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ABSTRACT 

 
The ring opening polymerization of D,L-lactide (DLLA) using multifunctional 

hydroxyl-terminated initiators and catalyst/coinitiator systems based on Sn(Oct)2 afforded 

the preparation of star-shaped, poly(D,L-lactide)s (PDLLA)s of controlled molar mass, 

narrow molar mass distributions, and well-defined chain end functionality. Various 

modifications of star-shaped PDLLA resulted in macromolecules with tailored 

functionalities for biomedical applications.     

Star-shaped PDLLAs were modified to contain photoreactive methacrylate end 

groups and subsequent photo-crosslinking was performed.  Photo-crosslinked networks 

based on methacrylated star-shaped PDLLAs exhibited thermal properties and 

mechanical performance that were superior to current approved clinical adhesives.  In 

addition, the thermal and mechanical properties of the networks were strongly dependent 

on the composition and molar mass of the star-shaped PDLLA precursors.  Tensile 

strengths in the range of 8-21 MPa were obtained while the Young’s modulus increased 

from 12 to 354 MPa and were higher for networks based on urethane containing 

polymers.   

Star-shaped PDLLAs bearing complementary adenine and thymine terminal units 

were also prepared.  The hydrogen bonding associations between complementary 

PDLLA macromolecules depended strongly on molar mass and hence, the concentration 



of multiple hydrogen bonding units.  1H NMR spectroscopy confirmed the formation of 

hydrogen-bonded complexes with a 1:1 optimal stoichiometry and an association 

constant of 84 M-1.  The hydrogen-bonded complexes also exhibited significantly higher 

solution viscosities than non-blended polymer solutions of similar molar mass and 

concentration.   

Thermoreversible associations of PDLLA-based complementary polymers were 

observed in the melt phase and the melt viscosity of a blended complex was consistently 

an order of magnitude higher than non-functionalized star-shaped PDLLA of similar 

molar mass.  Furthermore, melt electrospinning of the hydrogen-bonded complexes 

successfully resulted in fibers of significantly larger diameter (9.8 ± 2.0 µm) compared to 

the individual precursors (PDLLA-A = 4.0 ± 0.6 µm and PDLLA-T = 4.4 ± 1.0 µm).  

These results suggested that thermoreversibility, as well as the strength of the hydrogen 

bonding interactions between the end groups of the tailored star-shaped PDLLA-based 

supramolecular polymers controlled the fiber diameter in the melt electrospinning 

process.   

Highly ordered microporous honeycomb structures were developed on photo-

functional star-shaped PDLLA surfaces.  The pore dimensions were dependent on 

polymer solution concentration, polymer molar mass and relative humidity.  The 

combination of self-organizing and cross-linking techniques resulted in free-standing, 

PDLLA membranes with high chemical stability as well as higher mechanical strength 

for further material patterning.   

Amikacin, an antibiotic commonly used for treating infections was successfully 

encapsulated in star-shaped PDLLA fibers that were electrospun from solution.  
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Preliminary results suggested that molecular architecture influenced the encapsulation of 

the antibiotic and subsequent drug release profile.   
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Chapter 1: Dissertation Overview 

Biopolymers are widely utilized in medical devices for the replacement of living 

materials.  This allows them to repair, restore, or replace damaged or diseased tissue and 

to interact with biological systems.1  Poly(lactide), (PLA) and its copolymers are part of a 

diverse group of poly(α-hydroxy acid)s used in biomedical applications since the 1970’s.  

While initially studied for packaging and agricultural applications,2,3,4,5 these polymers 

are now mostly used as controlled drug delivery systems in the biomedical and 

pharmaceutical industries, as well as in the veterinary and agrochemical fields.  In this 

area, active ingredients including proteins, DNA, pesticides, contraceptives, drugs and 

antibiotics are delivered through sustained release with the ultimate biodegradation of the 

carrier medium.6  Although controlled delivery has remained the common application of 

these polymers, surgical fixation devices have also received considerable attention where 

                                                 
1 Albertsson, A.-C.; Edlund, U.; Stridsberg, K. Controlled ring-opening polymerization of 
lactones and lactides. Macromol. Symp. 2000;157:39-46. 
2 Zhang, X.; Wyss, U. P.; Pichora, D.; Goosen, M. F. A. Biodegradable polymers for orthopedic 
applications: synthesis and processability of poly(L-lactide) and poly(lactide-co-e-caprolactone). 
J. Macromol. Sci.- Pure Appl. Chem. 1993;A30:933. 
3 Sinclair, R. G. The case for polylactic acid as a commodity packaging plastic. J. Macromol. 
Sci.- Pure Appl. Chem. 1996;A33:585. 
4 Swift, G. Directions for environmentally biodegradable polymer research. Acc. Chem. Res. 
1993;26:105-110. 
5 Kricheldorf, H. R.; Kreiser-Saunders, I. Polylactides - synthesis, characterization and medical 
application. Macromol. Symp. 1996;103:85-102. 
6 Chiellini, E.; Solaro, R. Biodegradable polymeric materials. Adv. Mater. 1996;8:305-313. 
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they are used as resorbable prostheses, sutures, and scaffolds for wound dressing, tubular 

conformations, and skin substitutes.7,8,9  

Improvement in synthesis and characterization techniques has allowed the 

preparation of a wide variety of polymers with architectural diversity and well-defined 

functionality.  Research objectives will focus on the synthesis of star-shaped poly(D,L-

lactide)s  (PDLLA)s with tailored functionalities.  Another objective will involve 

characterization of the unique thermal, mechanical, rheological and morphological 

properties of the derivatived biodegradable star-shaped polymers.  This dissertation 

explores the synthesis and characterization of biocompatible and biodegradable polymers 

of various functionalities.  Chapter two is a literature survey pertaining to recent progress 

in the synthesis and characterization of branched biopolymers particularly, star-shaped 

and hyperbranched biodegradable aliphatic polyesters, biocompatible polyethers and their 

copolymers.     

Chapter three discusses the ring opening polymerization of D,L-lactide (DLLA) 

using a poly(ethylene glycol) (PEG) macroinitiator.  Modification of the hydroxy-

terminated star-shaped PDLLA polymers to achieve photofunctional terminal groups and 

subsequent photo-crosslinking is discussed.  Incorporation of hydrogen bonding units and 

its influence on the mechanical performance is addressed.   

                                                 
7 Amass, W.; Amass, A.; Tighe, B. A review of biodegradable polymers: uses, current 
developments in the synthesis and characterization of biodegradable polyesters, blends of 
biodegradable polymers and recent advances in biodegradation studies. Polymer Int. 1998;47:89. 
8 Detrembleur, C.; Mazza, M.; Halleux, O.; Lecomte, P.; Mecerreyes, D.; Hedrick, J. L.; Jérôme, 
R. Ring-Opening Polymerization of g-Bromo-e-caprolactone: A Novel Route to Functionalized 
Aliphatic Polyesters. Macromolecules 2000;33:14. 
9 Holland, S. J.; Tighe, B. J. Biodegradable polymers. Adv. Pharm. Sci. 1992;6:101-64. 
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Chapter four focuses on the synthesis of star-shaped PDLLAs bearing 

complementary multiple hydrogen bonding units.  Supramolecular associations between 

complementary star-shaped polymers are probed using 1H NMR spectroscopy and 

solution rheological characterizations.  In addition, variable temperature 1H NMR 

spectroscopy studies to evaluate thermoreversibility in PDLLA-based supramolecular 

structures is discussed.   

Chapter five focuses on intermolecular supramolecular associations in the melt 

phase.  The influence of multiple hydrogen bonding interactions on melt viscosities and 

the effect of temperature on hydrogen bonding associations in the melt phase is addressed 

with melt rheological characterization.  Furthermore, the application of thermoreversible 

star-shaped PDLLAs in melt electrospinning to generate fibers with unique properties is 

discussed.    

Chapter six focuses on the synthesis of various star-shaped PDLLAs and the 

influence of architecture on solution viscosity.  The copolymerization of DLLA with 

PEG and methyltrimethylene carbonate (MTMC) is discussed. The effect of PEG and 

MTMC content in the copolymer on glass transition temperature and thermal degradation 

of PDLLA is addressed.   

Chapter seven focuses on the development of porous honeycomb-structured star-

shaped PDLLA thin films using the solvent evaporation or breath figure methodology.  

The influence of polymer solution concentration, polymer molar mass and relative 

humidity on pore dimensions is discussed.  In addition, fabrication of microporous 

structures on photoreactive star-shaped PDLLA and subsequent photo-crosslinking to 

obtain stable structured thin films is addressed.     

 3



Chapter eight focuses on the drug release of an antibiotic, amikacin, from star-

shaped PDLLA fiber scaffolds that were prepared via solution electrospinning.   
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Chapter 2: Literature Review 

2.1 Ring Opening Polymerization 

Lactide and glycolide, the cyclic dimers of lactic and glycolic acids, respectively, 

are prepared through heating lactic acid and glycolic acids under controlled conditions 

(Scheme 2-1).10   The lactide molecule has two equivalent asymmetric carbon atoms.  It is  

 

Scheme 2-1. Synthesis of glycolide from glycolic acid.10  
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therefore chiral and exists as L-lactide (LLA), D-lactide (DLA), and meso-lactide (MLA) 

in addition to the racemic mixture D,L-lactide (DLLA).  Polycondensation and ring 

opening polymerization processes are commonly used for the polymerization of lactides 

and lactones.11  Optically active poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) are 

                                                 
10 Gilding, D. K.; Reed, A. M. Biodegradable polymers for use in surgery.  
Polyglycolic/poly(lactic acid) homo- and copolymers: 1. Polymer 1979;20:1459. 
11 Vert, M.; Schwarch, G.; Coudane, J. Present and future of PLA polymers. J. Mocromol. Sci.-
Pure Appl. Chem. 1995;A32:787. 
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crystalline due to isotactic sequences in the polymer backbone.  On the other hand, 

optically inactive poly(D,L-lactide) (PDLLA) is composed of both isotactic and atactic 

sequences and is thus amorphous.12   The glass transition temperature, Tg, at infinite molar 

mass of L- and D,L- optical isomers are 58 and 57 ºC,  respectively, while the melting 

temperature, Tm, of the crystalline L-isomer is 184 oC.  

The ring opening polymerization (ROP) methodology is widely utilized for the 

preparation of well-defined aliphatic polyesters of high molar mass and narrow molar 

mass distribution.  Additionally, the synthesis of aliphatic polyesters of diverse 

macromolecular architectures including graft, star-shaped, hyperbranched and dendrimers 

are reported.13  Ring strain is the most important factor affecting the ring opening 

polymerization of cyclic ester monomers.14  For the lactone series, ring strain and 

thermodynamic polymerizability increase with increasing ring size from five to seven, 

while for lactide series, ring strain and polymerizability decrease with increasing 

substitution on the α-carbon.  The ROP of lactones and lactides can occur through three 

major classes of initiators and mechanisms, namely: anionic, cationic and coordination 

insertion mechanisms.  

