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F2HOEEY HITZOHMBEZHET 3, MEFOFRET
e 2BEERECEER I T TICI0EL LFi» 58
BOBRNAFRBRICLIVEL SN TBY, BEOERO
B FFHCBIT 2BEEOEEOMICENHEME D
PTHDL, iz, MEFEERFHCBITIBREREOIE
TV AEEFRTEY £ 3 PROGRESS Bf3e Tl & TE
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1. LIFE(Losartan Intervention for Endpoint
Reduction in Hypertension)”

5~ RDOEIMERET, LERKEEEERE2ETS
9,193 FlEXMHRE LT, 7oyt Fry vl SREEiE
(ARB)utng & pEMET7 / o—V) 2 BIZEDY
i 4 ELEEEREL, LIME, OIHESE, MEGO
FHIEEEE—RIV NERA v b e Lk, BERERBRE,
MIRE & RSP REENL SN, HREERSOMEN O
vy EETI44.1/81.3mmHg, 77 /0 — VEET
145.4/80.9 mmHg £ ENA SN oTzh8, adF Ly Y
BTHEE—RZVFRA Y I I3BERL, 22T
b, FEBOEMHMNZETOREN 25 RIET Lz, FAEE
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2. ALLHAT(Antihypertensive and Lipid -
Lowering Treatment to Prevent Heart
Attack Triah)?

55 M E Tt LERKREF 2 —DOUEE T 52 5M
FEAERI 33,357 B (30 %A L osEEmAE) £ 5k e L, FFE
Erunsg ) Fo(015,2556), CaBiiE7T Loy yr
(9,048 1), ToroaT vy o EifESR(ACE)EEY &~
27U (9,054 BN EI D T, — R REA > NBE
BIRER, — KLY FRA ¥ b 2gT, MEf, miTH
Effiz e agivEE, RIBEIRER, LA22E o0
BANRVMEL, FHLIFEEPFREL 2. BEBRETEOD
MmEE, 7avsyy FrE133.9/75.4mmHg, 720 ¥
YU B134.7/74.6 mmHg, V¥ ./ 7V IVEE135.9/75.4
mmHg &, 7unVy Y RUHTHOECLELLIT TR
H5PEEWCNHERNEMET L Twiz, —RT> RFA
YINTHLEEIEBRDOREY A 2713 3HMETEN 2o
A, VY /o TUNER Ly ) FUBEICH LS LmE
ARy b, HEF, LAEOREV A7 BEEICED» S 7.
AFFEERLIVBEE L L TOFIRBEOERE H®D TR
BEINTEHIRYED S,

3. VALUE(Valsartan Antihypertensive Long-
term Use Evaluation)?

50 AL O EMEESE T, BEE, BE, SEILE,
EEEROEHEIDLOEEZDORFEEET2mY X7
ERN15,245 W2 &RE Uiz, ARBXSAVY VY ViBEE
HLARTLAu Y B UBERCEIVTT, — R FFRA
VEEBLANRVE, ZRZVRRA VM E @m@g,@T
£, MR e UFEy 4.2 BT L., BERBZED
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4. SCOPE(Study on Cosgnition and Prognosis

in the Elderly)?

70~89 X D & & TR ME A8 160~179 mmHg =
72X IREREAME 23 90~99 mmHg @ 4,964 i %, ARB #
YTFYNE UEET S RRBECEIY T TRy FRA
Y M ELIEA NV, TRV NEA Y ELIED,
Kot LUEREELCHESE, KEH, MMSE
(Minimental State Examination) DZ&{k & L, 3.7 F38
BRL7z. WAL 3 VNEZG U THEZEDOBMNEE»ED &
M, ZOWER, BERBBY TNV Y VE, T RE
EBHIWFE20/10 mmHg BEOEER AL, VT
YNV UETRT7 I REICHEL 3.2/1.6 mmHg U A1
FEEZETL TR kicbrdb o T, FERFRIERNZE
FOFREEN 28 BHERL Tz, —KZ FERA > b
TREFHEICE  whofe, Vv - TUyVLFTUYY VR
OHIFNCEE 2B 2 7 MRED U BHMEREER»H
5 EnmRBgEINn.
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1. PROGRESS(Perindopri! Protection

