growth VEGFR-1 Angiogenesis
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Table 3. FGF family and function

Phenotype of knockout mouse

Physiological role

organs

FGF1 Normal Not established

FGF2 Loss of vascular tone; Slight loss of cortex neurons Not established

FGF3 Inner ear agenesis in humans Inner ear development

FGF4 Embryonic lethal Cardiac valve leaflet formation;
Limb development

FGF5 Abnormally long hair Hair growth cycle regulation

FGF6 Defective muscle regeneration Myogenesis

FGF7 Matted hair; Reduced nephron branching in kidney Branching morphogenesis

FGFS8 Embryonic lethal Brain, eye, ear and limb
development

FGF9 Postnatal death; Gender reversal; Lung hypoplasia Gonadal deve_lopment;
Organogenesis

FGF10 | Failed limb and lung development Branching morphogenesis

FGF16 Embryonic lethal Heart development

FGF17 | Abnormal brain development Cerebral and cerebellar
development

FGF18 Delayed long-bone ossification Bone development

FGF19 : . Bile acid homeostasis;

Increased bile acid pool Lipolysis; Gall bladder filling

FGF20 | No knockout model Neurotrophic factor
Fasting response; Glucose

FGF21 | No knockout model homeostasis; Lipolysis and
lipogenesis

FGF22 | No knockout model Presynaptic neural organizer

FGE23 | Hyperphosphataemia; Hypoglycaemia; Immature sexual | Phosphate homeostasis;

Vitamin D homeostasis

13




2.0 SPECIFIC AIMS

Growth factors participating in a variety of biological processes have great potential to be
applied in regenerative medicine. However, unless protected, free growth factors are degraded
quickly by proteases and therefore have little efficacy at tissue repair. Delivery of growth factors
with different vehicles has been examined to prolong the half-lives of growth factors and
therefore potentiate the bioactivity of growth factors. Even after decades of effort, existing
vehicles for growth factor delivery still have some limitations that need to be overcome.

Heparin, a highly sulfated macromolecule, is used as an anticoagulant in clinical
treatment. In addition, it has high affinity to a large number of biomolecules including many
growth factors. The interaction between heparin and heparin-binding growth factors is known to
adjust their conformation, protect them from proteolytic degradation and regulate their activities.
Incorporation of heparin in growth factor delivery is consequently a strategy to potentiate the
bioactivity of growth factors. Currently, most approaches used to immobilize heparin on the
delivery vehicles rely on the covalent modification of heparin that may alter its inherent
properties. To maximize the efficacy of heparin, we have developed a coacervate-based
delivery platform in which heparin is utilized to complex with a polycation without any
modification. The polycation neutralizes the negative charges of heparin and precipitates it out
of solution. The spatiotemporal properties of heparin and heparin-binding growth factors are
expected to be controlled through this approach. To give a comprehensive evaluation of this
delivery platform in translational medicine, this thesis covers the below aspects from the

invention to its application:
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Specific aim 1: Development of a coacervate-based platform for growth factor delivery

We introduced a coacervate-based platform containing heparin and a novel polycation,
poly(ethylene argininylaspartate diglyceride) (PEAD). PEAD, composed of arginine, aspartate,
and diglyceride moieties was synthesized through a polycondensation reaction followed by a
coupling reaction. The backbone of this polycation contained ester bonds and was therefore
expected to be hydrolyzable. The biocompatibility of PEAD was evaluated via in vitro and in vivo
assays and compared with a widely used polycation, polyethyleneimine. The characterization of
the [PEAD:heparin] coacervate includes several physical methods. Its potential to be applied as
a delivery vehicle was evaluated by determining the load efficiency and release profiles of
heparin-binding growth factors. Lastly, the bioactivity of the delivered growth factors was
compared with the free-form growth factors using cell-based assays.

Specific aim 2: Therapeutic angiogenesis via FGF2 coacervate

Therapeutic angiogenesis via growth factor delivery has potential in treatment of many
human diseases, especially cardiovascular-related. However, due to the insufficient bioactivity
of the delivered factors, the nascent blood vessels do not have sufficient stability and regress
over time. | evaluated the ability of [PEAD:heparin] coacervates to deliver an angiogenic factor
and examine the responses in vivo by two approaches.

Sub-aim 2.1: In vivo angiogenic activity of [PEAD:heparin:FGF2].

In a rodent model, we subcutaneously injected fibroblast growth factor-2 (FGF2)
containing coacervate and observed long term angiogenesis. FGF2, a potent angiogenic factor,
has the ability to induce the proliferation of endothelial cells, similar to vascular endothelial
growth factor. In addition, FGF2 has ability to stimulate mural cells to associate and stabilize the
endothelial tubes. | anticipated that if the bioactivity of FGF2 was well preserved, mature blood
vessels will be generated even at low dosage of applied FGF2. For comparison, the hemoglobin

concentration at the injection site will be measured. The expression of associated markers will
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be evaluated to determine the maturity of neovasculature. | expected that the [PEAD:heparin]
coacervate effectively enhance the bioactivity of FGF2.
Sub-aim 2.2: Post-myocardial infarction recovery promoted by [PEAD:heparin:FGF2].

Ischemia induced by myocardial infarction (MI) causes short blood supply locally and
compromises contractile function. Further examining this coacervate-based delivery platform to
promote angiogenesis, | determined its efficacy in a Ml model. Successful angiogenesis imparts
functional recovery that was assessed by echocardiography. In addition, histological staining
was used for observation of gross appearance and fibrosis. Immunohistochemistry was utilized

to study angiogenesis, the integrity of myocardium and the inflammatory responses.
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3.0 DESIGN OF A PLATFORM FOR GROWTH FACTOR DELIVERY

The FGF family is well known for its high affinity to heparin which modulates the
interaction between FGFs and their receptors. As revealed by the crystal structure (Fig. 1 left),
the heavily anionic heparin brings the cationic sequences on FGF and its receptor closely
together and stabilizes the ternary complex largely through polyvalent ionic interactions [68]. In
order to mimic the interactions between these three components, a synthetic polycation was
applied to substitute the heparin-binding sequence of the FGF receptor and form a ternary
complex containing the polycation, heparin and FGF (Fig. 1 right). The addition of a polycation
neutralized the excess negative charge of heparin and immediately induced formation of
[polycation:heparin:heparin-FGF] coacervates. This approach was expected to anchor the
heparin-binding factor and enabled its controlled release. Charge interaction between the
polycation and heparin was utilized instead of covalent modification of heparin in an effort to
minimize the perturbation of the functions of heparin.

Most existing polycations have low biocompatibility. A novel polycation, poly(ethylene
argininylaspartate diglyceride) (PEAD), was consequently designed and used to form
[PEAD:heparin] coacervate. PEAD, composed of arginine, aspartate, and diglyceride moieties
was synthesized through a polycondensation reaction followed by a coupling reaction. The
backbone of this polycation contained ester bonds and was therefore expected to be
hydrolyzable. The biocompatibility of PEAD was evaluated via in vitro and in vivo assays and
compared with a widely used polycation, polyethyleneimine. The characterization of the

[PEAD:heparin] coacervate included several physical methods. Its potential to be applied as a
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delivery vehicle was evaluated by determining the load efficiency and release profiles of
heparin-binding growth factors. Lastly, the bioactivity of the delivered growth factors was

compared with the free-form growth factors using cell-based assays.

Polycation

Figure 1. Design of a coacervate delivery matrix. The crystal structure of [FGF:heparin:FGFR]
complex indicates that heparin actively participate in the interaction of FGF and its receptor
whose heparin-binding domains are labeled yellow and pink, respectively (left). The top right
scheme represents the design of the coacervate where a synthetic polycation replaces the

heparin-binding domain of FGFR and forms a complex with heparin and FGF.
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3.1 SYNTHESIS OF A BIOCOMPATIBLE POLYCATION

Polycations are very useful in biotechnology. However, most existing polycations have
high toxicity that significantly limits their clinical translation. Our laboratory designed
poly(ethylene argininylaspartate diglyceride) (PEAD) that is based on arginine, aspatrtic acid,
glycerol, and ethylene glycol. A set of in vitro assays demonstrated that PEAD exhibited no
cytotoxicity at 1 mg/ml, which is at least 100 times higher than the widely used polycation-
polyethylenimine (PEI). Subcutaneous injection of 1 mg PEAD in rats did not cause an adverse
response acutely or after 4 weeks. Zeta potential measurements revealed that PEAD has high
affinity to biological polyanions such as DNA and hyaluronic acid (HA). This polycation
represents a new platform of biocompatible polycations that may lead to clinical innovations in

gene therapy, controlled release, tissue engineering, biosensors, and medical devices.

3.1.1 Introduction

Self-assembly of polycations and polyanions can generate complexes with distinct

physical and chemical properties. It is a highly active field of research in recent years
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[69,70,71]. Polycations such as poly-L lysine (PLL), polyethylenimine (PEI) and chitosan have
strong interactions with biological polyanions. This interaction can be used to form a nonviral
vector for gene therapy [72] a drug delivery vehicle with controlled-release capability [73,74],
and layer-by-layer assembly of thin films with unique properties [75,76]. Furthermore,
polycations have been used as coatings to enhance cell attachment [77], tools to separate
membrane proteins [78,79,80] and reagents to eradicate microbes [81,82,83]. Despite this
diverse range of applications, high toxicity to mammalian cells hinders further biomedical
development of polycations [84,85,86,87,88,89,90]. Consequently, there is significant interest
in improving the biocompatibility of polycations [91,92,93,94].

Our laboratory has previously reported a polycation, poly(L-argininate glyceryl succinate)
with high biocompatibility and utility in controlled release of heparin-binding growth factors
[95,96]. However, the synthesis of poly(L-argininate glyceryl succinate) is time consuming. This
may compromise its potential adoption in translational research. Thus, a new polycation was
designed with the same design principle but the production was simplified. Poly(ethylene
argininylaspartate diglyceride) (PEAD) was made from commercially available starting materials
in 2 steps. In vitro and in vivo tests demonstrated that PEAD had much higher biocompatibility
than PEI. PEAD has high affinity to biological polyanions, which makes it potentially very useful

in biomedical applications.

3.1.2 Experimental section

Materials
Nq-Boc-L-aspartic acid (t-BOC aspartic acid), N-Boc-L-arginine (t-BOC arginine) (EMD
Chemicals, Gibbstown, NJ), ethylene glycol diglycidyl ether (EGDE), trifluoroacetic acid (TFA)
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(TCI America, Portland, OR), anhydrous 1,4-dioxane, dimethylforamide (DMF) and tetra-n-
butylammonium bromide (TBAB) (Acros organics, Geel, Belgium), dicyclohexylcarbodiimide
(DCC, stored in N, glovebox), N-hydroxysuccinimide (NHS) (Alfa Aesar, Ward Hill, MA) and 4-
dimethylaminopyridine (DMAP) (Avocado Research Chemicals Ltd, Lancaster, UK) were used
without further purification. Polyethyleneimine (PEI) MW ~ 25,000 (Polysciences, Warrington,
PA), Potassium hyaluronate (EMD Chemicals, Gibbstown, NJ) and plasmid pEYFP-N1 (4.7Kb)

(Clontech, Mountain View, CA) were used as received.

Synthesis of PEAD

The polymerization of EGDE and t-BOC aspartic acid was performed as previously
reported [97,98,99]. Briefly, EGDE (1.306 g, 7.5 mmol) was mixed with t-BOC aspatrtic acid
(2.749 g, 7.5 mmol) and TBAB (5 mg, 0.016 mmol). 2 ml of 1,4-dioxane or DMF were added to
the mixture and the reaction mixture was heated to 100 'C and maintained under N, for 48 h.
The solvent was evaporated at reduced pressure followed by extraction of TBAB using
deionized water and precipitation of the product in excess diethyl ether. The precipitation was
repeated twice until no impurity peaks were observed in the *H NMR spectrum. The t-BOC
protective group on the aspartate was removed with 1:4 TFA:dichloromethane solution (20 ml)
for 2 h at room temperature to obtain the intermediate, poly(ethylene aspartate diglyceride)
(PED).

Conjugation of t-BOC arginine to PED was performed by DCC/NHS coupling. Briefly, t-
BOC arginine (625 mg, 2.28 mmol), DCC (611 mg, 2.96 mmol), NHS (262 mg, 2.28 mmol) and
DMAP (5 mg, 0.041 mmol) were dissolved in DMF and reacted for 10 min followed by the
addition of PED (700 mg, 2.28 mmol). The mixture was stirred under N, for 24 h. The insoluble
dicyclohexylurea was removed by filtration. After most DMF was removed by evaporation at

reduced pressure, the solution was added dropwise into 15 ml of TFA and stirred for 90 min at
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ambient temperature to remove the t-BOC group on arginine. TFA was removed by evaporation
at reduced pressure and the product was precipitated in ethyl acetate followed by hexanes. The
precipitation was repeated at least twice until no impurity or solvent peaks were observed in the

'H NMR spectrum.

Characterization of PEAD

'H NMR and FTIR spectra were recorded on a Mercury 400 NMR (Varian, Palo Alto, CA)
and a Nicolet IR-100 spectrometer (Thermo, Waltham, MA), respectively. The molecular weight
of the polymers was determined by a PL-GPC 50 Plus-RI equipped with a PD 2020 Light
Scattering Detector and a PL-BV 400RT Viscometer (Varian, Palo Alto, CA). Two MesoPore
300x7.5 mm columns and DMF containing 0.1 % LiBr were used as stationary and mobile
phases, respectively. Polylatide-poly(ethylene oxide) (PL-PEQ) standards were used for
calibration and molecular weight calculation.

The degradation of PEAD was monitored by the variation of light scattering. Briefly, 10
mg/ml of PEAD in PBS containing 0.5% of FBS was incubated at 37 "C under gentle agitation.
Atday 0, 7, 14, and 30, aliquots were collected for analysis. A Viscoteck VE2100 GPC
(Malvern, Westborough, MA) equipped with a Suprema 300x8 mm column (Polymer Standards
Service, RI) and a right angle light scattering detector was used for separation and detection

respectively.