 

 

 

                                                 
12 Tsuji, H. Autocatalytic hydrolysis of amorphous-made polylactides: effects of l-lactide content, 
tacticity, and enantiomeric polymer blending. Polymer 2002;43:1789. 
13 Stridsberg, K. M.; Ryner, M.; Albertsson, A.-C. Controlled ring-opening polymerization: 
polymers with designed macromolecular architecture. Adv. Polym. Sci. 2002;157:41. 
14 Saiyasombat, W.; Molly, R.; Nicholson, T. M.; Johnson, A. F.; Ward, I. M. Ring strain and 
polymerizability of cyclic esters. Polymer 1998;39: 5581. 
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2.2 Mechanism of the Ring Opening Polymerization of Lactides and 
Lactones 
 
2.2.1 Anionic Ring Opening Polymerization 

The anionic ring opening polymerization of lactides and lactones is classified as 

“living” when the polymerization is conducted under select conditions.  The 

characteristics of “living” polymerization include the absence of kinetic steps of 

termination or chain transfer.15  In living polymerization systems, the active centers 

remain after the completion of the polymerization.  Thus, the addition of a new batch of 

monomer to the existing chains results in increased degree of polymerizations.16  Metal 

alkoxides based on potassium tert-butoxide (t-BuOK), zinc(II) and magnesium(II)17 and 

sodium are common coinitiators and catalysts used in anionic ring opening 

polymerizations.  Kleine et al. first reported the anionic polymerization of lactide in 

solution, however detailed characterization of the product and mechanistic studies were 

not presented.18  Jedliński and coworkers reported the anionic ROP of various lactones, 

lactides and their copolymers using potassium methoxide as initiator, however, 

                                                 
15 Odian, G., Principles of Polymerization. 3rd ed.; John Wiley & Sons, Inc.: New York, 
1991; p 768. 
16 Penczek, S.; Kubisa, P., Encyclopedia of Polymer Science and Engineering. In Kroschwitz, J. 
I., Ed. Wiley-Interscience: New York, 1989; Vol. Supplemental Volume, p 380. 
17 Chamberlain, B. M.; Cheng, M.; Moore, D. R.; Ovitt, T. M.; Lobkovsky, E. B.; Coates, G. W. 
Polymerization of lactide with zinc and magnesium beta-diiminate complexes: stereocontrol and 
mechanism. J. Am. Chem. Soc. 2001;123:3229. 
18 Kleine, J.; Kleine, H.-H. Stereochemistry of macromolecular compounds. High-molecular, 
particularly optical active, polyesters of lactic acid. Makromol. Chem. 1959;30:23-38. 
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racemization of the LLA occurred due to transesterification reactions.19,20 Jhurry et al. 

used a sterically hindered non-nucleophilic strong base, lithium diisopropylamide 

(LDA).monoTHF complex, as the initiator for the anionic polymerization of DLLA in 

various solutions.21  The reactivity of the LDA-based initiator was comparable to that of 

other lithium containing initiators, however, both intramolecular and intermolecular 

transesterification reactions occurred.  At higher monomer conversions, the 

transesterification reactions were enhanced and broad molar mass distributions (Mw/Mn) 

ranging from 1.7 to 3.2 were obtained.  Kricheldorf et al. studied the anionic 

polymerization of LLA using various alkoxides initiators prepared from the in-situ 

reaction of potassium butoxide with primary and secondary alcohols such as tetradecanol, 

diethyleneglycol monobutyl ether and testosterone.22  Parameters such as 

monomer/initiator ratio and temperature were varied to determine the ideal conditions for 

the polymerization.  Partial racemization occurred in all instances for both primary and 

secondary alkoxides.  In addition, the average degree of polymerization (DP) obtained 

from alkylester end groups analysis was higher than the DP calculated for a living-type 

anionic polymerization.  The secondary alkoxides reacted preferentially as nucleophilic 

                                                 
19 Jedlinski, Z.; Walach, W.; Kurcok, P.; Adamus, G. Polymerization of lactones. 12. 
Polymerization of L-dilactide and L,D-dilactide in the presence of potassium methoxide. 
Makromolekulare Chemie 1991;192:2051-2057. 
20 Kurcok, P.; Penczek, J.; Franek, J.; Jedlinski, Z. Anionic polymerization of lactones. 14. 
Anionic block copolymerization of d-valerolactone and L-lactide initiated with potassium 
methoxide. Macromolecules 1992;25:2285-2289. 
21 Bhaw-Luximon, A.; Jhurry, D.; Spassky, N.; Pensec, S.; Belleney, J. Anionic polymerization of 
D,L-lactide initiated by lithium diisopropylamide. Polymer 2001;42:9651-9656. 
22 Kricheldorf, H. R.; Boettcher, C. Polylactones. 27. Anionic polymerization of L-lactide. 
Variation of end groups and synthesis of block copolymers with poly (ethylene oxide). 
Makromol. Chem., Macromol. Symp. 1993;73:47-64. 
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initiators in contrast to tert-butoxide.  Sipos et al. reported the anionic ring opening 

polymerization of LLA with t-BuOK and its 18-crown-6 complex in THF at room 

temperature.23  The addition of 18-crown-6 resulted in a lowering of the molar mass 

distribution (Mw/Mn < 1.2).  It further slowed the overall rate of the polymerization and 

resulted in slow initiation.  The rate lowering effect of the crown ether complex was 

attributed to the formation of an activated-cation complex.24  The polymerization of 

racemic α-methyl-β-pentyl-β-propionlactone using supramolecular complexes of 

potassium methoxide and 18-crown-6 was also reported.25  Recently, Endo et al. used 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry to analyze oligomer products that were prepared through anionic 

copolymerization of a bis(γ-lactone) and glycidyl phenyl ether in the presence of t-

BuOK.26  The MALDI-TOF mass spectrometric analysis revealed the formation of two 

linear cooligomers and one cyclic cooligomer, which were attributed to ideal alternating 

copolymerization, intermolecular transesterification and intramolecular backbiting 

respectively.   

 

 
                                                 
23 Sipos, L.; Zsuga, M.; Kelen, T. Living ring-opening polymerization of L,L-lactide initiated 
with potassium tert-butoxide and its 18-crown-6 complex. Polym. Bull. 1992;27:495-502. 
24 Sipos, L.; Tamas, G.; Zsuga, M. The role of complex formation in the anionic polymerization 
of L-lactide. Polym. Bull. 1997;38:609-612. 
25 Arkin, A. H.; Hazer, B.; Adamus, G.; Kowalczuk, M.; Jedlinski, Z.; Lenz, R. W. Synthesis of 
Poly(2-methyl-3-hydroxyoctanoate) via Anionic Polymerization of a-Methyl-b-pentyl-b-
propiolactone. Biomacromolecules 2001;2:623-627. 
26 Zhang, C.; Ochiai, B.; Endo, T. Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry study on copolymers obtained by the alternating copolymerization of bis(g-lactone) 
and epoxide with potassium tert-butoxide. J. Polym Sci Part A: Polym Chem 2005;43:2643-2649. 
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2.2.2 Cationic Ring Opening Polymerization 

Reports on the ROP of lactides and lactones using cationic initiators are limited 

due to increased side reactions including intramolecular transesterification and proton and 

hydride transfer reactions.27  Kricheldorf and coworkers reported the copolymerization of 

glycolide and ε-caprolactone (ε-CL) using ferric chloride, boron trifluoride and 

fluorosulfonic acid.28  The copolymers formed were richer in ε-CL, and this signified the 

preferential incorporation of ε-CL instead of glycolide.  The polymerizations were 

however plagued with significant transesterification reactions and rapid degradation of 

the polymers at temperatures above 100oC was observed.  Jonte et al.29 investigated the 

polymerization of β-propiolactone, ε-CL and glycolide initiated with various 

alkylsufonates such as methyl triflate, ethyl fluorosulfate, methyl fluorosulfate, methyl p-

nitrobenzene sulfonate and many others.  Of these, only methyl fluorosulfate and methyl 

triflate produced polyesters with high yields.  Recently, the ROP of glycolide in the 

presence of Magnite-H+, a proton exchanged montmorillonite clay, was report.30  The 

monomer conversion increased with increasing Magnite-H+ proportions and increasing 

temperature up to 140 ºC.  However, low monomer conversions were reported at 

temperatures above 140 ºC due to transesterification reactions and monomer degradation.  

                                                 
27 Albertsson, A.-C.; Varma, I. K. Aliphatic polyesters: synthesis, properties and applications. 
Adv. Polym. Sci. 2002;157:1. 
28 Kricheldorf, H. R.; Mang, T.; Jonté, M. J. Polylactones.  1.  Copolymerizations of glycolide 
and e-caprolactone. Macromolecules 1984;17:2173. 
29 Jonte, J. M.; Dunsing, R.; Kricheldorf, H. R. Polylactones.  4.  Cationic polymerization of 
lactones by means of alkylsulfonates. J. Macromol. Sci. Chem. 1986;A23:495. 
30 Amine, H.; Karima, O.; El Amine, B. M.; Belbachir, M.; Meghabar, R. Cationic ring opening 
polymerization of glycolide catalysed by a montmorillonite clay catalyst. J. Polym. Res. 
2005;12:361-365. 
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The cationic ROP of various lactones and lactides using BF3.OEt2,31
 zwitterionic 

titanoxanes,32 and organosilicon species33 were also reported.   

2.2.3 Coordination-Insertion Ring Opening Polymerization 

The alkoxides of Mg-, Zn-, Al-, Sn-, Ti-, Zr-, Sm-, Y-, which are all metals with 

free p-, d-, or f- orbitals are known to initiate the polymerization of various lactides and 

lactones through the coordination-insertion route.34,35,36,37   The coordination-insertion 

mechanism, also known as pseudoanionic polymerization, involves the coordination of a 

monomer at the carbonyl oxygen to active species.38,39,40 This coordination enhances the 

                                                 
31 Sanda, F.; Jirakanjana, D.; Hitomi, M.; Endo, T. Cationic ring-opening polymerization of e-
thionocaprolactone: selective formation of polythioester. J. Polym Sci Part A: Polym Chem 
2000;38:4057-4061. 
32 Burlakov, V. V.; Letov, A. V.; Arndt, P.; Baumann, W.; Spannenberg, A.; Fischer, C.; 
Strunkina, L. I.; Minacheva, M. K.; Vygodskii, Y. S.; Rosenthal, U.; Shur, V. B. Zwitterionic 
titanoxanes {Cp[h5-C5H4B(C6F5)3]Ti}2O and {(h5-iPrC5H4)[h5-1,3-iPrC5H3B(C6F5)3]Ti}2O 
as catalysts for cationic ring-opening polymerization. J. Mol. Catal. A: Chem. 2003;200:63-67. 
33 Olah, G. A.; Wang, Q.; Li, X.-y.; Rasul, G.; Prakash, G. K. S. Silylcarboxonium and 
Silyloxonium Ion Intermediates of the Cationic Ring-Opening Polymerization of Lactones and 
Tetrahydrofuran Initiated by Electrophilic Trimethylsilylating Agents. Macromolecules 
1996;29:1857-61. 
34 Cayuela, J.; Bounor-Legare, V.; Cassagnau, P.; Michel, A. Ring-Opening Polymerization of e-
Caprolactone Initiated with Titanium n-Propoxide or Titanium Phenoxide. Macromolecules 
2006;39:1338-1346. 
35 Ma, H.; Okuda, J. Kinetics and Mechanism of L-Lactide Polymerization by Rare Earth Metal 
Silylamido Complexes: Effect of Alcohol Addition. Macromolecules 2005;38:2665-2673. 
36 Zhang, L.; Shen, Z.; Yu, C.; Fan, L. Ring-opening polymerization of D,L-lactide by rare earth 
2,6-dimethylaryloxide. Polym. Int. 2004;53:1013-1016. 
37 Zhang, L.; Yu, C.; Shen, Z. Characteristics, kinetics and mechanism of e-caprolactone 
polymerization by lanthanide tris(2,6-dimethylphenolate)s. Polymer Bulletin (Heidelberg, 
Germany) 2003;51:47-53. 
38 Kowalski, A.; Libiszowski, J.; Duda, A. P., S. Polymerization of L,L-Dilactide Initiated by 
Tin(II) Butoxide. Macromolecules 2000;33:1964. 
39 Zhong, Z.; Ankoné, M. J. K.; Dijkstra, P. J.; Birg, C. Calcium methoxide initiated ring-opening 
polymerization of e-caprolactone and L-lactide. Polym Bull. 2001;46:51. 
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electrophilicity of the C-O group and the nucleophilicity of the OR group, hence, 

allowing “insertion” of monomer into the metal-O-bond to occur.41  Kricheldorf and 

coworkers explored the mechanism of heavy metal alkoxides (such as magnesium 

ethoxide, aluminum isopropoxide, zinc or titanium n-butoxide, zirconium n-propoxide, 

and dibutyl- or tributyltin methoxide) initiated polymerization of lactide and various 

lactones.42  1H and 13C NMR spectroscopic analysis were performed and alkyl ester end 

groups were detected in all instances while alkyl ether end groups were not.  Thus, it was 

concluded that metal alkoxides initiated polymerization of six- and seven-membered 

rings (excluding β–lactones) proceeds acyl-oxygen cleavage regardless of the metal 

alkoxides used.  The 1H NMR analysis further confirmed the complete transformation of 

metal-bound alkoxide groups into alkyl ester end group, indicating that all the alkoxides 

groups of an initiator are active at temperatures above 50oC to initiate a growing chain.  

