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ABSTRACT: Thermosensitive poly(organophosphazene)
gels have been synthesized with a host of side groups,
including a-amino-w-methoxy-poly(ethylene glycol),
hydrophobic amino acid esters (PheOEt, LeuOEt, and
IleuOELt), depsipeptide ethyl ester (GlyGlycOEt), and lysine
ethyl ester (lysOEt). The fraction of the last side group,
lysOEt, which possesses two amine functional groups, was
designed to be in the range of 0.1-0.3 mol per polymer unit.
The poly(organophosphazenes) have been characterized via
"H- and *'P-NMR spectroscopies, GPC, and elemental analy-
sis. The phase transition behavior of the poly(organophos-
phazenes) in aqueous solution has been determined via
viscometry. Some of the poly(organophosphazenes) with
amino functional groups exhibit reversible sol-gel transitions

at temperatures near those of the human body, when in
aqueous solution. These polymers form a sol at lower tem-
peratures, and become gels at higher temperatures. Also,
these polymer solutions have been found to behave gener-
ally like Newtonian fluids in the sol state, but appear to ex-
hibit pseudoplastic qualities in the gel state. The polymers
possessing depsipeptide ethyl esters (ethyl-2-(O-glycyl)glyco-
late) as a side group tend to exhibit much higher degrada-
tion rates under physiological conditions than do those
which lack the depsipeptide ethyl ester group. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 120: 998-1005, 2011
Key words: polyphosphazenes; gels; biomaterials;
biodegradable; stimuli-sensitive polymers

INTRODUCTION

Thermosensitive biodegradable polymers that exhibit
sol-gel properties have been intensively studied for
their efficacy as injectable or implantable drug deliv-
ery systems.'™ Such systems would possess clear
advantages over the previous implantable system.
There is no need for the use of harmful chemical ini-
tiators or crosslinking reagents for the effective use
of such systems. There is also no need for a surgical
procedure for the insertion and removal of the above
polymer gels. They can be prepared in aqueous solu-
tions and can be readily sterilized via simple filtra-
tion. Typical examples of such applications are as
follows: Jeong et al."*° have reported the use of
poly(ethylene  glycol)/poly(lactic  acid-co-glycolic
acid) based block, triblock, and graft copolymers in
a series of injectable drug delivery systems, and
have also reported their use in tissue engineering.
Chenite et al.” have characterized a chitosan-glycer-
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olphosphate based gel, which is a sol at room tem-
perature, but becomes a gel at body temperature.
Behravesh et al.® studied biodegradable themosensi-
tive triblock copolymers composed of methoxy-
poly(ethylene glycol) and poly(propylene fumarate).

Poly(organophosphazenes) substituted with amino
acid esters have a potential as polymeric carriers for
biologically active agents. The advantages of these
polymers come mainly from a wide variety of prop-
erties that can be designed and synthesized by the
reaction of poly(dichlorophosphazene) with various
amino acid esters. Allcock et al.”'® have described
amino acid ester functionalized polyphosphazenes,
which are potentially biocompatible and biodegrad-
able. Most of these polymers posses tunable degra-
dation rates and readily degrade in aqueous media
to products nontoxic phosphates, ammonium salts,
amino acid, and ethanol. Therefore, these polymers
have been studied as matrices or particles for con-
trolled drug release application.''*

We have also conducted investigations into the
properties of biodegradable thermosensitive poly(or-
ganophosphazenes) containing o-amino-o-methoxy-
PEG (AMPEG) and hydrophobic amino acid esters,
including isoleucine ethyl ester (IleOEt), leucine ethyl
ester (LeuOEt), and valine ethyl ester (ValOEt), as
well as one which contained depsipetide ethyl ester
(ethyl-2-(O-glycyl)glycolate, GlyGlyOEt)."*'* These
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polymers all, to varying degrees, exhibited sol-gel
transition properties in aqueous solutions: It was
inferred that the gelation of such polymers was attrib-
utable to hydrophobic interactions occurring between
the side chain fragments of the hydrophobic amino
acids, such as —CH(CH3)CH,CHj3; of IleOEt, and the
CH,CH(CHj3), contained in LeuOEt. Our polymers
also degraded under physiological conditions. Their
byproducts, which included poly(ethylene glycol)
(PEG), amino acids, ethanol, phosphate, and ammo-
nium salts, are all known nontoxic materials.

