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Polyphosphazenes (PPZs) are hybrid polymers comprising a main chain containing nitrogen and phosphorous
linked through interchanging single and double bonds, and side chains. The two chlorine atoms attached to
the phosphorous of polydichlorophosphazene, which is produced by thermal ring-opening and living-
cationic polymerization, are significant in the importance of polyphosphazene, as they can be easily
replaced by an uncountable number of nucleophiles, resulting in hundreds of different PPZs with different
properties ranging from hydrophobic to hydrophilic, fast to slow degradation, and burst to sustained drug
release. More than seven hundred types of PPZs are synthesized as a result of different combinations of
side groups. For applications in drug delivery, PPZs can be treated in various ways and converted into
different vehicles of nano/micro size to load and release drugs. This review covers the synthesis of PPZs
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1 Introduction

One of the greatest inventions in the field of materials is the
invention of polymeric biomaterials. Natural polymers have
been used as biomaterials for thousands of years,* but scientists
have started to pay attention to synthetic polymeric biomate-
rials only in the last century and started to use them in the last
mid-century.”> The use of these biomaterials has expanded
almost every field of medicine and surgery, including blood
contact devices, nanomedicines and their carriers, intraocular
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microspheres, micelles, films and hydrogels, that are involved in drug-delivery applications.

lenses, surgically replaced parts and tissue engineering. The
polymer first used is poly(methyl methacrylate) (PMMA), which
was used as an intraocular lens.? After that, scientists started to
pay more attention to the development of a variety of new
biopolymers that can meet the demands of modern medical
technologies. The rising fields of biotechnology, tissue engi-
neering and medicine require such materials that are biocom-
patible, biodegradable and offer complete renal clearance. The
commonly developed synthetic biopolymers include poly-
(glycolic acid), poly(lactic acid), poly(lactic-glycolic acid), poly-
(caprolactone), polyurethanes and polyphosphazenes.” Among
these, polyphosphazene is an auspicious biomaterial due to its
bioavailability, biocompatibility, biodegradability, flexibility in
its structural design and tunability of its properties. Due to this
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Fig. 1 (a) Hexachlorocyclotriphosphazene (HCCP), (b) polydi-

chlorophosphazene (PDCP).

all-in-one presentation of polyphosphazene, it is a promising
class of biopolymer. Hundreds of different kinds of poly-
phosphazenes (PPZs) with different characteristics and behav-
iors have been synthesized, most of which are biodegradable
and can be used for biomedical applications. PPZs are a class of
hybrid organic-inorganic polymers. The main chain of PPZs
comprises phosphorous and nitrogen, which are bound with
each other through alternating single and double bonds. The
most interesting thing in the formation of polyphosphazene is
the presence of two chlorine atoms on the phosphorous, as
shown in Fig. 1. These chlorine atoms can be easily replaced by
numerous side groups, which is very rare in other polymers. As
a result, the number of PPZs with different side groups and
a wide range of properties is growing day by day.>*

A wide variety of different organic molecules can act as
nucleophiles for the substitution of chlorine in polydi-
chlorophosphazene (PDCP), which broadens the spectrum of
PPZs with different properties. Initially, the synthesized PPZs
were not degradable in water because they formed an insoluble
rubber-type material due to cross-linking of chains, so they
could not be utilized for biological purposes. Later on, the
introduction of specific side groups, such as amino acid esters,
alkoxy, imidazole and amines, to the main chain resulted in
hydrolytically sensitive and degradable PPZs. The non-toxic
degradation products of PPZs opened new era of their
biomedical application, including drug delivery and tissue
engineering. Furthermore, the degradation of PPZs can be
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regulated by the substitution of hydrophilic and hydrophobic
groups, or the combination of both groups in appropriate
ratios.” The degradation rate can also be controlled by external
stimuli, such as temperature, radiation, pH of the degradation
medium and degradation product solubility. Many researchers
have investigated the biocompatibility of PPZs both in vivo and
in vitro by different methods.”*® Nowadays, the use of PPZs in
drug-delivery applications," especially proteins and anti-cancer
drug-delivery, has become a significant focus.**** The synthetic
flexibility of PPZs offers the possibility of designing polymers
with the required properties and degradation rates, which are
valuable for the development of various carriers to deliver
drugs. This paper reviews the effects of various side groups
attached through different linkage sites on the properties of
resultant PPZs and their use in different approaches, such as
drug delivery.

2 Synthesis of polyphosphazenes

PPZs are normally synthesized from two main raw materials:
hexachlorocyclotriphosphazene (N3;P3;Clg), which is used in
thermal ring-opening polymerization, and phosphoranimine
(Cl;P=NSiMe;), which is used in living cationic polymerization.
No matter which starting material is used, the intermediate
stage of all the PPZs prepared by these two processes is PDCP.
The synthesis of non-cross-linked PDCP is the key step for the
fruitful preparation of PPZs.* Cross-linking of PDCP due to the
presence of moisture or air (mostly water vapours) may result in
swelling and insolubility in any solvent. Many researchers have
used different methods to synthesize PDCP.**"”

2.1 Thermal ring-opening polymerization

The most commonly used route to synthesize PPZs is thermal
ring-opening polymerization (TROP), which is extensively
employed for the ring-opening process of hexa-
chlorocyclotriphosphazene (HCCP) to synthesize PDCP.>*
Stokes was the pioneer of using this method in 1897, but the
PDCP he synthesized was cross-linked and could not be dis-
solved in any solvent. This process gained attention in 1965
when Allcock and co-workers successfully synthesized non-
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Scheme 1 Reaction mechanism of ring-opening polymerization.?”

crosslinked PDCP that showed good solubility in various
organic solvents." This process involves the heating of HCCP at
high temperature under vacuum and in the presence of a suit-
able catalyst to produce linear-chain PDCP. The two chlorine
atoms present on each phosphorous are highly reactive and can

be easily replaced by suitable nucleophilic groups to synthesize
a variety of PPZs."*?° If the heating temperature is increased to
300 °C, PDCP is converted into cross-linked inorganic “rubber”,
which cannot be used further.?® This process can yield high-
molecular-weight polyphosphazenes, but it is highly sensitive
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Scheme 2 Mechanism of living cationic polymerization. The “living” end can continue the process to increase the chain length.*”

This journal is © The Royal Society of Chemistry 2017

RSC Adv., 2017, 7, 23363-23391 | 23365


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27103k

Open Access Article. Published on 03 May 2017. Downloaded on 3/6/2026 5:04:33 PM.

