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Abstract

An effective tumor-targeted drug delivery system for photodynamic therapy was developed by designing ligand-mediated
nanoparticles with stable formulations of a hydrophobic photosensitizer. Novel folic acid (FA)-conjugated amphiphilic
block copolymers of polyethylene glycol (PEG) and poly-B-benzyl-L-aspartate (PBLA) with the potential to act as
pH-responsive drug release reservoirs were synthesized. The photosensitizer, 2,4-diacetyl deuteroporphyrin IX dimethyl
ether (DD-PplIX), was conjugated to the copolymers through pH-sensitive hydrazone linkage. The syntheses and com-
positions of all copolymers were confirmed by 'H NMR measurement. Photosensitizer-conjugated amphiphilic copoly-
meric nanoparticles (FA-PEG-P(Asp-Hyd)-DD-PplX) were prepared by micelle formation in aqueous solution. The
particle sizes of the FA-PEG-PBLA and FA-PEG-P(Asp-Hyd)-DD-PpIX nanoparticles were determined by light-scattering
measurements. The range was [05-298 nm, depending on copolymer molecular weight and composition. Field emission
scanning electron microscopy showed that the FA-PEG-P(Asp-Hyd)-DD-PplX copolymeric nanoparticles were submi-
cron in size and spherical in shape. The results of in vitro release tests showed that the release profiles of DD-PpIX from
the nanoparticles were strongly pH-dependent and influenced by the amount of photosensitizer that was conjugated.
In vitro tests using Hela cells indicated that the FA-PEG-P(Asp-Hyd)-DD-PpIX nanoparticles had low dark-toxicity and
showed more than 97% of cellular uptake. Based on our results, the FA-PEG-P(Asp-Hyd)-DD-PpIX nanoparticle system
could be a promising approach for developing novel photosensitizer delivery carriers for photodynamic therapy.
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Introduction

To overcome these problems, various strategies have
been employed to prepare stable formulations of
hydrophobic PS. Conjugation to water-soluble

Photodynamic therapy (PDT) is increasingly recog-
nized as a promising treatment for a variety of onco-
logical, cardiovascular, dermatological, and ophthalmic
diseases."? PDT is based on the use of photosensitizers
(PS) that are preferentially taken up and retained by
diseased tissue. Upon photoactivation with visible

light at appropriate wavelengths, the generation of
cytotoxic species such as reactive singlet oxygen ('O,)
leads to irreversible destruction of tissues.” ® Compared
to current treatments including surgery, radiation ther-
apy and chemotherapy, PDT is an effective and select-
ive method of destroying diseased tissue without
damaging surrounding healthy tissues. However, a
problem limiting the use of many current PS is the dif-
ficulty of preparing pharmaceutical formulations for
parenteral administration. Because of their low water
solubility, hydrophobic PS cannot be directly injected
intravenously.”'”
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polymers or encapsulation in colloidal carriers such as
oil-in-water emulsions,'" liposomes,'? ceramic-based
nanoparticles,'> gold nanoparticles,'* polymer nano-
particles,'® and polymeric micelles'® have shown poten-
tial for successful delivery.

Among these systems, self-assembled amphiphilic
block polymeric nanoparticles have gained interest as
drug delivery systems for hydrophobic drugs, including
PS. They are small in size, and exhibit thermodynamic
and kinetic stability in vivo, high drug-loading cap-
acity, and good biocompatibility. When systemically
injected, they exhibit prolonged circulation and avoid
rapid renal clearance and unwanted uptake by the
reticuloendothelial system (RES). This results in
enhanced permeability and retention (EPR) in tumor
tissues with defective vascular architecture.'” The
block copolymers are composed of hydrophilic and
hydrophobic segments. In an aqueous environment,
the hydrophobic segment of the copolymer forms the
hydrophobic core of a nanoparticle by hydrophobic
interaction, while the hydrophilic segment forms the
outer shell. The hydrophobic nanoparticle core serves
as a nanoenvironment for the incorporation of hydro-
phobic drugs such as PS, while the outer shell serves as
a stabilizing interface between the hydrophobic core
and the external medium. Stimuli-responsive polymeric
nanoparticles show even more specific delivery to target
sites through controlled release by reactions to stimuli
such as temperature or pH.'®?? Interstitial fluid in
tumors is known to have a lower pH (pH 6.75) than
normal tissues (pH 7.23). In addition, if internalized by
endocytosis, nanoparticles are found in the acidic envir-
onments of endosomes and lysosomes (pH 5.0-5.5). If
such environments accelerate degradation of pH-sensi-
tive nanoparticles, the drug is released. Therefore, the
application of pH-sensitive nanoparticles may over-
come the intracellular barriers of endosomal or lyso-
somal membranes that prevent drugs from reaching
their targets.

