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Figure 11. Confocal fluorescent microscope images of the HuH-7 cells in the presence of Lysotracker Red DND-99 and polyplex micelles prepared
at N/P = 3 with FITC-labeled pDNA. (a) Lac-PEG-PAMA/pDNA polyplex micelles (incubation time: 30 min), (b) Lac-PEG-PAMA/pDNA polyplex
micelles (incubation time: 120 min), (c) Lac-PEG-PSAO-PAMA/pDNA polyplex micelles, (incubation time: 30 min), (d) Lac-PEG-PSAO-PAMA/
pDNA polyplex micelles (incubation time: 120 min). These images are the typical image of triplicate experiments.
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Figure 12. Effect of the HCQ (100 #M), NR (5 uM), ASF (4 mg/
mL), and 20% serum preincubation on the transfection efficiency to
HuH-7 cells of the Lac-PEG-PSAO-PAMA/pDNA polyplex micelle,
Lac-PEG-PAMA/pDNA polyplex micelle, and B-PEI/pDNA polyplex
as a function of N/P ratios at a fixed pDNA amount. Transfection
efficiency ratio is described as [value of RLU/mg of protein treated
with additive (HCQ, NR, and ASF)]/[value of RLU/mg of protein in
Figure 11]. The plotted data are the average of triplicate experiments
28D,

endosomal acidification, and ASF as an inhibitor of the ASGP-
mediated endocytosis. As shown in Figure 12, HCQ treatment
(100 xM) had no contribution in increasing the transfection
efficiency for the Lac-PEG-PSAO-PAMA/pDNA polyplex
micelles and the B-PEI/pDNA polyplex compared with the Lac-
PEG-PAMA/pDNA polyplex micelle (about 1 order of mag-
nitude increase in transfection efficiency), whereas it showed
an appreciable decrease in the transfection efficiency in the
presence of NR (5 ;M) for the Lac-PEG-PSAO-PAMA/pDNA

polyplex micelles and the B-PEI/pDNA polyplex. This is in line
with the assumption that the Lac-PEG-PSAO-PAMA/pDNA
polyplex micelles may be equipped with an endosome escaping
function due to the unprotonated pH-responsive PSAO segment
in the polyplex micelles.

A significant decrease in the transfection efficiency of the
Lac-PEG-PSAO-PAMA/pDNA polyplex micelles was observed
in the presence of ASF, consistent with the results of cellular
uptake, as shown in Figure 9. Altematively, no effect of ASF
was observed even for the Lac-PEG-PAMA/pDNA polyplex
micelle, suggesting that the endosomal escape may be the most
critical barrier to intracellular gene delivery by Lac-PEG-PAMA/
pDNA polyplex micelle. Thus, it may be reasonable to conclude
that an appreciable fraction of the Lac-PEG-PSAO-PAMA/
pDNA polyplex micelles is taken up into HuH-7 cells through
the ASGP receptor-mediated endocytosis process mediated by
the cluster of the large number of lactose moieties on the surface
of the polyplex micelles, followed by the effective disruption
of the endosome by the buffer effect of the unprotonated pH-
responsive PSAO segment in the polyplex micelles.

It is well-known that components of the serum may interact
with the polyplex to induce its structure change, resulting in
decreasing transfection efficiency. Thus, we examined the effect
of the 20% serum preincubation for 6 h on the transfection
efficiency of Lac-PEG-PSAO-PAMA/pDNA, Lac-PEG-PAMA/
pDNA polyplex micelles, and B-PEI/pDNA polyplexes. As
shown in Figure 12, 1 order of magnitude decrease in the
transfection efficiency was observed for B-PEI/pDNA poly-
plexes after preincubation with 20% serum probably due to the
nonspecific interaction of the cationic polyplexes with negatively
charged biomacromolecules, inducing the decrease in the cellular
uptake. In a sharp contrast, the polyplex micelle sytems still
retained sufficient transfection efficiency toward HuH-7 cells
even after preincubation with 20% serum. The almost neutral
surface charge ({~ +5 mV in Table 1) of the Lac-PEG-PSAO-
PAMA/pDNA polyplex micelles with the highly lactosylated
PEG outer shell surrounding the PIC core and the PSAO inner
shell may induce the micelles to tolerate serum components,
allowing the cellular specific interaction through ASGP receptor-
mediated endocytosis to retain efficiency even after the serum
preincubation.



Three-Layered PEGylated Polyplex Micelle
CONCLUSIONS

In conclusion, this study demonstrates the pH-responsive
nature of novel three-layered polyplex micelles composed of a
lactosylated-PEG-PSAO-PAMA triblock copolymer and pDNA,
aimed at the development of a targetable and endosome-
disruptive gene delivery system. The Lac-PEG-PSAO-PAMA
triblock copolymer bearing a PAMA segment as the DNA-
condensing polyamine and a PSAO segment as the pH-
responsive polyamine was successfully synthesized. The Lac-
PEG-PSAO-PAMA triblock copolymer, thus prepared, spontane-
ously associated with pDNA to form three-layered polyplex
micelles with a PAMA/pDNA PIC core, a free PSAO inner
shell, and a lactosylated PEG outer shell, as confirmed by 'H
NMR spectroscopy. Under physiological conditions, the Lac-
PEG-PSAO-PAMA/pDNA polyplex micelles prepared at an N/P
ratio above 3 were found to be able to condense pDNA (EtBr
assay), thus forming polyplex micelles with a relatively small
size (< 150 nm, DLS measurements), and an almost neutral
surface charge ({~ +5 mV, zeta-potential measurements). The
Lac-PEG-PSAO-PAMA/pDNA polyplex micelle formed at N/P
= 3 exhibited a pH-induced size variation (pH = 7.4, 132.6
nm — pH = 4.0, 181.8 nm) corresponding to the conformational
changes (globule-rod transition) in the uncomplexed PSAO
chain in response to pH. The swelling of the free PSAO inner
shell is likely to occur in this process while retaining the
condensed PIC core composed of the PAMA segment and
pDNA. The fluorescence microscopic observation revealed that
the interaction of the polyplex micelle entrapping FITC-labeled
pDNA with HuH-7 cells was significantly reduced in the
presence of ASF compared to the condition without ASF,
suggesting that ASGP receptor-mediated endocytosis would be
a major route of the cellular uptake of the Lac-PEG-PSAO-
PAMA/pDNA polyplex micelles. Furthermore, the Lac-PEG-
PSAO-PAMA/pDNA polyplex micelles exhibited more efficient
transfection ability than Lac-PEG-PSAO/pDNA and Lac-PEG-
PAMA/pDNA polyplex micelles. Presumably, the Lac-PEG-
PSAO-PAMA/pDNA polyplex micelles might have an endo-
somal escape function, and thus, hydroxychloroquine as an
endosomolytic agent was not required to observe appreciable
transfection. Several important factors are likely to be syner-
gistically involved in the pronounced transfection efficiency of
the Lac-PEG-PSAO-PAMA/pDNA polyplex micelles, such as
minimal interaction with serum proteins, enhancement of the
cellular uptake through ASGP receptor-mediated endocytosis,
and effective transport to the cytoplasm from the endosomal
compartment (endosomal escape). Therefore, the polyplex
micelle composed of the ABC triblock copolymer, thus de-
scribed here, would be a promising vector for smart gene
delivery.
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ABSTRACT.

Objective. The possibility of predicting the effectiveness of intraarticular injection of high molecular
weight hyaluronan (HA) was investigated using biological markers.

Methods. In 32 patients with osteoarthritis (OA) of the knee, 38 knees were treated with HA injec-
tion, and the clinical symptoms were evaluated using the Japanese Orthopaedic Association (JOA)
score and pain visual analog scale (VAS). The concentrations of chondroitin 6-sulfate, 4-sulfate
(C6S, C4S), and aggrecan were measured in synovial fluid collected at the time of initiation of injec-
tion. The relationship between the biological markers and the improvement of clinical symptoms
after injection for 1 month was investigated.