In vitro biocompatibility

NIH 3T3 fibroblasts were cultured in DMEM (Mediatech, Manassas, VA) containing 10 %
fetal bovine serum (FBS) (Lonza, Walkersville, MD) and 1% penicillin/streptomycin (Lonza,
Walkersville, MD) and expanded under standard culture conditions at 37 "C with 5% CO, until

sufficient quantities were obtained. Human aortic endothelial cells (HAEC) (Lonza, Walkersville,
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MD) (passage 6-8) were cultured in MCDB 131 medium (Mediatech, Manassas, VA) containing
10% FBS and 1% penicillin/streptomycin, and supplemented with 1 ng/ml epithelial growth
factor (EGF), 2 ng/ml basic fibroblast growth factor (FGF2), 2 ng/ml insulin-like growth factor-1
(IGF1), 1 ng/ml vascular endothelial growth factor (VEGF) and 1 pg/ml hydrocortisone (all
growth factors were from the same vendor, Sigma-Aldrich, St. Louis, MO). The medium
including all the supplements is referred to as the complete medium.

For lactate dehydrogenase (LDH) assay (n=4), 3-(4,5 -dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay (n=4) and live/dead assay (n=4), 5x103 cells per well were
seeded in 96-well plates one day before the experiment. PED, PEAD or PEI dissolved in the
complete medium at the desired concentrations (10, 5, 2, 1 mg/ml for PED and PEAD; 10, 1,
0.1, 0,01 mg/ml for PEI) was added into each well. The complete medium alone was used as
the control. After 24 h incubation, LDH activity in the culture medium was measured by a
CytoTox 96® Non-Radioactive Cytotoxicity Assay kit (Promega, Madison, WI). Cell metabolic
activity was determined by a Vybrant® MTT Cell Proliferation Assay Kit (Invitrogen, Carlsbad,
CA) according to a modified protocol [100]. The level of capase-3 was measured using an
EnzChek® Caspase-3 Assay Kit (Invitrogen, Carlsbad, CA). Cell viability was analyzed by using
a LIVE/DEAD® Viability/Cytotoxicity Kit (Invitrogen, Carlsbad, CA). The absorbance and

fluorescence were recorded by a SynergyMX plate reader (Biotek, Winooski, VT).

In vivo biocompatibility

Male Sprague Dawley rats with an average body weight of 300 g were used and cared
for in compliance with a protocol approved by the Institutional Animal Care and Use Committee
of the University of Pittsburgh. Under isoflurane anesthesia, 1 mg of PEAD or PEI in 100 pl
saline (0.9%) was injected subcutaneously into the back of each animal. The animals were

sacrificed at post-injection day 3, 14 and 28. The tissue surrounding the injection site and major
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organs including lung, liver and kidney were harvested and fixed in 10 % formalin. Cross-
sections (4 um thick, longitudinal axial cut) were stained with hematoxylin and eosin (H & E) to
examine inflammation or any adverse effects using an inverted microscope Eclipse Ti (Nikon,

Melville, NY) equipped with a RETIGA-SRYV digital camera (QImaging, BC, Canada).

Zeta potential and dynamic light scattering (DLS) measurement

All polymer solutions were prepared at the concentration of 1 mg/ml in deionized water
and saline respectively. All zeta potential measurement was carried out in water and DLS was
performed in both water and saline. For [PEAD:DNA] complex formation, 10 ul of plasmid
(PEYFP-N1) solution (1 pg/ul) was titrated with different amounts of PEAD solution. 750 pl of
deionized water or saline was added to dilute the complex before the measurement. For
[PEAD:HA] complex formation, 100 ul of HA solution (1 mg/ml) was titrated with increasing
amounts of PEAD solution. 1 ml of deionized water or saline was added for dilution, and 750 pl
of solution was used for zeta potential and particle size measurement on a Zetasizer Nano ZS

(Malvern, Westborough, MA).

Scanning electron microscopy (SEM)

The SEM samples were prepared by mixing PEAD with DNA (mass ratio of PEAD to
DNA: 1.5) or hyaluronic acid (mass ratio: 4) to form the complex. The complexes were dropped
on aluminum stubs, lyophilized, sputtered with gold and viewed with a Leo 1530 SEM (10 kV, 3

nm spot size) (Carl Zeiss SMT, Peabody, MA).
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Statistical analysis

The results of in vitro biocompatibility assays were analyzed by ANOVA with post-hoc
Bonferroni correction. The value of the control group was compared with that of each PEAD

concentration individually. A p value < 0.05 was considered significant.

3.1.3 Results and discussion

Synthesis and characterization of PEAD

The synthesis of PEAD starts from a polycondensation reaction between t-BOC aspatrtic
acid and EGDE under the catalysis of TBAB. Deprotection of t-BOC formed the intermediate,
PED, with ~94 % yield. The conjugation of t-BOC arginine to PED and then deprotection of t-
BOC produced PEAD which comprises three parts derived from arginine, aspartate and
ethylene glycol (Fig. 2). Because removal of DMF by repeated precipitation caused a significant
loss of PEAD, the yield of the arginine conjugation step is 33 %. Clearly, a more efficient

purification method needs to be developed to increase the yield in the future.
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EGDE + t-BOC aspartic acid
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(B) poly(ethylene argininylaspartate diglyceride), PEAD

Figure 2. Synthetic routes and chemical structures of PEAD and its intermediate. Poly(ethylene

aspartate diglyceride), PED, was synthesized by polycondensation of t-BOC aspartic acid and

EGDE catalyzed by TBAB in DMF or 1,4-dioxane followed by removal of t-BOC in 20 % TFA in

dichloromethane. PEAD was synthesized by conjugation of t-BOC arginine to the aspartic

amino group under the activation of DCC, NHS and DMAP followed by deprotection using TFA.

The chemical shifts in 1H NMR for the key functional groups are marked on the structure.

The structure of the polymer was analyzed using NMR, IR, and GPC. The *H NMR

spectrum showed two chemical shifts at 1.7 and 1.9 ppm corresponding to the 3 and y

methylene protons on the arginine moiety (Fig. 3). The chemical shift at 4.1 ppm was from the a
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hydrogen of the aspartate moiety. The ethylene glycol portion produced a multiplet between 3.4
to 3.9 ppm. The conversion of deprotected primary amine to arginine was nearly quantitative
according to NMR integration of arginine proton "c" and the rest of the protons of PEAD. The
intermediate, PED, had a weight average molecular weight (Mw) of 73,750 Da with a
polydispersity index (PDI) of 1.18. The polymerization was performed either in DMF or 1,4-
dioxane. 1,4-dioxane yielded polymers with a higher molecular weight and a lower
polydispersity (Fig. 3). The molecular weight of the intermediate was higher than those of the
final products because the deprotection of t-BOC by TFA can also cleave the ester bonds of the
backbone. IR spectrum revealed a clear difference between PED and PEAD. PED had two
distinct peaks at 1668 and 1733 cm™ corresponding to the ester bonds in the polymer
backbone. The guanidine group on arginine increased the intensity of the absorption between

1635-1670 cm™ and broadened the absorption between 3000-3500 cm™ (Fig. 4).

a Mw (Da)| PDI
I | DMF 26,170 [2.54
1,4-dioxane | 30,330 |2.28
T c
_J W~
e L L L L L L L L L L L L L L
5 4 3 2 1 PPM

Figure 3. 'H NMR spectrum of PEAD shows proton signals consistent with functional groups
derived from arginine, aspartate and ethylene glycol. The solvent used in NMR, D,0O, has a
sharp signal at 4.79 ppm. The inset summarizes the GPC result. Polycondensations performed

in 1,4-dioxane have higher Mw and smaller PDI.

27



1004

Transmittance (%)

0

3500 3000 2500 2000 1500 1000
-1
Wavenumbers (cm )

Figure 4. FTIR spectrum reveals that PED has strong absorption at 1668 and 1733 cm-1 due to
the ester bonds connecting EGDE and aspartate (dotted line). PEAD has strong absorption in
the region (1635-1750 cm-1) and (3000-3500 cm-1) supposedly contributed by the amide bonds

connecting arginine and aspartate and guanidinium groups of arginine moiety (solid line).

In our previous study, different catalysts and solvents were examined for the same
polycondensation reaction; it was found that TBAB was a good catalyst, and 1,4-dioxane was
an appropriate solvent in terms of yield and molecular weight [99]. The monomers used in this
study were more polar, but the results showed a similar trend with respect to solvent.

As a polyester, PEAD was expected to be hydrolysable. To test the degradability, PEAD
was dissolved in PBS containing 0.5% FBS, and the intensity of the scattered light was
measured at different time points (Fig. 5). The polymer signal was clearly visible after 30 days.
The steady drop of the intensity of the scattered light suggested that PEAD degraded gradually

via simple hydrolysis under test conditions.
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Time point RALS Intensity Percentage
(days) |(mV) (%)
0 141.6 100
7 | 109.9 77.6
14 89.6 63.3
30 _ 85.2 | 60.2

Figure 5. The degradation of PEAD as determined by the change of light scattering with time.
The intensity of the peak at retention time 5.3 min gradually decreased. This demonstrated that

PEAD is degradable but the process is slow under the testing conditions.

Examination fibroblasts and endothelial cytotoxicity

To study the cytocompatibility of PEAD, in vitro assays were performed using NIH 3T3
fibroblasts and HAECs. NIH 3T3 fibroblasts were chosen because they have been used
extensively to test polycation cytocompatibility [101]. Furthermore, HAECs could represent non-
immortalized human cells. In addition to PEAD, the cytocompatibility of the intermediate, PED,
was also tested. Therefore it was able to estimate the influence of arginine conjugation on
biocompatibility. The results were all compared with the widely used polycation, PEI. After
incubation with various concentrations of polycations for 24 h, a series of assays including LDH,
MTT, caspase-3 activity, and live/dead assays were performed to determine the
cytocompatibility of PEAD.

When testing PEAD with NIH 3T3 fibroblasts, LDH assay revealed that 1 mg/ml of PEAD
did not compromise cell membrane integrity (Fig. 6a). MTT assay showed that 5 mg/ml did not
reduce cellular metabolism. There was no activation of caspase-3 at any of the concentrations
tested. Live/dead assay showed that 5 mg/ml of PEAD had no impact on the ratio of live to dead
cells. When testing the intermediate PED with NIH 3T3 fibroblasts, no cell membrane damage

was observed at any concentrations tested (Fig. 6b). MTT assay showed that 5 mg/ml of PED
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caused a significant reduction in cell metabolism. Live/dead assay showed that 5 mg/ml of PED
reduced the ratio of live to dead cells to 68 %. Overall, it was concluded that 1 mg/ml of PEAD
or 2 mg/ml of PED did not cause cytotoxicity to NIH 3T3 cells. On the contrary, PEI showed high
cytotoxicity; 0.01 mg/ml PEI was cytotoxic as indicated by all three assays (Fig. 6¢). This is
consistent with our prior results using primary baboon smooth muscle cells [95].

When testing PEAD with HAECs, LDH in the culture medium elevated and the metabolic
activity dropped when the concentration of PEAD reached 10 mg/ml (Fig 6d). No increase in
caspase-3 activity was observed at any concentration as NIH 3T3. Live/dead assay suggested
that cell viability dropped when the concentration of PEAD reached 5 mg/ml. For PED, only MTT
assay showed that cell metabolism was compromised when the concentration reached 5 mg/ml
(Fig. 6e). Other assays revealed no difference with the control group. Overall, no cytotoxicity to
HAECs was observed up to 5 mg/ml PEAD or 2 mg/ml PED. Compared to PEAD or PED, 0.01

mg/ml of PEI showed significant cytotoxicity to HAECs as it did to NIH 3T3 cells (Fig. 6f).
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Figure 6. Comparison of in vitro biocompatibility of PEAD, PED and PEI by NIH 3T3 (a-c) and
HAECs (d-f). For NIH 3T3 cells, PEAD did not compromise cell membrane at 1 mg/ml, reduce
cellular metabolism at 5 mg/ml, or activate caspase-3 for all concentrations tested, and also had
no impact on the ratio of live to dead cells at 5 mg/ml (a). PED reduced cellular metabolism and
reduced the ratio of live to dead cells to 68 % when the concentration reached 10 mg/ml (b).
PEI, however, showed high cytotoxicity; 0.01 mg/ml PEI was cytotoxic as indicated by all three
assays (c). For HAECs, PEAD elevated LDH in the culture medium and dropped metabolism at
10 mg/ml, and also lowered cell viability at 5 mg/ml (d). PED compromised cellular metabolism

when the concentration reached 5 mg/ml (e). 0.01 mg/ml of PEI showed significant cytotoxicity
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to HAECs as it did to NIH 3T3 cells (f). Overall, the in vitro study demonstrated that PEAD and

PED have much higher biocompatibility than PEI. *p value < 0.05.

According to the results of MTT assays reported previously using L929 mouse
fibroblasts, many existing polycations had ICs, values lower than 0.5 mg/ml. These include poly-
L lysine (PLL), poly(diallyl-dimethyl-ammonium chloride), poly(vinyl pyridinium bromide) and
diethylaminoethyldextran, or 0.1 mg/ml polyethylenimine (PEI) [94]. MTT assays showed that
even at 10 mg/ml, PEAD only reduced the metabolic activity to 75 % and 65 % for NIH 3T3 and
HAECs respectively. In addition, PEl and PLL have been demonstrated to induce apoptosis in
multiple cell lines according to caspase-3 assays [87]. In contrast, caspase-3 activity showed no
significant increase at any concentration tested for PEAD and PED. Previous accounts of
different polycation toxicities were obtained using a variety of cell lines, but common observation
was that synthetic polycations have low biocompatibility in genera [87,90]. PEAD was tested
with both cell line and immortalized human cells. Combined, the in vitro assays indicated that
PEAD showed no cytotoxicity to either NIH 3T3 cell line or primary HAECs, at 1 mg/ml.
Structurally, the difference between PED and PEAD is that the latter carries arginine. The
biocompatibility of PEAD and PED showed no difference at 2 mg/ml. At 5 to 10 mg/ml, the
biocompatibility of PEAD appeared to be higher than PED. This is opposite of the inverse
relationship between charge density and biocompatibility observed in other series of polycations

and the mechanism awaits further investigation [90].

