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Abstract

The occurrence of musculoskeletal tissue injury or disease and the subsequent functional
impairment is at an alarming rate. It continues to be one of the most challenging problems in the
human health care. Regenerative engineering offers a promising transdisciplinary strategy for
tissues regeneration based on the convergence of tissue engineering, advanced materials science,
stem cell science, developmental biology and clinical translation. Biomaterials are emerging as
extracellular-mimicking matrices designed to provide instructive cues to control cell behavior and
ultimately, be applied as therapies to regenerate damaged tissues. Biodegradable polymers
constitute an attractive class of biomaterials for the development of scaffolds due to their
flexibility in chemistry and the ability to be excreted or resorbed by the body. Herein, the focus
will be on biodegradable polyphosphazene-based blend systems. The synthetic flexibility of
polyphosphazene, combined with the unique inorganic backbone, has provided a springboard for
more research and subsequent development of numerous novel materials that are capable of
forming miscible blends with poly (lactide-co-glycolide) (PLAGA). Laurencin and co-workers has
demonstrated the exploitation of the synthetic flexibility of Polyphosphazene that will allow the
design of novel polymers, which can form miscible blends with PLAGA for biomedical
applications. These novel blends, due to their well-tuned biodegradability, and mechanical and
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biological properties coupled with the buffering capacity of the degradation products, constitute
ideal materials for regeneration of various musculoskeletal tissues.

Lay Summary—Regenerative engineering aims to regenerate complex tissues to address the
clinical challenge of organ damage. Tissue engineering has largely focused on the restoration and
repair of individual tissues and organs, but over the past 25 years, scientific, engineering, and
medical advances have led to the introduction of this new approach which involves the
regeneration of complex tissues and biological systems such as a knee or a whole limb. While a
number of excellent advanced biomaterials have been developed, the choice of biomaterials,
however, has increased over the past years to include polymers that can be designed with a range
of mechanical properties, degradation rates, and chemical functionality. The polyphosphazenes are
one good example. Their chemical versatility and hydrogen bonding capability encourages
blending with other biologically relevant polymers. The further development of Polyphosphazene-
based blends will present a wide spectrum of advanced biomaterials that can be used as scaffolds
for regenerative engineering and as well as other biomedical applications.
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Introduction

Regenerative engineering has been defined as the convergence of advanced materials
sciences, stem cell sciences, physics, developmental biology, and clinical translation for the
regeneration of complex tissues and organ systems.[1-3]. One of the most important aspects
involved in regenerative engineering is the way cells, especially stem cells; react when in
contact with biomaterials. Precisely, the use of biomaterials as a supportive template for
tissue development is vital to this approach.

In the list of existing biomaterials, biodegradable polymers is top and keeps attracting
attentions of many researchers due to their design flexibility in physical, and biological
properties to meet the complex requirements for the target applications [4-7]. It is possible to
confer specific hydrophilic/hydrophobic entities, biodegradable repeating units, or
multifunctional groups [8-10]. In tissue engineering applications, biodegradable polymers
such as poly(lactide), poly(glycolide), and their copolymers (PLAGA) are the most
commonly used [11-17]. However, the bulk erosion of these materials results in the
accumulation of acid in the region of implants. This acidic accumulation has been reported
to cause catastrophic failure of structural integrity, and adversely affect biocompatibility
both in vitro and in vivo [18-23]. It usually results in inflammatory responses and foreign
body reactions [24]. In addition, these acidic degradation products potentially diminish the
bioactivity of growth factors[25]. One encouraging way to bypass these limitations is to
blend PLAGA with other macromolecules that can buffer the acidic degradation products
with a controlled degradation rate [15, 18, 19, 22, 26-28]

Due to their unique buffering degradation products, biodegradable
poly(organophosphazenes) (PPHOS) have generated enormous interest and has proved to
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provide good candidate materials to achieve this objective [18, 29-31]. These are inorganic-
organic hybrid polymers with a backbone of alternating phosphorus and nitrogen atoms and
with each phosphorus atom bearing two organic side groups [4, 8, 10, 31-36]. Specific
characteristics are deliberately fashioned by introduction of controlled amounts of particular
organic side groups [37-39]. This has made available a wide array of polyphosphazenes with
diverse properties. Chemical and physical properties are largely dependent upon the type of
side groups attached to the polyphosphazene backbone. Incorporation of different side
groups can alter the degradation rate and mechanical properties of the polymer [4, 9, 28, 32,
39-41]. For example, amino acid ester side groups will instigate hydrolysis within the
polymer backbone [5, 9, 32, 40, 42] while there is a retardation of hydrolysis in the presence
of hydrophobic phenylphenoxy side groups [4, 8, 15, 19, 43]. Unlike the polyester family,
amino acid ethyl ester substituted polyphosphazenes undergo hydrolysis generating non-
toxic and buffering degradation products composed mainly of phosphate, ammonia, and
corresponding side groups [10, 23, 39, 44-47]. Therefore, the substitution of both amino acid
ester groups and hydrophobic groups into the polyphosphazene backbone provides a
tremendous influence on the required degradation pattern for a specific application [4, 7, 15,
18, 19, 26, 28, 32, 48, 49]. Furthermore, Laurencin and coworkers have demonstrated that
the mechanical properties of the PPHOS can be improved by substituting in bulkier side
groups such as phenylphenoxy into the backbone[10, 23, 28, 39, 41, 47, 50].

Despite polyphosphazenes having unique tunability through their side group chemistry,
occasionally this is not enough to meet properties requirements for specific biomedical
applications and thus polyphosphazene-based blends have also been explored as potential
biomaterials [12, 14, 15, 18, 19, 22, 23, 26, 28, 30, 37, 39, 41, 43, 48, 51]. Blending
technique is a very cost effective way of producing new polymeric materials with unique
properties and without having to go through the rigorous synthetic protocol. It involves the
synergistic combination of blend components which offers versatility in optimizing and
tailoring properties of the final products. For example, in the blend system of
polyetheretherketone/polyetherimide (PEEK/PEI) where PEEK is known for its excellent
mechanical properties but suffers from a poor modulus at temperature above its Tg (145C).
PEI On the contrary possesses higher Tg (215C) with lower chemical resistance and
mechanical properties than PEEK. Blending PEEK and PEI combines the complementary
properties of both polymers[52]. Generally, polymer blends can be divided into three types
depending on the free energy of mixing: (1) Immiscible polymer blends which are usually
made up of two phases and two glass transition temperatures due to the presence of two
polymers (2) compatible polymer blends which by physical observation have a single
uniform phase due to sufficiently strong interactions between the component polymers.
However, two different glass transition temperatures from the individual polymers are
observed (3) miscible blends; which have a single-phase structure with a single glass
transition temperature that correspond to the average of the two Tgs of the component
polymers. Depending on applications, properties of interest are found either in compatible or
miscible blends. Both of these blends exhibit a single phase due to strong interaction
between component polymers[53, 54]. Blending to obtain a compatible or miscible polymer
blend is a complex process that involves the act of mixing two high-molecular weight
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polymers with different interfacial energies. Therefore, there is need for strong molecular
interactions between the polymer chains to allow the fabrication of miscible polymer blends