RSC Advances
R
(,9 H-OH QH T
ri—P=N—rwv ——— mw—P=N—rv v PoN—anw
| o 6 C |
Q - O-R | 0
R R R
- oe_R l H-OH
N
Phosphate (|)| 'ﬂ H-OH 0o
+ <«—— ~m—P-0OH * N—Nw -— MN_FI)_N_NW
Ammonia éH H OH

Scheme 3 Hydrolytic degradation of side groups and poly-
phosphazene chain.*®

to the purity of monomer as well as moisture and air. Thus, the
reaction proceeds under high vacuum, and the HCCP is
recrystallized and sublimed before use. The yield of reaction
was not so good and was normally between 40-60%, which
compelled the researchers to use different catalysts, such as
AlCl;, BCl;, and R3Si(CHB1;Xy4), to enhance the yield.”*?¢
Scheme 1 provides general mechanism that is followed in
thermal ring-opening polymerization.>” This process of ring
opening can proceed either in vacuum®® or in high-boiling
solvents.*** Another weakness of this process is that there is
little control over molecular weights and polydispersities (PDI)
are normally high,>** but this can be overcome by careful
handling and strict control over the reaction conditions and
initial concentrations of HCCP and catalyst.”> This process is
advantageous for the large-scale production of PDCP up to
kilogram level, including the stabilization of PDCP in diglyme.>®

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.2 Living cationic polymerization

PPZs can be synthesized by an alternative method that does not
involve the use of high temperature, namely, living cationic
polymerization (LCP).**** Allcock and co-workers succeeded in
1995 to synthesize polyphosphazene from another monomer,
trichloro-(trimethylsilyl)-phosphoarnimine (Cl;P=NSiMe;3),
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using PCl; as initiator.*® This process is mostly suitable for the
synthesis of a wide variety of polymers, including poly-
phosphazene block copolymers. Examples of such polymers
include polyphosphazene-block-polyphosphazene copolymers,*
poly(ethylene oxide)-block-polyphosphazene copolymers***” and
polystyrene-block-polyphosphazene copolymers.*®*® Similarly,
other structures have also been designed, such as tri-block
copolymers and tri-armed, star-shaped and telecholic PPZs
using ambient temperature conditions.****** Similar to ring-
opening polymerization, the properties of synthesized poly-
mers depend on the molecular weight and nature of side
groups. Another important advantage of this method is its
molecular weight control and narrow polydispersity.** The
general mechanism of living cationic polymerization is given in
Scheme 2.V

3 Types of linkages in
polyphosphazenes

Different substituents have been linked to the main chain of
PPZs, but almost all the substituents use three different kinds of
combinations for the attachment to the main-chain phospho-
rous: (a) two substituents linked to phosphorous through
nitrogen atoms, (b) two substituents linked to phosphorous
through oxygen atoms, and (c) one linked through oxygen, and
the other through nitrogen at the same time. Different
substituents attached through these three types of linkages
have different effects on the properties of PPZs. Side groups are
very important in determining two major properties of PPZs:
biodegradability and biocompatibility. They can alter the
hydrophilic and hydrophobic nature of polymers, T, values,
physiology and, ultimately, their degradation behavior, which is
very important for their application in drug delivery. Degrada-
tion of PPZs is mostly due to the difference in the polarities of
phosphorous and other linking atoms—mostly oxygen and
nitrogen—as well as their hydrophobicity. This difference in
polarities permits nucleophilic attack by water molecules to
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Scheme 4 Different pathways for the degradation of amino acid esters and polyphosphazene chain.**
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Table 1 Different side groups linked through the nitrogen of PPZ, degradation rates and Ty values”
% degradation/ Polymer/
Linkage Type of group Side group time (weeks) Ty value Ref.
Amino acid ] 1. 20/12 1/-62.7
citranellol Rj)ko/\)\/\/k 2.23/12 2/—58.2
ester Es = Es,= 3.27/12 3/-23.0
NH 4.29/12 4/-10.5
ES1 1.R=H 45
3.R= CH(CH3)2
4. R= CH2C6H5
o 5-8. 96-99/12 5/—9.59
9-12. 67-75/12 6/—12.5
ES1— ES2= R\HJ\O/(CHZ)XCHS 7/-16.2
8/—24.2
NH 9/11.6 16
5.R=CH3,x=4 9.R=CHyCgHs, x=4 10/-2.0
6.R=CH;,x=5 10.R=CH,CgHs,x=5 Ef;g
7.R= CH3,X 6 11.R= CH2C6H5 Xx=6 e
. . 8.R=CH;3,x=7 12.R=CH,C¢H5,x=7
Amino acid 3.5 ZmeTis
alkyl ester 0 13. 75/7 13/—10
_ 14. 90/3 14/-9
ES1— HSC O/\
E
=S1 NH 47
%N:? 0
Es," Es,= R\HI\O/\ 12 Ei lC_|)H3
NH T
N o]
Esq= o
15. 90/3 48
NH
O
Esp= Hw)ko/\
= = HN (0]
. Et; = Etp ‘h/\OH\/ 16. 14/4
Animo-
terminated y
H
ethers N O]\
Et, = Et, = o 17. 95/4
Ety y x 50
HN
el
Et,=Et, = ]v\(%(\ % 19. 50/4
Animo-
terminated Ary=Arp= HN- C OME 21. 85/70h* 21/61 51
aromatic
groups
Ar1 H Hy
N=P_— Ary = Ary = HN- c'—c OME 22. 85/90h° 22/66 51
|
Ar2

“ Based on drug release profile of microspheres prepared from polymers.
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R =

release the side group and start the degradation process, as
shown in Scheme 3. However, some degradation with time may
be due to the internal breakdown of side groups, as in the case
of amino acid esters (Scheme 4).** Degradation behavior may
also depend upon the size of side groups. Smaller side groups
with less crowding around the main chain provide more insta-
bility to the PPZs as compared to larger side groups of the same
kind because they allow the easy attack of water molecules on
the bond between phosphorous and the other linking atom.***¢
Molecules with greater crowding may cause greater steric
hindrance and reduce the chances of attack. Similarly, the
hydrophilic/hydrophobic nature of side groups also play a role
in the degradation of PPZs.***” Glycine esters, which are more
hydrophilic in nature and smaller in size, degrade rapidly than
alanine or other amino acid esters. Degradation of some
nitrogen-linked PPZs is summarized in Table 1. The other
important thing in the selection of side groups is biocompati-
bility, as they may produce toxic products upon degradation.

(A) HOCgH,COOC,Hs. NaH

View Article Online
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Toxic degradation products can mutilate healthy cells, resulting
in ineffectiveness of the drug-delivery system.

3.1 Nitrogen-linked groups

A number of PPZs have been synthesized in which the same or
different side groups have been attached through nitrogen on
both sides of main chain, replacing the chlorine atoms.'**
Mostly, such groups contain amino or imino nitrogen, whose
proton is consumable by a base to generate a strong nucleo-
phile. Such nucleophiles attack easily on PDCP to replace
chlorine. Some of the substituents may contain more than one
functional group. In such cases, other functional groups must
be protected before linking the required amino group.

