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pancreatic tumor by systemic injection. CDDP/m prepared from optically

inactive PEG-poly(p,.-glutamate) (P(0,.Glu)), gradually disintegrated in the bloodstream, resulting in increased accumulation in liver and spleen and reduced
antitumor efficacy. Altematively, CDDP/m from optically active PEG-P((or n)Glu) maintained micelle structure during circulation, and eventually attained selective
tumor accumulation while reducing nonspecific distribution to liver and spleen. Circular dichroism and small-angle X-ray scattering measurements indicated
regular bundled assembly of ci-helices in the core of (DDP/m from PEG-P(wor n)Glu), which is suggested to stabilize the micelle structure against dilution in
physiological condition. CDDP/m suffered corrosion by chlorides in medium, yet the optically active micelles with oc-helix bundles kept the micelle structure for
prolonged time, with slowly releasing unimers and dimers from the surface of the bundled core in an erosion-like process, as verified by ultracentrifugation
analysis. This is in sharp contrast with the abrupt disintegration of CDDP/m from PEG-P(o,.Glu) without secondary structures. The tailored assembly in the core of
the polymeric micelles through regular arrangement of constituting segments is key to overcome their undesirable disintegration in bloodstream, thereby
achieving efficient delivery of loaded drugs into target tissues.
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through self-assembly of amphiphilic

block copolymers have high potential
for biomedical application due to their cap-
ability of tailoring their structural and func-
tional features by engineering the assembly
mode of the building blocks." ¢ Although
precise control of the structure and function

Supramolecular nanoarchitectures built
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of nanoassemblies is still challenging, in
nature, biological macromolecules, such as
polypeptides, present well-defined spatial
arrangements constructed via hierarchical
assembly from secondary structures, such
as a-helix and f-sheet, to higher-order
structures, which uniquely provide them
with sophisticated biological functions.
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Taking advantage of these biological macromolecules,
there have been many approaches of utilizing poly-
peptide-based block copolymers to prepare supra-
molecular nanoassemblies with targeted structural
and biological properties.”'® Because of the ability
of polypeptides to form higher-order structures, the
polypeptide segments of these block copolymers
allow tuning the spatial arrangements,”® which can
determine the structural stability and function of the
nanoassemblies.

Among promising nanoassemblies, polymeric mi-
celles constructed from poly(ethylene glycol) (PEG)-
polypeptide block copolymers have shown high po-
tential as targeted nanomedicines.'®'" The core—shell
nanostructure of polymeric micelles is a substantial
advantage for delivering bioactive payloads to dis-
eased tissues, as they can incorporate a broad variety
of molecules within their core,'" while the PEG shell
protects the cargo and prolongs the half-life of the
micelles during blood circulation by avoiding interac-
tion with the surrounding biological environments.'?
Polymeric micelles prepared from PEG-b-poly(aspartic
acid) and PEG-b-poly(glutamic acid) copolymers, in-
corporating antitumor drugs chemically conjugated to
the polypeptide blocks, have been used as drug deliv-
ery systems, showing high stability and long circulation
in the bloodstream,'*'* and selectively accumulating
in tumor tissues."> "> Thus, several polymeric micelles
incorporating antitumor drugs are currently under hu-
man clinical evaluations, showing enhanced antitumor
efficacy and reduced side effects.'* "¢ The successful
pharmaceutical properties of these polymeric micelles
could be related to the structure of their core, which
consists of the polypeptide blocks. As polypeptides
consisting of monomer units with identical con-
figuration have tendency to adopt secondary struc-
tures in their backbones, the assembly of the polymeric
micelles may be built from secondary structures in a
similar way as proteins, in turn modulating the phys-
icochemical properties of the polymeric micelles, such
as their critical association concentration, associa-
tion number, size distribution and stability,”® which
may directly affect their biological performance. While
research focusing on developing drug delivery systems
has been most often directed at the chemical mod-
ification of polymer chains by introducing hydropho-
bic groups, polar groups or cross-linking for improving
the stability of the carriers,'*'° little attention has
been paid on the effect of secondary structures of
polymer chains on the drug delivery performance of
nanomedicines.

In this study, we examined the secondary and higher
order structures in cisplatin-loaded polymeric micelles
(CDDP/m) as successful carriers, which are being eval-
uated in phase Ill human clinical trials in several
countries,'®"” to clarify the effect of these structures
in the biological performance of polymeric micelles.

MOCHIDA ET AL.

CDDP/m are self-assembled through the coordination
bonds between carboxylate moieties of PEG-b-poly-
(t-glutamic acid) (PEG-b-P(.-Glu)) copolymer and cis-
platin in water, which cancels the negative charges
of the carboxylates and increases the hydrophobicity
of the poly(L-glutamic acid) (P(L-Glu)) blocks. Thus, the
core of CDDP/m is composed of cisplatin-conjugated
P(Glu) blocks, which may adopt secondary structures
via hydrogen bonds between backbone amides. To
clarify the significance of the secondary structure
in the CDDP/m, three types of PEG-b-P(Glu) with dif-
ferent optical activity, i.e., PEG-b-Poly(L-glutamic acid)
(.-Polymer) and PEG-b-poly(p-glutamic acid) (o-Polymer),
which can form regular secondary structures, and PEG-b-
poly(p,.-glutamic acid) (o,.-Polymer), which adopts
mainly random conformation, were synthesized and
used for preparing a series of CDDP/m (L-, p- and p,L-
CDDP/m, respectively). Thus, by focusing on the
differences in the secondary structure of the P(Glu)
block, the formation process, the structural character-
istics, and the physicochemical properties of the series
of CDDP/m, as well as their ability as tumor-targeted
drug carriers, were comprehensively examined to illus-
trate the significance of tailoring secondary structures
as a novel and universal strategy for constructing
supramolecular nanomedicines with improved drug
delivery performance.

RESULTS AND DISCUSSION

Synthesis and Characterization of Polymers. N-Carboxy-
anhydride of y-benzyl L-glutamate (NCA-BLG) and
N-carboxyanhydride of y-benzyl p-glutamate (NCA-
BDG) were polymerized from the w-NH, group of PEG
via ring-opening polymerization to afford optically
pure PEG-b-poly(y-benzyl L-glutamate) (PEG-b-PBLG)
and PEG-b-poly(y-benzyl p-glutamate) (PEG-b-PBDG),
respectively. Similarly, PEG-b-poly(y-benzyl p-glutamate)
(PEG-b-PBDLG) was synthesized from the equimolar mix-
ture of NCA-BLG and NCA-BDG monomers. Gel permea-
tion chromatography of these polymers showed the
formation of narrowly distributed block copolymers
(Mw/M,, = 1.03, 1.03, and 1.07 for PEG-b-PBLG, PEG-b-
PBDG and PEG-b-PBDLG, respectively) (Figure S1, Sup-
porting Information). Benzyl groups were deprotected
with 5-fold molar mass of NaOH to the benzyl ester units
via alkali hydrolysis. Complete deprotection was con-
firmed by the absence of the peaks of benzyl group on
the "H NMR spectra (Figure S2, Supporting Information).
By comparing the integration of the methylene protons
in the PEG block with that of o, # and y protons in the
P(Glu) block, the degree of polymerization of the P(Glu)
block was calculated to be 40 for every polymer.

