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ABSTRACT: Three component random copolypeptides consisting of N-hydroxya1kyl L
glutamine, L-g1utamic acid, and L-lysine were prepared by carrying out aminolysis reactions with 
aminoalcohols, such as 3-amino-1-propanol (P) or 5-amino-1-pentanol (Pe), followed by crosslink
ing reaction with octamethylenediamine (OMDA) on starting polymer membranes consisting of y
methyl-L-glutamate (M), L-glutamic acid (B), and L-lysine (K). The effective crosslink density was 
shown to be proportional to the content of the crosslinker (OMDA) in the reaction mixture. The 
tensile properties of these hydrophilic membranes were highly dependent on the degree of swelling 
in the pseudo-extracellular fluid (PECF), hydrophobicity of the side chains, and the effective charge 
density of membranes, and their. behavior was typical of an elastomer. A b,igher rate of water 
permeability was obtained with charged membranes than non-charged and/or compensated 
charged membranes with the same order of the degree of swelling in PECF. Biodegradation of the 
samples in vitro by pronase E and papain indicated that the degradation could be regarded as a bulk 
rather than a surface phenomenon. The rate of degradation was also highly dependent on the 
degree of swelling of membranes, as well as on the hydrophobicity and effective charge density of 
side chains of the samples. 
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Poly(IX-amino acid)s and their copolymers 
are very useful for biodegradable medical ap
plications such as temporary artificical skin 
substitutes in burn therapy, temporary barriers 
to prevent adhesion between natural tissues 
planes damaged eigher by accident or surgery 
between the pericardium and heart wall during 
open-heart surgery, polymer carriers for con
jugates coupled to proteins for therapeutic use 
and drug delivery systems. 1 On the other hand, 
proteins contain both anionic and cationic 
groups in their molecules. Thus, it is interest
ing to investigate confirmations as well as 
membrane properties of copolypeptides carry-

ing both negative and positive charges in the 
side chains of the same molecules from the 
standpoints of basic and applicable consid
erations. 

In this paper, we prepared three component 
random copolypeptides (MBK) consisting of 
L-glutamic acid (B), L-lysine (K), and N
hydroxyalkyl-L-glutamine (M), as well as the 
corresponding two component random co
polypeptides, copoly(N-hydroxypropyl-L
glutamine/L-glutamic acid) (MB) and co
poly(N-hydroxypropyl-L-glutamine/L-lysine) 
(MK), and homopolymers, such as poly
(L-glutamic acid) (PGlu), poly(L-lysine) (PL-
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Lys), and poly(N-hydroxyalkyl-L-glutamine) 
(PHPG and PHPeG), and investigated the 
relation between their bulk structures and 
membranes properties, such as the degree of 
swelling in the pseudo-extracellular fluid 
(PECF), tensile properties in PECF, water 
vapor permeability, and enzymatic degra
dation behavior in vitro of the hydrophilic 
membranes in PECF from an applicable point 
of view for biomedical materials. 

EXPERIMENTAL 

Materials 
Synthesis of Copolypeptides. Three com

ponent random copolypeptide, copoly(y
methyl-L-glutamate/y-benzyl-L-glutamate/ a-N
carbobenzyloxy-L-lysine) (MBK), related two 
component random copolypeptides, copoly(y
methyl-L-glutamate/y-benzyl-L-glutamates 
(MB) and copoly(y-methyl-L-glutamate/a-N
carbobenzyloxy-L-lysine) (MK), and the cor
responding homopolymers, poly(y-methyl-L
glutamate) (PMLG), poly(y-benzyl-L-gluta
mate) (PBLG), and poly(a-N-carbobenzyl
oxy-L-lysine) (PCBL) were synthesized by the 
N-carboxyanhydride (NCA) method. The 
monomers, M-NCA, B-NCA, and K-NCA, 
were prepared according to the method re
ported in the previous paper,2 and purified 
by recrystallization from an ethyl acetate so
lution with the addition of petroleum ether. 
Recrystallization was repeated more than 
three times. The polymerization was ini
tiated with triethylamine (TEA) at an NCA
to-TEA molar ratio of 50. All starting poly
mers were purified and fractionated as de
scribed in the previous paper. 3 The results of 
all the polymerization are summarized in 
Table I. 

