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Novel Differential Refractometry Study of the Enzymatic Degradation Kinetics of
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A poly(ethylene oxide)p-poly(e-caprolactone) (PE®-PCL) diblock copolymer was micronized into small
micelle-like particles £80 nm) via dialysis-induced microphase inversion. The enzymatic biodegradation of
the PCL portion of these patrticles in water was in situ investigated inside a recently developed novel differential
refractometer. Using this refractometry method, we were able to monitor the real-time biodegradation via the
refractive index changeAfn) of the dispersion becauskn is directly proportional to the particle mass
concentration. We found that the degradation rate is proportional to either the polymer or enzyme concentration.
Our results directly support previous speculation on the basis of the light-scattering data that the biodegradation
follows the first-order kinetics for a given enzyme concentration. This study not only leads to a better
understanding of the enzymatic biodegradation of PCL, but also demonstrates a novel, rapid, noninvasive,
and convenient way to test the degradability of polymers.

a differential refractometry method for an in situ and direct
measurement of polymer concentration change so that the
Many methods have been developed for the study of degradation kinetics can be accurately and precisely measured
biodegradation of polymeric materials, such as enzymatic Without any pre-assumption.
degradatioh? and microbial degradatidr® in different environ- In the current study, we chose a poly(ethylene oxiateply-
ments, (e.g., burial in soil and immersion in soil or natural (e-caprolactone) (PE®-PCL) diblock copolymer to demon-
water). The polymer biodegradation has been examined in termsstrate how its enzymatic biodegradation can be investigated by
of a wide range of properties, including macroscopic weight the refractometry method. The reason of choosing such a
loss® oxygen consumption and carbon dioxide emisgion, copolymer is because we know how to micronize it into small
scattering intensity, titrimetry? tensile strength? surface  particles stably dispersed in water and also because we have
morphology!12 crystallinity 13 viscosity*4 and molar mas¥, some doubts about previous LLS studies on a similar polymer
to name but a few. On the other hand, the biodegradation of Systen?*~29 It has been shown that in comparison with a thin
polymers in different forms, such as thin films, pastes, small film (~100xm), the micronization of biodegradable polymers
particles, fibers, and sponges, has also been tested for variougnto small submicrometer particles could speed up the degrada-
purposes, including tissue and bone bioengine&tidtand drug tion by 10¢* times or moré In other words, the micronization
deliverylo-21 can greatly shorten the measurement time and provide a quick
Itis helpful to note that most of the current analytical methods Method to evaluate the degradability of a given polymer, which
used for the degradation study are not based on an in situ and$ Vitally important for industrial research and development,
direct measurement of polymer concentration change. Namely, Where time is money. . .
the degradation and characterization of remaining polymer The micronization of PE®-PCL is relatively easy because
chains are separately performed. For example, Paige®antl  Of its amphiphilic nature: it can self-assemble in aqueous
Rossini et al2? respectively, measured the real-time enzymatic Solution without any surfactant to form small micelle-like
biodegradation of collagen fibrils and polymeric thin films using Particles with a swollen hydrophilic PEO shell and a collapsed
atomic force microscopy in terms of their morphologic changes. hydrophobic PCL core. It should be noted that in some
Wu and his associate¥2° developed an in situ laser light- Piomedical applications, the addition of surfactant in the
scattering (LLS) method to study the biodegradation by Micronization could be harmful. T_h|s is why this kind of_PEO-
monitoring the scattering intensity change. However, it should P-PCL copolymers have been widely tested as potential drug
be noted that it is not trivial to connect these changes to the carriers?®3in the current study, besides the illustration of the
polymer concentration change without some serious assump-Principle of our differential refractometry method, we have

tions. Considering such a limitation, we have recently developed focused on the polymer and enzyme concentration dependence
of the biodegradation kinetics as well as the mechanism.

Introduction

* Address correspondence to this author at The Chinese University of . .
Hong Kong. Experimental Section

T The University of Science and Technology of China. . . .
* The Department of Chemistry, The Chinese University of Hong Kong.  Materials and Sample Preparation.A poly(ethylene oxide)-
8 The Department of Physics, The Chinese University of Hong Kong. b-poly(e-caprolactone) (PE®-PCL) diblock copolymer M,

10.1021/jp066514n CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/01/2007



1532 J. Phys. Chem. B, Vol. 111, No. 7, 2007 Lam and Wu

compositions or any other properties related to refractive index
between the two divided cells will deflect the pinhole image.
In the current design, the precision of the measured refractive
index change is close te-10°6 RI unit, corresponding to a
polymer concentration change as small~ak0~> g/mL. The
equipped analog-to-digital data acquisition system allows a real-
time measurement of refractive index change. An internal
thermoelectric module is used as a built-in thermostat to regulate
the temperatures of the two divided cells in the range-36