To confirm the ability of P(Glu) block of - and
p-Polymer to adopt regular secondary structure, circular
dichroism (CD) spectra of these block copolymers were
recorded at acidic condition, as homo poly(L-glutamic
acid) is known to adopt a-helix at acidic pH below the
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Figure 1. Circular dichroism spectra of (a) .-Polymer, (b) p-Polymer, and (c) o,.-Polymer in aqueous solution at pH 7.0 (black)

and 2.0 (red).

pK, of the carboxylic moieties.'”® The CD spectra of
L- and p-Polymer showed double minima and double
maxima at 208 and 222 nm at pH 2.0, respectively,
indicating the formation of right-handed a-helix in
L-Polymer and left-handed o-helix in p-Polymer, while
both polymers presented random coil conformation at
neutral condition (Figure 1a,b). Conversely, CD signal
from p,L-Polymer was not detectable because the
signals were canceled due to the racemic composition
(Figure 1c). Moreover, 'H NMR spectra of the polymers
in D,O were recorded to confirm their secondary
structure at pD 2.0 (Figure S3, Supporting Information),
as it was reported that the peak derived from
Cy protons of the P(Glu) blocks shifts to higher
magnetic field upon o-helical formation.'® At pD
2.0, the peak of C, protons of the L-Polymer and
p-Polymer split into two peaks, which indicates the
presence of both a-helix and random conformation,
while that of p,.-Polymer remained unchanged, sug-
gesting random conformation (Figure S3, Supporting
Information)."®

Formation Process of Cisplatin-Loaded Micelles ((DDP/m). As
we reported previously, the complexation of cisplatin
with the carboxylate moieties of L-Polymer in aqueous
solution leads to the formation of L-CDDP/m.%° Herein,
to examine the ability of the series of PEG-b-P(Glu) to
form CDDP/m, and to obtain insights on the resulting
structure, the formation process of these micelles was
followed by spectrometry.

First, the assembly process of the block copolymers
was examined by static light scattering (SLS). Scattered
light intensity of the cisplatin/PEG-b-P(Glu) mixture
was monitored and converted to excess Rayleigh ratio
(AR(90°)), which is proportional to the weight-averaged
molecular weight and concentration of solutes.?’ A sig-
nificant increase in AR(90°) value was observed for
every formulation (Figure 2a), indicating that all types
of the block copolymers were able to assemble into
micelles by the conjugation of cisplatin regardless of
their configuration in the P(Glu) blocks. Noteworthy
is that the solutions of - and p-Polymer showed an
accelerated increase in the AR(90°) value after 5 h, while

MOCHIDA ET AL.

the AR(90°) value for p,L-Polymer solution increased
linearly for 48 h (Figure 2a, inset).

To investigate the cause of this difference, the
reaction of cisplatin with the series of PEG-b-P(Glu)
was examined by UV spectrometry, as it was reported
that square planar platinum complexes display UV
absorbance in the 250 nm region due to d-d electronic
transitions, and their wavelength varies with the type
of the coordinating ligands.?* According to our pre-
vious study, the reaction of cisplatin with the carboxy-
late moieties of PEG-b-poly(a,3-aspartic acid) gives rise
to the UV absorbance at 249 nm.> Thus, we followed
the complexation of cisplatin with the series of PEG-b-
P(Glu) in water by measuring the UV absorbance at
249 nm over time (Figures 2b and S4, Supporting
Information). Within the initial 24 h, every solution
showed comparable increase in the absorbance, which
indicated that the reaction of cisplatin proceeded
similarly and, therefore, that there were other factors
which caused the accelerated increase of AR(90°) value
after 5 h for .- and p-Polymer (Figure 2a).

Conjugation of cisplatin to the negatively charged
carboxylates on the P(Glu) blocks could lead to the
cancellation of their electrostatic repulsion, which may
induce the formation of secondary structures in the
P(Glu) backbones. Thus, the CD spectra of the aqueous
solution of cisplatin/block copolymer mixtures were
followed to monitor the induction of secondary struc-
ture in the P(Glu) blocks. For .-Polymer, the CD spec-
trum showed random coil structure at the beginning,
followed by the gradual decrease in the mean residue
ellipticity at 208 and 222 nm ([0l and [6]522,
respectively) (Figure 2¢), indicating the formation of
right-handed a-helix. The time course of the [6]55,
value, which is proportional to the a-helical content,
showed relatively fast formation of o-helix until 5 h
followed by its gradual development until 24 h
(Figure 2d). p-Polymer showed comparable increase
of the [6],5, value with L-Polymer, but on the opposite
direction of the signal (Figure 2d), indicating the
formation of left-handed a-helix at a rate similar to
L-Polymer. In addition, for both L-Polymer and p-Polymer,
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Figure 2. Formation process of cisplatin-loaded micelles (CDDP/m) prepared from a series of PEG-b-P(Glu) (.-Polymer,
p-Polymer and p,L-Polymer). (a) Variation in excess Rayleigh ratio (AR(90°)) over time. The inset in (a) shows the magnification
for the initial 14 h. Data are the mean & SD, n = 3. *P < 0.005. (b) Variation in UV absorbance at 249 nm over time. Data are the
mean =+ SD, n = 3. (¢,d) Variation over time in (c) circular dichroism spectra and (d) mean residue ellipticity at 222 nm ([0],,,).
Data are the mean =+ SD, n = 3. All the data were collected during the reaction of cisplatin with a series of PEG-b-P(Glu) in

aqueous solution ([Pt] = [Glu] = 5 mM) at 37 °C.

approximately half of the whole process of a-helix
formation proceeded by 5 h (Figure 2d), which corre-
sponded with the starting point of the accelerated
increase in AR(90°) value (Figure 23, inset). As racemic
p,L-Polymer did not show such rapid increase in the
AR(90°) value (Figure 2a, inset), the formation of
a-helix in the P(Glu) blocks may assist the assembly
of L- and p-Polymer into micelles, probably due to the
exclusion of water molecules from the amide groups
of the P(Glu) backbones.** Moreover, the time courses
of the [6],,, value observed for - and p-Polymer were
consistent with the increase in the UV absorbance
at 249 nm (Figure 2b,d), implying the crucial role of
cisplatin in the induction of a-helix. As the hydrolysis
of cisplatin liberates protons, there may be a possibility
of inducing a-helix due to pH drop.?> Thus, to estimate
this possibility, the a-helix content in L-Polymer with-
out cisplatin was evaluated by CD spectrometry at pH
5.2, which corresponded to the pH of the cisplatin/
polymer solution after 120 h. The spectrum showed the
major presence of random conformation along with
a minor contribution from o-helix, as observed in the
2.8 times less magnitude in the [0],,, value than the
spectrum of L-Polymer/cisplatin solution after 120 h

MOCHIDA ET AL.

reaction (Figure S5, Supporting Information). Accord-
ingly, during the formation of CDDP/m, o-helix was
induced in L-Polymer by cisplatin complexation of the
flanking carboxylates in the P(Glu) block with minor
contribution from the protonation of the carboxylates.

