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Fig. 1. Characterization of a novel MRI contrast medium.

A-C, Electronmicrographs of iron colloid" particles (A), a novel
contrast medium (B) and fermoxide (C) was prepared as described
in Methods. The bar indicates 40 nm. D, Distribution of hydrody-
namic diameter was determined by dynamic light scattering. Solid
line: a novel contrast medium, broken line: fermoxide.

Statistical Analysis

Statistical analysis was performed by ANOVA with
Bonferroni’s modification. The data are presented as
the mean * standard error of the mean. Difference was
considered statistically significant when p<0.05.

Results

Novel Contrast Agent

We prepared monodispersed iron colloids using a
new crystallization technique that we developed?".
Dynamic light scattering measurements showed that
the hydrodynamic diameter was 76.5 nm with narrow
single distribution (poly dispersity index: 0.135). Elec-
tron microscopy confirmed that they were ellipsoidal
particles of homogeneous size (Fig.1A). This tech-
nique enabled us to prepare monodispersed iron col-
loids of any size from 20 to 200 nm in hydrodynamic
diameter by changing the aging conditions (data not
shown).

The iron colloid was incorporated into a drug de-
liver system based on a block copolymer of poly (eth-
ylene glycol)-poly (amino acid) by mixing colloids and
copolymer at room temperature'”. The resulting con-

trast medium had an ellipsoidal-shaped iron core with
a lucent envelop of the block copolymer around the
core (Fig.1B). The envelope was homogeneous and
the thickness was about 10-20 nm. Commercially avail-
able iron-based contrast medium (ferumoxide) showed
an amorphous mixture of iron and dextran (Fig. 1C).
Dynamic light scattering measurements showed that
the hydrodynamic diameter of the novel contrast me-
dium was 102.4 nm with a polydispersity index of
0.126. Ferumoxide had a similar diameter of 99.4 nm
but showed a greater polydispersity index (0.311)
(Fig. 1D). Relaxivities R1 and R2 of the novel con-
trast medium at 25C in 0.47 T were 1.96 and 2.33
(mmol/L - sec)”!, respectively.

T2 Mapping Detected Injured Carotid Artery

To detect small difference in T2 relaxation time
between the lesion and the normal tissue, we mapped
the T2 relaxation time of the rat injured carotid artery.
A proton density-weighted image at echo time of 8 ms
and five T2-weighted images at echo times of 12, 16,
20, 40, and 80 ms were obtained at three sites: the
uninjured right carotid artery (site 1 in Fig.2A and
Fig.2B), injured left carotid artery covered with re-
generating endothelial cells (site 2 in Fig.2A and
Fig. 2C) and injured artery that was not re-endotheli-
alized (site 3 in Fig.2A and Fig.2D). Signal intensi-
ties at each echo time showed that the contrast be-
tween injured and uninjured arteries increased as echo
time increased whereas signal intensity itself decreased

_ (Fig.2B, C, D). MR images at earlier echo times gave

clearer images of the tissue, but did not detect differ-
ences between injured and uninjured arteries. In con-
trast, images at later echo times were of poorer quality,
but they did detect differences between injured and
uninjured arteries (Fig. 2B, C, D).

T2 relaxation time of each voxel was calculated
based on signal intensities at echo times of 8, 12, 16,
20, 40 and 80 ms by fitting a nonlinear least-squares
curve (Fig.3E). A T2 mapping image was reconstruct-
ed from the calculated T2 relaxation time of each vox-
el. This gave a clearer image and better contrast of tis-
sue structure in injured arteries (Fig.2E G, H). These
images corresponded well with the histology of the ar-
teries; an unre-endothelialized site stained with Evans
Blue dye had a significantly thicker intima than the
re-endothelialized site, and the uninjured artery did
not have intimal thickening (Fig.2I, J, K). We also
demonstrated that the injured artery had a longer T2
relaxation time than uninjured arteries (50.6+9.5 ms
vs 26.9%2.4 ms, p<0.01, n=5).
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A, left (L) and right (R) carotid arteries indicating the sites of MR imaging and histological sections. The rat was injected with Evans blue dye
before sacrifice, and the injured artery without endothelial cells was stained blue. B-D, proton density-weighted image and a series of T2
weighted images of various echo times (TE) of site 1 (B), site 2 (C) and site 3 (D) of panel A are shown. E, non-linear curve square fitting of
signal intensities at site 1 (broken line) and site 3 (solid line) at various echo times. T2 relaxation time (T2) was calculated based on signal in-
tensities obrained from five rats by the following equation: I=1ox Exp (-t/T2) (I: Signal intensity, t: echo time and Io: I(t=0 ms) ).

A Novel Contrast Medium Detected Lesions with
Increased Permeability

We then tested whether our novel contrast medi-
um detected increased permeability of macromole-
cules in injured arteries. Intravenous injection of the
contrast medium (0.1 mmol Fe/kg) shortened the T2
relaxation time of a portion of the injured artery and
enhanced that part of the artery on T2 mapping im-
age (Fig.3A, middle). This enhancement became ap-
parent as early as one hour after the injection and dis-
appeared by 24 hours (Fig. 3A, right). This enhanced
lesion corresponded to the lesion with increased per-
meability that was detected with Evans blue staining
(Fig.2A). In contrast, the uninjured artery gave T2 re-
laxation times identical to those of the surrounding
tissue and the contrast medium did not shorten the
T2 relaxation time (Fig.3B). Ferumoxide did not en-
hance any lesions, even when the amount of iron in-
jected was increased 100 times (10 mmol Fe/kg) (data
not shown).

To quantitatively analyze this enhancement, we
compared T2 relaxation times of 0.3 mm of the lumi-
nal side of the injured artery that was not re-endothe-
lialized and the arterial wall between 1.0 and 1.5 mm
from the luminal edge of the same site of the artery.
T2 relaxation time of the former area significantly de-
creased one hour after injection and recovered by 24

. T2 relaxation

Before 1 hour 24 hours

Fig.3. A novel contrast medium detected increased permea-
bility of the injured artery.

A rat with injured arteries was injected with a novel contrast medi-
um (0.1 mmol Fe/kg). T2 mapping images were obtained before, 1,
2, 4, and 24 hours after injecrion. A, injured artery not covered
with endothelial cells (site 3 in Fig. 2A). B, uninjured artery (site 1
in Fig. 2A). A representative image of four animals is shown.

hours (Fig. 4A), where as that of the latter area was not
affected by contrast medium (Fig.4B). T2 relaxation
time of the uninjured artery was shorter than that of
the injured artery and was not affected by contrast

medium (Fig. 4C).
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Fig. 4. Quantirtative analysis of enhancement by contrast medium.

T2 relaxation times of 0.3 mm of the luminal side of the injured artery that was not re-endothelialized (A}, the arterial
wall between 1.0 and 1.5 mm from the luminal edge of the same site of the artery (B) and uninjured artery (C) before, 1
hour and 24 hours after injection. Each column represents the mean ¢ SD of four animals.

Discussion

In this paper, we presented a novel iron MRI con-
trast medium that was prepared using a block copoly-
mer-based drug delivery system. This contrast medi-
um extravasates and accumulates at the lesion with in-
creased permeability and, in combination with T2
mapping, can detect increased permeability of the in-
jured artery. '

Vascular lesions can be detected by MRI with or
without contrast media. Plane MRI detects thickened
intima of human, rabbit, and rat carotid arteries as
well as mouse aorta as medium to high intensity le-
sions in T2-weighted images. Superparamagnetic iron
oxide particles enhance these lesions and give better
images. Iron particles accumulate at the lesions by be-
ing phagocytosed by macrophages that infiltrate the
lesion. We have improved the detection of vascular le-
sion using two methods: T2 mapping and a novel
contrast medium that accumulates in the lesion with
increased permeability.

We showed that T2 mapping is useful to detect
lesions of the artery. Signal intensity (I) at each echo
time (t) is given by the equation: I=IoxExp (-t/T2),
where the T2 relaxation time (T2) is a constant specif-
ic for each tissue. Signal intensities decrease as echo
time increases; however, the ratio of signal intensities
of two sites with different T2 relaxation times or the
contrast of the image increases as echo time increases.
The quality of T2-weighted images depends on two
conflicting factors that vary by echo time. T2 map-
ping resolves this conflict and gives direct information
of T2 relaxation time in tissue. In addition, T2 map-
ping images have similar characteristics regardless of
the equipment manufacturer because T2 relaxation
processes are not affected by the intensity of the mag-
netic field.