Previous work has been successful in developing miscible PPHOS-PLAGA blends through
hydrogen bond interactions [18]. In Vitro and In Vivo studies on these miscible
polyphosphazene-based blends showed promising prospects as they were able to support cell
adhesion, and proliferation and show elevated phenotype expression compared to polyesters.
The pH profiles of the media in which these blends degraded were much higher than that of
the PLAGA's as the polyphosphazene degradation products were able to neutralize the acidic
degradation products from the PLAGA. However, majority of these blend systems do not
possess requisite mechanical properties needed for bone tissue engineering [5, 9, 18, 19, 23,
29, 39, 41, 43, 46, 47, 50, 55]. It is still a lingering issue to fabricate completely miscible
PPHOS-PLAGA blends with appropriate mechanical properties for bone tissue engineering
applications. For instance, mechanically endowed phenylphenoxy side group hinders
hydrogen bonding needed in forming miscible blends due to its steric bulk [56]. Work on the
development and optimization of biodegradable Polyphosphazenes with high strength and
hydrogen bonding ability is ongoing. The current work aims to develop dipeptide based
PPHOS-PLAGA blends with superior mechanical strength as PEEK and yet degradable.

In this article, we highlight the importance of polyphosphazene-based blends in regenerative
engineering, thereby providing fundamental insights into synthetic uniqueness of
polyphosphazene. Advances made so far on the development of these unique biomaterials
will be discussed with a focus on dipeptide-based Polyphosphazenes, and PPHOS-PLAGA
blend systems.

Synthesis of Polyphosphazene — Mechanisms of polymerization

Thermal ring opening polymerization-bulk phase

The most widely used route to poly(organo)phosphazenes is via the precursor
poly(dichlorophosphazene) (PDCP) developed by Allcock et al.[8, 34, 44, 57].
Polyphosphazenes are commonly synthesized via a two-step reaction process starting from
the commercially available cyclic trimer hexachlorocyclotriphosphazene (HCCTP). The first
step involves the synthesis of linear PDCP which can be achieved via the controlled thermal
ring opening polymerization of cyclic trimer at 250°C under vacuum [4, 10, 15, 21, 32, 37,
39, 40, 42, 44, 49, 56, 58-60]. This reaction is usually carried out under vacuum in a sealed
glass tube at high temperatures; typically 250 °C for several hours. Around this temperature,
chlorine atoms in HCCTP can be cleaved to give a cationic phosphazenium species which
initiates the ring opening of a second ring, thus propagating the polymerization (Fig. 1).
Efficient control of temperature is important for complete polymerization since Cl cleavage
is minimal at temperature far below 250°C [5, 10, 32, 39, 40, 44, 61]. Significant
crosslinking may occur when 250°C is exceeded [10]. Similar to conventional
polymerization reactions, the reaction temperature can be lowered to around 200°C by
addition of a Lewis acid catalyst, most commonly anhydrous AICIs. A solution state method
that makes use of trichlorobenzene as a solvent, at 214 °C, with CaSOg4:-2H,0 as a promoter
and HSO3 (NHZ2) as a catalyst has been reported [5, 8, 10, 40, 57, 62, 63]. Another route to
poly(dichlorophospazene) is by direct reaction of phosphorus pentachloride (PCls) and
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ammonium chloride. This method circumvent the use of the hexachlorophosphazene trimer,
however the sublimation of PClg can pose a problem at the high temperatures required for
the ring-opening [5, 8, 10, 40, 44, 57, 62].

Ring opening route exhibits high molecular weight and broad polydispersity due to the
uncontrollable Cl cleavage in HCCTP [5, 8, 10, 32, 37, 39, 40, 42, 44, 49, 57, 58, 61-66].
Uncontrollable branching is also common in this type of polymerization [10, 39, 67].

Living cationic polymerization

An alternative approach for the synthesis of macromolecular intermediate is by living
cationic polymerization of phosphoranimines at ambient temperature. This renders control
over the molecular weight of the PDCP and narrow polydispersities is usually obtained. The
reaction mechanism involves catalyzed condensation of monomer
trichloro(trimethylsilyl)phosphoranimine, (CH3)3Si-N=PCl3 with loss of (CH3)3SiCl (Fig. 2)
[10, 32, 40, 42, 61, 63]

Functionalization of the poly (dichlorophosphazene) precursor

In the second step, the reactive chlorine atoms on the poly(dichlorophosphazene) are
replaced via macromolecular substitution reaction with various organic nucleophiles as
shown in Fig. 3[5, 8, 10, 32, 37, 39, 40, 42, 44, 49, 57, 58, 61-66]. A few specialized
polyphosphazenes, particularly those with hydrolytically sensitive groups such as amino
acid ester side groups have been developed extensively as matrices for bone regeneration.

Macromolecular substitution reactions allow the introduction of different side groups that
detect the polymer properties in a controlled manner[4, 5, 9, 10, 15, 32, 39, 40, 58, 62, 63,
65, 68, 69]. In addition to single side group substitution, multiple substituents can be
covalently linked to the polymer backbone (Fig. 4). For example, different and dissimilar
types of side groups can be substituted on the reactive intermediate polymer via sequential
substitution, allowing the bulkier group to react first followed by the smaller reactive group
in solution phase during substitution[10, 27, 32-35, 57, 61, 62, 70]. The modification of type
and ratios of the side chains of the polymer affords the ability to fine-tune degradation rates
and physical properties based on these substituents, which is important to the synthesis of a
biomaterial suitable for tissue engineering and therapeutic delivery[5, 9, 10, 32, 37, 39, 47,
71-73]. By macromolecular substitution, over 250 different side groups have been covalently
linked to the backbone via replacement of the labile chlorine atoms [5, 32, 61].

Biodegradable Polyphosphazene (Bio-functionalized) and its Blends

Most synthetic polymers are stable to water. However, polymers that degrade when exposed
to aqueous media may be useful for medical devices as in tissue regeneration matrices or
controlled drug release. Numerous biodegradable polyphosphazenes have been synthesized
by substitution of chlorine atoms of the poly(dichlorophospazene) with hydrolytically labile
groups such as amino acid esters, glycolate or lactate ester, imidazole, steroidal residue, and
glyceryl[5, 9, 10, 12, 31, 32, 39, 45-47, 61, 63, 65, 66, 70, 71, 74-77]. Table 1 summarizes
the physiochemical properties of some of the representative polyphosphazenes used in
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biomedical applications[5-7, 9, 10, 15, 22, 26-28, 32, 33, 37, 39, 46, 49, 51, 65, 76, 78-84].
Bulkier side groups result in a higher Tg[10, 27, 35, 37, 46, 61, 78, 79].

