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ABSTRACT: Poly(sebacic anhydride) (PSA) is biocompatible and degradable in basic
media. We micronized this water-insoluble polymer into stable polymeric nanoparticles
via a microphase inversion. Such PSA nanoparticles degraded much faster than bulk
PSA. The influence of the surfactant, temperature, and pH on the degradation of the
PSA nanoparticles was investigated by a combination of static and dynamic laser light
scattering. Under each condition, the degradation rate was nearly constant up to a 75%
weight loss; that is, the degradation was close to zero-order. The degradation rate
increased with the pH and temperature. Biomedical applications of such PSA nano-
particles are suggested. © 2001 John Wiley & Sons, Inc. J Polym Sci B: Polym Phys 39: 703—708,
2001
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INTRODUCTION

Synthetic degradable polymers are attractive and
important new materials because of their envi-
ronmentally friendly nature and biomedical ap-
plications. For example, some of them can be used
for surgical sutures, orthopedic implants, scaf-
folds for cells in tissue engineering, and control-
lable drug release depots.'~® The degradation of a
polymer backbone chain can be enzymatic or hy-
drolytic. In general, hydrolytic degradation is pre-
ferred for biomedical applications because it is
less dependent on the implantation site and the
patient.” Hydrolytic degradation can occur either
in the bulk or on the surface of a polymer.® Cur-
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rently, most available biodegradable polymers,
such as polylactide and polycaprolactone, have
the characteristics of bulk erosion; that is, water
penetrates into the polymer and degrades it in-
ternally and externally. However, the surface ero-
sion has the advantage of zero-order kinetics, that
is, a constant release rate, if there is nearly no
change in the total surface area during the ero-
sion.

It is known that the degradation of polyanhy-
drides is mainly on the surface.®'? They are po-
tential biomedical materials. Each anhydride
bond (CO—O—CO) on the backbone chain can
hydrolytically break down into two carboxylic ac-
ids, so that an initially insoluble long polymer
chain can be cleaved into shorter and soluble frag-
ments. Tissue reactions and toxicological studies
showed that polyanhydrides were biocompat-
ible.'®1* For example, they are currently used in
clinics to deliver BCNU (carmustine, 1,3-bis[2-
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chloroethyl]-1-nitro-sourea) locally within the
brain to treat patients with brain tumors.'® How-
ever, it is difficult, if not impossible, to keep the
surface area of a bulk polyanhydride sample con-
stant during the erosion except for a very thin
film. Our previous studies revealed that if a poly-
mer is micronized into small particles with a di-
ameter of a few hundred nanometers, the degra-
dation of each nanoparticle is very fast under
proper conditions. The decrease in the number of
particles is linear in the degradation time. Our
results indicated that instead of keeping a con-
stant total surface area, we could use polymeric
nanoparticles to achieve zero-order degradation
kinetics. Using polymeric nanoparticles as drug
carriers can increase the delivery efficiency, re-
duce associated adverse effects, and make injec-
tion possible.’®=28 In this study, we synthesized
poly(sebacic acid) (PSA), micronized it into nano-
particles, and investigated its degradation kinet-
ics with laser light scattering (LLS). This is a
fundamental portion of a large project related to
biomedical applications.