3.1.1 Nitrogen-linked esters. In most of cases of nitrogen
linkage, the amino group of amino acid esters is linked with
phosphorous. Allcock has reviewed different amino acid,
dipeptide and depsipeptide esters that are attached to PPZs
through nitrogen.* Jessica et al. have synthesized citronellol
esters with glycine, alanine, valine and phenylalanine, and all of
these esters were linked with both sides of phosphorous in the
polyphosphazene chain, see Table 1 (1-4). PDCP was synthe-
sized by TROP of HCCP under vacuum at 250 °C. All of these
polymers are of high molecular weight, with the highest for the
glycine ester-containing polymer and the lowest for the
phenylalanine-containing polymer. These amino acids, on
hydrolysis in deionized water, degraded in similar patterns; i.e.
glycine degraded much faster than alanine, valine and phenyl-
alanine citronellol esters.’® The presence of a bulkier group
adjacent to the point of attachment causes steric hindrance for
the attack of water molecules on the main chain, which results
in the slowest degradation, as indicated by phenylalanine
citronellol esters. As citronellol is an anti-inflammatory agent,

Q
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o)
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@g—ocmcm
o

(B) HOCgH,COOC Hs. TEA .
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Scheme 6 Synthesis of polyphosphazene containing ethyl esters linked through oxygen: (a) salicylic acid ethyl ester and diethylamine (23-24),%”

(b) glycolic or lactic acid ethyl and aryl esters (26—-28).5”
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these polymers can be used for drug delivery. A similar study
was done by the same author in which two amino acids, alanine
and phenylalanine, were converted into different alkyl esters
and linked to the main chain through nitrogen linkage on both
sides following the TROP method, see Table 1 (5-12).°* Due to
the presence of the bulky group, the increased steric hindrance
and decreased mobility of the main chain resulted in higher T,
values for polymers with the phenylalanine alkyl ester as
compared to their alanine ester counterparts. Fig. 2 shows the
polymer mass loss and molecular weight decline, respectively.
According to GPC data of molecular weight decline showing
hydrolytic sensitivity, it is clear that the polymers with higher
molecular weights underwent the minimum decrease in mass

A,

OGS
N
VU
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and molecular weights for both types of polymers. Due to their
good biodegradability, these polymers can be used for drug-
delivery applications. As biomaterials for different biomedical
applications share many common properties such as biode-
gradability and biocompatibility, so materials basically devel-
oped for one application can be modified for another.***
Singh et al., using TROP, synthesized and studied the prop-
erties of poly[bis(ethylalanato)phosphazene] and its
substituted analogue: poly[(ethylalanato),(ethylglycinato);-
phosphazene] (13-14).* Hydrolytic degradation patterns
showed that decreased crowding due to the presence of glycine
ester in the latter polymer resulted in greater loss of molecular
weight. Another factor may be the initial molecular weight,

CO-

© N =
N

o}
o}
35 \\/oo)
: Scheme 7 Synthesis of polyphosphazenes containing oxygen-linked crown ethers (29-35).585°

0 o
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Scheme 8 Synthesis of oxygen-linked aromatic carboxylic acid sodium salt (36—37).6°
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which is lower and allows more water uptake, resulting in faster
degradation. Similarly, PPZs containing ethyl phenylalanato-co-
ethyl glycinato (15), alanine ethyl ester, and phenylalanine ethyl
ester-co-imidazole side groups have been prepared using TROP
for various medical uses.'®>

3.1.2 Nitrogen-linked ethers. Ethers contain oxygen atoms
and are mostly hydrophilic in nature. Thus, they are used to
increase the hydrophilic nature of the polymers. Polyethylene
glycol terminated with amine group is used by many
researchers to synthesize water-soluble PPZs.>* Wilfert et al.
prepared PPZs with a polyethylene glycol linked to the main
chain through nitrogen by using LCP of chlorophosphor-
animine (Fig. 3).® Five different polymers with or without
amino acid spacer showed altered degradation pattern. The
slowest degradation was shown by the polymer without any
spacer. The glycine spacer resulted in faster degradation
compared to the valine spacer, which was due to the greater
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Fig. 4 Oxygen-linked aromatic, polycaprolactone-substituted polyphosphazene.®?

steric hindrance of the valine around the main chain. All these
polymers also showed biocompatibility in cell viability test.
3.1.3 Nitrogen-linked aromatic compounds. Aromatic
compounds are mostly hydrophobic in nature, and when such
groups are attached to the PPZ main chain, the resulting poly-
mers are mostly insoluble in water. Benzene ring and its
derivatives, with greater crowding around the main chain, cause
steric hindrance, which may increase their T, values and
decrease hydrolytic sensitivity. 4-Methoxybenzylamine and 4-
methoxyphenethylamine have been utilized to prepare novel
organophosphazenes, ie., poly[bis(4-methoxy benzylamino)
polyphosphazene] (21) and poly[bis(4-methoxyphenethylamino)
polyphosphazene] (22) by the replacement of the chlorines of
PDCP synthesized by TROP of HCCP (Scheme 5).>® These poly-
mers with the aromatic ring showed increased T, values of 61 °C
and 66 °C, respectively. These polymers were converted into
microspheres, which were then loaded with indomethacin and
5-fluorouracil. Comparing the drug loading and drug release

49
OCHZCHs
OCHZCH3 %N P%
OCHZCF3
51.Y=H
50 52.Y =CHs,

Scheme 9 Single-substituent polymers (45-49) and polymers with both ethoxy and O-linked co-substituents (50-52).4°
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Scheme 11 Synthesis of citronellol-containing polymers.®®

profile at two different pH mediums revealed that a greater
percentage of loaded drug resulted in faster release of the drug.

3.2 Oxygen-linked substituents

The other major linkage of various side groups to the poly-
phosphazene main chain is through the oxygen atom. Such
groups contain one or more hydroxyl groups through which
they can be linked to the main chain by releasing protons.
Similar to amine-containing groups, a proton-extracting base is
used for the attachment of such groups. They can also be
further divided into different groups.

3.2.1 Oxygen-linked esters. Poly[bis(ethylsalicylate)phos-
phazenes] (23), containing ethyl salicylate on both sides of the

main chain, and poly[(ethylsalicylate)(diethylamino)phospha-
zenes| (24), containing ethyl salicylate acid and diethylamine on
each side,” have been synthesized by TROP of HCCP. Ethyl
salicylate is hydrophobic in nature, while diethylamine is
comparatively hydrophilic. The polymer with ethyl salicylate
and diethylamine degraded faster than the polymer with
both ethyl salicylate groups. Four different poly-
(organophosphazenes) containing glycolic or lactic acid esters
as side groups have also been investigated for their hydrolytic
sensitivity (Scheme 6) (25-28).”” Such polymers have much
faster degradation rates due to the hydrophilic nature of side
groups and increased hydrolytic sensitivity of the poly-
phosphazene main chain.

(|3H3 CH3 CH3
ITIHCHCOOCZHE, (NHCHCOOC2H5> <NHCHcooc2H >
o A
[ n
NHCHCOOC,Hs ) >
CHj y
61 62 63

Fig. 5 Structures of polyphosphazenes containing alanine ethyl ester in combination with methyl phenoxy and phenyl phenoxy groups (61—

63).5¢
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Fig. 6 Micrographs of rat subcutaneous tissue response to polymers (a) 61, (b) 62, and (c) 63 after 4 weeks of implantation. P, polymer; N,
neutrophils; F, fibrous tissue; PR, polymer residue; 20x (1) and 40x (2) magnification.®® Copyright 2006, Wiley Periodicals, Inc.
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y

3.2.2 Oxygen-linked ethers. Oxygen-linked crown ethers
have been attached to both sides of phosphorous through
oxygen and also in combination with the methoxyethoxy
ethanol group on one side, resulting in increased T, values as
compared to poly[bis{2-(2-(methoxyethoxy)ethoxy)}phospha-
zene] (29-34).”® Cowie and Sadaghianizadeh also synthesized
similar crown ethers, such as cantena-poly[bis(1,4,7,10,13-