Amino-based Polyphosphazenes constitute the largest and most researched category of
biodegradable Polyphosphazenes and were first reported by Allcock and Kugel in 1966[78].
Hydrolytic sensitivity and bio-erosion to non-toxic products can be observed in
polyphosphazenes that contain amino acid ester units covalently bonded to the backbone
through their amino terminus [5, 7, 32, 35, 45, 76, 78]. The rate of hydrolysis generally
depends on the hydrophobicity and steric hindrance of the units located at the a.-carbon of
the amino acid residues[9, 18, 27, 32, 39, 43, 46, 65, 78].

The terminal nitrogen in the amino acid ester unit possesses hydrogen-bonding proton. This
is available for interactions with other polymers in polymer blending (Fig. 5). A previous
study has capitalized on these hydrogen-bonding capabilities to blend of polyphosphazenes
with poly(lactide-co-glycolide) (PLAGA)[5, 18, 19, 22, 23, 41, 43, 48, 69, 85]. In that work,
it was discovered that miscible blends can be formed between Polyphosphazenes that
contain glycine ethyl ester side groups and PLGA with a lactic to glycolic acid ratio of 50:50
[85]. Miscible blends can also be obtained blending Alanine ethyl ester phosphazene
polymers with PLAGA (50:50). However, the presence of the steric methyl group at the a-
carbon places some difficulties on the formation of hydrogen bonding with PLAGA[22, 27,
48, 69, 85, 86].

Furthermore, the presence of both hydrolysis sensitive groups and hydrophobic groups in a
mixed-substituent polymer offers control over the degradation rate (Fig. 6). Previous studies
by Dr. Laurencin and coworkers has reported that the combination of a hydrolytically active
group and a hydrophobic group in a 50:50 ratio results in a complete degradation within
12-24 weeks for bone tissue engineering [18].

Degradation Mechanisms

During polymer degradation, the organic side groups on the polyphosphazene are usually the
first target. They are attacked by water molecules. After the removal of the side groups from
the polymer backbone, P-OH units are formed followed by the migration of the proton from
oxygen to nitrogen, which sensitizes the polymer backbone to hydrolysis. The polymer
ultimately degrades into nontoxic degradation products comprising mainly of ammonia,
phosphoric acid, and the corresponding side groups [5, 18, 26, 30, 45, 61, 66, 87, 88]. A
generalized degradation scheme for degradable polyphosphazenes is presented in Fig. 7. For
a mixed-substituent polymer, the first target is usually the most hydrolytically sensitive
group. It is broken down first from the polyphosphazene backbone and is followed by
bulkier side groups such as p-methylphenoxy, p-phenylphenoxy, tyrosine, or pyrrolidone [9,
35, 45, 61, 79]. The degradation products such as ammonium phosphate constitute a natural
buffer system in the local microenvironment both in vitro and in vivo [45, 61, 89].

Allcock and coworkers investigated the effects of ester groups and a.-substituents on the
hydrolytic sensitivity of amino acid ester-substituted polyphosphazenes [78]. Methyl, ethyl,
tertbutyl, and benzyl esters of glycine-, alanine-, valine-, and phenylalanine-substituted
polyphosphazenes were incubated in deionized water, and the molecular weight changes
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were monitored by gel permeation chromatography analysis. An inverse relationship was
observed between the size of the ester group and hydrolytic sensitivity. The hydrolytic
sensitivity of the polymer increased with decreasing size of the ester groups decreased [35,
39, 45, 46, 61, 78, 79, 87, 90]. Laurencin et al.[27] demonstrated the possibility of efficiently
modifying the degradation rate of ethyl glycinato-substituted polyphosphazene by
incorporating a hydrophobic co-substituent, such as a methylphenoxy group. Various studies
have shown that the chemistry of Polyphosphazene synthesis can be fine-tuned to control
degradation rate to meet the requirements of a specific biomedical application [27, 78, 79].
Ambrosio et al. have designed a novel biodegradable poly[(50% ethyl glycinato)(50% p-
methylphenoxy) phosphazene] (PNEGmPh) blend whose degradation products were studied
and compared with PLAGA. The media in which the degradation of the polymer blends
occurred was monitored for pH changes over time. The blank which consist of medium
without any matrix was used as control. No significant differences were observed in pH
change of the media in which PNEGmPh degradation occurred over a period of 40 weeks as
compared to the control. However, pH of 2.9 was reached at 6 weeks for the media with
PLAGA while media from the blend had a pH of 6 at the same time. These data indicated
the extent to which the blend controlled the drop in pH of the matrix degradation media [71].

Structure-property Relationship of Polyphosphazene and Its Blends

The properties of any polymer are dependent on the structures of the backbone and the side
groups [27, 32-35, 39, 57, 65]. High torsional freedom within the phosphorus-nitrogen
backbone and a correspondingly chain flexibility offer a different kinds of polymer
properties that range from elastomers, or film or fiber-forming polymers, to rigid solids
depending on the side groups. The glass transition temperature of the polymer is greatly
affected by the restriction on the rotation of the backbone. Factors such as bulky side group,
ionic forces, hydrogen bonding, or coordination interactions decreases molecular mobility
within the backbone[5, 6, 10, 22, 35, 39, 62]. As a result of this restriction on rotation, the
glass transition temperature increases. Thus, side groups can be selected to tune the glass
transition temperature over the range of -100 °C (alkoxy side groups) to 200 °C or higher
with adamantylamino groups. The stability of the polymer backbone depends on the side
groups [35, 39, 65]. Hydrolytically active side groups attached to the polyphosphazene
backbone can hydrolyze. This tendency, which is useful in tissue regeneration and other
biomedical processes can provide a calculated means of causing the polymers to break down
into phosphate, ammonia, amino acid, and ethanol[32, 39, 45, 46, 63, 65, 78, 90]. On the
other hand, groups such as aryloxy, fluoroalkoxy and higher alkoxy possess the tendency to
shed water which prevents the hydrolysis of the polymer backbone. Therefore changes in
ratios of the two side groups of a mixed-substituted PPHOS with both hydrolysis-sensitizing
groups and hydrolysis-retarding groups offers considerable opportunity for having control
over the rate of degradation[35]. Furthermore, the hydrogen bonding capability of the
PPHOS side groups and the compositional changes of the blend in polyphosphazene-
polyester system can have profound influence on the properties of the polyphosphazene-
based blend system. Laurencin and co-workers demonstrated the high miscibility of
polyphosphazenes with glycine side groups [22, 84, 91]. In that study, a series of glycyl-
glycine ethyl ester dipeptide based PPHOS were synthesized and blended with both PLAGA
(50:50) and PLAGA (85:15). There was formation of completely miscible blends with all
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compositions of PLAGA due to increased number of hydrogen sites in dipeptide based
PPHOS. It was also found that the Tg for each blend was lower than that of the parent
polymers, implying both PPHOS and PLAGA acted as plasticizers for each other in the
blend

