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The low-molecular weight poly(e-caprolactone) and polylactide were obtained by the polymerization of cyclic esters in the presence of
amino acid initiators. The polymer structures were elucidated by means of MALDI TOF, NMR and IR studies. Effects of temperature,
reaction time and initiator dosage on the polymerization process were examined.
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1. Introduction

Degradable polymeric biomaterials play a key role in tissue
engineering and drug delivery systems. Such polymers are
currently used in many biomedical applications, such as
prosthetic and dental materials, artificial organs, sutures
and disposable hygiene products. Polymer based delivery
systems are capable of controlled release of drugs into body.

Aliphatic polyesters are typical biodegradable materials,
commonly used in medicine and pharmacy because of their
good biodegradability, biocompatibility and lack of toxi-
city. The majority of polyester products are composed of
homo- and copolymers of polylactide (PLA) and poly(e-
caprolactone) (PCL) (1-4).For example, poly(L-lactide)
(PLLA) is a biodegradable and bioabsorbable polymer,
which is degraded in vivo by hydrolytic deesterification into
lactic acid monomers. The latter species become involved
in the carboxylic acid cycle and are subsequently excreted
as carbon dioxide and water.

Aliphatic polyesters are usually prepared by ring-
opening polymerization (ROP) of the relevant cyclic
monomers (e.g. D,L-, L,L-lactide, e-caprolactone; abbrevi-
ations: D,L-LA, L,L-LA, CL, respectively). PLA and PCL
have been successfully synthesized by ring opening poly-
merization in the presence of cationic or anionic initiators,
as well as coordinating and enzymatic catalysts (5-25).The
ROP reaction of CL, initiated with four natural amino acids
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(L-alanine, L-proline, L-phenylalanine, L-leucine) has al-
ready been examined by Liu et al. (26).

We have decided to carry out more detailed investiga-
tion of that reaction by extending the range of amino acids
used as initiators. The work deals also with the synthesis
of aliphatic polyesters from lactide in the presence amino
acids. We believe that the obtained polymers can find practi-
cal applications as effective drug delivery systems to specific
locations and at the required rate (27).

2. Experimental

2.1. Materials

g-Caprolactone (2-Oxepanone, 99%, CL) was purchased
from Aldrich. Before use, it was dried and distilled over
CaH; at reduced pressure. 3,6-Dimethyl-1,4-dioxane-2,5-
dione, (rac-lactide, 98%, LA) (Aldrich) was crystallized
from a mixture of dry toluene with hexane and dried at
room temperature under vacuum. Amino acids (99%,
Aldrich) (L-alanine, L-cysteine, L-leucine, L-methionine,
L-phenylalanine, L-proline, L-threonine, L-aspartic acid,
L-glutamic acid, L-histidine, L-lysine), dichloromethane
(POCh), methanol (POCh) were used as received.

2.2. Polymerization procedure

Monomers (CL and LA) and amino acids were placed in
10 ml glass ampoules under nitrogen atmosphere. The
reaction vessels were then left standing in a thermostated
oil bath for the required temperature and time. When
the reaction was completed (Table 1), the cold product
was dissolved in dichloromethane, precipitated from cold



Table 1. Homopolymerization of e-caprolactone and rac-lactide initiated by amino acids

Monomer  Amino acid ~ M/I ~ Time (h) Temp. (°C)  Yield (%) M Y% (Da) M (Da) PD, M, PDS %MC' M, PDf

CL L-Ala 20:1 24 160 96 2200 2100 — — — — — — —
CL L-Ala 50:1 48 160 92 5200 3300 2900 1.2 2200 1.2 17 3900 1.6
CL L-Ala 50:1 24 120 48 2700 2100 — — — — — — —
CL L-Ala 100:1 24 160 78 8900 7300 — — — — — — —
CL L-Cys 50:1 24 160 &3 4700 3900 — — — — — — —
CL L-Leu 50:1 24 160 95 5400 3700 — — — — — — —
CL L-Met 50:1 24 160 78 4400 5600 — — — — — — —
CL L-Phe 50:1 24 160 93 5300 4000 3400 1.1~ 2200 1.1 18 3600 1.3
CL L-Pro 50:1 24 160 63 3600 3800 3600 1.2 2500 1.1 15 — —
CL L-Thr 50:1 24 160 78 4400 2900 2300 1.1 1800 1.1 11 — —
CL L-Asp 50:1 24 160 58 3300 3600 — — — — — — —
CL L-Glu 50:1 24 160 54 3100 3500 4100 1.2 2800 1.1 18 — —
CL L-His 50:1 24 160 42 2400 1000 — — — — — — —
CL L-Lys 50:1 24 160 88 5000 3200 — — — — — — —
LA L-Ala 50:1 24 120 87 5000 2400 1800 1.1 1600 1.1 6 2200 1.6
LA L-Cys 50:1 24 120 64 4600 1400 — — — — — — —
LA L-Leu 50:1 24 120 82 5900 1400 — — — — — — —
LA L-Met 50:1 24 120 64 3600 1600 — — — — — — —
LA L-Phe 20:1 24 120 51 1500 1800 — — — — — — —
LLA L-Phe 50:1 48 120 75 5400 2500 2200 1.1 1800 1.1 4 2600 1.3
LA L-Phe 50:1 24 160 89 6400 1900 — — — — — — —
LA L-Pro 50:1 24 120 69 5000 1300 1100 1.1 1000 1.1 9 — —
LA L-Thr 50:1 24 120 68 4900 1500 — — — — — — —
LLA L-Asp 50:1 24 120 46 3300 1300 — — — — — — —
LA L-Glu 50:1 24 120 49 3500 1200 — — — — — — —
LA L-His 50:1 24 120 32 1800 1400 — — — — — — —
LA L-Lys 50:1 24 120 78 5600 1300 — — — — — — —