Examination of in vivo biocompatibility by subcutaneous injection

To complement the in vitro studies, the in vivo biocompatibility of PEAD was further
investigated. 100 ul of PEAD solution (10 mg/ml) was injected subcutaneously in rats. 3, 7 and

28 days post-injection were chosen to observe the progression of acute to long term effects of
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PEAD injection. No discernable difference was observed between the tissue responses at the
different time points. The micrographs show that hematoxylin and eosin (H & E) staining of the
tissues harvested at day 3 displayed normal tissue architecture for the connective tissue and the
muscle surrounding the injection site (Fig. 7) and major organs including lung, liver and kidney
(Fig. 8). No appreciable inflammation or necrosis was observed. In addition, there were no
associated atypical or transformed malignant cells. However, under identical conditions, PEI
caused severe damage to the connective tissues and muscles surrounding the injection site.
The connective tissues were widely infiltrated by neutrophils and plasmocytes, and showed
extensive inflammation. The muscle fibers in the injection zone showed severe degeneration

and necrosis accompanied by significant inflammatory infiltrates.

Connective tissue Muscle

Normal

PEAD

PEI

Figure 7. Comparison of in vivo biocompatibility of PEAD and PEI by H&E staining. The tissues

from the healthy animals were used as the controls, (a) connective tissues and (b) muscles. The

33



animals injected with PEAD exhibited no difference from healthy controls 3 day post-injection.
No appreciable inflammation or necrosis was observed at the injection site, (c) and (d). PElI,
however, showed serious cytotoxicity to the tissues. (e) The connective tissues were widely
infiltrated by neutrophils and plasmocytes and exhibited extensive inflammation. (f) The muscle
fibers were degenerated and suffered significant necrosis. Scale bar = 50 um. The same was

observed for tissues harvested at days 7 and 28.

Figure 8. H & E staining of tissues harvested at day 3 post-injection. Both PEAD (a-c) and PEI
(d-f) showed normal morphology. Liver: (a) and (d). Lung: (b) and (e). Kidney: (c) and (f). Scale

bar = 50 pum.

PEl is currently the most widely used polycation in gene delivery. Although the in vivo
efficacy has been demonstrated, its high cytotoxicity is still an issue which compromises the
clinical value. Tail-vein injection of 0.02 mg of PEI (25 kDa) in mice can cause necrosis and
apoptosis in the lung, liver, spleen and kidney [94]. Similarly, according to our previous
experiment, injecting 0.2 mg of PEI (10 kDa) intraperitoneally caused severe necrosis and
apoptosis in the liver of mice at day 1 post injection [95]. Here, at least 1 mg of PEAD was
shown to have no in vivo cytotoxicity when injected subcutaneously whereas the same amount
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of PEI caused serious damage to the tissue at the injection site. It is possible that a larger
amount of PEAD could be injected without causing adverse reactions in vivo. 1 mg of PEAD

was tested because this was expected to be the upper limit of our in vivo applications [102].

Zeta potential measurement of [PEAD:polyanion] complexes

Under physiological conditions, PEAD bears > 1 positive charge per repeating unit and
should interact strongly with negatively charged macromolecules through Coulombic attraction.
DNA (plasmid pEYFP-N1) and hyaluronic acid (HA) were chosen to represent two important
classes of biological polyanions, nucleic acids and glycosaminoglycans. Upon addition of PEAD
to DNA solution, the zeta potential changed from negative to neutral and then positive (Fig. 9).
At a PEAD to DNA mass ratio of approximately 1.5, the complex became neutral, indicating that
all negative charges on the DNA were neutralized by PEAD. Adding more PEAD after this
isoelectric point was reached caused [PEAD:DNA] complexes to become positively charged,
reaching a plateau at +23.9 mV which is similar to the potential of PEAD (+23.1mV). The same
trend was observed during the addition of PEAD into hyaluronic acid. The isoelectric point for
[PEAD:HA] complex was obtained at a polycation/polyanion mass ratio of approximately 4. The
only difference was that the plateau potential of [PEAD:HA] complex was +11.1 mV, lower than
that of [PEAD:DNA] complex. It was hypothesized that different plateau potentials are caused
mainly by intrinsic properties such as viscosity and solubility of individual biological polyanions.
Because zeta potential measurement does not account for these factors, [PEAD:DNA] and
[PEAD:HA] complexes exhibited similar patterns but have different zeta potentials. The
polyvalent nature of the interactions between PEAD and a polyanion suggests that the
molecular weight of the polymeric components will affect their affinity. Therefore molecular
weight of PEAD is expected to offer a convenient control of its interaction with polyanions in a

similar fashion as poly(L-argininate glyceryl succinate) [96].
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Figure 9. Monitoring Zeta potential during the titration of biological polyanions with PEAD
suggested that PEAD had high affinity toward negatively charged macromolecules. (a) As more
PEAD is added, the zeta potential of the [PEAD:DNA] complexes shifted from negative to
neutral and then reached a plateau at approximately +23 mV. At the mass ratio close to 1.5, the

complex is neutral. (b) The titration of [PEAD:HA] complex followed a similar pattern with a

Dynamic light scattering (DLS) was used to measure the hydrodynamic volume of
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even though DLS assumes the coacervate is spherical. In deionized water the average diameter
of the [PEAD:DNA] complex at the isoelectric point was 245 nm with a standard deviation of 53
nm. In saline, the diameter decreased to 150 nm with a standard deviation of 30 nm. Compared
to [PEAD:DNA] complex, [PEAD:HA] complex had a much larger diameter in deionized water
reaching 1,236 nm with a standard deviation of 124 nm, but in saline the diameter dropped
significantly to 240 nm with a standard deviation of 20 nm. These results suggest that increasing
ionic strength reduces the interaction between PEAD and polyanions. Differences between
[PEAD:DNA] and [PEAD:HA] are likely caused by differences in size and electrostatic properties
of individual polyanions. Furthermore, DLS and GPC data are consistent with a mostly linear
structure of the polymer. Based on DLS measurement, the hydrodynamic diameter of PEAD is
5.9 nm. The corresponding MW would be 214.2 kD, 257.0 kD, and 50.8 kD for globular,
starburst, and linear polymers respectively. GPC analysis indicates that Mw of PEAD is
approximately 30 kD. This matches the linear polymer (50.8 kD) best, therefore, PEAD is most

likely linear.

SEM micrographs of [PEAD:polyanion] complexes

PEAD immediately forms a turbid solution with DNA or HA upon mixing. To reveal the
morphology of the resultant ionic complexes, SEM was used to investigate the complexes at the
isoelectric points. The micrograph shows that [PEAD:DNA] complex is mainly composed of
fibers, beads, and sheets (Fig. 10a). The diameters of the fibers cover a wide range from sub-
micron to nanometers. [PEAD:HA] complex shares similar structures with [PEAD:DNA]
complex, however, the fiber diameters are larger and there are more sheets and fewer beads
(Fig. 10b). The factors that lead to the morphological differences between [PEAD:HA] and

[PEAD:DNA] complexes are currently under investigation.
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Figure 10. Scanning electron micrographs of the ionic complexes. (a) [PEAD:DNA] complex
consists mainly of fibrous structures (arrow). The diameters of the fibers are typically less than 1
pm. In addition, it also contains beads (arrowhead) and sheets (sh). 2,000X, scale bar = 10 pm.
(b) [PEAD:HA] complex is mainly fibrous in nature and the fibers (arrow) have larger

diameters.There are also sheet-like structures (sh) in the complex. 2,000X, scale bar = 20 pm.
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3.1.4 Summary

In the prior study, our laboratory proposed a design principle for biocompatible
polycations: a biocompatible polycation should be biodegradable and made from endogenous
cations [95]. Here, this study followed the same principle and applied a simple chemistry to
synthesize a new arginine-based biodegradable polycation to further test this design. The
reaction parameters can be adjusted easily to generate a series of polycations with different
physical and chemical properties. PEAD assembles with biological polyanions and
spontaneously forms three-dimensional structures in aqueous solution. PEAD offers higher
biocompatibility than conventional polycations and may lead to advancements in many areas of

biotechnology and medicine.
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3.2  APPLICATION OF [PEAD:HEPARIN] IN GROWTH FACTOR DELIVERY

Growth factors are potent molecules that regulate cell functions including survival, self
renewal, differentiation and proliferation. High-efficacy delivery of growth factors will be a
powerful tool for regenerative medicine. Decades of intense research have significantly
advanced the field of controlled delivery. There is, however, still a great unmet need for new
methods that can improve overall efficacy of growth-factor delivery. Here, we report a new
growth factor delivery vehicle formed by self assembly of heparin and a biocompatible
polycation, poly(ethylene argininylaspartate diglyceride) (PEAD). Of the many heparin-binding
growth factors, we chose FGF2 and NGF to demonstrate the potential of the [PEAD:heparin]
delivery vehicle. The delivery vehicle incorporates both growth factors with high efficiency,
controls their release, maintains the bioactivity of FGF2 and increases the bioactivity of NGF
relative to bolus delivery. [PEAD:heparin] appears to be a promising delivery matrix for many
heparin-binding growth factors and may lead to efficient growth factor delivery for a variety of

diseases and disabilities.
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3.2.1 Introduction

Extracellular growth factors are usually associated with extracellular matrix (ECM) and
rarely exist in free forms [103,104,105]. This allows for growth factors to be stored in the ECM
which enables a rapid response to extracellular stimuli. This is highly beneficial because the
activation of a growth factor expressing gene can take hours [106]. Growth factor binding also
changes the conformation of the growth factors and modulates their interactions with receptors
and their bioactivities [107,108,109]. Furthermore, the association can protect the growth
factors from proteolytic degradation [110]. Heparan sulfate, a major component of the ECM, is a
highly-sulfated glycosaminoglycan with high affinity to a large variety of growth factors
[111,112]. Heparin has a similar structure to heparan, binds many growth factors, and is more
readily available and more widely used in the research and application of growth factors [113].
We therefore decided to exploit the affinity between heparin and growth factors to achieve high-
efficiency delivery of heparin-binding growth factors.

In order to maintain the native properties and function of heparin, we chose to use intact
heparin without covalently linking heparin to the delivery matrix. A biocompatible polycation was
chosen to ionically bind heparin to form the delivery vehicle. PEAD was a biodegradable
polycation with high biocompatibility. Because of the high charge density, PEAD bound strongly
to heparin and consequently incorporates growth factors with high efficiency. [PEAD:heparin]
can control the release of the growth factors for over 30 days in a nearly linear fashion. More
importantly, [PEAD:heparin] complex maintained the bioactivity of fibroblast growth factor-2
(FGF2) and increased the bioactivity of nerve growth factor (NGF) when compared with bolus
delivery. This new delivery vehicle was expected to be applicable to any heparin-binding growth

factor and represent an innovative method of delivering single or multiple growth factors.
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3.2.2  Experimental section

Synthesis of PEAD

The detailed synthetic procedures of PEAD are described in the supporting material.
Briefly, PEAD was synthesized in two steps. (i) Ethylene glycol diglycidyl ether (EGDE) and t-
BOC protected aspartic acid were polymerized through a polycondensation reaction in 1,4-
dioxane under the catalysis of tetra-n-butylammonium bromide (TBAB). The t-BOC protective
group was removed by 1:4 trifluoroacetic acid (TFA):dichloromethane (DCM) to generate the
intermediate, poly(ethylene aspartate glyceride) (PED). (ii) Conjugation of t-BOC arginine to
PED was performed by a dicyclohexylcarbodiimide (DCC)/N-hydroxysuccinimide (NHS)/4-
dimethylaminopyridine (DMAP) coupling reaction in dimethylforamide (DMF) followed by the
second deprotection of t-BOC with TFA to yield PEAD. The chemical structure was
characterized using a Mercury 400 NMR (Varian, Palo Alto, CA) and a Nicolet IR-100

spectrometer (Thermo Fisher Scientific, Waltham, IL).

Gel permeation chromatography (GPC) analysis

The molecular weights of PEAD and heparin (Alfa Aesar, Ward Hill, MA) were measured
with a PL-GPC 50 Plus- RI equipped with a PD 2020 light scattering detector (Varian, MA). For
PEAD, two MesoPore 300x7.5 mm columns and 0.1% of LiBr in DMF were used as the
stationary phase and mobile phase respectively. For heparin, the PL aquagel OH-40 and PL
aguagel OH-30 columns were used as the stationary phase and the buffer solution containing

0.2 M NaNO; and 0.01 M NaH,PO,, pH 7 was used as the mobile phase.
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Zeta potential measurement

PEAD and heparin solutions were prepared in deionized water at a concentration of 1
mg/ml. 100 ul of heparin solution was titrated with PEAD solution. 750 ul of water was added to
dilute the complex before the measurements were taken. Zeta potentials were measured by a
Zetasizer Nano Z (Malvern, Westborough, MA). The results were reported as mean with +
deviation for 30 measurements. The same instrument was used to measure and compare the
hydrodynamic diameter of [heparin:FGF2] and [PEAD:heparin:FGF2] by dynamic light

scattering.

Dimethylmethylene blue assay

Dimethylmethylene blue (DMB) was used for quantification of sulfated
glycosaminoglycans according to published protocols [114,115]. Briefly, 20 ul of heparin
solution (1 mg/ml) was mixed with different volumes of PEAD solution (1 mg/ml). Deionized
water was added to the complex solution to reach a final volume of 220 pl. After a 5 min
centrifugation at 12,100 g, 50 ul of supernatant was added to DMB working solution containing
10.7 ug of 1,9-dimethylmethylene blue chloride (Polysciences, Warrington, PA) in 55 mM formic
acid. The absorbance at 520 nm was determined by a SynergyMX plate reader (Biotek,
Winooski, VT). A series of heparin solutions of known concentrations were used as standards to
calculate the concentration of heparin in the supernatant.

The amount of PEAD in the supernatant was quantified by an anionic dye, orange Il
(Acros Organics, Geel, Belgium) [116]. Briefly, 50 ul supernatant was added to 20 ul orange Il
solution (1mM) and gently agitated for 10 min. After centrifugation at 12,100 g for 5 min, 50 pl
was used for absorption measurement at 484 nm. A series of PEAD solutions of known
concentrations were used as standards to calculate the concentration of PEAD in the

supernatant.
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Scanning electron microscopy (SEM)

The SEM samples were prepared by mixing PEAD with heparin (mass ratio of PEAD to
heparin: 5) to form the complex. The complex was dropped on an aluminum stub, lyophilized,
sputtered with gold and viewed with a Leo 1530 SEM (10 kV, 3 nm spot size) (Carl Zeiss SMT,

Peabody, MA).