Suitability of Polyphosphazene blends as biomaterials

Biocompatibility

Scaffold for regenerative engineering must be biocompatible; cells must adhere, function
normally, and migrate onto the surface and eventually through the scaffold and begin to
proliferate before laying down new matrix. After implantation, the scaffold or tissue
engineered construct must induce a negligible immune reaction in order to prevent it from
causing severe inflammatory response that might reduce healing or cause rejection by the
body [5, 7, 9, 13, 28, 35, 48, 61, 69, 73, 76].

In Vitro Biocompatibility

The biocompatibility of the amino acid ester-substituted polyphosphazenes for tissue-
engineering applications was first examined by Laurencin and coworkers who compared rat
primary osteoblast adhesion to poly[(ethyl glycinato) phosphazene] (PNEG) with well-
known poly(lactic acid-co-glycolic acid) (PLAGA) and poly(anhydrides) [6, 92]. Data from
this study showed that the osteoblast cells adhered to the PNEG material to the same extent
as the control materials for a period of 8 hours. The results from this study also suggested
that cells responded favorably to polyphosphazene materials, especially those with a high
ratio of ethyl glycinato substituents and that cell adhesion and proliferation characteristics
were not diminished in comparison to tissue culture plate and PLAGA controls. The
polymers with 50% and greater of ethyl glycinato substituents demonstrated improved cell
growth in comparison to the tissue culture plate and the polymer with 25% ethyl glycinato
substitution was only slightly less effective than the tissue culture plate. However, all of
these were better than the PLAGA control, which has been widely accepted as a
biocompatible material. Studies by Laurencin and coworkers also demonstrated the tissue
biocompatibility of biodegradable PPHOS-PLAGA blends [18, 19, 30, 48, 77, 88, 89, 93].
Nair et al. [37]have developed biocompatible blends of PNEA and PLAGA (85:15) at two
weight ratios of 25:75 and 50:50. The two blends were characterized for in vitro
osteocompatibility. The blend matrices showed significantly higher osteoblast growth rates
than Pristine PLAGA after 14 days. By contrast, the significant decrease of cell numbers on
PLAGA matrices after 14 day has been attributed to the fast polymer degradation and the
subsequent accumulation of acidic degradation products. Increase in the polyphosphazene
content in the blend matrix improved cell growth. Also, the ALP activity of blend was found
to be significantly higher than PLAGA after 7 days.

In Vivo Biocompatibility

Deng et al. [18] evaluated the in vivo biocompatibility of two weight ratios of dipeptide-
based PPHOS to PLAGA blends (25:75 and 50:50) by using a rat subcutaneous model with
PLAGA as a control. The tissue responses for both blend implants were minimal, which was
characterized by the presence of few neutrophils, erythrocytes, and lymphocytes. PLAGA
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implants were found to be completely absorbed within 7 weeks. Blend tissue compatibility
was characterized by the extent of inflammation and fibrous capsule formation via
hematoxylin and eosin (H&E) and Masson's trichrome stain (TRI). Both blend matrices
were found to possess better histological responses with thinner fibrous capsules than
PLAGA. Therefore, biodegradable polyphosphazenes blends are attractive candidate
biomaterials for biomedical applications such as regenerative engineering, tissue engineering
and drug delivery (Fig. 8) [9, 18, 76, 89].

Biodegradability

Scaffolds and constructs, are not intended as permanent implants. The scaffold must
therefore be biodegradable so as to allow cells to produce their own extracellular matrix
[73]. The degradation should result in non-toxic products that can be metabolized and
excreted by the body, with controllable degradation kinetics to match the rate of bone
healing process (12-24 weeks) [18] so that the newly formed biological system compensates
the mechanical and mass loss of the degraded matrices.

Polyphosphazenes are attractive because they have been shown to degrade into nontoxic
byproducts that are easily metabolized by the body. In the case of an amino acid ester
phosphazenes, these hydrolytic degradation products include the amino acid, the
corresponding alcohol of the ester, ammonia, and phosphates [35, 39, 45, 46, 78]. Unlike the
acidic products produced from the hydrolysis of other polymers, the ammonia and
phosphates act as a buffering system and prevent fluctuations in pH, which could otherwise
be detrimental to the tissue. Their degradation pattern can also be modified using the side
chain chemistry [20, 22, 39, 45, 61, 65].

In Vitro Biodegradation—The self-neutralizing ability with controllable degradation rate
is one of the major benefits of the blend system over PLAGA. Deng et al. [51] carried out a
study on the degradation of PPHOS-PLAGA in PBS. In that study, the self-neutralizing
ability of the blend system was examined by monitoring the pH profile of degradation in
PBS. The media was set at pH 7.4, similar to the physiological environment. The blend
system showed a higher pH as compared to the pristine PLAGA. This suggests that
phosphates and ammonia produced from the polyphosphazene degradation can buffer the
acidity that stems from the bulk degradation of PLAGA. This buffering effect can further
reduce the acidic catalysis of hydrolysis of PLAGA. Furthermore, degradation over 12
weeks was much slower for blends than the pristine PLAGA (Fig. 9 and 10). It was also
observed that the increase in the polyphosphazene composition in the blend resulted in a
slower degradation rate. It reaffirms that the polyphosphazene degradation products were
able to neutralize the acidic products from PLAGA, and as a result, retard the degradation of
both PLAGA and polyphosphazene components in the blend. A 12-week of in vitro
degradation led to 70-80% mass loss. [18, 23, 29, 41, 51, 71, 91, 93-95]. Furthermore, by
appropriately changing the polymer chemistry and adjusting the composition of the blends,
the buffering capacity and the resulting pH environment can be well tuned. The most unique
fact about the degradation of the dipeptide PPHOS-PLAGA blends lies in the morphology of
the matrix as a function of time. Fig. 9 shows the representative SEM images of blends
during in vitro degradation as a function of time. The figures present the unique three
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dimensional porous structures formed during degradation with pore sizes in the micron
range. It has been found that the size of the microspheres formed as well as the pore
diameter can be varied by varying the blend composition. These unique in situ created
porous structures, which are structurally similar to sintered microsphere matrix, have
significant potential for cell in-growth and tissue regeneration [18, 51].

