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A novel biodegradable block copolymer poly(lactic acid-b-lysine) (PLA-b-PLL) has been synthesized and characterized in this study.
This product was synthesized via a five-step reaction: Synthesis of hydroxyl-tailed poly(lactic acid) (PLA) by the ring-opening
polymerization (ROP) of D,L-lactide in the presence of stannous octoate (Sn(OCt),) as initiator; coupling N-t-butoxycarbonyl-L-
phenylalanine to hydroxyl-tailed PLA using dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP); the amino-
tailed PLA was obtained through de-protection of the Boc-protective group in trifluoroacetic acid (TFA) solution; and then ring-
opening polymerization of N°-(Z)-lysine- N-carboxyanhydride (NCA) using the amino-tailed PLA as macro-initiator; finally removal
of the Cbz-protective group of PLA-b-poly(N¢-(Z)-L-lysine) (PLA-b-PLL(Z) in a mixed hydrobromic acid/acetic acid solution to give
the target copolymer. The characterization of this copolymer and its precursors were performed by 'H-NMR, FTIR and GPC. The
block copolymer PLA-b-PLL, combining the characteristics of an aliphatic polyester and poly(amino acids), could be of potential
interest in a variety of medical applications, such as the fields of targeted drug delivery and gene delivery systems.

Keywords: Biomaterials, poly(lactic acid), poly(amino acids), biodegradable, N-carboxyanhydride, ring-opening polymerization

1 Introduction

In the recent two decades, considerable efforts have
been performed to develop various kinds of functional
biodegradable polymers and many of them, such as am-
phiphilic copolymers, have been widely used in life science.
Amphiphilic copolymers are well known for their excellent
blood compatibility (1-4), and receive more and more at-
tention for their potential application in tissue engineering
and drug delivery (5-7).

Poly(lactic acid) (PLA) is a typical building block of am-
phiphilic copolymer, and a great deal of work has been
carried out to modify its structures for the purpose of bio-
logical applications (8-10). Different biological properties
could be achieved by grafting different functional groups
to the polymer backbone. For an example, cationic poly(«-
amino acid)s-modified PLA has relatively high cationic-
charged surface (11-13) and therefore, could interact with
the negative charged cellular membranes, such as those of
malignant cells (14, 15). Moreover, the amino acid sub-
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stituent could be biodegraded by either proteases or pep-
tidases, and thus improved the polymer’s biodegradation
property (16).

Based on the above mentioned points, we proposed the
design and synthesis of a novel cationic biocompatible
copolymer (PLA-bh-PLL) in this study. The synthesis out-
line of this copolymer was shown in Scheme 1. By combin-
ing the aliphatic polyester (PLA) and cationic poly(lysine)
(PLL) segments into the copolymer via ring-opening poly-
merization (ROP), we expected that this new amphiphilic
copolymer could achieve good capability for the delivery
of bioactive drugs.

2 Experiment

2.1 Materials

D,L-lactide was purchased from GLACO (China), recrys-
tallized from toluene and ethyl acetate and stored at —20°C
before use. Trifluoroacetic acid (TFA) was purchased from
Sinopharm (China) and dried over phosphors pentoxide
before use.

N?-(carbonybenzoxy)-L-lysine,  N-t-butoxycarbonyl-
L-phenylalanine (Boc-L-Phe) and triphosgene were
purchased from GL Biochem. Dicyclohexylcarbodiimide
(DCC), 4-dimethylaminopyridine (DMAP) and HBr
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Scheme 1. Synthetic scheme of poly(lactic acid-b-L-lysine)(PLA-b-PLL).

(33%wt)/HAc were purchased from Acros. N°-(Z)-lysine-
N-carboxyanhydride (NCA) was synthesized and purified
using the method reported by Dorman et al., (17) and
stored at —20°C in vacuo. Hexane, methylene dichloride
and chloroform were refluxed over calcium hydride and
distilled under nitrogen. Tetrahydrofuran (THF) was dried
by sodium metal immediately before use.

2.2 Measurements

"H-NMR spectra were recorded on a Bruker Avance 400
NMR spectrometer. FTIR-Raman spectra were measured

using a Nicolet NEXUS-670 Fourier transform infrared
spectrometer. GPC measurements were carried out on a
Polymer PL-GPC 50 gel permeation chromatograph sys-
tem equipped with a RI detector.

2.3 Synthesis of Hydroxyl-Tailed PLA

D,L-lactide and Sn(OCt); (0.2 wt% of D,L-lactide) solution
in hexane were added into a dry tube under the protection
of nitrogen and then the hexane evaporated under vacuum.
After being purged three times with N, the tube was flame-
sealed and then immersed in a 130°C oil bath for 8§ h.
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Afterwards, the product was dissolved in chloroform and
then excess methanol was added to precipitate it, filtered
and dried under vacuum to give one hydroxyl-tailed PLA
on one end.