Growth factor loading efficiency

The loading efficiency of FGF2 was determined by an indirect enzyme-linked
immunosorbent assay (ELISA). Briefly, 100 ng of bolus FGF2 or [PEAD:heparin:FGF2] was
added to a 96-well plate and left overnight to allow protein adsorption. After blocking by bovine
serum albumin (BSA), a rabbit anti-FGF2 polyclonal antibody (PeproTech, Rocky Hill, NJ) was
used for recognition followed by a secondary antibody, goat anti-rabbit IgG HRP (Sigma-Aldrich,
St. Louis, MO) and then a chromagen substrate, 3,3",5,5 -tetramethylbenzidine (TMB)
(Promega, Madison, WI). The absorbance at 450 nm was recorded by a SynergyMX plate
reader (Biotek, Winooski, VT). The loading efficiency of NGF was determined by a sandwich
ELISA using a commercial kit, NGF E.," ImmunoAssay Systems (Promega, Madison, WI).
Briefly, an anti-NGF polyclonal antibody was coated on a 96-well plate. After blocking by BSA,
[PEAD:heparin:FGF2] was added for incubation, followed by the recognition of an anti-NGF

monoclonal antibody and an anti-rat IgG HRP.

Growth factor release profile

FGF2 and NGF were labeled with **°I. Briefly, 100 pl of FGF2 (0.1 mg/ml) or NGF (0.2
mg/ml) was transferred to a Pierce lodination Tube (Thermo Fisher Scientific, Waltham, IL). 15-

20 pl of carrier-free Na'?l (PerkinElmer, Waltham, MA) was added to the tube, and the reaction
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proceeded for 2 min. The crude reaction mixture was purified by size exclusion chromatography
and the product was stored at -20 "C.

The controlled delivery matrix was formed by combining 100 ng of growth factor with 0.1
ng of *#I labeled growth factor to 10 pl of heparin (10 mg/ml) followed by the addition of 50 ul of
PEAD solution (10 mg/ml). The solution was gently mixed and centrifuged at 12,100 g for 5 min.
After removal of the supernatant, 500 ul of 0.9% saline was added to cover the pellet. At
predetermined time points (day 1, 4, 7, 14, 19, 28, 33 and 42), the supernatant was collected
and replaced with fresh saline. The radioactivity of the collected supernatant was measured by
a Packard Cobra Il Gamma Counter (PerkinElmer, Waltham, MA) to determine the amount of

the released growth factor.

FGF2 bioactivity

FGF2 bioactivity was determined by its stimulatory effects on the proliferation of human
aortic endothelial cells (HAECSs). Briefly, HAECs were cultured on a 24-well plate with MCDB
131 medium (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine and 50 pg/ml ascorbic acid. A cell culture insert (BD Biosciences, San Jose, CA)
with 1.0 ym pores was placed in each well. 100 ng of FGF2 (PeproTech, Rocky Hill, NJ) alone
or [PEAD:heparin:FGF2] was added on the insert. Two control groups were applied in the study:
(1) basal medium: medium without supplemental growth factors, and (2) Endothelial cell (EC)
culture supplement: medium containing 1 ng/ml epithelial growth factor (EGF), 2 ng/ml FGF2, 2
ng/ml insulin-like growth factor-1 (IGF1), 1 ng/ml vascular endothelial growth factor (VEGF) and
1 pg/ml hydrocortisone as provided by the supplier of HAECs (Sigma-Aldrich, St. Louis, MO).
After culturing for 4 days, the proliferation of HAEC was determined by a CyQuant Cell

Proliferation Assay (Invitrogen, Carlsbad, CA). All results were normalized to the basal medium

group.
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NGF bioactivity

NGF bioactivity was determined by its ability to stimulate neuronal differentiation of PC-
12 cells. [117] PC-12 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM)
(Mediatech, Manassas, VA) supplemented with 1.0% horse serum (HS) and 0.5% FBS. Delivery
vehicle [PEAD:heparin], bolus NGF (Promega, Madison, WI), NGF stabilized by heparin
[heparin:NGF] or delivery matrix [PEAD:heparin:NGF] was added to the cell culture insert. The
controls were basal medium without NGF and bolus NGF. All NGF groups contained 10 ng of
NGF. On day 4 and day 7, five fields were randomly selected and the phase contrast images
were acquired using an inverted microscope Eclipse Ti (Nikon, Melville, NY) equipped with a
RETIGA-SRYV digital camera (QImaging, BC, Canada). The neurite lengths were measured
using NIH ImageJ software version 1.42. The average length of the ten longest neurites was

reported with standard deviation.

Statistical analysis

ANOVA followed by post-hoc Bonferroni test was used to analyze the data for the
bioactivity of FGF2 and NGF. Data is presented as mean * standard deviations. * p value <

0.05; ** p value < 0.01.

3.2.3 Results

Zeta potential measurement of [PEAD:heparin] complex

PEAD was synthesized by polycondensation of aspartic acid and ethylene glycol

diglycidyl ether (EGDE), followed by the conjugation of arginine which provided positive charges
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to the polymer. PEAD has two cationic groups (amine and guanidine) per repeating unit, thus it
interacts strongly with heparin, the most negatively charged natural polymer, through Coulombic
forces. We observed that heparin solution became turbid upon addition of PEAD as the negative
charge of heparin was neutralized (Fig. 11). The highest turbidity was reached with a PEAD to
heparin mass ratio of 5, indicating that the [PEAD:heparin] complex is likely neutral at this ratio.
We used zeta potential titration to analyze the charge of the complex. The zeta potential of the
complexes shifted from -45 mV at a mass ratio of 1, to neutral at the mass ratio close to 5 and
to +23.2 mV at a ratio of 10 (Fig. 12). The zeta potential at the plateau (+23.2 mV) was similar to
that of pure PEAD (+23.1 mV), suggesting that the complex was completely saturated with
PEAD. The titration revealed that at a PEAD to heparin mass ratio close to 5 (molar ratio of 3.4),
PEAD completely neutralized the negative charges of heparin. Because the binding between
PEAD and heparin is based on ionic interaction, we also observed that ionic strength of the
delivery matrix solution affected the binding between PEAD and heparin. When PEAD and
heparin were mixed in 10-fold saline (9 % NaCl,q), no coacervate was observed by the naked
eye. We can therefore conclude that ionic interaction is the major force between PEAD and
heparin.

Heparin [PEAD:heparin]

Figure 11. Macroscopic observation of [PEAD:heparin] complex. Both heparin and PEAD have
excellent solubility in aqueous solution. Addition of PEAD into heparin solution neutralized the
negative charge of heparin and formed insoluble [PEAD:heparin] coacervate. The complex

settled down to the bottom after 24 h.
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Figure 12. Binding of PEAD to heparin monitored by zeta potential titration. The [PEAD:heparin]
complex reached isoelectric point at a PEAD:heparin mass ratio close to 5 (molar ratio 3.4).
Over-titration with PEAD gave the complex excessive positive charge that leveled off at +23.2

mV at a mass ratio of 10. Data represent the average and the standard deviation of 30

measurements.

DMB binding assay of [PEAD:heparin] complex

The ionic interaction of PEAD and heparin decreased their solubility in water and the
polymers formed a coacervate. We calculated the binding affinity between PEAD and heparin
by measuring the amount of each left in the supernatant. Heparin quantification was performed
using a heparin binding dye, dimethylmethylene blue (DMB). The results suggest that the
amount of heparin in the supernatant decreased gradually with the addition of PEAD (Fig. 13).
Maximum binding of heparin, 98.7%, was reached with a PEAD to heparin mass ratio of 5.

Similarly, using an anionic dye, orange Il, we quantified the amount of PEAD in the supernatant

at a mass ratio of 5 to be 5.0%.
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Figure 13. Binding of PEAD to heparin as monitored by DMB assay. The amount of heparin in
the solution phase decreased as PEAD was added until maximal binding at a PEAD:heparin
mass ratio of 5 where only 1.33% of heparin was left in the supernatant. At ratios greater than 5,
excessive positive charge on the complex likely caused a slight reduction in coacervation. Data

represent an average of four independent assays.

According to the GPC analysis, the weight-average molecular weight (Mw) of PEAD is
30,330 Da (PDI = 2.28) and that of heparin is 20,700 Da (PDI = 1.20). These values and the
amount of PEAD, heparin, and [PEAD:heparin] complex was used to calculate the stoichiometry
of [PEAD:heparin]. The result revealed that approximately 3.3 PEAD molecules bind to 1
heparin molecule. The dissociation constant (Kq) of PEAD and heparin was 1.55x10™"° as
calculated according to the following equations:

[PEAD;sheparin] & 3.3 [PEAD] + [heparin] (D)

PEAD]33[heparin]

_1
Kd = [PEAD; zheparin] (2)

49



SEM of [PEAD:heparin] complex

We examined the morphology of [PEAD:heparin] complex using scanning electron
microscopy (SEM). The micrographs revealed that a neutral [PEAD:heparin] complex was
largely composed of ribbon-like structures with globular domains of various sizes dispersed
throughout the matrix (Fig. 14a). The diameters of the ribbons ranged from nanometers to
micrometers. The globules might originate from heparin as the micrograph of heparin showed
mainly beads with diameters below 1pm (Fig. 14c). On the other hand, the ribbon-like
morphology was likely generated by PEAD (Fig. 14d). Dynamic light scattering measurement
revealed that [heparin:FGF2] has a hydrodynamic diameter of 181.9 nm with a polydispersity
index of 0.478. Addition of PEAD significantly increased the diameter to 540.8 nm with a

polydispersity index of 0.489.
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Figure 14. Scanning electron micrographs of the [PEAD:heparin] complex at (a) Low

magnification (2,000 X) and (b) High magnification (10,000 X). The complex consists of ribbon-
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like structure and beads with diameters ranging from nanometers to a few microns. (c) Heparin
contains beads with diameters in the sub-micron range (20,000 X). (d) PEAD contains mostly

ribbon-like structures (10,000 X).

Growth factor loading efficiency of [PEAD:heparin] complex

Loading efficiency is another critical parameter of effective growth factor delivery. We
examined growth factor loading efficiency of [PEAD:heparin] by ELISA. Less than 0.01% of
FGF2 was detected in the supernatant by an anti-FGF2 polyclonal antibody. Similarly, less than
0.02% of NGF was detected in the supernatant. This data indicates that [PEAD:heparin] can

incorporate more than 99% of FGF2 and NGF.

Release of growth factors bound to [PEAD:heparin]

To investigate the release rate of the incorporated growth factors from the delivery
vehicle we determined the release profiles of [PEAD:heparin]-bound growth factors by
measuring the radioactivity of the supernatant. FGF2 release showed an initial burst of
approximately 10% after one day (Fig. 15a). Thereafter, the release was nearly linear and
sustained through the end of the 42-day experiment. At day 42, [PEAD:heparin:FGF2] complex
still contained about 60% of FGF2. As expected, NGF showed a faster release profile due to its
lower affinity for heparin. The initial burst released almost 20%, followed by a sustained release
for 20 days (Fig. 15b). At day 20, [PEAD:heparin:NGF] complex still contained approximately
30% of NGF and the coacervate was radioactive. The residual NGF could be bound too tightly
to [PEAD:heparin] and unable to be released by simple diffusion, however the remaining growth
factor may be released if exposed to enzymes such as heparinase or esterase. Overall, the
release profile of each growth factor reflected its respective heparin-binding affinity. The initial

burst is likely caused by loosely adsorbed growth factors and growth factors physically trapped
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in the delivery vehicle. This could be avoided, in part, by washing the delivery matrix

immediately after its formation.
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Figure 15. Release profiles of growth factors bound to [PEAD:heparin] indicating that

[PEAD:heparin] complex can control the release of the incorporated growth factors. (a) FGF-2:

The initial burst (~10%) was limited to day 1 only. Thereafter the release was nearly linear and

lasted for at least 42 days. (b) NGF: The initial burst was approximately 20% and the steady

release was sustained for 20 days, at which point it reached a plateau. The remaining NGF may

be too tightly bound to [PEAD:heparin], making it difficult to be released by simple diffusion

under the test conditions. The quicker release of NGF compared to FGF-2 matches its weaker

affinity for heparin.
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Bioactivity of FGF2 delivered by [PEAD:heparin]

The most important feature of a growth factor delivery vehicle is its ability to maintain the
bioactivity of its bound growth factors. We tested the ability of [PEAD:heparin] to maintain the
bioactivity of FGF2 and NGF, chosen because of their high and low heparin affinities; the Kq
values for FGF2 and NGF are 2.0 and 600 nM, respectively [118]. To evaluate FGF2 bioactivity,
we compared the proliferation of human aortic endothelial cells (HAECS) cultured in basal
medium, medium supplemented with manufacturer-supplied EC culture supplement, medium
with bolus FGF2, and medium with [PEAD:heparin:FGF2]. After 4 days of culture, bolus FGF2
and [PEAD:heparin:FGF2] promoted higher proliferation than the basal medium and EC culture
supplement groups (Fig. 16). Cell proliferation in the presence of [PEAD:heparin:FGF2] was
2.69 times higher than that of the basal medium and 1.26 times higher than that of EC culture
supplement. There was no statistical difference between cell proliferation for bolus FGF2 and
[PEAD:heparin:FGF2], suggesting that FGF2 bioactivity was well preserved in the delivery

matrix.
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Figure 16. HAEC proliferation under different culture conditions: 1. basal medium, 2. EC culture
supplement, 3. bolus FGF-2, and 4. [PEAD:heparin:FGF-2]. Data represent the average of 3
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independent experiments and standard deviation. ** indicates p value < 0.01 when comparing
bolus FGF-2 or [PEAD:heparin:FGF-2] to the controls (groups 1 and 2). For both bolus FGF-2
and [PEAD:heparin:FGF-2], HAECs exhibited significantly higher proliferation after 4 days of
culture. There was no statistical difference observed between bolus and [PEAD:heparin:FGF-2]

suggesting that the delivery vehicle maintains FGF-2 bioactivity well.

