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Abstract

A successful micronization of water-insoluble pehgaprolactone) (PCL) into narrowly distributed nanopatrticles stable in water has not only
enabled us to study the enzymatic biodegradation of PCL in watef@tt86a combination of static and dynamic laser light scattering (LLS), but
also to shorten the biodegradation time by a factor of more thandiipared with using a thin PCL film, i.e. a 1 week conventional experiment
becomes a 4 min one. The time-average scattering intensity decreased linearly. It was interesting to find that the decrease of the scaitering intensit
was not accompanied by a decrease of the average size of the PCL nanoparticles, indicating that the enzyme, Lipase Pseudomonas (PS), “eats” the
PCL nanoparticles one-by-one, so that the biodegradation rate is determined mainly by the enzyme concentration. Moreover, we found that using
anionic sodium lauryl sulphate instead of cationic hexadecyltrimethylammonium bromide as surfactant in the micronization can prevent the
biodegradation, suggesting that the biodegradation involves two essential steps: the adsorption of slightly negatively charged Lipase PS onto
the PCL nanoparticles and the interaction between Lipase PS and@T399 Elsevier Science Ltd. All rights reserved.
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1. Introduction For biomedical applications, both in vivo and in vitro
studies of the biodegradation of a given polymer are impor-
Biocompatible, biodegradable and non-toxic synthetic tant. Special research interests have been paid to the enzy-
aliphatic polyesters, such as pay¢aprolactone) (PCL), matic biodegradation [11-15]. Some enzymes, such as
polylactide and poly(glycolic acid), are very useful in bio- extracellular PHB depolymerases, have been used for the
medical applications, especially as drug delivery devices study of degradation of poly(hydroxybutyrate), poly(hy-
[1], because they are completely biodegradable inside thedroxyvalerate) and PCL, etc. [16—19], and the enzymatic
body after its interaction with body fluid, enzyme and cells. degradation kinetics have also been studied. The Michael—
The resultant low molar mass molecules in the biodegrada-Menten model is a classical enzymatic model [20]. How-
tion can be either absorbed by the body or removed by ever, this model is usually applied for homogeneous systems
metabolism. The biodegradability and stability of synthetic in which both enzyme and substrate are water-soluble. Most
aliphatic polyesters have recently been extensively studiedpolymers are water-insoluble, so the enzymatic degradation
[2—9]. Most of the methods used in these studies are con-is a heterogeneous kinetic process [18]. Some investigators
ventional and very time-consuming, such as the total weight have proposed heterogeneous kinetic models. They consid-
loss and oxygen consumption, which lead to macroscopic ered that those enzymes soluble in water first bind to the
and rough results. To our knowledge, only a few micro- polymer substrate and then catalyze the hydrolytic scission
scopic and fundamental studies of the biodegradation of of polymer chains [21-23]. Previous investigations have
synthetic aliphatic polyesters have been reported [10]. indicated that the enzymatic biodegradation happens mainly
on the surface because it is difficult for a hydrophilic
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chain primarily involves the hydrolysis of the polymer chain PCL—acetone solution was added into the aqueous solution,
backbone, much depending on both microscopic and macro-acetone quickly diffused into the water phase because of its
scopic properties, such as chemical structure, molar massgood compatibility with water and the hydrophobic PCL
morphology, size and shape of a given polymer sample. Thechains started to aggregate with each other in water to
surface area of polymer materials will have a great influence form nanopatrticles which were stabilized by the surfactant
on the enzymatic degradation. molecules absorbed on the particle surfaces. Finally, the
In our laboratory, we have recently developed a range of acetone, together with a portion of water, was removed
novel methods for preparing polymer nanopatrticles [25,26]. under reduced pressure until the mixture reached a desired
In addition, our previous study has already revealed that polymer concentration. Hereafter, the PCL nanoparticles
Lipase Psuedomonas (PS) was able to accelerate the biodestabilized by HTAB and SDS are respectively denoted as
gradation of PCL, and the biodegradation of a macroscopic the HTAB-PCL and SDS-PCL nanopatrticles.
PCL film with a dimension of 1 10 X 0.1 mnT could be
completed within 1 week in a buffer solution containing 5.0 2.3. LLS
x 10~* g ml~! Lipase PS [27]. The micronization of a given
polymer sample can greatly increase its surface area. There- A modified commercial LLS spectrometer (ALV/SP-125)
fore, a combination of the micronization and enzymatic equipped with an ALV-5000 multdigital time correlator
biodegradation can provide a simple and quick method to and a solid state laser (ADLAS DPY425Il, out power of
evaluate whether a given polymer is biodegradable. ~400 mW atA = 532 nm) was used. The incident beam
In many studies the turbidimetric method was used to was vertically polarized with respect to the scattering
study the degradation of polymer powders or latex suspen-plane. This spectrometer is capable of measuring both static
sions [10,18]. By this method the decrease of light scattering and dynamic LLS continuously fronf@o 154. The small
intensity caused by the disappearance of the latex suspensioangle range from®&o 2 is particularly useful for the study
and powders was measured. Compared with this method, laseof large particles.
light scattering (LLS) as a nonintrusive, sensitive and power-  In static LLS, the angular dependence of the excess abso-
ful analytical tool and has been widely used to characterize lute time-average scattered intensity, i.e. Rayleigh ratio
macromolecules and colloids in solution [28]. Using a com- R,,(q), was measured. For a dilute solution at a relatively
bination of static and dynamic LLS to monitor the changes of small scattering anglé, R,,(q) can be related to the weight-
the concentration and hydrodynamic size of polymer nanopar-average molar mad4,,, the second virial coefficier, and
ticles under the interaction of an enzyme may lead us to athe root-mean-squamaverage radiuéRé)z”2 (or simply as