Polyethylene glycol (PEG), a non-toxic, water-solu-
ble polymer, is approved by the FDA for internal use.
Importantly, it prevents protein adsorption (opsoniza-
tion) and cellular adhesion, therefore preventing RES
uptake of nanoparticles.>> Hydrophobic poly(p-benzyl-
L-aspartate) (PBLA) is a biocompatible and biodegrad-
able polymer-like protein. The side chains of PBLA can
be activated or chemically modified to introduce func-
tional groups and conjugate drugs. Folic acid (FA) has
become an attractive candidate molecule for targeting
cancer cells because it is an essential vitamin for nucleo-
tide base biosynthesis and is taken up in elevated quan-
tities by proliferating cells. The receptor for FA is
overexpressed in many human cancers, including malig-
nancies of the ovary, brain, kidney, breast, myeloid
cells, and lung.>* ¢

The main objective of this study was to develop an
effective tumor-targeted PS delivery system with
pH-sensitive cleavage linkages for photodynamic ther-
apy. We synthesized FA-conjugated amphiphilic block
copolymers composed of PEG and PBLA. The PS 2.4-
diacetyl deuteroporphyrin IX dimethyl ether (DD-
PpIX), which is a derivative of porphyrin and an
effective hydrophobic PS for PDT, was conjugated
to the side chain of the core-forming segment via an
acid-labile hydrazone bond that is stable at physio-
logical pH (7.0-7.4) but degraded at the lower pH
(5.0-5.5) of the endosomal/lysosomal compartments.
The polymeric nanoparticles were prepared by micelle
formation in an aqueous solution. The molecular
weights and chemical compositions of the copolymers
were determined by 'H NMR. The particle size, size
distribution, and morphology were determined and
in vitro release profiles of DD-PpIX from the nano-
particles under different pH conditions were investi-
gated. In vitro cellular localization was investigated
in HeLa cells by confocal microscope and flow cyto-
metry. The phototoxicity of free DD-PpIX and FA-
PEG-P(Asp-Hyd)-DD-PpIX nanoparticles was also
investigated.

Materials and methods
Materials

FA, PEG-bis(amine) (molecular weight: 3.350 kDa),
B-benzyl-L-aspartate (BLA), tricthylamine (TEA),
hydrazine monohydrate, and sodium bicarbonate
were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Triphosgene was purchased
from Aldrich Chemical Co. (Milwaukee, WI, USA).
N-hydroxysuccinimide (NHS) and N,N’-dicyclohexyl-
carbodiimide were purchased from Fluka (Buchs,
Switzerland). Dimethyl sulfoxide (DMSO), tetra-
hydrofuran (THF), n-hexane, benzene,
N,N-dimethylformamide (DMF), chloroform, diethyl
ether, 1,4-dioxane, methanol, and acetic acid were
purchased from Samchun Pure Chemical Co., Ltd.
(Gyeonggi-do, Korea), and 2,4-diacetyl deuteropor-
phyrin IX dimethyl ether (DD-PpIX) was purchased
from Frontier Scientific, Inc. (Logan, UT, USA).
Spectra/Por membranes were purchased from
Spectrum Laboratories, Inc. (Rancho Dominguez,
CA, USA). RPMI 1640 medium, Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum
(FBS), penicillin, streptomycin, and Dulbecco’s phos-
phate buffered saline (DPBS) were purchased from
GibcoBRL (Invitrogen Corp., CA, USA). All other
chemicals were of analytical grade and used as
received without further purification.
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Synthesis of photosensitizer-conjugated amphiphilic
block copolymers

Synthesis of folic acid—-PEG-NH, (FA-PEG-NH,). FA (113 mg;
0.25 mmol) was dissolved completely in DMSO (6 mL),
and NHS (37mg; 0.32 mmol), N,N’-dicyclohexylcarbo-
diimide (66 mg; 0.32 mmol), PEG-bis(amine) (714.8 mg;
0.21 mmol) and TEA (170 uL; 2.1 mmol) were added.
The reaction mixture was stirred at 400 r/min for 24 h at
room temperature in the dark under nitrogen. The mix-
ture was diluted with 18 mL of deionized water and the
by-product, dicyclohexylurea, was removed by filtra-
tion.?”2° The product was purified by dialysis against
a NaHCO; solution (pH 8.4) for 2 days to remove
unconjugated FA, dialyzed against deionized water to
remove NaHCO3, and freeze-dried.

Preparation of B-benzyl-L-aspartate N-carboxy anhydride (BLA-
NCA). BLA (7.2 g; 32.3mmol) was added to a round-
bottom flask. Triphosgene (4.3 g; 14.5mmol) dissolved
in anhydrous THF (70 mL) was added slowly. The reac-
tion mixture was stirred at 60°C under nitrogen for 2 h.
The mixture became clear during the reaction. The solv-
ent of reactant mixture was removed using a rotary
evaporator and the product was purified by recrystal-
lization using THF and an n-hexane mixed solvent.*°
BLA-NCA, a white powdery substance, was obtained
by freeze-drying.