Bioactivity of NGF delivered by [PEAD:heparin]

NGF is known to have a lower heparin affinity than FGF2 [17]. To examine the bioactivity
of NGF we chose to use the common and well-established cell line, PC-12. Upon stimulation by
NGF, PC-12 cells would start to differentiate into neuron-like cells and begin to extend neurites.
Neurite length is widely used as an index to determine NGF bioactivity [18]. This study included
five groups: control (neural basal medium without NGF), delivery vehicle [PEAD:heparin], bolus
NGF, [heparin:NGF], and [PEAD:heparin: NGF]. After 4 days of culture, all three NGF-
containing groups had significantly longer neurites than the control and the delivery vehicle
groups which displayed reduced or no neurite extension (Fig. 17a). There was no statistical
difference between the control group and the delivery vehicle group. This suggests that the
delivery vehicle had no bioactivity. The [heparin:NGF] group showed significantly longer neurite
extension than the bolus group. On day 4 there was no statistical difference between
[PEAD:heparin:NGF] and the bolus or [heparin:NGF] group. However, after 7 days, there was a
statistically significant difference between each group (Fig. 17a, b). For bolus NGF and
[heparin:NGF], the neurite lengths decreased between day 4 and day 7, suggesting reduced
NGF activity. [PEAD:heparin:NGF], on the contrary, continued to promote differentiation and
stimulate neurite extension, increasing average neurite length 2.3 fold from day 4 to day 7 (48
pm to 108 um). On day 7, the average neurite length of the [PEAD:heparin:NGF] group was 2.8

times and 3.6 times longer than that of the [heparin:NGF] and bolus group, respectively,
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indicating that the [PEAD:heparin] delivery vehicle most effectively maintains and potentiates

NGF bioactivity.
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Figure 17. PC-12 cell differentiation stimulated by NGF: 1. control, 2. [PEAD:heparin], 3. bolus

NGF, 4. [heparin:NGF] and 5. [PEAD:heparin:NGF]. (a) Three independent experiments were
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performed. Data represent the average length of the ten longest neurites with standard
deviation. * p value < 0.05; ** p value < 0.01. At 4 days, [heparin:NGF] and [PEAD:heparin:NGF]
showed similar bioactivity and were more effective than bolus NGF, control, and
[PEAD:heparin]. However, [PEAD:heparin:NGF] was the only group to exhibit continued
extension of neurites beyond day 4. The average neurite length reached 108 pum which was
significantly longer than that of either the bolus or [heparin:NGF] group. (b) Phase contrast
images of the PC-12 cells at day 7. Only PC-12 cells cultured in the presence of
[PEAD:heparin:NGF] fully spread out and generated an extensive network of neurites. Bolus

NGF and [heparin:NGF] groups not only exhibited atrophy in neurites, but also cell soma.

3.24 Discussion

Growth factor delivery using natural or synthetic materials has great therapeutic potential
in biomedicine and biotechnology. In regenerative medicine, controlled release of growth factors
has been applied in many applications including angiogenesis [119,120], nerve repair [121,122]
and bone and cartilage regeneration [123,124]. Important parameters in growth factor delivery
include bioactivity, loading efficiency and controlled release rate. Native growth factors are
usually bound to, protected and controlled by the ECM, often through heparan sulfate. Heparin
shares a similar structure with heparan sulfate and is widely used in growth factor delivery.
However, heparin stabilized growth factors are water soluble and not amenable to controlled

release by heparin alone. To solve this problem and improve the efficacy of growth factor
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therapy, much research effort has been devoted to mimicking the structure of heparin or
immobilizing heparin in order to regulate the distribution of heparin-binding growth factors. For
example, Wenk, E. et al. decorated silk fibroin with sulfonic acid moieties by a diazonium
reaction to mimic natural heparin [125]. Tae, G. et al. functionalized heparin with
hydroxybenzotriazole and crosslinked with polyethylene glycol (PEG) to form a hydrogel [126].
Nilasaroya, A. et al. modified heparin with glycidyl methacrylate then photopolymerized with
PEG dimethacrylate [127]. Seal, B. L. et al. attached heparin-binding sequences (12 to 17-mer)
to PEG arms to conjugate heparin [128]. Similarly, Rajangam, K. et al. integrated heparin-
binding sequences (15-mer) to immobilize heparin on the surface of self-assembled nanofibers
[129]. Johnson, P.J. et al. applied a bi-domain chimera containing the heparin-binding sequence
(12-mer) to immobilize heparin in the fibrin gel [130]. The advantage of the latter three methods
is that heparin was not covalently modified and was able to interact with growth factors directly,
thus fully preserving the natural bioactivity of heparin. In the research reported here, a
polycation interacts directly with native heparin without modification. The advantages of this
approach are that PEAD is easily synthesized and provides a cost-effective platform for intact-
heparin-based growth factor delivery. Furthermore, the affinity between PEAD and heparin is
extremely high, and thus it is expected to incorporate high amount of heparin-binding growth
factors and control their release well. This is complemented with the ability to retain and
promote growth factor bioactivity as demonstrated in the in vitro assays.

PEAD interacts strongly with heparin and neutralizes its inherent negative charges. This
charge neutralization decreases the solubility of individual molecules and induces the formation
of a coacervate immediately upon mixing. The coacervate confines the growth factor;
furthermore heparin binds the growth factors. These two factors together control the release of
the growth factors. We believe that the release kinetics of growth factors bound to
[PEAD:heparin] can be tailored by: (i) The amount of heparin used in complex formation. More
heparin is expected to slow the release of the growth factor. (i) The properties of PEAD such as
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molecular weight and charge density can alter its interaction with heparin which in turn, modifies
the release kinetic of the growth factors. These properties can be easily adjusted during polymer
synthesis.

Regarding the bioactivity of growth factors bound to [PEAD:heparin] complex , the
results demonstrated that the bioactivity of the growth factors studied was well maintained or
even enhanced compared to bolus and heparin-protected growth factors. [PEAD:heparin:FGF2]
promoted HAEC proliferation to the same level as bolus FGF2 up to day 4 (Fig. 16). Since the
release profile indicates that only 13% of the loaded FGF2 was released during the first 4 days
(Fig. 17a), it can be deduced that [PEAD:heparin:FGF2] is able to prolong the activity of FGF2
compared to the bolus form. The neurite outgrowth study using PC-12 cells further supports this
conclusion, showing a substantial increase in average neurite length after 7 days for cells
cultured in [PEAD:heparin:NGF] compared to all other groups. The average neurite length for
the bolus and [heparin:NGF] groups at day 7 were shorter than those of day 4, indicating that
the bioactivity of bolus NGF and [heparin:NGF] could not be sustained over a long period of
time.

There are a few possible non-exclusive mechanisms to explain the enhanced bioactivity
of NGF by [PEAD:heparin]: (i) [PEAD:heparin] complex incorporates the growth factors in a
coacervate and shields them from proteolytic degradation, thereby extending the half life of the
growth factor. (ii) The binding of the growth factors to [PEAD:heparin] complex concentrates the
growth factors and consequently more growth factors are simultaneously presented to the target
cells. (iif) Compared to bolus growth factor or heparin-bound growth factor alone,
[PEAD:heparin]-bound growth factor allows for release in a temporally and spatially controlled
manner.

[PEAD:heparin] complex also exhibited the ability to release growth factors in a steady
fashion (Fig. 15). Furthermore, PEAD has several specific features that enhance its usefulness
in growth factor delivery: (i) Because of its high biocompatibility and the high affinity between
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heparin and many growth factors, it is possible to deliver greater amounts of heparin-binding
growth factors if clinically necessary. (ii) The charge density of PEAD can be adjusted easily by
changing the molar ratio of arginine used in conjugation. It is highly possible that the charge
density would affect the interaction between PEAD and heparin and therefore alter the release
kinetics of growth factors. This will be investigated more thoroughly in future experiments. (iii)
The assembly of PEAD, heparin and growth factors is performed in an aqueous solution, thus
the bioactivity of the growth factor is better maintained than approaches that require organic
solvents. (iv) [PEAD:heparin:growth factors] are injectable suspensions allowing for minimally

invasive administration.

3.25 Summary

This study investigates a new growth factor delivery vehicle formed by self assembly of a
polycation and heparin. The association of growth factors, native heparin, and PEAD in an
agueous buffer is expected to maximize the interactions between heparin and the growth
factors. We have demonstrated that [PEAD:heparin] complex can load heparin-binding growth
factors with high efficiency, control their release in a steady manner and maintain or enhance
their bioactivity. Furthermore, the polycation is easily synthesized and cost effective compared
to existing delivery strategies which utilize the entire heparin-binding domain. The results

suggest that this delivery vehicle warrants extensive further investigations.
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4.0 THERAPEUTIC ANGIOGENESIS VIA FGF2 COACERVATE

Therapeutic angiogenesis via growth factor delivery has potential in treatment of many
human diseases, especially cardiovascular-related. However, due to the insufficient bioactivity
of the delivered factors, the nascent blood vessels usually do not have enough stability and
regress over time. Here, the ability of [PEAD:heparin] coacervates to deliver an angiogenic

factor was examined in two in vivo models.
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4.1 INVIVO ANGIOGENIC ACTIVITY OF FGF2 COACERVATE

FGF2, a potent angiogenic factor, has the ability to induce the proliferation of endothelial
cells, similar to vascular endothelial growth factor. In addition, FGF2 has ability to stimulate
mural cells to associate and stabilize the endothelial tubes. We anticipate that if the bioactivity of
FGF2 is well preserved, mature blood vessels will be generated even at low dosage of applied
FGF2. In a rodent model, FGF2 containing coacervate was subcutaneously injected and long
term angiogenesis was monitored. For comparison, the hemoglobin concentration at the
injection site was measured. The expression of associated markers was evaluated to determine
the maturity of neovasculature. It was expected that the [PEAD:heparin] coacervate can

effectively enhance the bioactivity of FGF2.

411 Introduction

Angiogenesis is a physiological process involving the formation of nascent vasculature
from existing blood vessels. The complex interactions between endothelial cells and mural cells

including vascular smooth muscle cells and pericytes are highly coordinated by various signals
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[131,132]. Therapeutic angiogenesis is promising in treating many human diseases especially
coronary and peripheral ischemia [133,134]. Among various approaches to therapeutic
angiogenesis, delivery of growth factors is the most simple and direct because it doesn’t need
viral vectors in gene therapy or cells in cell therapy. Direct injection of free growth factors failed
to demonstrate efficacy in clinical trials [135]. Therefore, appropriate controlled delivery strategy
for growth factor is highly desirable and extensively studied. However, loading capacity and long
term efficacy still present significant challenges to growth factor delivery.

In the human body, most secretory growth factors are associated with extracellular
matrix usually through interactions with glycosaminoglycans. Glycosaminoglycans are
negatively charged linear polysaccharides that can have different composition, function and
distribution in the body [136]. Together with other extracellular matrix molecules,
glycosaminoglycans provide a substratum for cell attachment [137]. Furthermore, their
interaction with growth factors is critical in many biological processes such as development
[138,139] and cancer progression [140,141]. Heparin and heparan sulfate are well studied
glycosaminoglycans for their high affinity to a variety of growth factors including heparin-binding
epidermal growth factor (HB-EGF), fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF) families [142]. Heparin can modulate the conformation of the growth
factors [143,144], protect them from proteolytic cleavage [145] and potentiate their bioactivity
[146]. Incorporation of heparin in a delivery vehicle is therefore a promising approach to
preserve the bioactivity of the delivered growth factors [147,148].

The FGF family is well known for its high affinity to heparin which modulates the
interaction between FGFs and their receptors. As revealed by the crystal structure, the heavily
anionic heparin brings the cationic sequences on FGF and its receptor closely together and
stabilizes the ternary complex largely through polyvalent ionic interactions [149]. In order to
mimic the interactions between these three components, a synthetic polycation substituted the
heparin-binding sequence of the FGF receptor and form a ternary complex containing the
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polycation, heparin and FGF. We designed a polycation, poly(ethylene argininylaspartate
diglyceride) (PEAD) with excellent biocompatibility to conjugate heparin and a potent angiogenic
factor, FGF2 [150,151]. The complex of heparin and FGF2 is soluble in water and not
amenable to controlled local delivery. The addition of PEAD neutralized the excess negative
charge of heparin and immediately induced the formation of [PEAD:heparin:FGF2] coacervates.
This anchors FGF2 and enabled its controlled release. Charge interaction between PEAD and
heparin was utilized instead of covalent modification of heparin in an effort to minimize the
perturbation of the functions of heparin. As a result, FGF2 released from the coacervate induced
much more potent angiogenic responses than free FGF2 in mice: mural cell participation

significantly increases and the neo-vasculature is mature and persists to at least 4 weeks.

4.1.2 Experimental section

Synthesis of PEAD

PEAD was synthesized in two steps: (1) Ethylene glycol diglycidyl ether and t-BOC
protected aspartic acid were polymerized through a polycondensation reaction in 1,4-dioxane
under the catalysis of tetra-n-butylammonium bromide. The t-BOC protective group was
removed by stirring in 1:4 trifluoroacetic acid (TFA):dichloromethane to yield the intermediate,
poly(ethylene aspartate glyceride). (2) Conjugation of t-BOC arginine to poly(ethylene aspartate
glyceride) was performed by a standard dicyclohexylcarbodiimide/N-hydroxysuccinimide

coupling reaction in dimethylforamide followed by the removal of t-BOC with TFA to obtain
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PEAD. The chemical structure was characterized using an UltraShield Plus 600 NMR (Bruker

BioSpin) and a Nicolet iS10 spectrometer (Thermo Fisher Scientific).

Delivery vehicle preparation and scanning electron microscopy

For preparation of the delivery vehicle, PEAD dissolved in deionized water was mixed
with heparin solution under constant stirring and the solution immediately became cloudy as the
delivery vehicle (empty coacervate) formed. The complex was dropped on an aluminum stub,
lyophilized, sputtered with gold, and the morphology was examined by a Jeol 6335 field

emission gun SEM (Jeol).

Analysis of FGF2 loading efficiency by Western blotting

PEAD and heparin were each dissolved in normal saline (0.9 % NaCl,q) to obtain 10
mg/ml solutions. For preparation of the coacervate, 100, 500 ng or 1,000 ng of FGF2
(PeproTech) was first mixed with 10 pl of the heparin solution and then 50 ul of the PEAD
solution. The coacervate was equilibrated at room temperature for 15 min followed by
centrifugation at 12,100g for 10 min. The supernatant and the pellet were mixed with the
common sample buffer and denatured at 95°C for 5 min. 15 % of sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was utilized for separation followed by protein
blotting on a polyvinylidene fluoride (PVDF) membrane. A rabbit anti-human FGF2 polyclonal
antibody (PeproTech) was applied for recognition followed by a secondary horse peroxidase
conjugated anti-rabbit IgG antibody (Sigma). The intensity of the individual band was

determined by NIH ImageJ software and compared with that of the FGF2 loading solution.
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Protection from proteolysis by the coacervate

Trypsin digestion of FGF2 was evaluated as previously described [152]. Briefly, FGF2
(100 ng) alone, heparin-bound FGF2 (100 ug of heparin and 100 ng of FGF2) or the coacervate
(500 pg of PEAD, 100 ug of heparin and 100 ng of FGF2) was incubated with 2 ug of trypsin at
37°C for 30 min or 2 h. The digested solution was mixed with the sample buffer and denatured
at 95°C for 5 min. Following the identical method, western blotting was utilized to examine the

amount of intact FGF2.