In this article, we show a cyclic phosphazene
trimer with an amino group as a preliminary model
for the production of poly(organophosphazenes)
possessing an amino group and then report the syn-
thesis of several poly(organophosphazenes), which
contain AMPEGs, some hydrophobic amino acid
esters (LeuOEt, PheOEt, and IleOEt), and a depsi-
peptide ethyl ester (ethyl-2-(O-glycyl)glycolate) as
hydrolytic labile moieties, and L-lysine ethyl ester
(lysOEt) with two amino groups as the final substi-
tute. So far, there have been only a few reports of
biodegradable thermonsensitive polymers containing
functional groups. These amino group-containing
thermosensitive polymer gels are expected to prove
useful in the construction of a bioactive molecule-con-
jugated carrier and gene delivery system. Here, we
report the synthesis, gelation properties, and hydrolytic
behavior of these amino functional group-containing
poly(organophosphazenes).

EXPERIMENTAL
Materials

Hexachlorocyclotriphosphazene (Aldrich) was puri-
fied by sublimation at 55°C under vacuum (about 0.1
mm Hg). The ethyl esters of amino acids were pre-
pared according to the literature." Ethyl-2-(O-glycyl)-
glycolate (GlyGlycOEt) was prepared as described
before by Crommen et al.'® Tetrahydrofuran (THF)
was dried by reflux over sodium metal and distilled,
and triethylamine was distilled over BaO under dry
nitrogen. Methoxy-poly(ethylene glycol) (MPEG) with
molecular weights of 350 were dried azeotropically
with benzene, followed by vacuum drying, and then
stored over molecular sieve 4A. a-Amino-o-methoxy-
poly(ethylene glycols) (AMPEGs) with molecular
weights of 350, 550, and 750 were prepared by a pub-
lished method."”

Synthesis of trimer and poly(organophosphazenes)

Synthesis of trimer [N3P3(MPEG350);(L-LysOEt);]
[Fig. 1(a)]. The sodium salt of polyethylene glycol
350 monomethyl ether (MPEG350) was prepared by
reaction of MPEG350 (6.1 g, 17.4 mmol) with 1.5

999

equiv of sodium metal in THF (230 mL) at refluxing
temperature for 24 h. After the resultant solution
was filtered to remove excess sodium, the filtrate so-
lution was added slowly to hexachlorocyclotriphos-
phazene (2.0 g, 5.8 mmol) dissolved in THF (50 mL).
The reaction mixture was stirred for 5 h at —60°C
and then 12 h at room temperature. Meanwhile, ly-
sine ethyl ester dihydrochloride (21.5 g, 87.0 mmol)
was suspended in dry THF (100 mL) containing
triethyl amine(48.5 mL, 348.0 mmol), which was
stirred for 6 h at 50°C to deprotect dihydrochloride
and cooled to the room temperature. The trimer so-
lution was added to the lysine ethyl ester solution,
which was stirred for 2 days at 50°C. The reaction
mixture was filtered, and after the filtrate was con-
centrated, it was poured into n-hexane to obtain a
precipitate, which was reprecipitated twice in the
same solvent system. The product was dissolved in
a small amount of ethyl acetate, which was washed
twice by water. The ethyl acetate solution was con-
centrated, purified by cloud point separation in
water and freeze-dried to obtain the trimer.'®

Yield: 66%. *'P-NMR (D,0), § (ppm): 42.42. 'H-
NMR (D;0), 6 (ppm): 1.3(t, 3H, ester CH; ); 1.4 (br
m, 2H, lysine v CH,); 1.6 (br m, 2H, lysine B CHy);
1.7 (br m, 2H, lysine 6 CH,); 2.9 (br m, 2H, lysine &
CHy); 3.4 (s, 3H, methoxy CHj3); 3.6 (t, 1H, lysine o
CH); 3.7 (br m, 26H, MPEG CHy); 4.1 (m, 2H, MPEG
CHy); 4.2 (q, 2H, ester CH,).

