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Introduction

Biocompatible and biodegradable polymers have recently

attracted much attention. Besides being environmental

friendly, they also have potential biomedical applications,

such as surgical sutures, orthopedic implants, scaffolds for

cells in tissue engineering, and controllable drug releasing

devices.[1–5] Aliphatic polyesters, such as poly(lactic acid)

(PLA), poly(glycolic acid) (PGA) and poly(e-caprolactone)

(PCL), are often used because of their biocompatibility and

non-toxicity.[6–9] The biodegradation of these polyesters

often leads to pharmacologically inactive substances, such

as lactic acid from PLA and 6-hydroxycaproic acid from

PCL, which are absorbable by body or removable by meta-

bolism.[10,11] Therefore, aliphatic polyesters have a distinct

advantage over other types of biomedical materials because

it is not necessary to remove them after operation. The

biodegradation of aliphatic polyesters in aqueous solution

has been extensively studied,[12] but most of the past studies

mainly dealt with bulk materials.

On the other hand, polymeric nanoparticles as colloidal

drug carriers have recently also attracted much attention. It

has been suggested that by regulating the particle size, one

could target different organs. Moreover, polymeric particles

can be made in various dosage forms, including intravenous
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and oral routes to increase the bio-availability and reduce

the associated adverse effects.[13–15] It has been shown that

the irritant at the injection site can be minimized by using

smaller particles.[16] Narrowly distributed stable polymeric

nanoparticles with an average diameter less than 200 nm are

ideal for intravenous injection because they can easily pass

through the blood capillary.[17] It is known that small poly-

meric nanoparticles can be prepared via the self-assembly

of block copolymers in a selective solvent.[18–21] However,

the synthesis of narrowly distributed block copolymers still

remains a tedious work. Therefore, it is natural to extend our

study on the micronization of conventional biodegradable

and biocompatible polymer materials into nanoparticles as

controllable releasing devices.

Numerous types of biodegradable polymers have been

investigated, but only a few of them have finally reached the

stage of clinical application and become commercially

available.[22–24] Poly(D,L-lactide) (PLA) is one of them.

Normally, its degradation in bulk is extremely slow. In this

study, we successfully dispersed the water-insoluble PLA

into small nanoparticles stable in water with the help of

different surfactants via microphase inversion. The struc-

ture and degradation of such formed nanoparticles were

studied by a combination of static and dynamic laser light

scattering. In addition, we used phthalocyanine chromo-

phores (PC) to test their potential application as control-

lable releasing devices in photodynamic therapy (PDT).

The releasing of PC was monitored by both absorption and

fluorescence spectroscopies.

Experimental Part

Sample Preparation

Poly(D,L-lactide) (Mw ¼ 50 000–75 000), sodium dodecyl sul-
fate (SDS) and hexadecyltrimethylammonium bromide
(HTAB) were purchased from SIGMA. All the chemicals
and reagents were used as received without further purification.
The PLA nanoparticles were prepared by adding dropwise
1 mL dilute solution of PLA in acetone into 100 mL water in the
presence of surfactant. The surfactant concentration was kept
4 times of its corresponding critical micelle concentration
(CMC). As expected, acetone quickly mixed with water as
soon as it was dropped in. Therefore, insoluble hydrophobic
PLA chains immediately underwent intrachain contraction and
interchain association in water to form small particles. The
adsorption of surfactant on the particle surface could stabilize
them in water over months. The small amount of acetone (1%)
introduced in the process was removed under reduced pressure,
which had no effect on the size and stability of the resultant
particles. The pH of the dispersion was adjusted by sodium
hydroxide (NaOH) aqueous solution. In a typical degradation
experiment, a proper amount of dust-free NaOH aqueous
solution was directly added into 2 mL dust-free dispersion
inside the light scattering cell just before the measurement.
Hereafter, the PLA nanoparticles stabilized by SDS and HTAB
are, respectively, denoted as PLA-SDS and PLA-HTAB.