Morphology and Molecular Weight of Micelles. The series
of cisplatin/PEG-b-P(Glu) mixture reacted for 120 h
were purified through ultrafiltration to obtain pure L-,
p- and p,.-CDDP/m for studying their structural char-
acteristics. Cumulant analysis of dynamic light scatter-
ing (DLS) revealed that every type of micelles has a
comparable hydrodynamic diameter of approximately
25 nm with low polydispersity index (Table 1). More-
over, under transmission electron microscopy (TEM),
the core of micelles was observed by positive-staining
with uranyl acetate, as their PEG shell cannot be
observed due to the lower electron density compared
to the stained core. The obtained TEM pictures showed
the nearly spherical and monodispersed core of the
micelles with an average diameter of 9.3—9.4 nm
(Figure 3 and Table 1). It is worth noticing that the
distribution of the core diameter of p,.-CDDP/m was
relatively broader than that of .- and p-CDDP/m
(Figure 3d—f).
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TABLE 1. Structural Characteristics of Cisplatin-Loaded Micelles (CDDP/m)

yield® (%)
micelle rnicene” (NM) PdI® deore’ (NM) [PtY/[Glu]’ (mol/mol) Pt polymer ' % helix?
1-(DDP/m 2441 0.062 £ 0.01 93+ 14 0.69 + 0.03 3142 4542 18 67 £3
p-CDDP/m 2441 0.082 £ 0.02 93+ 16 0.70 % 0.07 34+3 8+ 18 65+ 5
0,.-CDDP/m 2541 0.11 & 0.03 94420 0.92 % 0.06 20+1 N+1 3 —

“ Weight-averaged hydrodynamic diameter measured by dynamic light scattering (DLS) at 25 °C. Data are the mean =& SD; n = 3. b Polydispersity index (Pdl) measured by DLS
represented by an equation: Pdl = z,/T"%, where ., is numerical constant at the second cumulant, and T"is the average line width of an electric field autocorrelation function. Data are
the mean == SD; n = 3. Diameter of core of micelles measured from the image obtained by transmission electron microscopy (n = 200). 9 Molar ratio of platinum atoms to glutamate
residues in micelles. Data are the mean = SD; n = 3.  Yield of micelles based on either platinum or polymer. Data are the mean == SD; n = 3. "Number of polymers associated in a
micelle. ? Percent of at-helix in P(Glu) blocks calculated by the following equation: % helix = ({612 — [0y R/ (O34 — [Olazp) (where [0, is the measured mean residue
ellipticity of the micelles at 25 °C, [@]y,z and [O],, are the mean residue ellipticity of poly(glutamic acid) at 222 nm with 100% random and 100% helix, respectively.)
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Figure 3. Core morphology of a series of cisplatin-loaded micelles (CDDP/m) observed by transmission electron microscopy
(TEM). Upper panels show positively stained TEM pictures of (a) L-CDDP/m, (b) o-CDDP/m and (c) b,.-CDDP/m. Lower panels
show the number-based distribution of the core diameter of (d) .-CDDP/m, (e) o-CDDP/m and (f) o,.-CDDP/m calculated from
the corresponding TEM pictures. The cores of the micelles were stained with 2% uranyl acetate. Data are n = 200.

This slight difference in the distribution of the core respect to the mass. In our study, first, the v values
diameter of the micelles could be sensitively reflected of the micelles were determined from the linear re-
on the distribution of their molecular weight, which gression of a density-concentration profile of micelles
can be estimated by the sedimentation velocity (SV) (Table 2). The smaller vvalues obtained for p,.-CDDP/m
method of analytical ultracentrifugation. The SV meth- may be attributed to the higher loading of cisplatin
od is widely used to estimate the distribution of sedi- for these micelles than for L- and b-CDDP/m (Table 1).
mentation coefficient of biological polymers by fitting The observed time variation of the sedimentation
the measured time variation of the sedimentation boundary was successfully fitted to the Lamm equa-
boundary to the equation of motion for sedimentation tion and provided the weight- and number-averaged
phenomena, that is, the Lamm equation.?® Thereafter, molecular weight of the micelles (M,, and M,,
the sedimentation coefficient can be converted to respectively) (Table 2). Accordingly, .- and p-CDDP/m
molecular weight by using their partial specific volume had similar low polydispersity in molecular weight
(7), which is the partial derivative of the volume with (M\/M.,,), which was lower than p,.-CDDP/m, as listed in

MOCHIDA ET AL. VOL.8 = NO.7 = 6724-6738 = 2014 A@MNK)

WWww.acsnano.org

J1D]Le

6728



Table 2. These results are consistent with the narrower
distribution of the core diameter for .- and o-CDDP/m
than for p,-CDDP/m (Figure 3d—f), suggesting that
uniform micelles were obtained when the P(Glu) blocks
adopted o-helical structure. The validity of these SV
results was further confirmed by the similar M,, values
determined by sedimentation equilibrium method
(Table 2), which is conventionally applied for the
determination of weight-averaged molecular weight
of polymers.

The amount of cisplatin and polymers incorporated
in the micelles was examined by inductively coupled
plasma mass spectrometry (ICP-MS) and by measuring
the weight of dried micelles, respectively, and pre-
sented as the molar ratio of cisplatin to the glutamate
residues ([Ptl/[Glu]) in Table 1. .- and p-CDDP/m
showed comparable [Ptl/[Glu] values, which were
smaller than the value for p,.-CDDP/m. As p,.-CDDP/m
formed without additional hydrophobicity by o-helix
formation (Figure 2a), further conjugation of cisplatin
may be necessary for p,.-Polymer to associate into
micelles. Therefore, only the polymers with relatively
high [Pt]/[Glu] value could associate into micelles,
as indicated by the relatively low yield of p,.-CDDP/m

TABLE 2. Partial Specific Volume and Molecular Weight of
a Series of Cisplatin-Loaded Micelles (CDDP/m)

velocity’ equilibrium*
micelle 7 (cm?/g) M, M, MM, My
1-(DDP/m 0608  44x10° 34x10° 13  43x10°
p-CDDP/m 0610  44x10° 34x10° 13  43x10°
o-CODP/m 0577 63 x10° 32x10° 20  65x 10°

% Partial specific volume of micelles determined by densimetry. ® Weight-averaged
and number-averaged molecular weight (M,, and M,, respectively) of micelles
estimated by sedimentation velocity method of analytical ultracentrifugation.
“Weight-averaged molecular weight of micelles estimated by sedimentation
equilibrium method of analytical ultracentrifugation.

(a)

5

4 ——L-CDDP/m
3 34 ~———D-CDDP/m
5 24
g 0
kel
5 -1
T 2

-3

-4

-5

190 200 210 220 230 240 250
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(Table 1), i.e., the percentage of the amount of cisplatin
or polymers incorporated in the micelles compared
to the fed amount. In addition, by dividing the M,, of
the micelles by the corresponding molecular weight
of polymer-cisplatin conjugates, which was derived
from the molecular weight of the polymers and the
[Pt)/[Glu] values (Table 1), the weight-averaged asso-
ciation number of polymers in a single micelle, N, was
calculated and listed in Table 1 for further discussion of
the structure of the micelles.