Bioactivity of FGF2 in fibrin gel

The fibrin gel (400 pl) was formed by mixing fibrinogen (4 mg/ml) solution with either 500
ng free FGF2 or the coacervate containing 50 ug PEAD, 10 ug heparin and 500 ng of FGF2,
and thrombin in the basal medium. The gel was incubated at 37°C for 30 min and overlaid with
600 pl basal medium. After 24 h incubation, FGF2 in the medium was precipitated by addition of
trichloroacetic acid (TCA) and centrifuged at 12,1009 for 10 min. Ice-cold acetone was utilized
to wash out residual TCA. The pellets were dissolved in sample buffer for SDS-PAGE and
western blotting.

Endothelial tube formation was investigated at three FGF2 dosing levels (50, 250, and
500 ng/ml) using fibrin gel assay as described above. HUVECs (Lonza) were maintained in
EGM-2 basal medium supplemented with growth factors according to the supplier’s instruction.
The experimental procedures of tube formation followed a published protocol (19). Briefly, 8x10*
cells (passage 7) were mixed with fibrinogen solution containing FGF2 (50, 250 or 500 ng) or
the same amount of FGF2 in the coacervate. After addition of thrombin, the whole solution was
gelled at 37°C for 30 min. The gel was last overlaid with 600 pl of the basal medium to provide
the basic nutrient. After incubation for 3 days, the phase contrast images were taken by a

microscope.
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Chemotaxis of pericytes induced by coacervate

Human pericytes were isolated following the established method [153]. For the
chemotaxis experiment, 1.0x10* pericytes (passage 7) were added in Transwell® inserts (pore
size of 8 um) and placed in a 24-well plate containing blank solution, delivery vehicle, 100 ng of
FGF2 or the coacervate having 100 ng of FGF2. After incubation for 12 h, nonmigrating cells
were removed with cotton swabs and migrating cells were stained by Quant-iT™ PicoGreen®

(Invitrogen). The fluorescent images were taken by an inverted microscope Eclipse Ti (Nikon).

Animal care and subcutaneous injection

Male Balb/cJ mice (Jackson Laboratory) with an average age of 6-7 weeks were used
and cared for in compliance with a protocol approved by the Institutional Animal Care and Use
Committee of the University of Pittsburgh. Under isoflurane anesthesia, 65 pl of saline, delivery
vehicle (500 ug of PEAD and 100 ug of heparin), free FGF2 (500 ng of FGF2) or the coacervate
(500 pg of PEAD, 100 ug of heparin and 500 ng of FGF2) was subcutaneously injected in the
left back of the mice through a 31G insulin needle. The right back which did not receive injection

served as the contralateral control. All groups contained 4 to 8 mice.

Hemoglobin quantification

The animals were sacrificed at post-injection week 1, 2 and 4. The subcutaneous tissue
having a dimension of 1.5 cm x 1.5 cm was harvested at the injection site and the contralateral
site. The hemoglobin in the harvested tissue was extracted by addition of in 500 pl of the
hemolysis buffer containing 17 mM of Tris-HCI (pH 7.4) and 0.75 wt% ammonium chloride and
incubation for 24 h. The absorbance at 410 nm corresponding to the hemoglobin Soret band
was recorded by a SynergyMX plate reader (Biotek) [154]. All values were normalized to that of

the saline injection.
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Immunofluorescent staining

The harvested subcutaneous tissue was embedded and frozen in Tissue-Tek OCT
compound (Sakura Finetek USA). Sections of 5 um thickness were cut with a cryo-microtome
and stored at -80°C. For CD31 staining, a rat anti-mouse CD31 monoclonal antibody (BD
Biosciences) was applied first followed by a Cy3-conjugated anti-rat IgG antibody (Invitrogen).
For a-SMA staining, a FITC-conjugated anti-a-SMA monoclonal antibody (Sigma) was utilized
according to the provided instruction. For PDGFR-f staining, a goat anti-mouse PDGFR-f3
polyclonal antibody (R&D Systems) was applied first followed by an Alexa Fluor 488-conjugated
anti-goat IgG antibody (Invitrogen). For VWF staining, a FITC-conjugated anti-VWF antibody
(US Biological) was used. For desmin staining, a rabbit anti-desmin polyclonal antibody (sigma)
was applied first followed by an Alexa Fluor 594-conjugated anti-rabbit IgG antibody
(Invitrogen). For calponin staining, a rabbit anti-mouse calponin-1 monoclonal antibody
(Millipore) was applied first followed by an Alexa Fluor 594-conjugated anti-rabbit IgG antibody.
All slides were last counterstained with DAPI (Invitrogen). The fluorescent images were taken

using a Fluoview 500 Confocal microscope (Olympus).

Quantitative analysis of immunofluorescent staining

For quantification of CD31- or a-SMA-paositive cells, six low magnification (200X) fields
containing the highest number of CD31- or a-SMA-positive cells were selected for each group
following a previously published criteria [155]. The number of CD31- or a-SMA-positive cells in
the field were counted and confirmed by DAPI-positive nuclei. The value was divided by the
area of the tissue and normalized to that of the saline group. For comparison of the number and
the size of blood vessels, CD31-positive blood vessels in three low magnification (200X) fields
of the free FGF2 or the coacervate group were determined and measured by NIS-Elements

software (Nikon).
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Statistical analysis

Student’s t-test was used for pair comparison between the coacervate and free FGF2 for
the chemotaxis experiment or free FGF2 for the in vivo experiment. ANOVA followed by post-
hoc Bonferroni test was utilized to compare the number of CD31- and a-SMA-positive cells
between all conditions. Data is presented as mean + standard deviations. *p value < 0.05; **p

value < 0.01.

41.3 Results

Interactions between PEAD, heparin and FGF2

This research used poly(ethylene argininylaspartate diglyceride) (PEAD) that consists of
aspartic acid, arginine and diglyceride moieties. The amino and guanidine groups were
positively charged under physiological conditions and enable PEAD to interact strongly with
heparin, the most negatively-charged glycosaminoglycan. This charge interaction was employed
to load heparin-binding growth factors into the delivery vehicle. PEAD lowered the solubility of
[heparin:FGF2] complex in water by forming a coacervate through charge interactions (Fig. 18).
[PEAD:heparin:FGF2] coacervates aggregated over time and settled at the bottom of the vessel
as an oil droplet after 24 h of standing. The droplet was easily resuspended by agitation, which

returns the solution to the turbid state. Scanning electron microscopy revealed that the
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morphology of the [PEAD:heparin:FGF2] mainly consists of globular domains that can fuse with

each other to form strands (Fig. 19).

e, W 1 -
Heparin [PEAD:Heparin:FGF2]
Figure 18. The three components dissolve well in water individually as represented here by
heparin. Adding FGF2 induces no apparent changes in solubility. Upon addition of PEAD, the
solution turns cloudy. Charge neutralization between the polycation and heparin forms the
[PEAD:heparin:FGF2] coacervate which is insoluble in the aqueous solution, enabling local

delivery of FGF2. Upon standing for 24 h, the coacervate aggregates to the bottom of the tube.

Figure 19. SEM micrograph revealed that [PEAD:heparin:FGF2] mainly consisted of globular
domains that fuse together. The globular nature of the coacervate is more distinguishable at

higher magnification. Scale bars: 10 ym (low magnification) and 1 ym (high magnification).
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An effective delivery vehicle should have high loading efficiency in addition to controlled
release of the cargo. We tested the loading efficiency of the delivery vehicle by western blot.
Following the centrifugation of the coacervate, the amount of FGF2 in the supernatant and the
coacervate were compared to the amount in the original loading solution. Comparison of the
band intensity of western blot using NIH ImageJ found no FGF2 in the supernatant.
Furthermore, the amount of FGF2 in the coacervate when 100, 500, and 1,000 ng of FGF2 was
used (Fig. 20) is statistically the same as the loading solution suggesting nearly 100% loading
efficiency. We expect the loading efficiency will also be near 100% for higher amount of growth
factors because of the large excess of heparin relative to growth factor. We ended the test at

1,000 ng because the subsequent in vivo examination used only 500 ng FGF2.

100ng : 500ng : 1000 ng
S CLiS CL S CL

— e | e — - —— g

Figure 20. The loading efficiency is >95% for FGF2 (500 ug PEAD, 100 ug heparin, FGF2
range tested: 100 - 1000 ng). Western blot demonstrated that the intensity of the coacervate
and the loading solution is the same. S: FGF2 in the supernatant after centrifugation. C: FGF2

in the settled coacervates. L: total amount of FGF2 in the loading solution.

Most free growth factors degrade quickly in vivo; therefore bolus injection has very low
efficacy. Because heparin can protect growth factors from proteolytic cleavage, we examined if
heparin in the coacervate retains its protective capability. When treated with a broad spectrum
protease, trypsin, all free FGF2 was degraded within 0.5 h (Fig. 21, column I). On the other

hand, heparin protected FGF2 from trypsin digestion (Fig. 21, column Il) and so did the
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coacervate (Fig. 20, column Ill). An average of 86.1% of FGF2 was present in the coacervate 2

h after trypsin treatment demonstrating that heparin retained its protective effect.

0 05 205 2 05 2h

V) : (I I (1
Figure 21. Protection from proteolysis by the coacervate. FGF2 and trypsin (mass ratio 1:200)
was incubated for 30 min or 2 h at 37°C. The results indicated that free FGF2 (I) was completely
degraded within 0.5 h. On the other hand, heparin (Il) and the coacervate (lll) protected FGF2

from degradation for at least 2h.

In order to examine the ability of the coacervate to localize FGF2 in the tissue, we used
fibrin gel to mimic the in vivo environment. The gel was overlaid with medium and the amount of
FGF2 in the medium was determined after 24 h by western blotting. A significantly lower amount
of FGF2 was detected in the medium of the coacervate group indicating that the coacervate can
effectively localize FGF2 (Fig. 22). To investigate potential endothelial response to FGF2
released from the coacervate, human umbilical vein endothelial cells (HUVECS) were
embedded in the fibrin gel as previously described [156]. Different concentrations of FGF2 were
tested for their ability to induce tube formation. After three days, free FGF2 did not induce tube
formation at any concentration (Fig 23). Most cells were round with a few spread-out cells
scattered throughout the gel. On the other hand, HUVECSs in the coacervate groups formed a
clearly visible network of nascent endothelial tubes at 250 and 500 FGF2 ng/ml FGF2. This
indicated that the FGF2 coacervate may induce more potent localized angiogenesis in vivo than

free FGF2.
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Figure 22. The coacervate localized FGF2 release in fibrin gel. Fibrin gels were prepared with
free FGF2 or FGF2-containing coacervate. The amount of FGF2 in the medium was determined
by western blot. Less FGF2 was present in the medium of the coacervate group suggesting that

FGF2 was localized better in the fibrin gel than the free FGF2 group.

50 ng/ml 250 ng/ml 500 ng/ml

Free
FGF2

Figure 23. Endothelial tube formation in fibrin gels. HUVECs mixed with free FGF2 (50, 250 or

FGF2
coacervate

500 ng/ml) or the same amount of FGF2 in the coacervate were encapsulated in the fibrin gel.
After incubation of 3 days, the coacervate induced extensive tube network formation at 250 and
500 ng/ml of FGF2. On the contrary, FGF2 alone induced sparse tube formation at all growth

factor concentrations. Scale bar: 100 pm.
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The bioactivity of FGF2 was further examined by using mural cells that are important in
the stabilization of blood vessels. Pericytes are actively involved in early angiogenesis, and their
recruitment is critical to stabilize the newly formed vessels. Chemotaxis assays using pericytes
revealed that both free FGF2 and the coacervate had higher chemotactic activities than the
control groups which were basal medium and the delivery vehicle. More importantly, pair-wise
comparison between the coacervate and free FGF2 yielded a p-value lower than 0.05 revealing

a higher chemotactic activity of FGF2 released from the coacervate (Fig. 24).

Figure 24. Chemotaxis of pericytes by the coacervate. After incubation for 12 h, migrated
pericytes were stained by PicoGreen. Quantitative comparison suggested that the coacervate
induced significantly higher extent of chemotaxis than free FGF2 (254+44 vs. 108+14 per mm?,

p<0.05, Student’s t-test). Scale bar: 100 pm.

[PEAD:Heparin:FGF2] promotes more potent angiogenesis than free FGF2

In order to examine the in vivo efficacy of the coacervate, the coacervate containing 500
ng of FGF2 was injected subcutaneously in the back of male BALB/cJ mice and compared its
angiogenic capability to that of saline, delivery vehicle and 500 ng of free FGF2 respectively

(Fig. 25). Macroscopic observation of the coacervate group revealed extensive formation of
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blood vessels at the injection site whereas the contralateral site showed no difference from
normal tissue (Fig. 26). Hematoxylin and eosin staining revealed that the gross appearance of
the saline and delivery vehicle groups are indistinguishable suggesting the delivery vehicle itself
had no angiogenic effect (Fig. 27). Free FGF2 induced aggregation of nucleated cells, but few
blood vessels were identified. On the contrary, the coacervate showed significant blood vessel
formation with closed circles of nucleated cells surrounded by muscle bundles (arrow). The
lumen of vessel was filled with red cells further supporting the function of the nascent blood

vessels.

Injection site

N

Contralateral site

Figure 25. Subcutaneous injection of FGF2 coacervate
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Injection site Contralateral site

Figure 26. Macroscopic observation of subcutaneous tissue showed that the coacervate clearly
induced new blood vessel formation at the injection site (2-week pictures from the same

mouse).

Saline ' [PEADheparinj

Free FGF2 FGF2 coacervate

Fig 27. Hematoxylin and eosin staining of subcutaneous tissues after 4 weeks. For the saline,

delivery vehicle and free FGF2 groups, there were no clear growth of vasculature in the
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subcutaneous region. The coacervate group, on the contrary, revealed the feature of blood
vessel which had a closed inner layer of nucleated cells surrounded by smooth muscle bundles

(arrow). Scale bar: 50 pym.