Asgainst Recurrent Stroke Study)®

WB\E S ELRCKZE T £ 72 3 —B B NFEEOEFED
$26,105F%F5EL, ACERREE Y 7Y LE
DHBEWZIGCTHRIREA vy VM2 BERLE T 2x
REECEID 1, —KRZ> KR4 > b RNERREE, BEF,
ZRIVERA VM ESLMEANRY N, LIMEFLE LT
4 FEREHAEL . EEHOMEIZHEE & b 147/86
mmHg THh - 72, REBEFRBEERE TR 7 2 RE
HUL9.0/4.0mmHgMEMET L, BMEFORE - B
EE228%, ©LMEAN N2 2B TNLEEZCET
R, RYVYRTYNVICA IS REFRLURETIE
B RREZOERTIZAE BCRUVEETH 120, 1>
I FRHFRALUZL o RETIE T T2 REE L IMEEPFHE
RIEBHONE»oTz, MEFOBHEFHCEEREED
BiERVIO THEILL -5, EENZ ARERREERICD
BE» S HBHOEFNEFRI NS TEHEINHART
b5,

2. ACCESS(Acute Candesartan Cilexetil
Evaluation in Stroke Survivors)® )
BIEZ 27 2 SEREMERZEFAES 339 fl 2 X5 &

LT, BEEE»S ARBAVTHNY U 2RETLELT

T REFEID T, THELURBEIEFHL b EMER2ET
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Summary: An amiphiphiic poly(N-propargylamide) with
galactose and lanryloy! groups was synthesized by copoly-
merizaton of the corresponding N-propargylamide mono-
mers using a Rh catalyst. The ebtained copolymer formed a
one-handed helicdd conformation and molecular aggregutes
in water. The observatons by fluorescence microscopy in'a
cell culture experiment in the presence of dye-labeled
copolymer indicated that the copolymer was incorporated
into the cells.

Locatization of rhodanine B-lubeled copolymer 8 in human
dortie endothelial cells (fluorescence image).
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Introduction

Synthesis of polymers having sugar residues, so-called
glycopolymers, has been widely investigated to seck
biological applications because of their versatile func-
tions.!" It has been demonstrated that these glycopolymers
can bind specifically to carbohydrate-recognition proteins,
toxins. viruses, and cells, and. thus. these polymers can be
utilized as cell culture substrates with specific cell
recognition sites, as well as in targeting drug delivery
systc:ms,m The clustered saccharide ligands conjugated to
the polymeric main chains are involved in these specific
recogaition processes. Most of the previously prepared
glycopolymers have been based on a flexible polymer
backbone, such as polystyrene and polyacrylamide.

aer,

Macromol Froser 20000 6, 1009 1018
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This flexible nature of the glycopolymers causes the
disordered orientation of the sugar residues in the
glycopolymers. Regular orientation of the sugar residues
is necessary for efficient intevaction between the glyco-
polymers and receptor molecules. In this sense, the
spatially regulated orientation of the sugar residues
should be realized by attaching the sugar residues (0 a
polymer backbone with a rigid conformation. The sugar
residues auached o the rigid polymer backbone may
give rise o the ordered orientation that can improve
the molecular recognition of sugar residues by specific
cell receptors. This is because the spatial regulation
of the sugar residues is significant in molecular recog-
nition as well as the chemical structure of the sugar
molecules.™
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From the above viewpoints, rigid glycopolymers with
7-conjugated polymer backbones would be a novel type of
bio-inspired polymers. which could exhibit multiple
valence states and interact specifically and firmly with
targets such as cell surface receptors and biomacromole-
cules. In some previous works, rigid glycopolymers having
various m-conjugated main chains, such as polythio-
phene ! poly(p-phenylene ethynylene),!™ polyisocya-
nide ! polyaniline,”! poly(p-phenylene vinylene).!'"”
and poly(phenylacetylene). have already been synthe-
sized."" In the series of these studies, we reported the
synthesis of poly(N-propargylamide) (2) with sugar
residues. Tt contained a cis-polyacetylene main chain
and was obtained by the rhodium-catalyzed polymeriza-
tion of a N-propargylamide monomer (1) that had a
galactose residue (Scheme 1)."'% Since polymerizations of
the N-propargylamide monomers having various substi-
tuted groups using Rh catalyst have been widely reported
to produce the corresponding poly(N-propargylamide)
derivatives with cis-isomers,!'* we also investigated the
copolymerization of 1 with N-propargylamide derivative 3
having a hexanoyl group to produce the amphiphilic
glycopolymer 4. as shown in Scheme 1. We tested the
solubility of copolymer 4 in various solvents to confirm
whether the copolymer exhibits an amphiphilic property.
Although the homopolymer 2 is insoluble in common
organic solvents, the copolymer 4 can be dissolved in some
polar organic solvents, such as dimethyl sulfoxide (DMSO)
and N N-dimethylformamide (DMF), as well as in
aqueous medium. However, the copolymer still exhibits
a hydrophilic nature rather than an amphiphilic nature, We
assumed that insufficient amphiphilicity of copolymer
4 could be atuibuted to poor hydrophobic property of the
hydrophobic part.