2.4 End-capping of PLA-OH with Boc-L-Phe

10.0 g (1 mmol) of PLA-OH and 2.2 g (6.3 mmol) of Boc-
L-Phe were added into a nitrogen-purged flask, followed
by adding 80 ml anhydrous methylene dichloride, and then
cooled to —10°C, 5 min later, 1.8 g (8.4 mmol) of DCC
and 0.16 g (1.3 mmol) of DMAP were added into the flask
and the solution stirred at 0°C for 48 h. Afterwards, it was
filtered to collect the filtered liquid, and transferred to a
separating funnel, washed with saturated aqueous sodium
hydrogen carbonate (2 x 100 ml) and distilled water (2 x
100 ml), respectively. Then, excess cold methanol was added
to the collected CH,Cl, solution to precipitate the copoly-
mer, filtered and dried under vacuum to give Boc-L-Phe
end-capped PLA.

2.5 De-protection of Boc-L-Phe End-Capped PLA

At 0°C, 15 ml trifluoroacetic acid was added to 70 ml of
anhydrous methylene dichloride containing 6 g (0.6 mmol)
of Boc-L-Phe end-capped PLA, and the solution stirred
for 2 h under nitrogen atmosphere. Afterwards, the solvent
was evaporated under vacuum and anhydrous chloroform
was added to dissolve the residue. The solution was trans-
ferred to a separatory funnel, washed with saturated aque-
ous sodium hydrogen carbonate (2 x 100 ml) and distilled
water (2 x 100 ml), the organic phase collected, and dried
over sodium sulfate. In the end, the organic phase was
poured into excess of cold methanol, the insoluble solid
filtered and dried under vacuum to obtain the product.

2.6 Synthesis of PLA-b-poly(N¢-(Z)-L-lysine) Block
Copolymer

Copolymerization was done as follows: 2.0 g (6.6 mmol) of
N¢-~(Z)-lysine- N-carboxyanhydride (NCA) and 1.0 g (0.1
mmol) of amino-tailed PLA were dissolved in 80 ml of
anhydrous chloroform and injected into a dry flask which
had been purged with nitrogen three times. After the solu-
tion had been stirred for 72 h at room temperature, it was
concentrated to 30 ml by rotary evaporation and poured
into an excess of cold diethyl ether to precipitate the solid,
filtered and dried in vacuo to give PLA-b-poly(N®-(Z)-L-
lysine) block copolymer.

2.7 De-protection of PLA-b-poly(N°®-(Z)-L-lysine) Block
Copolymer

1.0 g of PLA-b-poly(N?-(Z)-L-lysine) was added to a dry

flask, purged with nitrogen three times and then 30 ml of

hydrobromic acid/acetic acid was injected. After the slurry

Yu et al.

had been stirred for 1 h under the N, protection at room
temperature, it was poured into excess cold diethyl ether,
the insoluble solid filtered and dried under vacuum to give
the di-block copolymer PLA-b-PLL.

3 Results and Discussion

3.1 Synthesis and Characterization of Hydroxyl-Tailed
PLA

The hydroxyl-tailed PLA was characterized by both IR
and '"H-NMR spectroscopy and the results are shown in
Figures 1(a) and 2(a), respectively. From Figure 1(a), the
major peaks at 29003000 cm~!, 1725cm ™!, and 1080 cm™!

e

4000 3500 3000 2500 2000 1500 1000 500

Figure 1. FITR spectra of hydroxyl-tailed PLA (a), BOC-L-Phe-
tailed PLA (b), amino-terminated PLA (c), PLA-b-PLL(Z) (d),
and PLA-b-PLL (e).
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Figure 2. '"H-NMR spectra of hydroxyl-tailed PLA (a), BOC-L-Phe-tailed PLA (b), amino-tailed PLA (c), PLA-b-PLL(Z) (d).

are assigned to C-H stretching of the polymer, its ester C=0
stretching and its O-CH, stretching, respectively. In Figure
2(a), the chemical shifts at 1.59 and 5.09 ppm are assigned
to the lactic backbone protons of this typical polymer.