In another study, Atlamsani et al. investigated the oligomerization of ε-CL and γ-

valerolactone using heteropolyacid intiators in the presence of vanadium or myobdenum 

complexes and the coordination-insertion mechanism via cationic species was proposed 

as the polymerization mechanism.43  Recently, Martinez-Richa et al. showed a ruthenium 

                                                                                                                                                 
40 Duda, A.; Penczek, S.; Kowalski, A.; Libiszowski, J. Polymerizations of e-caprolactone and 
L,L-dilactide initiated with stannous octoate and stannous butoxide - a comparison. Macromol. 
Symp. 2000;153:41-53. 
41 Kricheldorf, H. R. Syntheses and application of polylactides. Chemosphere 2001;43:49-54. 
42 Kricheldorf, H. R.; Berl, M.; Scharnagl, N. Poly(lactones).  9.  Polymerization mechanism of 
metal alkoxide initiated polymerizations of lactide and various lactones. Macromolecules 
1988;21:286. 
43 Mahha, Y.; Atlamsani, A.; Blais, J.-C.; Tessier, M.; Bregeault, J.-M.; Salles, L. 
Oligomerization of e-caprolactone and d-valerolactone using heteropolyacid initiators and 
vanadium or molybdenum complexes. J. Mol. Catal. A: Chem. 2005;234:63-73. 
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based initiator and catalyst effectively initiated the ROP of ε-caprolactone and γ-

valerolactone through the coordination insertion mechanism.44  

2.3 Catalyst/Coinitiator Systems for the Ring Opening Polymerization 
of Lactides and Lactones    
 

Multivalent metal (Al, Fe, Ti, Sn(IV), Y)  alkoxides and covalent metal 

carboxylates such as tin (II) 2-ethylhexanoate are the two main classes of initiators 

currently utilized for the synthesis of biodegradable aliphatic polyesters and their 

copolymers.45  Tin and aluminum alkoxides are the most widely used initiators for the 

preparation of well-defined aliphatic polyesters of controllable molar mass and narrow 

molar mass distributions.46   

2.3.1 Tin Based Catalysts/Coinitiators 

The utilization of tin complexes as coinitiators and catalyst for the ring opening 

polymerization of lactides and lactones are widely reported since the 1960’s.47  These 

systems are the most useful initiators for the polymerization of lactides, lactones and 

aliphatic cyclocarbonates.48   Catalysts for the ROP of biodegradable cyclic esters have 

included organometallic alkoxides such as carboxylates and oxides, as well as non-toxic 
                                                 
44 Mata-Mata, J. L.; Baez, J. E.; Gutierrez, J. A.; Martinez-Richa, A. Ring-opening 
polymerization of lactones using RuCl2(PPh3)3 as initiator: effect of hydroxylic transfer agents. 
J. Appl. Polym. Sci. 2006;99:2737-2745. 
45 Kowalski, A.; Libiszowski, J.; Duda, A. P., S. Polymerization of L,L-Dilactide Initiated by 
Tin(II) Butoxide. Macromolecules 2000;33:1964. 
46 von Schenck, H.; Ryner, M.; Albertsson, A.-C.; Svensson, M. Ring-Opening Polymerization of 
Lactones and Lactides with Sn(IV) and Al(III) Initiators. Macromolecules 2002;35:1556. 
47 Kulkarni, R. K.; Pani, K. C.; Neuman, C.; Leonard, F. Polylactic acid for surgical implants. 
Arch. Surg. 1966;93:839. 
48 Kricheldorf, H. R.; Lee, S. R. Polylactones. 40. Nanopretzels by Macrocyclic Polymerization of 
Lactones via a Spirocyclic Tin Initiator Derived from Pentaerythritol. Macromolecules 
1996;29:8689-8695. 
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compounds such as Fe acetate, Zn lactate, Ca acetylacetonate and enzymes.  Tin 

complexes are however, the most commonly used catalyst for the polymerization of 

aliphatic biodegradable polyesters.  Of the various tin compounds, tin(II)2-

ethylhexanoate Sn(Oct)2 is the most widely used because it is a highly efficient catalyst, 

versatile, easily soluble in common organic solvents and cyclic ester monomers, and a 

permitted FDA food additive.49  There are several proposals concerning the mechanism 

of polymerization using Sn(Oct)2.  Nijenhuis et al.50 initially proposed a cationic 

polymerization mechanism where the initiation and polymerization was considered to 

proceed through a lewis acid catalyzed transesterification reaction between an activated 

lactone and a hydroxy group. The authors nevertheless failed to provide any detailed 

experimental evidence for the interaction of the Sn(Oct)2 with lactide and alcohol.  Since 

then, two major mechanisms, the activated monomer mechanism and the coordination 

insertion mechanism were proposed.  Although the reaction pathways for Sn(Oct)2 is still 

debated however in all the proposed  mechanisms, coinitiation of the Sn(Oct)2 with a 

hydroxyl containing compound is assumed.  In the activated monomer mechanism, the tin 

atom coordinates with the monomer to give a lewis-acid complex.51,52  The complex 

activates the monomer toward nucleophilic attack of alcohols.  A hydroxyl-terminated 
                                                 
49 Moller, M.; Kange, R.; Hedrick, J. L. Sn(OTf)2 and Sc(OTf)3: efficient and versatile catalysts 
for the controlled polymerization of lactones. J. Polym Sci Part A: Polym Chem 2000;38:2067-
2074. 
50 Nijenhuis, A. J.; Grijpa, D. W.; Pennings, A. J. Lewis acid catalyzed polymerization of L-
lactide.  Kinetics and mechanism of the bulk polymerization. Macromolecules 1992;25:6419. 
51 Kricheldorf, H. R.; Krieiser-Saunders, I.; Boettcher, C. Polylactones. 31. Sn(II)octoate-initiated 
polymerization of ±L-lactide: a mechanistic study. Polymer 1995;36:1253. 
52 In't Veld, P. J. A.; Velner, E. M.; Van de Witte, P.; Hamhuis, J.; Dijkstra, P. J.; Feijen, J. Melt 
block copolymerization of e-caprolactone and L-lactide. J. Polym. Sci., Part A:  Polym. Chem. 
1997;35:219. 
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molecule attacks the carbonyl carbon of the activated monomer, which result in acyl-

oxygen cleavage, subsequently leading to the formation of a linear molecule with an 

alcohol-derived ester end-group and a lactone-derived hydroxy end-group.  Thus, the 

primary purpose of the Sn(Oct)2 is to serve as catalyst.  Conversely in the coordination-

insertion mechanism, Sn(Oct)2 reacts with hydroxy containing compounds to give an 

actual initiator, a tin-alkoxide complex, which initiates ring opening.53,54,55,56  This 

mechanism was confirmed in the Sn(Oct)2-catalyzed ROP of ε-CL with either water or an 

alcohol as coinitiator.57  MALDI-TOF mass spectrometry analysis of the products 

revealed Bu[O(O)C(CH2)5]nOSnOct, and [O(O)C(CH2)5]nOSn cyclics, which suggested 

that the Sn(Oct)2 was initially converted into an alkoxide prior to the ring opening 

polymerization.  Recent mechanistic studies also confirmed that the ROP of lactones and 

lactides proceed through the coordination-insertion mechanism.58,59  The ROP of ε-CL 

through both mechanisms are illustrated in Scheme 2-2.   

                                                 
53 Duda, A.; Penczek, S.; Kowalski, A.; Libiszowski, J. Polymerizations of e-caprolactone and 
L,L-dilactide initiated with stannous octoate and stannous butoxide - a comparison. Macromol. 
Symp. 2000;153:41-53. 
54 Kowalski, A.; Duda, A.; Penczek, S. Kinetics and mechanism of cyclic esters polymerization 
initiated with tin(II) octoate. Part 1. Polymerization of e-caprolactone. Macromol. Rapid 
Commun. 1998;19:567-572. 
55 Kricheldorf, H. R.; Kreiser-Saunders, I.; Stricker, A. Polylactones 48. SnOct2-Initiated 
Polymerizations of Lactide: A Mechanistic Study. Macromolecules 2000;33:702-709. 
56 Kowalski, A.; Duda, A.; Penczek, S. Kinetics and Mechanism of Cyclic Esters Polymerization 
Initiated with Tin(II) Octoate. 3.Polymerization of L,L-Dilactide. Macromolecules 2000;33:7359. 
57 Kowalski, A.; Duda, A.; Penczek, S. Mechanism of Cyclic Ester Polymerization Initiated with 
Tin(II) Octoate. 2.Macromolecules Fitted with Tin(II) Alkoxide Species Observed Directly in 
MALDI-TOF Spectra. Macromolecules 2000;33:689-695. 
58 Yoon, K. R.; Kim, Y.; Choi, I. S. Mechanistic study on Sn(Oct)2-catalyzed, ring-opening 
polymerization of p-dioxanone by surface-initiated polymerization and X-ray photoelectron 
spectroscopy. J. Polym. Res. 2004;11:265-268. 
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Scheme 2-2.  Illustration of the ROP of caprolactone in the presence of Sn(Oct)2 through 

1) coordination-insertion and 2) activated monomer mechanisms.60   
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The polymerization of lactides and lactones in the presence of Sn(Oct)2 is usually 

associated with transesterification reactions at high catalyst amounts and high 

polymerization temperatures (> 180 ºC).61,62,63,64  High catalytic amounts results in an 

                                                                                                                                                 
59 Storey, R. F.; Sherman, J. W. Kinetics and mechanism of the stannous octoate-catalyzed bulk 
polymerization of e-caprolactone. Macromolecules 2002;35:1504-1512. 
60 Stridsberg, K. M.; Ryner, M.; Albertsson, A.-C. Controlled ring-opening polymerization: 
polymers with designed macromolecular architecture. Adv. Polym. Sci. 2002;157:41-65. 
61 Hiltunen, K.; Seppälä, J. V.; Härkönen, M. Effect of Catalyst and Polymerization Conditions on 
the Preparation of Low Molecular Weight Lactic Acid Polymers. Macromolecules 1997;30:373. 
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increase in the number of sites susceptible to ester interchange reactions while high 

reaction temperatures favor the breaking of alkyl oxygen bonds, which leads to 

racemization (Figure 2-1).   
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Figure 2-1.  Two sites susceptible to ester bond cleavage during transesterification a) no 

racemization is observed and b) racemization occurs.61  

 

The two forms of transesterification reactions include intramolecular 

transesterification, commonly known as back-biting and intermolecular transesterification 

reactions (Figure 2-2).     