Results. C6S/CAS and concentration of aggrecan decreased after injection, although these decreases
were not significant. Positive correlations were noted between the concentrations of C6S and aggrecan
before HA injection and the improvement of the JOA score after injection; however, radiological OA

'stage had no significant relation with improvement both of the JOA score and VAS.

Conclusion. It has been reported that the concentration of aggrecan-derived fragments in synovial fluid
decreases with advancement of the OA stage, reflecting decreases in the amount of residual cartilage
and suppression of chondrocyte metabolism. Our findings suggested that HA injection exhibits a greater
clinical effect in cases with a high intraarticular aggrecan fragment concentration, i.e., cases in which a
high amount of residual cartilage and chondrocyte metabolic activity remain.The biological markers
were useful in predicting the effectiveness of HA injection for OA of the knee. (J Rheumatol

2006;33:2527-31)

Key Indexing Terms:
OSTEOARTHRITIS

MARKER PREDICTION

The prevalence of osteoarthritis (OA) has increased markedly
with the rapid shift towards the elderly in industrially
advanced countries. The major lesion of OA involves degen-
eration and destruction of cartilage. The early process of
destruction of cartilage in OA involves degradation and con-
version to lower molecular weight cartilage matrix, such as
type II collagen and aggrecan, that maintains the mechanical
characteristics of cartilage. Cartilage matrix is degraded and
converted to low molecular components mainly by proteases
produced by chondrocytes, and these destructive proteases are
regulated by inflammatory cytokines and growth factors.
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SYNOVIAL FLUID
INTRAARTICULAR INJECTION THERAPY

Most therapeutic drugs for OA are symptom-modifying
drugs that improve the clinical symptoms of OA, such as pain.
Few candidate structure-modifying drugs have been con-
firmed clinically to inhibit cartilage destruction, and the effec-
tiveness of these drugs is currently being investigated in a
large-scale clinical study!~. One such drug therapy for OA is
intraarticular injection of high molecular weight hyaluronan
(HA). HA is a long linear-chain glycosaminoglycan consisting
of a repetitive disaccharide unit structure that is the main com-
ponent of synovial fluid. HA is important in maintaining the
viscoelasticity of articular cartilage, and contributes to the
maintenance of low friction, which is an important articular
function, through synergistic action with cartilage. HA in syn-
ovial fluid is produced by synovial cells, and has a molecular
weight of about 4-5 x 106 Da in‘normal subjects. In arthropa-
thy, such as rheumatoid arthritis and OA, both the molecular
weight and concentration of HA are decreased?. Such decreas-
es in the molecular weight and concentration of HA impair
lubrication between cartilage, decrease impact-absorbing abil-
ity, and cause further degeneration of the cartilage. HA recep-
tors, including lymphocyte homing receptors, CD44, are pres-
ent on the chondrocyte surface. In addition to the hydrody-
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namic action described above, HA alters chondrocyte metab-
olism through receptors, and acts to protect cartilage tissue®.
HA has been reported to exhibit cartilage-protective effects,
including stimulation of chondrocyte proliferation, production
of cartilage matrix, inhibition of the production of protease?,
stimulation of the production of a protease inhibitor®, move-
ment of newly synthesized aggrecan around chondrocyte’,
and inhibition of chondrocyte apoptosis in vitro 8.

HA injection improves the clinical symptoms of OA, main-
ly pain, in about 70% of OA cases, but nonresponders to this
therapy do exist. Joint puncture is an invasive procedure that
is performed with HA injection. As such, this procedure has a
risk of complications, including infection. Prediction of the
clinical effectiveness of this therapy enables us to perform
efficient medical care.

Measurement of biological markers that are derived from
components of joints, such as cartilage, synovial membrane,
and bone, in synovial fluid, blood, and urine, has allowed
investigation of the pathology of arthropathy?. Typical biolog-
ical markers that reflect cartilage turnover are fragments
derived from type II collagen, aggrecan, and other minor pro-
teins that are present in cartilage. Aggrecan-derived markers
are core proteins, fragments of aggrecan, glycosaminoglycans
(GAG) composing aggrecan, chondroitin 6-sulfate and 4-sul-
fate (C6S and C4S), and keratan sulfate (KS)!0-12, Unlike
radiograph and magnetic resonance imaging, these biological
markers reflect real-time metabolism of joint components,
such as cartilage and synovial membrane. Our objective was
to investigate the possibility of predicting the effectiveness of
HA injection from biological markers in synovial fluid col-
lected at the initiation of intraarticular injection of HA.

MATERIALS AND METHODS

Patients. The subjects were 32 outpatients with OA of the knee (38 joints) at
our orthopedic outpatient clinic who had apparent pain on movement and
hydrarthrosis, and were indicated for HA injection. No concomitant steroid or
nonsteroidal antiinflammatory drugs (NSAID) were administered. Patients
treated with HA preparations within the past 3 months and patients with sus-
pected rheumatoid arthritis, trauma, and suppurative arthritis were excluded.
The patients’ characteristics are shown in Table 1.

Intraarticular injection and collection of synovial fluid. An injection contain-
ing 25 mg of HA (molecular weight of about 900,000 Da) in 2.5 ml (super-
purified hyaluronate, Seikagaku Co. Ltd., Tokyo, Japan) was injected into the
knee joint once a week for one month. Synovial fluid was collected at the ini-
tiation of the first injection, and centrifuged at 3000 rpm for 15 minutes at
room temperature. The supernatant was collected and immediately stored at
-85°C.

Evaluation by radiography. Plain radiograms of the knee (frontal and lateral
views and frontal view with weight-bearing) were acquired before the initia-
tion of injection, and the OA stage was determined based on the Koshino clas-
sification scale!® (grade 0: normal, grade 1: osteosclerosis or osteophyte for-
mation, grade 2: narrowing of the joint space to 3 mum or less, grade 3: disap-
pearance of the joint space, grade 4: 5 mm or less bone defect of the weight-
bearing surface, grade 5: 5 mm or more bone defect of the weight-bearing sur-
face; Table 1).

Evaluation of clinical symptoms. Clinical evaluation of OA was performed,
based on the criteria for judgment of therapeutic results of knee OA estab-

Table 1. Patients’ characteristics. Stage of knee deformity was assessed by
the radiological findings according to the Koshino criterial®.

n

Sex )

Male 4

Female 34
Age, yrs

> 60 4

60-70 5

70-80 10

<80 19
Radiological stage (mean =734+ 8.2)

I 11

I 5

I 13

v 5

\Y 4

lished by the Japanese Orthopaedic Association (JOA score)!“. In this score,
pain on walking, pain on ascending and descending the stairs, range of
motion, and joint swelling were rated with maximum scores of 30,25, 35, and
10, respectively. The subjective and objective symptoms were evaluated
based on the JOA scores before the initiation of intraarticular injection and at
1 month after injection. Pain was evaluated using the 100 mm visual analog
scale (VAS). '

Measurement of biological markers. C6S and C4S in synovial fluid were
measured by high performance liquid chromatography according to the
method reported by Shinmei, er al'l. Glycosaminoglycans in synovial fluid
were degraded to disaccharides by treatment with chondroitinase ABC and
chondroitinase AC-II, and applied to a column packed with propylamine-
bound silica gel (YMC gel PA-120; YMC, Kyoto, Japan) for quantification.
The aggrecan level was measured using a sandwich ELISA measurement kit
(Biosource Co.) This measurement kit uses an anti-KS monoclonal antibody
for capturing and a labeled anti-G1-domain monoclonal antibody as a detec-
tor, and selectively measures aggrecan molecules with HA-binding ability
and a K side chain®.

Statistical analysis. The results of measurement of the biological markers
were presented as the means =+ standard deviation. For analysis of the signif-
icance of between-group differences, paired t test or Wilcoxon signed-rank
test was used. For analysis of correlation, Spearman's correlation coefficient
by rank was used (StatView 5.0, Abacus Concepts Inc., Berkeley, CA, USA).

RESULTS

Time-course of changes in biological markers after injection.
The C6S and C4S concentrations in synovial fluid showed no
significant change after injection for 1 month. C6S/C4S and
aggrecan concentration decreased over time, but the decrease
was not significant (Figure 1).