In Vivo Biodegradation—In the in vivo degradation study, there was observed
similarities in the way molecular weight decreased for both PLAGA and polyphosphazene
components in the blend throughout the post-implantation period, which agrees with the in
vitro findings. 82-87% porosity which is structurally similar to cancellous bone was seen
after a 12-week in vivo degradation [18]. A direct correlation between sphere size and the
amount of polyphosphazene in the blend was observed i.e. the sphere size increased with
PPHOS composition in the blend. On other hands, compositional changes in
polyphosphazene component of the blend did not seem to have effect on the porosity. This is
believed to offer an advantage in maintaining a highly porous structure while fine-tuning the
pore system for better cell infiltration and tissue in-growth[96]. For example, image analysis
has revealed that the average pore size increases with the sphere diameter [11, 96, 97].
Additional surface area and space useful for enhancing cell-material interaction are provided
by the intricate porous structure within the polymer spheres. Faster degradation of PLAGA
in the blend matrix can facilitate pore formation while the polyphosphazene microspheres
maintained the matrix structural integrity during the tissue in-growth. It can be seen in Fig.
11 that the porous structures start forming along the edge of the implants. The micrographs
(H&E & TRI staining) also revealed significant collagen tissue in-growth in the porous
structure indicating the capability of the structures to serve as an in situ forming three
dimensional tissue engineering scaffold.

Mechanical properties

Ideally, the scaffold should be mechanically competent (e.g. compressive modulus in the
range of 20-900 MPa) in order to tolerate the local forces [98]. Producing scaffolds with
adequate mechanical properties is one of the great challenges in attempting to engineer bone
or cartilage. For these tissues, the implanted scaffold must have sufficient mechanical
integrity to function from the time of implantation to the completion of the remodeling
process. If the mechanical properties, such as compressive strength and tensile strength, are
not comparable to those of natural tissues, problems with mismatch arise which often lead to
failure of the tissue-engineered construct [5, 7, 9, 11, 12, 61, 69, 73, 76, 77, 92, 98]. Studies
on mechanical properties were carried out by Laurencin and coworkers. The mechanical
properties of alanine-based polyphosphazenes were investigated for their application as bone
tissue engineering biomaterials. For these studies, polyphosphazenes were compared with
the current standard for bone tissue engineering applications, PLAGA (85% lactic acid: 15%
glycolic acid). The compressive strengths of PNEA and PNEAmMPh were comparable to that
of PLAGA (34.9 £ 5.7 MPa). PNEAPHPh on the other hand had a compressive strength that
was significantly higher than that of PLAGA due to the presence of the bulky aromatic
groups which increases the steric hindrance and decreasing torsion of the polymer backbone.
Consequently, these increase the rigidity of the material and modulate its compressive
properties [83]. Similar to degradation properties, it can be noted that the mechanical
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properties of polyphosphazene materials can be tailored based on their proposed applications
by changing the side group substituents. For the L-alanine-based polyphosphazene

materials, it was shown that increasing the steric bulk of the co-substituent increases both the
tensile strength and elasticity of the material with more of an impact being observed as the
side chain is changed from a small amino acid such as glycine or alanine ethyl ester in
PNEAEG and PNEA respectively, to large aromatic substituents, such as in PNEAmPh and
PNEAPKPh. This is because the glass transition temperature and molecular weight of the
polymer is affected by the presence of large aromatic ring, which in turn affects the
mechanical properties of the material.

Deng et al. [14, 18, 43, 56] characterized the mechanical properties of mixed-substituent
biodegradable polyphosphazene poly[(glycine ethyl glycinato)1(phenyl
phenoxy)lphosphazene] (PNGEGPhPh) and its blends with a polyester (PLAGA-50% lactic
acid: 50% glycolic acid) and compared it to the pristine PLAGA. Two dipeptide-based
blends namely 25:75 (Matrix1) and 50:50 (Matrix2) were produced at two different weight
ratios of PNGEGPhPh to poly (lactic acid-glycolic acid) (PLAGA). Both blends resulted in
higher tensile modulus and strength than the polyester. It was revealed that the tensile
modulus and ultimate tensile strength increased significantly with the addition of
Polyphosphazene. The above studies showed that a change in the types and ratios of side
group chemistries of Polyphosphazene materials and blend compositions can have influence
on the mechanical properties [9, 18, 43, 56, 61, 83]. Shan et al. [99]have synthesized a cross-
linkable poly (glycine ethyl ester-co-hydroxyethyl methacrylate) phosphazene (PGHP or
PNEGHMP) and blended it with PLGA7525 or, poly (L-lactide) (PLLA) using chloroform
as a mutual solvent. The photo-crosslinking was then done before solvent removal. The
resulting PLGA (or PLLA)/PGHP composite films demonstrated no significant phase
separation due to the binding function of the crosslinked PGHP polymeric network. To
obtain PLGA7525/PGHP porous composite scaffolds, they used particle-leaching/solvent-
casting with photo-crosslinking treatment performed before solvent evaporation. Both
crosslinked PLGA (or PLLA)/PGHP films and scaffolds demonstrated a significant
improvement in tensile moduli as compared to the corresponding un-crosslinked blends.

Unique Tunability of Degradation and Mechanical Properties

One concern here is that changing the side groups affects not only mechanical properties but
also degradation rates and therefore modulating the side chains to obtain suitable mechanical
properties may alter the degradation rate of the material. This is undesirable. Thus, further
research is needed into other methods to control mechanical properties without having
influence on erosion properties. For example, investigation on the effects of different
processing methods or scaffold preparation techniques (e.g., electrospinning versus solvent
casting and particulate leaching) on mechanical properties might be highly useful [9, 61].
Sequel to this, Deng et al. recently developed a mechanically competent 3D scaffold
mimicking the bone marrow cavity and the lamellar structure of bone by orienting
electrospun polyphosphazene-polyester blend nanofibers in a concentric manner with an
open central cavity (Fig. 12)[43]. The 3D biomimetic scaffold exhibited mechanical
attributes similar to native bone. Compressive modulus of the scaffold was found to be
within the range of human trabecular bone. When tuned to have desired properties, the
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concentric open macrostructures of nanofibers that structurally and mechanically mimic the
native bone can be a potential scaffold design for accelerated bone healing.

