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A new series of phthalocyanine-containing biodegradable copolymers, namely poly(phthalocyanine-co-
sebacic anhydride) (Pc-SA), have been synthesized. For copolymers with a low Pc content, the Pc rings exist
mainly as monomeric species in chloroform, while the aggregation of these macrocycles becomes significant
as the Pc content increases. Nanoparticles with an average hydrodynamic radius of 166 nm have been
prepared from the copolymer Pc-SA-5, which has a Pc to sebacic acid molar ratio of 0.01, via a microphase
inversion method. The collapse of polymer chains in the formation of Pc-SA-5 nanoparticles leads to
aggregation of the Pc rings inside. The aggregation tendency decreases upon degradation of the nanoparticles
in alkaline media, giving ultimately monomeric species. The degradation kinetics of Pc-SA-5 nanoparticles
have been investigated by a combination of static and dynamic laser light scattering. It has been found
that the rate of degradation increases with the pH and temperature. By using absorption and fluorescence
spectroscopies, the release of Pc can be monitored, which occurs almost simultaneously with the degradation.
The results suggest that this novel polymer-based colloidal system is potentially useful for the delivery
and release of photosensitizers in photodynamic therapy.

Introduction
Photodynamic therapy (PDT), which was first developed

for cancer treatment, is being actively exploited in many
other clinical applications such as the treatment of age-
related macular degeneration, hardening of arteries, sun-
induced precancerous skin lesions, and wound infections.1
The treatment involves administration of a photosensitive
drug which has a high affinity to malignant tissues. It
unleashes singlet oxygen as the predominant cytotoxic
agent when excited by light of appropriate wavelength
and power. Among the various photosensitizers being
investigated,2 phthalocyanines have found to be highly
promising.2,3 Owing to their strong Q band absorptions at
the red visible region (ca. 700 nm with ε ≈ 105 mol-1 dm3

cm-1), these pigments can be excited at longer wavelengths
than porphyrin-based photosensitizers such as Photofrin,
which is the first clinically approved photosensitizer. This
optical property allows a deeper penetration of light into
tissues.4 The macrocycles are also relatively nontoxic in

the dark and have relatively high singlet oxygen quantum
yields.5 These unique features, together with their ease
of functionalization and formulation, have aroused intense
interest in the use of these functional dyes as second-
generation photosensitizers in PDT.

One of the problems in using phthalocyanines in PDT
arises from their intrinsic tendency toward aggregation.6
This intermolecular association process promotes the
nonradiative internal conversion, almost invariably caus-
ing a shortening of the triplet lifetime and a drastic
reduction of the overall photosensitizing efficiency.4,7 This
problem is particularly serious in polar media such as
water, which tends to self-associate and repels the
hydrophobic π systems to form aggregates.8 Hydrophilic
and nonaggregated phthalocyanines are therefore of
special importance and have received much current
attention.9 One of the strategies to reduce the aggregation
of phthalocyanines in aqueous media involves the use of
surfactants or other substances which can create a micro-
heterogeneous environment such as micelle or liposome.9b-d

It has been found that phthalocyanines exist mainly as
monomeric species in these environments, giving a
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relatively high photoactivity. These systems, however,
suffer from low stability, low localizing property, and
bioincompatibility, which limit their use as photosensitizer
carriers in PDT. The development of advanced delivery
systems which can target malignant tissues and can
preserve the photosensitizing ability of phthalocyanines
thus remains as a challenging task.

Recently, polymer-based colloidal drug delivery and
release systems, in particular those with biocompatible
and biodegradable polymer backbones, have been studied
extensively.10 By the incorporation of site-specific moieties
or simply regulating the particle size, these systems are
able to target different organs and control the release of
drugs.10e,11 The surface of particles, for example, can be
modified with poly(ethylene oxide) to improve the carriers’
biocompatibility and biodistribution.10e,12 Although the
use of polymeric particles for the delivery of various
chemotherapeutic drugs is well-documented,13 entrapping
phthalocyanines in these systems for targeted PDT has
been little studied.14 In this paper, we describe a novel
series of copolymers of a Zn(II) phthalocyanine and sebacic
anhydride, which is a common building block of biocom-
patible and biodegradable polymers,10f,15 and the nano-
particle formation of one of these copolymers. The
preparation, spectroscopic properties, and degradation
kinetics of these systems, as studied by static and dynamic
laser light scattering, are reported herein.