Relationship between biological markers before injection and
improvement of clinical symptoms. The relationships between
the concentrations of the biological markers before HA injec-
tion and improvement of the JOA score and VAS one month
after initiation of injection were investigated by regression
analysis.

A significant positive correlation was observed between
the C6S concentration before injection and improvement of
the JOA score after one month (r = 0.322, p = 0.0383; Figure
2). No significant correlation was apparent between the C4S

The Journal of Rheumatology 2006; 33:12



C6S C48 C6S/C48 Aggrecan
(nmol/ml) (nmol/ml) I
o A - (1 g/ml)
20 z 120 —
0 ; 18 ] 100
50 16 C
14 80
40 12 T
30 10 \IS 60 ——
g 5
20 6 - 40
1 T [
20
10 » 9 J
0 i 0 1 L 0 L
0 1 0 1 0 1 0 1
(month) (month) (month) (month)
A B C D

Figure 1. Time-course of changes in biological markers. HA with MW 800,000 Da was inject-
ed into the knee joint once a week for one month. C6S and C4S in synovial fluid were meas-
ured by HPLC. The aggrecan level in synovial fluid was measured using a sandwich ELISA
measurement kit. Data were shown as mean + SD. A: C6S. B: C4S. C: C6S/C4S. D: Aggrecan.
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Figure 2. Relationship between C6S concentration before injection and
improvement of JOA score. The relationships between C6S concentration
before HA injection and improvement of the JOA score one month after ini-
tiation of injection were investigated by regression analysis.

concentration or C6S/C4S before injection and the improve-
ment of the JOA score (data not shown). A significant corre-
lation was observed between the aggrecan concentration
before injection and improvement of the JOA score after 1
month (r = 0452, p = 0.0046; Figurc 3). In contrast, no sig-
nificant correlation was apparent between the biological
marker concentrations before injection and improvement of
VAS (data not shown). Relationship between level of biologi-
cal marker and improvement of each item of JOA score was
analyzed. Significant correlation was observed between C6S
concentration before injection and improvement of pain on
waking (r = 0465, p = 0.0221), and range of motion (r =
0.433, p = 0.0282) after one month. Aggrecan concentration

(R=0.452, p=0.0046)
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Figure 3. Relationship between aggrecan concentration before injection and
improvement of JOA score. The relationships between aggrecan concentra-
tion before HA injection and improvement of the JOA score one month after
initiation of injection were investigated by regression analysis.

correlated significantly with improvement of pain on walking
(r=0451, p=0.0268), and pain on ascending and descend-
ing the stairs (r = 0.577, p = 0.0025) after one month. OA
stage determined by radiographic findings had no significant
relation with improvement of both the JOA score and VAS
(Figure 4). '

DISCUSSION

In OA, viscoelastic substances in synovial fluid, mainly HA,
become deteriorated. Intraarticular injection of HA has been
initiated based on the concept of viscosupplementation: sup-
plementation of deteriorated HA with a novel viscoelastic
substance that exhibits a hydrodynamic function!®. HA has
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been considered as a symptom-modifying drug that primarily
improves the pain of OA!7. HA injection apparently improved
the clinical symptoms of OA, including pain, in this study.
Cartilage markers are divided into markers of synthesis
and catabolism. Typical markers of catabolism reflecting the
destruction of cartilage include aggrecan molecules released
from aggrecan, side chain KS, and CS. There are 2 types of
CS: C6S, which is abundant in healthy cartilage, and C4S,
which is abundant in degenerated cartilage as with OA!S.
Changes in joint markers during the course of treatment of OA
can help in determining the effectiveness of treatment.
Yamada, er al measured various joint markers in synovial
fluid before and after HA injection into the joint in patients
with knee OA, and found that the PIICP concentration
increased significantly after HA injection!®. Since PIICP is a
marker of the synthesis of type II collagen?>?!, this finding
suggested that HA injection promoted matrix synthesis by
chondrocytes. In studies reported by Namiki, et al, and
Uesaka, et al*23, C6S and C4S levels decreased after HA
injection. In our study, aggrecan level was decreased after
injection of HA for one month, but this decrease was not sig-
nificant. Thus, our study did not demonstrate inhibition of the
degradation of cartilage aggrecan by HA injection in OA.
There has been no report of prediction of the efficacy of
intraarticular injection of HA for OA based upon biological
markers. We observed a significant positive correlation
between the C6S concentration before injection and improve-
ment of the JOA score after one month of injection.
Furthermore, a stronger positive correlation, compared with
that of C6S, was noted between the aggrecan concentration
before injection and the JOA score after one month of injec-

4 5
Radiological disease stage

Figure 4. Radiological disease stage and improvement of JOA score and VAS. OA disease stage deter-
mined by radiographic findings had no significant relation with improvement both of the JOA score and
VAS. Data were shown as mean + SD. Black bar: JOA score (points). White bar: VAS (mm).

tion. However, radiological OA stage had no significant rela-
tion with improvement both of the JOA score and VAS. These
findings suggest that improvement of the clinical symptoms
after initiation of HA injection can be predicted by measure-
ment of the fragments derived from aggrecan. Yamada, et al
reported that the concentration of aggrecan fragments in syn-
ovial fluid decreased with the progression of OA, as a result
of decreases in the amount of residual cartilage and suppres-
sion of chondrocyte metabolism with the advancement of
OA?*26, Tn consideration of these observations, our findings
indicate that HA injection is effective for cases with a high
intraarticular level of aggrecan fragments. This reflects an
early stage of OA in keeping with residual cartilage and chon-
drocyte metabolic activity.
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Polymer vesicles enclosing a volume with a molecularly thin
membrane, known as “polymersomes”, have recently been attracting
progressive attention from both fundamental and applied standpoints
as carriers or containers for various functionality compounds.'?
Particularly, in an aqueous entity, amphiphilic block copolymers
have been used for the preparation of polymersomes,’ 3 revealing
unique characteristics such as high structural stability compared to
conventional liposomes made from low molecular amphiphiles.'
Very recently, stable encapsulation of biologically relevant sub-
stances, including drugs and enzymes, into the polymersomes has
been directed to applications as delivery and bioreactor systems.?
Nevertheless, the hydrophobic nature of the membrane in such
amphiphilic polymersomes prevents the penetration of hydrophilic
solutes, limiting their functionality as semipermeable container
systems. Furthermore, the harsh preparation conditions, including
the use of organic solvents, may hamper the encapsulation of fragile
compounds such as proteins. Herein, we report for the first time
the preparation of stable polymersomes with a semipermeable
membrane through a simple mixing of a pair of oppositely charged
block copolymers in an aqueous medium. The polymersome formed
in this way is a new entity of polymer vesicles with a polyion
complex (PIC) membrane and thus may be given a new terminology
as a “PICsome”.

A PICsome as a hollow sphere needs the formation of a stable
layer of PIC lamellae as the partition membrane. In this regard,
oppositely charged segments of the block copolymer pair are
preferred to have a matched chain length, compensating for the
counter charge in a stoichiometric manner and minimizing the phase
mixing of the PIC middle layer with the outer and inner shell layers
of the hydrophilic segment, in this case, poly(ethylene glycol)
(PEG). Here, to satisfy this condition of matched chain length, both
anionic and cationic block copolymers were prepared from the same
platform polymer, PEG-poly(S-benzyl-L-aspartate) (PEG-PBLA),
to have identical molecular weight and composition (Scheme 1).
Two types of PEG-PBLA with a different PBLA composition
(degree of polymerization (DP) of PBLA; 17 and 100) were
prepared by the ring opening polymerization of f-benzyl-L-aspartate
N-carboxyanhydride initiated from the w-primary amino group of
CH;0—PEG—NH, (M, = 2000, M,/M, = 1.05).* The anionic
component of the PICsome, PEG-poly(a, S-aspartic acid) (PEG-
P(Asp)i7 and PEG-P(Asp) o), was obtained from PEG-PBLA by
alkali hydrolysis as reported previously.® Alternatively, the cationic
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Scheme 1. Synthesis of a Pair of Oppositely Charged Block
Copolymers
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component was prepared from PEG-PBLA by aminolysis of
flanking benzy! ester groups with an excess amount of diamine. A
notable property of PBLA is that the benzyl ester groups can easily
undergo quantitative aminolysis reactions with various diamines
at ambient temperature via the formation of a succinimidyl ring
structure as an intermediate, allowing the preparation of cationic
poly(aspartamide)s with different amine functionalities. Indeed,
quantitative aminolysis was confirmed from 'H NMR spectra.* Two
types of diamines with a different number of methylene units, 1,2-
diaminoethane and 1,5-diaminopentane, were used in the aminolysis
to obtain PEG-poly([2-aminoethyl]-e,f-aspartamide) (PEG-P(Asp-
AE);; and PEG-P(Asp-AE);00) and PEG-poly([5-aminopentyl]-¢, 8-
aspartamide) (PEG-P(Asp-AP);7 and PEG-P(Asp-AP);q), respec-
tively, to explore the effect of the alkyl-spacer length on the self-
assembly behavior.