Synthesis of folic acid-poly(ethylene glycol)-poly(B-benzyl-L-
aspartate) copolymers. FA-PEG-PBLA copolymers were
prepared by ring-opening polymerization of BLA-
NCA. BLA-NCA was dissolved in DMF and FA-
PEG-NH, dissolved in chloroform was added. The
quantities of solvents were adjusted to 2mL of DMF
per 1g of BLA-NCA, with chloroform added at 10
times the DMF concentration. We controlled the

molar feed ratio to obtain a series of FA-PEG-PBLA
copolymers with PBLA segments of various lengths
ranging from 10 to 50 repeat units (Table 1). The reac-
tion was allowed to proceed at 40°C for 48 h in the dark
under nitrogen. The reaction mixture was precipitated
with excess cold diethyl ether, and the precipitate was
collected by centrifugation. The precipitate was dis-
solved in 1,4-dioxane and freeze-dried.?' Self-assembled
nanoparticles of FA-PEG-PBLA were prepared by a
dialysis process as reported previously.*>*?

Synthesis of FA-PEG-P(Asp-Hyd). To conjugate the photo-
sensitizer onto copolymers through pH-responsive
cleavage linkage, the benzyl esters at the side chains
of FA-PEG-PBLA were substituted with hydrazide
groups. FA-PEG-PBLA (160 mg; 0.11 mmol) was dis-
solved in DMSO (5mL). Then, hydrazine monohydrate
(281 pL; 5.7mmol) (10-fold excess of hydrazine mono-
hydrate relative to benzyl groups) was added. The reac-
tion was stirred at 1000r/min for 4h at room
temperature in the dark, diluted with 2mL deionized
water, and the product was purified by dialysis against
deionized water followed by freeze-drying.**

Conjugation of 2,4-diacetyl deuteroporphyrin IX dimethyl ether
(DD-PpIX) to FA-PEG-P(Asp-Hyd) through pH-sensitive
linkage. DD-PpIX (19.8 mg; 31.8 mmol) was dissolved
in DMF (10mL). FA-PEG-P(Asp-Hyd) (20.4mg;
0.002 mmol) was dissolved in acetic acid (I mL) and
added slowly to the DD-PpIX solution. The reaction
mixture was stirred at 500 r/min for 24 h at room tem-
perature in the dark. The mixture was precipitated with
an excess of cold diethyl ether, and the precipitate was
collected by centrifugation. The precipitate was washed
several times with THF and collected by centrifugation
until the supernatant was colorless. In addition,
FA-PEG-P(Asp-Hyd)-DD-PpIX copolymers were

Table I. The size of FA-PEG-PBLA polymeric nanoparticles depending on hydrophobic segment length.

Feed Molecular weight (g/mol)® Polydispersity

ratio® Copolymer Size? (nm) index®

(molar  composition® Hydrophilic Hydrophobic
Samples® ratio) (molar ratio) segment segment
FA-PEG-PBLA | I:10 1:9.8 3791.4 2009 1053+42 0.246+0.016
FA-PEG-PBLA,, 1:20 1:19.5 3791.4 3998 1083+£38 0.2244+0.018
FA-PEG-PBLA;, 1:30 1:28.3 3791.4 5802 109.5£35  0.162+0.021
FA-PEG-PBLA4 1:40 1:39.6 3791.4 8118 113.0£43  0.147+0.013
FA-PEG-PBLAs, 1:50 1:50.0 3791.4 10250 1246+32  0.271+0.015

*FA-PEG-PBLA,, copolymer; n, number of BLA units.
®The molar feed ratio of FA-PEG-NH, to BLA-NCA.

“Molar composition of copolymer, determined by '"H NMR with DMSO-d, as solvent (PEG to BLA units).

9Determined by DLS.
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Table 2. The size of FA-PEG-P(Asp-Hyd)so-DD-PplX polymeric nanoparticles depending on DD-PpIX conjugating content.