°C with a long-term stability of£0.1 °C. Note that no external
heating bath is required for such a differential refractometer.
The detailed principle of such a refractometer can be found
elsewheré* The measured voltage change from the position
sensitive detector is proportional to the shifting of the pinhole
image, or in other words, to the refractive index differenta)(
between the samplédmpd and the referenc@fererency Solu-

Mo | An=ng-n, | tions/dispersions, respectively, in the two cells, i.e.,
n, |
Position Sensitive lens Divided Pinhole An= nsample_ Neterence— CAV (1)
Dﬂector (PSD) | cuvette |
a 2f 2 - wherec is an instrument constant. In the current desigr;

4 \/-1 ; ; .
Figure 1. Novel differential refractometer (Jianke Instrument, Ltd., (8.94 + 0.01) x 107* V™. All the biodegradation studies

China) used in this study and sketch of its optical path. One divided '€ported hereafter were done at 3.1 °C if not specified
cell contains a refrence solvent or solution with a refractive index of otherwise. Into both the reference and sample cells, the same

no and the other contains a sample solution with a slightly different copolymer dispersion was added except that the sample cell
refractive index ofns. contained a desired amount of enzyme. Each time, oril@

uL dispersion was injected into each divided cell. The temper-
= 3.1 x 10* g/mol andWeecWecL = 1:2) was synthesized by ture equilibrium inside the cell can be reached withimin.
ring-opening polymerization of a prescribed amounteafa-  The initial position of the pinhole image on the detector after
prolactone (CL) initiated by a macroinitiator poly(ethylene the temperature equilibrium was used as a starting point. In this

oxide) My = 1.0 x 10* g/mol) at 130°C in the presence of  \yay we can experimentally take care of the enzyme induced
stannous octoate as a catalyst. The synthesis detail can be founghifting of the laser beam.

elsewheré? Small micelle-like PEQs-PCL particles were

prepared by a dialysis meth&dwhich is outlined as follows. Laser Light Scattering. A commercial LLS spectrometer

(ALV/SP-125) equipped with an multi-digital correlator (ALV-

Copolymer solution (5 mL) in THF (5.08 10 g/mL)was  5000/E) and a 22-mW HeNe laser (JDS-Uniphase 1145P) was
transferred into a preswollen semipermeable membrane (Spectrajseq. The incident beam was vertically polarized with respect

For, USA) and dialyzed against an excess amount of deionized, the scattering plane. The details of LLS instrumentation and
water (500 mL). The dialysate was gently stirred. Water outside principles can be found elsewhéfdn static LLS, the scattering

of the tube was exchanged eyd h for 2 days. As water and 5416 ) and polymer concentratio©( g/mL) dependence of
THF pontl_nuously diffuse in and out, the solvent mixture inside a absolute time-averaged scattered light intensity, known as
the dialysis tube gradually becomes a poor solvent for the PCL {,o axcess Rayleigh radicR(q)), of a sufficiently dilute
block. As expected, the intrachain contraction and interchain polymer solution can lead to the weight-averaged molar mass

association of insoluble PCL blocks would result in small eore . e
: . . K X (My), the second virial coefficient§), and the z-average mean
shell micelle-like particles with a collapsed hydrophobic PCL square radius of gyratiofR2as

core and a swollen hydrophilic PEO shell. The final polymer
concentration of such a stock dispersion was Q03 g/mL. KC 1 1

In this study, lipase PS from psedomonas cepacia (Amano —%M—(l—i-g[lezmz) + 2AC 2)
Pharmaceutical, Japan) was used as a biocatalyst to degrade Rn(0) w

the PCL core. The crude lipase PS was purified by dissolving

itin a 0.1 M phosphate buffer solution. The solution was filtered WhereK [=4z(dn/dC)?/(Na44)] is a constant for a given polymer
by a 0.45«m Millipore filter. The filtrate was freeze-dried and ~ solution/dispersion and [=(47/1) sin(©/2)] is the scattering
stored at-18 °C prior to use. The purified lipase PS is a light- ~ vector, with dvdC, Na, andi, being the specific refractive index
yellow powder and readily soluble in water. increment, the Avogadro number, and the light wavelength in