The anionic and cationic block copolymers were separately
dissolved in 10 mM Tris-HCI buffer (pH 7.4) with a physiological
salt concentration of 150 mM NaCl. Both solutions were then mixed
in an equal ratio of —=COO— and —NH3* units to form PIC and
subsequently subjected to sonication.* Flow particle image analysis*
and dark-field microscopic (DFM) observation suggested the
formation of spherical particles with the diameter up to 10 gm in
the PEG-P(Asp)100/PEG-P(Asp-AP);( system (Figure 1), which is
obviously with a larger size range than that of the well-documented
PIC micelles with a core—shell architecture.® The DFM image was
more fascinating, showing characteristic ringlike scatterings (Figure
1), suggesting the hollow structure of the particles. Note that the
scattering light intensity in DFM correlates with the density of the
objects, giving a ringlike image for hollow particles with a large
density difference between the inner and peripheral regions.” The

10.1021/ja057993r CCC: $33.50 © 2006 American Chemical Society
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Figure 1. Dark-field microscopic images of PICsomes prepared from a
PEG-P(Asp)100/PEG-P(Asp-AP) ;g0 system.

balance of the segment length in the block copolymer is expected
to play a substantial role in the self-assembly process. Indeed, the
combination of the block copolymers with a shorter charged
segment, PEG-P(Asp),7/PEG-P(Asp-AP),; system, gave a DFM
image with only few ring-scattering objects dispersed in the major
part of the small dot scatterings presumably from micelles. Block
copolymers with shorter charged segments compared to the PEG
segment adopt a cone-shaped conformation preferring the micelle
architecture.® The molecular shape gradually changes from cone
to rod with the increased length of the charged segments relative
to the PEG segments, and eventually, the assembly should adopt
the vesicular structure with a smaller curvature than the spherical
micelle.® The observations here are consistent with this general rule
of vesicular formation through molecular assembly. Another factor
influencing the vesicular formation seems to be the alkyl-spacer
length of the cationic side chain of the poly(aspartamide) segment,
which may be related to the flexibility of the ion pair formed in
the PIC structure. A decrease in the alkyl-spacer length from pentyl
to ethyl in the side chain of the cationic poly(aspartamide) segment,
viz. the PEG-P(Asp),00/PEG-P(Asp-AE)gy system, resulted in a
significant decrease in the size (<1 um) of the ring scatterings
observed in DFM. It is likely that the length of the alkyl spacer
may be a critical factor in determining the stable PICsome size,
yet a further detailed study should be needed to confirm this
assumption.

The hollow structure of the large PIC assembly from PEG-
P(Asp)100/PEG-P(Asp-AP)1po system as “PICsome” was further
directly evidenced from the encapsulation of the water-soluble
macromolecule labeled with fluorescein isothiocyanate, FITC-
dextran (FITC-Dex, M, = 40 000), into the PICsome. Cross-
sectional observation by the confocal laser scanning microscope
(CLSM) clearly confirmed the successful inclusion of FITC-Dex
into the PICsome by a simple mixing of PEG-P(Asp-AP)q0 (1 mg/
mL) with PEG-P(Asp);¢ (1 mg/mL) containing FITC-Dex (1 mg/
mL) (Figure 2).4 The PICsome with encapsulating FITC-Dex was
appreciably stable in physiological buffer as observed by CLSM
even after 3 months standing at ambient temperature.

The semipermeability of the PICsome membrane was then
investigated using fluorescent molecules with different molecular
weights. The fluorescence collected through the objective lens was
resolved by the diffraction grating and monitored by a 32-channel
arrayed detector. Upon addition of dextran labeled with tetrameth-
ylrhodamine isothiocyanate (TRITC-Dex, M, = 70 000) to the
solution of PICsome with encapsulated FITC-Dex, a green fluo-
rescence of FITC inside the PICsome was clearly observed, sharply
discriminated from the red fluorescence of TRITC-Dex in the outer
medium, in the merged image of CLSM taken at the excitation
wavelength for FITC and TRITC (488 and 543 nm) (Figure 2a).
On the other hand, upon addition of free TRITC (MW = 443.5) to
the solution of the FITC-Dex encapsulating PICsome, a yellow color
was observed inside the PICsome (Figure 2b).* An emission
spectrum of the region of interest (ROI) in Figure 2b shows the
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Figure 2. CLSM images and emission spectra of PICsome encapsulating
FITC-Dex. Images after the addition of (a) TRITC-Dex or (b) TRITC. (c)
Spectra of the ROI in (a) after (solid line) and before (blue dotted line) the
addition of TRITC-Dex. (d) A spectrum of the ROl in (b) (solid line) with
reference spectra of FITC-Dex (green dotted line) and TRITC (red dotted
line).

intense fluorescence with the maximum at 580 nm and the shoulder
at 520 nm (Figure 2d). The profile was reasonably fitted with both
references of FITC-Dex and TRITC, indicating the penetration of
TRITC into the PICsome interior. In contrast, the spectrum of the
ROl in Figure 2a corresponds to the spectrum of FITC-Dex before
the addition of TRITC-Dex (Figure 2c), indicating the segregation
of TRITC-Dex from the PICsome interior. These results visually
demonstrated the semipermeable character of the PIC membrane.
Notably, the PICsome was able to retain its vesicular structure in
the presence of a colloidal osmotic pressure of approximately 10
#Osm from the encapsulated FITC-Dex and was stable even in the
medium containing 10% fetal bovine serum at 37 °C,* being feasible
for biomedical applications.

In summary, a novel entity of a polymer vesicle, a PICsome,
was prepared here by a simple mixing of a pair of oppositely
charged block copolymers composed of biocompatible PEG and
poly(amino acid)s in an aqueous medium. The PICsome is stable
in proteinous medium and has a partition membrane with a unique
three-layered structure. These biocompatible composition and
biologically relevant characteristics of the PICsomes may open their
future utility in biomedical fields such as carriers of therapeutic
compounds and compartments for diagnostic enzymes.
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Abstract

A polymeric micelle (DPcZn/m) system, which is formed via an electrostatic interaction of anionic dendrimer phthalocyanine (DPcZn) and
poly(ethylene glycol)-poly(L-lysine) block copolymers (PEG-b-PLL), was prepared for use as an effective photosensitizer for photodynamic
therapy. DPcZn/m exhibited strong Q band absorption around 650 nm, a useful wavelength for high tissue penetration. Dynamic light scattering
studies indicated that the DPcZn/m system has a relevant size of 50 nm for intravenous administration. Under light irradiation, either DPcZn or
DPcZn/m exhibited efficient consumption of dissolved oxygen in a medium to generate reactive oxygen species and an irradiation-time-dependent
increase in photocytotoxicity. The photodynamic efficacy of the DPcZn was drastically improved by the incorporation into the polymeric micelles,
typically exhibiting more than two orders of magnitude higher photocytotoxicity compared with the free DPcZn at 60-min photoirradiation.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Dendrimer; Photosensitizer; Phthalocyanine; Polymeric micelle; Photodynamic therapy

1. Introduction

Photodynamic therapy is based on the accumulation of a
photosensitizer in malignant tissue after its administration
usually through intravenous route [1-5]. Subsequent illumina-
tion with laser light of an appropriate wavelength generates
reactive oxygen species (ROS) which results in tissue destruc-
tion. For an effective photodynamic effect, several ideal
properties of photosensitizers should be needed. From the chem-
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ical point of view, the materials should be pure and have a high
quantum yield of singlet oxygen generation. From the biological
point of view, it should have no dark toxicity and have high
solubility in an aqueous medium for the easy administration.
High tumor localization and long wavelength absorption are also
very important for effective medical treatment.