Nanostructure in the Core of Micelles. As mentioned
above, right- and left-handed o-helix were
duced in the P(Glu) blocks during the formation of
- and p-CDDP/m, respectively (Figure 2c,d). Herein,
the arrangement of these secondary structures in the
core of these CDDP/m was investigated. First, the
geometric feature of a-helices in the P(Glu) block of
- and p-CDDP/m was quantitatively analyzed by CD
spectrometry. CD spectra of .- and p-CDDP/m pre-
sented similar magnitudes on opposite sides, indicat-
ing optically symmetric conformations of the P(Glu)
blocks (Figure 4a). The [6],,, value revealed that the
a-helical content of the P(Glu) blocks was approxi-
mately 65% for both micelles (Table 1), showing that
26 residues out of 40 residues of a P(Glu) block adopt
a-helix on average. Because o-helix has a translation
of 0.15 nm per residue along the axis,?” and molecular
modeling indicated that the diameter of the a-helix
of the cisplatin-conjugated P(Glu) is 1.5 nm (Figure S6,
Supporting Information), we can regard the a-helix as a
cylinder with 3.9 nm (= 0.15 nm x 26) of height and
1.5 nm of diameter.

Second, aqueous solution of (-CDDP/m was fur-
ther examined by small-angle X-ray scattering (SAXS)
to obtain insights on the arrangement of cylindrical
a-helices in the core of the micelles. SAXS profiles
of L-CDDP/m presented three distinct peaks around
g=02,05,and 5 nm™~" (Peak 1, 2 and 3, respectively)

(b)

in-

Peak 1
| Peak2
100000 1 v
E e, l 4 50 mg/ml
j o, m 40 mg/ml
10000 g A 30 mg/ml
@ 20 mg/ml
= 4 % 10 mg/ml
« 1000 3
> E Peak 3
@ ]
o 100
£ El
10 5
1 T
0.1 1

q (nm™)

Figure 4. Secondary structures and their assembly in the core of cisplatin-loaded micelles (CDDP/m). (a) Circular dichroism
spectra of L-CDDP/m and p-CDDP/m at 25 °C. (b) Small angle X-ray scattering (SAXS) profiles of .-CDDP/m at different
concentration. The solid black lines indicate the positions of the peak tops. The profiles were arbitrarily shifted along the
vertical axis.
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Cisplatin-loaded micelle -~
(L.-CDDP/m) a-helix

P(GIU)

1----2 , cppp

Scheme 1. Proposed hierarchical structure of cisplatin-loaded micelles (CDDP/m) prepared through the self-assembly of
poly(ethylene glycol)-b-poly(L-glutamic acid) [PEG-b-P(Glu)] after polymer-metal complex formation with cisplatin. The core
of the micelles is composed of 18 P(Glu) blocks, which form associated o-helix bundles, being surrounded by a PEG shell. The

carboxylates in the P(Glu) blocks coordinate with cisplatin.

(Figure 4b), which were resolved by computer-assisted
peak fitting (Table S1, Supporting Information). Second
derivative spectra of the SAXS profiles visually con-
firmed the presence of Peak 2 (Figure S7, Supporting
Information). Peak 1, which gives a spacing of approxi-
mately 30 nm (Table S1, Supporting Information),
shifted to higher g direction as the concentration of
the micelles increased, probably due to intermicellar
interference caused by high concentration (>10 mg/
mL). Conversely, Peak 2 and 3, which correspond to a
spacing of 13.5 and 1.24 nm, respectively, did not shift
with concentration (Table S1, Supporting Information)
and, thus, can originate from the structure of the
micelles. As a form factor of core—shell particle with
corresponding size to L-CDDP/m gives shoulder
around g = 0.5 nm~" (Figure S8, Supporting Infor-
mation), Peak 2 is probably derived from the core—
shell structure of the micelles. In contrast, the signifi-
cantly small length scale of Peak 3 indicates that Peak 3
may be derived from the internal structure of the core
of the micelles. As indicated in the micelle forma-
tion study, a-helices provide the P(Glu) segments
with increased hydrophobicity, which may allow the
a-helical P(Glu) segments to localize at the deep core
region of the micelles for avoiding the unfavorable
interaction with surrounding water. Thereafter, due to
the inherent tendency of cylindrical a-helices to later-
ally align with each other,®3° these a-helical P(Glu)
segments may be arranged in a bundle structure,
which is supported by previous SAXS observations on
multihelix bundles showing peaks comparable to Peak
3 due to interhelical interference.’ Moreover, if the
closest arrangement of o-helices is assumed, Peak 3
may be produced by the diffraction plane of this
hexagonal lattice,? giving an interhelical distance of
143 nm (= 1.24 nm x 2/+/3) (Scheme S1, Supporting
Information), which is possible because the diameter
of the cisplatin-conjugated a-helix of P(.-Glu) is 1.5 nm.
In addition, from the CD spectrum of .-CDDP/m, the
lateral alignment of a-helices was further supported
by the ratio of the mean residue ellipticity at 222 nm
and at 208 nm ([0],2,/[0]20s = 1.1) (Figure 4a), which
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indicates the presence of lateral interaction of a-helices
when the value is close to or larger than 1.0.3% All these
results support that a-helices are arranged in a bundle
structure in the core of .-CDDP/m.

By summarizing the above-mentioned structural re-
sults, the following hierarchical assembly for .-CDDP/m
was proposed: initially, the conjugation of cisplatin to
the carboxylate groups of the P(Glu) blocks increased
hydrophobicity of the segment, followed by the addi-
tional increase in hydrophobicity due to the formation
of a-helix, probably due to the exclusion of water
molecules from the backbone amides,** leading to the
self-assembly of the cisplatin conjugated block copoly-
mers into core—shell polymeric micelles with uniform
size (Figures 2 and 3 and Table 1); upon the assembly
of the micelles, the hydrophobicity of o-helices and
their tendency to align laterally?® > may promote the
formation of an a-helix bundle in the deep core region
of the micelles to avoid unfavorable interaction with
surrounding water. Thus, flexible P(Glu) segments in
random conformation are placed between the a-helical
P(Glu) bundle and the hydrophilic PEG chains (Scheme
S2a, Supporting Information), allowing spherical shape
of the micelle core (Figure 3a). Therefore, taking into
consideration that the average association number
of a micelle was 18 (Table 1), we propose the total
structure of L-CDDP/m in Scheme 1. The rationality of
the proposed model was further discussed in Scheme S2
(Supporting Information) from the viewpoint of its
structural dimension.