Feed Drug Molecular weight (g/mol)° Polydispersity

b S . d : d

ratio conjugating Size® (nm) index

(weight contents® Hydrophilic Hydrophobic
Sample® ratio) (DCCQ) (%) segment segment
FA-PEG-P(Asp-Hyd)so-DD-PplX 3 0.30:1 12.3 10241.4 1432 298.0+9.2 0.337+0.011
FA-PEG-P(Asp-Hyd)so-DD-PplXg s 0.50:1 21.9 10241.4 2864 2222+43 0.174+0.014
FA-PEG-P(Asp-Hyd)s0-DD-PplXo 75 0.75:1 26.4 10241.4 3674 219.8+3.6 0.264+0.016
FA-PEG-P(Asp-Hyd)so-DD-PplX, o 1.00:1 37.6 10241.4 6164 181.0+2.4 0.175+0.017

*FA-PEG-P(Asp-Hyd),-DD-PplX,, is 2,4-diacetyl deuteroporphyrin IX dimethyl ether (DD-PplX)-conjugated in copolymers. n, number of BLA units;

m, weight feed ratio of DD-PpIX to copolymer.
Weight feed ratio of DD-PpIX to copolymer.
“Determined by 'H NMR using DMSO-d, and CDCl; as solvent.

Amount of DD — Pp IX in nanoparticle 2 100% —

DD —Pp IX < 100%

D %) =
cc® Amount of DD — Pp IX conjugatednanoparticle
9Determined by DLS.

prepared by varying the weight feed ratio of DD-PpIX
to copolymer over a range of 0.3-1.0, as shown
in Table 2. The procedure for the synthesis of FA-
PEG-P(Asp-Hyd)-DD-PpIX copolymers is illustrated
in Figure 1.

FA-PEG-P(Asp-Hyd)-DD-PpIX copolymers with
pH-sensitive linkages were dissolved in DMSO fol-
lowed by dialysis against NaHCO; (pH 8.0) for 3
days to achieve nanoparticle formation. The product
was freeze-dried and analyzed by '"H NMR in order
to calculate the drug conjugating content (DCC).

DCC (%)

. Amount of DD —Pp IXinnanoparticle

~ Amount of DD — Pp IX conjugated nanoparticle
B DD - PpIX

" DD —PpIX+Copolymer

x100%

x100%

Preparation and characterization of self-assembled
nanoparticles

The compositions and molecular weights of the copoly-
mers were determined by 400 MHz '"H NMR (JNM-
AL400, JEOL, Tokyo, Japan) using D,O, DMSO-dg,
CDCl; as the solvent. The sizes and size distributions of
the nanoparticles were determined by dynamic light
scattering (DLS) (ELS-Z, OTSUKA, Japan) at 25°C
using a He-Ne laser (633nm) as a light source.'®?*%
The scattered light was measured at 90° and collected
by the autocorrelator. The morphologies of the nano-
particles were determined by field emission scanning
electron microscopy (FE-SEM) (JSM-7000F, JEOL,
Tokyo, Japan) at 15kV.

DD — Pp IX + Copolymer

In vitro test of DD-PplX release
from the nanoparticles

In vitro testing of DD-PpIX release from
FA-PEG-P(Asp-Hyd)-DD-PpIX nanoparticles was
performed using a dialysis diffusion method. The
pH-dependent release properties were determined in
acetate buffer (pH 5.0) and phosphate-buffered saline
(PBS) (pH 7.4) at 37°C. First, 3mg of FA-PEG-P(Asp-
Hyd)so-DD-PpIX nanoparticles were dispersed in 3 mL
of medium and placed in a dialysis bag with a molecu-
lar weight cut-off of 2kDa. Dialysis bags were
immersed in 35mL of release medium and kept in a
shaking water bath at 37°C with stirring (120 r/min).
At indicated time intervals, the dialysis bags were
removed and placed into fresh release medium
(35mL). The used release medium was freeze-dried
and the powder was dissolved in DMF followed by
centrifugation to remove the salt. The amount of
released DD-PpIX was analyzed by UV-visible spectro-
photometry (UVmini-1240, Shimadzu, Japan) at a
wavelength of 418 nm.

Cellular uptake of DD-PplX-conjugated
nanoparticles

HeLa cells (1 x 10* cells/well) were seeded onto 96-well
plates and cultured in RPMI 1640 containing 10%
FBS, and 1% penicillin—streptomycin at 37°C in a
humidified 5% CO, and 95% air atmosphere. After
24 h, the medium was replaced with 100 uL of fresh
medium containing free DD-PpIX (10pg/mL) or
FA-PEG-P(Asp-Hyd)so-DD-PpIX; ¢ nanoparticles
(10 pg/mL DD-PpIX equivalent) and then incubated
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Synthesis of: (a) folic acid-conjugated PEG (FA-PEG-NH,); (b) folic acid-conjugated amphiphilic PEG-PBLA copolymers

(FA-PEG-PBLA); (c) FA-PEG-P(Asp-Hyd); and (d) FA-PEG-P(Asp-Hyd)-DD-PpIX.

for 4h. (Water-insoluble free DD-PpIX was dissolved
in DMSO and then diluted in culture medium until the
DMSO concentration reached<0.1%.)*® The cells were
washed with PBS and harvested using 0.05% trypsin-
EDTA. 4 ,6-Diamidine-2-phenylindol (DAPI) solution
was added to stain the cell nucleus at room tempera-
ture. All experiments were carried out in a dark room
to prevent photodegradation of the probes. The cells
were visualized using a Zeiss LSM 510 confocal laser
scanning microscope (Carl Zeiss Ltd., Germany).