Preparation of Hydrophilic Polymer Mem
branes. The debenzylation of y-BLG as well 
as the decarbobenzylation of a-CBL resi
dues in copolymers was performed by anhy
drous HBr treatment according to the method 
ofldelson and Blout.4 After a membrane of ca. 
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Table I. Copolymerization of random copolypeptides 

Sample 
NCA/mol% 

['1]/dlg- 1 
Mw 

code 
M B K 

(DCA, 25°C) 

MBK-11 90 5 5 1.69 323,000 
MBK-21 80 15 5 1.44 252,000 
MBK-22 80 10 10 1.56 281,000 
MBK-23 80 s IS 1.89 367,000 
MBK-31 70 20 10 1.25 184,000 
MBK-32 70 IS IS 1.44 248,000 
MBK-33 70 10 20 1.4S 246,000 
MB-1 90 10 0 2,01 37S,OOO 
MB-2 80 20 0 1.98 371,000 
MK·l 90 0 10 1.55 276,000 
MK-2 80 0 20 1.26 176,000 
PMLG-1 100 0 0 0.98 163,000 
PBLG-1 0 100 0 1.22 224,000 
PCBL-1 0 0 100 1.88 312,000 

M B K 

H-(-NH-TH-CO-)-(-NH-fH-CO-)-(-NH-yH-CO-)-OH 

TH2 
TH2 TH2 
y=O r=O TH2 
OCH3 OCH2Ph CH2 l HB/AcOH 

H-(-NH-TH-CO-)-(-NH-1H-CO-)-(-NH-1H-CO-)-OH 

TH2 
r=o 1H2 

OCH
3 

Of ,_,,,,,,,;:; (<OMOI) 

H-(-NH-CH-CO-)-(-NH-CH-CO-)-(-NH-CH-CO-)-OH 
I I I 

TH2 1H2 yH2 
TH2 rHz TH2 
yO yO 

OH yHz 
(CHz)mOH NH2 

(-COO-) (-NH3+) 

Figure 1. Schematic diagrams of the preparation of 
hydrophilic membranes. 

100 J.!m in thickness cast from an a,ppropriate 
solvent was immersed in the mixture of 3-
amino-1-propanol (P) and the cross1inker, 1,8-
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octamethylenediamine (OMDA), as well as the 
mixture of 5-amino-l-pentanol (Pe), 1-pen
tanol, and OMDA, at 58 to 62°C for 48 h, the 
membrane was washed with pure water, ethyl 
ether, and stored in ethanol. Figure l denotes a 
schematic diagrams of the preparation of the 
hydrophilic membranes. 

Measurements 
Molecular Characterizations of the Starting 

Copolymers. The molecular weights of the 
starting polymers were determined in N,N '
dimethylformamide (DMF) or m-cresol at 
25.0°C by sedimentation equilibrium using a 
MOM Type-3170-b ultracentrifuge equipped 
with a Reyleigh interference optical system 
and a l2mm double sector cell. 5 The viscosity 
numbers were also obtained in a dichloroacetic 
acid (DCA) solution, using an Ubbelohde type 
viscometer at 25.0°C. These data are listed in 
Table I. 

The chain conformation of the hydrophilic 
polymers in PECF was examined by optical 
rotatory dispersion (ORD) measurements. The 
Moffitt-Yang parameter b0 was evaluated 
from the ORD data obtained with a 
Yanagimoto OR-100 Type spectrophotom
eter, using a tungsten lamp at 37.oac. Table 
II summarizes the experimental data of b0 for 
MBK(P), MB(P), MK(P), PHPG, PLGlu, and 
PLLys in PECF at pH=7.4 and 37.0oC. 