microscopic picture of the enzymatic biodegradation. (Ry) by [28]
KC 1
m ~ Mo 1+ % (Ré)zqz) +2A,C (1)
2. Experimental v W
whereK = 4x(dn/dc)?n?/(NaN3) andq = (4rn/ho) sin@/2)
2.1. Materials with N,, dn/dc, n and A being Avogadro’s number, the

specific refractive index increment, the solvent refractive

PCL was synthesized by ring-opening polymerization of index, and the wavelength of light in vacuum respectively.
e-caprolactone using yttrium trifluoroacetate and triisobutyla- ~ In dynamic LLS, the intensity—intensity time correlation
luminum Y(CRCOO)/Al(i-Bu) 5 as catalyst [29]. The aver-  function G@(t, q) in the self-beating mode was measured.
age molar mass of PCL used in this study was 1:43  G®(t, ) is related to the normalized electric field time cor-
10°g mol™%. Both cationic hexadecyltrimethylammonium  relation functiong®(t, q) by Refs. [28,30]
bromide (HTAB) from Eastman Kodak and anionic sodium ~() _ 1) 2
lauryl sulphate (SDS) from BDH were used as stabilizers in Gt @ =A[1+Blg7(t QF] @
the micronization of PCL without further purification. Lipase WhereA is a measured baseline and03 < 1, depending
PS fromPseudomonas Cepadieourtesy of Amano Pharma-  on spatial coherence of the detection optics. For a polydis-

ceutical, Japan) was further purified by freeze-drying. perse sampleg(t, q) is related to the line-width distribu-
tion G(") by Ref. [31]
2.2. Micronization of PCL o

(1 . —Tt
The PCL nanoparticles were prepared by adding drop- gt o= J GI)e "~ dr )
0

wise a dilute PCL acetone solution (256 10~3gml™)

into a large amount of aqueous solution containing either G(I') can be calculated from the Laplace inversion of
HTAB or SDS as stabilizer, where the stabilizer concentra- G(t, g) on the basis of Egs. (2) and (3). For a pure diffusive
tion is higher than its critical micelle concentration (CMC). relaxation, I' is related to the translational diffusion
The acetone and aqueous solutions were constantly mixedcoefficientD by I'/g® = D atC — 0 andg— 0. In this case,

by a magnetic stirring during the addition process. When the G(I') can be converted directly to a translational diffusion
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Fig. 1. Typical Zimm plot of the HTAB-PCL nanoparticles in agueous

solution atT = 25°C, whereC ranges from 2.09x 107 to 6.02 X
107%g mI~* and the solutions were clarified with a Q6 filter.

coefficient distribution5(D) or a hydrodynamic radius dis-

tribution f(R,)) by using the Stokes—Einstein equatiét{:=

kgT/(67yD) with kg, T andy being the Boltzman constant,

1963

incorporates the angular and concentration dependence of
the Rayleigh ratid?,,(q) on a single grid. On the basis of Eq.
(1), the extrapolation ofC/R,\(q)] to C — 0 andgq— 0
leads toMl,, and the slopes oC/R,,(q)] c — o versusy and
[KC/R(Q)]4 — o versusC respectively lead tgRy) andA,.