T2 mapping images do not necessarily corre-
spond to the anatomical structure of the injured artery
as they depicts lesions containing more water than the
normal artery. Lesions with higher water content were
not limited to the thickened intima but extended to
the media and part of the adventitia. T2 mapping im-
ages of vascular lesions indicate the extent of tissue
edema of the artery followed by injury. Similarly, this
technique is expected to sensitively detect lipid-rich
atheroma, since the two major factors affecting T2 re-
laxation times are the tissue content of water and lip-
id.

Our novel contrast medium has three distinguish-
ing characteristics. First, the particle size is homoge-
neous. This was possible because we used a new tech-
nique to crystallize iron colloids. Any size between 20-
200 nm can be prepared and these sizes show mono-
dispersity. It may be possible to clinically estimate the
magnitude of increased permeability by using a con-
trast medium with different particle sizes in the future.
Second, our contrast medium has a longer half-life
than naked iron colloids in the blood (data not shown).
The contrast medium is a stealth nanoparticle?” that
escapes detection and clearance by the reticuloendo-
thelial system of the body, mainly due to its small par-
ticle size and minimal surface charge. The longer half-
life, together with selective accumulation at the lesion
as mentioned below contributes to reduce the amount
of medium required to enhance the lesion. Previous
studies showed that effective doses of adriamycin could
be significantly reduced by incorporating it into the
block copolymer-based drug delivery system?®24. This
drug delivery system accumulates macromolecules such
as iron colloids at lesions by an enhanced permeability
retention effect'”, and the increased permeability of
macromolecules can be detected with a small amount
of contrast medium. In this sense, our contrast medi-
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um is quite different from other iron nanoparticles
that accumulate at the lesion by phagocytosis'® be-
cause a large amount of other iron nanoparticles are
required to detect vascular lesions. Finally, this drug
delivery system theoretically accommodates both con-
trast medium and agent for treatment, therefore en-
abling us to simultaneously detect and treat vascular
lesions®- 29, Furthermore, this particle can be modi-

fied to deliver agents to the target tissue more precise-
27)

ly*.
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New azido-terminated heterobifunctional poly(ethylene glycol) (PEG) derivatives having primary amine and
carboxyl end groups, (Azide-PEG-NH, and Azide-PEG-COOH, respectively) were synthesized with high efficiency.
An o-allyl-o-hydroxyl PEG was prepared as the first step to Azide-PEG-X (X = NH; and COOH) through the
ring-opening polymerization of ethylene oxide (EO) with allyl alcohol as an initiator, followed by two-step
modification of the hydroxyl end to an azido group. To introduce primary amino or carboxy! functional groups,
amination and carboxylation reactions of the allyl terminal ends was then conducted by a radical addition of thiol
compounds. Molecular functionalities of both ends of the PEG derivatives thus prepared were characterized by
4, 13C NMR, and MALDI-TOF MS spectra, validating that the reaction proceeded quantitatively. The terminal
azido functionality is available to conjugate various ligands with an alkyne group through the 1,3-dipolar

cycloaddition reaction condition (“click chemistry”).

INTRODUCTION

Poly(ethylene glycol) (PEG) conjugation chemistry, termed
“PEGylation”, has widely been used for the modification of
biomolecules such as peptides, proteins, and enzymes (/-3), as
well as of nanocarriers for drug delivery systems (DDS) such
as liposomes and nanoparticles (4, 5). The advantages of
PEGylation include the improvement of pharmaceutical and
pharmacological properties, e.g., increased water solubility
and circulatory half-life in vivo, the reduced antigenicity and
immunogenicity, and the tolerance of biomolecules against
degradation (/-3). Actually, several PEG-conjugated proteins
have already been available as clinical therapeutics (6). Meth-
oxy-terminated monofunctionalized PEG derivatives have mainly
been used in these systems. Of further interest from the
viewpoint of constructing multifunctionalized biopharmaceutics
with PEGylation is the introduction of reactive groups at the
o-chain end of PEG to prepare o,w-heterobifunctional deriva-
tives (heterobifunctional PEG). Heterobifunctional PEG may
be useful to install ligands and probes at the distal end of
PEGylated liposomes (7), polymeric micelles (8), synthetic
polymers (9), and metallic colloids (10). So far, several types
of heterobifunctional PEG derivatives with reactive groups, such
as aldehyde, primary amine, mercapto, and maleimide, have
been developed to install a variety of ligands (8, 11-17).
Nevertheless, to expand the heterobioconjugation through PEG
linker into a various combination of ligands and substrates,
further improvement in the design of heterobifunctional PEG,
particularly from the viewpoint of versatility, is crucial.

Generally, several features such as high yields, chemoselec-
tivity, and the mild reaction condition in aqueous media are
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indispensable for the bioconjugation. In this regard, the 1,3-
dipolar cycloaddition reaction between alkyne and organic
azides, yielding the corresponding 1,2,3-triazoles in the mild
aqueous condition, has recently received considerable attention
in wide areas of chemistry (/8-20) and has been recognized as
particularly useful in the field of bioconjugate chemistry (21-24).
This Cu(l)-catalyzed 1,3-dipolar cycloaddition reaction (termed
“click chemistry”) is highly chemoselective and can be per-
formed under mild conditions in aqueous buffers with wide
range of pH values. Therefore, the combination of heterobi-
functional PEGs with “click chemistry™ is a promising approach
for bioconjugation (25). Indeed, the introduction of biological
ligands by “click chemistry” onto the liposomal surface (26)
and the Au nanoparticle surface (27) through the heterobifunc-
tional oligo(ethylene glycol) spacers was recently reported,
indicating the high utility of “click”-based bioconjugation.

Nevertheless, little attention has been placed on the novel
and versatile method to prepare the azido-terminated heterobi-
functional PEGs with a wide range of molecular weight useful
for “click™-based bioconjugation. Although, azido-containing
oligo(ethylene glycol) derivatives (e.g., N3-(CHCH;O)-
CH,CH;NH,) have been commercialized (28), the azido-
terminated heterobifunctional PEGs having high molecular
weight useful in the bioconjugate chemistry field are not yet
available.

Here, we wish to communicate the new synthetic route of
azido-terminated heterobifunctional PEGs possessing primary
amino and carboxyl groups (Azide-PEG-NH; and Azide-PEG-
COOH, respectively) with controlled molecular weight through
the ring-opening polymerization of ethylene oxide from allyl
alcohol as an initiator followed by a quantitative modification
of a- and w-end groups (Scheme 1). .

EXPERIMENTAL PROCEDURES

Materials. Ethylene oxide (EO; Sumitomo Seika Chemical,
Japan) was dried over calcium hydride and distilied under an
argon atmosphere. Allyl alcohol, tetrahydrofuran (THF), N,N-

© 2007 American Chemical Society
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Scheme 1. Synthetic Route to a-Amino-w-azido-PEG (3) and o-Carboxy-o-azide-PEG (4)
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dimethylformamide (DMF), triethylamine, 2,2’-azobisisobuty-
ronitrile (AIBN), and methanesulfonyl chloride were purchased
from Wako Pure Chemical Industries, Ltd., (Osaka, Japan) and
purified by conventional methods. Potassium naphthalene was
prepared as a THF solution according to a previous paper (29),
whose concentration was determined by titration. 2-Aminoeth-
anethiol hydrochloride, mercaptopropionic acid, sodium azide,
and other reagents were used as received.

Synthesis of a-Allyl-a-hydroxyl PEG (1). Allyl alcohol (2.3 A

mmol, 135 uL) and potassium naphthalene (2 mmol) in 6.6 mL
of THF were added to dry THF (75 mL) in a 200 mL flask
equipped with a three-way stopcock under argon atmosphere
to form potassium allyl alcoholate as an initiator. After stirring
for 10 min, liquid EO (302 mmol, 13.3 g) was added to the
solution via a cooled syringe. The mixture was allowed to react
for 2 days at 25 °C followed by pouring into diethyl ether to
precipitate the polymer. The recovered polymer was dried in
vacuo and then freeze-dried from benzene. The yield of obtained
polymer after purification was 91% (12.1 g). GPC: Number-
average molecular weight (M,) = 5500, M./M, = 1.03."H NMR
(300 MHz, CDCl3, 6 in ppm): 3.63 (m, O-(CH,),-0), 4.02 (d,
CH, of allyl group), 5.17-5.30 (dd, CH; of allyl group),
5.87-5.96 (m, CH of allyl group).