For the flow cytometry assay, HeLa cells (2 x 10°
cells/well) were seeded onto 6-well plates in 1.5mL
RPMI 1640 and allowed to attach for 24 h. After cell
attachment, the medium was replaced with 1.5mL of
fresh medium containing free DD-PpIX (10 pug/mL)
or FA-PEG-P(Asp-Hyd)so-DD-PpIX;, nanoparticles
(10pg/mL DD-PpIX equivalent) and then incubated

for 4h. Then the cells were washed with PBS and
cells were trypsinized. The harvested cells were
washed with cold PBS and fixed using 4% paraformal-
dehyde solution. After fixation, the sample was washed
again using PBS, and the cellular fluorescence was
quantified by FACSCAN flow cytometry (BD
Biosciences, USA). The DD-PpIX fluorescence was
excited by laser at 633 nm.

In vitro phototoxicity test of DD-PplX-conjugated
nanoparticles

HeLa cells (1 x 10* cells/well) were seeded onto 96-well
plates in 100 uL RPMI 1640 and allowed to attach for
24 h. After cell attachment, the medium was replaced
with 100 pL of fresh medium containing free DD-PpIX
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(10 pg/mL) or FA-PEG-P(Asp-Hyd)so-DD-PplIX;
nanoparticles (10 pg/mL DD-PpIX equivalent) and
then incubated for 4h. The cells were washed with
PBS and replaced with fresh culture medium. The sam-
ples were irradiated at 0.4 mW/cm? with a He-Ne laser
(670 nm) for 0, 15, 30 min. Then, irradiated cells were
incubated at 37°C for 24 h and cell viability was eval-
uated using a Cell Counting Kit 8 (CCK-8, Dojindo
Laboratories, Japan). Untreated cells were considered
to be 100% viable cells. Dark-toxicities of the free DD-
PpIX and FA-PEG-P(Asp-Hyd)so-DD-PpIX;, nano-
particles were also evaluated by incubation for 4h at

(a)

H
N,
) NH
o]
co I ECa
H NH N

the same DD-PpIX concentration without Ilaser

irradiation.

Results and discussion

Synthesis and characterization of FA-PEG-PBLA-
based copolymers

We confirmed the synthesis of intermediates at each
step and the final product, FA-PEG-P(Asp-Hyd)-DD-
PpIX copolymers, using 'H NMR. Results are shown
in Figure 2 and Table 1.

a
c
g 9 e f
. J\ M A_PEG-FA
PEG
10 8 6 4 > 0
ppm
(b)
o r]é/?\nu
e,
BTN mH‘Ea\/}(\r;LEaE:;:-](-‘?
o
H,0
b a
f °le d
| Mﬂh | ,J\M,JJLAMM,@L .
10 8 6 4 2 0

ppm
Figure 2. 'H NMR spectra of: (a) FA-PEG-NH,; (b) FA-PEG-PBLA; (c) FA-PEG-P(Asp-Hyd); and (d) FA-PEG-P(Asp-Hyd)-DD-PpIX.
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The procedure for the synthesis of FA-PEG-P(Asp-
Hyd)-DD-PpIX copolymers is illustrated in Figure 1.
First, to introduce FA ligands to copolymers for tumor
targeting, FA-conjugated PEG was prepared by reac-
tions of the amino group of PEG-bis(amine) with the
FA carboxyl group (Figure 1(a)). The "H NMR spec-
trum of the resulting FA-PEG-NH, conjugate is shown
in Figure 2(a), with a peak of about 3.5ppm corres-
ponding to the methylene proton of PEG, and the
peaks at 6.5 ppm, 7.4 ppm, and 8.5 ppm corresponding
to the protons of C, Cq4, and C, in FA. The compos-
ition of FA in the conjugate can be calculated from the
relative intensity ratio of the methylene proton of PEG
at 3.5ppm and the proton of the C, of FA at 8.5 ppm.