In this context, we have recently reported ionic dendrimer
porphyrin as an efficient photosensitizer for photodynamic
therapy [6-9]. To obtain high quantum yields and effective
energy absorption, photosensitizers must generally have large
w-conjugation domains. Therefore, most of photosensitizers
easily form aggregates, which provide a self-quenching effect of
the excited state in aqueous medium due to their w—m
interaction and hydrophobic characteristics [10,11]. To over-
come these problems, the structure of ionic dendrimer porphyrin
is promising, because the substitution of large dendritic wedges
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sufficiently prevents the formation of aggregates and provides
high solubility in the aqueous medium. Furthermore, a charged
ion surface can form polyion complex micelles by means of
electrostatic interaction with an oppositely charged block
copolymer. These types of polyion complex micelles [12]
with a PEG shell were demonstrated to accumulate effectively
and specifically in solid tumor tissue due to the hyperperme-
ability of tumor capillaries. However, the dendrimer porphyrin
has a relatively short wavelength absorption, where the
absorption maximum is 430 nm, which is a limitation to
improvement for practical PDT application. In relation to this
fact, several phthalocyanine molecules, including the one with a
dendritic architecture, are of interest as a potential photosen-
sitizer with appropriate wavelength absorption for practical
PDT application [13-16]. Herein, we report the first example of
dendritic phthalocyanine-incorporated polyion complex micelle
formation and demonstrate an order-of-magnitude enhancement
in photodynamic efficacy of the phthalocyanine dendrimer
through the micelle encapsulation at an excitation wavelength
with clinical relevance (~600 nm).

2. Materials and methods
2.1. Materials

N°-Z-L-lysine and bis(trichloromethyl) carbonate (triphos-
gene), for the synthesis of polyethylene glycol-block-poly-L-
lysine (PEG-H-PLL), were purchased from Tokyo Kasei Co.,
Ltd. a-Methoxy-w-amino-poly(ethylene glycol) (MeO-PEG-
NH,, Mw= 12 kg/mol) was a kind gift from Nippon Oil and Fats
Co., Ltd. Chemicals for dendrimer synthesis were purchased
from Tokyo Kasei Co., Ltd. or Aldrich Chemical Co., Ltd.
Tetrahydrofuran and hexane, used as a solvent for the synthetic
reactions, were distilled from sodium benzophenone ketyl under
Ar just before use. n-Pentanol and 1,8-diazabicyclo-(5,4,0)-
undec-7-ene (DBU) for phthalocyanine dendrimer synthesis,
were used as received without further purification.

2.2. Synthesis of block copolymer

MeO-PEG-NH, was precipitated in diethylether from chlo-
roform, dried under reduced pressure and subsequently freeze-
dried from benzene prior to use in the block copolymer syn-
thesis. PEG-b-PLL was synthesized by a previously reported
procedure [17]. Briefly, the N-carboxy anhydride of N°-Z-L-
lysine was polymerized by initiation with CH;O-PEG-NH,
(12000 g/mol) in DMF under Ar, followed by deprotection of
the Z group. GPC measurement of PEG-b-PLL exhibited single
sharp peak at Mw of 16,600 and Mn of 16,300 based on PEG
standards. From the 'H NMR measurement in D,0, the poly-
merization degree of the PLL segment was determined to be
39. :

2.3. Synthesis of dendrimer phthalocyanine

Dendrimer phthalocyanine (DPcZn) was prepared from
dimethyl-5-hydroxyisophthalate and 4-nitrophthalonitrile

Me Me,
i i HO i
b bE R
Mé M HO
1 2 3

vii

DPe¢Zn

Scheme 1. Synthesis of phthalocyanine dendrimer. Reagents and conditions; (i)
tert-butyldiphenylsilylchloride, imidazole, in DMF at 0 °C for 12 h; (ii) LiAlH,
in THF at 0 °C for 12 h; (jii) 1, diethylazodicarboxylate (DEAD), PPh3 in THF
at 0 °C 12 h; (iv} tetrabutylammoniumfluoride (TBAF) in THF at 0 °C for 1 h;
(v) 1, DEAD, PPh3 in THF at 0 °C 12 h; (vi) TBAF in THF at 0 °C for 1 h; (vii)
K,COs, 4-nitrophthalonitrile, 18-crown in DMF at 60 °C for 12 h; (viii) Zn
(OAc),, DBU in Pentanol reflux for 24 h.

according to the literature method (Scheme 1) [15]. Briefly,
the hydroxy group of dimethyl-5-hydroxyisophthalate (1) was
protected with a tert-butyldiphenylsilyl chloride to obtain 3-fers-
butyldiphenylsilyloxy-dimethylisophthalate (2), and then the
methyl ester groups were reduced to obtain 3-fers-butyldiphe-
nylsilyloxy-5-hydroxymethyl benzyl alcohol (3), which was
reacted with 1 using Mitsunobu’s coupling reaction to obtain a
silyl-protected G1 dendron (4). G1 dendron with phenol core (5)
was obtained from 4 by deprotection reaction using tetrabuty-
lammonium fluoride (TBAF). A silyl-protected G2 dendron (6)
was synthesized from 5 by Mitsunobu’s coupling reaction, and
then deprotected to obtain G2 dendron with phenol core (7). The
alkali mediated coupling reaction of 6 with 4-nitrophthalonitrile
gave phthalonitrile-cored G2 dendron (8). A mixture of 8 and Zn
(OAc), in n-pentanol was heated at 90 °C, and then a few drops
of 1,8-diazabicyclo[5,4,0Jundec-7-ene (DBU) were added. The
mixture was refluxed with stirring overnight. The reaction
mixture was chromatographed with silica gel to obtain DPcZn.
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2: yield 95%,'H NMR & 8.18 (m, 1H, Ar—-H in phthalate), 7.70
(m, 4H, 0-H in C¢Hs), 7.57 (m, 2H, Ar—H in phthalate), 7.40 (m,
6H, m,p-H in C¢Hs), 3.86 (s, 6H, —OCHs), 1.13 (s, 9H, -C
(CHs),). 3: yield 89%, 'H NMR § 7.64 (m, 4H, 0-H in CgHs),
7.32 (m, 6H, m,p-H in C¢Hs), 6.80 (m, 1H, Ar—H in C¢Hs), 6.58
(m, 2H, Ar—-H in C¢H3), 4.41 (s, 4H, -CH,-), 1.03 (s, 9H, -C
(CH3)s). 4: yield 64%, 'H NMR 6 8.27 (s, 2H, Ar—H in outer
CgHs), 7.73 (s, 4H, Ar—H in outer CgHs), 7.69 (m, 4H, 0-H in
CgHs), 7.40 (m, 6H, m,p-H in C¢Hs), 7.02 (s, 1H, Ar—H in inner
CgHa), 6.58 (s, 2H, Ar—H in inner CgHs), 4.97 (s, 4H, -CH,-),
3.94 (s, 12H, —CH,), 1.01 (s, 9H, —C(CH,)3). 5: yield 90%, 'H
NMR & 8.27 (s, 2H, Ar—H in outer C¢Hs), 7.80 (d, 4H, Ar—H in
outer CgHs), 7.05 (s, 1H, Ar—H in inner C¢Hz), 6.92 (s, 2H, Ar—
H in inner CgHs), 6.13 (s, 1H, —OH), 5.08 (s, 4H, ~-CH,-), 3.94
(s, 12H, —CHs). 6: yield 79%, "H NMR 6 8.26 (s, 4H, Ar—H in
outer C¢Hz), 7.79 (s, 8H, Ar—H in outer C¢Hs), 7.69 (mm, 4H, 0-H
in —CgHs), 7.35 (m, 6H, m,p-H in —C¢Hs), 7.04 (s, 2H, Ar-H in
inner C¢Hs), 6.98 (s, 1H, Ar—H in inner C¢Hs), 6.94 (s, 4H, Ar—
H in mid C¢Hs), 6.81 (s, 2H, Ar—H in mid C¢H3) 5.10 (s, 8H,
outer —~CH,—), 5.00 (s, 4H, inner ~CH,-), 3.93 (s, 24H, —CHz),
1.08 (s, 9H, —C(CHx)s). 7: yield 91%, "H NMR & 8.27 (s, 4H,
Ar—H in outer CgHs), 7.79 (s, 8H, Ar—H in outer C¢Hj3), 7.36 (s,
2H, Ar-H in inner CgHs), 7.08 (s, 1H, Ar—H in inner CgHs),
7.01 (s, 4H, Ar—H in mid C¢Hj3), 6.87 (s, 2H, Ar—H in mid
CgHs), 6.37 (s, 1H, —OH), 5.11 (s, 8H, outer —CH,—), 5.09 (s,
4H, inner -CH,—) 3.93 (s, 24H, —CHa,). 8: yield 90%, "HNMR &
8.28 (s, 4H, Ar—H in outer C¢Hs), 7.80 (s, 8H, Ar—H in outer
CgHs), 7.68 (d, 1H, Ar—H in phthalonitrile), 7.45 (s 1H, Ar—H in
inner CgHs) 7.28-7.23 (m, 2H, Ar—H in phthalonitrile), 7.15 (s,
2H, Ar—H in inner C¢Hy), 7.14 (s, 2H, Ar—H in mid C¢H3), 7.04
(s, 4H, Ar—H in mid C¢Hj3), 5.16 (s, 4H, outer —CH,-), 5.13 (s,
8H, inner ~-CH,—) 3.93 (s, 24H, ~CHs). DPcZn: yield 32%, 'H
NMR 6-9.22-8.88 (m, 8H, Ar—H), 8.2-7.7 (m, 28H, Ar-H),
7.6-6.9 (m, 60H, Ar-H), 5.2—4.9 (in, 48H, ArOCH,-), 4.2-4.0
(m, 64H, -CO,CH,-), 1.7-1.1 (m, 256H, —CH,—), 0.9-0.7 (in,
96H, —CH3), MALDI-TOF-MS for C416H496N30922n m/z:
caled.: 7139 [M™]; found 7150.