Disintegration of Micelles in Physiological Conditions. Poly-
meric micelles as tumor-targeted drug delivery sys-
tems require physicochemical properties capable
of maintaining the micellar structure in blood and
preventing release of the loaded drugs until reaching
the tumor tissues. As reported previously, CDDP/m
show sustained disintegration process in physiological
condition, which initiates with the release of cisplatin
by the reaction of chloride ions with the cisplatin
complexed to the carboxylates in the P(Glu) blocks
of PEG-b-P(Glu), followed by the disassembly of the
micellar structure due to the increased electrostatic
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Figure 5. Disintegration of the series of cisplatin-loaded micelles (CDDP/m) in physiological condition (10 mM phosphate
buffer solution containing 150 mM NaCl (pH 7.4) at 37 °C). (a) Release profiles of free cisplatin. Data are the mean + SD, n = 3.
(b) Variation in relative scattered light intensity at a detection angle of 90° normalized to the initial value. Data are the mean +
SD, n = 3. (c) Correlation between relative scattered light intensity and fraction of cisplatin-conjugated glutamate residues
([Pt]/[Glu]) during disintegration process. (d) Variation in CD spectra of L-CDDP/m. The inset shows variation in mean residue
ellipticity at 222 nm ([0],5,). (e,f) Variation in distribution of sedimentation coefficient of (e) .-CDDP/m and (f) o,.-CDDP/m
analyzed by sedimentation velocity method of analytical ultracentrifugation. The insets in (e) and (f) are the magnification at
the region of small sedimentation coefficient for the first 48 h. (g,h) Discharge of (g) unimers and (h) dimers from the micelles.

repulsion and decreased hydrophobicity.”® Herein,
to reveal the roles of a-helix bundles in the core of
CDDP/m in this disintegration process, the drug release
and disassembly process in physiological conditions,
i.e., phosphate buffered saline containing 150 mM NaCl
(PBS; pH 7.4) at 37 °C, were investigated for the series
of CDDP/m.

The release of cisplatin from CDDP/m was exam-
ined by dialyzing the micelles against PBS, followed
by the quantification of the released cisplatin by ICP-
MS. As the dialysis membrane has a molecular weight
cutoff size of 1000 Da, which is much smaller than the
molecular weight of polymers, only free cisplatin was
followed here. L- and p-CDDP/m showed similar linear
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increase of released cisplatin in a sustained fashion,
while p,.-CDDP/m showed relatively accelerated and faster
release than the other micelles after 10 h (Figure 5a). As
the release of cisplatin is expected to destabilize the
micelle structure, the disassembly of CDDP/m in similar
conditions was monitored by following the scattered
light intensity, which was normalized to the initial
intensity. For L- and p-CDDP/m, the scattered light inten-
sity gradually decreased over 96 h, whereas o .-CDDP/m
showed a progressive decrease in the scattered light
intensity after 10 h (Figure 5b). The contrasting profiles
of the intensity-time curves suggest that the process
governing the disassembly of L- and b-CDDP/m may be
different from that of b,.-CDDP/m. Moreover, to compare
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the structural stability of the series of CDDP/m, the
relative scattered light intensity obtained at each time
point in Figure 5b was plotted against the fraction
of cisplatin-complexed glutamate residues ([Pt]/[Glul)
at the corresponding time (Figure 5¢), which was calcu-
lated from the initial [Pt]/[Glu] ratio and the amount
of released cisplatin (Table 1 and Figure 5a). The profiles
in Figure 5c showed that p,.-CDDP/m needed higher
amount of cisplatin conjugated to the P(Glu) blocks than
L- and o-CDDP/m for maintaining their assembled struc-
ture, indicating the higher structural stability of .- and
p-CDDP/m. From these results, it is reasonable to con-
clude that the process of disintegration and structural
stability of CDDP/m is regulated by the packaging state
of P(Glu) strands in the core of the micelles, as .- and
D-CDDP/m have an ordered core structure based on
a-helix bundles, which is in complete contrast to the
random aggregation of P(Glu) strands in p,.-CDDP/m.
Then, to estimate the change in the secondary structure
of L-CDDP/m during the disintegration process, CD
spectra of .-CDDP/m was monitored under similar con-
ditions. The isodichroic point at 205 nm (Figure 5d),
which is indicative of two-state transition, and gradual
decrease in the absolute [6],,, value (Figure 5d, inset)
showed that the a-helices in the .-CDDP/m gradually
shifted to random conformation in a linear fashion
probably due to the increased electrostatic repulsion
among the charged carboxylates of the P(.-Glu) blocks
accompanying the release of cisplatin. Nevertheless,
even after 96 h, the a-helical content in the P(L-Glu)
blocks remained higher than 40%, as calculated from
the [0],5, value (Figure 5d, inset). These observations
confirmed that a significant amount of a-helices were
retained in the P(Glu) blocks during the disintegration
process of L-CDDP/m, and suggest a critical role of the
a-helix bundles in the disassembly mechanism of the
micelles.

To investigate the contribution of the o-helix bun-
dles in the disassembly process of the micelles, the
pathway of disassembly was examined in detail by
applying the SV method of analytical ultracentrifuga-
tion to the micelle solutions collected at defined
time points during the disassembly study. The varia-
tion in the distribution of the sedimentation coefficient
for - and p,.-CDDP/m showed that two peaks, corre-
sponding to unimer and dimer of cisplatin/polymer
conjugates (Table S2, Supporting Information), emerged
over time regardless of the configuration of the P(Glu)
blocks with a gradual shift of the peak derived from
multimolecular assemblies (micelles) toward lower sedi-
mentation coefficient (Figure 5e,f). From these profiles,
the weight fraction of the unimers and dimers dis-
charged into the solution was calculated and plotted
against time for every micelle formulation (Figure 5g,h).
In the final phase after 96 h incubation, even though
90% of the polymers were discharged as unimers and
dimers from the micelles, only 45—50% of cisplatin was
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released as free drug, indicating that half of the total
amount of cisplatin was still bound to the discharged
unimers and dimers. Moreover, while - and p-CDDP/m
showed a gradual and relatively constant discharge of
unimers and dimers over time range of 72 h, there was
an accelerated discharge of unimers and dimers from
p,.-CDDP/m even after 10 h, which correlated with the
starting time point of the progressive decline in scat-
tered light intensity (Figure 5b). According to Figure 5a,
approximately 10% of cisplatin was released from
p,.-CDDP/m after 10 h, corresponding to a [Pt]/[Glu] ratio
of 0.83, the value below which the disassembly of
p,.-CDDP/m should be promoted, according to
Figure 5c. In addition, p,.-CDDP/m showed increased
release of cisplatin from 10 h compared to the other
micelles. Therefore, the decrease in the hydrophobicity in
the core of p,.-CDDP/m due to the initial cisplatin release
until 10 h possibly promoted the penetration of water
and chloride ions into deep regions of the core, leading
to an accelerated release of cisplatin accompanied by an
abrupt disassembly of the micelles (Scheme 2). Conver-
sely, the presence of robust a-helix bundles in the core of
- and p-CDDP/m, which can further stabilize the struc-
ture by close association of hydrophobic a-helices, may
maintain the hydrophobicity of the interior of the core
even after release of cisplatin from the outer layer of
the bundled assembly, preventing the penetration of
chloride ions into deep core region. As a result, the
release of cisplatin and discharge of unimers and dimers
could gradually proceed from the outer layer of the core
to its interior in an ordered manner (Scheme 2). This
erosion-like disintegration process was supported by the
long-term constant rate of drug release and disassembly
observed for .- and p-CDDP/m in physiological condi-
tion (Figure 5a,b,g,h). Consequently, the presence of the
o-helical bundles in the core of CDDP/m highly impacted
on the disintegration process of the micelles by control-
ling the release of drugs, the ordered discharge of
polymers and the maintenance of micelle structure in
physiological conditions for a prolonged period, thus,
offering a potent strategy for regulating the biological
properties of the micelles as nanomedicines.
Biodistribution. Selective delivery of cisplatin to tu-
mor tissues is required for achieving high therapeutic
efficacy of CDDP/m with reduced systemic toxicity.
This specific tumor accumulation can be achieved by
utilizing the enhanced permeability and retention
(EPR) effect, which is based on the augmented accu-
mulation of macromolecules in tumor tissues due
to the higher permeability of tumor vasculature than
normal vasculature, and the retention of these macro-
molecules in tumors due to the impaired lymphatic
drainage.* Thus, it is necessary for CODP/m to present
a prolonged blood circulation, while preventing non-
specific distribution to the untargeted sites, for max-
imizing their accumulation in tumor tissues. Herein, the
plasma clearance of the series of CDDP/m in relation to
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Scheme 2. Disintegration process of cisplatin-loaded micelles (CDDP/m) prepared from L- and p,.-Polymer. While the
disintegration of p,.-CDDP/m without a-helix bundles in the core involved accelerated release of cisplatin and discharge of
unimers and dimers, leading to the abrupt disassembly of the micelles, the disintegration of .-CDDP/m proceeded gradually
through an erosion-like process, where the release of cisplatin and discharge of unimers and dimers may proceed from the