Synthesis of a-Allyl-w-azide PEG (2). The azide end group
was introduced by the mesylation of the hydroxy! terminus and
subsequent substitution with sodium azide, referring to the
literature methods (30).

Freeze-dried polymer 1 (Allyl-PEG-OH) (2.20 g, 0.40 mmol)
from benzene was dissolved in anhydrous THF (15 mL)
followed by triethylamine (162 mg, 1.60 mmol) addition. The
mixture was then added to a solution of methanesulfonyl
chloride (160 mg, 1.40 mmol) in THF (8 mL) under Ar stream,
and stirred overnight at room temperature. After the reaction,
THF was partially evaporated under reduced pressure. The
residue was redissolved in water (40 mL) and extracted with
dichloromethane (5 x 100 mL). The organic layers were
combined and dried over Na,SO;. After filtration and concentra-
tion, the polymer was recovered by precipitation into ether and
dried in vacuo, yielding a white solid.

This mesylated polymer (620 mg, 0.113 mmol) was dissolved
in DMF (12 mL), followed by sodium azide (521 mg, 8.01
mmol) addition, and was stirred for 2 days at 30 °C. Dichlo-
romethane (100 mL) was then added, and the reaction mixture
was washed five times with water and brine. The organic layer
was dried over Na;SO,, filtered, concentrated, and then repre-
cipitated into ether: The recovered polymer was freeze-dried

HS\/\IrOH

(0]

AIBN in DMF

Na\(/\o,}n\/o\/\/s\/\[rOH

4 0O

from benzene (508 mg, 82%). 'H NMR (300 MHz, CDCl3, &
in ppm): 3.46 (t, CH-CH>-N3), 3.63 (s, O-(CH»)2-0), 4.02 (d,
CH; of allyl group), 5.17-5.30 (dd, CH; of allyl group),
5.87-5.96 (m, CH of allyl group).

Synthesis of o-Amino-w-azide PEG (3). Amination of the
allyl terminus of polymer 2 was conducted by the radical
addition reaction of 2-aminoethanethiol hydrochloride (31).
Polymer 2 (Allyl-PEG-azide, 502 mg, 0.091 mmol) was freeze-
dried from benzene and mixed with the solution in DMF (5
mL) containing 213 mg of 2-aminoethanethiol hydrochloride
(1.87 mmol, 20 equiv) and 15 mg of AIBN (0.091 mmol, 1
equiv). The reaction mixture was stirred at 65 °C for 24 h under
argon atmosphere. The polymer was precipitated twice in a large
excess of ether. The resulting white product was dissolved into
methanol, and 5.1 mg (1 equiv) of potassium hydroxide
dissolved in water was added. The mixture was stirred for
approximately 4 h. Then, methanol was partially evaporated and
diluted with water (30 mL), and extracted by dichloromethane
(5 x 80 mL). The combined organic layer was dried over
Na;S0y, filtered, and concentrated to 1/100 of the initial volume.
The polymer was reprecipitated from an excess volume of ether
and freeze-dried from benzene to lead to a white powder (397
mg, yield = 79%).

Synthesis of a-Carboxy-w-azide PEG (4). The carboxyla-
tion reaction of allyl terminus of polymer 2 was performed in
the same manner as described above for the preparation of
polymer 3. Typically, 409 mg of Allyl-PEG-azide, in 4 mL of
DMF, was reacted with 159 mg of 3-mercaptopropionic acid
(1.50 mmol, 20 equiv) in the presence of 12.2 mg of AIBN (1
equiv). After the reaction, the solution was precipitated into ether
twice, and polymer 4 was obtained as a white powder (317 mg,
yield = 77%).

Polymer Analysis. 'H and '*C NMR spectra were recorded
on a JEOL JNM-AL 300 spectrometer (JEOL, Tokyo, Japan)
at 300 and 75.45 MHz, respectively. Chemical shifts are reported
in parts per million (ppm) downfield from tetramethylsilane.
Number-average molecular weight (M,) and molecular weight
distribution (M./M,) were determined using a GPC (TOSOH
HLC-8220) system equipped with two TSK gel columns
(G4000HHR and G3000HHR) and an internal refractive index
(RI) detector. Columns were eluted with DMF containing
lithium chloride (10 mM) at a flow rate of 0.8 mL/min and
temperature of 40 °C. Molecular weights were calibrated with
poly(ethylene glycol) standards (Polymer Laboratories, Ltd.,
UK). MALDI-TOF-MS spectra were recorded using Bruker
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Figure 1. (a) '*C NMR spectrum of Allyl-PEG-Azide (CDC; at 20 °C). (b) '*C NMR spectrum of Azide-PEG-NH, (CDCl, at 20 °C).

REFLEX 11I. a-Cyano-4-hydroxycinnamic acid (CHCA) was
used as the matrix for the ionization operated in the reflection
mode.

RESULTS AND DISCUSSION

There are several reports on the preparation of oligo(ethylene
glycol)s having azido and amino groups from homotelechelic
oligo(ethylene glycol)s as the starting materials (32, 33).
Nevertheless, the synthetic methods involve several complicated
reactions as well as separation steps such as chromatographic
isolation due to the difficulty of selective monoprotection of
the hydroxyl termini. Thus, the application of these synthetic
approaches of end-group modification is not expedient for a
large-scale synthesis of heterobifunctional PEGs having high
molecular weight, giving an impetus to develop a novel synthetic
route to the azide-functionalized heterobifunctional PEG with
quantitative yields and high specificity under mild reaction
conditions.

In this study, ally! alcoholate was selected as an initiator for
anionic polymerization of EO, because the allyl end group of
the PEG chain allows several kinds of chemical modifications
such as addition reactions. To prepare a-allyl-w-hydroxyl PEG

(1), the anionic polymerization of EO initiated with potassium
allyl alcoholate was carried out in THF solution for 48 h. After
precipitation into ether, the product was obtained as white
powder. The MW of the polymer 1 (Allyl-PEG-OH) determined
from GPC [M,(GPC) 5500] was close to that from the initial
monomer/initiator ratio [Mp(calcd) 5780], indicating an effective
initiation efficiency of potassium allyl alcoholate without
detrimental side reactions.

a-Allyl-w-azide PEG (2) was obtained through the two-step
modification, the mesylation and the subsequent substitution by
sodium azide, of hydroxyl function as described in the Experi-
mental Procedures. In the '*C NMR spectrum (Figure 1a), the
signals of the carbons of the allyl group are detected at § 134.7
ppm (a), 117.0 ppm (b), and 72.1 ppm (c), respectively. In
addition to these signals, the methylene unit adjacent to the azido
group (CH,CH,N;) was observed at 50.5 ppm (f). Moreover,
no signal of the methylene carbon adjacent to the hydroxyl
terminus (CH,CH,OH 6 = 61.5 ppm) (34) was detected.

Figure 2a shows the MALDI-TOF MS spectra of a-allyl-w-
azide PEG (2). In this analysis, although the major peaks of
the polymer were detected as the species derived from loss of
N; from azido group which ascribed to fragmentation due to
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Figure 2. MALDI-TOF Mass Spectrum of Allyl-PEG-Azide (a) and Azide-PEG-NH: (b).

the higher laser power during MALDI experiment (35), only
parent ions of each polymer molecule as planned are observed,
without the signal of the side reaction product.” From the
expanded view of the spectrum in Figure 2a, the mass of the
products appears to be around 5900 (M, = 5670; Mu/M, =
1.03), which is in a good accordance with the GPC results (M,
= 5500). These data demonstrated that a-allyl-w-hydroxyl PEG
(1) was successfully transformed to a-allyl-w-azide PEG (2).
Note that there was a report on the chain degradation of tosylate-
activated PEG derivatives (36). Nevertheless, no sign of
degradation was found in the present case of mesylate-activated
PEG samples by MALDI-TOF MS spectroscopy, indicating that
essentially no degradation of PEG occurred in the activation
route via mesylation.