For the HTAB-PCL nanoparticlesM,, = 3.31 X

10° g mol™, (Ry = 94.9 nm andA,~0; for the SDS-PCL
nanoparticlesM,, = 1.28 x 10°gmol™?, (Ry) = 135 nm
andA,~0.

Fig. 2 shows typical time correlation functions of the
HTAB-PCL and SDS-PCL nanopatrticles in water at@5b
whereC = 6.25% 10~° g ml* andf = 15°. The inset shows
the hydrodynamic radius distributiof&,,) calculated from
the corresponding®(q, t) on the basis of Egs. (2) and (3)
by using a CONTIN Laplace inversion program in the cor-
relator. Both the HTAB-PCL and SDS-PCL nanopatrticles
are narrowly distributed. The average hydrodynamic radii of
(Ry, defined asf(Ry)R;, dR;, of the HTAB-PCL and SDS-
PCL nanoparticles are 103 nm and 153 nm respectively. Itis
worth noting that both the HTAB-PCL and SDS-PCL nano-

the absolute temperature and the solvent viscosity respecparticles were very stable in water and there was no detect-
tively. The detail of LLS instrumentation and theory can be gple change ifi(R,) even after~3 months.

found elsewhere [28,30].

Fig. 3 shows the biodegradation time dependence of

The PCL nanoparticle suspension and the Lipase PS aqueougr,, (q)]/[Rw(0)], of the HTAB-PCL nanopatrticles in aqu-
solution used in LLS were respectively clarified by pr8 and

experiment, a proper amount of the dust-free Lipase PS aquinitial concentrations of the HTAB-PCL nanoparticles and
eous solution was added in situ to 2 ml of the dust-free PCL Lipase PS are 6.2% 1078 g mi~* and 5.39x 10°° 9 mi—t

nanoparticle suspension. Bdiy,(q) and G(t, ) were mea-
sured simultaneously in situ. All the biodegradation experi-

ments were conducted in situ inside the LLS cuvetté at

25°C andf = 15°, except where stated otherwise.

3. Results and discussion

Fig. 1 shows a typical Zimm plot of the HTAB-PCL

nanoparticles in the aqueous solution at’@5 which

eous solution at Z&, where R,(0)], represents the initial

respectively. The enzyme/polymer ratio is 0.86.

On the basis of Eq. (1), at— 0 andC — 0, [R(Q))/
[Ry@]o o« [CMy)/[CMy]e. Therefore, the decrease of
[R(@)V/[Rw(9)], could be related to the decrease of either
M,, or C, or both. However, the inset in Fig. 3 shows no
change in the normalized size distribution, implying no
change in the molar mass distribution, so that the decrease
of [Rw(Q))/[Rw(0)], actually reflects the decrease of the
number of the nanopatrticles, i.e. the decrease of the relative
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Fig. 2. Typical intensity—intensity time correlation time functig®$t, q) of the HTAB-PCL and SDS-PCL nanoparticles in wateé at 15° andT = 25°C.
The inset shows the corresponding hydrodynamic radius distribufiBgs [, HTAB-PCL nanoparticlesQ, SDS-PCL nanoparticles.
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Fig. 3. Biodegradation time dependence of the relative Rayleigh mRtigd)]/[ Rw(0)], of the HTAB-PCL nanopatrticles in water, wher{(q)], is the
Rayleigh ratio before the biodegradatidn= 15° andT = 25°C, C,, yrag-pcL = 6.25X 1078 g ml~*andC,, Lipase PS=5.39X 10~ 6gml‘l. The inset shows
the corresponding hydrodynamic radius distributifR,) of the HTAB-PCL nanoparticles before the biodegradation and at the end of the biodegradation.