Synthesis of [NP(LeuOEt)9o(AMPEG350)¢.95
(LysOEt)g 5], (polymer 1)

Poly(dichlorophosphazene)  was  prepared as
described previously." i-leucine ethyl ester hydro-
chloride (3.0 g, 15.5 mmol) suspended in dry THF
(100 mL) containing triethylamine (6.3 g, 62.0 mmol)
was added slowly to poly(dichlorophosphazene) (2.0
g, 17.3 mmol) dissolved in dry THF (100 mL). The
reaction mixture was stirred for 4 h in dry ice bath
and then for 20 h at room temperature. To this mix-
ture, triethylamine (0.3 g, 3.2 mmol) and AMPEG350
(12.1 g, 34.5 mmol) dissolved in THF (50 mL) were
added, and the reaction was allowed to be reacted
for 24 h at room temperature. After LysOEt (12.1 g,
34.5 mmol) dissolved in dry THF (100 mL) contain-
ing triethylamine (7.0 g, 69.0 mmol) was added to
the polymer solution, the reaction mixture was
stirred for 2 days in ice bath. The reaction mixture
was filtered. After the filtrate was concentrated, it
was poured into n-hexane to obtain a precipitate,
which was reprecipitated twice in the same solvent
system. The polymer product was further purified
by dialysis in methanol for 2 days and then in dis-
tilled water for 2 days at 4°C. The final dialyzed so-
lution was freeze-dried to obtain polymer 1. Yield:
68%. >'P-NMR (acetone d°), & (ppm): 24.1. "H-NMR
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Figure 1 Cyclic trimeric phosphazene with an amino group as a preliminary model: (a) synthetic procedure, (b) 'H-

NMR and 3'P-NMR spectra of the trimer.

(acetone d°), § (ppm): 0.9-1.2 (b, 6H), 1.2-1.4 (b, 6H),
1.4-2.2 (b, 9H), 3.0-3.3 (b, 4H), 3.4 (s, 3H), 3.5-3.9 (b,
27H), 3.9-4.1 (b, 1H), 4.1-4.3 (b, 4H). Elem. anal. (%)
caled:. C, 49.00; H, 8.73; N, 9.84. found: C, 49.40; H,
8.55; N, 9.73.

The other polymers were prepared analogously
using different mole ratios and molecular weights of
Ampeg.

[NP(PheOEt)l03(AMPEG350)084(LYSOEt)Q13]n
(polymer 2)

PheOEt (17.8 mmol), AMPEG 350 (14.5 mmol), and
LysOEt (30.0 mmol). Yield: 65%. *'P-NMR (CDCls),
S (ppm): 17.9. '"H-NMR (acetone d°), & (ppm): 0.8-1.2
(b, 3H), 1.2-14 (b, 3H), 1.4-2.1 (b, 6H), 2.9-3.2 (b,
6H), 3.4 (s, 3H), 3.5-4.0 (b, 28H), 4.1-4.4 (b, 4H), 7.0-
7.3 (b, 5H). Elem. anal. (%) calcd: C, 53.76; H, 7.86;
N, 7.86. found: C, 53.40; H, 7.65; N, 7.80.

[NP(IIEOEt)086 (AMPEG350)085(Ly50Et)029]n
(polymer 3)

[leOEt (14.87 mmol), AMPEG 350 (14.7 mmol), and
LysOEt (51.9 mmol). Yield: 75%. *'P-NMR (CDCl,),
8 (ppm): 19.3 'TH-NMR (CDCl3), § (ppm): 0.8-1.0 (b,
6H), 1.1-1.3 (b, 6H), 1.4-2.0 (b, 9H), 2.8-3.1 (b, 4H),
3.4 (s, 3H), 3.5-3.9 (b, 27H), 3.9-4.1(b, 1H), 4.1-4.3 (b,
4H). Elem. anal. (%) calced: C, 49.22; H, 8.74; N,
10.09. found: C, 49.00; H, 8.62; N, 9.90.

[NP(HEUOEt)l 01 (AMPEG550)082(LYSOEt)017]n
(polymer 4)

[leOEt (17.3 mmol), AMPEG 550 (13.8 mmol), and
LysOEt (34.6 mmol). Yield: 70%. *'P-NMR (CDCl,),
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S (ppm): 19.2. Elem. anal. (%) calcd: C, 49.67; H,
8.60; N, 6.49. found: C, 49.61; H, 8.66; N, 6.52.