To prepare G-amino-w-azide PEG, the radical addition
reaction of 2-aminoethanethiol hydrochloride to an allyl end
group of polymer (2) was examined according to the previous
method with a slight modification (3/). The reaction was carried
out under the varying ratios of [allyl-PEG-azide]y/
(HSCH,CH;NH3*CI"1¢/[AIBN], (=1/5/1, 1/7.5/1, 1/10/1, and
1/20/1 mol equiv) in DMF at 65 °C. The resulting polymer was
precipitated twice in ether in order to remove excess of reagents.
Afier the subsequent aqueous workup with potassium hydroxide,
the amino-terminated PEG sample was obtained (Scheme 1).
The '"H NMR spectrum of the polymer obtained at the conditions
of [allyl-PEG-azide]y/[HSCH,CH,NH;* Cl"Jy/{AIBN}, = 1/10/1
and 1/20/1 revealed the complete disappearance of the signals
assigned to the allyl protons at 4.02 (CH;=CHCHa), 5.17-5.30
(CH;=CHCH3), and 5.87-5.96 ppm (CH;=CHCH3,). Concomi-
tantly, the new signals were clearly observed at 1.82
(CH,CH,CH,S), 2.60 (SCH,CH,NH,), 2.62 (CH,SCH,CH,NH>),

and 2.86 ppm (CH,SCH,CH;NH>) corresponding to the result-
ing structure via the radical addition of 2-aminoethanethiol to
allyl group. A decreased ratio of thiol compound in the initial
reaction mixture to less than 10 equiv ([allyl-PEG-azide]o/
[HSCH,CH,NH;*CI™1y/[AIBN]p = 1/5/1 and 1/7.5/1) resulted
in the incomplete amination judged from the observation of the
remaining ally protons in the 'H NMR spectra of the obtained
polymer samples, suggesting that 10 mol excess equiv of thiol
group may be required for the complete amination of allyl group
settled at the PEG chin end. No prohibitive effect was observed
even at 20 equiv of thiol to allyl groups. In the '*C NMR spectra
of the sample obtained at [allyl-PEG-azide}/fHSCH,CH,NH STCI Y
[AIBN]y = 1/20/1 (Figure 1b), no carbon signal corresponding
to allyl function remained. The signals detected around 6 40.7
(a), 29.6 (d), and 28.4 ppm (c,d) can be assigned to the CH,NH,,
CH,CH,CH,S, and CH;CH;CH,SCH:, of the end groups,
respectively. Note that no side reaction of the azido group such
as a radical scavenging and a subsequent decomposition with
denitrogenation occurred, because the signal corresponding to
the azido group was detected as intact.

The quantitative conversion of the end allyl group to the
primary amino group was also monitored by the MALDI-TOF
MS analysis. Figure 2b shows the MALDI-TOF MS spectrum
of the reaction product after the radical addition reaction of
2-aminoethanethiol hydrochloride ([allyl-PEG-azide]/[HSCH;
CH,NH-*CI™1/[AIBN]y = 1/20/1). As mentioned above, the
mass distribution of the obtained polymer after the radical
addition was the tame as that before the reaction, indicating
the occurrence of no side reaction. The major series of the
molecular masses of the product is expressed in the following
equation.
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Figure 3. '*C NMR spectrum of Azide-PEG-COOH (CDC); at 23 °C).

MWys = 44.053n (EO) + 70.07 (Azide) + 134.22
(OCH,CH,CH;SCH,CH,NH,) + 22.99 (sodium).

These results strongly supported the statement that the novel
heterobifunctional PEG possessing an azido group at one end
and a primary amino group at the other end was quantitatively
prepared.

To demonstrate the versatility of this synthetic route with
azido-containing PEG, the carboxylation of o-allyl-w-azide PEG
(2) was examined under the same conditions as the amination
reaction ([allyl-PEG-azide]y/[HSCH,CH,COOH]W/[AIBN]y =
1/20/1). From the 'H NMR analysis of the resultant polymer,
the signals assigned to the allyl group completely disappeared
after the reaction, while the methylene protons of the 3-mer-
captoacetic acid unit were clearly observed at 1.84
(CH,CH,CH,S), 2.60 (SCH.CH,COOH), 2.62 (CH.SCH;
CH,COOH), and 2.79 ppm (CH,SCH>CH,COOH), respectively.
In addition, the structure of the resulting polymer after the
carboxylation reaction was confirmed by *C NMR. The
corresponding carbon signals of the terminal groups appeared
at 6 173.0 ((a) CH,COOH), 50.4; ((j) CHaN3), 34.5; ((b)
CH,COOH), 29.6; ((¢) CH,CH,CH,S), 28.5; ((d)
CH,CH,CH,S), and 26.9; ((c) SCH,CH,COOH) ppm, respec-
tively, and no signal corresponding to allyl group was detected
(Figure 3). These results indicate the successful preparation of
heterobifunctional PEG possessing azido and carboxyl groups
at the chain ends.

In conclusion, the facile and quantitative synthesis of azido-
containing heterobifunctional PEGs via EO polymerization was
demonstrated in this study. These azido-containing PEGs can
be used to Cu(l)-catalyzed 1,3-dipolar cycloaddition reaction
(click chemistry) to introduce versatile biofunctional ligands into
the azido terminus, and are thus relevant to a wide range of
applications in the field of bioconjugate chemistry. We focused
here on the PEG with MW of 5000 because of its versatility in
bioconjugate applications, including liposome modification,
polymeric micelle formation, and protein conjugation. Basically,
chemistry developed here may be applicable to PEG with even
higher MW, because the reaction scheme may not be directly
influenced by the MW. Nevertheless, the quantitative conversion
is still in an issue for the higher MW PEG due to the limited
availability of the chain end possibly buried in the coil of PEG
strands. We feel that this issue may be better addressed in a

future study directly focusing on the reactivity of the allyl group
located at the chain end of PEG with different molecular
weights.
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Abstract

The availability of non-viral gene delivery systems is determined by their capacity and safety during gene introduction. In this study,
the safety issues of polyplex were analyzed from the standpoint of the biomolecular mechanisms. P[Asp(DET)}, a newly developed
polymer, polyasparagine carrying the N-(2-aminoethyl)aminoethyl group as the side chain which was recently revealed to show good
transfection efficiency to primary cells, was compared to conventional linear poly(ethylenimine) (LPEI). After transfection toward a
bioluminescent cell line, P[Asp(DET)] maintained the expression level of stably expressing luciferase. In contrast, LPE!I showed a
decrease in the luciferase expression, while the similar expression of exogenous reporter gene was obtained. Evaluation of the
housekeeping genes expression as well as the profiles of pDNA uptake after transfection suggested the time-dependent toxicity of LPEI
that perturbs cellular homeostasis. Consistently, the induction of osteogenic differentiation by functional gene introduction was achieved
only by P[Asp(DET)], even though appreciable expression of the gene was achieved by LPEL It is crucial that this aspect of safety be
taken into account, especially when the gene introduction is applied to primary cells to regulate such cell function as differentiation. This
biomolecular analysis focusing on cellular homeostasis is beneficial for assessing the practicability of the gene delivery systems for clinical
application.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Biocompatibility; Gene transfer; Cationic polymer; Cytotoxicity; Cell differentiation

1. Introduction

Gene therapies have attracted progressive attention for
the treatment of numerous intractable diseases, but the
lack of safe and efficient gene-delivery systems is an
obstacle to their clinical application. Viral vectors are
known to be highly potent gene delivery systems, yet may
also induce adverse side effects, including severe immuno-
logical and toxicological responses. In fact, recent clinical

*Corresponding author. Department of Materials Engineering, Grad-
uate School of Engineering, The University of Tokyo, 7-3-1 Hongo.
Bunkyo-ku, Tokyo 113-0033, Japan. Tel.: +813 5841 7138;
fax: +81358417139.

E-mail address: kataoka@bmw.t.u-tokyo.ac.jp (K. Kataoka).

"These authors contributed equally to this work.