View Article Online

Review

7).*° Although their biodegradability and biocompatibility have
not yet been determined, this area of research can be explored
in the future because ethers provide better solubility to PPZs.
3.2.3 Oxygen-linked aromatic compounds. A large number
of aromatic groups have been attached to PPZs, either on one
side or on both sides, to attain the required properties. Mostly,
aromatic groups impart the hydrophobic character, but there
are some modified aromatic groups that can impart hydrophilic
nature to polymers. Such organic groups make PPZs hydrolyti-
cally degradable so they can be used for drug-delivery applica-
tions. Poly[di(sodium carboxylatoethylphenoxy)phosphazene]
(36) has been synthesized by TROP (melt polymerization tech-
nique) and is a hydrolytically sensitive polymer showing very
good vaccine immunoadjuvant potency (Scheme 8).°° This
polymer was further utilized for intradermal immunization by
microfabricated needles by the same author.®® PPZ film con-
taining antigen was fabricated on titanium support to form
microneedles, which, when administered to skin, dissolved and
released the antigen. The PPZs (39) and (40) are synthesized by
the reaction of an intermediate polymer and two hydroxyl
groups containing 4-(3-hydroxypropyl)phenol (38) using cesium
carbonate as catalyst, which selectively activates the hydroxyl
group attached to the benzene ring as compared to the alkylic
hydroxyl.®* The important thing is the presence of functional
alkylic hydroxyl groups used to attach e-caprolactone, which
further undergo ring-opening polymerization in the presence of
Sn(Oct), (41-44) (Fig. 4). Oxygen-linked ethoxy and fluoroethoxy
groups are highly sensitive to water, so bi-substituted products
of PDCP synthesized by the TROP of HCCP, having phenoxy or

pentaoxacyclohexadecyl-15-oxy)phosphazene] (35) (Scheme p-methylphenoxy on one side and ethoxy group on the other
e
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Scheme 14 Macromolecular substitution reaction for the attachment of ciprofloxacin and norfloxacin.”

23374 | RSC Adv,, 2017, 7, 23363-23391

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27103k

Open Access Article. Published on 03 May 2017. Downloaded on 3/6/2026 5:04:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

o) o)
< X O/\/) N OH
o)
cl N _ 1.NaH 0) x (0}
| T~
_[N:Fr + THF ~‘N:IL %OCHg Pd(PPh;), ‘{N:Fl, OCHj *
&Jn HO 2. TEA L Morphine, RT | Jn
OCH, o HN THF HN
o
RW)LO/\ <RJ\”/ \/> <R)}r0\/>
y
NH, .HCI © Y ©
78.x=20,y=0 83.x=2.0,y=0
79.x=15,y=0.5 R=H 84.x=15,y=05 R=H
80.x=1.5,y=0.5 R=CH, 85.x=15,y=05 R=CH,
81.x=1.6,y=04,R=CH(CH3),  86.x=1.6,y=0.4, R=CH(CH,),
82.x=16,y=04, R=CHC;Hs  87.x=1.6,y=0.4, R=CH,C,H5
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side (Scheme 9) of the main chain, cannot effect its degrad-
ability, as shown in a hydrolysis study that continued up to 12
weeks.** Kwon also prepared PPZs for use as carrier of bioactive
agents by TROP, with oxygen-linked methoxy on one side and 4-
acetamidophenol on the other side. The acetamide group was
then further modified to produce new derivatives (Scheme 10).%

3.3 Nitrogen- and oxygen-linked groups on the same
phosphorous atom

PPZs show great diversity and flexibility in their synthetic
combinations, as many different kinds of aromatic and non-
aromatic groups can be linked through both oxygen and
nitrogen to the phosphorous at the same time.>”** Citronellol,
which has anti-inflammatory and anti-microbial properties,
and alanine ethyl ester, which has an amino group, are linked to
PDCP (produced by TROP) in different proportions to produce
elastomeric PPZs (Scheme 11). Alanine ethyl ester provides
hydrolytic sensitivity to the polymers, ranging from 8 to 16% of
mass loss and 28 to 88% decrease in molecular weight, as
checked for 12 weeks. Citronellol can also be cross-linked by the
use of UV radiation for different time periods. When cross-
linking of citronellol is increased, its modulus is increased,
while tensile strength is decreased.®

Biocompatibility of mixed aromatic and amino acid esters
containing PPZs in rat was determined by Sethuraman and co-
workers (Fig. 5).°® PPZs with ethylalanato-co-methylphenoxy (62)
and ethylalanato-co-phenylphenoxy (63) in 1 : 1 ratio have been
synthesized and implanted subcutaneously for 2, 4 and 12
weeks, showing no harmful effects (Fig. 6). PPZ containing
methoxy polyethylene glycol as the hydrophilic part and
branched tetra i-lysine, LysLys(LysEt),, as cationic moiety were
synthesized and shown to interact with DNA (Scheme 12).%
These cationic polymers showed zero toxicity and can be
utilized for biomedical applications.

Laurencin et al. prepared two different hydrolytically sensi-
tive PPZs that can support the growth of osteoblast cells. These
polymers have imidazolyl-co-methylphenoxy and ethylglycinato-
co-methylphenoxy side group pairs linked through oxygen and
nitrogen atoms (Scheme 13).”

This journal is © The Royal Society of Chemistry 2017

4 Different approaches for drug
delivery

Polyphosphazenes provide a vast field for variation in properties
and structural flexibility, so they can be tuned in many ways to
be used for drug delivery. They can be modified into copoly-
mers, drug-polymer conjugates, micelles, microspheres, fibers
and polymeric blends, which can entrap drugs by different
methods and deliver them to the required destination. Here is
a brief discussion of these techniques.

4.1 Polyphosphazene-drug conjugate

Drug-polymer conjugate is an emerging area of drug delivery in
which the drug is chemically linked to the polymer backbone.®®
In order to combat the hurdles related to the delivery of drugs,
such as low solubility, protection against degradation by various
factors, low bioavailability and high dose toxicity, drugs are also
attached with the polymer chain.** A number of such drug-
polymer moieties have been synthesized” since its detailed
study by Ringsdorf.”* Platinum-based anti-cancer drugs have
been attached to different polymers, including poly-
phosphazene, through direct attachments or through different
linkers.”” Some antibiotics, such as ciprofloxacin and nor-
floxacin, are directly attached to the polyphosphazene chain in
combination with amino acid esters (Scheme 14). The selected
polymers are transformed into films and micro/nanofibers,
which are hydrolytically sensitive and release the drugs on
breakage. But in this case, maximum loading of the drug on the
polymer chain is no more than 25 mole percent. According to
this study, nano/microfibers are more sensitive to degradation
as compared to films.” The release profile of ciprofloxacin has
also been studied by linking it to polyurethanes, which are
enzymatically degradable.”™

Hypericin, a naturally occurring biologically active drug with
anti-bacterial, anti-viral and anti-tumor activities as well as
being a photosensitizer agent, is deficient of good water solu-
bility. Its hydrophilic character was increased by attaching it
directly to PDCP along with amine-containing alkylene oxide
oligomers.” In another attempt to deliver the anti-oxidant agent
ferulic acid, it was attached in combination with the amino acid