(o]
(o]
T
N AN NH
89
H;N N’ N
H

N
o NH’EE/OH},/\NHE%NHJEH

In order to get FA-PEG-NH,, we control the molar
feed ratio of FA to PEG-bis(amine) at 1.2:1.
FA-PEG-PBLA block copolymers were synthesized
by ring-opening polymerization of B-benzyl-L-aspar-
tate N-carboxy anhydride (BLA-NCA) using the end
amino group of FA-PEG-NH, in a DMF-chloroform
solvent as an initiator (Figure 1(b)). As shown in
Figure 2(b), the structure of FA-PEG-PBLA was con-
firmed by peaks at 5.1 ppm and 7.3 ppm that corres-
pond to the methylene protons and the PBLA side
chain benzyl group. The peak at 8.2 ppm corresponds
to secondary amine protons in the PBLA main chain.
In addition, FA-PEG-PBLA amphiphilic copolymers
with various compositions were synthesized by varying

. Nite
HN
H,0

ppm

H,O

LI

ppm

Figure 2. 'H NMR spectra of: (a) FA-PEG-NH,; (b) FA-PEG-PBLA; (c) FA-PEG-P(Asp-Hyd); and (d) FA-PEG-P(Asp-Hyd)-DD-PplIX.
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the feed molar ratio of BLA-NCA to FA-PEG-NH, as
shown in Table 1. From the 'H NMR spectrum, we
determined the number of repeat units in PBLA by
calculating the relative intensity ratio of the PEG
chain methylene proton (-OCH,CH,—, 3.5ppm) to
the methylene proton near the benzyl group of the
PBLA chain (-CH,C4Hs, 5.1 ppm).

In the next step, FA-PEG-P(Asp-Hyd) copolymers
with reactive hydrazide groups were prepared by a
simple reaction of hydrazine monohydrate with the
benzyl groups of the FA-PEG-PBLA block copolymer
(Figure 1(c)). An excess of hydrazine monohydrate was
used to avoid cross-linking or branching of the poly-
mer. The composition of FA-PEG-P(Asp-Hyd) was
confirmed by comparisons to 'H NMR spectra
(Figure 2(b) and (c¢)). In Figure 2(c), the peaks at
5.1 ppm and 7.3 ppm corresponding to the methylene
protons and PBLA side chain benzyl group dis-
appeared, but peaks at 4.4ppm and 9.2 ppm are pre-
sent. These are the protons of the hydrazide groups,
and indicate that the benzyl groups were successfully
substituted by hydrazide groups.

In the final step, the DD-PpIX was conjugated to the
hydrazide groups of FA-PEG-P(Asp-Hyd) through
pH-sensitive hydrazone linkage via an acetic acid-cata-
lyzed reaction (Figure 1(d)). Conjugation was con-
firmed by the presence of characteristic peaks of DD-
PpIX at 9.8 ppm, 9.9 ppm, 10.5 ppm, and 10.7 ppm, and
characteristics peaks of FA, PEG and PBLA, as shown
in Figure 2(d).

The DCC was confirmed by 'H NMR using the rela-
tive intensity ratio of the methylene protons of the
PEG chain (-OCH,CH,—, 3.5ppm) to the methylene
protons of DD-PpIX (9.8 ppm, 9.9 ppm, 10.5 ppm and
10.8 ppm).
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Micellar properties of FA-PEG-PBLA and FA-PEG-
P(Asp-Hyd)-DD-PplX copolymers

Size and stability are key properties that influence
in vivo performance for drug delivery by nanocarrier-
polymeric nanoparticles. These two factors affect the
biodistribution and circulation time of drug carriers.
Stable and smaller particles exhibit reduced uptake by
the RES and provide efficient passive tumor-targeting
ability via an EPR effect.*

FA-PEG-PBLA and FA-PEG-P(Asp-Hyd)-DD-
PpIX copolymers form nanoparticles with core/shell
architecture during dialysis in aqueous solutions
because of their amphiphilicity. We examined the size,
size distribution, and morphology of FA-PEG-PBLA
and FA-PEG-P(Asp-Hyd)-DD-PpIX nanoparticles by
DLS and FE-SEM.

Figure 3(a) shows the typical size distribution of FA-
PEG-PBLAj, copolymeric nanoparticles. DLS meas-
urements showed an average size of 124nm, and the
size distribution exhibited a narrow and monodisperse
unimodal pattern. Table 1 outlines the sizes of FA-
PEG-PBLA polymeric nanoparticles with different
lengths of hydrophobic PBLA. The sizes of amphiphilic
copolymeric nanoparticles affect molecular weight and
intermolecular interactions.?”*® The particle size of the
FA-PEG-PBLA copolymeric nanoparticles ranged
from 105 to 124nm (Table 1). Nanoparticle size
gradually increased as the molecular weight of FA-
PEG-PBLA and the hydrophobic PBLA segment
increased.

Figure 3(b) shows a typical size distribution of PS-
conjugated FA-PEG-(Asp-Hyd)so-DD-PpIX; nanopar-
ticles. According to DLS, the average size was 181 nm,
larger than the size before PS conjugating. The size
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Figure 3. Typical size distributions of: (a) FA-PEG-PBLAsg; and (b) FA-PEG-P(Asp-Hyd)so-DD-PpIX o.
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distribution was very close to the narrow distribution
seen before PS conjugating. Table 2 shows the sizes of
FA-PEG-P(Asp-Hyd)so-DD-PpIX polymeric nanopar-
ticles with different PS contents. Nanoparticle size
decreased with increased DD-PpIX content. As hydro-
phobic DD-PpIX content increased, hydrophobic
interactions between DD-PpIX in the cores of the
PEG-P(Asp-Hyd)so-DD-PpIX  nanoparticles  was
enhanced. This increased the density of the nanoparti-
cle cores, thereby decreasing nanoparticle size.