0142-9612/$ - see [ront matter ) 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2007.07.019

trials using viral vectors have been halted due to
unprecedented toxicity, including the death of a patient
[1-4]. Therefore, non-viral gene carriers such as cationic
lipids and polymers are expected to be an alternative to
viral vectors directing therapeutic genes to target tissues.
The availability of gene carriers is largely determined by
their transfection efficiency and cytotoxicity. Although the
latter is generally evaluated through the viability assay of
cultured cells such as an MTT assay [5], an MTT assay
only reflects the non-specific outcome of cell death.
Synthetic carriers may induce side effects including
complement activation, carcinogenicity, teratogenicity
and immunogenicity, all of which are serious concerns
for clinical application [6]. Thus, the safety issues of non-
viral gene carriers, both on a cellular and systemic basis,
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are critical for their clinical development, requiring careful
analysis of the toxicity by exploring the biomolecular
mechanisms. In this regard, a pharmacogenomic analysis
of the global gene expression in the transfected cells is of
particular interest. This approach has recently been
advocated as polymer genomics or material genomics,
and several studies have been reported to have applied it
for the evaluation of non-viral gene carriers [7,8}.

Recently, we developed a novel block catiomer-based
gene delivery system that showed excellent capacity for
in vitro transfection to primary cells [9]. This system is
composed of plasmid DNA (pDNA) and poly(ethylenegly-
col)-block-polyasparagine carrying the N-(2-aminoethyl)
aminoethyl group (CH,);NH(CH,),NH; as the side chain
(PEG-PAsp[DET]). Ethylene diamine units located at the
side chain are only half protonated under neutral pH and
are thus feasible candidates to perform the so-called proton
sponge effect, which has been believed to be the major
mechanism for the excellent transfection efficiency of some
polyamine derivatives having substantially lowered pKa
such as poly(ethylenimine) (PEI) [10-12]. As well as the
good transfection efficiency, the polyplex micelles from this
block catiomer showed minimal cytotoxicity toward var-
ious primary cells, achieving the successful in vivo gene
introduction to the vascular lesions [13] and the effective
induction of cell differentiation both in vitro and in vivo
through the effective expression of the genes encoding
transcriptional factors [14].

These results motivated us to perform an additional
toxicogenomic study of P[Asp(DET)] in order to ensure the
safety for future clinical application. Linear PEI (LPEI)
was used as a control, representing the common polycation
for the construction of polyplexes. Although P[Asp(DET)]
and LPEl both have a buffering capacity under an
endosomal pH, they showed a considerable difference in
the toxicological profiles which revealed the appreciably
lowered toxicity of the former compared to the latter. In
particular, the time-dependent change in the pharmaco-
genomical toxicity toward the targeted cells was evaluated
in detail, in regards to the capacity of inducing cell
differentiation through the transfection of functional genes
encoded in the encapsulated pDNA in the polyplex.

2. Materials and methods
2.1. Materials

pGL3-control pDNA encoding firefly luciferase (Promega, Madison.
WI, USA). pRL-CMV pDNA encoding renilla luciferase (RL) (Promega).
and EGFP-C] pDNA encoding EGFP (Clontech, Palo Alto, CA, USA)
were amplified in the Escherichia coli strain DH5a, which was isolated and
purified using a QIAGEN HiSpeed Plasmid Maxi Kit (Qiagen, Hilden.
Germany). pCMVS5 pDNA expressing HA-tagged mouse caALK6 and
pcDEF3 pDNA expressing Flag-tagged mouse Runx2 were generous gifts
from Dr. M. Kriippel (Mt. Sinai Hospital, Toronto, ON, Canada) and
Dr. K. Miyazono (University of Tokyo. Tokyo, Japan), respectively. The
concentration of DNA was determined by measuring the UV absorption
at 260 nm.

2.2. Cells

HuH-7 cells were obtained from the Riken Cell Bank (Tsukuba,
Japan). Bioluminescent cells (HuH-7-luc) stably expressing firefly lucifer-
ase were kindly provided by Mr. S. Matsumoto (University of Tokyo).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum
(FBS) were purchased from Sigma-Aldrich (St. Louis. MO. USA).

2.3. Polycations for the preparation of polyplex

LPEI (Exgen 500, M,, = 22kDa) was purchased from MBI Fermentas
(Burlington. ON, Canada). Diethylenetriamine (DET) was purchased
from Tokyo Kasei Kogyo (Tokyo, Japan). All other chemicals were
purchased from Wako Pure Chemical Industries (Osaka, Japan).
P[Asp(DET)] was synthesized by the side-chain aminolysis reaction of
the poly (f-benzyl L-aspartate) (PBLA) as previously reported (9]. Briefly.
the PBLA was synthesized by the ring-opening polymerization of the
B-benzyl-L-aspartate N-carboxyanhydride (BLA-NCA) initiated by the
primary amine of n-butylamine in N,N-dimethylformamide (DMF)/
dichloromethane (1:10) at 40°C, followed by the acetylation of the
N-terminal amine with acetic anhydride. Gel permeation chromatography
(GPC) was performed to confirm a unimodal molecular weight distribu-
tion (Mw/M, 1.20) of PBLA by TOSHO HLC-8220 (columns: TSK-gel
G4000HHR + G3000HHR, eluent: DMF + 10 mm LiCl, T = 40 °C, detec-
tor: refractive index). The degree of polymerization of PBLA was
determined as 98 from the '"H NMR spectrum (JEOL EX300 spectro-
meter: JEOL, Tokyo, Japan). Then, the side-chain aminolysis reaction of
PBLA was performed by mixing the DMF solution of PBLA(50 mg/mi)
with a 50-fold excess of DET in DMF at 40 °C to obtain P[Asp(DET)].

2.4. Polyplex formation

Each polyplex sample with a pDNA concentration of 33 pg/mL was
prepared by simply mixing pDNA and polycation(LPEI or P[Asp(DET)))
at the indicated N/P ratio (= [total amines in polycation]/[[DNA
phosphates]) in a 10 mm Tris—=HCI (pH 7.4) buller solution.

2.5. Dual luciferase measurement on HuH-7-luc cells transfected
with pRL-CMV pDNA

HuH-7-luc cells were seeded on 96-well culture plates (3 x 10° cells/well)
and incubated overnight in 100 uyi DMEM supplemented with 10% FBS
and penicillin/streptomycin. After the culture medium was replaced with
fresh medium containing 10% FBS. 5.5 ul of the polyplexes composed of
P[Asp(DET))] or LPEI (final DNA concentration: 33 ug/ml) were applied
to each well. Aflter 24h, the medium was changed to remove the
polyplexes. followed by [urther incubation for 24 or 48 h. The firefly and
RL activities were measured using a Dual-Luciferase Reporter Assay
System (Promega) according to the protocol provided by the manufac-
turer, using a GloMax™ 96 Microplate Luminometer (Promega).

2.6. Cell proliferation assay

HuH-7-luc cells (6 x 10*cells/well) were seeded in six-well plates and
cultured overnight. After the transfection as described above (polyplex
solution: 90 pl/well), the cells were washed with phosphate-buffered saline
(PBS). trypsinized. and scraped off. Then the cell number was counted by
a nucleo counter (Chemometec, Tokyo. JAPAN) following the protocol
provided by the manufacturer. The measurement was duplicated.

2.7. Lactate dehydrogenase (LDH) assay

The degree of membrane destabilization was examined by lactate
dehydrogenase (LDH) activity liberated {rom the cytoplasm. The cells
were plated on 96-well plates and incubated overnight in 100 ul of DMEM
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containing 10% FBS. Then the medium was changed and 5.5ul of
polyplex was added to each well similarly as in the transfection described
above. After 4, 8, or 24 h, the plates were centrifuged for Smin at 110g.
Then, 50p! of aliquots in each well were collected and subjected to the
LDH measurement. A CytoTox 96 Non-Radioactive Cytotoxicity Assay
kit (Promega) was used following the protocol provided by the
manufacturer, using a plate reader AD200 (Beckman Coulter, Inc.,
USA) for reading the OD at 490nm to determine the amount of the
produced diformazan. Freeze-chaw cells were used to calibrate 100%
LDH activity. To compare the cytotoxicity between P[Asp(DET)] and
LPEI, the parametrical analysis using the Student’s r-test was performed.