In this study, we chose a more hydrophobic mononer;
N-propargylamide monomer 5 having a longer alkyl chain,
ie. the lauryloyl group. as the hydrophoebic part of the
amphiphilic copolymer. The monomer 5 was copolymer-
ized with I in the presence of Rh catalyst to give the
corresponding amphiphilic copolymer 6 (Scheme 2). The
resulting copolymer 6 can be expected to have the ability 10
conduct molecular aggregation in water, which is driven by
intermolecular and intramolecular associalion of the
hydrophobic lauryloyl groups.

We  believe that such molecular aggregates of the
amphiphilic copolymer should play a significant role in the
field of targeted drug delivery. The idea is supported by the
following characteristics of the molecular aggregates:

1) Drug carriers with nanometer dimensions can be
obtained by molecular aggregation of amphiphilic
copolymers.

2) Nano-sized aggregates can remain in the bloodstream
for an extended period because of the size-dependent
uptake in the reticuloendothelial system.

3) Drug molecules with hydrophobic natures can be
loaded into hydrophobic milicus formed by the associ-
ation of hydrophobic long alkyl chains: otherwise the
drug molecules could be divectly attached to the con-
stituent monomer molecules of the copolymer.

4) Sugar residues of the copolymer can function as recog-
nition sites for target cells and tissues as well as providing
the hydrophilic character of the amphiphilic copolymer.

Therefore, we studied the in vitro cell uptake of the
molecular aggregates of the amphiphilic copolymer.
For this purpose, the tluorescent marker, rhodamine B,
was introduced into the amphiphilic copolymer. In
this article. we report the synthesis of the amphiphilic

/ A\
OH _
LM (bORNB(CH] DT oH oH
T‘a J— 2 —— T -8 \w o N - C . A ) - OH
HO OH o 0%hod H,0 / THF HOL o
N AR o
N OH i
HO- OH 1 HO OH /.O

[0}
i

C..
- A J—
CHy(CHl, ~CH=

3

(nbd = norbornadiene )

/ O
>-B(CeHs)s [\S//._\_/ 2
~

{(nbd)Rh*B(CeHs)al. H20 f THF

Scheme 1.
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OH  OH
- = N~—C ! !
H - s o OH

Polymerization of 1 and copolymerization of 1 with 3.
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H
~—N. CH»}45-CH
y ‘C‘/( 2}10-CH3

; / S 1
p e N, o)
[(nbd)Rh*B (CgHs)4l (\ N / /)n

NN
CH3(CHa)yo

Scheme 2. Copolymerization of 1 with 8.
POty

poly(N-propargylamide) 6 by Rh-catalyzed copolymeriza-
tion, evaluation ot its molecular aggregation in water [gel
permeation chromatography (GPC) characterization, scan-
ning electron microscopy (SEM) observation, and dynamic
light scattering (DLS) measurement] and secondary con-
formation {circular dichroism (CD) spectra], and cell up-
take of the nanoaggregate of the rhodamine-labeled amphi-
philic copolymer (fluorescence microscopy).

Experimental Part
Materials

Monomer # and catalyst (nbd)Rh* B " (C,Hs)s were prepared
according to the Hiteragure HH241 Tetrahydrofuran (THF) used
as polymerization solvent was purified by distullation. Other
reagents and solvents were used as received without further
purification.

Synthesis of Monomer 5

Monomer 5 was synthesized by a method suilar to that used
for 3.3 Under argon, N-propargylamine hydrochloride
(0.915 g. 10.0 mmol) was dissolved by slight warming in
anhydrous acetonitrile (12.0 mL), and triethylamine (3.35 mlL,
24.0 mmol) was added to the solution at room temperature.
Then a solution of lauryloyl chloride (2.36 mL. 10.0 mmol) in
anhydrous acetonitrile (12.0 ml.) was added dropwise to the
solation. After the mixture was stirred for 2 h. the reaction
solution was concentrated by evaporation. The residue was
dissolved in ethyl acetate and the solution was washed
successively three times with 2 mol-L™" hydrochloric acid
and with sawurated NaHCO; aqueous solution. The organic
layer was dried over anhydrous Na.SOj, filtered, and cva-
porated. The residue was subjected to column chromato-
graphy on silica gel (hexane:ethyl acetate = 4: 1, v/v) to isolate
5 (1.38 g, 5.82 mmol) in 58.2% yield.