Experimental Section
General. Tetrahydrofuran (THF) and diethyl ether were

distilled from sodium benzophenone ketyl. Toluene and n-hexane

were distilled from sodium and calcium chloride, respectively.
Chloroform was distilled from calcium hydride. Acetic anhydride
was distilled prior to use. Sebacic acid was recrystallized three
times from ethanol. All other reagents and solvents were of
reagent grade and used as received. Tetrahydroxyphthalocya-
ninatozinc(II) [ZnPc(OH)4] (1) was synthesized by a literature
procedure.16

Laser Light Scattering (LLS). A modified commercial LLS
spectrometer (ALV/SP-125) equipped with a multi-τ digital time
correlator (ALV-5000) and a solid-state diode laser (ADLAS
DPY425II, output power ≈ 400 mW at λ ) 532 nm) was used.
In static LLS, the angular dependence of the excess absolute
time-average scattered intensity, known as the Rayleigh ratio
Rvv(q), was measured. For a dilute dispersion at a relatively small
scattering angle θ, Rvv(q) can be related to the weight-average
molar mass Mw, the second virial coefficient A2, and the z-average
root-mean-square radius of gyration 〈Rg

2〉z
1/2 (or simply 〈Rg〉) by

eq 1:

where K ) 4π2n2(∂n/∂C)2/(NAλo
4) and q ) (4πn/λo) sin(θ/2) with

n, ∂n/∂C (≡0.201 ( 0.005 mL g-1), NA, and λo being the solvent
refractive index, differential refractive index increment, Avo-
gadro’s number, and the wavelength of light in a vacuum,
respectively. At q f 0 and C f 0, Rvv(q) ≈ KCMw. In dynamic
LLS, the Laplace inversion of a measured intensity-intensity
time correlation function G(2)(t,q) in the self-beating mode results
in a line-width distribution G(Γ). For a pure diffusive relaxation,
(Γ/q2)qf0,Cf0 is equal to the translational diffusion coefficient D,
which is further related to the hydrodynamic radius Rh by the
Stokes-Einstein equation Rh ) kBT/(6πηD), with kB, T, and η
being the Boltzmann constant, the absolute temperature, and
the solvent viscosity, respectively. All the measurements were
carried out at 25.0 ( 0.1 °C. Details of the experimental setup
and theory can be found elsewhere.17

Absorption and Fluorescence Spectroscopies. UV-vis
and steady-state fluorescence spectra were taken on a Hitachi
U-3300 spectrophotometer and a Hitachi F-4500 spectrofluo-
rometer, respectively. The fluorescence quantum yields were
determined from the equation Φsample ) (Fsample/Fref)(Aref/Asample)-
(nsample

2/nref
2)Φref, where F, A, and n are the measured fluorescence

(area under the fluorescence spectra), the absorbance at 610 nm,
and the refractive index of the solvent, respectively. The
subscripts “sample” and “ref” denote the sample and the reference,
respectively, and Φref ) 0.30 for unsubstituted zinc(II) phtha-
locyanine in 1-chloronaphthalene.18 The data are collected in
Table 1.

Sample Preparation. Sebacic acid was heated under reflux
in acetic anhydride to give a mixture of oligo(anhydride), which
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Table 1. Weight-Average Molecular Weight (Mw) and
Fluorescence Quantum Yield (Φf) of

Phthalocyanine-containing Polymers Pc-SA-n (n ) 1-5)

polymer
molar ratio of
1:sebacic acid Mw

a (g mol-1) Φf
b

Pc-SA-1 5.60 × 10-4 4.59 × 104 0.32
Pc-SA-2 1.11 × 10-3 1.22 × 105 0.26
Pc-SA-3 2.15 × 10-3 3.35 × 105 0.22
Pc-SA-4 4.22 × 10-3 5.45 × 105 0.23
Pc-SA-5 1.00 × 10-2 6.45 × 105 0.22
a Determined by static laser light scattering. b Determined in

CHCl3 using unsubstituted zinc(II) phthalocyanine as the standard
(Φf ) 0.30 in 1-chloronaphthalene).