The morphologies of FA-PEG-PBLAs, and
FA-PEG-(Asp-Hyd)so-DD-PpIX; were cvaluated by
FE-SEM. As shown in Figure 4, FA-PEG-PBLAj,
and FA-PEG-(Asp-Hyd)so-DD-PpIX; nanoparticles
were submicron in size and nearly spherical. No
aggregation between nanoparticles was observed by
FE-SEM.

In vitro DD-PpIX release study

The in vitro release of DD-PpIX from FA-PEG-(Asp-
Hyd)so-DD-PpIX nanoparticles was investigated under
simulated physiological conditions (PBS, pH 7.4) and
in an acidic environment (acetate buffer, pH 5.0) at
37°C in order to evaluate the feasibility of using FA-
PEG-(Asp-Hyd)-DD-PpIX nanoparticles as PS car-
riers. Figure 5 shows the amounts of accumulated
DD-PpIX released from the FA-PEG-(Asp-Hyd)so-
DD-PpIX nanoparticles with different DCC values
and pH values as a function of time. The DCC-depen-
dent release of DD-PpIX from nanoparticles was

observed under both simulated physiological condi-
tions (Figure 5(a)) and in an acidic environment
(Figure 5(b)). As the amount of hydrophobic DD-
PpIX in FA-PEG-(Asp-Hyd)s,-DD-PpIX nanoparti-
cles increased, the release rate gradually decreased.
This may have been due to high DCC in the nanopar-
ticle cores, which enhanced the hydrophobic interaction
between DD-PpIX, slowing the release of DD-PpIX.

For FA-PEG-(Asp-Hyd)s,-DD-PpIX nanoparticles
with the same DCC values, release was strongly
dependent on the pH of the medium. DD-PpIX release
was much faster at pH 5.0 than at pH 7.4. At pH 5.0,
the accumulated amount of released DD-PpIX was
40% after one day; however, the accumulated amount
released was only 10% at pH 7.4. Because the pH-sen-
sitive hydrazone bond linker can be hydrolyzed in
acidic conditions, DD-PpIX was casily released from
FA-PEG-(Asp-Hyd)so-DD-PpIX nanoparticles by
hydrolysis at pH 5.0. The influence of pH on the release
of PS from FA-PEG-(Asp-Hyd)so-DD-PpIX nanopar-
ticles suggests that this system could minimize the leak-
age of free drugs into the circulatory system, and be
useful for selective accumulation in solid tumors with
release from the carrier.

Cellular localization of DD-PplX-conjugated
nanoparticles

The efficiency of PDT treatment is highly dependent on
cellular uptake of PS and accumulation in malignant
tissues.”® The

intracellular localizations of free

Figure 4. FE-SEM images of: (a) FA-PEG-PBLAs, nanoparticles (scale bar =5.00 um); (b) FA-PEG-PBLAs, nanoparticles (scale
bar = 100 nm); (c) FA-PEG-P(Asp-Hyd)so-DD-PplX| o nanoparticles (scale bar =3.00 um); and (d) FA-PEG-P(Asp-Hyd)so-DD-PplX; o

nanoparticles (scale bar = 1.00 um).
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Figure 5. In vitro release behavior of DD-PpIX from FA-PEG-P(Asp-Hyd)-DD-PpIX nanoparticles with different PS conjugating
contents and the pH of release medium at: (a) pH 5.0; and (b) pH 7.4.

DD-PpIX and FA-PEG-P(Asp-Hyd)so-DD-PpIX,
nanoparticles in HeLa cells were investigated using
flow cytometry and confocal laser scanning
microscopy.

Figure 6 shows the flow cytometry assay results.
When HelLa cells were incubated with free DD-PplIX,
the cellular uptake of free DD-PpIX molecules was
about 0.12%. In FA-PEG-P(Asp-Hyd)s,-DD-PpIX;
nanoparticles, the cellular uptake was significantly
increased (97.25%). The confocal microscopy assay
was based on the red fluorescence of DD-PpIX itself
and the DAPI blue fluorescence bound to the nucleus
(Figure 7). When HelLa cells were incubated with free
DD-PpIX and FA-PEG-P(Asp-Hyd)s,-DD-PpIX;
nanoparticles, the cellular uptake of DD-PpIX mol-
ecules was quite different. For free DD-PpIX, no red
fluorescence was detected at the cell membranes
(Figure 7(a)). However, treatment of HeLa cells with

FA-PEG-P(Asp-Hyd)so-DD-PpIX; ¢ nanoparticles
produced strong fluorescence signals from DD-PpIX
around the nuclear membrane and the inner parts of
the cells (Figure 7(b)), indicating that FA-PEG-P(Asp-
Hyd)so-DD-PpIX |, nanoparticles were internalized
into the cells.