RSC Adv., 2017, 7, 23363-23391 | 23375
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Scheme 16 Synthesis of polyphosphazene-linked, combined conjugates of primaquine and dihydroartemisinin (100-103).””
Y Y| Jug Y/
Two anti-malarial drugs, primaquine and dihy-

polyphosphazene chain, replacing the chlorines. Ferulic acid
was first protected with an allyl ester, treated with sodium
hydride and then added to the PDCP solution followed by
deprotection. Different combinations of protected ferulic acid
(78-82) and unprotected ferulic acid (83-87) along with amino
acid esters were prepared, as shown in Scheme 15. The degra-
dation studies showed their hydrolytic sensitivity resulting in 5-
25% decomposition of polymers in an 8 week period. Ferulic
acid also showed cycloaddition process under UV radiation, and
the crosslinked product was more stable to hydrolytic degra-
dation, resulting in 0-5% degradation in 8 weeks.”®

23376 | RSC Adv., 2017, 7, 23363-23391

droartemisinin, were conjugated at the same time to the poly-
phosphazene chain in four different combinations of additional
substituents (Scheme 16). These conjugates were also formu-
lated into nanoparticles for increased uptake by hepatocytes.
The drug release profile showed an initial burst release followed
by the sustained release of the drug. These combination drug
conjugates also exhibited increased activity and resistance to
malaria up to 35 days during in vivo testing of mice.”” Allcock
and Krause attached adamantane to the main polyphosphazene
chain in three different ways. Adamantyloxy, adamantyl amino,
and adamantylmethoxy side groups are used in combination

This journal is © The Royal Society of Chemistry 2017
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CH30H

p-NHz-CGH4COOCH3

with trifloroethoxy group on the polymer chain as shown in
Scheme 17.7%

Drug-polymer conjugates have also been used to enhance
the water solubility of the anti-cancer drug epirubicin, which
was attached to the polymer chain of phosphazene along with
folic acid through a pH-sensitive hydrazide linker. As the
hydrophilic part, an amine-containing polyetheramine copol-
ymer was also attached to the polymer. PDCP was synthesized
by ring-opening polymerization from chlorophosphoranimines
followed by the addition of linker and copolymer. Drug and folic
acid were then attached to the linker chain as shown in
Scheme 18.7° Similarly, two different anti-cancer drug-poly-
phospazene conjugates have been synthesized for colon-specific
drug delivery, as these conjugates are stable in acidic
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Scheme 19 Synthesis of polyphosphazene azo-based drug conjugates of gemcitabine.®°

environment. Methotrexate and gemcitabine, in the form of azo
prodrug, were attached to phosphorous in four different
combinations (Scheme 19). These conjugates were found to be
active against colorectal cancer cell lines.** Recently, Henke
et al. introduced polyphosphazene-based anti-cancer prodrug
conjugates in which cisplatin and oxliplatin were first converted
into prodrugs and then attached to the PPZ chain through
a linker. These conjugates released the original drug after
intracellular reduction.®*

4.2 Polyphosphazene hydrogels

Hydrogels are the cross-linking network that increase their
volume by absorbing a high percentage of water and are being
used as carriers in drug delivery.®” Chemically, hydrogels can be

0
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Scheme 20 Synthesis of MPEG-grafted poly(organophosphazene).®®
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Scheme 21 Procedure for the synthesis of doxorubicin attached to polyphosphazene.>*

prepared by covalent cross-linking, while physically, they can be
produced by some external stimuli such as temperature, UV
light or some types of ions.*** Many thermoresponsive hydro-

gels®® have potential in drug delivery*” and tissue engi-
neering,** as their degradation products are harmless.®® Qian
1004
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This journal is © The Royal Society of Chemistry 2017

et al. reported the synthesis and application of a new hydrogel
based on a methacrylate-substituted polyphosphazene.”* Start-
ing from ring-opening polymerization of HCCP and then by
nucleophilic substitution, a new poly[bis(methacrylate)phos-
phazene] has been synthesized that can be used as an injectable

In vitro model drug-release behavior of (a) vitamin B, and (b) rhodamine.®® Copyright 2014, Elsevier B.V.
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Fig. 8 SEM images of microspheres prepared from PLAGA and
different PPZs by solvent/non-solvent method: (a) PLAGA, (b) PNEA, (c)
PNEPhA, (d) PNMV, (e) PNEAPhPh, (f) PNEAMPh.*° Copyright 2007.
Wiley Periodicals, Inc.

hydrogel by host-guest inclusion of biodegradable mixed-
substituted PPZs with the naturally occurring organic mole-
cule a-cyclodextrin. Photo-crosslinking was then employed to
transform the hydrogel into the solid state with the desired
shape.”” Similarly, biodegradable poly(organophosphazenes)
with different oligo(ethylene glycol) methyl ethers (mPEGs)
along with glycine ethyl ester as side chains were synthesized
and characterized (Scheme 20). These grafted PPZs and o-
cyclodextrin were then converted into a supramolecular-
structured hydrogel by inclusion complex in aqueous
medium. The molecular weight loss of polymers was monitored
by GPC to check the biodegradability of hydrogel systems,
which revealed that PPZs containing longer chains of mPEG
showed better stability and sustained release.”®

Docetaxel (DTX) is an effective anti-tumor agent with many
advantages, but it still faces the problem of low aqueous
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Synthetic route to poly(HCCP-co-bPEl) microspheres.®® Copyright 2013, Wiley Periodicals, Inc.

solubility. Cho et al. reported the synthesis of injectable and
biodegradable poly(organophosphazene) hydrogels that can
sustain DTX in aqueous medium. The prepared hydrogels with
DTX showed enhanced anti-tumor activity in mice.** The same
author also reported an injectable hydrogel system for carrying
silibinin, an anti-cancer drug, offering about 2000 times greater
solubility.®® Another study proved the efficiency of hydrogels as
a competent carrier of anti-tumor drug, in which the polymer-
drug conjugate of poly(organophosphazene) and doxorubicin
(DOX) was synthesized. r-Isoleucine ethyl ester (IleOEt) was
attached as hydrophobic group and amino-terminated poly-
(ethylene glycol) methyl ether (AMPEG 550) as hydrophilic side
group (Scheme 21). In vivo studies showed that DOX-containing
hydrogels were more effective at inhibiting tumor growth with
the least toxicity and could be good carriers of therapeutic
agent.”* The same author synthesized another paclitaxel-poly-
phosphazene conjugate-based gel system in which paclitaxel
was attached to the main chain through a linker. Hydrolytic
degradation, drug release behavior and anti-tumor activity in
mice proved it to be more effective than paclitaxel without
hydrogel.*®

4.3 Polyphosphazene microspheres

Drug delivery is an advanced approach for the delivery of ther-
apeutic agents at target sites in order to enhance therapeutic
efficiency and minimize side effects. Polymeric microspheres
are helpful in maintaining the concentration of drugs in
aregular manner for a long time, and they can be modified to be
injected and target organs,” especially in cancer treatment.
Trimethoprim, an antibiotic drug, was directly treated with
HCCEP as a linker to directly give rise to the microspheres. The
amount of cross-linker was reduced by keeping the HCCP
constant to achieve microspheres of various sizes. These
microspheres are hydrolytically degradable, with enhanced
degradation in acidic medium, and can be used for the sus-
tained release of drugs, e.g., rhodamine 6G and vitamin B,
(Fig. 7).°® In another attempt, HCCP was treated with highly
branched polyethylenimine (bPEI) in the presence of ultrasonic
irradiation using acetonitrile as solvent (Scheme 22). By
precipitation polymerization, cyclomatrix cross-linked poly-
phosphazene was converted into microspheres with high
thermal stability. Interesting in these microspheres was the
presence of active amine groups that can be utilized for various
applications.” Although the authors have not revealed its drug