Physical Properties of Hydrophilic Mem-

Table II. Moffitt parameter b0 of samples in PECF 
(pH= 7 .4, 37oC) 

Sample code Starting polymer bo 

MBK(P)-110 MBK-11 -150 
MBK(P)-220 MBK-22 -140 
MBK(P)-310 MBK-31 -90 
MBK(P)-320 MBK-32 -120 
MBK(P)-330 MBK-33 -110 
MB(P)-20 MB-2 -60 
MK(P)-20 MK-2 -100 
PHPG-10 PMLG-1 -150 
PLGlu-10 PBLG-1 60 
PLLys-10 PCBL-1 40 
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branes. The degree of swelling Qw (%) in 
PECF was determined by equilibrating the 
membrane in PECF solution at 37.0°C. The 
membrane was removed, blotted to remove 
surface PECF and weighed until a constant 
weight was achieved. The membrane was then 
dried in a vacuum oven. The Qw (%) was 
defined as the ratio of the amount of PECF to 
weight of the dried crosslinked hydrophilic 
membrane. 

The tensile properties of hydrophilic mem
branes were measured by a Tensilon UTM-11-
20 (Toyo-Boldwin Co.) using the standard 
techniques in PECF at 25.0°C. All the samples 
were tested at an elongation rate of 40% per 
minute. 

Water vapor permeation through the mem
branes was measured with a cylindical glass 
cell6 at 37.0°C. The exposed membrane area 
was 12.57 cm2 • 

Biodegradation of Hydrophilic Membranes in 
Vitro. Enzymatic degradation studies in vitro 
were carried out by using papain and pronase 
E. These enzymes were purchased from 
Nakarai Chern. Co. Enzyme solutions were 
prepared by standard techniques7 at 37.0°C. A 
series of the crosslinked hydrophilic mem
branes were exposed to PECF solution at 
pH= 7.4 with appropriate activators at 
37.0°C. Polymer membranes were removed 
from the enzyme solution at appropriate time 
intervals, weighed, and then vacuum dried at 
60°C to constant weights. 

RESULTS AND DISCUSSION 

Molecular Conformations of Copolymers in 
PECF 
In Table II, it is shown that PHPG homo

polymer exists in the interrupted a-helix con
formation at pH= 7.4 and 37.0°C in PECF, 
while PLG!u and PLLys homopolymers exist 
in charged coil conformation.8 

The equimolar-charged hydrophilic mem
branes, MBK(P)-100, MBK(P)-220, and 
MBK(P)-320, exist in the interrupted a-helix 
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conformation whose molar contents were al
most of the same order as that of the PHPG 
homopolymer, indicating that the interaction 
between B and K residues leads to helix 
stabilization.9 

Degree of Swelling of Hydrophilic Membranes 
in PECF 

The degree of swelling in a solvent is de
termined by the interaction energy between the 
solvent molecules and polymer segments as 
well as the elastic energy (crosslink density) 
for a solvent-swollen polymer. 

On the other hand, the precise crosslink 
density has not been determined because of the 
uncertainty in the relative reactivities of 3-
amino-1-propanol or 5-amino-1-pentanol and 
OMDA, and also because estimation of the 
fraction of the reacted diamine molecules 
which form effective crosslinks is difficult. The 
effect of crosslinker (OMDA) concentration in 
the reaction on the degree of swelling of the 
crosslinked membranes in PECF is shown in 

Table III. Preparative data of hydrophilic 
sample membranes 

Sample 
code 

MB(P)-21 
MB(P)-22 
MB(P)-23 
MB(P)-24 
MBK(P)-221 
MBK(P)-222 
MBK(P)-223 
MBK(P)-224 
PHPG-11 
PHPG-12 
PHPG-13 
PHPG-14 

MBK(Pe)-221 
MBK(Pe)-222 
MBK(Pe)-223 
PHPeG-11 
PHPeG-12 
PHPeG-13 
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Starting 
polymer 

MB-2 

MBK-22 

PMLG-1 

MBK-22 

PMLG-1 

OMDA Qw 

% 

1.0 1980 
2.0 1260 
3.0 1010 
4.0 810 
1.0 1400 
2.0 970 
3.0 760 
4.0 650 
1.0 1180 
2.0 810 
3.0 590 
4.0 490 

1.0 460 
2.0 310 
3.0 230 
1.0 360 
2.0 240 
3.0 185 

Figure 2. The degree of swelling in PECF 
decreases with increasing OMDA molar con
centration in the reaction solution. 