                                                                                                                                                 
62 Baran, J.; Duda, A.; Kowalski, A.; Szymanski, R.; Penczek, S. Quantitative comparison of 
selectivities in the polymerization of cyclic esters. Macromol. Symp. 1997;123:93. 
63 Zhang, X.; Wyss, U. P.; Pichora, D.; Goosen, M. F. A. An investigation of the synthesis and 
thermal stability of poly(DL-lactide). Polym. Bull. 1992; 27:623. 
64 Schindler, A.; Hibionada, Y. M.; Pitt, C. G. Aliphatic polyesters.  III.  Molecular weight and 
molecular weight distribution in alcohol-initiated polymerizations of e-caprolactone. J. Polym. 
Sci., Polym. Chem. Ed. 1982;20:319. 
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Figure 2-2 Illustration of transesterification reactions.65,66  

 

Degée et al. studied the ring opening polymerization of LLA using lewis bases such as 4-

picoline (C6H7N), thiophene (C4H4S) and triphenylphosphine P(Ph)3 as coinitiators in the 

presence of Sn(Oct)2.67  Increased polymerization rates were observed using P(Ph)3.  For 

instance, the polymerization time for 90% monomer conversion decreased while the time 

                                                 
65 Stridsberg, K. M.; Ryner, M.; Albertsson, A.-C. Controlled ring-opening polymerization: 
polymers with designed macromolecular architecture. Adv. Polym. Sci. 2002;157:41-65. 
66 Bero, M.; Czapla, B.; Dobrzynski, P.; Janeczek, H.; Kasperczyk, J. Copolymerization of 
glycolide and e-caprolactone. Part 2. Random copolymerization in the presence of tin octoate. 
Macromol. Chem. Phys. 1999;200:911-916. 
67 Degée, P.; Dubois, P.; Jacobsen, S.; Fritz, H.-G.; Jérôme, R. Beneficial effect of 
triphenylphosphine on the bulk polymerization of L,L-lactide promoted by 2-ethylhexanoic acid 
tin(II) salt. J. Polym Sci Part A: Polym Chem 1999;37:2413-2420. 
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required for 100% conversion was reduced from 60 to 45 minutes.  Molar mass 

distributions around 2.0 were obtained using Sn(Oct)2 as the sole catalyst due to increased 

transesterification reactions.  However, the addition of equimolar amounts of P(Ph)3 to 

Sn(Oct)2 reduced the occurrence of back-biting reactions, hence leading to the synthesis 

of PLLAs of  high molar mass ranging from 102000 to 153000, and narrower molar mass 

distributions (Mw/Mn = 1.6).  Moller et al. explored the feasibility of stannous (II) 

trifluoromethane sulfonate, (Sn(OTf)2) as an alternative to Sn(Oct)2.68  The results proved 

triflate-substituted catalysts were more active, yielding polymers in 3 h compared to the 

20 –24 h for Sn(Oct)2-initiated polymerizations.  This increased reactivity afforded full 

monomer conversion at temperatures as low as 20 ºC, accurate molar mass control and 

narrowe molar mass distributions.  However, a broadening of the molar mass distribution 

was observed at temperatures above room temperature, long reaction times and 97% 

monomer conversion.  The results suggested that Sn(OTf)2 was effective as a coinitiator 

and catalyst for the ROP of  lactones and lactides at high temperature if the reaction is 

terminated between 95 and 97% conversions.   

In addition to Sn(Oct)2, other tin-based compounds used for the ring opening 

polymerization of cyclic ester monomers have included cyclic tin compounds69,70,71 and 

                                                 
68 Moller, M.; Kange, R.; Hedrick, J. L. Sn(OTf)2 and Sc(OTf)3: efficient and versatile catalysts 
for the controlled polymerization of lactones. J. Polym Sci Part A: Polym Chem 2000;38:2067-
2074. 
69 Kricheldorf, H. R.; Lee, S. R. Polylactones. 40. Nanopretzels by Macrocyclic Polymerization of 
Lactones via a Spirocyclic Tin Initiator Derived from Pentaerythritol. Macromolecules 
1996;29:8689-8695. 
70 Kricheldorf, H. R.; Lee, S.-R. Polylactones. 35. Macrocyclic and Stereoselective 
Polymerization of b-D,L-Butyrolactone with Cyclic Dibutyltin Initiators. Macromolecules 
1995;28:6718. 
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divalent tin(II) alkoxides such as tin(II) butoxide (Sn(OBu)2).72,73  Furthermore, the 

synthesis of various biodegradable polyesters using Bu3SnOMe or Bu2Sn(OMe)2,74,75  

BuSnCl3,76 and tin tetraphenyl77 were reported.  For instance, Storey et al. reported the 

ROP of various lactones and cyclic carbonates using a macroinitiator based on stannous 

ethoxide (Sn(OEt)2 to obtain aliphatic polyesters and poly(ester carbonate)s with high 

molar masses of approximately 500000 g/mol and narrow molar mass distributions 

(Mw/Mn = 1.1-1.5), indicating the reduction of transesterification reactions.78  Stridsberg 

et al. studied the kinetics of LLA polymerizations using cyclic tin alkoxides.  A first 

                                                                                                                                                 
71 Finne, A.; Albertsson, A.-C. Controlled Synthesis of Star-Shaped L-Lactide Polymers Using 
New Spirocyclic Tin Initiators. Biomacromolecules 2002;3:684-690. 
72 Ouhadi, T.; Hamitou, A.; Jérôme, R.; Teyssié, P. Soluble bimetallic m-oxo-alkoxides.  8.  
Structure and kinetic behavior of the catalytic species in unsubstituted lactone ring-opening 
polymerization. Macromolecules 1976;9:927. 
73 Kowalski, A.; Libiszowski, J.; Duda, A. P., S. Polymerization of L,L-Dilactide Initiated by 
Tin(II) Butoxide. Macromolecules 2000;33:1964. 
74 Kricheldorf, H. R.; Lee, S.-R.; Scharnagl, N. Polylactones. 28. Syndiotactic Poly(b-D,L-
hydroxybutyrate) by Ring-Opening Polymerization of b-D,L-Butyrolactone with Butyltin 
Methoxides. Macromolecules 1994;27:3139. 
75 Kemnitzer, J. E.; McCarthy, S. P.; Gross, R. A. Syndiospecific ring-opening polymerization of 
b-butyrolactone to form predominantly syndiotactic poly(b-hydroxybutyrate) using tin(IV) 
catalysts. Macromolecules 1993;26:6143. 
76 Kricheldorf, H. R.; Mahler, A. Polymers of carbonic acid. 16. High-molecular-weight 
poly(neopentanediol carbonate) by ring-opening polymerization with nBuSnCl3 or SnOct2 as 
initiators. Pure Appl. Chem. 1996;A33:821. 
77 Kowalski, A.; Duda, A.; Penczek, S. Polymerization of L,L-Lactide Initiated by Aluminum 
Isopropoxide Trimer or Tetramer. Macromolecules 1998;31:2114-2122. 
78 Storey, R. F.; Mullen, B. D.; Desai, G. S.; Sherman, J. W.; Tang, C. N. Soluble tin(II) 
macroinitiator adducts for the controlled ring-opening polymerization of lactones and cyclic 
carbonates. J. Polym. Sci. Part A: Polym. Chem. 2002;40:3434. 
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order kinetics in monomer was observed.79 Additionally, the polymerization was 

controlled and the molar mass distributions remained narrow (Mw/Mn < 1.15) even at 

high molar masses.  

2.3.2 Aluminum-Based Catalysts/Coinitiators 

Compared to tin-based catalyst/coinitiator systems, aluminum compounds showed 

reduced transesterification reactions, making them more suitable for synthesis of well-

defined biodegradable polyesters with advanced macromolecular structures.80  Kowalski 

and Duda reported the polymerization of LLA using two aluminum isoproxide 

(Al(OiPr)3) aggregates: the trimer, A3 and the tetramer, A4 as co-initiators and catalysts 

(Figure 2-3).  The results for the LLA polymerization were consistent with those obtained 

for the ROP of ε-CL.81,82  Polymerization with A3 was first-order in monomer, whereas 

for A4, a slow initiation was observed.  However, the polymerization rate of A4 

approached that of A3 at high monomer conversions (> 90 %) and high polymerization 

temperatures.  It was suggested that the less reactive A4 was eventually transformed into 

the tri(macroalkoxide) growing species.  Dubois et al. successfully synthesized high 

                                                 
79 Stridsberg, K.; Ryner, M.; Albertsson, A.-C. Dihydroxy-Terminated Poly(L-lactide) Obtained 
by Controlled Ring-Opening Polymerization: Investigation of the Polymerization Mechanism. 
Macromolecules 2000;33:2862-2869. 
80 von Schenck, H.; Ryner, M.; Albertsson, A.-C.; Svensson, M. Ring-Opening Polymerization of 
Lactones and Lactides with Sn(IV) and Al(III) Initiators. Macromolecules 2002;35:1556. 
81 Duda, A.; Penczek, S. On the difference of reactivities of various aggregated forms of 
aluminum triisopropoxide in initiating ring-opening polymerizations. Macromol. Rapid Commun. 
1995;16:67. 
82 Duda, A.; Penczek, S. Polymerization of e-Caprolactone Initiated by Aluminum Isopropoxide 
Trimer and/or Tetramer. Macromolecules 1995;28:5981. 
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molar mass PLAs and polylactones using Al(OiPr)3 as the co-initiator and catalyst.83  The 

polymerization conducted in toluene at 70 ºC was “living” at molar masses below 90000  
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Figure 2-3 Aluminum isoproxide (Al(OiPr)3) aggregates.84  

 

g/mol.  Above this molar mass, however, the molar mass distribution broadened due to 

transesterification reactions and the polymerization system was sensitive to impurities.  

Moreover, the kinetics of the polymerization was first order in both monomer and 

initiator after an induction period and followed the kinetics law:   

-d[LA]

dt
= k[LA][Al(OiPr)3]

 

where the kinetic constant, k = 0.6 Lmol-1 and ([LA]0 = 1 mol L-1).  The induction period 

was attributed to rearrangement of the coordinative aggregates of the initiator in toluene 

upon addition of the polar monomer to form the active species.  Functional aluminum 

alkoxides of the form Et3-pAl(OCH2X)P, where p = 1 and 3 and X = CH2Br, 
                                                 
83 Dubois, P.; Jacobs, C.; Jerome, R.; Teyssie, P. Macromolecular engineering of polylactones 
and polylactides.  4.  Mechanism and kinetics of lactide homopolymerization by aluminum 
isopropoxide. Macromolecules 1991;24:2266. 
84 Kowalski, A.; Duda, A.; Penczek, S. Polymerization of L,L-Lactide Initiated by Aluminum 
Isopropoxide Trimer or Tetramer. Macromolecules 1998;31:2114-2122. 
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(CH2)2CH=CH2, (CH2)2CH=CH2, (CH2)2NEt2) were reported to initiate the “living” 

polymerization of ε-CL and DLLA under suitable conditions to yield asymmetric α-X, ω-

hydroxy functional polyesters of controlled molar masses.85  Equiburu et al. reported the 

synthesis of (2-methacryloxy)ethoxy functionalized PLLA macromonomers using 

aluminum mono-and trialkoxides.86   

Through the stereoelective ROP of DLLA using chiral schiff’s base/aluminum 

alkoxide initiators, Spassky et al. prepared PLLA with 88% enantiomeric enrichment in 

D- units at 19% conversion.87  In addition, the polymerization was “living” and resulted 

in PLLAs with narrow molar mass distributions ranging from 1.05-1.30 and high 

conversions, which indicated a reduction of transesterification reactions due to the 

sterically hindered initiator.   