KC
Rvv(q)

≈ 1
Mw

(1 + 1
3

〈Rg
2〉zq

2) + 2A2C (1)
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was recrystallized from toluene and washed with n-hexane. The
oligomers thenunderwentmeltedpolycondensationwithdifferent
amounts of ZnPc(OH)4 (1) to give a series of poly(phthalocyanine-
co-sebacic anhydrides) (Pc-SA-n) (n ) 1-5) (Scheme 1). The crude
products were dissolved in chloroform, and the undissolved
materials were removed by filtration. The solutions were then
rotary evaporated to give blue polymeric materials which were
dried in vacuo. The IR spectra of all these copolymers as KBr
pellets showed typical CdO stretchings for anhydrides at 1741
and 1809 cm-1. Their weight-average molecular weights were
also determined by static laser light scattering and are given in
Table 1.

Nanoparticle Formation. A 1-mL dilute THF solution of
Pc-SA-5 was added dropwise with constant stirring into 100 mL
of water (purified by a Millipore system), containing the
surfactant sodium dodecyl sulfate (SDS, ca. 1 cmc). Upon addition,
THF diffuses and mixes with water quickly. The insoluble
hydrophobic polymer chains collapse and aggregate in water to
form nanoparticles. The small amount of THF in the mixture
was then removed under reduced pressure to give SDS-stabilized
Pc-SA-5 nanoparticles.

Degradation. In a typical degradation experiment, a proper
amount of dust-free NaOH aqueous solution (clarified by a 0.1
µm Millipore filter) was added to a 2-mL dust-free suspension
of Pc-SA-5 nanoparticles (clarified by a 0.8 µm Millipore filter).
Both Rvv(q) and G(2)(t,q) were simultaneously measured during
the degradation. Within the time scale, we did not see a significant
effect of the NaOH solution on the stability of SDS. The release
of Pc from the Pc-SA-5 nanoparticles was monitored by absorption
and fluorescence spectroscopies.

Results and Discussion
The absorption spectra of the copolymers Pc-SA-n (n )

1-5) in chloroform given in Figure 1 are typical for
monomeric phthalocyanines.6,9 The spectra show the B
band at 343 nm, the Q band at 673 nm, and the two vibronic
bands at 607 and 640 nm. As expected, the intensities of
these bands are higher for copolymers with a higher Pc
content. Upon excitation at 610 nm, all these copolymers
fluoresce at ca. 680 nm. As shown in Table 1, the
fluorescence quantum yield decreases initially with in-
creasing Pc content, attaining a saturated value of ca.
0.22. This observation suggests that as the Pc content
increases, the macrocycles in the polymer matrix exhibit
a higher aggregation tendency.9

Figure 2 shows a typical Zimm plot for the SDS-
stabilized Pc-SA-5 nanoparticles in water, which incor-
porates the angular and concentration dependence of the
Rayleigh ratio Rvv(q) on a single grid. According to eq 1,
the extrapolation of [KC/Rvv(q)] to C f 0 and q f 0 leads

to the value of Mw (9.70 × 107 g mol-1), while the slopes
for the lines plotting [KC/Rvv(q)]Cf0 vs q2 and [KC/
Rvv(q)]qf0 vs C give the values of 〈Rg〉 (176 nm) and A2
(≈0), respectively. From the values of Mw and 〈Rh〉, the
average particle density 〈F〉 was estimated to be 0.084 g
cm-3, which is much smaller than that of a bulk polymer
(ca. 1 g cm-3). It shows clearly that the nanoparticles are

Scheme 1

Figure 1. UV-vis spectra of Pc-SA-n (n ) 1-5) in chloroform
with a concentration of 3.30 × 10-4 g cm-3.

