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SYNOPSIS

The monomer, exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic glycinyl imide(ETGI), was prepared
by the Diels-Alder reaction of N-glycinylmaleimide and furan. Poly(ETGI), poly(ETGI-
co-methacrylic acid)[poly(ETGI-co-MA)] and poly(ETGI-co-vinylacetate) [poly(ETGI-co-
VAc)] were synthesized by photoinitiated homopolymerization of ETGI or copolymerizations
of ETGI with MA and VAc. Synthesized ETGI, poly(ETGI), poly(ETGI-co-MA), and
poly(ETGI-co-VAc) were characterized by IR and "H-NMR spectroscopies, elemental anal-
ysis, and gel permeation chromatography. The in vitro cytotoxicities of ETGI, poly(ETGI),
poly(ETGI-co-MA), and poly(ETGI-co-VAc) were evaluated using K-562 human leukemia
cells and HeLa cells. In vitro cytotoxicity of monomer and polymers at a concentration of
1.0 mg/mL against K-562 human leukemia cells increased in the following order: poly(ETGI-
co-MA) > poly(ETGI-co-VAc) > poly(ETGI) > ETGI. The cytotoxicities of copolymers
against HeLa cells are less cytotoxic than ETGI at a dosage of 0.02, 1.0, and 5.0 mg/mL.
The copolymers were very effective at any dosage tested. The in vivo antitumor activities
of ETGI, poly(ETGI), poly(ETGI-co-MA), and poly(ETGI-co-VAc) were also evaluated
against mice bearing sarcoma 180. In vivo antitumor activity of monomer and polymers at
a dosage of 80 mg/kg increased in the following order: ETGI > poly(ETGI-co-VAc)
> poly(ETGI-co-MA) > poly(ETGI) > 5-fluorouracil (5-FU). ETGI and polymers containing
ETGI showed higher antitumor activity than 5-FU at any dosage tested. © 1996 John Wiley

& Sons, Inc.

INTRODUCTION

The 1 : 2 regulary alternating copolymer of divinyl
ether with maleic anhydride (DIVEMA) has been
extensively studied for its structure and broad bio-
logical activities. The structural feature for the hy-
drolyzed form of DIVEMA contains the carboxylic
group as a hydrophilic part and sugar moieties such
as pyran or furan ring as a hydrophobic part. DI-
VEMA has been shown to possess good antitumor,
antiviral, antibacterial, and antifungal activities!?
and interferon-inducing ability in animal test.
However, it has also several toxic side effects such
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as enlarged livers and spleens, etc. Afterward, many
attempts have been made to obtain a polymeric drug
like DIVEMA with reduced side effects.?>® Breslow
et al.’ prepared DIVEMA with narrow molecular
weight distribution by the photopolymerization
technique in solvent with or without a photoinitia-
tor.!%12 Several studies have been made also in
this laboratory to develop a polymeric antitumor
agent.#19

The aim of this study is to obtain new biologically
active polymer from exo-3,6-epoxy-1,2,3,6-tetrahy-
drophthalic glycinyl imide (ETGI). Polymers con-
taining ETGI were expected to show considerably
high biological activities because they have amino
acid moiety in repeating unit and their anionic
character after hydrolysis is similar to that of
DIVEMA.
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Figure 1 Synthesis procedure of ETGI.

In this work, the monomer ETGI was synthesi-
zedby the Diels-Alder reaction of glycinylmalemide
(GMI) and furan. Poly(ETGI), poly(ETGI-co-
MA), and poly (ETGI-co-VAc) were prepared by
the homopolymerization of ETGI and copolymeri-
zations of ETGI and the corresponding monomers.
The structures of ETGI, poly (ETGI-co-MA}, and
poly (ETGI-co-VAc)were identified by IR and 'H-
NMR spectroscopies Average molecular weights
of synthesized poly-mers were determined by gel
permeation chromathography.