2.8. Quantitative assay on the cellular uptake of pDNA by real-
time quantitative PCR

EGFP-C1 pDNA expressing EGFP was transfected to HuH-7. 8 x 10*
HuH-7 cells/well were plated in six-well plates and cultured overnight, and
then the transfection was done similarly as described before. At the
indicated time periods (4, 8 and 24 h), the DNA was collected and purified
from each well using a Wizard Genomic DNA purification Kit (Promega),
then subjected to the PCR for the quantification of pDNA copies
encoding EGFP. The copy number of f-actin (BA) was also determined by
the ABI 7500 Fast Real-Time PCR systems to normalize the cell number
(Applied Biosystems, Foster City, CA, USA). The sequences of the
primers and probe used for EGFP were as follows: forward primer
GGGCACAAGCTGGAGTACAAC and reverse primer TCTGCTT
GTCGGCCATGATA. The sequence of the probe was ACAGCCA
CAACGTCT with FAM as a fluorescent dye on the 5-end and MGB as a
fluorescence quencher dye labeled on the 3-end. For fA amplification and
quantitation, the forward and reverse primers and probe were purchased
as a standard TaqMan gene expression assay kit from Applied Biosystems.
PCR was done for 205 at 95°C, followed by 3s at 95°C and 60s at 60°C
for 40 cycles. A linear relationship between the number of cells and
threshold cycle for the BA gene amplification was confirmed (data not
shown).

2.9. Evaluation of osteocalcin mRNA expression

Osteogenic differentiation of the mouse calvarial cells was evaluated by
the expression of osteocalcin mRNA, an osteoblast-differentiation
marker. Mouse calvarial cells were isolated from the calvariae of neonatal
littermates. The experimental procedures were handled in accordance with
the guidelines of the Animal Committee of the University of Tokyo.
Calvariae were digested for [0min at 37-8°C in an enzyme solution
containing 0.1% collagenase and 0.2% dispase for five cycles. Cells
isolated by the final four digestions were combined and cuitured in
DMEM supplemented with 10% FBS and penicillin/streptomycin. For
induction of the differentiation assays, 3 x 10* primary mouse calvarial
cells were plated in six-well culture plates and cultured for 24 h. After
changing the medium to that containing 10% FBS and dexamethazone,
polyplexes containing pDNAs expressing caALK6 and Runx2 were
applied to each well by a similar transfection procedure as that previously
described. The culture medium was refreshed on Day 3 after transfection,
then changed every 3 days. On Days 5 and 11, the cells were washed with
PBS and the total RNA was collected using the RNeasy Mini Preparation
Kit (Qiagen) according to the manufacturer’s protocol. Gene expression
was analyzed by a quantitative PCR. 500 ng of total RNA was analyzed in
a final volume of 50 pl. Reverse transcription was performed for 30 min at
50°C followed by PCR: 50 “C for 2min, 95°C for 10 min, followed by 40
cycles of 95°C for 15s and 60°C for 1 min using the Quantitect SYBR
Green PCR Kit (Qiagen). Each mRNA expression was normalized to
levels of mouse SA mRNA. The primers used were as follows: osteocalcin:
forward primer (AAGCAGGAGGGCAATAAGGT) and reverse primer
(TTTGTAGGCGGTCTTCAAGC); mouse pA: forward primer
(AGATGTGGATCAGCAAGCAG), reverse primer (GCGCAAGT-
TAGGTTTTGTCA). To compare the osteocalcin expressions using

P[Asp(DET)} or LPEI, the parametrical analysis using the Student’s
t-test was performed.

2.10. Housekeeping gene expression assay

After a similar transfection procedure as previously described was
performed, the total RNA was collected at 24 or 72h. To evaluate the
expressions of the housekeeping genes, a Tagman Human Endogenous
Control Plate (Applied Biosystems) was used according to the manu-
facturer’s protocol, including 18S rRNA, acidic ribosomal protein (PO),
BA. cyclophilin (CYC), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), phosphoglycero-kinase (PGK). f2-microglobulin (f2m),
B-glucronidase (GUS), hypoxanthine ribosyl transferase (HPRT), TATA
binding protein (TBP) and transferrin receptor (TfR). The control cells
serve as a baseline for the assays and are shown as zero on the graph. The
results are expressed in the comparative cycle threshold; ACr, greater than
or less than the control ACT,

3. Results and discussion
3.1. In vitro transfection toward bioluminescent cell line

The bioluminescent human hepatoma cell line (HuH-
7-Luc) stably expressing firefly luciferase (Luc) was used to
evaluate the pharmacogenomic influence as well as the
transfection efficiency of the polyplexes. After the transfec-
tion of RL using P[Asp(DET)] or LPEI, both the Luc
and RL expressions were estimated simultaneously. The
expressions were normalized by the number of cells, which
were directly counted after scraping the cells from the
culture plates.

The exogenous RL expressions per cell in Fig. I(a)
showed that the P[Asp(DET)] polyplex had comparable
transfection efficiency to the LPEI polyplex giving the
highest expression at 48h after transfection. In contrast,
the endogenous Luc expression showed a different profile
between the two polyplexes; the Luc expression of the cells
transfected by the P[Asp(DET)] polyplex was equivalent as
that of the control cells, while the cells transfected by the
LPEI polyplex showed a gradual decrease in Luc expres-
sion per cell (Fig. 1(b)). The cell numbers shown in Fig. 1(c)
revealed that the proliferation was significantly inhibited
by the transfection using LPEI after Day 2, compared to
that of the other two groups (the cells transfected by
P[Asp(DET)] and the control). Note that in these experi-
ments, the polyplexes in the medium were removed at 24 h
after transfection by changing the culture medium. Thus,
these results suggest that although the exogenous RL gene
expression showed an increase until Day 2, the internalized
LPEI! into the target cells by Day 1 had some continuous
inhibiting effects on the proliferation and endogenous gene
expression in the targeted cells. It is reasonable to assume
that the LPEI released from the polyplex may impair the
intracellular activities in a time-dependent manner.

3.2. Investigation of the cytotoxicity induced by LPEI

To investigate the detailed mechanisms of the time-
dependent cytotoxicity possibly induced by LPEI, we
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Fig. 1. In vitro transfection toward HuH-7-Luc cells. (a) Exogenous
renilla luciferase expression. (b) Endogenous firefly luciferase expression.
~ (c) Cell proliferation assay. Transfection was performed by P[Asp(DET)}
(closed circle) or LPEI (closed square) polyplexes formed at N/P = 10.
Gene expression was evaluated for 3 days after transfection and
normalized by the cell number. Each data of gene expression represents
mean+SD (n = 8). The data of cell number are means (n = 2).

farther assessed each step involved in the transfection
process. The first step is apparently the cellular association
and internalization of the gene carriers. It is assumed that
these events may evoke membrane destabilization, possibly
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Fig. 2. Evaluation of LDH activity after transfecton using P{Asp(DET))
(closed circle) or LPEI (closed square) polyplexes. Each data represents
mean+SD (n = 8). Freeze-chaw cells were used to calibrate 100% LDH
activity. **P<0.01.

causing cytotoxic effects [15]. The change in membrane
permeability due to the interaction with the polyplexes was
examined by an LDH assay under the same condition as
used in the transfection experiments above. As presented in
Fig. 2, the cells transfected by the LPEI polyplex revealed a
time-dependent increase in the leakage of LDH until 24 h
after transfection. In contrast, the P[Asp(DET)] polyplex
induced a minimal LDH leakage compared to the control.
Considering the similar cationic nature of LPEI and
P{Asp(DET)], the membrane destabilization after their
association onto the plasma membrane is expected to be
similar, which is apparently not the case observed here. The
discrepancy between the two polymers on the time-
dependent LDH leakage suggests that factors other than
simple electrostatic interaction play a substantial role in the
process of membrane destabilization.