Applications of Biodegradable Polyphosphazene and Its Blends

Bone tissue

Scaffold-based regenerative engineering represents a clinical translational strategy for tissue
regeneration. Biodegradable scaffolds play a crucial role in scaffold based regenerative
approach and their successful application is dependent on their inherent properties, and
compositions [2, 7, 9, 16, 32, 61, 73, 77]. So far, a large number of polyphosphazene-based
polymer systems have been developed for use in bone and soft tissue regeneration, as well as
in drug delivery [20, 31, 74, 91, 94, 100, 101].

regeneration

Bone and skeletal tissue engineering applications has had the lion's share of the research on
biodegradable polyphosphazene. Laurencin and coworkers have extensively studied these
materials and their interactions with osteoblast type cells to determine their suitability for
bone grafts and implants. In one of the studies[81], a comparison was made between the 3D
and 2D matrices of amino acid-based polyphosphazene, on which osteoblast cells was
seeded. It was observed that the pores of the 3D constructs resembled, in shape and size,
those of natural bone tissue, specifically trabecular bone. They also noted that the 3D
polyphosphazene scaffolds were able to promote osteoblast adhesion and proliferation
throughout the entire 21-week period of their study, whereas adhesion to the 2D scaffolds
was not as effective. Overall, the study was a promising one and showed that
polyphosphazene materials were suitable for bone tissue regeneration.

PLGA is renowned for its suitable compressive strength and satisfactory in vitro cell
performance, while the material composition suffers from lack of bioactivity, uncontrolled
bulk degradation, and acidic degradation products. PPHOS-PLAGA blends will combine the
advantages of each parent polymer. Amino acid ester-substituted polyphosphazenes offer a
variety of functional groups that allow for controlled degradation into phosphate and
ammonia, thereby constituting a natural buffer. A series of studies has been carried out by
Deng at el. to evaluate various PPHOS-PLGA blends in the form of thin disks for bone
tissue regeneration. In one study, the etheric biodegradable polyphosphazene PNEGMEEP
was synthesized and blended with PLAGA at weight ratios of 25:75 and 50:50
(PNEGMEEP to PLGA ratio) using a mutual solvent approach[19]

The blend films, although not completely miscible, were able to nucleate bone-like apatite,
degrade into near-neutral pH products, support PRO growth and proliferation, and enhance
osteoblast phenotype expression due to the presence of polyphosphazene. In order to
improve miscibility, a mixed-substituent biodegradable polyphosphazene PNGEGPhPh was
synthesized and blended with PLGA (50:50 lactide to glycolide ratio) at weight ratios of
25:75 and 50:50[18]. Completely miscible PNGEGPhPh-PLGA blends with enhanced
mechanical properties were obtained as a result of strong hydrogen bonding between the
glycylglycine dipeptide side groups and PLGA. In vitro studies show significantly higher
osteoblast growth on the blend films than on the PLGA film. Intriguingly, the novel blend
system was able to develop an in situ porous structure, which enabled cell infiltration and
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collagen tissue ingrowth throughout the void space between spheres as a result of polymer
degradation[51]. The versatility of this novel polymer platform is confirmed by the robust
tissue growth in the dynamic pore-forming scaffold. This has led to a new strategy in
regenerative medicine, developing solid matrices that balance degradation with tissue
formation. Furthermore, introduction of extra hydrogen-bonding sites by the incorporation
of dipeptide ester side groups to the polyphosphazene backbone has resulted in the
formulation of a wide range of miscible PPHOS-PLGA blend materials[91]. These
biocompatible and mechanically competent blend systems have shown a great potential for
bone regeneration [22, 89, 94]. Polymeric nanofibrous matrices due to their similarity to
natural extracellular matrix (ECM) are attractive candidates as bone regenerative scaffolds.
Several Polyphosphazene-based nanofibrous scaffolds have been successfully fabricated via
an electrospinning process. Deng at el.[43] have designed a mechanically competent 3D
scaffold system using electrospun dipeptide-based PPHOS/PLGA (50:50) nanofibers which
were orientated in a concentric manner with an open central cavity. The biomimetic scaffold
showed a comparable characteristic mechanical behavior to that of native bone. Compressive
modulus of the scaffold was found to be within the range of human trabecular bone.

Soft tissue regeneration

Besides bone repair, polyphosphazenes have shown great prospects in the regeneration of
other types of tissue such as nerve, vessel, ligament and tendon. These tissues are
categorized as soft tissues and their injuries account for 50% of the total musculoskeletal
injuries reported in the USA per year. Polyphosphazene materials with improved elastomeric
properties are often utilized in this case. Studies on the influence of alkyl ester chain length
on mechanical properties and degradation rates have been reported[9, 23, 27, 35, 38, 39, 46,
79, 83, 87, 94, 102, 103]. Nichol et al. [104]investigated the influence of changing alkyl
ester chain lengths between five and eight carbons on mechanical properties and degradation
rates of L-alanine and L-phenylalanine alkyl ester polyphosphazene materials for their
application in tendon and ligament tissue engineering. They determined that the glass
transition temperatures (Tg) of the materials decreased with increasing alky! ester chain
length due to increased flexibility of the alkyl side chain and improved elastomeric
properties of the polymer. It was also observed that the Tg's of the phenylalanine materials
were higher than those of the alanine counterparts which is likely due to the increased
bulkiness and steric hindrance of the aromatic side chain that in turn increases the rigidity of
the overall polymer. In vivo nerve repair studies were performed using tubes of poly[(ethyl
alanato)q 4(imidazolyl)g gphosphazene] (PEIP) to establish continuity of a completely
lacerated sciatic nerve[105]. These scaffolds were found to have degraded extensively at 45
days post implantation, leaving a tissue cable that bridged the lacerated nerve stumps. The
PEIP nerve guides appeared to be more biocompatible than silicone tubes that are currently
used, as significantly less scar tissue was induced and a thinner fibrotic capsule formed
around these guides. Zhang et al.[106] have synthesized a novel electrically-conductive and
biodegradable polyphosphazene polymer containing parent aniline pentamer (PAP) and
glycine ethyl ester (GEE) as side chains for use in nerve tissue engineering. Conductivity is
needed in nerve tissue engineering considering that neural signals are propagated along
nerve cells via electrical charges and therefore the polymers that are used to regenerate these
tissues must be capable of transmitting waves of electricity. The polymer was formed into
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thin films for degradation and biocompatibility testing. The poly [(glycine ethyl ester)
(aniline pentamer) phosphazene] (PGAP) polymer was shown to have good electroactivity
using cyclic voltammetry measurements indicating suitability of the material for propagating
neural signals. Thin films of both PGAP and poly[bis(glycine ethyl ester)phosphazene]
(PGEE) materials subjected to degradation studies in PBS at 37°C showed a mass loss of ~
50% and 70% respectively after 70 days. The mass loss of the PGAP was less than that of
the PGEE due to the increased hydrophobicity of the aniline pentamer side chain and
therefore decreased rate of hydrolysis since the hydrophobic side chains sterically hinder the
approach of water towards the backbone. In vitro cytotoxicity of PGAP to the RSC96
Schwann cells was evaluated using the cell viability assay and was compared to a thin film
of poly- DL-lactic acid (PDLLA) as a control since it has extensively been shown to be
biocompatible with numerous types of cells. Schwann cells being integral to the peripheral
nervous system as supportive cells and neutral signals propagator, RSC96 Schwann cells
were selected in this study. The PGAP exhibited no cytotoxicity and improved cell adhesion
in comparison to PDLLA. This work shows the versatility of polyphosphazene-based
materials as conductive and biodegradable polymers for nerve tissue engineering
applications.