periphery of the bundled core to its interior.

their distribution to blood cells, organs responsible for
the elimination of nanomedicines, i.e., kidney, liver and
spleen,®® and solid tumors were investigated. As a
model of solid tumor, we used a human pancreatic
adenocarcinoma (BxPC3) since the treatment of pan-
creatic cancer has been aspired because of its high
mortality rate, which approximates its incidence rate.>’

The series of CDDP/m was intravenously injected to
mice bearing subcutaneous xenografts of BxPC3, and
blood and tissue samples were collected at defined
time points. Blood samples were immediately sepa-
rated to plasma and blood cells by centrifugation.
Because the incorporated drug contains a platinum
atom, the concentration of the micelles in the biologi-
cal samples was quantified by ICP-MS. .- and o-CDDP/m
showed comparable prolonged blood circulation,
as approximately 20 and 3% of the injected dose
remained in the plasma at 24 and 48 h, respectively,
while p,.-CDDP/m were considerably eliminated from
the bloodstream, showing only 0.7 and 0.2% of the
injected dose in the plasma at the corresponding time
points (Figure 6a). Meanwhile, the distribution of pla-
tinum drugs to blood cells was kept significantly low
throughout the experiment compared to their con-
centration in plasma (Figure 6b), confirming that blood
cells did not affect the biodistribution of the micelles.
Moreover, the accumulation in kidney for all micelles
stayed low and slightly decreased over 48 h (Figure 6c),
indicating that the kidney clearance was not respon-
sible for the significant drop of p,.-CDDP/m in plasma
concentration, Conversely, in liver and spleen, while
L- and b-CDDP/m kept their accumulation relatively low
over 48 h, p,.-CDDP/m displayed an abrupt increase in
the accumulation at 8 h after administration, resulting
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in much higher platinum levels in liver and spleen than
t- and p-CDDP/m (Figure 6d,e). This accumulation of
p,.-CDDP/min liver and spleen corresponded with their
decreasing profile in plasma concentration (Figure 6a),
that is, from approximately 71% of the injected dose
per ml of plasma at 4 h to 29% at 8 h. It has been
reported that the uptake of nanocarriers by liver and
spleen is associated with the adsorption of pro-
teins on their surface due to impaired stealth effi-
cacy.® Because L-, o- and b,.-CDDP/m showed com-
parable concentration in plasma, liver and spleen
during the initial 1—4 h period, it can be inferred that
the micelles presented similar intrinsic stealth efficacy
in this time period. As the stealth efficacy of block
copolymer micelles is considered to be correlated with
the PEG density of their shell layer,3® the PEG density
of these micelles was calculated by dividing the asso-
ciation number of the micelles (number of PEG chains
on the surface of the core) by the surface area of the
micellar core (Table S3, Supporting Information). Thus,
we found that p,.-CDDP/m have even higher inherent
PEG density than L- or o-CDDP/m, which is apparently
inconsistent with an inferior longevity of the former
in bloodstream compared to the latter. Alternatively,
because the decrease in plasma concentration and the
abrupt uptake by liver and spleen of b,.-CDDP/m were
observed after 8 h period, it is reasonable to assume
that the stealth efficacy of b,.-CDDP/m may dynamically
change after their injection into blood compartment.
In this regard, it is worth noting the time-dependent
variation in the distribution of the sedimentation coeffi-
cient of the micelles in PBS (Figure 5e,). Accordingly,
L-CDDP/m maintained the initial peak distribution
(10 S at 0 h) over time (Figure 5e), whereas p,.-CDDP/m
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Figure 6. Biological performance of cisplatin-loaded micelles (CDDP/m) after i.v. administration to BALB/c nu/nu mice
bearing a BxPC3 tumor. Time course of the concentration of platinum in (a) plasma and (b) blood cells, and the accumulation
of platinum in (c) kidneys, (d) liver, (e) spleen and (f) tumor after i.v. administration of CDDP/m at a dose of 100 ug/mouse on a
cisplatin basis. (g) Antitumor efficacy after three administrations of CDDP/m on days 0, 2, and 4 at a dose of 4 mg/kg on a
cisplatin basis. The arrows indicate the day of drug administration. The volume of the tumor was normalized to the initial day
(day 0). Data are the mean & SEM, n = 5 [n = 6 for (g)]. *P < 0.05, **P < 0.01, ***P < 0.001.

underwent substantial decrease in the initial fraction
(13 S at 0 h) with significant peak broadening during
the 6—12 h period (Figure 5f). As the sedimentation
coefficient corresponds to the molecular weight, these
results demonstrate that the association number of
p,L.-CDDP/m gained polydispersity during the 6—12 h
period, while discharging unimers and dimers as
seen in Figure 5g,h. Presumably, this loss of integrity
in the structure of p,.-CDDP/m may be responsible
for their impaired stealth efficacy during circula-
tion, resulting in their abrupt accumulation in liver
and spleen through opsonization (Figure 6d,e). The
proposed disintegration process of p,.-CDDP/m was
depicted in Scheme 2, where the micelles promptly
lose their structural integrity synchronized with dis-
charging unimers and dimers to alter their surface
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properties. In contrast, .- and p-CDDP/m undergo
a well-controlled erosion-like disassembly process
with keeping the integrity of the PEG palisade, owing
to their ordered-core structure stabilized by o-helix
bundles, to exert their stealthiness for prolonged time
period.