In vitro cytotoxicities of the prepared ETGI
and polymers were evaluated with K-562 human
leukemia cells and HeLa cells as a target cell. In
vivo antitumor activities of the prepared ETGI
and polymers against sarcoma 180 also were in-
vestigated using tumor bearing Balb/C mice.

EXPERIMENTAL

Materials

Maleic anhydride (Junsei Chem.) was recrystallized
from chloroform. Glycine (Junsei Chem.) was re-
crystallized from distilled water. Furan, methacrylic
acid (MA), and vinyl acetate (VAc) were purified
by conventional methods.

For in vitro test, K-562 human leukemia cell line
and HeLa cell line were used as a target tumor cell.
For in vivo test, Balb /C mice and sarcoma 180 cell
line were purchased from the Center of Genetic
Engineering (Korea Institute of Science and Tech-
nology).

Instruments

IR spectra were obtained on a Jasco FTIR-5300
spectrophotometer using KBr disc. "H-NMR spectra
were recorded on a FT-300 MHz Bruker A-3000

spectrophotometer. Average molecular weights were
determined by gel permeation chromatography
(GPC; Water, Water-410).

Elemental analysis was performed by Carlo Erba
Instruments model EA1108 elemental analyzer.

Synthesis of ETGI

The synthesis of ETGI is shown in Figure 1. To use
in synthesis of ETGI, GMI was prepared by the re-
action of maleic anhydride and glycine in acetic acid
at room temperature for 3 h according to the liter-
ature procedure.?’ 2 A solution of 3.9 mL (0.054
mol) of furan in 10 mL of acetone and a solution of
5 g (0.032 moL) of GMI in 50 mL of acetone were
mixed in a three-necked flask equipped with mag-
netic stirrer and nitrogen inlet and the mixed so-
lution was stirred at 50°C for 72 h. The contents
were precipitated in petroleum ether. The white
precipitate was filtered and recrystallized from
chloroform (yield, 6.7 g, 93% ). The melting point
of ETGI was 145°C. The prepared ETGI was iden-
tified by IR and 'H-NMR spectra. Elemental anal-
ysis calculated for C,(HyNO;: C = 53.82%; H
= 4.06%; N = 6.28%; found, C = 53.12%; H = 4.36%;
N =6.19%.

K-562 Human Leukemia Cells
(3.0 % 10° cells) in RPMI 164(

0.2ml
0.5 ml (2.0X10 cells)

HFCS ot i

I Sample solution |

hncubation at 37°C for 48hd

| Washing with HBSS |

l«——— Adding 5ml of HBSS

0.4% Trypan blue 4
y
ol Mixing (2-3mmi

I Counting by hemocytometer]

Figure 2 Procedure to determine the cytotoxicity by
the dye exclusion method.



SYNTHESIS AND BIOLOGICAL ACTIVITIES OF POLYMERS 559

a
_0
b
n
[+3 [o3
N
o a
Ze
éOOH
a b
M ~—— L——/JW-———-—J~
" 10.0 5.0 0.0
ppm

Figure 3 'H-NMR spectrum of ETGI (300 MHz, DMSO-d8).

Synthesis of Polymers

Poly (ETGI)

mL of the mixed solvent of 2-butanone and ace-
tone (v/v), introduced into a dry quartz poly-
merization tube. The solution was degassed twice

ETGI (1.12 g, 0.005 mol) and dimethoxybenzoin by purging with purified N, gas. The tube was
(DMB) (0.051 g, 0.1 mmol) were dissolved in 10 sealed and placed in a photochemical chamber re-

a
b =0
c n
a
3
Loof
OOH
b
d
c
e
h —
10.0 5.0 ' 0.0
ppm
Figure 4 'H-NMR spectrum of poly(ETGI) (300 MHz, DMSO-d6).
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Figure 5 'H-NMR spectrum of poly(ETGI-co-MA) (300 MHz, DMSO-d6).