Hyperbranched poly[phthalocyanine-co-(sebacic acid)]
(PC-co-SA) (Mw � 6.45� 105 g �mol�1 and [PC]/[SA]¼
0.01) was synthesized by melt polycondensation of sabacic
acid and tetrahydroxyphthalocyaninatozinc(II) [ZnPc(OH)4].
The detail of synthesis can be found elsewhere.[25] Both PLA
and PC-co-SAwere soluble in tetrahydrofuran (THF). Repeat-
ing the micronization process described before, i.e., the addi-
tion of a dilute solution mixture of PLA and PC-co-SA in THF
dropwise into a large amount of aqueous solution in the
presence of surfactant could result in stable PLA/PC-co-SA
nanoparticles. THF introduced in the process was also removed
under reduced pressure.

Laser Light Scattering

A commercial LLS spectrometer (ALV/SP-125) equipped with
a multi-tau digital time correlator (ALV-5000) and a solid
state laser (ADLAS DPY425II, output power� 400 mV at
l¼ 532 nm) was used. In static LLS, the angular dependence of
the excess absolute time-average scattered intensity, i.e., Ray-
leigh ratio Rvv(q), of a dilute dispersion led to the weight-
average molar massMw, the second virial coefficientA2 and the
root-mean square z-average radius hRg

2iz1/2 (or simply as hRgi),
where q is the scattering vector. In dynamic LLS, the Laplace
inversion of a measured intensity-intensity time correlation
functionG(2)(t,q) in the self-beating mode could result in a line-
width distribution G(G).[26,27] For a pure diffusive relaxation,
(G/q2)q! 0,c! 0 can lead to the translational diffusion coeffi-
cient D or the hydrodynamic radius Rh by the Stocks-Einstein
equation. The suspension of the PLA nanoparticles and the
NaOH aqueous solution used were clarified, respectively, by
0.8 and 0.1 mm Millipore filters to remove dust. Rvv(q) and
G(2)(t,q) were simultaneously measured during the degra-
dation. The detail of LLS instrumentation can be found
elsewhere.[28]

UV-Vis and Fluorescence Spectroscopy

The absorption and fluorescence emission were recorded by
UV-Vis spectrophotometer (Shimadzu, UV-2100) and spectro-
fluorometer (Shanghai analysis factory, 970CRT), respec-
tively. The excitation wavelength used in the fluorescence
measurement was 617 nm and the exiting slit width was 5 nm.
The beam path used in both the cases was 1.0 cm.

Results and Discussion

Figure 1 shows a typical Zimm plot of the PLA-SDS nano-

particles in water at 25 8C, which incorporates the angular

and concentration dependence of Rayleigh ratioRvv(q) on a

single grid. The extrapolation of [KC/Rvv(q)] to C! 0 and

q! 0 leads to the weight average molar mass (Mw; particle) of

the nanoparticles and the slopes of [KC/Rvv(q)]C! 0 versus

q2 and [KC/Rvv(q)]q! 0 versus C, respectively, lead to hRgi
and A2 of the nanoparticles in water. Figure 2 shows typical

hydrodynamic radius distributions of the nanoparticles

measured in dynamic LLS. It reveals that both the PLA-

HTAB and the PLA-SDS nanoparticles are narrowly
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distributed. The average hydrodynamic radii hRhi calcu-

lated from
R1

0
f ðRhÞRhdRh are �100 nm and �120 nm,

respectively, for the PLA-HTAB and PLA-SDS nanopar-

ticles. It clearly shows cationic surfactant HTAB as stabili-

zer is more effective, which results in smaller particles.