As an indirect measure of blood vessel density, the amount of hemoglobin in the tissue
at the injection site at 1, 2, and 4 week post-injection was quantified using a previously
published method [157]. All the groups had no significant difference at week 1. The coacervate
group had higher amounts of hemoglobin than any other groups at week 2 and 4 (Fig. 28). On
the other hand, bolus injection of free FGF2 showed no statistical difference in hemoglobin
content from saline and delivery vehicle groups at any time point. After 4 weeks, the coacervate
group still exhibited a significantly higher amount of hemoglobin than all control groups
suggesting the long term stability of the newly formed blood vessels and the bioactivity of FGF2
released from the coacervate. The ratio of hemoglobin at the injection and contralateral site
revealed that angiogenic responses were spatially controlled for the coacervate whereas the
free FGF2 group showed no difference (Fig. 29). This correlated well with the macroscopic
observation that the angiogenic activity of the coacervate was localized at the injection site. For
the free FGF2 group, the ratio was close to 1 at every time point and was significantly lower
than that of the coacervate after 2 weeks. This combined with the insignificant change of
hemoglobin from saline control suggested that bolus injection of 500 ng FGF2 had little
angiogenic potency. Overall, the histological examination demonstrated the high efficacy of the
coacervate in promoting angiogenesis and the spatial control of FGF2 release from the

coacervate.
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Fig 28. Hemoglobin quantification compared the extent of angiogenesis between different
groups. The result suggested that the coacervate group had a higher amount of hemoglobin 2
weeks post-injection whereas free FGF2 did not have statistical difference between the saline
and delivery vehicle groups. This difference lasted at least for 4 weeks. (meant s.d., n=4-8 for
each condition) Normalized to the saline group. One-way ANOVA followed by Bonferroni

correction was applied for multiple comparisons. *p<0.05, ** p<0.01.
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Figure 29. The ratio of hemoglobin at the injection sites and the contralateral sites. For the

coacervate, the ratio was significantly higher than that of the free FGF2 group. The result

78



explained that FGF2 was well localized at the injection site by the delivery vehicle. Student’s t-

test was used as a statistical tool. *p<0.05, ** p<0.01.

[PEAD:Heparin:FGF2] stimulates proliferation of endothelial and mural cells

The more potent angiogenesis induced by the coacervate warranted further study on the
effects of the released FGF2 on cell functions. Two specific markers closely associated with
angiogenesis was utilized: CD31 for endothelial cells and a-smooth muscle actin (a-SMA) for
mural cells (pericytes or smooth muscle cells). Both the coacervate and free FGF2 promoted
more endothelial cells (CD31-positive) than saline and the delivery vehicle qualitatively 1 week
post-injection, (Fig. 30). This was attributed to the proliferation of endothelial cells stimulated by
FGF2. On the other hand, only a small number of mural cells (a-SMA-positive) were present in
all groups. After 2 weeks, higher number of endothelial cells can still be found at the presence of
the coacervate and free FGF2. However, the coacervate also induced a significant amount of
mural cells. More importantly, the blood vessels in the coacervate group were well organized
into circles of endothelial cells surrounded by mural cells. This difference was even more
pronounced after 4 weeks. Compared to the coacervate, the other three groups were similar in
that most endothelial cells lacked support by mural cells. Higher magnifications of the vessels in
the coacervate group showed distinctive structure of blood vessels with aligned endothelial cells

closely associated and sounded by mural cells (Fig. 31).
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Saline [PEAD:heparin] Free FGF2 FGFZ2 coacervate
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Figure 30. Representative confocal micrographs showed the distribution of blood-vessel
associated markers CD31 (endothelial cell, red) and a-SMA (mural cell, green) of each group at
three time points. Both the free and coacervate FGF2 groups revealed a higher quantity of
endothelial cells than saline control after 1 week, but only the coacervate induced an increase of
a-SMA expression after 2 weeks. The circular vessel-like structures were observed in the field.
After 4 weeks, more endothelial and mural cells were present in the coacervate group

demonstrating the long term efficacy of the FGF2 coacervate. Scale bar: 50 ym.
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Figure 31. High magnification revealed the maturation of the blood vessels induced by the

coacervate. The endothelial tubes were clearly surrounded by mural cells. Scale bar: 50 pm.

Quantification of the endothelial and mural cells was consistent with higher angiogenic
potency of the coacervate. Six low magnification (200x) fields for each group were chosen to
guantify the number of endothelial and mural cells. The result suggested that the coacervate
increased the number of endothelial cells by 120%, 95% and 47% relative to that of the saline,
delivery vehicle and free FGF2 (Fig. 32). All the comparisons were statistically significant with p
values lower than 0.01 supporting the coacervate induced more proliferation of endothelial cells.
The free FGF2 group had more CD31-positive cells than the saline group (p<0.01); whereas the
delivery vehicle group showed no difference from the saline group (p=0.81) revealing that the
delivery vehicle itself had little effect to the proliferation of endothelial cells. More striking
difference was the number of mural cells. Significant amount of mural cells were observed in the
coacervate group. The quantification of mural cells demonstrated that the coacervate group was
6.71, 3.39 and 2.02 folds higher than that of the saline, delivery vehicle and free FGF2 groups
respectively (p< 0.01 for all comparison). Again, the free FGF2 group induced more mural cells

than saline (p<0.05), but the delivery vehicle had no difference from saline (p=0.89).
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Figure 32. Comparison of CD31 and a-SMA expression in the 4 injected groups. The number of
endothelial cells in the coacervate group was higher than those of the control groups by 47% to
120%. More significantly, the number of mural cells in the coacervate group was 2.02 folds of
that in the free FGF2 group. One-way ANOVA followed by Bonferroni correction, *p<0.05;

*P<0.01.

Furthermore, the number and the size of the blood vessels in free FGF2 and coacervate
groups was compared by counting CD31-positive blood vessels and measuring their area
according to a previously published procedure [158]. The average number of blood vessels in
the coacervate group was higher than that of the free FGF2 group (63.5+3.6 vs. 46.0+7.7 per
mm?, p<0.05) (Fig. 33). This is consistent with the above data that showed the coacervate group
induced more vascular cell proliferation and the injection site contains more hemoglobin (Figs.
28, 29). Comparison of the size of the blood vessels revealed that the coacervate group had
more blood vessels per mm? for all three size groups including <400 um? (34.1 vs. 28.6), 400-
1,000 pm? (20.6 vs. 15.9) and >1,000 um? (8.7 vs. 1.6). It is worth noting that blood vessels with
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areas lager than 1,000 um? all had abundant a-SMA expression and are likely arterioles and
venules. Collectively, the immunohistochemical analysis strongly supported higher angiogenic

potency of the FGF2 coacervate.

B Free FGF2 B FGF2 coacervate

40

Number of vessels

<400 400-1000 >1000
Area (umzj
Figure 33. Comparison of the number of blood vessels in a given size range between free and
coacervate FGF2 groups as previously described; the value represents the cumulative number
of all the slides examined (24). The coacervate induced more blood vessel formation than free
FGF2. Furthermore, the coacervate group contained more large vessels (>1,000um?, likely

associated with arterioles and venules).

[PEAD:Heparin:FGF2] coacervate promotes neovasculature maturation by recruiting

mural cells

The maturity of newly formed blood vessels is critical for their stability and function.
Thus, we studied the maturation of neovasculature induced by the coacervate from early to late

stages of angiogenesis. For the early angiogenic process, CD31 was co-stained with a pericyte
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specific marker, platelet derived growth factor receptor-p (PDGFR-B) [159]. The result observed
many CD31-positive endothelial cells clustered with PDGFR-B-positive cells in the coacervate
group 1 week post-injection (Fig. 34). On the contrary, no association of pericytes and
endothelial cells was observed in the free FGF2 group. This difference again demonstrated the

efficacy of the coacervate in maintaining the bioactivity of FGF2.

Free
FGF2

FGF2
coacervate

Figure 34. The co-localization of CD31-positive and PDGFR-B-positive cells suggested the
coacervate quickly recruited pericytes to interact with endothelial cells in the nascent vessels.

This phenomenon was absent in the free FGF2 group. Scale bar: 50 um.

For long term vessel maturity, the markers associated with vascular functions were
examined. Von Willebrand factor (VWF), an important protein involved in hemostasis was
stained to show the potential of the nascent blood vessels to participate in hemostasis. It was

found that the coacervate induced strong expression of VWF (Fig. 35). The overlap of CD31
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and VWF signals indicated that the nascent endothelial cells were functional. Desmin, a
component of intermediate filament expressed in mural cells is a widely used marker to study
perivascular structure. Desmin was observed to co-expresse in a-SMA-positive blood vessels
(Fig. 36). Additionally, a-SMA-negative but desmin-positive blood vessels were also found in the
field. This likely reflected the distribution of vessel sizes and the heterogeneity of pericytes
which had low a-SMA expression at capillary levels [160]. Calponin mediate contractile
responses of vascular smooth muscle cells; and we co-stained this important marker with a-
SMA to evaluate the functionality of nascent blood vessels. The result showed again that more
and larger blood vessels were induced by the coacervate than by free FGF2 (Fig. 37). Overall,
the results of immunohistochemical analysis demonstrated that more mature vasculature was
induced by the coacervate, which correlated well with the higher local hemoglobin concentration

at the injection site.

Free
FGF2

FGF2
Coacervate

Figure 35. Significant co-localization (green + red = yellow) of VWF- and CD31-positive cells
suggested that the endothelial cells in the nascent vessels can potentially participate in

hemostasis. Scale bar: 50 pm.
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Free
FGF2

FGF2
coacervate

Figure 36. Both a-SMA and desmin are markers for mural cells. Their expression pattern
revealed that larger vessels co-expressed these markers whereas smaller vessels were

dominated by the expression of desmin (arrows). Scale bar: 50 pm.
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Free
FGF2

FGF2
coacervate

Figure 37. Calponin, a calmodulin associated with vascular smooth muscle cells contraction,
was co-stained with a-SMA to examine the potential functionality of the new blood vessels. The
result indicated that the blood vessels in the coacervate group had abundant expression of
calponin. In addition, the blood vessels were much larger in the coacervate group than those in

the free FGF2 group. Scale bars: 50 ym.

41.4 Discussion

The goal is to develop an injectable platform that is easily administered even in a basic

clinic. Thus, a coacervate was formed by simple mixing of three water soluble components: a
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biocompatible polycation, heparin and a heparin-binding growth factor. The resultant coacervate
has very low viscosity and is injectable via a 31 G needle (outer diameter: 0.26 mm) or a
catheter. The loading efficiency of FGF2 is nearly 100% according to the results of both ELISA
and western blot [151]. The coacervate delivery platform is highly effective with a low dosage of
500 ng FGF2. In many test results reported here, there are insignificant differences between
free FGF2, saline, and the delivery vehicle. The 500 ng dosage is much lower than what is
commonly used in the literature. The injectability combined with high loading efficiency and
efficacy of the coacervate may enable new opportunities of growth factor treatment for certain
diseases such as cardiac infarct where only a small volume can be injected and wound must be
minimal.

Therapeutic angiogenesis via exogenous growth factors including FGF2, VEGF and
PDGF has been examined extensively to treat human ischemic diseases [161,162] that resulted
in huge progress in understanding of growth factor signaling and its interaction with the host.
However, there has yet to be a clear demonstration of clinical benefits [135]. Typically, the
treatment group showed improvement at the early stage but had no significant difference from
the placebos in long term observation [163]. This has been attributed to the lack of stability of
the nascent blood vessels. Current approach to solve this challenge is co-delivery of multiple
growth factors to boost the long term stability of the neovasculature [164,165]. Often, a growth
factor can stimulate a range of cells to accomplish physiological events such as embryonic
development, angiogenesis, vasculogenesis, and wound healing [166,167,168]. FGF2 binding
to FGF receptors dimerizes the receptors, activates their tyrosine kinases and triggers the
downstream signaling pathways [169]. For endothelial cells, FGF2 is a potent mediator that can
promote their proliferation, migration, differentiation and stimulate the expression of VEGF to
initiate angiogenesis [170]. In addition, FGF2 can recruit pericytes to newly formed blood
vessels [171] and promote the survival and proliferation of vascular smooth muscle cells [172].
Both pericytes and smooth muscle cells substantially enhance the stability of the
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neovasculature. Consequently, mature vasculature is achievable if the bioactivity of FGF2 is
well maintained. The challenge is that the delivery system must maintain the bioactivity of the
growth factors and release them with appropriate spatiotemporal control. By designing the
delivery system de novo, we developed a coacervate that maintained the bioactivity of FGF2
well and enabled formation of mature vasculature with the controlled release of a single growth

factor.

4.1.5 Summary

The current study evaluates the angiogenic activity of a heparin-based coacervate using
a rodent model. Only one injection of the coacervate is required for sustained angiogenesis.
Furthermore, the blood vessels formed are mature and stable to at least 4 weeks. The FGF2
coacervate has a much higher angiogenic efficacy than free FGF2. Further investigations
include the effectiveness of this platform in ischemic animal models and in vivo imaging of the
blood vessels to monitor flow and potential vasoresponsiveness. Because the polyvalent charge
interaction is critical to the formation and stability of the coacervate, we expect efficient control
of growth factor release by tailoring charges and size of PEAD as we demonstrated in a related
polycation [96]. It is expected this new delivery platform will be useful in the controlled release of

many heparin-binding growth factors that control important biological functions.
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4.2 POST-MYOCARDIAL INFARCTION ANGIOGENESIS BY FGF2 COACERVATE

As demonstrated in the previous section, [PEAD:heparin] coacervate enhances
angiogenic activity of FGF2 and induces neovasculature with substantial maturity. The results
are promising; however, healthy animals have normal physiological activities and do not reflect
the pathological environment. Consequently, | decided to investigate the utility of coacervate in
ischemic animals. | chose a mouse myocardial infarction model because it is well established
and widely adopted. It closely mimics human heart attack and can better verdict the usefulness

of this novel platform clinically.