EXPERIMENTAL

Sample Preparation

Sebacic acid was recrystallized three times from
ethanol. Acetic anhydride was purified by distil-
lation. Tetrahydrofuran (THF) and chloroform
were refluxed and distilled over calcium hydride.
Toluene and n-hexane were predried with 4-A
molecular sieves and distilled. Sodium laurylsul-
fate (SDS), polyoxyethylene20 sorbitan monolau-
rate (Tween20), polyoxyethylene20 sorbitan
monostearate (Tween60), sorbitan monolaurate
(Span20), and other reagents were used as re-
ceived without further purification. The synthesis
of poly(sebacic anhydride) (PSA) via melting poly-
condensation was as follows.?° 3! Refluxing re-
crystallized sebacic acid in acetic anhydrides re-
sulted in a mixture of anhydride oligomers. The
resultant oligomers were recrystallized from tol-
uene and washed with n-hexane. The polymeriza-
tion of these oligomers was conducted in a glass
tube with a volume of approximately 35 cm?® with
a nitrogen inlet at 180 °C under 0.01 mmHg.
Acetic anhydride was removed under vacuum and
collected in a liquid nitrogen trap. The resultant
PSA was purified by precipitation in dry n-hexane
from a chloroform solution. The average molar
mass of PSA used in this study was 4.72 X 10* g
mol !, as measured by LLS.

Micronization of PSA

The PSA nanoparticles were prepared by the ad-
dition of a dilute PSA THF solution dropwise into
an excess of water containing surfactant under
constant stirring. As expected, after each drop of
the THF solution was added, THF quickly dif-
fused and mixed with water, and the insoluble
hydrophobic PSA chains collapsed and aggre-
gated in water to form small PSA nanoparticles
stabilized by the surfactant molecules. The THF
was removed under reduced pressure. Hereafter,
the PSA nanoparticles stabilized by SDS,
Tween20, Tween60, and Span20 are denoted
SDS-PSA, Tween20-PSA, Tween60-PSA, and
Span20-PSA, respectively.

LLS

A modified commercial LLS spectrometer (ALV/
SP-125) equipped with an ALV-5000 multi-r dig-
ital time correlator and a solid-state laser (AD-
LAS DPY425II; outpower = ~400 mV at A = 532
nm) was used. In static LLS, the angular depen-
dence of the excess absolute time-average scat-
tered intensity, that is, the Rayleigh ratio R,,(q),
of a dilute dispersion leads to the weight-average
molar mass M, the second virial coefficient A,
and the root-mean-square z-average radius
(Rgz)zl/ 2 (or <Rg>),32 where q is the scattering vec-
tor. In dynamic LLS, the Laplace inversion of a
measured intensity—intensity time correlation
function G®(¢,q) in the self-beating mode results
in a line-width distribution G(I').>>33 For pure
diffusive relaxation, (F/qz)qao,céo leads to the
translational diffusion coefficient D or the hydro-
dynamic radius R, via the Stokes—Einstein equa-
tion: R;, = kgT/(67mmD), where kg, T, and 7 are the
Boltzmann constant, absolute temperature, and
solvent viscosity, respectively. Therefore, G(I")
can be converted to a distribution of the hydrody-
namic radius [f(R,)]. The details of LLS theory
and instrumentation can be found elsewhere.?%:33

Degradation

Buffer solutions were used to control pH in the
degradation of PSA. The OH™ group acted as a
catalyst in the degradation. The PSA dispersion
and buffer solutions used in LLS were clarified by
0.8- and 0.1-um Millipore filters, respectively, to
remove dust. In a typical degradation experiment,
a proper amount of the resultant dust-free PSA
nanoparticle dispersion was added in situ into a
2-mL dust-free buffer solution. Both R, (¢) and
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Figure 1. Typical Zimm plot of SDS-PSA nanopar-
ticles in deionized water at 25 °C, where C ranges from
4.27 X 1075 to0 1.06 X 10~° g/mL.

G'?(t,q) were simultaneously measured during
the degradation.

RESULTS AND DISCUSSION

Figure 1 shows a typical Zimm plot of the SDS-PSA
nanoparticles in water at 25 °C. The extrapolation
of [KC/R,,(@)c—.0 40 leads to M, and the slopes of
[KC/R,,(@)] ¢ versus g2 and [KC/R,,(q)] g—0 Versus
C, respectively, lead to (R,) and Ay, where K is a
constant for a given dispersion and temperature.
Table I summarizes the values of M,,, (R,), and A,
for four different kinds of PSA nanoparticles, where
the average particle density (p) was estimated from
M, and (R,) by {p) = M, N,/[(4/3)m(R;)?]. The val-
ues of (p) are much lower than for the bulk polymer
(~1 g/em?®), indicating that the PSA nanoparticles
are made of loosely aggregated chains accompanied
by a lot of water. The positive values of A, reveal
that Tween20 and Tween60 are better stabilizers.
This could be attributed to a more complete cover-
age of these two kinds of stabilizers on the particle
surface.