When the degree of swelling is quite large, it 
is given by the following equation according to 
rubber elasticity theory10 

where Me is the molecular weight per cross
linked unit, M the primary molecular weight, v 
the specific volume of polymer, vl the molar 
volume of solvent and Xt the interaction pa
rameter. The factor (1- 2Mc/ M) expresses the 
correction for network inperfections resulting 
from chain ends. For a quite high molecular 
weight polymer chain, it reduces to unity. As 
the effective crosslink density, fc is propor
tional to the value of Mol Me where Mo is the 
molecular weight of the repeat unit (mono
meric unit), equation 1 may be simplified as 

Q;,/3 =(VM0 )(1/2-x1)1/V1fc (2) 

The slope of log-log plots in Figure 2 has 
the value of -3/5 as predicted by eq 2. The 
effective crosslink density fc is proportional to 
the crosslinker OMDA concentration (mol%) 
in the reaction solution. The Qw values ob-

t 5 

d 
'52 

2 

OMDA (mol '/,) 

Figure 2. Degree of swelling Qw e--6) of hydrophilic 
membranes in PECF as a function of the molar percent 
ofOMDA: (I) MB(P) (0), (2) MBK(P) (0), (3) PHPG 
(e), (4) MBK(Pe) (0), and (5) PHPeG (+). 

Polymer J., Vol. 19, No. 9, 1987 



Charged Copolypeptide Membranes 

tained with MB(P) charged membranes were 
higher than those obtained with the com
pensated-charged membranes, MBK(P), as 
well as the non-charged membranes, PHPG 
of same order of OMDA molar concentration, 
indicating that Qw value depends on the charge 
density in membranes. 

Tensile Properties of Hydrophilic Membranes 
in PECF 
The tensile properties of hydrophilic mem

branes are highly dependent on the degree of 
swelling in PECF. Further, elastomeric mem-

Strain ('/,) 

Figure 3. Stress-strain properties of membranes in 
PECF at 25oC for: (I) MB(P)-24, (2) PHPG-12, (3) 
MBK(P)-222, (4) PHPeG-11, and (5) MBK(Pe)-221. 

Table IV. Mechanical properties of membranes 
in PECF, 25oC 

Sample Qw E Us Eo 

code 
% dyncm- 2 dyncm- 2 % 

MB(P)-22 1260 2.0 X J07 1.2 X 107 45 
MB(P)-24 810 2.8 X J07 1.9xl07 60 
PHPG-12 810 4.0 X 107 2.1 X J07 82 
PHPG-13 590 8.7x W 4.6 X 107 75 
MBK(P)-222 970 8.8 X J07 4.9 X J07 88 
MBK(P)-224 650 1.4xJOB 6.5 X J07 90 

PHPeG-11 360 4.2 X JOB 6.0 X J07 75 
PHPeG-12 240 7.8 X JOB 9.7x 107 80 
MBK(Pe)-221 460 8.0 X JOB 3.6 X JOB 95 
MBK(Pe)-222 3JO 1.2 X 109 5.8 X JOB 90 

Polymer J., Vol. 19, No.9, 1987 

branes are highly suited to biomedical appli
cations, such as membranes for artificial or
gans, reconstructive prosthesis, and cosmesis. 