actor using UV lamp (A« = 313 nm) at 25°C for was used in polymerization and followed by three
72 h. The contents were poured into four times subsequent precipitations from the mixed solvent
diethylether on the basis of the mixed solvent that into diethylether to remove the unpolymerized
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Figure 6 'H-NMR spectrum of poly(ETGI-co-VAc) (300 MHz, DMSO0-ds8).
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Table I Solubility of ETGI and Polymers Containing ETGI

Solvent ETGI Poly(ETGI) Poly(ETGI-co-MA) Poly(ETGI-co-VAc)
Dimethylsulfoxide O O O O
N,N-Dimethylformamide O O O @]
Water O O O O
Methanol A A A A
Acetone O A O O
2-Butanone A X X X
Chloroform A X X X
Tetrahydrofuran O X X X
1,4-Dioxane O X X X
Diethylether X X X X
Toluene X X X X
n-Hexane X X x X

O, good soluble; A, partially soluble; X, insoluble.

monomer. Precipitated poly(ETGI) was collected
by filtration and dried under vacuum until reached
to a constant weight (yield, 23.3%).

Poly (ETGI-co-MA)

ETGI (1.12 g, 0.005 mol), MA (0.22 g, 0.0025 mol),
and DMB (0.077 g, 0.15 mmol) were dissolved in 10
mL of the mixed solvent of 2-butanone and acetone
(v/v), charged into a dry quartz polymerization
tube. Poly (ETGI-co-MA) was obtained by using a
procedure similar to that applied in the homopoly-
merization of ETGI (yield, 31.8%). Elemental
analysis: found, C = 61.34%; H = 5.98%; N = 5.32%.

Poly (ETGI-co-VAc)

ETGI (1.12 g, 0.005 mol), VAc (0.43 g, 0.005 mol),
and DMB (0.103 g, 0.2 mmol) were dissolved in 10
mL of the mixed solvent of 2-butanone and acetone
(v/v), charged into a dry quartz polymerization
tube. Poly (ET'GI-co-VAc) was obtained by the same
procedures as poly (ETGI-co-MA) (yield, 26.5%).
Elemental analysis: found, C = 58.51%; H = 5.29%;
N = 5.37%.

Measurement of Average Molecular Weight

Number (M, ) and weight average molecular weights
(M,) of poly(ETGI), poly(ETGI-co-MA), and
poly (ETGI-co-VAc) were determined by GPC
equipped with g-microstyragel column using di-
methylformamide as an eluent at 80°C. Monodis-
perse polystyrene standard samples were used for
molecular weight calibration. The concentration of
polymers was 0.1% or less.

Analysis of Copolymers

The contents of ETGI moiety in poly (ETGI-co-
MA) and poly (ETGI-co-VAc) were calculated from
C, N, H data using Carlo Erba instruments model
EA1108 elemental analyzer.

Assay of Biological Activity
Cytotoxicity of ETGI and Its Polymers

The procedure to investigate the in vitro cytotoxicity
is as follows (Fig. 2). The assay was carried out in
96-well flat-bottom tissue culture plates. Target cells
were K-562 human leukemia cells and HeLa cells.

Table II Content and Average Molecular Weights of Polymers Containing ETGI

Content (%)

Average Molecular Weight

Polymer ETGI MA VAc M, M, M,/M,
Poly(ETGI) 100.0 — — 15,200 24,100 1.58
Poly(ETGI-co-MA) 53.7 46.3 — 13,300 19,800 1.49
Poly(ETGI-co-VAc) 59.6 — 40.4 15,900 27,100 1.70
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Table III In Vitro Cytotoxicities of ETGI and Polymers Containing ETGI Against K-562 Human

Leukemia Cells

Cytotoxicity (%)

Concentration
(mg/mL) ETGI Poly(ETGI) Poly(ETGI-co-MA) Poly(ETGI-co-VAc)
5.0 75.1 73.5 89.8 94.9
1.0 69.5 72.9 82.5 81.0
0.1 67.8 65.5 77.7 78.0
0.02 38.4 31.1 61.6 62.9