[NP(HGUOEt)l10(G1YGIYCOEt)O16(AMPEG550)057
(LysOEt)o.16]n (polymer 5)

IleOEt (19.0 mmol), GlyGlyOEt (3.46 mmol), AMPEG
550 (10.4 mmol), and LysOEt (34.6 mmol). Yield:
65%. *'P-NMR (CDCl3), 8 (ppm): 19.3. *'P-NMR
(CDCl3), & (ppm): 19.3 "H-NMR (CDCl3), § (ppm):
0.8-1.0 (b, 6H), 1.1-1.3 (b, 9H), 1.4-2.0 (b, 9H), 2.8
3.1 (b, 4H), 3.4 (s, 3H), 3.5-3.9 (b, 44H), 3.94.1 (b,
1H), 4.1-44 (b, 6H), 4.5-4.7 (b, 2H). Elem. anal. (%)
caled: C, 49.57; H, 8.49; N, 8.49. found: C, 49.75; H,
8.63; N, 8.00.

[NP(HGUOEt)l10(AMPEG750)068(LYSOEt)022]n
(polymer 6)

[leOEt (19.0 mmol), AMPEG 750 (11.8 mmol), and
LysOEt (34.6 mmol). Yield: 75%. *'P-NMR (CDCls),
S (ppm): 18.9. Elem. anal. (%) calcd: C, 50.20; H,
8.81; N, 5.83. found: C, 50.00; H, 8.66; N, 6.12.

Instruments and measurements

All reactions were carried out under an atmosphere
of dry nitrogen using standard Schlenk-line techni-
ques. Elemental analysis was carried out with Fisons
1108 CHNS Microanalizer and Polyscan 61E ICP. 'H-
NMR measurements were made with a Varian Gem-
ini-300 spectrometer operating at 300 MHz in the Fou-
rier transform mode. Proton-decoupled *'P-NMR
spectra were measured with the same spectrometer
operating at 121.4 MHz using triphenyl phosphate as
an external standard. Gel-permeation chromatography
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Scheme 1 Synthesis of thermosensitive poly(organophosphazenes) with an amino group.

was carried out using a GPC system (Waters 1515)
with a refractive index detector (Waters 2410) and two
styragel columns (Waters styragel HR 5E) connected
in line at a flow rate of 0.8 mL/min at 35°C. Polystyr-
enes (M,: 1140, 3570, 14,100, 28,700, 65,300, 181,000,
613,000, 1,010,000, 2,660,000) were used as standards
to calibrate the column. The viscosity of the aqueous
solutions of polymers was measured as a function of
temperature: viscosity measurements on polymer solu-
tions were carried out on a Brookfield RVDV-III+ vis-
cometer with small sample adaptor using the spindle
SC 4-15 between 5 and 80°C with a heating rate of
0.25°C/min and under shear rate of 0.07-20.4 s .

In vitro hydrolytic degradation of polymers

Time-dependant degradation of the polymers was
examined in pH 7.4 buffer solutions at 37°C. The
polymers were dissolved in the buffered solutions
(10 wt %) of pH 7.4 (0.1 mM phosphate buffered sa-
line), which were incubated in shaking water bath at
37°C. Samples were taken every day and lyophi-
lized. The samples were redissolved in THF, and the
molecular weights of the polymer residues were
determined by GPC.

RESULTS AND DISCUSSION

Initially, a cyclic phosphazene trimer was used as a
preliminary model for the production of poly(orga-

nophosphazenes) possessing an amino group. Hexa-
chlorocyclotriphosphazene was initially allowed to
react with the sodium salt of MPEG 350, and the re-
sultant solution was then allowed to react with an
excess of lysine ethyl ester, thereby yielding the final
trimer.’® The synthetic procedure, as well as the 'H-
NMR and *'P-NMR data, are shown in Figure 1. The
sharp single *'P-resonance located at 42.4 ppm con-
firms that the final trimer is the ci-nongeminal isomer,
N3P3(MPEG350)5(lysOEt); as was reported in a previ-
ous study.'® Also, the triplet located at 3.6 ppm was
assigned to the a-CH of lysine ethyl ester in the 'H-
NMR spectrum, suggesting that N3P3(MPEG350);5(Cl)3
reacted completely with e-amine, rather than a-amine,
in the lysine ethyl ester. Crosslinking occurring during
the reaction of lysine ethyl ester with CI-P-N was pre-
vented, as the pKa (10.53) of g-amine in lysine is con-
siderably higher than that (8.95) of a-amine in lysine,
and also because excess lysine ethyl ester was used in
this reaction.'®