Figure 3 illustrates the stress-strain curves of 
hydrophilic membranes in PECF at 25°C. 
While MB(P)-24 and PHPG membranes gave 
lower strength, MBK(P)-222 attained higher 
strength with a moderate modulus. Table IV 
lists the experimental findings of Young's 
modulus E at an elongation of 1%, the ten
sile strength u8 and elongation £8 at the break
age point with Qw (%) values for membranes 
in PECF. Tensile properties of MBK(P)-222 
and MBK(Pe)-221 membranes were more than 
PHPG-12, MB(P)-24, and PHPeG-11, respec
tively, even when the Qw values of MBK(P)-
222 and MBK(Pe)-221, the compensated
charged membranes, were more than the cor
responding non-charged membranes, PHPG-
12 and PHPeG-11, and MB(P)-24 charged 
membrane, showing charge interactions be
tween cation and anions in the molecular 
chains to affect the tensile strength of the 
membranes. Further, it is pointed out that the 
degree of swelling in PECF for membranes 
containing N-hydroxypentyl-L-glutamine (Pe) 
becomes much lower than those for mem
branes containing N-hydroxypropyl-L
glutamine (P) (Table III). The hydrophobic 
nature of glutamine side chain increases from 
P to Pe. Lotan, et a/. 11 have shown that the 
helical content increases with increasing length 
of hydrocarbon of side chain in aqueous so
lution, and that PHPeG exists almost com
pletely in the a-helix conformation, while 
PHPG exists in the interrupted a-helix confor
mation. Thus, the Qw value may be affected by 
molecular conformation. 

Furthermore, it is pointed out from Figure 3 
and Table IV that the hydrophobic nature of 
the glutamine side chain affected the mechani
cal properties of membranes._ 

Water Vapor Permeability of Membranes 
A large variety of synthetic polymer mem

branes has been investigated in the treatment 
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of burns. 12 14 Among them, for example, the 
formulation of a crosslinked polymer in the 
form of hydrogel appears to have added capa
bility for encouraging cellular migration into 
the graft and vascularization. 15 In designing an 
effective wound closure or an artificial skin 
inner-layer substitute, at least two functions of 
skin are urgently essential for survival. The 
first is the ability of skin to keep most bacteria 
out. The second is its ability to control water 
passage moderately from tissue and organ. 
Thus, it is important to know the value of the 
rate of water vapor permeability Vr (g m 2 

day) through the membrane. If the Vr value is 
excessively low, water accumulates at the in
terface between the woundbed and imperme
able graft, and edema results. The graft
woundbed interfacial contact is thereby under
mined. As a result, maintain the ability to wet 
the woundbed and thereby maintain an air
free interface, an inner skin substitute mem
brane should have a higher Vr value than that 
of the human physiological level of about Vr = 

500 day). 
Figure 4 illustrates the relation between the 

rate of water vapor permeability Vr (g m 2 

day) of PECF and the degree of swelling Qw 
(%) for membranes at 37.0°C. It may be also 
shown that the Vr value is highly dependent on 

Q., (0/o) 

Figure 4. Rate of water vapor permeability Vr (g m 2 

day) as a function of the degree of swelling Qw (%) for 
membranes: (A)PHPG (e) and PH PeG ( + ), (B) 
MBK(P) (0) and MBK(Pe) (<>),and (C) MB(P) (0). 
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the Qw value in PECF. Further, it may be 
judged in Figure 4 that the Vr value of the 
charged membranes, MB(P), is more than 
those of the compensated-charged or non
charged membranes, MBK(P), MBK(Pe), 
PHPG, or PHPeG, at the same value of Qw, 
indicating that the charge density "in mem
branes affects the state of water in membranes. 

Biodegradation of Membranes in Vitro 
Numerous proteases may be present at a 

wound site. 16 These proteases are divided into 
some classes depending on the structure of 
active sites. Enzymes of inflammatory re
sponse that are likely to degrade poly(cx-amino 
acid)s include the endopeptidase Cathepsin B 
and the exopeptidases Carboxypeptidase and 
Leucine amino peptidase.17 In the present in
vestigation, the plant thiol endopeptidase 
Papain was selected as a commercially avail
able analog of Cathepsin B as well as Pronase 
E as a commercially available analog of an 
exopeptidase released during the acute and 
chronic stages of the inflammatory response. 
Although Papain is a general plant thiol 
endopeptidase, it has preference for peptide 
bonds where the amino acid residue of the 
carbonyl group is arginine, lysine, or gluta
mine and where this amino acid is joined on 
either side by amino acids with hydrophobic 
side chains. 18 Pronase E obtained from 
Streptomyces griseus has been separated into 
eight proteases19 of which four are serine 
endopeptidases. 20 These endopeptidases are 
not expected to hydrolyze N-hydroxyalkyl-L
glutamine series. The remaining four pronase 
enzymes are exopeptidases; two are aminopep
tidases2i and two are carboxypeptidases. 22 The 
pronase E activity observed in the crosslinked 
membranes in this study almost certainly 
comes from these exopeptidases. 