Finally, to compare the delivery efficiency of the
series of CDDP/m to the pancreatic tumor xenografts,
the time-course of the concentration of platinum in
the tumor was examined and shown in Figure 6f. .- and
p-CDDP/m showed a monotonic increase in the cumu-
lative amount of platinum in tumor over 24 h, indicat-
ing that the increment of platinum accumulation with
time was always positive until 24 h. This observation
is consistent with the accumulation mechanism of EPR
effect>* considering that these micelles still retained
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20% of the injected dose in plasma even after 24 h.
Conversely, b.-CDDP/m revealed no increase in plati-
num accumulation after 8 h, which is consistent with
the significant drop in the plasma concentration dur-
ing this time period. Afterward, the concentration of
p,.-CDDP/m considerably decreased at 48 h, whereas
- and p-CDDP/m maintained their accumulation in
tumor even at 48 h, achieving 2-fold higher drug levels
than p,.-CDDP/m at this time point. If we assume that
the micelles disintegrate in tumor tissues in the same
manner as in PBS, 90% of p,.-CDDP/m exist as unimers
and dimers after 48 h, whereas 50% of .- and p-CDDP/m
still exist as micelles (Figure 5g,h). Considering the
faster diffusion rate of unimers and dimers than high-
molecular weight micelles, it is reasonable to assume
that the faster dissociation of p,.-CDDP/m into unimer/
dimer than - and b-CDDP/m may result in their lower
retention in tumor tissues. Moreover, the prolonged
retention of L- and p-CDDP/m in tumor may be advan-
tageous for tumor therapy, as they can release active
cisplatin at the tumor site for prolonged time. From
these biodistribution results, the enhanced stability and
erosion-like disassembly process of .- and b-CDDP/m
were clearly advantageous for extending blood circula-
tion, preventing nonspecific distribution, and achieving
high and prolonged accumulation in tumor tissues.
Antitumor Efficacy. The elevated accumulation and
prolonged retention of cisplatin in the tumor observed
for .- and p-CDDP/m may enhance their antitumor
efficacy. Therefore, to evaluate the therapeutic ability
of the series of CDDP/m, the micelles were intrave-
nously injected three times at 2-day interval to mice
bearing subcutaneous BxPC3 tumors and, thereafter,
the volume of the tumor was followed for 20 days.
.- and p-CDDP/m effectively suppressed the tumor
growth, maintaining the initial size of the tumors for
more than 20 days, whereas the therapeutic efficacy of
pL-CDDP/m was significantly lower, yet it revealed
suppressive effect in tumor growth compared to con-
trol (PBS) (Figure 6g). Because the in vitro cytotoxicity
of the series of CDDP/m was similar regardless of the
core conformation (Figure S9 and Table S4, Supporting
Information), the observed difference in the antitumor

EXPERIMENTAL SECTION

Materials, Cells, and Animals. Information regarding materials,
cells [human pancreatic cancer (BxPC3) cells] and animals
(BALB/c nu/nu, female, 6 weeks old) is described in the Support-
ing Information. All animal experiments were performed in
accordance with the Guidelines for the Care and Use of Labora-
tory Animals as stated by The University of Tokyo.

Synthesis of Polymers. A series of PEG-b-P(Glu) block copoly-
mers were synthesized in accordance with the previously
described synthetic method with a minor modification.2° Briefly,
N-Carboxyanhydride of y-benzyl L-glutamate (NCA-BLG) was poly-
merized in 1 M thiourea/DMSO with a macroinitiator PEG-NH,
(M., = 12000) at room temperature for 5 days. The polydispersity
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efficacy can be correlated with the enhanced cisplatin
exposure by L- and p-CDDP/m to the tumor tissue
(Figure 6f). This evident difference in the antitumor
efficacy between L- or o-CDDP/m and p,.-CDDP/m may
be also elicited by the cumulative delivery of cisplatin
in tumor tissues, as the micelles were intravenously
injected three times in therapeutic experiments. Con-
sequently, the highly ordered structure in the core
of CDDP/m favorably affected their in vivo biological
performance, as the control of drug release, stability
and erosion-like disassembly provided by the a-helices
in the core advantageously extended their bioavail-
ability, while avoiding nonspecific biodistribution, and
increased accumulation and efficacy against tumors.
These observations corresponded with the outstand-
ing performance of CDDP/m as safe and potent nano-
medicines in clinical trials ongoing for the treatment
of pancreatic tumor,'”?%3? suggesting the crucial roles
of the core-forming a-helix bundles in their appealing
performance. Therefore, introducing higher-order as-
semblies of secondary structures to the basal struc-
ture of polymeric micelles may be a potent approach
for overcoming in vivo hurdles resulting from short
half-life in the bloodstream and nonspecific biodis-
tribution due to possible disassembly of the micelles in
an uncontrollable manner.

CONCLUSIONS

Our findings highlight the role of secondary struc-
tures of the P(Glu) blocks in the core of CDDP/m on
their self-assembly process, physicochemical proper-
ties and performance as drug delivery systems. Such
higher-order assembly of secondary structures modu-
lated the drug release and disassembly process of
the micelles in physiological conditions, improving
their plasma half-life and tumor-targeting efficiency.
This approach to regulate the micellar functionalities
through the formation of higher-ordered hierarchical
structures in their core provides a novel concept in
polymeric micellar nanomedicines with practical sig-
nificance particularly in systemic application, where
the balance between stability during blood circulation
and functionality at targeted sites is always an issue.

(Mw/M,,) of the obtained PEG-b-poly(y-benzyl L-glutamate) (PEG-
b-PBLG) was estimated by gel permeation chromatography (GPC).
The benzyl groups in the PEG-b-PBLG were deprotected by
mixing with 0.5 N NaOH aqueous solution (5-fold molar excess
vs benzyl ester units) at room temperature to obtain PEG-b-
poly(L-glutamic acid) (.-Polymer). Complete deprotection and
degree of polymerization of the poly(L.-glutamate) blocks was
confirmed by proton nuclear magnetic resonance ("H NMR)
spectroscopy in D,0 at 25 °C using JNM-ECS400 (JEOL Inc,,
Tokyo, Japan). PEG-b-(p-glutamic acid) (p-Polymer) and PEG-
b-(p,L-glutamic acid) (p,L.-Polymer) were synthesized and char-
acterized in the same manner using N-carboxyanhydride
of y-benzyl p-glutamate (NCA-BDG) and the equimolar mix-
ture of NCA-BLG and NCA-BDG, respectively. The detailed
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experimental procedure is described in the Supporting
Information.

Self-Assembly Process. UV and CD spectra were recorded on an
UV—vis spectrometer [JASCO V-670DS (Jasco, Tokyo, Japan)]
and a CD spectrometer [JASCO710 (Jasco, Tokyo, Japan)], respec-
tively. The scattered light intensity was measured on a Photal
dynamic laser scattering spectrometer [DLS-8000 (Otsuka Elec-
tronics Co., Ltd., Osaka, Japan); laser: He/Ne (632.8 nm); detection
angle: 90°], and the observed scattered light intensity was
converted to excess Rayleigh ratio [AR(90°)], which is propor-
tional to the weight-averaged molecular weight of the solutes
and their concentration.?' All the experiments were performed at
37 °C. The detailed experimental procedure is described in the
Supporting Information.