The cells were suspended at 3 X 10° cells/mL in a
culture medium containing heat inactivated fetal calf
serum. The target cells (0.7 mL) and a polymer so-
lution (4.3 mL) were added to each well of the plate.
The assay was run in sextuplet. The plates were
incubated at 37°C in a 5% COQ, incubator for 24 h
and then the cell suspension was centrifuged at 600
£ at room temperature for 5 min. After centrifuga-
tion, the cells precipitated were washed twice with
Hanks’ balanced salt solution (HBSS), and then
were added 5 mL of HBSS. Viability of the cells was
determined with trypan blue by dye exclusion
method. The percent cytotoxicity was calculated by
following equation:

Cytotoxicity (%)

Number of Control Cells

B — Number of Sample Cells % 100
Number of Control Cells

Antitumor Activity of ETGI and Polymers
Containing ETGI

To evaluate the antitumor activity of ETGI and
polymers containing ETGI, mice bearing sarcoma
180 tumor cells were used. Balb/C mice (n = 10)
were first intraperitonearly (i.p.) implanted with
sarcoma 180 cells (2 X 10%). The animals were then
treated with a saline of sample at days 1-4. Three
different dosages were tested: 0.8, 80, and 800 mg/

kg. For comparison, antitumor activities of free 5-
fluouracil (5-FU) also were tested by the same
method. A control group was divided into two groups.
One group was treated with sarcoma 180 cells along
with the same volume of saline and the other group
was treated with only sarcoma 180 cells. The ratio
(T'/C) of survival times of the polymer-treated (T)
to that of control groups (C) was used as an index
of the antitumor activity. Each group consisted of
10 animals.

RESULTS AND DISCUSSION

Identification of ETGI and Polymers

The structures synthesized monomer and poly-
mers were confirmed by IR and *H-NMR spectro-
scopies. The IR spectrum of ETGI shows charac-
teristic absorption peaks at 3450 cm™ (— COOQOH),
1745 and 1690 cm™! (—C=—=0), 1630 cm™!
(—CH=CH—), 1465 cm™! (— CHy,—), 1210
cm ! (—C—0—C—). In Figure 3, 'H-NMR
spectrum of ETGI showed olefinic protons at 6.5
ppm, methine protons of cyclic ether ring at 5.2 ppm,
methylene and methine protons of imide ring at 4.0,
3.4 ppm, and a proton of carboxylic acid at 12.8 ppm.

The absorption peak assignable to the C—=C
bond of monomeric ETGI disappeared at 1630 cm ™!
in IR spectrum of poly (ETGI). In Figure 4, the ab-
sorption peak assignable to the olefinic protons of

Table IV In Vitro Cytotoxicities of ETGI and Polymers Containing ETGI Against HeLa Cells

Cytotoxicity (%)

Concentration
(mg/mL) ETGI Poly(ETGI) Poly(ETGI-co-MA) Poly(ETGI-co-VAc)
5.0 83.6 79.5 76.6 72.9
1.0 80.4 69.4 77.5 71.0
0.1 71.6 63.5 65.8 64.2
0.02 71.0 58.6 62.8 64.2
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Table V In Vivo Antitumor Activities of ETGI
and Polymers Containing ETGI Against Sarcoma
180

Dose Survival Times T/C

Samples (mg/kg) (day)® (%)
Control — 147+ 2.3 100
Saline 157+ 0.5 100

5-FU 800.0 59+ 0.3 39
80.0 21.3 + 1.3 140

0.8 203 + 1.8 134

ETGI 800.0 58.7 + 12.8 276
80.0 50.4 + 20.4 237

0.8 26.7 + 13.0 125

Poly(ETGI) 800.0 237+ 14 161
80.0 243+ 1.6 165

0.8 21.7 = 2.1 148

Poly(ETGI-co-MA) 800.0 245+ 115 162
80.0 253+ 2.3 172

0.8 248 £+ 3.2 169

Poly(ETGI-co-VAc) 800.0 255+ 1.9 174
80.0 26.7+ 1.9 182

0.8 262+ 1.6 178

® Values are means + SE.