"M NMR (CDCly): 8 =0.88 (1, J = 7.2 Hz, CH;. 3H), 1.28
[m, CHy(CHy)., 16H], 1.62 (m, CH,CH,C=0, 2H), 2.19 (4,
J=T78 Nz, CII,C=0. 2H). 223 (, /=24 Hz, H C=C, IH),
4.05-4.06 (m. CHLN, 2IT). 5.57 (s, NII, 111).

HoO / THF

HO~

Synthesis of Monomer 7

Under argon, triethylamine (0.836 mL. 6.00 mmol) was added
to a solution of N-propargylamine hydrochloride (0.549 g,
6.00 mmol) and rhodamine B (1.92 g. 4.0 mmol) in anhydrous
methanol (10.0 mL) at 0°C. To the solution was added
1-{(3-dimethylamino)propyl]-3-ethylcarbodiimide hydro-
chloride (1.15 g, 6.00 mmol) as a condensing agent at 0°C
and the mixture was stirred for 17 h at room temperature. The
precipitated material was isolated by filtration and dried under
the reduced pressure (o give 7 (0.472 g, 0.915 mmol) in 23.0%
yield.

H NMR (CDCly): 8= 1.16 (m, CH,, 12H), 1.77 (t, J =
2.4 Hz. H-C=C. 1H). 3.33 (n, NCH,CH;, 8H), 3.95 (d,
J=1.8 Hz, CH,C=, 2H). 6.26-7.93 (1. aromatics, 10H).

Copolywerization of 1 with 5

A typical copolymerization procedure was as follows (enury 1,
Table 1). Under argon, a solution of § (0.0356 g. 0.150 mmo))
in THF (090 mL) and a solution of catalyst (0.00630 g,
0.0125 mmot) in THF (0.90 mL) were added to a solution of
1(0.0397 g, 0.100 nunel) in water (0.20 mL) in this order at
30 °C. After the mixture was stirred at 30 7°C for 140 win, the
reaction mixture was concentrated by evaporation and dried
under reduced pressure. The residue was dissolved in a small
amount of DMSO and the solution was poured into a large
amount of methanol to precipitate the polymeric product. The
precipitate was isolated by filtration and was dried under
reduced pressure o give 6 (0.0588 g) in 78.1% vield.

'H NMR (DMSO-dg): § =0.84 (CH,). {21 [CH4(CH)gl,
1.45 (CH.CH.C=0), 2.15 (CH,C=0), 3.0-39 [-CH(O~
p-gal)-CH(OH)-CH-OH, =CCH,~, H2-H6 of p-gul], 4.04
[C(=0)CHOMCH(OH)~],4.29 [C(=0)CH(OM)—and HI()
of p-gal], 4.55.4.79, 522 (OH), 6.11 (-CH=C-), 7.93 (NH).

Copolymerization of 1, 5, und 7

Under argomn, a solution of 5§ (0.0285 g, 0.120 mmol) and
7 (0.0929 g. 0.180 mmol} in THE (0.90 mL) and a solution of
catalyst (0.0166 g. 0.0330 mmol) in THF (0.90 ml.) were

20060 6 1069 1018
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Table |, Results for copolvmerization of 1 with 5 with Rh catalyst in THF -water (9:1) solvent.
Enuy Feed rauo Time Yielg” Unit ratio® M.t My, MY [a]p”!
1:5 min % 1:5 degrees
1 LO:L.5 140 78.1 1.0:0.92 9100 1.30
2 1.0:1.0 195 62.5 1.0:0.88 6200 1.63
3 1.0:0.67 240 57.0 1.0:0.35 5200 1.60 96.8
4 1.0:0.50 260 68.9 1.0:0.32 9600 1.64 +142.3
5 1.0:0.33 200 69.9 1.0:0.26 7100 1.50 1 173.6
6 1.0:0.20 210 78.1 1.0:0.17 9700 1.30 1185.6

D [Catalyst}/[1 + 5] = 0.05, reaction temperature; 30 C.
Y Fraction insoluble in methanol.
! Determined from 'H NMR spectra.

' Determined by GPC with water as cluent using pullulan standurds, sample concentration

' Meusured by polarimeury in water. c=1.0 g-dL."* at 20 C.

added to a solution of 1 (0.143 g. 0,360 mmol) in water
(0.20 mL) in this order at 30 "C. After the mixture was stirred
at 30 °C for 18 h, the reaction mixwre was concentrated by
evaporation and dried under reduced pressure. The residue
was dissolved in a small amount of DMSO and the solution
was poured into 1 large amount of methanol to precipitate the
polymeric product. The precipitate was isolated by filtration
and dried under reduced pressure (o give 8 (0.164 g) in 62.0¢
yield.