Peach et al. [103] investigated the feasibility of using poly[(ethyl alanato)1(p-methyl
phenoxy)1]phosphazene (PNEA-mPh) to modify the surface of electrospun PCL nanofiber
matrix for their application in tendon tissue engineering. Surface functionalization with
PNEA-mPh significantly increased the PCL matrix hydrophilicity. An in vitro study was
conducted to examine the effect of surface functionalization with PNEA-mPh on human
mesenchymal stem cells (hnMSC) adhesion, cell construct infiltration, proliferation and
tendon differentiation, as well as long-term cellular construct mechanical properties[38].
Functionalized matrices showed a rough surface morphology and which led to enhanced cell
adhesion and infiltration as compared to the uncoated PCL fibers. Furthermore,
functionalized matrices supported an enhanced tenogenic differentiation, possessing greater
tenomodulin expression and superior phenotypic maturity. Overall, this study was able to
show the in vitro biocompatibility of polyphosphazene coated materials towards human
mesenchymal stem cells as well as their ability to modulate appropriately the cells'
differentiation towards mature tendon cells. To the best of our knowledge, polyphosphazene
blends have not been utilized much in soft tissue engineering.

Biodegradable Polyphosphazenes in Drug Delivery

Controlled release and local delivery of therapeutic drugs or growth factors play a key role in
tissue engineering approach. Unlike the polyesters that exhibit bulk erosion and the
polyanhydrides that undergo surface erosion, polyphosphazenes have the unique capability
to exhibit bulk, surface or the combination of both. The side groups attached to the backbone
have a big influence on the type of erosion the polymer will undergo [89]. Furthermore,
polyphosphazenes are soluble in a wide range of solvents ranging from aqueous to organics.
These exceptional features, coupled with flexible degradation kinetics that produces non-
toxic degradation products make biodegradable polyphosphazenes attractive candidates for
delivering a wide variety of drugs and growth factors[36]. Depending on the
polyphosphazene used, drug release from these formulations can be achieved either by
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diffusion (hydrogels) or erosion (hydrophobic) or combination of both (hydrophilic-
hydrophobic)[50, 76, 82, 85, 103, 107-109].

In a study by Orsolini and coworkers, polyphosphazenes poly[(alanine ethyl
ester)]phosphazene and poly[80%(phenylalanine ethylester)/20% (imidazolyl)]phosphazene
were used to design membranes and microcapsules for the treatment of periodontal diseases.
Degradation rate that matched the healing of bone defects was achieved with the
polyphosphazene membranes prepared with alanine ethyl ester and imidazole in a molar
ratio of 80:20. Effective healing of the rabbit tibia defects was more evident in these
membranes than the polytetrafluoroethylene membranes[110].

Laurencin et al. have carried out a study on the development a musculoskeletal delivery
system for the controlled release of anti-inflammatory agent colchicine to joints using
polyphosphazenes poly[20% (imidazolyl)/80% (p-methylphenoxy)]phosphazene and
poly[50% (ethyl glycinato)/50% (p-methylphenoxy)]phosphazene. Colchicine-loaded with
an imidazolyl content of 20% and poly[50% (ethyl glycinato)/50% (p-
methoxyphenol)]phosphazene were used to carry out polymer degradation and drug release
studies. Higher rate of degradation at physiological pH was observed for the 50% ethyl
glycinato-substituted polyphosphazene than the 20% for imidazolyl-substituted polymer at
physiological pH. Over a 21-day period of the study, the release of colchicine was found to
be 20% from the imidazole-substituted polymer and 60% from the ethyl glycinato-
substituted polymer. The result confirmed the strong agreement between the colchicine
release profiles from the polymers and the degradation of the respective polymers[111].

As aforementioned, blending can be used to manipulate degradation rate and hence impact
drugs release profile. Schacht et al. performed a study that investigated the degradation of
blends that contain two polyphosphazenes with different rates of degradation as a matrix for
controlled drug release. The single-substituent polyphosphazenes that have ethyl glycinate
and phenylalanate as side groups as well as their blends were used to study the in vitro
release of the antitumor agent mitomycin C (MMC) [112]. Results showed a faster release of
MMC from poly[bis(ethylglycinato)]phosphazene than from
poly[bis(phenylalanato)]phosphazene. For their blend systems, a direct correlation exist
between the release rate and the composition of poly[bis(ethylglycinato)]phosphazene. The
release rate increased with increasing ethylglycinato content and decreased with increasing
phenylalanato content. The release profile exhibited a diffusion mechanism. The drop in
release that is associated with increase in phenylalanato content may be attributed to the
presence of a hydrophobic group in the matrix, which would hinder the permeation of water
into the matrix.

Conclusion and Future Outlook

Regenerative engineering is a growing and nascent interdisciplinary field, which puts
forward a convergence approach to create a regenerative toolbox to move beyond individual
tissue repair to the regeneration of complex tissues and organ systems. It aims to completely
regenerate complex tissues and organ systems such as a knee or a whole limb. Biodegradable
Polyphosphazenes represent polymers with high potentials for regenerative engineering. The
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synthetic flexibility presents a wide door of opportunities to producing a library of
degradable biomaterials with significant prospects for musculoskeletal tissue regeneration.
The substitution of certain groups can influence degradation rate and mechanical properties.
Polyphosphazene polymers provide a promising matrix platform to create miscible blend
systems that mimic the native extracellular macromolecules. Much progress has been made
on the development of polyphosphazene blends with polyesters. The tunability and the pH-
buffering effect of the polyphosphazene hydrolysis products combined with the high
strength of the polyester, allows the development of biomaterials with more useful properties
than either of the parent polymers. Nevertheless, several biological and engineering
challenges remain for polymeric scaffolds to make a significant clinical impact for
musculoskeletal tissue regeneration. The tissues in the human body are incredibly complex
with 3D hierarchical structures, anisotropic properties, and cell heterogeneity. The
successful translation of this promising technology requires a further understanding of the
scaffold design and close collaboration among chemists, biologists, chemical engineers,
material scientists, and clinicians.
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Fig. 1. Synthesis of poly (dichlorophospazene): Synthetic Schematics of ring opening
polymerization [31]
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Fig. 2. Alternative route to the synthesis of poly(dichlorophospazene): living cationic
polymerization of a phosphoranamine monomer[32]
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Fig. 3. Macromolecular substitution of PDCP with a wide array of organic substituent groups
forming single-substituent polymers (simultaneous replacement of chlorine atoms) or mixed-
substituent polymers (sequential substitution of chlorine atoms)[8, 32]
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Fig. 4. Schematic illustrations of a mixed-substituent biodegradable polyphosphazene
poly((glycine ethyl glycinato)1(phenyl phenoxy)1phosphazene) (PNGEGPhPh)[18]
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Fig. 5. lllustration of intermolecular hydrogen bonding network between PLAGA and
PNGEGPhHPhH through the glycylglycine dipeptides [18]
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Fig. 6. Structures of mixed-substituent PPHOS for coordination with PLAGA. The primary
selection criterion for side groups was based on its capacity to form miscible blends with PLAGA
through intermolecular hydrogen bonding interactions[15]
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Fig. 7. Pathway to the degradation of biodegradable Polyphosphazenes [61]
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Fig. 8. Structures of bio-erodible Polyphosphazene[5]
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Fig. 9.