The uptake amount of reporter gene into the HuH-7
cells by the P[Asp(DET)] or LPEI polyplex was determined
by a real-time PCR in terms of gene copies per cell from
the total DNA samples [16-18]. As seen in Fig. 3(a), the
uptake amount of reporter gene showed a continuous
increase until 24 h after the transfection in the case of
the P[Asp(DET)] polyplex. The amount of reporter
genes internalized with the LPEI polyplex was similar to
that with the P[Asp(DET)] polyplex at 8h, yet was
significantly reduced by extending the transfection time to
24h. One possible reason for this phenomenon might be
the rapid dissociation of pDNA from LPEI in the
cytoplasm as reported in the literature [19], resulting in
its fast degradation by cytoplasmic enzymes {20,21].
However, when the culture medium was changed to
remove the polyplexes at 4h after the transfection,
both systems showed a similar profile of a gradual
decrease in the copy number after the medium change
(Fig. 3(b)), suggesting the similar stability of the inter-
nalized pDNAs for both systems. These results suggest that
the decrease in the internalized amount of the reporter gene
with the LPEI polyplex shown in Fig. 3(a) may be due to
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Fig. 3. Evaluation of pDNA uptake after transfecton using P{[Asp(DET)]
(closed circle), LPEI (closed square), or by the form of naked pDNA
(open triangle). The cellular uptake of pDNA was quantified by a PCR,
(a) without changing medium during the procedure, or (b) with medium
change after 4h of transfection. Each data represents mean+SD (n = 3).

the time-dependent decrease in the cellular activity to take
up the polyplexes caused by the toxicity of LPEL

To clarify this possible time-dependent influence on the
cellular function from the viewpoint of the genomics, we
assessed the change in the gene expressions of 11 frequently
used housekeeping genes in the presence of the polyplex.
These genes usually revealed a uniform expression, but the
expression profile may vary in response to various external
factors such as stress on the cells [22,23]. Thus, the
variation in their expression profile is a good indicator
for assessing the cellular function, a possible perturbation
in the cellular homeostasis. The quantitative evaluation of
the expression of these housekeeping genes by a real-time
PCR revealed that the cells transfected by LPEI apparently
showed downregulation in the expression of the house-
keeping genes at 72h after the transfection (Fig. 4(b)).
Although the measurement at 24h showed minimal
fluctuation in the housekeeping gene expression, GAPDH
and CYC were significantly downregulated by more than
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Fig. 4. Housekeeping genes expression after transfection. The mRNA
expressions of various housekeeping genes were evaluated by a
quantitative PCR at (a) 24h and (b) 72h after transfection using
P{Asp(DET)] (open bar) or LPEI (filled bar).

two cycles of ACy values compared to those of the control
cells at 72h, indicating a four-fold decrease in gene
expression. In these assays, the culture medium was
changed at 24h. Thus, it is likely that LPEI associated
with the cells may induce the perturbed gene expression
through the continuous interaction with intracellular
components even after the medium change at 24h to
remove excess polyplexes in the medium. In contrast, the
expression of these genes in the cells transfected by
P[Asp(DET)] retained constant even after 72h, all of
which were within 0.5 cycles compared to those of the
control cells. These results of the housekeeping gene
expressions suggest the sustained homeostasis through
the transfection process using P[Asp(DET)], leading to
constant cellular activity such as the polyplex uptake
(Fig. 3(a)), proliferation (Fig. 1(c)), and continuous gene
expression (Fig. 1(b)).

As was occasionally reported, polyplexes induce critical
cytotoxicity especially at higher N/P ratios, presumably
due to the presence of free polymers {24-26]. Although the
mechanisms are likely to involve various cellular responses
such as immunostimulation [27] and apoptosis [15,28], the
plasma membrane perturbation associated with the catio-
nic polymers may be an initial event that induces the
toxicity [28,29]. From our present results on LDH release
(Fig. 2), the disorder on the plasma membrane seems to
occur within 24h after the transfection with the LPEI
polyplex. In addition, the intracellular events that were
noticed as the change in the endogenous gene expressions
emerged after 72 h of transfection. It should be noted that
these events of the perturbed expression of endogenous
genes were inevitable even after further supply of the
polyplexes was halted by the medium change at 24h,
strongly suggesting that the free PEI remaining inside the
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cells after the polyplex dissociation may cause an unfavor-
able interaction with the intracellular components in a
time-dependent manner.

3.3. Transfection toward mouse calvarial cells and induction
of osteogenic differentiation

The data so far indicates the minimal cytotoxicity of
P[Asp(DET)], suggesting a feasible capacity in gene
delivery for therapeutic purposes. To assess this feasibility;
we evaluated the induction of cell differentiation by
exogenous gene introduction. pDNAs encoding bioactive
factors, caALK6 and Runx2, both of which were revealed
to induce the effective osteogenic differentiation [30], were
introduced in this way to mouse calvarial cells derived from
neonatal calvariae. The osteogenic differentiation was
evaluated by the expression of osteocalcin mRNA, a
specific osteoblast-differentiation marker. As shown in
Fig. 5, the time-dependent increase in osteocalcin expres-
sion was confirmed after the transfection of caALK6+
Runx2 using P[Asp(DET)]. In contrast, no sign of the
osteocalcin expression was observed by the LPEI polyplex
until Day 1. Notably, the GFP-encoding pDNA, a
negative control of differentiation, achieved almost iden-
tical GFP expression by the P[Asp(DET)] and LPEI
polyplexes, without apparent morphologic changes in the
targeted cells as observed under the microscope (data not
shown). It can be reasonably assumed that, with the same
transfection procedure, the osteogenic factors of caALK®6
and Runx2 were also expressed similarly inside the targeted
cells by the P[Asp(DET)] and LPEI polyplexes. Therefore,
the lack of osteocalcin induction by the LPEI polyplex is
considered to be due to the adverse effect on cell bioactivity
by LPEL In contrast, P[Asp(DET)] was revealed to be

caALK6+Runx2

GFP

relative osteocalcin expression
w
T

(Day) 5 11

P[Asp(DET)] LPEI

Fig. 5. Evaluation of osteocalcin mRNA expression by a quantitative
PCR. Osteogenic differentiation was induced on the mouse calvarial cells
by transfection of caALK6 and Runx2 (hatched bar) using P[Asp(DET)]
or LPEL As a negative control. a GFP (open bar) gene was used. Alter 5
or 11 days of transfection. the total RNA was collected and the osteocalcin
expression was estimated. Each data represents meantSD (n=3).
*P<0.05 and **P<0.01.

available for practical use in the induction of cell
differentiation.

4. Conclusions

In conclusion, although LPEI has been widely used for
gene introduction to various cell lines, the time-dependent
cytotoxicity, which perturbs cellular homeostasis, should
be carefully considered even though an appreciable
expression of the reporter gene was achieved. As exempli-
fied here in the osteogenic differentiation, impaired cellular
function gave a negative effect in the intracellular signal
transduction directing cell differentiation. This aspect of
toxicity should be carefully counted especially when gene
therapy is proposed to promote such cell functions as
differentiation. Worth noting in this regard is the excellent
capacity of the gene introduction of P[Asp(DET)]} with
minimal toxic effects, indicating that this system holds
much promise for the therapeutic applications of gene
therapy requiring safe and regulated gene expressions.
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Core-cross-linked polyion complex (PIC) micelles entrapping trypsin in the core were prepared by mixing trypsin
and poly(ethylene glycol)-block-poly(a,B-aspartic acid) in aqueous medium, followed by the introduction of
glutaraldehyde cross-linkages. Trypsin incorporated into the core-cross-linked micelles showed high storage
stabilities, and the initial enzymatic activity of trypsin was maintained even after standing for one week at ambient
temperature. Further, stable compartmentalization of trypsin into the core-cross-linked micelles led to a unique
modulation in the enzymatic functions including an improved thermal tolerability with an increased maximum

reaction rate compared to native trypsin.

INTRODUCTION

Immobilized enzymes have been utilized in numerous ap-
plications including bioreactors, biosensors, and therapeutics (/—
5). The major advantage of immobilized enzymes is an
improvement in the storage and operational stabilities, which
is especially crucial for proteolytic enzymes showing autolysis
reaction. Conventionally, solid and porous matrices, including
agarose, cellulose, and silica, have been used to immobilize
enzymes through physical adsorption or covalent attachment.
Also, water-soluble conjugates of enzymes with various poly-
mers have been prepared (6—9). A novel approach to the
immobilization of enzymes at the nanometric scale is the
supramolecular assembly of nanoreactors. Noteworthy in this
regard is the core—shell-type polyion complex (PIC) micelles
formed from block ionomers. Charged enzymes can be incor-
porated into PIC micelles driven by electrostatic interaction in
aqueous medium (J/0—13). Indeed, egg white lysozyme with
cationic character was successfully incorporated into the core
of PIC micelles through complexation with poly(ethylene
glycol)-block-poly(a,B-aspartic acid) (PEG-PAA). Lysozyme-
incorporated PIC micelles showed unique features including the
on—off switching of an elevated enzymatic reaction synchro-
nized with an external electric field. However, in the case of
entrapping proteolytic enzymes {e.g., trypsin) in the micelles,
autolysis was facilitated due to an increase in the local
concentration of the enzyme. This problem has been recently
overcome by the introduction of cross-linking into the core of
PIC micelles (/4). The tolerability of trypsin in PIC micelles,
which is a typical proteolytic enzyme that selectively cleaves

* To whom corresponding should be addressed. Prof. Kazunori
Kataoka, Department of Materials Engineering, Graduate School of
Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku Tokyo
113-8656, Japan, Tel: +81-3-5841-7138, Fax: +81-3-5841-7139,
e-mail: kataoka@bmw.t.u-tokyo.ac.jp. Dr. Atsushi Harada, Department
of Applied Chemistry, Graduate School of Engineering, Osaka
Prefecture University, 1-1 Gakuen-cho, Naka-ku, Sakai, Osaka 599-
8531, Japan, Tel & Fax: +81-72-254-9328, e-mail: harada@
chem.osakafu-u.ac.jp.

t Osaka Prefecture University.