monomeric ETGI was not observed at 6.5 ppm.
Methine protons of polymer backbone were observed
at 2.9 ppm. The peaks due to methine protons of
cyclic ether ring, methylene and methine protons of
imide ring, and a proton of carboxylic acid are the
same as those of monomeric ETGL

The 'H-NMR spectrum of poly (ETGI-co-MA)
is shown in Figure 5. The absorption peaks due to
protons of ETGI moiety in poly (ETGI-co-MA ) were
assigned to the same as those of poly(ETGI).
Methylene protons, methyl protons, and a proton
of carboxylic acid of MA moiety in poly (ETGI- co-
MA) were observed at 1.9, 0.9, and 12.6 ppm, re-
spectively. The peaks assigned to the olefinic proton
of ETGI and MA moiety at 6.5 and 7.1 ppm disap-
peared in Figure 5.

Figure 6 is the 'TH-NMR spectrum of poly (ETGI-
co-VAc). The absorption peaks due to protons of
ETGI moiety in poly (ETGI-co-VAc) were assigned
to the same as those of poly (ETGI). The peaks at
2.1,1.9, and 3.4 ppm were assigned to methyl, meth-
ylene, and methine protons of VAc unit, respectively.
The peaks due to vinyl protons in ETGI and VAc
were not observed in Figure 6.

Solubility, Average Molecular Weights, and
Composition of Polymers

Solubilities of ETGI, poly (ET'GI), poly (ETGI-co-
MA), and poly (ETGI-co-VAc) are listed in Table

I. ETGI and poly (ETGI-co-MA) are good soluble
in polar solvents such as water, DMF. Poly (ETGI)
and poly (ETGI-co-VAc) are soluble in water at el-
evated temperature (50°C).

The average molecular weights of poly (ETGI),
poly (ETGI-co-MA), and poly (ETGI-co-VAc) mea-
sured by GPC were listed in Table II. Number average
molecular weight of synthesized poly(ETGI),
poly (ETGI-co-MA), and poly (ETGI-co-VAc) were
15,200, 13,300 and 15,900, respectively.

The contents of ET'GI moiety in poly (ETGI- co-
MA) and poly (ETGI-co-VAc) calculated from C,
N, H data by elemental analyses were listed in Table
II. ETGI contents in poly (ETGI-co-MA) and
poly (ETGI-co-VAc) are 53.7% and 59.6%, respec-
tively.

In Vitro Cytotoxicity of ETGI and Polymers
Containing ETGI

K-562 human leukemia cells and HeLa cells were
treated with ETGI, poly (ETGI), poly (ETGI-co-
MA), and poly (ETGI-co-VAc) at various concen-
trations of the samples (0.02-5 mg/mL). Table III
and IV showed the effect of sample concentration
on the in vitro cytotoxicity against the target cells.
As known in Table III, in vitro cytotoxicity of
monomer and polymers at concentration of 1.0 mg/
mL increased in the following order: poly (ETGI-
co-MA) > poly(ETGI-co-VAc) > poly(ETGI)
> ETGI. Poly(ETGI-co-MA) and poly (ETGI-co-
VAc) showed more cytotoxic against K-562 cells
than ETGI at concentration range from 0.02 to 5
mg/mL. Poly (ETGI) showed a similar cytotoxicity
against K-562 cells. In Table IV, poly (ETGI),
poly (ETGI-co-MA), and poly(ETGI-co-VAc)
showed less cytotoxic against HeLa cells than ETGI
at concentration range tested (0.02-5 mg/mL).