Differential Refractometer. A novel laser differential re- ~ vacuum, respectively.
fractometer (Jianke Instrument Ltd., China) based on the Snell's  In dynamic LLS, the Laplace inversion analysis of a measured
law of refraction and our novel 2f-2f optical design was recently intensity—intensity time correlation functior@?(q,t)) can result
developed, as shown in Figure 1. In this differential refracto- in a characteristic line-width distributio®(I)). For a narrowly
meter, the 2f-2f optical design is used to overcome the distributed sample, the cumulant analysisG$(q,t) can lead
unavoidable drifting problem of the laser beam. Namely, the to an accurate average characteristic line-widiti For a pure
pinhole (200um) is illuminated by a laser beam and focused diffusive relaxation I is related to the translational diffusion
on the position sensitive detector. Optically, it is equivalent to coefficienttDCby D = (I'/g?)¢—o0c0 Of the hydrodynamic radius
put the pinhole directly on the detector. Therefore, the beam [Ry\[by R, = kgT/(6r7D), wherekg, T, andy are the Boltzmann
drifting will not affect the position of the pinhole image on the constant, the absolute temperature, and the solvent viscosity,
detector. A small difference in polymer concentrations or respectively.
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Figure 2. Zimm plot of PCLb-PEO micelle-like particles dispersed
in water. The polymer concentration ranges from 1x1%0° to 5.03
x 1075 g/mL.
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Figure 3. Hydrodynamic radius distribution$(R.)) of PCL-b-PEO
micelle-like particles dispersed in water.

TABLE 1: Laser Light-Scattering Characterization of Small
Micelle-like PEO-b-PCL Spherical Particles Dispersed in
Water at 37 °C, Where Wpc :Wpgo = 2:1

Mw,chain Mw,particle AZ, DRQD DRhD E’D
g/mol g/mol  Nagg mol-m¥g> nm nm w/@T3 glcnm?
3.1x 10" 29x10° 920 —1.1x10* 73 78 ~0.1 0.024

Results and Discussion

Figure 2 shows a typical Zimm plot from small micelle-like
PCL--PEO particles dispersed in deionized water at@7in
which the concentration and angular dependend® df)) are
incorporated on a single grid. Equation 2 shows that the
extrapolation of KC/Ry/(0)]c—oq—0 leads to the weight-averaged
molar massNl,,). The slopes of KC/Ru(Q)]c—o versusg?’ and
“[KC/Rw(Q)]¢—0 versusC” result in thez-average mean-square
gyration radius[R,?(]and the second virvial coefficier,,

respectively. The results are summarized in Table 1. The

negative value of\; indicates that overall water is a poor solvent
for these particles even thought the PEO block is still soluble
in water at 37°C.

Figure 3 shows three normalized hydrodynamic radius
distributionsf(R,) of small PEOb-PCL particles dispersed in
water with different copolymer concentrations at°®7, where
f(Ry) is calculated from each corresponding meas@éyq,t)
by using the Laplace inversion CONTIN program in the

correlator. The results are also summarized in Table 1. The

relative distribution widthu/T20of G(T) is less than~0.1,
indicating that these particles are narrowly distributed in size.
The effect of dilution on[R,0Ois no more than 3%. In other
words, the dilution of~100 times does not disintegrate these
stable particles, indicating that their critical micelle or aggrega-
tion concentration (CMC or CAC) is extremely low. It is helpful
to note that it is this extremely low CMC or CAC that makes
this kind of copolymers ideal for drug delivery.

A combination of static and dynamic LLS results shows that
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Figure 4. Schematic of micronization of diblock PE®PCL copoly-

mer chains into small micelle-like coreshell particles via dialysis-
induced microphase inversion and their corresponding biodegradation
in water.

hydrodynamic radiu8R,[/[R,is 0.9, slightly larger than 0.774
predicted for a uniform and nondraining sphere. This higher
value could be attributed to a swollen partially draining PEO
shell or reflect a less compact PCL core. The ratio of
Muw,aggregatiofMw chain l€@dS to an average aggregation number
(Nagg~ 900). The average particle densip),(defined asviy/
[Na(4/3)7R[F], is much lower than that~1 g/cn¥) of bulk
polymers, revealing that the hydrodynamic volume of each
particle contains a lot of water and the chains are loosely
aggregated together, as schematically shown in Figure 4.

As mentioned before, into the sample and reference cells,
we fill in the same dispersion. Note that unlike in LLS, here a
completely dust-free environment is not required, making the
experiment much easier. The only difference was that a small
amount of enzyme was added into the sample cell. For an
attentive reader, the addition of this small amount of enzyme
must shift the image of the pinhole on the detector, which is
true. Therefore, we used this new position as our starting point
in the in situ measurement dfn: namely, we experimentally
subtracted this additional enzyme influence on the beam
refraction. It is helpful to note that the refractive indew ¢f a
dilute solution or dispersion is additive for each component
inside36:37j e,

dn dn
=n,+ (dC)PEOCPEO‘O+ (d_C)PCLCPCL’O (att=0)
3)
and
nt = nW + (E)PEOCPEO,O (E)PCLCPCLI + (E)dpcdpl

(att=t) (4)

wheren,, is the refractive index of wateCpeo, CpcL, andCqp

are the weight concentrations (g/mL) of PEO and PCL and
degradation products (low molecular weight acids), respectively,
and dv/dC is the refractive index increment, a constant for a
given polymer solution or dispersion, depending only on the
chemical nature but not on the concentrati@ac o = CpcLt

+ Cap;. Using the initial dispersion in the reference cell as a
reference and noting thaCpgo is a constant during the
biodegradation because PEO is not biodegradable in this case,

we can define
n=[9), -
t (dC)PCL

It is clear thatAn; is only proportional to the change of PCL
concentration in the dispersion.