Figure 2. Typical Zimm plot for SDS-stabilized Pc-SA-5
nanoparticles in deionized water at 25 °C, where C ranges from
4.27 × 10-6 to 1.06 × 10-5 g cm-3.
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composed of loosely aggregated polymer chains with a
large number of water molecules entrapped inside.

The average hydrodynamic radius of the Pc-SA-5
nanoparticles in water was determined to be 166 nm by
dynamic laser light scattering. It is known that the density
distribution of a polymer chain in a colloid particle is
reflected by the ratio of 〈Rg〉/〈Rh〉.19 For a random coil chain
in a good solvent, the ratio is around 1.5, while for a
uniform sphere 〈Rg〉/〈Rh〉 ≈ 0.774. The ratio for the SDS-
stabilized Pc-SA-5 nanoparticles was ca. 1.06, indicating
that the nanoparticles have a hyperbranching structure.20

It agrees well with the low chain density 〈F〉.
The degradation of these nanoparticles was also studied

by laser light scattering. Figures 3 and 4 show the decrease
of [Rvv(q)]t/[Rvv(q)]0 during degradation at different pH
values and temperatures, respectively. It is clear that the
rate of degradation increases with the pH and temper-
ature. The initial rate can be determined by a least-squares
fitting of the initial linear region of each curve. At pH )
10.7, the initial rates at 15, 25, 37, and 50 °C were
determined, giving a linear Arrhenius plot, from which

the activation energy for the degradation of these nano-
particles was found to be 72 kJ mol-1. This value is much
higher than that for the degradation of polymeric nano-
particles prepared from poly(ethylene oxide-b-sebacic
anhydride) (44 kJ mol-1).15c

Figures 5 and 6 show the changes in absorption and
fluorescence spectra of Pc-SA-5 nanoparticles during the
degradation process. Initially (at t ) 0), the Pc rings are
highly aggregated as shown by the weak Q band absorption
and fluorescence emission. This may be due to the collapse
of polymer chains during the formation of nanoparticles
in water. Upon degradation, the nanoparticles degrade
into smaller degradation products that along with the
surfactant SDS inhibit the aggregation of phthalocyanine,
leading to a stronger Q band and a more intense
fluorescence. The insets in Figures 5 and 6 show respec-
tively the time dependence of the absorbance at the Q
band (673 nm) and the fluorescence intensity during the
degradation. It is clear that the release of phthalocyanine
occurs almost immediately after the degradation of the
nanoparticles.

In summary, we have prepared a novel series of
phthalocyanine-containing biodegradable copolymers based
on sebacic anhydride, and micronized one of these

(19) Tu, Y.; Wan, X.; Zhang, D.; Zhou, Q.; Wu, C. J. Am. Chem. Soc.
2000, 122, 10201.

(20) Wu, C.; Zuo, J.; Chu, B. Macromolecules 1989, 22, 633.

Figure 3. pH dependence of degradation of Pc-SA-5 nano-
particles at 25 °C, where initial nanoparticle concentration (Co)
) 5.41 × 10-5 g cm-3.

Figure 4. Temperature dependence of degradation of Pc-SA-5
nanoparticles at pH ) 10.7, where initial nanoparticle con-
centration (Co) ) 5.41 × 10-5 g cm-3.

Figure 5. Changes in UV-vis spectrum during degradation
of SDS-stabilized Pc-SA-5 nanoparticles at 25 °C, where Co )
5.41 × 10-5 g cm-3 and pH ) 10.7. The inset shows the
degradation time dependence of the absorbance at 673 nm.

Figure 6. Changes in fluorescence spectrum during degrada-
tion of SDS-stabilized Pc-SA-5 nanoparticles at 25 °C, where
Co ) 5.41 × 10-5 g cm-3 and pH ) 10.7. The inset shows the
degradation time dependence of the fluorescence intensity.
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copolymers (Pc-SA-5) into nanoparticles via a microphase
inversion method. The degradation of these nanoparticles
and the release of phthalocyanine have been monitored
by a combination of laser light scattering and absorption
and fluorescence spectroscopies. The results show that
this biocompatible polymer-based colloidal system is
potentially useful for the delivery and release of photo-
sensitizers in PDT.
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