On the basis of the above-mentioned result, we
were able to synthesize poly(organophosphazenes)
possessing amino function groups. Scheme 1 repre-
sents the procedure by which these polymers were
synthesized. In brief, poly(dichlorophosphazene) (I)
dissolved in THF was allowed to react with hydro-
phobic amino acids, including IleOEt, LeuOEt, and
PheOEt, and/or GlyGlycOEt, to yield the partially
substituted polymer (II), which was then reacted
with o-amino-w-methyl-PEG. This resulted in the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Characteristics of Poly(organophosphazenes)
Polymer Structure Tass CO" Tinax CO)°  Tiet (O Vinax (P2 S)* M, (x10%°
1 [NP(LeuOEt)g.0o(AMPEG350)0.05(LysOEt)g 15, 19 48 65 1.8 6.2
2 [NP(PheOEt); o5(AMPEG350)0 54(LysOEt)g. 13 7 31 55 255 34
3 [NP(IleuOEt), s6(AMPEG350)0 5(LysOEt)g 0] 18 45 60 15.4 25
4 [NP(IleOEt); o1 (AMPEG550)0 55(LysOEt)g 171 32 64 85 5.0 0.9
(AMPEG550)0.57(LysOEt)o.16]n
6 [NP(IleOEt); 1o(AMPEG750), 65 (LysOEt)g 210 42 78 >100 168.0 15

® The association temperature at which the viscosity of the polymer solutions (10 wt %) begin to increase sharply.
" The temperature at which the polymer solutions (10 wt %) reach their maximum viscosity.
¢ The LCST was identified as the temperature at which the polymer solutions (10 wt %) became turbid.

4 The viscosity of the polymer solutions at Tpax-

¢ The weight average (M,,) molecular weight of the polymers was measured by GPC using THF solutions containing

0.1 % (w/v) TBAB(tetrabutylammonium bromide).

generation of the intermediate (III). This intermedi-
ate (IIl) was in a state with a small quantity of
unreacted chlorine (Cl-P-N). Finally, the intermedi-
ate (III) was allowed to react with excess lysine ethyl
ester, thereby generating the final polymer products
(IV). Different copolymers were obtained by varying
the amino acid esters used, as well as the length of
the o-amino-w-methyl-PEG, and the mole ratios of
the substituents. The polymer products generated
were then characterized via multinuclear NMR spec-
troscopies, GPC, and elemental analysis.

The synthesized polymers are summarized in
Table I. All of these polymers appeared as pale yel-
low viscoelastic solids. They were all soluble in cold
water, as well as in several organic solvents, includ-
ing chloroform, tetrahydrofuran, and methyl alcohol.

The average molecular weight of these compounds
was between 0.9 x 10*-6.2 x 10*

Figure 2 shows the changes in the *P-NMR spectra
during the process of synthesizing polymer 1. When
poly(dichlorophosphazene) (I) was allowed to react
with LeuOEt, the intermediate (II) exhibited several
primary peaks. After the intermediate (II) was reacted
with AMPEG 350, only two major peaks remained, at
about 10 and 19 ppm, which were assigned to N-P-N
and N-P-Cl, respectively. Finally, after intermediate
(IT) was allowed to react with the excess LysOEt, the
peak located at 10 ppm (N-P-Cl) disappeared, and the
final product (IV) was obtained, which exhibited one
major peak, located at 19 ppm. This confirmed that
the chlorine (Cl) atoms had been completely replaced
by subsequent reaction with e-amine lysine ethyl ester.

0 (In [N-P-CI]
[NPCL,], LeuOEt [N-P-N]
S— [CI-P-CI]
0 40 0 20
(V)

4

Figure 2 °'P-NMR spectral change monitored during the process of synthesizing polymer 1.
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Figure 3 '"H-NMR spectrum of polymer 1.