2.4. Preparation of polyion complex micelle

Polyion complex micelles were made from charged DPcZn
with PEG-b-PLL. In a typical procedure, the PEG-b-PLL was
dissolved in an aqueous NaH,PO, solution and added to an
aqueous solution of DPcZn in Na,HPO, to give a solution
containing polyion complex micelles. The ratio of positive
charge to negative charge was fixed at 1:1.

2.5. Measurements

The DLS measurements were performed using a Photal
dynamic laser scattering DLS-7000 spectrometer (Otsuka
Electronics Co., Ltd., Osaka, Japan) equipped with GLG3050
488 nm Ar laser (NEC Co., Ltd., Japan) and/or Zetasizer Nano
ZS-90 (Malvern Co., Ltd., USA) with 532 nm laser irradiation.
The UV—-Vis and fluorescence spectra were measured using a V-
550 spectrophotometer (JASCO, Tokyo, Japan) and Type 850
spectrofluorometer (Hitachi, Tokyo, Japan), respectively.

MALDI-TOF-MS was performed on a Bruker model Protein
TOF mass spectrometer with dithranol as the matrix. "H NMR
spectroscopy was performed in CDCl; or D,O on a JEOL GSX-
270 spectrometer operating at 270 MHz. GPC was performed
with TOSOH HLC-8220 equipped with TSK-gel G4000HHR
and G3000HHR column (eluent: DMF +10 mM LiCl, temper-
ature: 40 °C, detector: RI).

2.6. Oxygen consuming measurement

The oxygen consumption amount was measured using a
Clark-type oxygen microelectrode with a tip diameter of
200 pm (PO,-100DW, Eikou Kagaku Co., Ltd., Tokyo,
Japan). The microelectrode was inserted into the PBS, which
contained 3.13 uM of DPcZn or DPcZn/m and 10% FBS as a
singlet oxygen acceptor, so that the tip was 100 um above the
bottom of the solution. Semiconductor laser light (660 nm;
FWHM 6 nm, 25 mW/cm?) was used for light irradiation. The
solution was static and exposed to the atmosphere. Before each
measurement, the system was calibrated in saline bubbled with
air, in which the partial oxygen pressure was assumed to be
150 mm Hg.

2.7. Cell culture

HeLa cells were used in the cell culture studies. In the
cytotoxicity assay, different concentration of DPcZn or DPcZn/m
in Dulbecco’s modified Eagle’s medium (DMEM+10% FBS)
were added to cells in 96-wll culture plates (n=4). After a 24 h
incubation at 37 °C, the photosensitizers were removed, and then
plates were photoirradiated for 15-60 min with broad-band
visible light using a halogen lamp (150 W) equipped with a filter
passing light of 400-700 nm (fluence energy; 27-107 kJ/m?).
The viability of the cells was evaluated using mitochondrial res-
piration via the 3-(4,5-dimethyl thiazole-2-yl)-2,5-diphenyltetra-
zolium bromide cleavage assay (MTT assay) following incubation
for 48 h after photoirradiation or removing the photosensitizers by
washing in the case of the dark toxicity investigation.

2.8. Cellular uptake amount

After incubation of HeLa cells with 10 uM of DPcZn or
DPcZn/m for 24 h in 60-mm dishes, the cells were washed three
times with PBS, and then dissolved in 20% SDS solutions for
24 h to give a homogenous solution. As a control experiment,
HeLa cells were incubated without DPcZn or DPcZn/m addition
and then dissolved in 20% SDS solutions include fixed amount
of DPcZn or DPcZn/m. The homogeneous solution thus
obtained was put into a quartz cell to measure fluorescence.
Before measuring samples, it was confirmed that DPcZn or
DPcZn/m has comparable intensity of fluorescence in the 20%
SDS solution. Quantitative analysis of uptake amount of DPcZn
and DPcZn/m by HeLa cells was performed on a fluorescence
spectrophotometer (Type 850, Hitachi, Tokyo, Japan). The
excitation wavelength was 630 nm, and the emission wavelength
was measured from 650 to 900 nm. The number of HeLa cells
was 60,000.
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3. Results and discussion

3.1. Synthesis of dendrimer phthalocvanine and preparation of

polvion complex micelle

The synthesis of the ionic dendrimer phthalocyanine was
accomplished by the method of Ng’s group [15]. The second
generation of dendritic phenol was reacted with 4-nitrophtha-
lonitrile by an alkali-mediated coupling reaction to obtain the
corresponding dendritic phthalonitrile, which was then treated
with Zn(OAc), and DBU in n-pentanol to give dendrimer
phthalocyanine. Each step of synthesis was characterized by
MALDI-TOF-MS and 'H NMR measurement, and reaction
yields were almost comparable to the literature. The dendrimer
phthalocyanine thus obtained was treated with a THF/H,O
mixture solution of NaOH to obtain ionic dendrimer phthalo-
cyanine (DPcZn; Fig. 1). DPcZn exhibited significantly high
solubility at various pHs of the aqueous medium (over pH 4.3).

A cationic block copolymer (poly(ethyleneglycol)-block-
poly-L-lysine: PEG-b-PLL; Fig. 1) was synthesized by the
polymerization of the N-carboxy anhydride of N°-Z-L-lysine,
initiated by -aminated poly(ethyleneglycol) (CH;O-PEG-
NH,:12,000 g/mol) in DMEF, followed by deprotection of the Z
group according to a previously reported method [17]. The
degree of polymerization was determined to be 39, which was
confirmed by '"H NMR. GPC measurement exhibited single
sharp peak and relatively small molecular weight value compare
to '"H NMR result because of the interaction between PLL
segment and GPC column.