2.3.3 Other Catalysts/Coinitiators 

The exploitation of non-toxic initiator and catalyst systems for the ring opening 

polymerization of lactides and lactones are receiving considerable attention.  Utilization 

of non-toxic initiator and catalyst systems is important due to increased biomedical 

concerns.  Tin compounds, for instance, are particularly harmful to the health of young 

                                                 
85 Dubois, P.; Ropson, N.; Jèrôme, R.; Teyssie, P. Macromolecular Engineering of Polylactones 
and Polylactides. 19. Kinetics of Ring-Opening Polymerization of e-Caprolactone Initiated with 
Functional Aluminum Alkoxides. Macromolecules 1996;29:1965. 
86 Eguiburu, J. L.; Fernandez-Berridi, M. J.; Cossìo, F. P.; San Román, J. Ring-opening 
polymerization of L-lactide initiated by (2-methacryloxy)ethyloxy-aluminum trialkoxides. 1. 
Kinetics. Macromolecules 1999;32:8252. 
87 Spassky, N.; Wisniewski, M.; Pluta, C.; Le Borgne, A. Highly stereoelective polymerization of 
rac-(D,L)-lactide with a chiral Schiff's base/aluminum alkoxide initiator. Macromol. Chem. Phys. 
1996;197:2627. 
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children.88  The development of non-toxic initiators and catalysts based on iron, 

magnesium, and calsium presented suitable alternatives.89  The ring opening 

polymerization of lactides and lactones using iron-based initiators and catalysts were 

reported.90,91,92  Liao et al. for instance, recently showed that under relatively mild 

conditions, ferric ethoxide, ferric n-propoxide, ferric isopropoxide and ferric n-butoxide 

all showed initiation activity in the bulk polymerization of lactides.93  Ring opening 

polymerizations of lactides and lactones in the presence of calcium compounds were 

reported.94,95,96,97  In another study, Bero et al. used calcium acetylacetonate as the 

                                                 
88 Levis, R. J., Sr., Sax's Dangerous Properties of Industrial Materials. 8th ed.; Van Nostrand 
Reinhold: New York, 1992. 
89 Dobrzynski, P.; Kasperczyk, J.; Bero, M. Application of calcium acetylacetonate to the 
polymerization of glycolide and copolymerization of glycolide with e-caprolactone and L-lactide. 
Macromolecules 1999;32:4735. 
90 Gorczynski, J. L.; Chen, J.; Fraser, C. L. Iron tris(dibenzoylmethane)-centered polylactide 
stars: multiple roles for the metal complex in lactide ring-opening polymerization. J. Am. Chem. 
Soc. 2005;127:14956-14957. 
91 Wang, X.; Liao, K.; Quan, D.; Wu, Q. Bulk Ring-Opening Polymerization of Lactides Initiated 
by Ferric Alkoxides. Macromolecules 2005;38:4611-4617. 
92 McGuinness, D. S.; Marshall, E. L.; Gibson, V. C.; Steed, J. W. Anionic iron(II) alkoxides as 
initiators for the controlled ring-opening polymerization of lactide. J. Polym Sci Part A: Polym 
Chem 2003;41:3798-3803. 
93 Wang, X.; Liao, K.; Quan, D.; Wu, Q. Bulk Ring-Opening Polymerization of Lactides Initiated 
by Ferric Alkoxides. Macromolecules 2005;38:4611-4617. 
94 Westerhausen, M.; Schneiderbauer, S.; Kneifel, A. N.; Soeltl, Y.; Mayer, P.; Noeth, H.; Zhong, 
Z.; Dijkstra, P. J.; Feijen, J. Organocalcium compounds with catalytic activity for the ring-
opening polymerization of lactones. Eur. J. Inorg. Chem. 2003:3432-3439. 
95 Zhong, Z.; Schneiderbauer, S.; Dijkstra, P. J.; Westerhausen, M.; Feijen, J. Single-Site Calcium 
Initiators for the Controlled Ring-Opening Polymerization of Lactides and Lactones. Polym Bull. 
2003;51:175-182. 
96 Piao, L.; Deng, M.; Chen, X.; Jiang, L.; Jing, X. Ring-opening polymerization of e-
caprolactone and L-lactide using organic amino calcium catalyst. Polymer 2003;44:2331-2336. 
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initiator and catalyst for the synthesis of high molar mass polyglycolide and 

copolymerization with lactide was also reported.98    

2.4 Recent Advances in the Synthesis of Branched Biocompatible and 
Biodegradable Polymers 
 

Biological polymers are widely utilized in a variety of biomedical applications 

including surgical fixation devices and controlled drug delivery.  Biodegradable polymers 

are typically biosynthetic polymers such as bacterial poly(β-hydroxybutyrate) (PHB) and 

poly((3-hydroxybutyrate-co-hydroxyvalerate) (PHBV) or chemosynthetic aliphatic 

polyesters such as polylactides, polylactones, and their copolyesters.99,100  The synthesis 

of linear polymers for biomedical applications are widely reported, however, the 

increased exploitation of these polymers requires a variation in their architecture to meet 

new requirements of their potential applications.101  

                                                                                                                                                 
97 Zhong, Z.; Dijkstra, P. J.; Birg, C.; Westerhausen, M.; Feijen, J. A Novel and Versatile 
Calcium-Based Initiator System for the Ring-Opening Polymerization of Cyclic Esters. 
Macromolecules 2001;34:3863-3868. 
98 Dobrzynski, P.; Kasperczyk, J.; Bero, M. Application of calcium acetylacetonate to the 
polymerization of glycolide and copolymerization of glycolide with e-caprolactone and L-lactide. 
Macromolecules 1999;32:4735. 
99 Reina, A.; Gerken, A.; Zemann, U.; Kricheldorf, H. R. New polymer syntheses. Part 101. 
Liquid-crystalline hyperbranched and potentially biodegradable polyesters based on phloretic 
acid and gallic acid. Macromolecular Chemistry and Physics 1999;200:1784-1791. 
100 Qiu, Z.; Yang, W.; Ikehara, T.; Nishi, T. Miscibility and crystallization behavior of 
biodegradable blends of two aliphatic polyesters. Poly(3-hydroxybutyrate-co-hydroxyvalerate) 
and poly(e-caprolactone). Polymer 2005;46:11814-11819. 
101 Kricheldorf, H. R. Syntheses of biodegradable (multi) block copolymers, star-shaped 
polyesters and networks via ring-expansion polymerization. Polym. Advanced Tech. 2002;13:969-
974. 
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Branched polymers exhibit significantly different physiochemical properties than 

their linear counterparts of the similar molar mass.102,103,104  For instance, the presence of 

a large degree of branching in the backbone of a polymer provides enhanced solubility, 

lower viscosity and lower crystallinity.  Biocompatible polymers with branched 

architectures are also needed to circumvent drawbacks of linear biodegradable polymers 

such as excessive brittleness and lower thermal stability, which reduces their utilization 

in high temperature processing applications.105  Additionally, polymers with 

macromolecular architectures such as star and hyperbranched are advantageous due to 

their well-defined structures and ease of surface functionality.106  Consequently, recent 

efforts are now focused on the synthesis of branched polymers and their copolymers for 

various biomedical applications.  In this section, the synthetic methodologies for the 

preparation of star-shaped and hyperbranched polymers for biomedical applications are 

reported.  Additionally the influence of branching on the physical properties as well as 

biomedical applications is discussed.   

 

                                                 
102 McKee, M. G.; Unal, S.; Wilkes, G. L.; Long, T. E. Branched polyesters: recent advances in 
synthesis and performance. Prog. Polym. Sci. 2005;30:507-539. 
103 Lutz, P. J. Control of macromolecular architectures by various polymerization methods: 
advantages and drawbacks. Macromol. Symp. 2000;161:53-61. 
104 Tande, B. M.; Wagner, N. J.; Mackay, M. E.; Hawker, C. J.; Jeong, M. Viscosimetric, 
Hydrodynamic, and Conformational Properties of Dendrimers and Dendrons. Macromolecules 
2001;34:8580-8585. 
105 Hao, Q.; Li, F.; Li, Q.; Li, Y.; Jia, L.; Yang, J.; Fang, Q.; Cao, A. Preparation and 
Crystallization Kinetics of New Structurally Well-Defined Star-Shaped Biodegradable Poly(L-
lactide)s Initiated with Diverse Natural Sugar Alcohols. Biomacromolecules 2005;6:2236-2247. 
106 Voit, B. New developments in hyperbranched polymers. J. Polym Sci Part A: Polym Chem 
2000;38:2505-2525. 
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2.4.1 Synthesis of Star-shaped Biopolymers 

Star-shaped polymers, which are branched polymers with three or more linear 

arms radiating from a center core, have characteristically smaller hydrodynamic radius 

and lower melt and solution viscosities than linear polymers of equivalent molar mass 

and exhibit interesting morphological, thermal and degradation profiles.  Two methods 

are typically used in the synthesis of star-shaped polymers, namely the “core-first” and 

the “arm-first” method.  The “core-first” method involves polymerization using a 

multifunctional initiator while in the “arm-first” method, linear polymer arms are coupled 

to a multifunctional coupling agent.107  

2.4.1.1 Star-shaped Aliphatic Polyesters 

The “core-first” method involving a multifunctional core applied as the true 

initiator is mostly used in ring opening polymerizations for the synthesis of star-shaped 

polymers.108  Therefore, well-defined star-shaped polymers with high functionality are 

obtained only when all functional groups of the polyfunctional initiator start parallel and 

steady growth of the linear molecular arms occurs.109  Catalysts for the ROP of 

biodegradable cyclic esters have included organometallic alkoxides such as carboxylates 

and oxides, as well as non-toxic compounds such as Fe acetate, Zn lactate, Ca 

                                                 
107 Sanda, F.; Sanada, H.; Shibasaki, Y.; Endo, T. Star Polymer Synthesis from e-Caprolactone 
Utilizing Polyol/Protonic Acid Initiator. Macromolecules 2002;35:680-683. 
108 Miura, Y.; Sakai, Y.; Yamaoka, K. Synthesis of AB2 3- and AB4 5-miktoarm star copolymers 
initiated from dendritic tri- and penta-functional initiators by combination of ring-opening 
polymerization of e-caprolactone and nitroxide-mediated radical polymerization of styrene. 
Macromol. Chem. Phys. 2005;206:504-512. 
109 Biela, T.; Duda, A.; Pasch, H.; Rode, K. Star-shaped poly(L-lactide)s with variable numbers of 
hydroxyl groups at polyester arms chain-ends and directly attached to the star-shaped core - 
controlled synthesis and characterization. J. Polym Sci Part A: Polym Chem 2005;43:6116-6133. 
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acetylacetonate and enzymes.  Tin complexes are however, the most commonly used 

catalysts for the polymerization of aliphatic biodegradable polyesters.110  Of the various 

tin compounds, tin(II)2-ethylhexanoate (Sn(Oct)2) is widely used because it is a highly 

efficient catalyst, versatile, easily soluble in common organic solvents and cyclic ester 

monomers, and a permitted FDA food additive.111  There are several debates concerning 

the mechanism of polymerization using Sn(Oct)2 however, the coordination-insertion 

method which involves co-initiation of the Sn(Oct)2 with an alcohol containing 

compound is usually cited.112,113,114,115  In the coordination insertion mechanism, Sn(Oct)2 

reacts with the alcohol containing compounds (the coinitiator) to form a tin alkoxide 

complex that subsequently initiates the ROP of the cyclic ester monomers.  

Consequently, the hydroxyl functions of the polyol are preserved as functional end 

groups.  The polyfunctional core dictates the functionality of the polymer and therefore, 

the resulting macromolecular architecture.  Coinitiation of the ring opening 
                                                 
110 Kricheldorf, H. R.; Lee, S. R. Polylactones. 40. Nanopretzels by Macrocyclic Polymerization 
of Lactones via a Spirocyclic Tin Initiator Derived from Pentaerythritol. Macromolecules 
1996;29:8689-8695. 
111 Moller, M.; Kange, R.; Hedrick, J. L. Sn(OTf)2 and Sc(OTf)3: efficient and versatile catalysts 
for the controlled polymerization of lactones. J. Polym Sci Part A: Polym Chem 2000;38:2067-
2074. 
112 Kowalski, A.; Duda, A.; Penczek, S. Mechanism of Cyclic Ester Polymerization Initiated with 
Tin(II) Octoate. 2.Macromolecules Fitted with Tin(II) Alkoxide Species Observed Directly in 
MALDI-TOF Spectra. Macromolecules 2000;33:689-695. 
113 Duda, A.; Penczek, S.; Kowalski, A.; Libiszowski, J. Polymerizations of e-caprolactone and 
L,L-dilactide initiated with stannous octoate and stannous butoxide - a comparison. Macromol. 
Symp. 2000;153:41-53. 
114 Kowalski, A.; Duda, A.; Penczek, S. Kinetics and mechanism of cyclic esters polymerization 
initiated with tin(II) octoate. Part 1. Polymerization of e-caprolactone. Macromol. Rapid 
Commun. 1998;19:567-572. 
115 Kricheldorf, H. R.; Kreiser-Saunders, I.; Stricker, A. Polylactones 48. SnOct2-Initiated 
Polymerizations of Lactide: A Mechanistic Study. Macromolecules 2000;33:702-709. 
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polymerization with mono- and difunctional alcohols results in linear polymers while 

polyhydroxyl initiators are used to prepared polymers with star architectures.   