Preparation of (DDP/m. CDDP/m consisting of a series of PEG-
b-P(Glu) were prepared according to the previously described
method with a slight modification.?® Briefly, a mixture of L-Polymer
and CDDP ([Glu] = [CDDP] = 5 mM) in water was stirred for 120 h at
37 °C to prepare L-CDDP/m. The micelles were purified by ultra-
filtration [molecular weight cutoff size (MWCO): 30 000], and then
passed through 0.22 ym PVDF filters. o-CDDP/m and p,.-CDDP/m
were prepared in the same manner from p-Polymer and
p,L-Polymer, respectively.

Determination of Platinum Concentration. For micelle solutions,
acid digestion was performed with 90% HNO; followed by
dilution with 1% HNOs. The concentration of platinum was
determined by inductively coupled plasma mass spectrometry
(ICP-MS) [Hewlett-Packard HP 7700 ICP-MS (Agilent Technolo-
gies, California, USA). The detailed condition of measurements is
described in the Supporting Information.

Dynamic Light Scattering. Hydrodynamic diameter and poly-
dispersity index of micelles were estimated based on cumulant
expansion of an electric field autocorrelation function mea-
sured on the DLS-8000. The detailed experimental procedure is
described in the Supporting Information.

Transmission Electron Microscopy (TEM). The core structure of
micelles was observed through a transmission electron micro-
scopy [JEM1400 (JEOL Inc., Tokyo, Japan); accelerating voltage:
120 kV]. The detailed experimental procedure is described in
the Supporting Information.

Determination of Molecular Weight. The molecular weight of
micelles was estimated by both sedimentation velocity (SV)
method and sedimentation equilibrium (SE) method for 0.50
mg/mL micelles in 0.050 M Na,SO, aqueous solution using
analytical ultracentrifuge [Optima XL-1 (Beckman Coulter, Inc.,
California, USA)]. For the SV method, acquired sedimentation
boundaries were fitted based on Lamm equation using con-
tinuous molecular weight distribution model on SEDFIT soft-
ware for calculating the distribution of molecular weight,® from
which both weight- and number-averaged molecular weight
of the samples were calculated. Partial specific volume of the
micelles, which is required for the determination of molecular
weight, was calculated based on the density of series dilution of
the micelle solution measured on a densimeter [DMA 4500
(Anton Paar GmbH, Graz, Austria)]. The detailed experimental
procedure is described in the Supporting Information.

Determination of a-Helical Content. The mean residue ellipticity
at 222 nm ([6],22) on the CD spectrum of micelles was utilized to
estimate the a-helical content (% helix) of the P(Glu) blocks
constituting the core of the micelles according to the following
equation:*>4!

[01220 — [01222,%
[01222, 1 — [01222,%

where [0]525r and [6],2,4 are the mean residue ellipticity at
222 nm of poly(L-glutamic acid) consisting of 40 glutamate units
in 100% random coil and 100% a-helix conformation,'*?
respectively. For o-CDDP/m, the sign of the obtained signal
was reversed to use this equation.

Small Angle X-ray Scattering (SAXS). SAXS measurements of
micelles were performed by using a FR-X/BioSAXS-1000
[Rigaku, Tokyo, Japan; incident beam: Cu Ko (1 = 1.54187 A
at a concentration range from 10 to 50 mg/mL. The scattering
vector (q) vs intensity (/(g)) curves (SAXS profiles) of pure water
was subtracted from the SAXS profiles of micelles. The detailed

%helix = x 100

MOCHIDA ET AL.

experimental procedure is described in the Supporting
Information.

Disintegration of Micelles in Physiological Condition. Release of
cisplatin and disassembly of micelles were followed in phos-
phate buffered saline [10 mM phosphate buffer containing
150 mM NaCl (pH 7.4)] in the dark at 37 °C by various methods
as follows. The release of cisplatin from micelles was examined
by dialyzing the micelles toward PBS, and the amount of
released platinum at defined time points was quantified by
ICP-MS. The disassembly of micellar structure and the variation
in secondary structure in the P(Glu) blocks were followed by
scattered light intensity and CD spectra, respectively. For the
detailed study on the disassembly process, the micelles were
incubated in PBS for defined time periods and dialyzed toward
50 mM Na,SO, aqueous solution to remove free drug and PBS.
Thereafter, the solution was analyzed by SV method of analy-
tical ultracentrifugation. The detailed experimental procedure is
described in the Supporting Information.

Plasma Clearance and Biodistribution. BALB/c nu/nu mice bear-
ing BxPC3 tumors (n = 6) were intravenously administered with
a series of CDDP/m at a dose of 100 ug/mouse on a CDDP basis.
Mice were sacrificed 1, 4, 8, 24, and 48 h after the administration.
The blood was collected from the inferior vena cava using
heparinized syringes and centrifuged to obtain the plasma
and blood cells. At the same time, the tumor, liver, spleen,
kidney were excised and washed with phosphate buffered
saline. All samples were weighed, and then acid digestion was
performed with 90% HNOs. The platinum concentration was
measured by ICP-MS after redissolving the samples in 1% HNO3
at the proper dilution rate. Statistical significance among the
groups was estimated by two-way analysis of variance (ANOVA).
The two-tailed P value less than 0.05 was considered to indicate
statistical significance.

Antitumor Efficacy. BALB/c nu/nu mice bearing BxPC3 tumors
(n = 6) were given in total three intravenous administrations of a
series of CDDP/m at a dose of 4 mg/kg on a CDDP basis, with
each administration at two-day intervals. To quantify the anti-
tumor efficacy, the tumor volume (V) was measured according
to the following equation:

ax b?
2

V =

where a and b are the major and minor axes of the tumor,
respectively, measured with a caliper. The tumor volume at each
day was normalized against the initial day. Statistical signifi-
cance among the groups was estimated by two-way analysis of
variance (ANOVA). The two-tailed P value less than 0.05 was
considered to indicate statistical significance.

In Vitro Cytotoxicity. The experimental procedure is described
in the Supporting Information.
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polymers, variation in UV spectra during micelle formation, CD
spectra of L-Polymer at pH 5.2, molecular model of cisplatin-
conjugated poly(L-glutamic acid), second derivative SAXS spec-
tra of L-CDDP/m, form factor of core—shell particles applied to
L-CDDP/m and cytotoxicity of CDDP/m, a supporting scheme
illustrating diffraction planes and interhelical distance in hexa-
gonally aligned a-helices and structural dimension of the
proposed model of L-CDDP/m and supporting tables summar-
izing the scattering vector at the peak of SAXS profiles, experi-
mental and calculated molecular weight of unimers and dimers
resulted from disintegration of CDDP/m, and PEG density and
in vitro cytotoxicity of CDDP/m. This material is available free of
charge via the Internet at http://pubs.acs.org.
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