Time dependent topographical imaging of the polymeric blends immersed in aqueous media
for 12 weeks at 37 °C. Top row: SEM topography of Matrix1 at 0, 4, 7, and 12 weeks of
time intervals of in vitro degradation. Spots (e) and (g) show the detailed 3D Spherical
structures. Bottom row: SEM topography of Matrix2 under vitro degradation at 0, 4, 7, and
12 weeks. An assemblage of microspheres with interconnected porous structures was
evident due to the unique polymer erosion of the blend system[51]
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Graphs showing a 12-week study of in vitro degradation of the blend systems in pH 7.4
aqueous media at 37°C(a) Comparison of the molecular weight percentages of PLAGA in
pristine PLAGA and the two blend systems after degradation (b) Mass of the residual
systems expressed in percentage; (¢) Comparison of the molecular weight percentage of
polyphosphazene in the residual blends matrices (d) pH profiles of the media during
degradation of pristine PLAGA and blend matrices. Slower degradation rate was evident in
the blend systems than the pristine PLAGA. The trends for molecular weight changes of the
PLAGA and phosphazene reasserted the similarities in the degradations of the two

components [51].
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Fig. 11.
Histological examination reveals the formation of pore system that stems from the

arrangement of newly formed polymer spheres. This is capable of accommodating cell
infiltration and tissue in-growth within the blend systems. (a, b, H&E): The arrows shows
the formation of polymer sphere within Matrix1 and Matrix2 after 7 weeks of implantation,
respectively; (c, d, H&E): The arrows show the formation of polymer sphere within Matrix1
and Matrix2 after 12 weeks of implantation, respectively. After 12 weeks of implantation,
strong collagen tissue infiltration via in situ formed pores within the matrix was apparent in
(C) and (D) with TRI. This reaffirms the availability and enhancement of cell infiltration and
collagen tissue in-growth through the formation of in situ 3D interconnected porous
structure [51]
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Fig. 12.
(a) Electrospun polyphosphazene nanofibrous scaffolds; (b) SEM-SE image showing the

topographical fixtures of 3D biomimetic scaffolds seeded with cells after 28 days of culture.
(c) Immunohistochemical staining for osteopontin (OPN), an important component of the
mineralized ECM, showing a homogenous ECM distribution throughout the scaffold
architecture at day 28. * indicates interlamellar space, whereas ** indicates central
cavity[61].
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Illustrations of the effects of side groups on glass transition temperatures (Tg's) and degradation rates of single

substituent polyphosphazenes. Table shows the great tunability of physico-chemical properties via

modification of side group chemistry[56].

Polymer Side Group Ty4(°C) | Degradability
PNEG Glycine -40 Months
PNEA Alanine -10 Months
PNEL Leucine 154 Months
PNMV Valine 248 Months

PNEPhA Phenylalanine 41.6 Months
PNGEG Glycine dipeptide 56.4 Weeks

PNMEEP | Methoxy ethoxy ethoxy -84 Water soluble
PNmPh Methyl Phenoxy 2.1 Non-degradable

*
poly[bis(glycine ethyl ester)phosphazene](PNEG) *poly[(ethyl alanato)polyphosphazene(PNEA) *poly[(ethyl laucine)phosphazene(PNEL)
*poly(methoxyvaline)phosphazene(PNMV)*poly(phenylalanineethylester)phosphazene(PNEPhA)*poly[(glycineethylglycinato)phosphazene(PN

GEG)*poly[bis(methoxyethoxyethoxy)phosphazene](PNMEEP)*poly[bis(methylphenoxy)phosphazene] (PNmPh)
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Summary of representative polyphosphazene-based blends used in tissue engineering

Polyphosphazene Component

Blend System

Poly[(ethyl glycinato) phosphazene] (PNEG) PNEG/PLAGA
Poly[(ethyl alanato)polyphosphazene] (PNEA) PNEA/PLAGA
Poly[(glycine ethyl glycinato)(phenylphenoxy)phosphazene] (PNGEG-PhPh) PNGEGPhPh/PLAGA
Poly[(ethyl alanato) (p-phenyl phenoxy) phosphazene] (PNEA-PhPh) PNEAPhPh/PLAGA
Poly[(ethyl glycinato)(p-methylphenoxy) phosphazene](PNEG-mPh) PNEGmMPh/PLAGA
Poly[(ethyl alanato) (p-methylphenoxy) phosphazene] (PNEA-mPh) PNEAmMPh/PLAGA
Poly[(ethyl alanato) (ethyl glycinato) phosphazene] (PNEAEG) PNEAEG/PLAGA
Poly[(ethyl glycinato)(hydroxyethylmethacrylate) phosphazene](PNEGH-mP) | PNEGHMP/PLAGA
Poly[(ethyl glycinato)(methoxyethoxyethoxy)phosphazene] (PNEGMEEP) PNEGMEEP/PLAGA

Poly[(ethyl alanato)]phosphazene (PNEA)
Poly[(ethyl phenylalanato)(imidazolyl)]Jphosphazene (PNEPhAIL)

PNEA/PNEPhAIL

poly[(ethyl glycinato)(p-methylphenoxy)]phosphazene (PNEG-mPh)
poly[(imidazolyl)(p-methylphenoxy)]phosphazene (PNIL-mPh)

PNEG-mPh/PNIL-mPh

poly[bis(ethylglycinato)]phosphazene (PNEG)
poly[bis(phenylalanato)]phosphazene (PNPhA)

PNEG/PNPhA
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