The "H-NMR spectra of polymer 1 are shown in
Figure 3. Most of the peaks representing the lysine
ethyl ester on polymer side chains were found to
overlap with other peaks of AMPEG350 and
LeuOEt, owing to a small amount of remaining ly-
sine ethyl ester. However, the mole ratio of the
MPEG 350, LeuOEt, and LysOEt of polymer 1 was
calculated from the integration among the methoxy
protons (3H, —NH(CH,CH,0),CHj3) of the MPEG 350,
the methyl protons (3H, —NHCH(CH,CH(CHs;),)
COOCH,CH3;, —NH(CH,),CH(NH,)COOCH,CHj3) of
the LeuOEt and LysOEt, and the methyl protons (6H,
—NHCH(CH,CH(CHj3),)COOCH,CH3) of the LeuOEt,
which appeared at 3.4, 1.3, and 1.1 ppm, respectively.
The mole ratios of the substituents in the other poly-
mers were estimated in a similar way.

The poly(organophosphazenes) possessing the
amino groups exhibited reversible sol-gel transi-
tions. Figure 4 represents the temperature-dependent
viscosity changes of the 10 wt % solutions of poly-
mer 2 by heating, and by cooling. The polymer solu-
tion exhibits sol-gel-sol phase transition due to heat-
ing: The polymer solution (10 wt %) is a clear sol
until about 9°C (T,s), and exhibits a sol-gel phase
transition from T,ss t0 Tinax (31°C). As the temperature
rises from Tpax to 55°C, the polymer gel gradually
becomes opaque, finally becoming a turbid solution
probably owing to destruction of hydrogen bonding
between polymer chains and water at approximately
55°C. When this turbid solution was cooled under the
same conditions, the polymer solution exhibited a
curve from 59 to 33°C which was quite similar to the
curve drawn by heating and a similar curve with a
few degrees left shift from 31 to 9°C. This data indi-
cates that polyphosphazene gels which possess amino
groups exhibit reversible gelation properties.

In general, alkyl, perfluoroalkyl, or aromatic
groups in polymers can function as junction points
via hydrophobic interactions in aqueous solution. It is
believed that the present polymer gels are formed not
by covalent bonding, but rather by physical associa-
tion: The gelation of the present polymer appears
to be attributable to hydrophobic interactions occur-
ring between side chain fragments, such as the
_CH(CH3)CH2CH3 of IleOEt, the _CHch(CH3)2 of
LeuOEt, and the —CH,C¢Hs of PheOEt. The gelation
properties of the polymers assessed in the present
study were determined to be dependent on the types
of amino acid esters used, as well as the molecular
weight of AMPEG, as is shown in Table I. The more
hydrophobic the amino acid side groups were, the
lower Tpax was, and the stronger the gelation
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Figure 4 Temperature-dependent viscosity changes of the
10 wt % solutions of polymer 2 by heating (A), and by

cooling (®) under shear rate 1.7 s L
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properties exhibited by the polymers were. For
example, the T,ss and Tmax values of polymer 1 with
LeuOEt (0.90 mol) were 19 and 48°C, respectively,
and those of polymer 2 with PheOEt (1.03 mol) were
7 and 31°C, respectively. The Vmax values of poly-
mers 1 and 2 were 1.8 and 25.5 Pa S, respectively.
These results may be related to the fact that phenyl-
alanine is more hydrophobic than leucine. The
increase chain length of AMPEG results in an
increase in the T.g, Tmax, and V.« values of the
polymer gels. For example, the T,ss, Tmax, and Vinax
values of polymer 4 with AMPEG 550 and polymer
6 with AMPEG 750 were 32°C, 64°C, 5.0 Pa.s, 42°C
78°C, and 168 Pa.s, respectively.

Usually the viscosity exhibited by thermothickening
polymer solutions depends heavily on the shear rates at
around the gelling temperature.” A similar trend was
observed in our polymer system. The dependence of vis-
cosity on the shear rate for polymer 2 as a function of
temperature is shown in Figure 5. In low temperature
regions, at below approximately 21°C, the viscosity of
the polymer solution appeared to be independent of the
shear rates, implying that the polymer solution
remained in sol state, and behaved similarly to Newto-
nian fluid. At around Thay, the polymer’s viscosity was
affected by the shear rates to a substantially higher
degree: The viscosity of the polymer increased as the
shear rate decreased, indicating that the polymer solu-
tion was pseudoplastic. Similar results were found in
studies of other thermogelling materials.”*?!