“Determined by viscosity method.

PDetermined by MALDI-TOF.

“Determined by GPC.

L-Ala: L-alanine, D,L-Cys: D,L-cysteine, L-Leu: L-leucine, L-Met: L-methionine, L-Phe: L-phenylalanine, L-Pro: L-proline, D-Thr: D-threonine, L-Asp: L-aspartic acid,
L-Glu: L-glutamic acid, L-His: L-histidine, L-Lys: L-lysine.

M2, , PD? —molecular mass and dispersity of linear oligomers.

M2,,, PD}, molecular mass and dispersity of macrocycles.

% MC—macrocycles content (determined by MALDI-TOF).

M —the theoretical molecular weight: M, = [M]/[I] X M, X/100, where [M]/[I] is the monomer to initiator molar ratio in feed, M,,—monomer mass, X—monomer
conversion (%).
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methanol and dried in vacuo for 72 h to isolate a powdery
or oily polymer.

2.3. Measurements

The polymerization products were characterized by means
of '"H an BC-NMR (Varian 300 MHz), and FT-IR spec-
troscopy (Perkin-Elmer). The NMR spectra were recorded
in CDCls. The IR spectra were measured from KBr pellets.
Relative molecular mass and molecular mass distributions
were determined by MALDI-TOF and gel permeation
chromatography (GPC) techniques. MALDI-TOF spectra
were measured in the linear mode on a Kompact MALDI
4 Kratos analytical spectrometer using a nitrogen gas laser
and 2[(4hydroxyphenyl)diazenyl] benzoic acid (HABA)
as a matrix. Molecular weight and molecular weight
distributions of polymers were determined at 308 K on
Lab Alliance gel permeation chromatography equipped
with Jordi Gel DVB Mixed Bed (250 mmA 10 mm) columns
and refractive detector, and THF or chloroform as eluent
(1 cm?/min). The molecular weights were calibrated with
polystyrene standards.

Polymer viscosity was measured in chloroform (at 25°C)
and N,N-dimethylformamide (at 30°C) using a Ubbelo-
hde viscometer. Polymer molecular weights were calcu-
lated from the Mark-Houwink formula using the following
equation constants: K =2.21-107* ml/g and o = 0.77 (for
PDLA), K = 1.94.107* and o = 0.73 (for PCL) (28-32).

3. Results and discussion

The polymerization reaction of CL and LA were carried
out at 120-160°C. The molar ratio of amino acids to a
given monomer was 1:20, 1:50 or 1:100. Reaction condi-
tions, yields and average molecular weight of polyesters are
summarized in Table 1.

The chemical structures of the obtained polymers were
confirmed by 13C,

'H-NMR and IR studies:

3.1. Poly(e-caprolactone)

'H-NMR (CDCH, 8, ppm): 4.01 (2H, t, -CH,CH,OC(O)-
), 3.70 (2H, t, -CH,CH,0OH, end group), 2.24 (2H, t,
-CH,CH,COO0-), 1.58 (4H, m, -CH,CH,COO-), 1.33
(2H, m, -CH,CH,CH,CH,CH,-)

BC.NMR (CDCL, 8, ppm): 173.1 (-C(O)O-), 63.7
(-CH,CH,0C(0)-), 33.6 (-CH,CH,COO-), 27.9
(-CH,CH,0C(0)-), 25.1 (-CH,CH,COO-), 24.1
(-CH,CH,CH,CH,CH>-)

FTIR (KBr, cm™! ): 2949 (v,sCH,), 2865 (vsCH,), 1727
(vC=0), 1240 (v,;COC), 1190 (LOC-0), 1170 (v;,COC)

Poly(D,L-lactide): ' H-NMR (CDCI3, 8 , ppm): 5.17 (1H,
q, -CH(CHj3)-), 4.36 (1H, q, -CH(CH3)OH, end group),
1.58 (3H, d, -CH3)

13'C NMR (CDCI3, § , ppm): 169.80 (-C(0)O-), 69.2
(-CH(CHs)-), 16.8 (-CH3).

Sobczak et al.