NH,

Fig. 1. Structures of DPcZn and PEG-5-PLL.
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Fig. 2. Formation and DLS histogram analysis of polyion complex micelle
(DPcZn/m).

Polyion complex micelles were prepared from negatively
charged DPcZn with oppositely charged PEG-5-PLL. In a typical
procedure, the PEG-b-PLL (14.2 mg) was dissolved in an
aqueous NaH,PO, (10 mM, 6.15 mL) and added to a solution of
DPcZn (5 mg) in aqueous Na,HPO, (10 mM, 13.85 mL) to givea
solution containing polyion complex micelles encapsulating
ionic DPcZn (Fig. 2). The ratio of positive charge to negative
charge was fixed at 1:1. After mixing the two solutions, the pH of
the solution becomes 7.3 (10 mM PBS). The resulting micelle has
adiameter of ca. 50 nm with a narrow size distribution (unimodal,
p3/T*=0.12), determined by a dynamic light scattering mea-
surement (Zetasizer Nano ZS-90, Malvern Co., Ltd., USA) (Fig.
2). Furthermore, the diffusion coefficient of the resulting micelle
was independent of the detection angle of the DLS measurement,
suggesting that the polyion complex micelle of DPcZn with
PEG-b-PLL is a narrowly dispersed spherical assembly.

3.2. Electronic absorption of dendrimer and micelle

Electronic absorption spectra of the dendrimer and micelle
were measured (Fig. 3). DPcZn exhibits B band absorption at
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300 400 500 600 700 800
Wavelength [nm]

Fig. 3. Electronic absorption of DPcZn (15.3 pM) and DPeZn/m (15.3 pM) in
10 mM PBS.
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Fig. 4. Experimental setup for the measurement of oxygen consumption and the
results obtained.

350 nm and strong Q band absorption at 685 nm, indicating
successful dispersion as a monomeric species in the aqueous
solution [16]. According to the formation of the polyion
complex micelle, the absorption maximum of Q band absorption
was slightly changed to 630 nm, indicating the possibility of
slight aggregate formation of the core phthalocyanine units.
Also, fluorescent intensity of DPcZn was drastically decreased
by inclusion into the micelle (date not shown). The relatively
small dendritic wedges may not perfectly prevent the aggregate
formation of the phthalocyanine core units especially in the
densely packed micellar core. Note that DPcZn (Mw=4901) is
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Fig. 5. Photocytotoxic profiles of DPcZn (top) and DPcZn/m (bottom) against
HelLa cells.
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Fig. 6. Photoirradiation-time-dependent IC50 changes of DPcZn/m and DPcZn
against HeLa Cells.

smaller than that of previously reported ionic dendrimer
porphyrin (Mw=8029).

The absorption of light by tissue increases as the wavelength
decreases and that the most efficient photosensitizers are those
that have strong absorption bands between 600 and 800 nm.
Therefore, although the relatively small dendritic wedges may not
perfectly prevent collisional quenching, DPcZn has the potential
for use as an effective photosensitizer in photodynamic therapy.

3.3. Oxygen consumption ability of the dendrimer phthalocya-
nine and micelle

The oxygen consumption amount was measured to evaluate
ROS generation under photoirradiation [18]. Note that the
DPcZn/m was sufficiently stable in the 10 mM PBS with 10%
FBS, where the size and polydispersity of DPcZn/m in the
10 mM PBS with 10% FBS were almost comparable to those
without FBS (data not shown). The oxygen partial pressure
(POz) of DPcZn solution is significantly reduced by the
irradiation of laser light (660 nm; FWHM 6 nm, 25 mW/cmz)
(Fig. 4). Although the consumption ability of DPcZn/m was
lower than that of DPcZn, the PO, of DPcZn/m solution was also
effectively reduced, indicating that either DPcZn or DPcZn/m
can take part in the photochemical reaction to generate ROS. On
the other hand, either DPcZn or DPcZn/m solution without 10%
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Fig, 7. Relative fluorescence intensities of uptaken DPcZn and DPcZn/m into
HelLa cells. 10 pM of DPcZn or DPcZn/m was incubated with HeLa cells for
24 h. The excitation wavelength was 630 nm, and the fluorescence intensity was
recorded from 650 to 900 nm.
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FBS shows almost negligible change in the PO, upon the
photoirradiation, indicating that the proteins in FBS act as
sacrificial acceptors of ROS. In other words, if proteins do not
exist in the medium, once generated, ROS promptly revert to
oxygen molecules because of their short lifetimes.

3.4. Cytotoxicity of dendrimer phthalocyanine and micelle

The cytotoxicity of phthalocyanine dendrimer was assessed
against HeLa cells (Fig. 5). The viability of cells upon
photoirradiation was evaluated by MTT assay and determined
to be a function of concentration and photoirradiation time with
DPcZn and its micelle. DPcZn and DPcZn/m were incubated
with the cells for 24 h and then fully washed with PBS to remove
non-associated photosensitizers prior to photoirradiation. Under
dark conditions, toxicities of DPcZn and DPcZn/m were
negligible. However, either DPcZn or DPcZn/m exhibited
photoinduced cytotoxicity upon the photoirradiation, where
the cells were photoirradiated for 15—60 min with broad-band
visible light using a halogen lamp (150 W) equipped with a filter
passing light of 400—700 nm (fluence energy: 27—107 kJ/m?).
According to the exposure time increase, either DPcZn or
DPcZn/m exhibited an increase in photocytotoxicity (Fig. 5).
Very interestingly, the aspect of the photocytotoxicity increase is
significantly different between DPcZn and DPcZn/m. As shown
in Fig. 6, DPcZn exhibits a relatively small time-dependency,
whereas DPcZn/m exhibits a remarkable change in the cell
viability depending on the photoirradiation time. Typically at 60-
min photoirradiation, DPcZn/m exhibited almost 100 times
higher photocytotoxicity than free DPcZn. Although electronic
absorption and oxygen consumption behaviours exhibited quen-
ching signature, DPcZn/m have significantly high PDT efficacy
compare to DPcZn alone. On the other hand, the cell viability
exhibits abnormal increase with increase in the concentration of
DPcZn/m at the 15-min light irradiation. There is various
reasons can be considerable such as compositional change of
micellar structure or microenvironment change around photo-
sensitizers. To understand this phenomenon, we need further
investigation.

In view of the negatively charged surface of mammalian cells,
charge neutralization of DPcZn by formulation of micelle pos-
sibly improves the cellular uptake. In fact, DPcZn/m showed a 4
times higher cellular uptake compared to DPcZn alone when
HeLa cells were incubated with 10 uM of DPcZn or DPcZn/m
for 24 h (Fig. 7). Nevertheless, the enhancement of photo-
cytotoxicity by the micelle formulation is much larger than the
improvement in cellular uptake. Furthermore, this result is quite
controversial to the quenching signature of DPcZn within the
micellar core.

This phenomenon presumably suggests that the PEG shell
layer of the DPcZn/m and micro environment around DPcZn
may have arole in altering the intracellular mechanism of DPcZn
to increase the photocytotoxicity. Also, in the case of DPcZn/m,
a large amount of ROS can be generated at once within the
micellar core. Therefore, the higher local concentration of ROS
around the micelle may easily exceed the threshold of photo-
damage against typical cellular organelles.

The remarkably enhanced photocytotoxicity of the micellar
system may be very advantageous point for practical applica-
tions. Because the most of photosensitizers have large mw-conju-
gation domain and hydrophobic skeleton, photosensitizers
easily form aggregates within the highly concentrated micellar
core via m—7 and hydrophobic interactions. The formation of
aggregates result in the collisional quenching of the excitation
state, photocytotoxicity will be impaired when the micellar
structure occurs [19]. In contrast, because DPcZn shows less
collisional quenching by micelle formation due to the large
dendritic wedges, photocytotoxicity will be maintained, or even
enhanced in the micelle form. The DPc-incorporated micelle is
assumed to gradually dissociate into the constituent DPc and
block copolymer in the body by dilution; therefore, eventually
long-term phototoxicity due to non-specific uptake of photo-
sensitizers in normal tissue may be avoidable after PDT using
this micelle system [20]. Actually, our recent experiment showed
that the dendritic photosensitizers have almost no skin toxicity
under light irradiation compared to the clinically used
photosensitizer formulation Photofrin® [21,22].