Table 1 summarizes the LLS results of the PLA-SDS

andPLA-HTABnanoparticles inwateratpH¼ 6.3,wherethe

average aggregation number (Nagg) of the copolymer chains

inside each particle and the average chain density hri of

the particles were, respectively, estimated from Nagg ¼
Mw;particle/Mw;chain and hri¼Mw;particle/ð4/3p Rhh i3

NAÞ,
where NA is the Avogadro number. It is known that the ratio

of hRgi/hRhi reflects the conformation of a polymer chain or

thedensitydistributionofacolloidparticle.Forflexiblecoiled

chains in good solvents, hRgi/hRhi� 1.5 and while for a

uniform non-draining sphere, hRgi/hRhi� 0.774. The ratios

of hRgi/hRhi listed in Table 1 are in the range 1.0–1.1, higher

than 0.774, indicating that such formed nanoparticles were

partially draining, or in other words, the polymer chains

inside the particles are not fully collapsed. The values of hri
are much lower than the chain density (�1 g � cm�3) of bulk

PLA. It indicates that the polymer chains inside the nano-

particle are loosely packed with a lot of water molecules

trapped inside, which is actually good for biomedical

applications.[29]

Figure 3 shows the time dependence of the relative

Rayleigh ratio [Rvv(q)]t/[Rvv(q)]0 for PLA-SDS atT¼ 37 8C
and pH¼ 12.6. It clearly shows that [Rvv(q)]t/[Rvv(q)]0

decreases as the degradation proceeds. Note that Rvv(q)/
NM2, where N and M are the number and the molar mass of

the particles in the dispersion, respectively.[30,31] The de-

crease of [Rvv(q)]t/[Rvv(q)]0 could be related to the decrease

of either N or M or both. However, the inset in Figure 3

shows that there is no change in the size of the remaining

PLA particles, i.e., no change in the mass of the remaining

particles. Apparently, there is a contradiction because the

degradation should lead to the decrease in the particle size.

On the basis of the LLS theory, larger particles contribute

much more to the scattered light intensity. Therefore, only

those remaining PLA particles can be detected in LLS and

not the small degradation products. A combination of the

decrease of the scattered light intensity and the constant size

of the remaining particles reveals that not all the particles

were simultaneously degraded.[9,32] The degradation is a

random ‘‘one-by-one’’ process. The degradation of indivi-

dual particles was too fast to be followed by our present

LLS setup. Therefore, the decrease of [Rvv(q)]t/[Rvv(q)]0 in

Figure 3 actually reflects a decrease in N, i.e., [Rvv(q)]t/

[Rvv(q)]0¼N/N0¼C/C0 for a given volume of dispersion.

Figure 4 shows the pH dependence of the degradation at

37 8C. The initial slope of ‘‘[Rvv(q)]t/[Rvv(q)]0 versus t’’

reflects the initial degradation rate. In general, the degra-

dation rate increases with pH Adjusting pH, we can vary the

degradation rate from minutes to days. Such a pH dependent

Figure 1. Typical Zimm plot of PLA-SDS nanoparticles in
deionized water at T¼ 25 8C and pH¼ 6.3, where C ranges from
1.93� 10�6 to 7.75� 10�6 g �mL�1.

Figure 2. Typical hydrodynamic radius distributions f(Rh) of
PLA-SDS and PLA-HTAB nanoparticles in deionized water at
T¼ 25 8C and pH¼ 6.3.

Table 1. Laser light-scattering characterization of poly(D,L-lactide) nanoparticles at T¼ 25 8C and pH¼ 6.3. The relative errors are:Mw,
�5%; hRgi, �8%; and hRhi, �2%.

Samples Mw;particle Nagg A2 hRgi hRhi hRgi/hRhi hri

g �mol�1 mol � cm3 � g�2 nm nm g � cm�3

SDS-PLA 7.5� 108 1.5� 104 5.0� 10�5 1.4� 102 1.2� 102 1.1 0.16
HTAB-PLA 2.3� 108 4.5� 103 1.9� 10�4 1.0� 102 1.0� 102 1.0 0.10
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degradation is useful in the pH-regulated controllable

releasing. In comparison with PLA-SDS, PLA-HTAB

degraded at a relatively lower pH, or in other words, the

degradation of PLA-SDS in the pH range 9–13 was much

slower than PLA-HTAB. This might be due to the electro-

static repulsion between anionic SDS surfactant and OH�,

which slowed down the hydrolysis of the anhydride bond.

The degradation at pH� 7 was extremely slow, which

serves well for a long controllable releasing.