* Graduate School of Engineering, The University of Tokyo.

¥ Center for NanoBio Integration, The University of Tokyo.

the bond adjacent to Lys and Arg, was dramatically improved
by introducing cross-linking in the core of the micelles.
Glutaraldehyde was used as a cross-linking reagent of the PIC
micelles prepared by mixing trypsin and PEG-PAA. The core-
cross-linked PIC micelles had a hydrogel core of nanoscopic
size, formed by the cross-linking of trypsin and PAA, and an
outer PEG shell layer. The core-cross-linked micelles might
provide unique features in the field of nanoscopic enzymatic
reactions.

Here, we studied in detail the enzymatic function of the core-
cross-linked PIC micelles entrapping trypsin. Note that the Schiff
base linkages in the cross-linked PIC micelles may undergo
reductive amination to form alkylamine linkages. The amidase
activity of entrapped trypsin in the micelle was evaluated by
colorimetric assays using L-lysine p-nitroanilide as a substrate,
both before and after the reductive amination. A remarkable
improvement in the storing stability of trypsin was observed as
a result of the compartmentalization of the enzyme into the
cross-linked core of the PIC micelles. Further, an appreciable
increase in the optimal temperature as well as a significantly
improved tolerance to urea in the enzymatic reaction were
achieved in the cross-linked micelles.

EXPERIMENTAL PROCEDURES

Materials. Poly(ethylene glycol)-poly(o.,S-aspartic acid) block
copolymer [PEG-PAA; 12000 g/mol of PEG Mw; 68 of
polymerization degree in PAA segment] was synthesized as
described previously (10). Bovine pancreas trypsin, L-lysine
p-nitroanilide and 3-methyl-2-benzothiazolinone hydrazone were
purchased from Sigma (St. Louis, MO) and used without further
purification. Sodium cyanotrihydroborate (NaBH3CN), Na-
HPO,12H,0, NaH,P04:2H,0, and 70% glutaraldehyde were
reagent grade and were purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Preparation of Core-Cross-Linked PIC Micelles Entrap-
ping Trypsin in the Core. Given amounts of trypsin and PEG-
PAA were separately dissolved in sodium phosphate buffer (10
mM; pH 7.4) at 4 °C. The solutions were mixed at the optimum
mixing ratio for PIC micelle formation, i.e., the ratio of the
number of Asp residues in PEG-PAA against the total number
of Lys and Arg residues in trypsin to be 0.75. The mixed
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solution was stored at 4 °C for 30 min, and then 70%
glutaraldehyde solution was added to prepare cross-linked
micelles with varying cross-linking ratios (GR). The cross-
linking ratio (GR) was defined as the residual molar ratio of
aldehyde group to lysine in the solution. The cross-linked PIC
micelle solution was then kept at 4 °C for 30 min. In order to
remove excess glutaraldehyde, the cross-linked PIC micelle
solution was dialyzed against buffer. The removal of free
glutaraldehyde was confirmed from the absence of aldehyde
species in the dialysate, as determined by colorimetric assay
using 3-methyl-2-benzothiazolinone hydrazone. Then, NaBH3-
CN was added to the solution to convert the Schiff base linkages
to alkylamine linkages by reductive amination. The reductive
amination step was also confirmed by colorimetric assay using
3-methyl-2-benzothiazolinone hydrazone.

Dynamic Light Scattering Measurements. Dynamic light
scattering (DLS) measurements were carried out using a DLS-
700 spectrometer (Otsuka Electronics Co., Lid., Japan) equipped
with an Ar ion laser (A = 488 nm) at 25 °C. The detection
angle was fixed at 90°. The average diameter and polydispersity
index were obtained by the cumulant method, and the size
distribution was obtained by histogram analysis.

Evaluation of Amidase Activity of Trypsin. The amidase
activity of trypsin was evaluated using L-lysine p-nitroanilide
as a substrate. The reaction rates of the native trypsin and trypsin
" incorporated into the core-cross-linked micelles were determined
by monitoring the change in the absorbance at 410 nm, where
the wavelength for the extinction coefficient of p-nitroaniline
after mixing of the trypsin solution and substrate solution is
8800 cm™! M~ The initial reaction rate was determined from
the slope of the change in the absorbance at 410 nm during the
period between 150 and 250 s after mixing.

RESULTS AND DISCUSSION

The cross-linkages in the core of PIC micelles, which were
prepared from trypsin and PEG-PAA, were introduced using
glutaraldehyde as cross-linking reagent for the stabilization of
the micellar structure. There is known to be two types of cross-
linkages in the cross-linking reaction of amine compounds by
glutaraldehyde: One is the Schiff base linkage formed between
the primary amino group of the Lys residue in trypsin and the
aldehyde group of glutaraldehyde, and the other cross-linkage
involves the formation of a quaternary pyridinium structure (see
Supporting Information). We have recently confirmed the
formation of the quaternary pyridinium structure for lysozyme-
entrapped PIC micelles cross-linked using glutaraldehyde by
spectroscopic analysis (15). Further, the quaternary pyridinium
structure might also be formed in trypsin-entrapped PIC micelles
cross-linked by glutaraldehyde. Reduction of the Schiff base
and pyridinium structure using NaBHCN as a reductant results
in the formation of saturated alkylamines, further stabilizing
the micelle structure due to the formation of the stable covalent
bonds. The nonreacted aldehyde groups in the core-cross-linked
PIC micelles were also reduced to hydroxyl groups by NaBH3-
CN treatment, which was confirmed by using 3-methyl-2-
benzothiazolinone hydrazone as an aldehyde-detecting reagent.
Figure 1 shows the size distribution of PIC micelles before and
after the reductive amination. Unimodal size distribution was
maintained even after this treatment. Also, the reduction process
induced no change in the average diameter and polydispersity
index (u/T'%), which were determined by the cumulant analysis
of dynamic light scattering measurements (69.6 nm, u/T? =
0.04 for the original sample; and 68.9 nm, u,/T? = 0.06 for the
sample after the treatment).

As an evaluation of the stabilized enzymatic function, the
storage stability of the amidase activity of trypsin was studied
by using L-lysine p-nitroanilide as a substrate. Figure 2 shows
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Figure 1. Size distributions of core-stabilized micelles before (a) and
after (b) reductive amination, as measured by dynamic light scattering
(GR = 100, detection angle 90°; temperature 25 °C).
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Figure 2. Time course of the enzymatic reaction rate of native trypsin
(®) and trypsin incorporated into nonreduced (A) and reduced ()
micelles at 25 °C. (Trypsin concentration 16.8 4M; substrate concentra-
tion 5 mM. The plots are presented as the average of three experiments
+ SD.)

the time-dependent change in the initial reaction rate for both
native trypsin and trypsin incorporated into the nonreduced and
reduced micelles. The initial reaction rate of native trypsin
immediately decreased due to autolysis, and there was no
detectable activity after 2 days incubation. On the other hand,
the trypsin incorporated into the nonreduced and reduced core-
cross-linked micelles maintained a constant reaction rate even
after 1 week incubation at 25 °C, indicating that the autolysis
of trypsin was effectively prevented due to being incorporated
into the core-cross-linked micelles. In the cross-linked core, the
migration of trypsin molecules was highly restricted, thereby
inhibiting their mutual contact. As a result, the autolysis of
trypsin was effectively inhibited. There was no difference in
the storage stability of trypsin activity between the nonreduced
and reduced micelles. This effect will be discussed later on the
basis of the enzymatic reaction constants. Further, it should be
noted that the reaction rate of the trypsin incorporated into the
core-cross-linked micelles was appreciably higher than that of
native trypsin, suggesting that the amidase activity of trypsin
might increase through the entrapment into the core of the