This result agrees with the results of flow cytometry
assays and indicates that DD-PpIX-conjugated nano-
particles with higher water solubility and folate ligands
could effectively improve the cellular uptake of hydro-
phobic DD-PpIX molecules.

In vitro phototoxicity test of DD-PplX-conjugated
nanoparticles

The in vitro phototoxicity of free DD-PpIX and DD-
PpIX-conjugated nanoparticles on HeLa cells were
compared after treatment with or without Ilaser
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Figure 6. Flow cytometry assays of cellular uptake of free DD-PpIX and DD-PpIX conjugated nanoparticles against Hela cells:
(2) control; (b) free DD-PplX; and (c) FA-PEG-P(Asp-Hyd)so-DD-PpIX; o nanoparticles.
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Figure 7. Cellular localization of free DD-PplX and DD-PplX-conjugated nanoparticles against Hela cells observed by confocal laser
scanning microscope: (a) free DD-PplX; and (b) FA-PEG-P(Asp-Hyd)so-DD-PplX, o nanoparticles [DAPI (blue); DD-PpIX (red)].

irradiation (670nm, 0.4mW/cm?) to determine the exhibited slight dark-toxicity (cell viability: 84.0—
PDT efficacy of DD-PplIX-conjugated nanoparticles 97.2%) even at high concentrations of DD-PplX

(Figure 8).

(10 pg/mL). After irradiation, free DD-PpIX did not

Without laser treatment (0 min), free DD-PpIX and show any significant changes in cell viability (100.9%
FA-PEG-P(Asp-Hyd)s-DD-PpIX, nanoparticles cell viability after 15min irradiation; 100.2% cell
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Figure 8. In vitro phototoxicity test using free DD-PpIX and FA-PEG-P(Asp-Hyd)so-DD-PplX o nanoparticles against Hela cells

depending on laser exposure time.

viability after 30 min irradiation), probably due to the
low water solubility of free DD-PpIX molecules caus-
ing DD-PpIX molecules not to be effectively interna-
lized into cells. This result agreed with the results of
cellular uptake studies.

For DD-PpIX nanoparticles at pH 7.4, the cell via-
bility was slightly decreased after irradiation compared
with free DD-PpIX (Figure 8). However, at pH 6.4,
laser treatment drastically decreased cell viability
depending on laser exposure time, implying that DD-
PpIX-conjugated nanoparticles effectively generated
cytotoxic species and induced cell depletion. This
result suggests that rapid release of DD-PpIX from
nanoparticles containing pH-sensitive hydrazone link-
ages under weakly acidic extracellular conditions can
enhance phototoxicity effects compared with effects at
physiological pH.

Conclusions

A tumor-targeting ligand-conjugated nanoparticle car-
rier with the potential to function as a pH-responsive
release reservoir was designed for targeted PS delivery
in PDT. FA-conjugated amphiphilic block copolymers
of FA-PEG-PBLA were synthesized with various
molecular weights and hydrophobic chain lengths.
DD-PpIX was conjugated to the hydrophobic seg-
ment through pH-sensitive hydrazone bonds. FA-
PEG-PBLA and FA-PEG-P(Asp-Hyd)s)-DD-PpIX
with pH-sensitive linkages formed self-assembled

nanoparticles in aqueous solution. DLS and FE-SEM
measurements indicated that the nearly spherical nano-
particles had a narrow size distribution with a mean
diameter of 124nm for FA-PEG-PBLA and 181 nm
for FA-PEG-P(Asp-Hyd)so-DD-PpIX; . These stable
nanoparticles are suitable for triggering the EPR
effect. The release of DD-PpIX from FA-PEG-P(Asp-
Hyd)so-DD-PpIX;, nanoparticles was significantly
influenced by the conjugating contents of PS and the
pH of the medium. In particular, DD-PpIX release was
faster at pH 5.0 than at pH 7.4 due to hydrolysis of
hydrazone linkages in acidic conditions. The cellular
uptake and in vitro phototoxicity test results indicated
that FA-PEG-(Asp-Hyd)-DD-PpIX nanoparticles had
low dark-toxicity and effectively induced the destruc-
tion of cancer cells under weakly acidic tumoral condi-
tions. These results suggest that the FA-PEG-(Asp-
Hyd)-DD-PpIX nanoparticle system has potential for
use as an effective PS delivery system for PDT
applications.
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