The temperature-dependent changes in the viscos-
ity of 5, 7.5, and 10 wt % solutions of polymer 2 are
shown in Figure 6.Thermosensitive polymers can, in
general, exhibit sol-gel phase transitions at sufficient
concentrations above the critical gelling concen-
tration (CGC). A similar phenomenon was also
observed in the polymers evaluated in this study. As
is shown in Figure 6, the viscosity of these polymer
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Figure 6 Temperature-dependent viscosity changes of the 5
(%), 7.5 (@), and 10 wt % (A) solutions of polymer 2.

solutions was significantly affected by the concentra-
tions of the polymer solutions. The magnitude of the
viscosity of the polymer solutions decreased as the
concentration of the polymer solutions was reduced:
the Vinax of the 10 wt % polymer solution was sub-
stantially higher than that of the 7.5 wt % polymer
solution; the 5 wt % polymer solution exhibited no
thermothickening properties whatsoever. This indi-
cates that the gelation properties exhibited by the
poly(organophosphazenes) possessing amino groups
are similar to those of the previously-characterized
poly(organophosphazene) gels.'?

The time-dependent degradation behavior of the
amino group-containing thermosensitive poly(orga-
nophosphazenes) was determined with regard to the
reductions in the molecular weight of the polymers,
as measured by GPC. Figure 7 shows the profiles of
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Figure 7 Time-dependent hydrolytic degradation of poly-
mers 4 (A) and 5 (@) in 10 mM phosphate buffered saline
solution at pH 7.4 and 37°C.
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time-dependent molecular weight reductions occur-
ring in polymers 4 and 5 in pH 7.4 buffer solutions,
at 37°C. For the in vitro degradation study, polymers
4 and 5 were dissolved in buffer solutions (10 wt %)
at a pH of 74 (10 mM phosphate buffered saline).
They were then incubated at 37°C for 26 days, in a
shaking water bath. Samples were collected every
day. The samples were then lyophilized and dis-
solved in THF, and the molecular weights of the
polymer residues were determined via GPC. The
degradation rate of the studied polymer solution
was substantially affected by a hydrolytic sensitive
moiety, namely, a depsipeptide ethyl ester (GlyGly-
cOEt). Less than a 3% molecular weight loss was
observed for polymer 4, which lacked GlyGlycOEt.
A molecular weight loss of approximately 30% was
observed for polymer 5, which possessed GlyGly-
cOEt. The hydrolysis rate of depsipeptide ethyl
esters is known to be much faster than that of amino
acid esters, and our data confirms that an increase
in the content of depsipeptide ethyl esters results in
an acceleration of the degradation of the polymer
solution.'**

CONCLUSIONS

A series of thermosensitive poly(organophospha-
zenes) have been synthesized, which harbor AMPEG
and hydrophobic amino acid esters such as isoleu-
cine ethyl ester (IleOEt), leucine ethyl ester (LeuOEt),
and phenylalaine ethyl ester (PheOEt), and a depsi-
peptide ethyl ester (GlyGlycOEt), and lysine ethyl
ester (lysOEt) as side groups. The poly(organophos-
phazenes) which possessed amino groups were also
observed to exhibit sol-gel-sol phase transitions in
aqueous solution as the temperature was raised.
This polymer solution behaved similarly to a Newto-
nian fluid in its sol state, but appeared to exhibit
pseudoplastic qualities in its gel state. The degrada-
tion rate of the amino group-containing poly(organo-
phosphazenes) also appeared to depend on the con-
tent of hydrolytically labile depsipeptide ethyl ester,
GlyGlycOEt, in the polymer. The present biodegrad-
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able thermosensitive amino group-containing poly
(organophosphazene) gels are expected to prove use-
ful in the formulation of injectable drug delivery sys-
tems, and as carriers for bioactive molecules. Further
study on addition of anticancer drugs and bioactive
molecules to polyphosphazene gels is on-going.
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