Figure 5 shows the temperature dependent degradation of

the PLA-SDS nanoparticles at pH¼ 12.6. It is clear that the

degradation rate increased with the temperature. It is help-

ful to note that using a higher pH is simply for the speed-up

of the degradation so that the experimental time could be

shortened. All the data can be well fitted by Ct/C0¼ e�kt,

indicating that the degradation followed the first-order

kinetics. The least-square fitting of each curve leads to one

corresponding degradation rate constant k. The inset shows

a typical Arrhenius plot for the degradation, i.e., k/
e�Ea/RT, where the estimate of the activation energy (Ea) of

the degradation is �67 kJ �mol�1. This is reasonable in

comparison with the hydrolysis data in literature.[33–35]

Our results showed that when the degradation was slow,

the initial degradation rate was close to a constant; namely,

the particle number degraded per unit time is constant. This

is ideal for controllable releasing if we are able to entrap

drugs or chemicals inside. Note that the microphase inver-

sion used in the preparation of the PLA nanoparticles can

encapsulate or entrap hydrophobic drugs into the nanopar-

ticles. The degradation of each nanoparticle can release the

drugs entrapped inside. It should be emphasized that such a

controllable releasing is not based on the principle of con-

ventional diffusion or corrosion. In conventional diffusion-

or corrosion-controlled releasing, only a gradient drug

concentration inside the matrix can ensure a constant releas-

ing rate. In order to test the encapsulation and the

controllable releasing, we used copolymer poly[phthalo-

cyanine-co-(sebacic acid)] PC-co-SA, a potential chemical

in photodynamic therapy (PDT). The releasing of PC-co-

SA during the degradation was monitored by UV-vis

absorption and fluorescence emission spectra.

Figure 6 and 7 reveal that the absorbance and fluores-

cence intensity increase as the degradation proceeds. It is

known that the absorbance at 671 nm and the fluorescence at

682 nm are related the ground state of individual PC mole-

cules.[36] The increase in the absorbance and fluorescence

intensity indicates that PC stacked inside the nanoparticles

were disstacked into individual molecules after the poly-

ester chains inside the nanoparticles were degraded into

Figure 3. Kinetics of degradation of PLA-SDS nanoparticles in
water, where [Rvv(q)]0 and [Rvv(q)]t are the Rayleigh ratio at time 0
and t, respectively. The inset shows atypical time dependence of
average hydrodynamic radius hRhi of the remaining nanoparticles
during degradation, where Cinitial¼ 3.88� 10�6 g �mL�1.

Figure 4. Comparison of degradation of PLA-HTAB and PLA-
SDS nanoparticles at different pHs, where T¼ 37 8C and
Cinitial¼ 3.88� 10�6 g �mL�1.

Figure 5. Temperature dependence of degradation of PLA-SDS
nanoparticles, where C0 (3.88� 10�6 g �mL�1) and Ct are the
nanoparticle concentrations at time 0 and t, respectively. The inset
shows a typical Arrhenius plot of the temperature dependence of
the degradation rate constant k.
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soluble low molar mass acids. We found that PC was

released as soon as the degradation started. It was also

interesting to find that the degradation rate increased with

the loaded PC content, as shown in Figure 8. This provides

another way to regulate the releasing rate for biomedical

applications.

Conclusion

Water-insoluble poly(D,L-lactide) (PLA) can conveniently

be dispersed into narrowly distributed nanoparticles stable

in water via microphase inversion in the presence of

surfactant. The temperature, pH and the type of surfactant

used can adjust the degradation rate of such formed PLA

nanoparticles. At the body temperature and pH� 7, the

degradation is so slow that such a system is ideal for a long-

term controllable releasing devices in biomedical applica-

tions. The degradation essentially follows the first-order

kinetics. At 37 8C, when pH< 8, the degradation practically

stops, while the degradation rate increases rapidly when pH

increases in the range 8–13. Therefore, such nanoparticles

can entrap and protect drugs from acidic environment inside

stomach so that they can be released later in basic en-

vironment inside intestine. We also determined that the

activation energy of the degradation at pH¼ 12.6, calcu-

lated from a typical Arrhenius plot, is �67 KJ �mol�1.
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