Figure 2 shows that the PSA nanoparticles in
water at 25 °C are narrowly distributed. For each
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Figure 2. Typical hydrodynamic radius distributions
AR,) of SDS-PSA, Tween20-PSA, Tween60-PSA, and
Span20-PSA nanoparticles in deionized water at 25 °C.

flR,;,), an average hydrodynamic radius was cal-
culated by [(AAR,)R;, dR;. The values of (R;,) for
the SDS-PSA, Tween20-PSA, Tween60-PSA, and
Span20-PSA nanoparticles are also listed in Ta-
ble L. It is known that the (R,)/(R,;) ratio reflects
the conformation of a polymer chain or the den-
sity distribution of a colloid particle. For example,
for a flexible coil chain in a good solvent, (R, )/(R,)
~ 1.5; for a uniform nondraining sphere, (R,)/(R;)
= 0.774. The values of (R,)/(R;) ~ 1.1-1.2 in Ta-
ble I also suggest that the nanoparticles are made
of loosely aggregated PSA chains,?* which agrees
well with lower values of {(p). Figure 2 also shows
that the particles formed in the presence of SDS
are much more narrowly distributed. This is be-
cause SDS can form uniform micelles in water
before the addition of the polymer THF solution
so that the hydrophobic polymer chains are dis-
persed inside these micelles.

Figure 3 shows that the decrease of [R,,(¢)],/
[R,,(@)], is nearly linear in the degradation time.
It is known that R, (q) « CM,, at C — 0 and g —
0. Therefore, the decrease of [R,,(¢)]/[R,,(q)], can
be related to the decrease of either M,, or C or
both. However, dynamic LLS results showed that
there was no change in the size of the nanopar-

Table I. Laser Light Scattering Characterization of the PSA Nanoparticles in Deionized Water at 25 °C

Nanoparticles M, (g/mol) A, (mol - cm®/g?) (R,) (nm) (R,) (nm) (RKR) {p) (g/cm?®)
SDS-PSA 3.34 x 108 —5.217 X 102 216 186 1.16 0.021
Tween20-PSA 3.72 x 108 1.117 x 104 206 180 1.14 0.025
Tween60-PSA 3.14 x 108 3.326 x 104 181 162 1.11 0.017
Span20-PSA 2.32 x 108 -2.319 x 10°° 198 185 1.07 0.015
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Figure 3. Degradation time dependence of [R,, (¢)],/
R, (@)], for SDS-PSA nanoparticles in deionized water
at 25 °C, where C, is 3.88 X 10~ ® g/mL. The inset shows
a corresponding time dependence of the average hydro-
dynamic radius (R},).

ticles during the degradation (see the inset in Fig.
3), that is, no change in M,,,, but the gravimetrical
method confirmed the degradation of the parti-
cles. Apparently, this is a contradiction. In prin-
ciple, the degradation should lead to a decrease in
the particle size. The constant particle size re-
veals that the degradation of each particle was so
fast that LLS could only detect the remaining
nondegraded PSA nanoparticles, not those low
molar mass degradation products. The decrease
of [R,,(@]/IR,,(q)], actually reflected the de-
crease of the nanoparticle number, that is, the
decrease of the relative concentration (C,/C,). Fig-
ure 3 reveals that up to a 75% weight loss, the
degradation is close to zero-order, but the degra-
dation is fairly slow at pH 6.55.