Pre-weighed MBK(P)-224 membranes were 
exposed to Pronase E or Papain and the results 
are illustrated in Figure 5. The dry weights of 
the membranes began to decrease immediately 
and the weight loss continued steadily thereaf-
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?:0 
} 0.5 

0 

0 2 
Timt> (h) 

Figure 5. Dry weight ratio ( WJ W0 ) and swelling ratio 
of PECF for MBK(P)-224 membrane as a function of 
enzymatic digestion time (hr) with: (I) Pronase E (e) 
(0.5 mgml- 1 ) and (2) Papain (0) (0.12 mgml- 1) at 
37.0'C and pH=7.4. 

ter for the Pronase E system. Simultaneously, 
the swelling ratio increased steadily. On the 
other hand, the MBK(P)-224 membrane that 
was exposed to Papain showed a lag time with 
respect to weight loss so that when the experi
ment was half over, i.e., at half the time needed 
to dissolve the specimen, about 70% of the dry 
weight remained. The increase in swelling ratio 
with the Papain system was always higher 
order than that with the Pronase E system. 
Judging from the immediate increase in the 
swelling ratio, the degradation of the MBK(P)-
224 membrane should be a bulk rather than a 
surface phenomenon. Qualitative differences 
in the action of Pronase E and Papain are 
clearly shown in Figure 5. The immediate and 
steady weight loss observed with the Pronase E 
system is consistent with the release of mono
mers from the chain ends by exopeptidases. 
On the other hand, an endopeptidase, such as 
Papain, must make two incisions in a chain 
segment to produce a soluble fragment, but a 
single cleavage will decrease the effective cross
link density, resulting in increased swelling 
ratios of membranes. Thus, the initial effect of 
Papain is therefore to decrease the effective 
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1.0 :.: 

> 0.5 

0.3 

2 . 3 

2<XXJ 
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Figure 6. Rate of Pronase E digestion V{l/2)(h- 1) as a 
function of the degree of swelling Qw for: (I) PHPG 
(e), (2) MBK(P) (0), (3) MB(P) {0), (4) PHPeG (+), 
and (5) MBK(Pe) ( 0 ). 

2.0 

Figure 7. Rate of Papain digestion V{l/2) (h-I) as a 
function of the degree of swelling Qw for: (I) PHPG 
(e), (2) MBK(P) ( 0 ), (3) MB(P) ( 0 ), ( 4) PH PeG ( + ), 
and (5) MBK(Pe) ( 0 ). 

crosslink density without producing soluble 
materials. 

Figures 6 and 7 summarize the rates of 
Pronase E and Papain digestion V(l /2) (h -l ), 

respectively, as a function of the degree of 
swelling Qw (%) in PECF for hydrophilic 
polymer membranes. V(l/2) is defined as the 
reciprocal of the time required for the sample 
weight to be reduced to one-half its initial 
value. It is clearly shown that the order of 
degradation rates among the hydrophilic 
membranes is as follows: PHPeG > MBK(Pe) 
> PHPG > MBK(P) > MB(P) at the same 
order of Qw (%)for each membrane. 

In conclusion, the effective crosslink density 
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was shown to be proportional to the content of 
the crosslinker (OMDA) in the reaction mix
ture. Qw values were highly dependent on the 
charge density in membranes. The tensile pro
perties of these hydrophilic membranes de
pended on Qw in PECF, charged interactions 
between cations and anions in the molecular 
chain, and the molecular conformation of 
chains in membranes, and their behavior was 
typical of an elastomer. Biodegradation of 
these hydrophilic membranes by Pronase E or 
Papain in vitro indicated that the degradation 
could be regarded as a bulk rather than a 
surface phenomenon. The rate of degradation 
of sample was also highly dependent on Qw 
(%) of membranes, as well as on charge density 
of the sample side chains. 
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