 The ROP of biodegradable cyclic esters with various tri-, tetra- and other 

multifunctional hydroxyl-terminated cores have afforded the preparation of various 

biodegradable star-shaped polyesters with a wide variety of arms. For instance, 

Kricheldorf et al. used trimethylol propane (TMP) and pentaerythritol to prepare a series 

of three- and four-arm star-shaped telechelic biodegradable polyesters, respectively.116  

The star-shaped polymers were based on PCL and PDLLA and subsequent modification 

of the hydroxyl groups to achieve triethoxysilyl end groups was performed.  Lang et al. 

synthesized four-arm star-shaped PCL using pentaerythritol,117 while Wang et al. recently 

reported four-arm star-shaped aliphatic polyester based on poly(p-dioxanone) (PPDO) 

and pentaerythritol.118  Seppala et al. found that the hydroxyl functionality in initiators 

such benzyl alcohol, 1,4-butanediol and polyglycerine with six and ten hydroxyl groups 

under a fixed molar ratio of monomer to initiator influenced the kinetics of the lactide 

ring opening polymerization.119  It was reported that the polymerization rates increased 

with increasing number of hydroxyl groups in the coinitiator.  The authors attributed this 

trend to the presence of a high concentration of chain ends in the initiators with the 
                                                 
116 Kricheldorf, H. R.; Thiessen, H. H. Telechelic polylactones functionalized with 
trimethoxysilyl groups. Polymer 2005;46:12103-12108. 
117 Lang, M.; Wong, R. P.; Chu, C.-C. Synthesis and structural analysis of functionalized poly(e-
caprolactone)-based three-arm star polymers. J. Polym Sci Part A: Polym Chem 2002;40:1127-
1141. 
118 Huang, H.-X.; Yang, K.-K.; Wang, Y.-Z.; Wang, X.-L.; Li, J. Synthesis, characterization, and 
thermal properties of a novel pentaerythritol-initiated star-shaped poly(p-dioxanone). J. Polym Sci 
Part A: Polym Chem 2006;44:1245-1251. 
119 Korhonen, H.; Helminen, A.; Seppala, J. V. Synthesis of polylactides in the presence of co-
initiators with different numbers of hydroxyl groups. Polymer 2001;42:7541-7549. 
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highest hydroxyl functionality.  Cao et al. prepared a series of well-defined three- to six-

arm, star-shaped, PLLAs using the primary and secondary alcohols of a wide variety of 

natural sugar alcohols of glycerol, erythritol, xylitol and sorbitol.120  However, in contrast 

to Seppala’s report, slower polymerization rates were observed for sorbitol and xylitol 

with more secondary alcohol groups in the core.  This was attributed to increased steric 

hindrance resulting from highly dense packed “cores”.   

The design of new initiators and catalyst systems for the improvement of the star-

shaped polyesters were reported.  Endo et al. presented a metal-free approach of 

synthesizing star-shaped PCLs.  In their approach, fumaric acid in the presence of TMP 

and pentaerythritol was used as catalyst and coinitiator to prepare three- and four-arm, 

star-shaped, PCLs, respectively.121  Kricheldorf et al. demonstrated that non-toxic 

bismuth (III) acetate was efficient for the synthesis of tri- and tetrafunctional PLLAs 

when used as a coinitiator with 1,1,1-tri(hydroxymethyl) propane (THMP) and 

pentaerythritol.122  Kricheldorf and colleagues also introduced a spirocyclic tin initiator 

developed from pentaerythritol and dibutyltin oxide.123  However, the initiator exhibited 

low solubility in most common organic solvents and low thermal stability.  Utilization of 

ethoxylated pentaerythritol compounds, however, resulted in spirocyclic tin initiators 
                                                 
120 Hao, Q.; Li, F.; Li, Q.; Li, Y.; Jia, L.; Yang, J.; Fang, Q.; Cao, A. Preparation and 
Crystallization Kinetics of New Structurally Well-Defined Star-Shaped Biodegradable Poly(L-
lactide)s Initiated with Diverse Natural Sugar Alcohols. Biomacromolecules 2005;6:2236-2247. 
121 Sanda, F.; Sanada, H.; Shibasaki, Y.; Endo, T. Star Polymer Synthesis from e-Caprolactone 
Utilizing Polyol/Protonic Acid Initiator. Macromolecules 2002;35:680-683. 
122 Kricheldorf, H. R.; Hachmann-Thiessen, H.; Schwarz, G. Telechelic and Star-Shaped Poly(L-
lactide)s by Means of Bismuth(III) Acetate as Initiator. Biomacromolecules 2004;5:492-496. 
123 Kricheldorf, H. R.; Lee, S. R. Polylactones. 40. Nanopretzels by Macrocyclic Polymerization 
of Lactones via a Spirocyclic Tin Initiator Derived from Pentaerythritol. Macromolecules 
1996;29:8689-8695. 
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with enhanced solubility for the controlled ring opening polymerization of various 

lactones and lactides (Scheme 2-3).124,125  Recently, Albertsson et al.126 reported the ROP 

of LLA using the ethoxylated-pentaerythritol spiroinitiator in various solvents.  Well-

defined, star-shaped, PLLAs with controlled molar masses and narrow molar mass 

distributions (Mw/Mn < 1.19) were obtained using numerous polymerization solvent 

systems.   

 

Scheme 2-3. The synthesis of spirocyclic tin initiators using ethoxylated 

pentaerythritols124  

 

 

                                                 
124 Kricheldorf, H. R.; Fechner, B. Polylactones. 59. Biodegradable Networks via Ring-Expansion 
Polymerization of Lactones and Lactides with a Spirocyclic Tin Initiator. Biomacromolecules 
2002;3:691-695. 
125 Finne, A.; Albertsson, A.-C. Controlled Synthesis of Star-Shaped L-Lactide Polymers Using 
New Spirocyclic Tin Initiators. Biomacromolecules 2002;3:684-690. 
126 Odelius, K.; Finne, A.; Albertsson, A.-C. Versatile and controlled synthesis of resorbable star-
shaped polymers using a spirocyclic tin initiator-reaction optimization and kinetics. J. Polym Sci 
Part A: Polym Chem 2005;44:596-605. 
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Tang et al. employed cyclotriphosphazene and Sn(Oct)2 as initiators for the synthesis of 

hexa-arm, star-shaped, biodegradable polyesters based on PCL, PDLLA and their block 

copolymers.127,128  The synthesis of the hydroxyl-terminated cyclotriphosphazene 

compound was two-fold and involved the reaction of hexachlorocyclotriphosphazene 

with the sodium salt of 4-hydroxybenzaldehyde and subsequent reduction of the adehyde 

groups to alcohols using sodium borohydride.  The resulting hydroxy-terminated star-

shaped cyclotriphosphazene was subsequently used as an initiator for the synthesis of 

hexa-arm, star-shaped, PCL, PLLA, PDLLA, and their copolymers.   

Highly branched polyols and dendrimers are also widely exploited for the 

synthesis of star-shaped aliphatic polyesters.  Hedrick and colleagues introduced a new 

class of polymer architectures known as “dendrimer-like star polymers” that combined 

aspects of dendrimer synthesis with star polymer synthesis.129  The authors thus reported 

the synthesis of 2-, 4-, 6- and 12-armed, star-shaped, PLLAs using multifunctional 

dendritic initiators derived from 2,2’-bis(hydroxymethyl)propionic acid (bis-MPA) with 

varying degrees of functionality.  The bis-MPA derivatives efficiently initiated the ring 

opening polymerization of lactide monomers resulting in star-shaped polymers with 

controlled molar masses and narrow molar mass distributions ranging from 1.03 to 1.11.  

                                                 
127 Yuan, W.; Tang, X.; Huang, X.; Zheng, S. Synthesis, characterization and thermal properties 
of hexaarmed star-shaped poly(e-caprolactone)-b-poly(D,L-lactide-co-glycolide) initiated with 
hydroxyl-terminated cyclotriphosphazene. Polymer 2005;46:1701-1707. 
128 Yuan, W.; Zhu, L.; Huang, X.; Zheng, S.; Tang, X. Synthesis, characterization and 
degradation of hexa-armed star-shaped poly(L-lactide)s and poly(D,L-lactide)s initiated with 
hydroxyl-terminated cyclotriphosphazene. Polym. Degrad. Stab. 2005;87:503-509. 
129 Atthoff, B.; Trollsas, M.; Claesson, H.; Hedrick, J. L. Poly(lactides) with controlled molecular 
architecture initiated from hydroxyl functional dendrimers and the effect on the hydrodynamic 
volume. Macromol. Chem. Phys. 1999;200:1333-1339. 
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Burgarth et al. prepared PCL multi-arm, star-shaped, block copolymers using 

propoxylated hyperbranched polyglycerol as a polyfunctional coinitiator for the Sn(Oct)2-

catalyzed ring opening polymerization of ε-CL.130  The preparation of a star-shaped 

polyester using a starburst third generation hydroxyl-terminated poly(amidoamine) 

dendrimer (PAMAM-OH) with 32 surface hydroxyl groups was also reported.131  

However, not all the hydroxyl groups of the starburst PAMAM macroinitiator initiated 

the lactide polymerization resulting in star-shaped polymers with 16-21 arms.   

New strategic techniques for the synthesis of well-defined, star-shaped, 

biodegradable polyesters were reported.  Hedrick et al., for instance, presented a facile 

single-step, one-pot approach to star-shaped polylactide synthesis.132  The process was 

based on the organocatalytic transesterification of primary alcohols in the presence of 4-

pyrrolidinopyridine (PPY) in bulk at 135 and 185 ºC for DLLA and LLA respectively.  

Chen and Du reported the synthesis of PCL star-shaped polymers through atom transfer 

radical polymerization (ATRP) of divinylbenzene (DVB) with a linear bromoisobutyryl 

PCL macroinitiator.133  Fraser and coworkers employed a metalloinitiation approach to 

star-shaped biodegradable polyesters.  In one study, hydroxyl-terminated iron (III) 

                                                 
130 Burgath, A.; Sunder, A.; Neuner, I.; Mulhaupt, R.; Frey, H. Multi-arm star block copolymers 
based on e-caprolactone with hyperbranched polyglycerol core. Macromol. Chem. Phys. 
2000;201:792-797. 
131 Zhao, Y.-L.; Cai, Q.; Jiang, J.; Shuai, X.-T.; Bei, J.-Z.; Chen, C.-F.; Xi, F. Synthesis and 
thermal properties of novel star-shaped poly(L-lactide)s with starburst PAMAM-OH dendrimer 
macroinitiator. Polymer 2002;43:5819-5825. 
132 Nederberg, F.; Connor, E. F.; Glausser, T.; Hedrick, J. L. Organocatalytic chain scission of 
poly(lactides) and a general route to controlled molecular weight, functionality and 
macromolecular architecture. Chem. Commun. 2001:2066-2067. 
133 Du, J.; Chen, Y. PCL Star Polymer, PCL-PS Heteroarm Star Polymer by ATRP, and Core-
Carboxylated PS Star Polymer Thereof. Macromolecules 2004;37:3588-3594. 