Figure 5 shows the biodegradation-time dependence of the
refractive index changesn; at 37°C with different copolymer/
enzyme ratios. Note that each PBRCL copolymer chain

d
An,=n (%)dp (CPCL,O - CPCL,t) (5)

the ratio of the average radius of gyration to the average contains?s PCL in mass, i.e.Cpci 0= (2/3)Cpeo-b—rcL 0. FOr
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Figure 5. Biodegradation-time dependence of refractive index change
(Any) of PEOb-PCL particles dispersion at 3T, where the enzyme
concentration was kept a constant.
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Figure 6. Initial copolymer concentration dependence of final and
maximum refractive index changaifs, as shown in Figure 5) after a
long degradation time. Note th@bc ois % of the initial PEOb-PCL
copolymer concentratiorCeeo-b-pct) SinceWec ¢Weeo0is 2:1.
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Figure 7. Semilogarithmic plot of “CpcL/CpcL,p) Versust” for PEO-
b-PCL micelle-like particle dispersions with different initial copolymer
concentrations.
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Figure 8. Plot of “log(Cpci/CrcL g versust” for PEO-b-PCL micelle-
like particle dispersions with different enzyme concentrations.

a given enzyme concentration (5.84 10 g/mL), the
biodegradation stops after ca.460 min. Assuming that all
the PCL blocks are completely biodegraded-at o, we have,
on the basis of eq 5,

(6)

PCL,0

[(dC)PCL (dC)dp

Note that it is impossible to directly measure/@C)rc. because
PCL is insoluble in water. On the other hand, we also do not
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Figure 9. Enzyme concentration dependence of apparent biodegrada-

tion rate constant) whereK was obtained from the fitting of “log-
(CrcL/CreLg = Kt” over the results in Figure 8.

8.0

know (d/dC)qp. However, on the basis of eq 6, a plot&f.
versusCpci oshould be a straight line and the slope should lead
to the difference between itiC)pc. and (dh/dC)gp.

Figure 6 shows such a plot at 3C. To ensure a complete
biodegradation, each\n., was measured after~10 h of
biodegradation, but it did not change much after-80 min.
Indeed, Figure 6 shows thAn,, is indeed proportional t€pc| o
and the extrapolation passes the origin, indicating @at -—

0. In other words, the biodegradation is really completed after
~1 h. The slope of the fitting line is 0.021:9 0.0005 mL/g,
indicating that (a/dC)q, is smaller than (d/dC)pci, but the
difference is fairly small, which is expected because the
degradation products are small water-soluble acids. The hydra-
tion normally lowers the refractive index of a substance in water.
Furthermore, we have, on the basis of eqs 5 and 6,

00

Cecuy _ AN, — ANy
Cecio An,

()

whereAn, is a constant for a given initial copolymer concentra-
tion.

Figure 7 shows the biodegradation-time dependen&gfy/
CpcLo Of four PEOb-PCL dispersions with different initial
copolymer concentrations. It is clear that for a given enzyme
concentration, the data points in Figure 7 collapse into a single
line and can be represented by 18¢Co) = Kt with K = 0.029
#+ 0.001 mirr™. It reveals that the biodegradation indeed follows
the first-order kinetics. In principle, an enzymatic reaction
involves both enzyme and substrate molecules. The textbook
kinetic theory tells us that the biodegradation rat€/¢t) is
proportional to both the enzyme concentrati€@)(and the
substrate concentratio€); i.e.,

dc,

where the subscriptt* denotes at timet and k is the
biodegradation rate constant. As a catalyst,is a constant
during the degradation by its definition. Therefore, we have,

Ct
Co

= o kGt

or
Co

—KCyt 9)

On the basis of Figure K = kCg/log 10 ork = K log 10£Cg

= 49 4+ 3 mL/(g min). It should be stated that we also plotted
“(CpcLi/CpeL o) Versust” as well as “(GoeL dCpeLy) Versust” to
check whether the biodegradation could be better represented
by the zeroth- or the second-order kinetics. Our fittings (not
shown) reveal that eq 9 represents the best fitting.
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