This journal is © The Royal Society of Chemistry 2017
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Fig.9 TEMimages of aggregates made from amphiphilic copolymers: (a) copolymer 1, 5 mg mL™%; (b) copolymer 1, 2 mg mL™%; (c) copolymer 2,
5mg mL~%; (d) copolymer 3, DMF as solvent; (e) copolymer 3, DMAc as solvent; (f) copolymer 3, DMAc as solvent, cutoff aggregates after being
filtered through a 0.22 pm microporous membrane; (g) copolymer 3, DMAc as solvent, filtrate after being filtered through a 0.22 um microporous
membrane; (h) copolymer 3, DMSO as solvent; (i) copolymer 3, THF as solvent.**> Copyright 2006, American Chemical Society.

release applications, it could probably be important in drug
delivery due to the presence of amino groups, which can attach
to drugs by H-bonding. Microspheres with controlled porosity
and average pore diameter and with better mechanical prop-
erties have also been fabricated by using the solvent/non-
solvent method. Five different PPZs and PLAGA are used for
microsphere formation (Fig. 8) with a wide range of glass
transition temperatures under normal conditions, making it
a suitable method of fabricating microspheres for drug-delivery
applications.’ Efforts are being done to overcome the
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problems of initial burst release’™ and lack of proper drug
release kinetics'® for the polymeric microspheres. Caliceti et al.
prepared microspheres based on PPZs and demonstrated the
release profile of insulin.*®

Similarly, poly[di-(carboxylatophenoxy)phosphazene] and
sulphonated polyphosphazene, which upon the addition of
spermine resulted in the formation of microspheres, were used
for the encapsulation and release of proteins.’® Sustained
release of hydrophobic indomethacin and hydrophilic 5-fluo-
rouracil by synthesized PPZs microspheres have also been
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Synthesis of amphiphilic graft phosphazenes with EtTrp and oligo-PNIPAm as side groups.*¢
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Fig.10 TEM micrograph of DOX loaded micelles: (a) DOX-loaded micelles based on PNDGP-2 prepared by emulsion method with LC of 20.7%;
(b) DOX-loaded micelles based on PNDGP-3 prepared by emulsion method with LC of 20.7%, at 20 000x magnification; (c) the same as B but at
120 000x magnification.*?® Copyright 2008, Springer Science + Business Media, LLC.
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Scheme 24 Synthesis of amphiphilic polyphosphazene (PNIPAmM/
EAB-PPP) bearing both oligomer PNIPAmM and EBA as side groups via
macromolecular substitution.®”
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studied.*® Microspheres have been prepared by the cross-
linking of polyphosphazene hydrogel, in which calcium ions
serve as connector. These microspheres are suitable for use in
the delivery of proteins, especially vaccines. Poly[di(carbox-
ylatophenoxy)phosphazene], in the presence of NaCl, produced
coacervate microdroplets, which cross-linked by the addition of
calcium ions to produce microspheres. The technique is
considered to enhance the microencapsulation of proteins with
high reproducibility and narrow size distribution.'® Poly-
phosphazene containing phenylalanine ethyl ester along with
imidazole as side groups was converted into microspheres by
three different methods. Different methods had different effects
on size distribution of the microspheres. These microspheres
were used for the loading and release of naproxen as model
drug.'*®

4.4 Copolymeric micelles of polyphosphazene

PPZs have huge capacity to accommodate a number of organic/
inorganic groups as well as other polymers to form different
kinds of graft and block copolymers,**”**® which are gaining
much attention. The self-assembly of amphiphilic copolymers

23382 | RSC Adv., 2017, 7, 23363-23391

resulted in a variety of structures, including vesicles, spherical
micelles, rod-like micelles, and lamellae.'****° Copolymeric self-
assemblies offer the advantages of increased stability and
toughness,"* as well as various possibilities to modify physi-
cochemical and biological properties by changing the block
length, chemical structure and interactions with biomolecules.
These properties make the copolymer highly interesting for
numerous applications such as transfection vectors,'**> protec-
tive shells for sensitive enzymes'** and drug-delivery systems."**
Zhang et al. prepared different copolymers with different ratios
of N-isopropylacrylamide and ethyl-4-aminobenzoate attached
to the main chain of PPZs and monitored their different self-
assembled morphologies in different solvents (Fig. 9).*** These
can be used for different biomedical applications, including
drug delivery.

The same author prepared amphiphilic graft copolymer
based on PPZs. In this study, tryptophan ethyl ester (EtTrp) and
poly(N-isopropylacrylamide) (PNIPAm) were used as side groups
of the main chain (Scheme 23).¢ Morphology of the self-
assembled particles at different conditions were presented in
this study.

Using high catalyst concentration (10 weight%) in the
thermal ring-opening polymerization of HCCP, low molecular
weight poly(4-methylphenoxyphosphazene)-graft-poly(2-methyl-
2-oxazoline) was obtained. Bromination of side group 4-meth-
ylphenoxy was done, which was further used for the polymeri-
zation of 2-methyl-2-oxazolineto to produce graft copolymer.
Micelles produced by self-assembly in water entrapped the
hydrophobic and fluorescent pyrene as a model drug.'"” In
another study, to increase the efficiency of proton exchange,
membranes for block polystyrene-grafted PPZs were developed
that contained alkylsulfonic acids as substituents.****

Copolymeric micelles consist of a hydrophobic core sur-
rounded by a hydrophilic shell, which are usually prepared by
dialysis technique. Hydrophobic drugs can be easily captured by
the core during the self-assembly of micelles in dialysis bags where
solvent is exchanged by water in most cases.”*"' Polymeric
micelles proved to be excellent vehicles for the delivery of hydro-
phobic drugs, especially in the case of anti-cancer drugs.'**"**
There are also pH-responsive and redox-responsive micelles based
on different kinds of polymers."**> Amphiphilic graft polymer

This journal is © The Royal Society of Chemistry 2017
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Fig.11 DSC curves of (a) PPOBADEAP, PHEBDEAP and PESPOBP, and (b) blends A, B and C; (c) DTG analysis of pure PPHOSs; (d) DTG analysis of

blends.**® Copyright 2015, Elsevier B.V.

based on PPZ containing hydrophobic and hydrophilic side
groups can be used for the preparation of micelles and loading of
drugs. Doxorubicin was loaded by dialysis method in the micelles
produced (Fig. 10) by graft polymers consisting of different ratios
of poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide) (PNI-
PAmMDMAA) and ethyl glycinate around the main chain of poly-
phosphazene.””® Synthesized micelles were temperature sensitive
and released encapsulated material as the temperature changed.
Thermal-responsive behavior of micelles based on PNIPAMDMAA-
ethyl glycinate PPZ was explored by turbidity method. Lower crit-
ical solution temperature (LCST) was different in water and PBS
solution.