42.1 Introduction

Myocardial infarction (MI) characterized by permanent blockage of coronary artery is the
leading cause of death in developed countries. Ml results in several physiological
consequences, including ischemia, inflammation, fibrosis and loss of cardiomyocytes, which
collectively compromise the contractile capability of heart. Ischemia is the most serious outcome

because without sufficient blood supply the remaining cardiomyocytes would dye and the
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overload would cause heart failure eventually. Consequently, promoting angiogenesis is
expected to be an effective treatment in protecting remaining cardiomyocytes. FGF2-containing
coacervate was applied in a disease model that mimics the human Ml (Fig. 38). Single injection
of saline, delivery vehicle (500 ug of PEAD and 100 ug of heparin), free FGF2 (500 ng of FGF2)
or FGF2 coacervate (500 ug of PEAD, 100 ug of heparin and 500 ng of FGF2) was compared to
evaluate the efficacy of the coacervate-delivered FGF2. Histological analysis included
hematoxylin and eosin staining for gross observation and Masson'’s trichrome staining for
fibrosis. Both staining provided valuable information about the area of infarction. Additionally,
CD31, a-SMA and VWEF staining were utilized to stain endothelial cells and mural cells to
determine the extent of angiogenesis. Functional recovery measured by echocardiography gave
a comprehensive evaluation to conclude the effectiveness of FGF2 coacervate in the ischemic

heart disease.

Figure. 38 Mouse acute MI model. Left anterior descending artery is ligated to induce
myocardial infarction in BALB/cJ mice. FGF2-containg coacervates or control solutions are

injected within 5 minutes.
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4.2.2 Experimental section

Acute myocardial infarction model

The surgical procedures utilized to induce Ml are briefly described below. 10-week-old
BALB/cJ mice were intubated with a catheter for mechanical ventilation with an anesthetic gas
mixture using a small animal ventilator. The left thoracic cavity was opened with an incision
through the fourth intercostal space. The ribs and overlying muscle were separated and
retracted with 5-0 silk sutures on each side of the incision. For creation of Ml injury in the
anterior wall of the left ventricle, the pericardium was cut to expose the heart, and the left
anterior descending coronary artery was permanently ligated with an 8-0 Prolene suture. Within
5 min, solution was injected with an insulin syringe equipped with a 30G needle into the center
of the infarct and in the peri-infarct region (Fig. 38). A successful injection into the myocardium
can be determined visually under a surgical microscope by the marked change in color (pink to
grey) and the formation of a gentle bump underneath the epicardium of the injection site. Once
the injection was complete, the chest was closed in three layers (rib-intercostal space, overlying
muscle, and skin) with 4-0 Vicryl absorbable sutures. Each mouse was observed post-operation
until it had recovered from the anesthesia before returning to the animal holding room.

After 6 weeks, each mouse was euthanized with a deep anesthesia of isoflurane
followed by tail vein injection of 1M KCI for diastolic arrest of the heart. It was important to arrest
the heart in diastole because the geometry of the left ventricle needs to be preserved to
accurately determine the area of the engraftment and dimensions of the LV for histological
assessment. The heart was harvested and frozen in liquid nitrogen for histological and

immunofluorescent examination.
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Echocardiography

Echocardiograms were utilized to assess LV dimensions and systolic function at 2 time
points (2 weeks and 6 weeks), as previously described [173]. Two-dimensional images were
obtained at the midpapillary muscle level. Left ventricular end-diastolic area (EDA) and end-
systolic area (ESA) were measured from short-axis images of the LV, and both LV end-diastolic
dimension (EDD) and end-systolic dimension (ESD) were measured from at least 6 consecutive
beats via M-mode tracing. To measure LV contractility, fractional area change (FAC) was

calculated as FAC(%) = [(EDA - ESA) / EDA] x 100.

Immunofluorescent staining

The harvested subcutaneous tissue was embedded and frozen in Tissue-Tek OCT
compound (Sakura Finetek USA). Sections of 8 um thickness were cut with a cryo-microtome
and stored at -80°C. For CD31 staining, a rat anti-mouse CD31 monoclonal antibody (BD
Biosciences) was applied first followed by a Cy3-conjugated anti-rat IgG antibody (Invitrogen).
For a-SMA staining, a FITC-conjugated anti-a-SMA monoclonal antibody (Sigma) was utilized
according to the provided instruction. For VWF staining, a FITC-conjugated anti-VWF antibody
(US Biological) was used. All slides were last counterstained with DAPI (Invitrogen). The

fluorescent images were taken using a Fluoview 500 confocal microscope (Olympus).
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423 Results and discussion

FGF2 coacervate preserved ventricular function revealed by echocardiography

Our prior study (section 3.1) indicated that 500 ng of FGF2 delivered by [PEAD:heparin]
induced significant angiogenesis and generated mature vessels. To examine its effect in
ischemic heart diseases, identical amount of FGF2 coacervate was applied in an acute
myocardial infarction model. In this model, the left anterior artery was ligated to create infarction
followed by intramyocardial injection of FGF2 coacervate (n=6). The controls were saline (n=7),
delivery vehicle (n=5) and free FGF2 (n=7). After 2 weeks, echocardiographic assessment
observed the highest mean EDA (17.8+2.0mm?) and ESA (12.5+1.6mm?) in the saline group
(Fig. 39). ANOVA-Tukey's HSD test showed that both values were significantly higher than
those of the healthy controls (baseline). It suggested successful induction of Ml leading to heart
dilation. Statistically lower FAC 29.5+4.2%) of the saline group also pointed out that the
contractile function was compromised. For the remaining groups, the FGF2 coacervate group
had a mean ESA (9.1+1.6mm?) and EDA (15.6+2.5mm?) values lower than those of the delivery
vehicle group (ESA 12.3+1.3mm? EDA 17.2+1.2mm?) and the free FGF2 group (ESA
12.8+1.9mm? EDA 19.2+1.7mm?). Furthermore, the FAC of the FGF2 coacervate group being
41.8+3.7% was higher than those of the delivery vehicle group (2864+3.2%) and the free FGF2
group (33.2+7.0%). Pairwise comparison of ESA, EDA and FAD between the free FGF2 and the
FGF2 coacervate groups all have p values lower than 0.01. Consequently, echocardiographic
assessment concluded that FGF2 coacervate preserved better left ventricular function that free

FGF2 2 weeks post-infarction.
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Figure 39. ESA and EDA data indicated that the left ventricle was not dilated in the coacervate

group at 2 weeks, whereas all 3 control groups showed dilation indicating the coacervate

delayed the onset of pathological remodeling. FAC data at 6 weeks indicated that heart
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contractility of the coacervate group was 50% and 88% higher than free FGF2 and saline
injection respectively. One-way within-subjects ANOVA followed by Tukey’s HSD test was
applied to compare individual treatment. ** indicated p value lower than 0.01 when FGF2

coacervate group was compared with all 3 control groups.

At 6 weeks, all experimental groups had significantly higher ESA and EDA and lower
FAC than the healthy controls showing infarct reduced left ventricular function as time
progresses. Among all experimental groups, the FGF2 coacervate group still had the lowest
ESA (13.1+2.1mm?) and EDA (19.8+1.4mm?) and the highest FAC (34.1+6.2%), consistent with
the result at 2 week; one-way within-subjects ANOVA followed by Tukey’s HSD test suggested
that these values were statistically different from those of the saline, delivery vehicle and free
FGF2 groups. It pointed out that FGF2 coacervate delayed heart dilation and preserved
contractile function. On the other hand, the free FGF2 group had no difference with the saline
and delivery vehicle groups. Consequently, the result of echocardiography concluded that 500
ng of free FGF2 did not show significant effects in infarcted hearts whereas FGF2 delivered by

the coacervate was effective enough to show benefit.

FGF2 coacervate preserved cardiac structure at early timepoint

The histological analysis compared individual group at tissue level. For saline injection,
hematoxylin and eosin staining showed that myocardial infarction seriously damaged the
structure of cardiac fibers (Fig. 40). Compared to tissue at the remote zone, significant
difference indicated that almost all cardiomyocyte fibers were lost in the infarct zone after 2
weeks. Actinin staining that recognized cardiomyocytes also indicated their loss caused by Ml
(Fig. 41). FGF2 coacervate, however, preserved certain cardiac structure in the infarct zone

while it was not seen in delivery vehicle and free FGF2 injection (Fig. 42); these included actinin
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staining further confirmed that infarction caused cardiomyocyte death at the infarct zone (Fig.

43). FGF2 coacervate was able to reduce cardiomyocyte death more effectively.

Infarct zone Border zone Remote zone

Figure 40. Hematoxylin and eosin staining revealed Ml caused cardiomyocyte loss. Scale bar:

100 um.
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Figure 41. Actinin staining (green color) that labeled cardiomyocytes showed cardiomyocyte

loss in the infarction and border zones. Scale bar: 50 pm.
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Infarct zone Border zone Remote zone

Figure 42. Hematoxylin and eosin staining indicated FGF2 coacervate group had thicker heart

[PEAD:heparin]

Free FGF2

FGF2 coacervate

wall compared to [PEAD:heparin] and free FGF2 groups. Scale bar: 100 um.
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[PEAD:heparin] Free FGF2 FGF2 coacervate
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Figure 43. Actinin staining pointed out that more viable cardiomyocytes existed in the infarct

zone for the FGF2 coacervate group. Scale bar: 50 pym.

FGF2 coacervate had long term effect to reduce fibrosis

Fibrosis is a result of pathological remodeling after myocardial infarction, in which fibrillar
collagen plays a major structural role. Excess fibrosis stiffens the heart wall and lowers
contractility. To evaluate the effect of FGF2 coacervate in fibrosis, Masson’s trichrome staining
was used to compare each group 6 weeks post-Ml (Fig. 44). The staining showed that all
experimental groups contained dense collagen fiber formation at the infarct zone along with
heart wall thinning (data not shown). No difference was observed between all groups. At the
border zone, nevertheless, the results revealed that the FGF2 coacervate group had less fibrotic

tissue than the saline, delivery vehicle and free FGF2 groups. Hematoxylin and eosin staining
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further confirmed that FGF2 coacervate preserved cardiac structure better at the border zone

(Fig. 45).

[PEAD:heparin]

Free FGF.,f’ y ‘ FGF2 coacervate

Figure 44. Masson’s trichrome staining suggested FGF2 coacervate group had less fibrosis in

the border zone compared to three control groups. Scale bar: 100 pm.
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[PEAD:heparin]

Figure 45. Hematoxylin and eosin staining showed that more cardiomyocytes were preserved in

the border zone for the FGF2 coacervate group. Scale bar: 100 um.

FGF2 coacervate promoted more blood vessel formation

When bioactivity is maintained, FGF2 promotes neovasculature formation and is
expected to reduce damage caused by ischemic condition. The extent of angiogenesis was
examined by staining of blood vessel-associated markers, VWF and CD31 for endothelial cells,
and a-SMA for mural cells (Fig. 46). For CD31 staining, the results showed that at the border
zone, more blood vessels were observed for the FGF2 coacervate group. Its co-localization with
VWF supported that these vessel were anatomically functional. Qualitatively, the number of
vessels was higher and the size was larger. Co-staining of a-SMA and CD31 revealed
vasculature at the anterior wall of the left ventricle. The result demonstrated that a-SMA and

CD31 double positive vessels were clearly observed in the FGF2 coacervate group but not the
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free FGF2 group (Fig. 47). It is possible that FGF2 coacervate preserved or protected larger
vessels whereas free FGF2 was not effective enough to show this effect. However, it was also
possible that these vessels grew from smaller vessels by stimulation of FGF2 coacervate. More

study be necessary to address this result.

CD31 Merge

Free
FGF2
FGF2
coacervate e

Figure 46. VWF (green color) and CD31 (red color) staining revealed FGF2 coacervate

promoted more angiogenesis in the border zone than free FGF2. Scale bar: 50 ym.
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Figure 47. a-SMA (green color) and CD31(red color) staining demonstrated FGF2 coacervate

perserved more angiogenesis at the anterior wall than free FGF2. Scale bar: 50 ym.

4.2.4  Summary

Successful angiogenesis can bring significance for infracted heart in which blood supply
is critical for survival of remaining cardiomyocytes. When FGF2 coacervate was injected in the
infract region, the effectiveness was demonstrated by delayed ventricular dilation and preserved
cardiac function. The better contractile function is likely due to angiogenic activity of FGF2
and/or its ability of cardioprotection. Future study focusing on tailoring the dosage of FGF2 will

be necessary to further evaluate the benefit of the coacervate in an ischemic heart.
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5.0 CONCLUSION

Maximizing the bioactivity and prolonging the activity are critical for the success of
growth factor therapy. A coacervate-based platform that mimics the binding between heparin,
FGF and FGFR has been demonstrated to effectively enhance the bioactivity of growth factors
and achieve promising outcomes in animal studies. Since heparin has high affinity to a variety of
growth factors, this platform is expected to deliver different growth factors and has great utility in
regenerative medicine. To our best knowledge, this is the first coacervate-based platform
applied in controlled release of growth factors. Future study on its utility in translational medicine
can include several directions:

Fundamentally, how [PEAD:heparin] coacervate enhances the bioactivity of heparin-
binding factors is not fully understood. According to prior research, the condensation of growth
factors by heparin enables more growth factors to interact with their receptors simultaneously.
This so called polyvalency can amply the downstream signaling and cause heparin-bound
growth factors to be more potent than free factors. It is possible that the interaction between
PEAD and heparin further condenses heparin-binding factors and consequently strengthens the
polyvalent effect. To test this hypothesis, soluble [PEAD:heparin:growth factor] complex has to
be isolated and its bioactivity has to be examined by in vitro or in vivo assays. In addition, it is
also possible that growth factors that bind to [PEAD:heparin] coacervate has distinct
conformation from the free or heparin-bound factors. Bioinformatics tools that model the

macromolecular interaction are able to provide some information from the structural aspect.
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For therapeutic angiogenesis, only one dose of FGF2 has been tested in both
subcutaneous and MI models. We would like to compare different dosage of FGF2 in order to
obtain the best outcome and also understand the therapeutic window of FGF2 coacervate.
Furthermore, the half-lives of FGF2 delivered by [PEAD:heparin] coacervate which are also
valuable information can be measured by biochemical or molecular biological methods. Lastly,
tissue repair and regeneration always involve several pathways. FGF2 can be co-delivered with
another heparin-binding factor that targets a different pathway, for example anti-inflammation or
stem cell recruitment. We would expect that the synergistic effect can contribute to functional

improvement significantly.
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