"HNMR (DMSO-d;, + D,0): § = 0.93 (CH,CH,CIH,). 1.16
(CHSCH,N), 1.25 [CHA(CHa)g]). 1.50 (CHACH,C=0), 3.0-4.5
(sugar protons and =C-CH,). 6.16 (HC=), 7.0-8.0 (aro-
matics). :

Cell Culture Experiment

Human aortic endothelial cells (HAECs) were purchased as
cryopreserved samples of third passage (Lot: 3F1346) from
Cambrex (Wakersville,. MD. USA). The HAECs were
subcultured once and stored in liguid nitrogen until cell
culture experiment. The HAECs used in the experiment were
fourth passage. Each well of a 12-well plate of polystyrene
(Iwaki) was filled with | mL of a supplenented culwre
medium (EGM-2; Lot: 08103123, Cambrex) and equilibrated
at 37 °C in a humidified incubator under 5% CQO, for 30 min
before cell seeding. After the frozen cells were thawed at
37°C, 10 L of the cell suspension was seeded in each well.
The initial cell density was 2.2 x 10° cells-em™ 2. Cell
viability assessed by the typan blue exclusion test was 83%
for the cell suspension. The ccll seeded plates were placed in a
humidified incubator at 37 °C under 5% CQ,. The HAECs
were cultured for 48 h. Cell culture mediums were replaced
with fresh medium 24 b after cell seeding. At 48 h after cell
seeding, cell culture mediums were each replaced with an
aqueous suspension of copolymer 8. Then the HAECs were
cultured in the polymer suspension for 1, 6. and 24 h in a
humiditied incubator at 37 - C under 5% CO; to study celular
uptake of nanoaggregates ot copolymer §. For fluorescence

0.1 mg -mL '

microscopy observation, the cells were fixed by immersion in
10% formaldefhivde neutral buffer solution (Nacalai Tesque) at
room temperature (22 °C) for 15 min and were washed three
times with phosphate-buffered saline (PBS; Gibco). Fluores-
cence images of the cells were taken with a fluorescence
microscope (IX71: Olympus) equipped with a CCD camera
(DP70: Olympus). Fluorescence intensity of the incorporated
copolymer 8 was measured by integrating the fluorescence
intensity observed at each pixel of the fluorescence images
using image analysis software (Fluoview ver. 5.0; Olympus).

Measurements

NMR spectra were recorded on a JEOL ECA 600 spectro-
meter. Optical rotations were measured with a Jasco P-1030
digital polarimeter. GPC analyses were performed by using u
TOSOH 8012 with refractive index detection under the
following conditions: Shodex Asahipak GF-31011Q column
with water as eluent at a flow rate of 0.5 mL min ' The
calibration curve was obtained using pullulan standards. CD
and UV-vis spectra were measured in a quartz cell (thickness
1 c¢cm) at room lemperature using a Jasco J-820 specuo-
polurimeter und  Shimadzu UVI60A  spectrophotometer.
respectively. The SEM images were obtained using a Hitachi
S-4100 electron microscope. The DI.S measurement was
performed on a Zetasizer 3000 (Malvern Instruments). Fluo-
rescence spectra were obtained on a fluorescence spectrometer
(Shimadzu) using a quartz cuvette (-mm path length),

Results and Discussion

Copolymerization of 1 with 5

The polymerization of monosubstituted acetylene deriva-
tives has been widely investigated using Rh complex
catalysts, which enables stercosclective synthesis of the
corresponding polyacetylenes of the cis-isomers.H® Ay
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already reported in our previous publication, 1 was
polymerized using (nbd)Rh™B (C4Hs)y as the catalyst at
around 257 to 50°C in a mixed solvent of THF and water
9:1. v/v).B 1 I this swdy, we performed the copolymer-
ization of 1 with 5 under similar conditions. The copo-
lymerization with various feed ratios of 1 to 5 was carried
out using the Rh catalyst (5.0 mol-% for 1 + 5)at30°Cina
THF-water mixed solvent under argon. After polymeriza-
tion. the resulting mixwre was concentrated and then
dissolved in DMSO. The solution was poured into a large
amount of methanol to precipitate the polymeric product.
The precipitate was isolated by filtration and dried under
reduced pressure to give the copolymer 6 (Table 1), The
copolymer was soluble in water and DMSO, and its M,
value was estimated by GPC analysis with water as eluent
using pullulan standards. Figure 1a shows the 'H NMR
spectrum of the copolymer (entry [, Table 1) measured in
DMSO-dg. The signals due to the sugar and alkyl protons

are observed at around ¢ 3.0-4.3 (signals e~h) and § .84,
1.21, 1.45, 2.15 (signals a~d), respectively. In addition to
these signals, signal i ascribed to the main-chain proton of
—CH=C- appears centered at § 6.11. The chemical shift of
this signal realistically corresponds to the cis-isomer.
Furthermore, there is no signal due to the trans-isomer at
lower magnetic field from the cis-signal. The NMR results
support structure 6 as that of the copolymer, which is
mainly composed of cis-isomer. The unit ratio of the
copolymer is calculated by the integrated ratio of signal a
and signal 1.