Figure 4 shows the pH dependence of the deg-
radation of the SDS-PSA nanoparticles at 25 °C.
In comparison with Figure 3, the degradation rate
at pH 11.0 is approximately 100 times faster than
at pH 6.5. For comparison, we also studied the
degradation of a PSA disk with a diameter of 5
mm and a thickness of 2 mm. Figure 5 shows that
the disk degraded much more slowly than the
nanoparticles for a given pH and temperature,
which can be attributed to the difference in the
surface area between the nanoparticles and the
disk. It has been found that the degradation rate
increases with the surface area of the disk. Our
results clearly demonstrate that a combination of
LLS and micronization provides a fast and accu-
rate method to evaluate the degradation of PSA.

Figure 6 indicates that a surfactant as a stabi-
lizer can also affect the degradation rate of the
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Figure 4. pH dependence of the degradation of SDS-
PSA nanoparticles at 25 °C, where C, is 3.88 X 107¢
g/mL and C, is the PSA nanoparticle concentration at
time ¢.

PSA nanoparticles in an aqueous solution. Ac-
cording to the decreasing order of the degradation
rate, Span20-PSA is greater than Tween20-PSA,
and Tween60-PSA is greater than SDS-PSA. Rel-
atively, the slowest degradation of SDS-PSA can
be attributed to the fact that SDS is anionic,
slowing the attack of anionic OH™ ions on the
anhydride bond. For mnonionic surfactants,
Span20-PSA degrades faster than Tween20-PSA
and Tween60-PSA because the steric barrier of
the polyoxyethylene chains of Tween20 and
Tween60 introduce steric barriers and hinder the
OH ions from attacking the anhydride bond.
Figure 7 shows that for SDS-PSA, the degra-
dation rate increases with the temperature. In
each case, the initial degradation is nearly a lin-
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Figure 5. pH dependence of the degradation of a
compression-molded PSA disk with a diameter of 5 mm
and a thickness of 2 mm at 25 °C.
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Figure 6. Surfactant dependence of the degradation
of PSA nanoparticles at 37 °C, where C, is 3.88 X 10~¢
g/mL and the pH is 10.5.

ear function of the degradation time. The least-
square fitting of the initial linear portion of each
“(Cy — C)IC, versus t” leads to an initial degra-
dation rate v, defined as lim, ,{[(C, — C,)/C,l¢}.
Figure 8 shows typical Arrhenius plots for the
degradation of the PSA nanoparticles stabilized
with different surfactants. The activation ener-
gies of the SDS-PSA, Tween20-PSA, Tween60-
PSA, and Span20-PSA degradation are 43, 56, 52,
and 88 kJ/mol, respectively. Although the activa-
tion energy for SDS-PSA is the smallest, electro-
static repulsion between OH™ and SDS makes the
collision frequency low, so the degradation rate of
SDS-PSA is still the slowest.

CONCLUSION

The micronization of water-insoluble PSA into a
stable nanoparticle dispersion not only makes its
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Figure 7. Temperature dependence of the degrada-
tion of SDS-PSA nanoparticles, where C, is 3.88 X 10~
g/mL and the pH is 10.0.
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Figure 8. Arrhenius plots of the rate constant % ver-

sus the reciprocal absolute temperature T ! for the
degradation of PSA nanoparticles in a buffer solution.

degradation faster but also leads to a zero-order
degradation kinetics up to a 75% weight loss, which
can be attributed to the fast degradation of the PSA
nanoparticles and a constant decreasing rate of the
nanoparticle number during the degradation. In
this way, the constant total surface required for the
zero-order Kkinetics can be relaxed. The degradation
rate of the PSA nanoparticles increases as pH and
temperature increase. The activation energy of the
degradation ranges from 40 to 90 kJ/mol. Our re-
sults also show that surfactant used as a stabilizer
in the micronization of PSA can affect the degrada-
tion rate. Generally, an anionic surfactant or a sur-
factant with a polyoxyethylene chains leads to a
slower degradation.
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