Diflunisal, an anti-inflammatory drug, was also loaded in
temperature-sensitive PPZ-based micelles. At lower tempera-
ture, micelles showed burst release, while at body temperature,
they showed sustained and controlled release."”***° Zheng et al.
also loaded doxorubicin in newly synthesized graft poly-
phosphazene micelles containing methoxy-poly(ethylene glycol)
and glycine ester components with different morphologies.
Cytotoxic assay showed the efficiency of these micelles in
human breast cancer cells.**" In another study, similar amphi-
philic graft copolymers based on PPZ were synthesized con-
sisting of MPEG and tryptophan ethyl ester in different ratios.
Micellization behavior showed that the critical micelle
concentration of copolymers decreased with increased hydro-
phobic content. DOX was again loaded as an anti-cancer drug
against HeLa cells and showed comparable cytotoxicity as
compared to free DOX."™> Rheumatoid arthritis is a disease
related to swelling, stiffness and joint pain,"***** which is
treated by various ways including intra-articular and oral dosage

This journal is © The Royal Society of Chemistry 2017

forms.” Indomethacin-loaded micelles were introduced in
a rat for the treatment of arthritis."*® These micelles loaded with
indomethacin were prepared by amphiphilic polyphosphazene
copolymers with poly(N-isopropylacrylamide) and ethyl 4-ami-
nobenzoate as hydrophilic and hydrophobic side groups
(Scheme 24). In vivo drug release studies showed that the
prepared micelles can prolong drug concentration in blood
plasma.®” Another attempt in this series was done by replacing
ethyl tryptophan in place of ethyl-4-amino benzoate to the pol-
yphosphazene chain while keeping the poly(N-iso-
propylacrylamide) as the other substituent.**® Polyphosphazene
with an anti-cancer drug, oxaliplatin, combined with 2-
hydroxyethoxy-diethylmalate and PEG on other side of the
backbone, was synthesized, which, on self-assembly, converted
into micelles with a mean diameter of 130 nm.**® These micelles
are found to have increased bioavailability and selectivity to the
target as compared to oxaliplatin alone.

4.5 Polyphosphazene blends with other polymers

Polymers can be mixed physically in different proportions to
prepare blends. To prepare the blends, polymers are dissolved
in suitable solvents and mixed together, followed by evapora-
tion of the solvents. This results in some physical interactions
such as hydrogen bonding and van der Waals forces. In most
cases, properties of blends change as compared to individual
polymers. Blends can also be further modified into micro-
spheres, fibers and hydrogels.

Three novel PPZs were synthesized and converted into 25%,
50% and 75% (w/w) blends (blends A, B and C) with poly(methyl
methacrylate) by physical mixing in chloroform, as shown in

RSC Aadv., 2017, 7, 23363-23391 | 23383
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Fig. 12 SEM images showing the effect of degradation of blend microspheres over a period of five weeks (top to bottom).**° Copyright 2015,

Elsevier B.V.

110

Scheme 25 Synthesis of polyl(glycine ethyl
phenoxy);phosphazene].***

glycinato);(phenyl

Fig. 11. The 75% blends of these three PPZs were further
fabricated into microspheres, and sustained release of hydro-
phobic drugs was evaluated. Microsphere of blend A and C
showed good results of sustained release up to 7.7% and 20%,

23384 | RSC Adv., 2017, 7, 23363-23391

while blend C showed more than 90% release within forty hours
(Fig. 12). It was also found that degradation and drug release are
related to percentage water retention.**’

Due to their biocompatibility and degradation, poly-
phosphazene-polyester blend systems are gaining much
interest in drug delivery and tissue engineering applications.
PPZs with glycylglycine ethyl ester-co-phenylphenoxy groups in
50 : 50 ratio were synthesized as previously reported.’ The gly-
cylglycine ethyl ester was attached to enhance the hydrophilic
nature of polyphosphazene containing the phenylphenoxy side
group (Scheme 25). Blends of these polymers with poly(lactic
acid-co-glycolic acid) (PLAGA) in 25 : 75 and 50 : 50 ratios yiel-
ded matrix 1 and matrix 2, respectively. The degradation order
for these blend systems, in PBS at body temperature for 12
weeks, is matrix 2 < matrix 1 < PLAGA (Fig. 13). Both blends were
also tested in rat to check their non-toxic nature so these blends
can be used for biomedical applications.™*

The same author studied the unique mechanism of degra-
dation for the polymer (112) blend with PLAGA (50 : 50).

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Degradation profiles of blends and pristine PLAGA in pH 7.4 PBS at 37 °C over 12 weeks. (a) pH change, (b) percentage of mass loss, (c)
percentage of PLAGA molecular weight remaining in the blends and pristine PLAGA over 12 weeks in PBS, (d) percentage of polyphosphazene
molecular weight remaining in the blends over 12 weeks in PBS.*** Copyright 2010, Elsevier Ltd.

Hydrophilic glycylglycine dipeptide encouraged the hydrogen
bonding with PLAGA. During degradation, this blend produced
3D spaces which were filled with polyphosphazene spheres
formed by self-assembly, showing a porous morphology.**> This
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polymer has also been used to fabricate fibers by electro-
spinning. Length and diameters of these fibers can be
controlled by changing the concentration and ratio of polymers
and blends. They also created biomimetic 3D scaffolds with an
open central cavity."*

PPZs with the side groups of tris(hydroxymethyl)amino
methane (THAM) and ethyl esters of glycine and alanine have
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Scheme 27 Synthesis of polyl(amino ethyl ester),(choline chloride), phosphazene] using two different routes: (a) sodium hydride (NaH) (113-

116), (b) cesium carbonate (Cs,COs3) (117-120).14°
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Fig. 14 Polyphosphazene-based blend hydrogel and demonstration of physical and chemical cross-linking after injection in mice.**¢ Copyright

2010, Elsevier Ltd.

been synthesized (Scheme 26), and then, blends of these poly-
mers with poly(lactic acid-co-glycolic acid) (PLAGA) in (50 : 50)
and (85 : 15) ratios were prepared to check their degradation
patterns. THAM can increase the hydrogen bonding between
the blended polymers. Hydrolytic studies of polyphosphazene:
PLAGA (50 : 50) blends showed that PLAGA contents degraded
more rapidly than synthesized PPZ and are safer to use in living
organisms, as indicated by cell osteoblast studies.*** Synthetic
routes also play a role in forming different natures of polymers
and their blending behavior. Choline chloride, a biological
buffer, has been attached as a side group in PPZs along with
four different amino acids using two different methods.

Using the sodium hydride route of synthesis, low-choline-
content PPZs have been prepared as compared to the cesium
carbonate route, which produces high-choline-content PPZs
(Scheme 27). The synthesized polymers were then mixed with
PLAGA in ratios of (50 : 50) and (85 : 15) to produce blends that
show differences in miscibility. The polymer synthesized
through sodium hydride route was more miscible as compared
to the polymer synthesized through cesium carbonate route.