 33



tris(dibenzoylmethane) Fe(dbmOH)3 was used in the presence of Sn(Oct)2 for the 

polymerization of PLAs.  Fe(dbmOH)3  concurrently served as an initiator, catalyst and 

activating group during polymerization.134  In another study,135 metalloinitiated ROP of 

DLLA and ATRP of tert-butyl acrylate was employed to prepare PLA and poly(acrylic 

acid) star-shaped biomaterials with luminescent properties.  Additionally, star-shaped 

polyesters of PLA, PCL and their copolyesters with either liable iron(III)tris-bipyridyl or 

luminescent ruthenium(II)tris-bipyridyl cores were also reported.136   

The use of amines as coinitiators in the synthesis of star-shaped biodegradable 

polyesters is also receiving considerable interest.  The polymerization of ε-CL or LLA 

using Sn(Oct)2 and a primary amine does not differ mechanistically from alcohol initiated 

ROP.137  Furthermore, Lui et al. showed that the amino group of amino acids initiated the 

polymerization of ε-caprolactone through the rupture of the acyl-oxygen bond of the 

amino group in amino acid to form –NH-CO- linkage.138  Schnabelrauch et al. 

synthesized star-shaped PLLA using a series of initiators including amino acid esters 

                                                 
134 Gorczynski, J. L.; Chen, J.; Fraser, C. L. Iron tris(dibenzoylmethane)-centered polylactide 
stars: multiple roles for the metal complex in lactide ring-opening polymerization. J. Am. Chem. 
Soc. 2005;127:14956-14957. 
135 Johnson, R. M.; Fraser, C. L. Metalloinitiation Routes to Biocompatible Poly(lactic acid) and 
Poly(acrylic acid) Stars with Luminescent Ruthenium Tris(bipyridine) Cores. Biomacromolecules 
2004;5:580-588. 
136 Corbin, P. S.; Webb, M. P.; McAlvin, J. E.; Fraser, C. L. Biocompatible Polyester 
Macroligands: New Subunits for the Assembly of Star-Shaped Polymers with Luminescent and 
Cleavable Metal Cores. Biomacromolecules 2001;2:223-232. 
137 Kowalski, A.; Libiszowski, J.; Biela, T.; Cypryk, M.; Duda, A.; Penczek, S. Kinetics and 
Mechanism of Cyclic Esters Polymerization Initiated with Tin(II) Octoate. Polymerization of e-
Caprolactone and L,L-Lactide Co-initiated with Primary Amines. Macromolecules 2005;38:8170-
8176. 
138 Liu, J.; Liu, L. Ring-Opening Polymerization of e-Caprolactone Initiated by Natural Amino 
Acids. Macromolecules 2004;37:2674-2676. 

 34



such as glycine ethylester, L-lysine ethylester, p-Aminobenzoic acid and ethylester.139  In 

another study, Wang et al. prepared star-shaped PLAs using an amine-terminated 

poly(amidoamine) (PAMAM) dendrimer with eight terminal amine groups.140  However, 

characterization of the polymers using size exclusion chromatography (SEC) revealed 

multi-modal SEC profiles at low monomer conversions which reflected the formation of 

oligomers with different molar mass at different initiating sites (amine and amido groups) 

due to steric hindrance.   

2.4.1.2 Star-shaped Poly(ethylene glycol) 

Poly(ethylene glycol) (PEG) is widely used in biomedical applications due to 

their biocompatibility, low immunogenicity, hydrophilicity, and lack of protein fouling.  

PEG-based star-shaped polymer synthesis can proceed through the “arm-first” or “core-

first” route.  The preparation of star polymers using the “arm-first” route involves 

coupling of preformed “living” PEO chains to multifunctional coupling agents consisting 

of a precise number of reactive sites.  On the other hand, in the “core-first” approach, 

multifunctional initiating cores based on carbanionic compounds or oligomers with 

precise hydroxyl functionality are employed for the living polymerization of ethylene 

oxide.141  The preparation of well-defined star-shaped PEOs through these routes are 

however associated with several drawbacks.  The development of star-shaped PEOs 

                                                 
139 Schnabelrauch, M.; Vogt, S.; Larcher, Y.; Wilke, I. Biodegradable polymer networks based on 
oligolactide macromers: synthesis, properties and biomedical applications. Biomol. Eng. 
2002;19:295-298. 
140 Cai, Q.; Zhao, Y.; Bei, J.; Xi, F.; Wang, S. Synthesis and Properties of Star-Shaped 
Polylactide Attached to Poly(Amidoamine) Dendrimer. Biomacromolecules 2003;4:828-834. 
141 Gnanou, Y.; Lutz, P.; Rempp, P. Synthesis of star-shaped poly(ethylene oxide). Makromol. 
Chem. 1988;189:2885-92. 
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through the “arm-first” route, for example, requires addition of an excess amount of 

linear PEO chains. Thus, a final fractionation step is required to remove unreacted 

chains.142  Conversely, in the “core-first” approach, the inability to control the molar 

mass of the arms as well as the functionality of the divinyl monomer especially when 

poly(divinyl benzene) cores are used presents a major drawback.  Consequently, broad 

molar mass distributions are obtained.143    

The exploitations of new methodologies for the synthesis of well-defined star-

shaped PEOs were reported.  For instance, Lapienis and Penczek introduced an “arms-

core-arms” method to star-shaped highly branched PEOs.  The method was based on 

three stages in a one-pot procedure.144,145,146  In their method, oligomeric alcohols were 

reacted with diepoxy compounds such as diglycidyl ether of ethylene (DGEEG) or 

neopentyl glycol.  The first stage involved the anionic polymerization of ethylene oxide 

under basic conditions to form the first arms while in the second stage, diepoxide 

compounds were reacted with the precursor arms to produce macromolecules with 

                                                 
142 Liu, H.; Jiang, A.; Guo, J.; Uhrich, K. E. Unimolecular micelles: synthesis and 
characterization of amphiphilic polymer systems. J. Polym Sci Part A: Polym Chem 1999;37:703-
711. 
143 Naraghi, K. S.; Meneghetti, S. P.; Lutz, P. J. Functionalizable branched poly(ethylene oxide)s 
grafted from poly(1,3-diisopropenylbenzene) backbones. Macromol. Rapid Commun. 
1999;20:122-126. 
144 Lapienis, G.; Penczek, S. Highly Branched (Starlike) Polymers Obtained by Reacting 
Oligoalcohols with Dicyclic Compounds. 1. Monomethoxy Poly(ethylene oxide) and Diepoxides. 
Macromolecules 2000;33:6630-6632. 
145 Lapienis, G.; Penczek, S. Multibranched star-shaped polyethers. Macromol. Symp. 
2003;195:317-327. 
146 Lapienis, G.; Penczek, S. Reaction of oligoalcohols with diepoxides: an easy, one-pot way to 
star-shaped, multibranched polymers. II. Poly(ethylene oxide) stars-synthesis and analysis by size 
exclusion chromatography triple-detection method. J. Polym Sci Part A: Polym Chem 
2004;42:1576-1598. 
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multialkoxide alkoxide anions.  The secondary alkoxide anion cores were subsequently 

used to initiate the polymerization of ethylene oxide to complete conversion in the third 

stage to obtain star-like PEG-based macromolecules.   

Compared to living anionic and cationic polymerization methods which often 

involve tedious and rigorous reaction conditions, controlled radical polymerization 

techniques present a facile approach to star-shaped PEOs.  Du and Chen demonstrated the 

feasibility of preparing PEO star polymers with a microgel core through ATRP of divinyl 

benzene with mono-2-bromoisobutyrl PEO ester as a macroinitiator.147  

Several research laboratories reported the development of new initiators for the 

synthesis of well-defined star-shaped PEOs.  Roovers et al. for instance, reported 4-, 8-, 

and 16-arm star-shaped PEOs that were synthesized through anionic polymerization of 

ethylene oxide using a multifunctional hydroxyl-modified carbosilane dendrimer.148  The 

multifunctional carbosilane dendrimer resulted in well-defined star-shaped PEOs with 

controlled number of arms and arm molar mass as well as narrow molar mass 

distribution.  Gnanou et al. reported the utilization of precursors based on ω-hydroxyl 

PEO bearing either pyridyl group or two protected hydroxyl to synthesize six-arm, star-

shaped, PEOs with peripheral functional groups through the “arm-first” approach.149  

Gnanou and coworkers also showed that an initiator based on tert-butylcalix[8]arene 

                                                 
147 Du, J.; Chen, Y. Preparation of poly(ethylene oxide) star polymers and poly(ethylene oxide)-
polystyrene heteroarm star polymers by atom transfer radical polymerization. J. Polym Sci Part 
A: Polym Chem 2004;42:2263-2271. 
148 Comanita, B.; Noren, B.; Roovers, J. Star Poly(ethylene oxide)s from Carbosilane Dendrimers. 
Macromolecules 1999;32:1069-1072. 
149 Hou, S.; Taton, D.; Saule, M.; Logan, J.; Chaikof, E. L.; Gnanou, Y. Synthesis of 
functionalized multiarm poly(ethylene oxide) stars. Polymer 2003;44:5067-5074. 
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containing precisely eight primary alcohols groups was efficient as an octafunctional core 

for the anionic polymerization of ethylene oxide.150  Although large molar mass 

distributions were obtained when the polymerization was conducted in DMSO due to 

aggregation, well-defined, eight-arm, star-shaped PEOs with narrow molar mass 

distributions (Mw/Mn < 1.20) were obtained using THF.  Lutz et al. used a hyperbranched 

polyglycerol derivative as a polyfunctional alkoxide initiator for the living anionic ROP 

of ethylene oxide through the “core-first” strategy to prepare multi-arm, star-shaped 

polymers.151  Polyfunctional initiators based on non-derivatized hyperbranched 

polyglycerol prevented efficient initiation and propagation due to strong aggregation of 

the polar alkoxide groups.  On the other hand, hydroxy-functionalized multiarm star 

PEOs with molar masses ranging from 34000 to 95000 g/mol (Mw/Mn < 1.5), and number 

of arms ranging from 25 to 55 were obtained using hyperbranched polyglycerols with 

oligo(polypylene oxide) terminal groups.  

2.4.1.3 Synthesis of Star-shaped Block Copolymers for Biomedical Applications 

Block copolymers are extensively utilized in biomedical applications, and recent 

efforts are now dedicated to the synthesis of block copolymers with complex 

architectures.  Dong and colleagues reported the synthesis of three- and four-arm, star-

                                                 
150 Taton, D.; Saule, M.; Logan, J.; Duran, R.; Hou, S.; Chaikof, E. L.; Gnanou, Y. 
Polymerization of ethylene oxide with a calixarene-based precursor: Synthesis of eight-arm 
poly(ethylene oxide) stars by the core-first methodology. J. Polym Sci Part A: Polym Chem 
2003;41:1669-1676. 
151 Knischka, R.; Lutz, P. J.; Sunder, A.; Muelhaupt, R.; Frey, H. Functional Poly(ethylene oxide) 
Multiarm Star Polymers: Core-First Synthesis Using Hyperbranched Polyglycerol Initiators. 
Macromolecules 2000;33:315-320. 

 38



shaped, aliphatic block copolymers.152  The synthesis of the star-shaped poly(ε-

caprolactone)-b-poly(D,L-lactic Acid-alt-Glycolic Acid)s proceeded through the 

sequential ROP of ε-CL with either TMP or pentaerythritol to produce three- and four-

arm, star-shaped, PCLs, respectively.  The star-shaped PCL polymers were subsequently 

used as macroinitiators for the Sn(Oct)2-catalyzed block copolymerization with a D,L-3-

methylglycolide monomer in bulk.  Similarly, the synthesis of three- and four-arm, star-

shaped poly(D,L-lactic Acid-alt-Glycolic Acid)-b-poly(L-lactic Acid)s using star 

poly(D,L- poly(D,L-lactic Acid-alt-Glycolic Acid)-based macroinitiators were 

reported.153,154  In another study, Amsden et al. used glycerol to prepare three-armed star-

shaped random copolymers of PDLLA and PCL.155  Cho et al. synthesized four-arm, star-

shaped, amphiphilic block copolyesters containing poly(ε-caprolactone)-b-poly[4-(2-

hydroxyethyl)caprolactone] segments.156  The synthesis of the star-shaped polymers 

involved preparation of a four-arm, star shaped, PCL macroinitiator using pentaerythritol 

and subsequent addition of 4-(2-benzoyloxyethyl)- ε-caprolactone to the macroinitiator.   