Table 1 shows the copolymerization results obtained by
the various feed ratios of 1 to 5. The yields and the M,
values are 57.0-78.1% and 5 200-9 700, respectively. The
unit ratios of 5 in the copolymers increase with increasing
molar ratios of 5 in the feeds. In all cases, however, the
ratios of & in the copolymers are lower than those in the
feeds. This is probably because the copolymers with higher

&~
N
o~

=

Figare 1. 'H NMR spectra of copolymer 6 (entry I, Table 1) in DMSO-d, (a)

and D0 (b).
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contents of the unit 5 are lost as methanol-sotuble fractions
during the isolation procedure. The optical rotations of the
copolymers with the higher contents of the sugar units were
larger than those with the lower contents.

Formation of Molecular Aggregates in Water

When the copolymerization was followed by thin-
layer chromatography (TLC) on silica gel (methanol:
chloroform = 2:1 for 1; hexane: cthyl acetate = 1: 1 for 5),
1 appeared o be consumed at the early stage of the
reaction; subsequently, the consumption of 3 at a later stage
was confirmed. This indicated that € had the block
copolymeric sequence between the unit 1 and the unit §
rather than in random style. In fact, the intensities of the
alkyl signals a-d in the 'H NMR spectum of 6
in DO (Figure 1b) are obviously lower than those of
the same copolymer measured in DMSQO-d, (Figure la).
The NMR results suggest formation of micelle-like
aggregates having the outer hydrophilic sugar residues
and the inner hydrophobic lauryloyl groups in water, and
this was attributed to the block copolymeric sequence. The
formation of molecular aggregates of 6 in water was also
confirmed by the GPC measurements on aqueous solutions
of ¢ (entry 5, Table I, the unit ratio of 1 to 5=1.0:0.26)
ranging in concentration from 0.05 to0 9.0 mg -mL "
Figure 2 shows the relations of the M, values to the sample
concentrations in the GPC experiments. The M, values
increase from ca. 6300 to ca. 11000 for concentrations
higher than 0.70 mg-ml.". These data suggest the for-
mation of molecular aggregates for the higher concentra-
tions of 6 in water. The molecular aggregates of 6 were
directly observed by SEM. The SEM image of the
spin-coated sample from the aqueous solution of 6 (entry 4.
Table 1, the unit ratio of 1 to 5= 1.0:0.32) on aluminium
plate (Figure 3) shows the particle-type molecular
aggregates with average diameters of 20-40 nm. The
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Figure 2. M, values versus sample concentrations in GPC

measurements with water as eluent (entry 5, Table 1).

particle sizes were also confirmed by DLS measurement.
The mean particle diameter of the sample shown as entry
4 in Table | was 85.24 14.1 nm. The difference in the
aggregale sizes obtained by SEM and DLS can be
attributed to the difference in the sample condition: dry
for SEM and wet for DLS.

Scecondary Conformation of 6

We already reported in our previous report that the CD
spectrum of the homopolymer 2 in water showed the
positive Cotton effect at 330 nm corresponding (o
the main-chain UV-vis absorption.!'?! This indicated the
possibility for formaton of a one-handed helical con-
formation in the main chain of Z. Tn this study, the CD
analysis was also performed to reveal the secondary
conformation of copolymer 6. Figure 4 shows the CD
spectra of 6 (entry 5, Table 1, unit ratio of 1 to 5=
1.0:0.26) in comparison with those of copolymer 4 (unit
ratio of 1 1o 3 = 1.0: 0.39) measured in DMSO and waler at
room temperature. The CD spectrum of ¢ in DMSO
{Figure 4a) shows the positive Cotlon effect at 360 nn,
corresponding to the main-chain UV-vis absorption. The
positive Cotton effect also appeared at this region in the CD
spectrum in water (Figure 4b), although its intensily was
lower than that in DMSO. Tt has been reported that the
helical structure of poly(N-propargylamide)s is stabilized
by the intramolecular hydrogen bonds between the pendant
amide groups.!'”) In polar solvents such as DMSO and
water, therefore, the hydrogen bonds are readily broken to
elfect destabilization of the helical structure. The helical
conformation of 6 in polar solvents is probably stabilized
by the bulky substituents in the side chains of sugar and
lauryloyl groups. These bulky groups shield the hydrogen
bonds from the solvents. which consequently stabilizes the
helical structure. This reasoning is also supported by
comparison of the CD spectra of copolymer 4 (gray lines in