23386 | RSC Adv., 2017, 7, 23363-23391

After degradation, the blends produce near-neutral medium
and showed non-toxic nature.**®

An interesting work has been done to eradicate the basic
problems faced with injectable drug delivery systems. A biocom-
patible, thermosensitive and water-soluble polyphosphazene
blending system has been designed, in which two different PPZs
with active thiolated and acrylated functional groups have been
synthesized and blended (Fig. 14). At low temperature, it is in
solution form, while at body temperature, it is converted into
hydrogel form by developing both physical interactions such as
hydrogen bonding and chemical interactions such as cross-linking
between thiolated and acrylated groups.**® Blending of poly[(eth-
ylglycinato)(methoxyethoxyethoxy)phosphazene] with PLAGA in
the ratios of 25:75 and 50:50 was investigated to produce
biodegradable materials of high strength that were also biocom-
patible, as shown by rat osteoblast cell experiment.**” Blend
formation was affected by the nature of polymers, ratio of mixing
and solvents used, and it was checked by the use of SEM and T,
values. Sometimes, the blends are completely miscible, having no
phase separation, while sometimes, they are partially miscible or
completely immiscible depending upon these factors."*®'*

This journal is © The Royal Society of Chemistry 2017
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Miscibility of blends was demonstrated by producing PPZs with
ethyl glycinate and ethyl glycylglycinate in five different ratios.
They were again blended with PLAGA to produce biomaterials of
diverse  properties.  Poly[(ethyl glycinato), s(glycine  ethyl
glycinato), sphosphazene] formed miscible blends with PLAGA
and showed greater degradation time as compared to the indi-
vidual polymers. Glass transition temperature of the blend was
lower than that of parent polymers, which shows the presence of
interactions between them.**

5 Polyphosphazenes towards clinical
development

In order to approve PPZs as functional biological material,
various areas of drug delivery have been concentrated and
different experiments have been performed. These include in
vivo experiments for the successful delivery of anti-cancer
drugs. Chun et al. have developed PPZ-based conjugates of
doxorubicin and paclitaxel drug and checked their anti-cancer
ability against SNU-601 human gastric cancer cells and HSC-
45M2 human gastric cancer cells, respectively, which were
implanted in nude mice.***® These anti-cancer drug delivery
systems inhibited the tumor growth effectively for 30 days as
compared to free drugs, suggesting these conjugates as poten-
tial candidates for clinical trials. Similarly, Cho et al. have also
developed an injectable delivery system for 2-methoxyestradiol
for breast cancer therapy based on thermosensitive PPZs."** By
monitoring tumor volume and CD31 immuno-histochemical
staining in mouse orthotopic breast tumor (MDAMB-231)
model, it was found that the hydrogel containing a relatively
low concentration (15 mg kg™') of 2-ME showed improved
antitumor and antiangiogenic activity. In other attempts, the
same authors have also developed injectable poly-
(organophosphazene)s for the delivery of silibinin (SIL) and
camptothecin (CPT) and performed in vitro and in vivo anti-
tumor activity studies. For in vitro studies, the drug-polymer
conjugate hydrogel of CPT showed good anti-tumor activity
against four different human cancer cell lines and is also more
effective for in vivo studies for up to 15 days against HT-29 colon
cancer cell-xerografted mice as compared to CPT alone.”
Similarly, SIL in solution form was injected into already-
implanted HT-29 colon cancer cell line and showed very effec-
tive tumor inhibition.*

The more focused area of PPZs towards clinical development
is the delivery of vaccines and immunoadjuvants. Pike corpo-
ration, based in Korea, has been developing an injectable drug-
delivery system based on PPZ block copolymers with thermor-
eversible properties.””> PPZs have been used as carriers for
adjuvants and vaccine antigens and also add their mild adju-
vant activity. However, when combined with immune stimula-
tors such as CpG, ODN or PolyIC, these molecules can form
complexes that become highly immunogenic.’**'** One of the
most considered PPZ polyelectrolytes, poly[di(carbox-
ylatophenoxy)phosphazene] (PCPP), has been used in phase I
clinical study, which was carried out with the influenza vaccine
on both young and elderly adults (a total of 96 subjects).'*

This journal is © The Royal Society of Chemistry 2017
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Three different doses, comprising 100, 200 and 500 pg of PCPP,
were injected and followed for 12 months. The strongest
response was observed for the 500 ng dose against all three
strains of influenza virus, especially in young subjects. PCPP
was also inspected in clinical trials through oligomeric HIV-1
Gp160mn/LAI-2 vaccine in HIV-seronegative volunteers from
the United States, showing the long-term safety profile of the
adjuvant.”*"” Another publication also cites the use of PCPP
for boost immunization in HIV vaccine clinical trials.**®

Most recently, a phase 1 clinical trial was conducted in which
19 volunteers received oligomeric glycoprotein 160 from HIV
strains MN and LAI-2 (ogp160 MN/LAI-2) with variations in dose
(25, 50, 100 pg) and either polyphosphazene or alum adjuvant
(part A). In part B, 72 volunteers received either placebo (n = 12)
or recombinant canarypox virus expressing HIV antigens (ALVAC-
HIV [vCP205]) with different doses and schedules of ogp160 MN/
LAI-2 in PPZ or alum (n = 60). In both parts, volunteers receiving
the PPZ adjuvant produced good response in the neutralization
of tier 2 viruses." In another study, Mishal et al. evaluated the
adjuvant activity of poly[di(sodium carboxylatoethylphenoxy)]
phosphazene (PCEP) and avian beta defensin (ABD) in a vaccine
formulation containing inactivated fowl adenovirus (FAdV)
serotype 8b administered in ovo. The results presented that
a mixture of PCEP and inactivated virus can induce a strong and
long-term antibody response.'® Also, substantial improvement in
the expression of genes such as IFN-y, IFN-a, IL-12(p40) and IL-6
by PCEP reveals its ability to produce immune response, which is
beneficial for the development of in ovo vaccines.

6 Conclusion and future prospects

PPZ is an emerging class of polymers whose flexibility in prop-
erties, biocompatibility and biodegradability are very prominent.
Their hydrophilic/hydrophobic nature and degradation behavior
can be tuned by changing the side groups. Amongst the most
commonly used side groups, ethers provide hydrophilic nature
and result in water-soluble PPZs. Amino acid esters have a range
of effects—from hydrophilic to hydrophobic—depending on the
nature of the amino acid used, while the aromatic side groups are
mostly hydrophobic in nature and result in higher T values of
the PPZs. Mostly, PPZs are prepared by a combination of hydro-
phobic and hydrophilic side groups, resulting in polymers with
balanced properties. Although the synthesis process is a bit
difficult and demands care, the incorporation of PPZs in drug-
delivery applications is mounting continuously, and many
different drug carriers are being developed for the safe and long-
term delivery of therapeutic drugs.

Although researchers have tried to attach substituents of all
types, there is still a lot to be explored as the flexibility in the
PPZ backbone offers great opportunities. To date, the main
focus has been on the substituents that contain an amino or
hydroxyl group for attachment to the PPZ main chain. However,
the effects of those substituents containing other attachment
sites, like —-SH, -BH,, carbonyl carbon etc., still need to be
explored, especially in the field of drug delivery. Furthermore, it
is possible to attach such linking atoms other than N and O, and
how they will affect the properties of PPZs is still a question. The
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blending of PPZ with other polymers and different formulations
into micro/nano fibers, microspheres, micelles, polymersomes
and a lot more is still inviting researchers to explore new
dimensions. The clinical development of PPZ is not so estab-
lished, which is very important for the practical implementation
of PPZ as a biomaterial.
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