FTIR (KBr, cm™' ): 2997 (v,CHj3), 2947 (uvsCHj3),
2882 (vCH), 1760 (vC=0), 1452 (8,sCH3), 1348-1388
(6sCH3), 1368-1360 (8; CH+8;CH3), 1315-1300 (5,CH),
1270 (§CH 4vCOC), 1215-1185 (v,sCOC + r,sCH3),
1130 (ryCH3), 1100-1090 (v,COC), 1045 (vC-CHj3),
960-950 (rCH3 + vCC), 875-860 (vC-COO), 760-740
(6C=0), 715-695 (y C=0), 515 (8;C-CH3 + §CCO), 415
(8CCO), 350 (8,C-CHj3 + §COC), 300-295

(8COC +6,C-CH3), 240 (rCC)

The presence of -NHCO- group was confirmed by spec-
tral analysis. The proton NMR peak at 5.8-6.2 ppm was
observed in all products, obtained by homopolymerization
of CL and LA in the presence amino acids. The formation
of the -NHCO- group indicates that the amino group of
the amino acids was incorporated into PCL and PDLA
chains.

"H-NMR spectra in CDCl; solutions of the synthesized
polymers are presented in Figures 1 and 2.

Figures 3 and 4 show typical MALDI-TOF spectra of
the polymeric products.

The MALDI-TOF spectra of PCL comprise three of
peaks. The most prominent series of peaks is character-
ized by a mass increment of 114 Da, which is equal to
the mass of the repeating unit in the poly(e-caprolactone)
(Fig. 3). It is assigned to PCL terminated with a hy-
droxyl group (residual mass: 41 Da, Na™ adduct) (A).
The second series of peaks also corresponded to poly(e-
caprolactone), terminated with a hydroxyl group (residual
mass: 57 Da, K+ adduct) (B). In addition, the mass spec-
trum contains a low-intensity series of peaks correspond-
ing to cyclic molecules (residual mass: 23 Da, Na™ adduct)
(C). The content of macrocycles was estimated on the ba-
sis of the intensity ratio of the peaks for linear and cyclic
polymer.

The MALDI-TOF spectra of PDLA comprise three se-
ries of peaks (Fig. 4). The main series (A) corresponds to
PDLA molecules, terminated with a hydroxyl group (resid-
ual mass: 41 Da, Na*t adduct), and the second series of
smaller peaks (B) corresponds also to poly(D,L-lactide)
terminated with a hydroxyl group (residual mass: 57 Da,
K* adduct). The third series of low-intensity peaks (C)
corresponds to cyclic molecules (residual mass: 39 Da, K™
adduct).

In the MALDI-TOF spectrum of PDLA both popula-
tions of chains of even and odd number of lactic acid m.u.
can be observed. The odd number of acid m.u. shows that
under the process conditions the polymer chain undergoes
intramolecular transesterification (leading to the forma-
tion of macrocycles) and intermolecular transesterification
(leading to an exchange of segments), which is a typical
phenomenon for the polymerization of lactides (6).

The molecular weight of PCL and PDLA is dependent
on the monomer/initiator molar ratio (Table 1). Both, the
conversion and molecular weight of the polymers increased,
when the temperature was raised from 120 to 160°C.
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Fig. 1. 'H-NMR spectra of the LA homopolymer produced in the presence of L-phenyloalanine.
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Fig. 2. 'H-NMR spectra of the CL homopolymer produced in the presence of L-phenyloalanine.
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Fig. 3. MALDI TOF spectra of the product of CL polymerization
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in the presence of L-phenyloalanine, where

Fig. 4. MALDI TOF spectra of the product of LA polymerization in the presence of L-alanine, where A10 = -[C(O)CH(CH3)O];0-,

etc.
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The average molecular weights of PCL determined by
the MALDI-TOF method are in the 2300-4100 Da range
and the viscosity method are in the 1000-7300 Da range.
For PDLA, the Mn value determined from MALDI-TOF
is 1100-2200 Da and it is comparable to the viscosity
measurements. Poly(e-caprolactone) has higher molecular
weights than poly(D,L-lactide). M,, determined from GPC
for CL oligomers is in the range of 3600-3900 Da (polydis-
persity indexes 1.3-1.6). For LA oligomers the Mn values
are 2200-2600 Da and Mw/ Mn 1.3-1.6.

Finally, it should be mentioned, that the amino acids
initiators were quite effective in the polymerization of e-
caprolactone and rac-lactide. The yield of PCL was in
the range of 42-96%, and for PDLA in the range of
32-87%.

Kinetic and mechanistics studies are underway. All this
will be presented in the next paper.

4. Conclusions

The ring-opening polymerization of rac-lactide and e-
caprolactone in the presence of amino acids is a very ef-
ficient method of the synthesis of low-molecular weight
polyesters. Polymerization in bulk at 120-160°C pro-
duced polymers with high yield (even ca. 100% in
some cases). PCL and PDLA, obtained from such re-
actions are metal-free materials, thereby highly biosafe
and suitable for drug carriers and controlled drug-release
devices.
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