Figure 3. SEM image of 6: the sample was prepared by spin
coating of the dispersed solution of 6 (entry 4, Table 1) tn water.
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Figure 4a. b). which has the less bulky hexanoyl groups.
The CD spectra of 4 show weaker Cotton effects than those
of 6. indicating the stubilization of the helical conformation
as a result of the bulkiness of the pendant groups.

Cellular Uptake of Amphiphilic Copolymer 8

[8] % 10* {deg cm? ; dmol)

To evaluate cell uptake of the copolymer by fluorescence
microscopy, the rhodamine B dye moiety was introduced

250 300 350 400 450 into the amphiphilic copolymer. First, an N-propargylamide
Wavelength (nm) derivative 7 having a pendant rhodamine B moiety was

4 ) prepared by condensation of N-propargylamine hydro-
chloride with rhodamine B in the presence of a condensing

3 agent  (1-[(3-dimethylamino)propyl]-3-ethylcarbodiimide

hydrochloride) in methanol. Then, the isolated 7 was
copolymerized with 1 and § under conditions similar to
those described above (Scheme 3). Although 7 did not have
homopolymerizability by Rh catalyst, the unit from 7 wag
slightly incorporated into the resulting terpolymer by the
copolymerization. The existence of the rhodamine B
moiety in the obtained terpolymer 8 was confirmed by

[¢] x 107 (deg cm? / dmot)

250 200 350 T a5 appearance of the signals due to methyl protons of
Wavelength (nm) N-CH.CHj; as well as the aromatic protons in the

'H NMR spectrum of the product. However, the intensities
of the signals were too weak to determine the exact content
of the dye moiety in the copolymer by the integration ratio.
For comparison, hydrophilic copolymer 9 was synthesized
by copolymerization of monomer 1 with monomer 7 using
Rh catalyst (Figure 5).

Figure 4. CD specra of 6 (entry 5. Tuble [, unit ratio;
1:5=1.0:0.26) and 4 (unit ratio; 1:3=1.0:0.39) in DMSO (a)
and water () (¢=0.2 mmol - L.7").

“o
, i
/ / o \\
N . / /::“ J\\ N /\
{MbARNB(CeHe)gl | == / / el [/‘\j
\ 4 v o/n i
i OH OH | A
H,O/ THF - N_?\ Nﬁ/ ~
H L™ H l
v N OH [¢]
0] f N P
OH

HO-~ OH
8
Scheme 3. Terpolymerization of 1, 5, and 7
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Figure 5.

Structure of copolymer 9.

The cell uptake of terpolymer 8 was studied by culturing
human aortic endothelial cells (HAECs) in a culwure
medium containing the terpolymer 8. Ten milligrams of
8 was suspended in 10 mL of culture medium EGM-2 und
stired for 3 h at room temperature. The suspension of
8 was sonicated at 25 W and 40 kHz for 5 min in an
ultrasonic bath. The sonication was repeated twice. The
obtained suspension was filtered through membrane filters

By

Figure Ga-c. .

with the pore sizes of 0.45 wm and 0.2 yun for sterilization,
An aqueous solution of polymer 9 was prepared by
following the above procedure. To evaluate the concentra-
tion of 8, a calibration curve (data not shown) was obtained
by using the aqueous solution of 9 (1 mg-mL ™) as a
standard polymer sample to relate concentration to fluo-
rescence intensity. The concentration of 8§ was estimated 1o
be 0.09 mg - mL. "' by using the calibration curve. The DLS
measurement revealed that the polymer aggregates
(nanoparticlies) of 8 have a mecan diameter of 1149+
32 nm in a culture medium containing 10% bovine serum.
HAECSs were exposed to the polymer aggregates of’ 8 while
they were cultured in the culture medium containing the
amphiphilic polymer 8. After the prescribed period of
culture, 1, 6. or 24 h. the HAECs were fixed in 10%
formaldehyde neutral buffer solution for microscope
observation. Figure 6 shows phase contrast (a), fluores-
cence (b), and merged (phase contrast + fluorescence) (¢)
images of HAECs after 24 h of incubation. The merged
image demonstrates that red fluorescent light of rhodamine
B was emitted {rom the sites where HAECs were located.
This indicates that the polymer aggregates of 8 were
incorporated into HAECs. The fluorescence images at cach
time of incubation are shown in Figure 7. The fluorescence
images get brighter with the incubation time. To quanti-
tatively evaluate cell uptake of nanoaggregates. fluores-
cence intensity per image (1360 x 1024 pixels) was
determined by integrating the brightness at each pixel of
the fluorescence image using image analysis software. The

ih}

Locualization of rhodamine B-labeled copolymer 8 in human aortic endothelial
cells. Phase contrast image (a). fluorescence image (b). and merged image of (1) and (b). Bars:
20 m.