concentration ¢/C,). It is worth noting that, for a similar  the adsorption of slightly negatively charged Lipase PS to
enzyme/polymer ratio, the weight loss of the HTAB-PCL an HTAB-PCL nanoparticle starts the biodegradation of
nanoparticles is more than10® times faster than that of a PCL into small water-soluble molecules, which diffuse
thin PCL film [27], which can be attributed to the huge into water, so that the nanoparticle becomes smaller and
surface area of the nanopatrticles. Therefore, a combinationsmaller and scatters less and less light until all the PCL
of LLS and micronization has provided a novel and fast chains inside this nanoparticle are completely degraded.
method to evaluate the biodegradability of a given polymer. Then, Lipase PS is surrounded by cationic HTAB surfactant
The solid line in Fig. 3 represents a least squares fitting of and lose its activity. If our assumption is correct, adding
[Ru(DV[Rw(@)]o = 1 — 3.05 X 107%, revealing that the  more Lipase PS to the suspension after the biodegradation
degradation rate decreases linearly in the enzymatic degrastops would lead to further biodegradation.
dation process. However, it was unexpected to find that the Fig. 4 shows the biodegradation time dependence of
decrease ofR,(0))/[ Rw(#)], stopped before reaching com- [Ru(9)/[RW(Q)]o of the HTAB-PCL nanoparticles at
plete degradation. First, we checked the pH of the suspen-25°C, where the initial enzyme/polymer ratio was 0.015.
sion, which was 6.3, and found no detectable pH change inClearly, the in situ successive addition of more Lipase PS
the biodegradation process. This forced us to think aboutleads to further degradation. This rules out the possible
why Lipase PS lost its activity in the biodegradation pro- influence of oxygen because Lipase PS was added into the
cess. It was reported that PCL was ultimately degraded by same solution in the same LLS cuvette and there was no
esterase into 6-hydroxycaproic acid [31]. It is expected that alteration of the oxygen content in the solution. The
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Fig. 4. Biodegradation time dependence Rf,[q)]/[R.(0)], of the HTAB-PCL nanoparticles after a successive addition of Lipase PS, @WherEs’, T =
25°C, Cy, nrap-pcL = 8.34 X 1078 g ml~% In the first stage®) the Lipase PS concentration was 82081078 g mI™%; in the second stag®) the Lipase PS
concentration was doubled.
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Fig. 5. Biodegradation time dependence of Rayleigh fti¢q) and the average hydrodynamic radig) of the SDS-PCL nanoparticles, wheéye- 15°, T =
25°C, Co, sps.peL= 6.25X 107°gml~ andC, Lijpase ps= 1.36 X 107°gmi~2

constant value diR;)) further shows that there is no change attracted and adsorbed to the nanoparticles; this results in
of M, in the biodegradation process. At this point, we can the occurrence of biodegradation. In contrast, when SDS
conclude that the cessation of biodegradation after ais used, its anionic nature prevents the adsorption of
certain time (shown in Fig. 3) is due to the loss of the Lipase PS onto the PCL nanoparticles so that there is no
enzyme activity. The detail of how Lipase PS lost its biodegradation. A comparison of Figs 3, and 5 indicates
bioactivity is still not clear at this time, but is under that the adsorption of Lipase PS onto the PCL nanoparti-
investigation. cles is the first and essential step of the enzymatic
Fig. 5 shows that if anionic SDS, instead of cationic biodegradation.