3.2 Preparation and Characterization of Boc-L-Phe
End-Capped PLA

Figure 2(b) shows the 'H-NMR spectrum of this prod-
uct. There are two new peaks, appearing at 1.29 ppm (f,
(CH3)3C-) and at 7.26 ppm (g, singlet, CsHs-) in this 'H
NMR spectrum, compared with that of PLA-OH, indicat-
ing that Boc-L-Phe has been successfully conjugated to the
PLA-OH backbone. Moreover, it can also be seen from
this figure that almost all the hydroxyl groups of PLA were
conjugated with Boc-L-Phe, judged by the ratio of peak
a/peak f (tert-butoxycarbonyl-/CH3;0-). The GPC analy-
sis in Figure 3(a, b) showed that the polymeric backbone
was not affected because the retention time of the peak did
not change too much after the reaction.

3.3 Synthesis and Characterization of Amino-tailed PLA

The amino-tailed PLA was successfully prepared by re-
moving the protective group of Boc-L-Phe end-capped
PLA in the presence of TFA. The '"H-NMR spectrum
of amino-tailed PLA and its GPC result are shown in
Figures 2(c) and 3(c), respectively. The disappearance of
the peak at 1.29 ppm (Fig. 2(c)) indicated that the zert-
butoxycarbonyl group had been totally removed. Figure
3(c) shows that the GPC trace of PLA-NH, remained un-
changed, indicating the polymeric backbone did not change
under these conditions. Furthermore, the same absorptions

at 1725 cm~!'(C=0), 2900 cm~!, 2960 cm~!(-CH3) for all
the PLA-derived compounds, as shown in Figure 1(a,b,c),
confirmed that the structure of the PLA backbone was not

affected.

N

12 14 16 18
Elution time(min)

Figure 3. GPC spectra of hydroxyl-tailed PLA (a), BOC-L-Phe-
terminated PLA (b), amino-terminated PLA (c), PLA-b-PLL(Z)
(d), PLA-b-PLL (e).
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3.4 Copolymerization and Characterization of
Amino-tailed PLA and N°-(Z)-lysine-
N-carboxyanhydride

Figures 1(d) and 2(d) show the IR spectrum of the PLA-
b-poly(N?-(Z)-L-lysine) and its 'H-NMR spectrum. As
shown in Figure 1(d) the product contains two amide bands
(at 1640 and 1700 cm~!), amide bands (at 1540 cm™!)
and —NH-(at 3340 cm™!). As shown in Figure 2(d), a
new peak at 7.35 ppm was observed, compared with the
"H-NMR of PLA-NH,, which was attributed to the ben-
zene ring of the protective group of (Z)-lysine and the
peaks at 5.02 (i, -CH»-), 4.20 (f, -CH-), 2.95 (h, -CH;-)
and 1.35 (g, -CH;-) ppm were assigned to protons of the
lysine segment. Therefore, both IR and 'H-NMR spectra
showed that the copolymerization had been successfully
completed.

Based on the integral ratio of CH3;O- (b at 1.59 ppm) to
-C¢HsCH,OCOCHj;- (i at 5.02 ppm) (Fig. 2(d)), the de-
gree of polymerization (DP) of the block copolymer was
calculated to be 59, which was in agreement with the start-
ing ratio of NCA monomer to the macro-initiator. The
GPC trace of the block copolymer, shown in Figure 3(d),
showed that this product has a higher molecular weight be-
cause peak shifted to a shorter retention time, which meant
that the co-polymerization occurred.

3.5 De-protection of PLA-b-poly(N®-(Z)-L-lysine)

The de-protection of PLA-b-poly(N®-(Z)-L-lysine) was
carried out based on reference 18. The IR spectrum of
the product was recorded and is shown in Figure 1(e). The
peaks at 750 cm~! and 700 cm~! (8cy vibration of the
benzyl group) disappeared and those at 3335 cm~!, 1700
cm~!, 1640 cm~! and 1540 cm~! remained unaffected. The
results showed that the benzyl groups had been removed
completely and the block copolymer backbone remained
unaffected. Moreover, the GPC analysis, shown in Fig-
ure 3(e), also confirmed that the de-protection successfully
occurred and the backbone was not cleaved under such
conditions, since no any other new signal was detected
after de-protection and the molecular weight decreased
slightly.

4 Conclusions

In this study we presented a facile synthesis of a novel block
copolymer PLA-b-PLL. First, the PLA-OH was prepared
through ring opening polymerization of D,L-lactide in the
presence of Sn(OCt), and then it was coupled with Boc-L-

Yu et al.

Phe and de-protected to give the intermediate PLA-NH,.
The final product of PLA-b-PLL was prepared via the ring-
opening polymerization of this amino tailed with NCA,
followed by removal of the protective Cbz group.

All the structures, including the intermediates and the
block copolymer, were characterized by 'H NMR, FTIR
and GPC. On going work is directed to study biological
properties of this novel functional copolymer.
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