4. Conclusions

The first example of polyion complex micelle formation of
DPcZn and its photodynamic efficacy were demonstrated.
DPcZn/m exhibited long wavelength absorption around
650 nm, which is very advantageous for the treatment of deep
lesions, because the long wavelength light is less absorbed by
melanin dyes in skin tissue or heme proteins in blood. Further-
more, the micellar formulation may improve the longevity in
blood circulation that achieves cumulative accumulation in the
lesion with hyperpermeability, such as a macular degeneration -
[23], due to the enhanced permeation and retention (EPR) effect
[24]. The in vivo PDT efficacy of DPcZn/m is now under
investigation in our research group using disease models, such as
cancer and macular degeneration.
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Abstract

The therapeutic usefulness of macromolecular drugs such as plasmid DNA is often limited by the inefficient transfer of macromolecules to the cytosol.
Photochemical internalization (PCI) technology, in which the endosomal escape of DNA or its complex is assisted by co-incubated photosensitizers that
photodamage endosome membrane, offers a solution for this problem. A series of poly(ethylene glycol) (PEG)-based block polycatiomers with increasing
number of ethylenediamine repeating unit at side chain of polycatiomers were complexed with pDNA to form the PEGylated polyplexes as a biocompatible
gene carrier. Dendrimeric phthalocyanine (DPc)-incorporated micelle was used to assist the gene transfer of these polyplexes in a light-inducible manner. As
a result, the light-inducible transfection activity was significantly enhanced as the number of amino group at the side chain of PEG-b-polycatiomer increased.
The polyplex from PEG-b-polycatiomer having the longest ethylenediamine structure achieved approximately 1000-fold enhancement of transfection upon
photoirradiation. This result supports the underlying hypothesis that photochemical transfection and proton sponge effect of polycations can work
synergistically to enhance the transfection efficiency. With careful balance between photochemical transfection enhancement and cytotoxicity, PEG-b-

polycatiomers used in this study might be a potential candidate for in vivo PCl-mediated gene transfer.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Gene delivery; Polyplex; Polymeric micelle; Photochemical internalization; Photosensitizer

1. Introduction

Gene therapy is a promising approach to conquer intractable
diseases for which there is little hope of finding conventional
cure. But it still poses several hurdles that need to be overcome
before it could enter a clinical phase. Gene therapy mostly
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depends on the development of the methods for efficient and
specific delivery of the gene into the target cells [1-3]. Using
viruses as a vector is limited by the safety factor and difficulties
in production. By contrast, synthetic gene carriers are versatile
and safe, however, its transfection ability might be substantially
lower than viral vector [4]. A great deal of challenges in
developing non-viral vectors, especially polycatiomer based
gene carriers are ongoing in the world.

In non-viral or polycatiomer-mediated gene delivery, endo-
somal membrane could be a major biological barrier that should
be overcome to deliver DNA or its complex to cytosol. In this
regard, polyethylenimine (PEI) has been successfully used for
the transfection of various types of cells. The early escape of the
PEI/DNA complexes from the endosome, arising from “proton
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sponge effect” was postulated to be the cause ofhigh transfection
efficiency [5-7]. However, the polyplexes based on PEI might
usually contain an excess of free polymer that is not complexed
with DNA. Ultrafiltration or size exclusion chromatography
(SEC) can remove free PEI from the polyplexes; however, the
purified polyplexes displayed lower transfection efficiency at
low DNA concentration [8].

On the other hand, Berg et al. have introduced a novel
technology called “photochemical internalization (PCI)”, which
allows the endosomal escape of the polyplexes in a light-inducible
manner. This technology is based upon light activation of photo-
sensitizer specifically locating at the membrane of endocytic
vesicles and photochemically disrupting the membrane to release
the content from endosome to cytoplasm [9-12]. This method
enables the site-specific gene expression in a light-sensitive manner.
Indeed, this strategy allowed the light-induced transfection;
however, the enhancement of gene expression was accompanied
by the photocytotoxicity [11]. The photodamage to sensitive
organelles other than endosomal membrane, e.g., the plasma and
mitochondrial membranes might be responsible for such photo-
cytotoxicity [13]. Hence, increasing the selectivity of the photo-
damage to the endosome/lysosome is assumed to lead to the
photochemical enhancement of transfection with reduced cyto-
toxicity. Recently, a ternary complex enveloped with anionic
dendrimer phthalocyanine photosensitizer has been developed to
achieve the PCl-mediated gene delivery [14]. The ternary
complexes showed an expanded range of safe light dose where
the photochemical enhancement of the transfection was achieved
with a minimal photocytotoxicity, resulting in the success of this
system for PCl-mediated gene delivery in vivo by local injection
[14]. However, this ternary complex system is unlikely to be used
for the systemic delivery due to its highly negative charges, which
might be recognizable by the scavenger receptor [15]. Hence, it
might be required to develop the light-responsive gene carrier
applicable for the systemic delivery.

Alternatively, we have developed a biocompatible gene
carrier, polyplex micelle based on the micellar assembly of the
polyion complex (PIC) with block copolymer consisting poly
(ethylene glycol) (PEG) and polycation segments. Their excellent
properties for in vitro and in vivo application have been confirmed
such as increased nuclease resistance and high stability under
physiological conditions [16,17]. However, the polyplex micelles
formed from PEG-block-poly(L-lysine) (PEG-b-PLL) copoly-
mers possess significantly low transfection ability, which might
be due to their inefficient transport from the endosome/lysosome
to the cytosol [18]. In this regard, the feasibility of the use of the
combination of polymeric micelles incorporating pDNA and
dendrimer phthalocyanine (DPc) photosensitizer for PCI-medi-
ated gene delivery has been carried out using PEG-b-PLL as
carriers. The usefulness of this system for transfection enhance-
ment in vifro was successfully demonstrated [19]. This system
might be useful for in vivo application after systemic delivery. The
schematic illustration of this strategy is shown in Fig. 1.

Motivated by this success, we tried to find another vector for
pDNA other than PEG-b-PLL that might show higher photo-
chemical transfection efficiency. In addition, we also intend to
elucidate the structure—photochemical transfection efficiency
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endosomal escape of
pDNA-incorporated
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NUCLEUS

Fig. 1. Schematic illustration of (a) formation of pDNA- and DPc-incorporated
micelles through electrostatic interaction between PEG-polycatiomer and pDNA
or negatively charged DP¢; (b) intracellular trafficking of the pDNA- and DPc-
incorporated micelles in the PCI-mediated transfection. Both polymeric micelles
are assumed to be taken up by the cell through the endocytic pathway. The
localization of the DPc-incorporated micelles in the endosome may allow the
selective photodamaging to the endosomal membrane upon photoirradiation,
thereby inducing the cytoplasmic delivery of the pDNA-incorporated micelles.

relationship. In the present study, a series of PEG-b-polycatiomers
bearing a different number of ethylenediamine repeating units at
the side chain were used. Recently, we have successfully
synthesized PEG-b-polyaspartatamide copolymers carrying the
ethylenediamine unit at the side chain, which showed an
appreciable buffering capacity under endosomal acidic conditions
[20]. We hypothesize that the use of buffering polycations may
assist the photochemical disruption of the endosomal membrane,
thereby accelerating the cytoplasmic delivery of the polyplex
micelles upon photoirradiation. The combination of polyplex
micelles and DPc micelles was used for PCI-mediated gene
transfer in this study.

2. Experimental section
2.1. Materials

N-[tert-Butoxycarbonyl (Z)]-L-lysine and bis(trichloro-
methyl)carbonate (triphosgene), for the synthesis of PEG-b-
PLL diblock catiomers, were purchased from Sigma Aldrich
Co., Inc. (St. Louis, MO) and Tokyo Kasei Co., Ltd. (Tokyo,
Japan), respectively. p-Benzyl-L-aspartate-N-carboxy anhydride
(BLA-NCA) and a-methoxy-w-aminopoly(ethylene glycol)
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