Macromol Brosa, 2006, 6. 1009 1018

—231 -

www mibs-jounal.de

2006 WILEFY-VCH Verlag GubH & Co. KGaA, Weinhem



. Amphuplulic Poly(NV-propargylunide) with Galactose and Lawryloyl Groups: . ..

Macromolecular
Bioscience

1017

{8}

{H

{€)

)

{&)

Figwre 7u~f.

—

o

Relative fluorescence infensily

Incubation Time

Uptake of thodumine B-lubeled copolymer 8 by hwmun aortic endothelial cells; incubation time, 1 h

(a), 3 h (b), 6 h (c). 24 h (d) (incubation at 37°C), and 6 h (incubation at 4 *C) (e). Bars: 20 wm. The uptake is
quantitatively represented as relative fluorescence intensity in the bar graph (0.

fluorescence intensity was normalized in a ratio of the
fluorescence intensity at each incubation time to thatat [ h
of incubation. The ratio was termed as the relative
fluorescence intensity. The time course of the relative
fluorescence intensity is shown in Figure 7f and indicates
that HAECs incorporated progressively more nanoaggre-
gates of 8 during the incubation time. The relative

fluorescence intensity was 7-fold at 3 b, [ 1-fold at 6 h, and
76-fold at 24 h of incubation. In contrast, the relative
fluorescence intensity dropped considerably and was only
12% of the control level (I h at 37 °C) when HAECs were
exposed w the nanoaggregates of § at 4 C for 6 h. The fact
that the temperature triggered a dramatic decrease in the
relative fluorescence intensity suggests that the nanoag-
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gregates are incorporated into HAECs by endocytosis.
Endocytosis is known as a cellular process that is coupled
with  temperature-dependent  metabolic  activities.H'®!
Furthermore, it is known that some receptors and mem-
brane microdomains of endothelial cell are involved in
cndocytosis.“‘” However. it is not clear which of the
endocytic pathways is responsible for the uptake of the
nanoaggregates. This issue is now under investigation.

Conclusion

In this study. we investigated synthesis of the amphiphilic
poly(N-propargylamide) 6 containing both sugar residues

“(hydrophilic part) and long alkyl chains (hydrophobic part)

m order to develop a novel nanoaggregate based on the
seif-organization of amphiphilic polymers with rigid
backbone. The desired polymer was prepared by copoly-
merization of the two N-propargylamide mononiers 1 and 5
having a galactose residue and a lauryloyl group.
respectively, catalyzed by a Rh complex. The GPC,
'"H NMR, SEM. and DLS analyses of the resulting
copolymers indicated formation of the nanoparticles in
water. The formation of the one-handed helical conforma-
tion of the copolymer in both DMSO and water was
confirmed by the CD spectra. An amphiphilic poly(-
N-propargylamide) containing fluorescent dyes was newly
designed to evaluate cell uptake of nanoparticles of the
amphiphilic copolymer by fluorescence microscopy. The
N-propargylamide monomer 7, having a rhodamine B dye
moicty, was prepared and copolymerized with 1 and 5.
Human aortic endothelial cells (HAECs) were cultured in a
medium containing the fluorescent-dye-labeled amphiphi-
lic copolymer. Cell uptake of the copolymer was contirmed
by red fluorescence emission from each of the HAECs.
Progressive uptake was observed during the incubation
period. When the cell culture experiment was conducted at
4°C, the fluorescence intensity of the red emission was
considerably lowered. This indicates that the cell uptake is
inhibited at 4 °C and that this uptake process should occur
in an endocytic pathway rather than by simple adsorption
to the plasma membrane of HAECs. We are now
synthesizing a fluorescent-dye-labeled hydrophilic copo-
lymer of monomer I with monomer 7 to study preferential
cell uptake of the nanoaggregates of the amphiphilic
copolymer. Tn the future, we anticipate that nanoparticles

will be able 10 be preferentially endocytosed into cells
rather than monomeric chains of water-soluble copolymer.
If this does occur, the nunoparticles of the amphiphilic
copolymer will be a promising nanocarrier for drug
delivery.
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