HTAB, was used as the surfactant to stabilize the PCL Figs 6 and 7 respectively show the biodegradation
nanoparticles there was no detectable change in eitherkinetics under different initial polymer and enzyme concen-
Rayleigh ratioR,,(q) or (Ry), i.e. no enzymatic biodegra- trations, where we have reduced the Lipase PS/PCL ratio to
dation. In order to understand this result, let us examine slow down the biodegradation so that we were able to follow
the nature of Lipase PS. As a protein, Lipase containsit by LLS. In each case, the biodegraded macroscopic
many amino-acid groups. In deionized water (p6), weight of PCLW increased nearly linearly in the initial
Lipase PS is slightly negatively charged because its iso- portion, and there is no change in the average size of the
electric point is at pH-5. When the PCL nanoparticle is PCL nanoparticles because only those PCL nanoparticles
stabilized by the cationic surfactant HTAB the nanoparti- remaining can be “seen” in dynamic LLS and those that
cle surface is positively charged, so that Lipase PS can behave been biodegraded make no contribution to the
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Fig. 6. Enzyme concentration dependence of the biodegradation of the HTAB-PCL nanoparticled, wh&teT = 25°C, C, pc. = 6.25% 10~ g mI~%, and
Co, Lipase ps= 1.33X 108 gml™* (O,M), 2.65X 108 gml~* (O,®), 5.20x 10 gml~* (A,A) and 766 X 10 3gmI~(<, #).
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Fig. 7. Polymer concentration dependence of the biodegradation of the HTAB-PCL nanoparticles) whéreT = 25°C, C,, | jpase ps= 7.66 X 1078 g mi~3,
andC,, pcL = 2.09X 10°°g ml~* (O,M), 4.17x 10 gml~ (0,®); 6.25X 10°°gml~* (A,A) and 823X 10~ 5gml~*(<, #).

scattered light intensity and the average size. The least4. Conclusions
squares fitting of the initially linear portion of W versus

t” leads to the biodegradation rateon the basis oV = We have demonstrated that water-insoluble PCL can be
Phiodegradation Wherey is the biodegreded polymer weight in - micronized into nanoparticles stable in water at room
the suspension in unit time. temperature. Using the PCL nanoparticles instead of a thin

Figs 8 and 9 respectively show the enzyme and polymer PCL film can shorten its biodegradation time by a factor of
concentration dependence of the biodegradation rate more than~10° i.e. a 1 week biodegradation becomes a
For a given amount of PCL, the biodegradation rate 4 min process. It has been found that using the cationic
increases linearly as the Lipase PS concentration increasesurfactant HTAB instead of the anionic surfactant SDS to
and the line in Fig. 8 reprents a least squares fitting/of  stabilize the PCL nanopatrticles can lead to biodegradation;
gml h™t= 25.5C, Lipase ps ON the other hand, for a given this is attributed to the fact that Lipase PS is slightly
amount of Lipase PS, the biodegradation rate remainsnegatively charged. The adsorption of Lipase PS onto the
constant as the PCL concentration increases. As discusse®CL nanoparticles and the interaction between Lipase PS
before, the enzymatic biodegradation involves two essen-and PCL are two essential steps in the enzymatic bio-
tial steps: (1) the adsorption of Lipase PS onto the PCL degradation. The enzymatic biodegradation of the PCL
nanoparticles; (2) the interaction between Lipase PS andnanoparticles can be effectively monitored by LLS in
PCL. In principle, the second step is dependent on theterms of the excess scattering intensity and the hydro-
characteristics of Lipase PS and PCL, whereas the firstdynamic size. Our results have revealed that the PCL nano-
step is related to the total concentration of Lipase PS particles disappear one by one in the course of enzymatic
and PCL. For the Lipase PS—PCL system, the degradation
rate will be mainly dependent on the first step. For a given 3.0
PCL concentration, as shown in Fig. 8, a higher Lipase PS
concentration means more Lipase PS molecules can be
adsorbed onto PCL nanoparticles. So the total degradation

Copey =625 x 10 g/mL

. . . 2.0 °
rate increases. However, for a given Lipase PS concentra- /
tion, the degradation rates are almost uninfluenced by the o
PCL concentration, as shown in Fig. 9. We have found that
the biodegraded macroscopic weight of PBLincreases 1.0f .

v/ 10 (g/mL hr)

linearly in the initial portion of enzymatic degradation. o/
This means that the PCL nanopatrticles are eaten by Lipase e

-
-

PS one-by-one. So the amount of degradation and the 0.0 . . L '
degradation rate of PCL nanoparticles depend only on 0.0 20 40 60 80 100
the concentration of Lipase PS, independent of the PCL C. . / 10-8 /mL
concentration. Therefore, the enzymatic degradation rate 0,Lipase PS (g/mL)

rgmalns constant at a g'_ven Lipase PS concentration butFig. 8. Lipase PS concentration dependence of the enzymatic biodegrada-
different PCL concentration. tion ratey of the HTAB-PCL nanoparticles in aqueous solutiof at 25°C.
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