In Vivo Antitumor Activity of ETGI and Polymers
Containing ETGI

The results of in vivo antitumor activities of ETGI,
poly (ETGI), poly (ETGI-co-MA), and poly (ETGI-
co-VAc) against sarcoma 180 are listed in Table V.
In Table V, the antitumor activity of 5-FU is also
shown for comparison. The ratio T /C was used as
an index of the antitumor activity:

T/C (%)

_ Survival Time of Treated Mice (T)
Survival Time of Control Group Mice (C)

X 100
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In Table V, the in vivo antitumor activity of
monomer and polymers at a dosage of 80 mg/kg
against Balb/C mice bearing sarcoma 180 tumor
cells increased in the following order: ETGI
> poly(ETGI-co-VAc) > poly(ETGI-co-MA)
> poly ( ETGI) > 5-FU. The lifespan of mice treated
with 5-FU is longer than that of the control group
at low dosages but that is remarkably short at a high
dosage (800 mg/kg). 5-FU has enhanced survival
at low dosages (0.8 and 80 mg/kg) but has not
proven to be effective at high dosage (800 mg/kg)
because of its side toxicity.

The survival times of mice treated with
poly(ETGI), poly(ETGI-co-MA), and poly-
(ETGI-co-VAc) were longer than those of treated
with 5-FU at dosage range from 0.8 to 800 mg/kg.
The T /C values of mice treated with ETGI at con-
centrations of 80 and 800 mg/kg were 237 and 276%,
respectively. The antitumor activity of ETGI was
higher than that of 5-FU at higher dosages (80 and
800 mg/kg). The antitumor activity of poly (ETGI-
co-MA) was similar to that of poly (ETGI-co-VAc)
at all dosages tested.

CONCLUSIONS

The monomer ETGI was prepared from N-glyci-
nylmaleimide and furan and polymers such as
poly (ETGI), poly(ETGI-co-MA), and poly (ETGI-
co-VAc) were prepared by the photohomopolymer-
ization of ETGI or photocopolymerizations of ETGI
with MA and VAC in 2-butanone using DMB at
25°C. The contents of ET'GI unit in poly (ETGI- co-
MA) and poly(ETGI-co-VAc) were 53.7% and
59.6%, respectively. The average molecular weights
and polydispersities of copolymers determined by
GPC were as follows:

Poly (ETGI): M, = 15,200, M,, = 24,000,

M, /M, =158
Poly (ETGI-co-MA): M, = 13,300, M,, = 19,800,

M, /M, =1.49
Poly (ETGI-co-VAc): M, = 15,900, M,, = 27,100,

M,/M, =170

The in vitro cytotoxicity of monomer and poly-
mers at concentration of 1.0 mg/mlL against K-562
human leukemia cells increased in the following or-
der: poly (ETGI-co-MA) > poly(ETGI-co-VAc)
> poly (ETGI) > ETGI. Poly(ETGI-co-MA) and

poly (ETGI-co-VAc) showed more cytotoxic against
K-562 cells than ETGI at concentration range tested
from 0.02 to 5 mg/mL. Poly (ETGI) showed a sim-
ilar cytotoxicity against K-562 leukemia cells.
Poly (ETGI), poly (ETGI-co-MA), and poly (ETGI-
co-VAc) showed less cytotoxic against HeLa cells
than monomeric ETGI at a concentration range
tested (0.02-5 mg/mL).

The in vivo antitumor activity of monomer and
polymers at a dosage of 80 mg/kg against Balb/C
mice bearing sarcoma 180 tumor cells increased in
the following order: ETGI > poly (ETGI-co-VAc)
> poly (ETGI-co-MA) > poly (ETGI) > 5-FU. The
antitumor activities of poly (ETGI), poly (ETGI-co-
MA), and poly (ETGI-co-VAc) against sarcoma 180
were higher than that of 5-FU at all dosages tested
(0.8-800 mg/Kg). The T /C values of mice treated
with ETGI at the concentrations of 80 and 800 mg/
kg were 237 and 276%, respectively. The antitumor
activity of ETGI was higher than that of 5-FU at
higher dosages (80 and 800 mg/kg).

This work was financially supported by the Korea Science
and Engineering Foundation (Grant No. 931-0300-014-
2).
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