                                                 
152 Dong, C.-M.; Qiu, K.-Y.; Gu, Z.-W.; Feng, X.-D. Synthesis of Star-Shaped Poly(e-
caprolactone)-b-poly(DL-lactic acid-alt-glycolic acid) with Multifunctional Initiator and Stannous 
Octoate Catalyst. Macromolecules 2001;34:4691-4696. 
153 Dong, C.-M.; Qiu, K.-Y.; Gu, Z.-W.; Feng, X.-D. Synthesis of star-shaped poly(D,L-lactic 
acid-alt-glycolic acid)-b-poly(L-lactic acid) with the poly(D,L-lactic acid-alt-glycolic acid) 
macroinitiator and stannous octoate catalyst. J. Polym. Sci. Part A: Polym. Chem. 2002;40:409-
415. 
154 Dong, C.-M.; Qiu, K.-Y.; Gu, Z.-W.; Feng, X.-D. Synthesis of star-shaped poly(D,L-lactic 
acid-alt-glycolic acid) with multifunctional initiator and SnOct2 catalyst. Polymer 2001;42:6891-
6896. 
155 Amsden, B.; Wang, S.; Wyss, U. Synthesis and Characterization of Thermoset Biodegradable 
Elastomers Based on Star-Poly(e-caprolactone-co-D,L-lactide). Biomacromolecules 2004;5:1399-
1404. 
156 An, S. G.; Cho, C. G. Synthesis and characterization of amphiphilic poly(caprolactone) star 
block copolymers. Macromol. Rapid Commun. 2004;25:618-622. 
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Hydroxyl containing compounds can also initiate the ring opening polymerization 

of cyclic carbonates and Pennings et al. therefore prepared a variety of star-shaped 

poly[(trimethyl-carbonate)-co-(ε-caprolactone)] (poly(TMC-co-ε-CL) of varying 

functionalities.157  Subsequent utilization of poly(TMC-co- ε-CL) as macroinitiators for 

copolymerization with lactide and glycolide resulted in star-shaped block copolymers 

with good mechanical properties.  Recently, Chen et al. reported the synthesis of multi-

arm block copolymers poly(glycerol-b-poly(2-hydroxyethyl methacryate) (PG-b-

PHEMA) bearing an average of 56, 66 and 90 PHEMA arms through the “core-first” 

approach.158  The synthesis of the multi-arm star poly(PG-b-PHEMA) proceeded through 

ATRP of HEMA using a hyperbranched polyglycerol-based macroinitiator which was 

prepared through anionic polymerization of glycidol in the presence of TMP as the 

initiator core.  The polymerization conversion depended on the choice of catalyst and the 

catalyst concentration.  High monomer conversion (79%) were reported using a 

CuCl/CuBr2/2,2’bipyridyl catalyst system  and multi-arm star-shaped block copolymers 

with molar mass distributions ranging from 1.11 to 1.81 were obtained.   

Star-shaped block copolymers comprising hydrophobic biodegradable and 

hydrophilic biocompatible segments are of particular interest for biomedical applications. 

Allen et al. reported the synthesis and characterization of six-arm star-shaped block 

copolymers based on methoxy-PEG and poly(δ-valerolactone) (PVL) with a carbonate 

                                                 
157 Joziasse, C. A. P.; Grablowitz, H.; Pennings, A. J. Star-shaped poly[(trimethylene carbonate)-
co-(e-caprolactone)] and its block copolymers with lactide/glycolide. Synthesis, characterization, 
and properties. Macromol. Chem. Phys. 2000;201:107-112. 
158 Chen, Y.; Shen, Z.; Barriau, E.; Kautz, H.; Frey, H. Synthesis of Multiarm Star Poly(glycerol)-
block-Poly(2-hydroxyethyl methacrylate). Biomacromolecules:ACS ASAP. 
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linkage between the two blocks.159  Dipentaerythritol was used to initiate the cationic 

polymerization of the δ-valerolactone monomer in the presence of fumaric acid as the 

catalyst.  Coupling of chloroformate-activated methoxy-PEG to the star PVL 

macroinitiator resulted in six-arm, star-shaped, poly(δ-valerolactone)-b-methoxy PEG 

copolymers.  Kim et al. also prepared a series of three- and four-arm star-shaped 

amphiphilic block copolymers containing a hydrophobic PCL core and a hydrophilic 

PEG shell.160  The three-arm, star-shaped, block copolymer was prepared through the 

“arm-first” method where a linear PEG-PCL diblock copolymer was coupled with a 

1,3,5-benzenetricarboxylic acid.  Moreover, the “core-first” route using pentaerythritol as 

the multifunctional initiator was adopted to obtain a four-arm star-shaped PCL.  The 

hydroxyl-terminated star PCL was subsequently reacted with a carboxylic-acid 

terminated linear PEG through a carbodiimide-based condensation reaction to yield the 

four-arm star-shaped amphiphilic copolymer.  In another report, metallated TMP and 

pentaerythritol were used as initiators for the anionic polymerization of ethylene oxide to 

produce three- and four-arm, star-shaped, PEGs.161  The multi-arm macroinitiators were 

subsequently used to initiate the Sn(Oct)2-catalyzed the ROP of LLA and ε-CL to 

produced star-shaped PEO-PLA and PEO-PCL block copolymers.  Chen et al. prepared 

four-arm, star-shaped, PCL-PEO block copolymers from a star-shaped PCL 

                                                 
159 Zeng, F.; Lee, H.; Chidiac, M.; Allen, C. Synthesis and Characterization of Six-Arm Star 
Poly(d-valerolactone)-block-Methoxy Poly(ethylene glycol) Copolymers. Biomacromolecules 
2005;6:2140-2149. 
160 Kim, K. H.; Guo, H. C.; Lim, H. J.; Huh, J.; Ahn, C.-H.; Jo, W. H. Synthesis and micellization 
of star-shaped poly(ethylene glycol)-block-poly(e-caprolactone). Macromol. Chem. Phys. 
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161 Choi, Y. K.; Bae, Y. H.; Kim, S. W. Star-Shaped Poly(ether-ester) Block Copolymers: 
Synthesis, Characterization, and Their Physical Properties. Macromolecules 1998;31:8766-8774. 
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macroinitiator synthesized through the ROP of ε-CL with pentaerythritol using 

diethylzinc as a catalyst, for the ring opening polymerization of ethylene oxide.162  Wang 

et al. prepared 16-arm star-shaped amphiphilic block copolymers using a second 

generation PAMAM-OH dendrimer as coinitiator for the Sn(Oct)2-catalyzed 

polymerization ε-CL to produce a amphiphilic star-shaped poly(amidoamine) (PAMAM) 

polymer consisting of lipophillic PCL blocks in the inner arm and hydrophilic PEG 

blocks in the outer arm.163  Gnanou et al. reported star-shaped double-hydrophilic block 

copolymer containing three inner PEO blocks and three peripheral poly(acrylic acid) 

(PAA) blocks.164  The synthesis of the star-like copolymers involved the application of a 

combination of anionic polymerization of ethylene oxide using the “core-first” approach 

with the ATRP of tert-butyl acrylate, which was subsequently hydrolysed to yield 

poly(acrylic acid) groups.  Additionally, star-like block copolymers with an inner PAA 

part and a peripheral PEO layer using the “arm-first” route was prepared using divinyl 

monomer as linking agents.  Chen and Wulff in another study prepared amphiphilic star-

shaped block copolymer of poly(vinyl sugars) with biodegradable hydrophobic PCL 

                                                 
162 Deng, M.; Chen, X.; Piao, L.; Zhang, X.; Dai, Z.; Jing, X. Synthesis of four-armed poly(e-
caprolactone)-block-poly(ethylene oxide) by diethylzinc catalyst. J. Polym Sci Part A: Polym 
Chem 2004;42:950-959. 
163 Wang, F.; Bronich Tatiana, K.; Kabanov Alexander, V.; Rauh, R. D.; Roovers, J. Synthesis 
and evaluation of a star amphiphilic block copolymer from poly(epsilon-caprolactone) and 
poly(ethylene glycol) as a potential drug delivery carrier. Bioconjugate Chem. 2005;16:397-405. 
164 Hou, S.; Chaikof, E. L.; Taton, D.; Gnanou, Y. Synthesis of Water-Soluble Star-Block and 
Dendrimer-like Copolymers Based on Poly(ethylene oxide) and Poly(acrylic acid). 
Macromolecules 2003;36:3874-3881. 
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segments using a combination of ROP of ε-CL and ATRP of methacrylate bearing 

isopropylidene-protected galactose.165   

2.4.2 Synthesis of Hyperbranched Biopolymers   

Hyperbranched polymers possess irregular or randomly branched topologies and 

compact molecular dimensions.  Since Flory’s theoretical report in 1952,166 the 

exploitation of hyperbranched polymers in the development of unique macromolecular 

materials are widely reported.167 This is due to interesting properties such as the presence 

of large number of end groups distributed throughout the polymer structure and low 

intrinsic viscosities.168,  Hyperbranched polymers have increased functionality that allows 

tailing of the chemical, thermal, rheological, and solution properties.169  The 

macromolecules also exhibit characteristically low Tgs and enhanced solubility properties 

due to low crystallinity and reduced entanglements.170171  Hyperbranched polymers are 

commonly synthesized through direct one-step polycondensation of ABn type 

                                                 
165 Chen, Y. M.; Wulff, G. ABA and star amphiphilic block copolymers composed of 
polymethacrylate bearing a galactose fragment and poly(e-caprolactone). Macromol. Rapid 
Commun. 2002;23:59-63. 
166 Flory, P. J. Molecular size distribution in three-dimensional polymers. VI. Branched polymer 
containing A-R-Bf-1-type units. J. Am. Chem. Soc. 1952;74:2718-23. 
167 Yates, C. R.; Hayes, W. Synthesis and applications of hyperbranched polymers. Eur. Polym. J. 
2004;40:1257-1281. 
168 Hult, A.; Johansson, M.; Malmstrom, E. Hyperbranched polymers. Adv. Polym. Sci. 
1999;143:1-34. 
169 Sunder, A.; Heinemann, J.; Frey, H. Controlling the growth of polymer trees: concepts and 
perspectives for hyperbranched polymers. Chem. Eur. J. 2000;6:2499-2506. 
170 Aulenta, F.; Hayes, W.; Rannard, S. Dendrimers: a new class of nanoscopic containers and 
delivery devices. Eur. Polym. J. 2003;39:1741-1771. 
171 Jikei, M.; Kakimoto, M.-a. Hyperbranched polymers: a promising new class of materials. 
Prog. Polym. Sci. 2001;26:1233-1285. 
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multifunctional monomers.  However, new methodologies including ring opening 

polymerization and self-condensing vinyl polymerization (SCVP) are now widely 

employed for their synthesis.  A number of excellent reports have provided in-depth 

reviews on the synthesis, characterization, modification and applications of a wide 

variety of hyperbranched polymers.172,173,174 

2.4.2.1 Hyperbranched Polyesters for Biomedical Applications 

The synthesis of a diverse group of hyperbranched macromolecules based on 

biocompatible and biodegradable polyesters and their copolyesters are reported.175,176  

Various synthetic approaches and methodologies are employed for the synthesis of 

biocompatible and biodegradable polyesters.  Frechet et al., for instance, prepared 

hyperbranched biodegradable polyesters through a combination of ring opening 

polymerization and some features of SCVP.177  In Frechet’s approach, an AB monomer 

containing a ε-CL ring and a primary alcohol groups was polymerized through initiation 

of the ring opening polymerization of the ε-CL ring with the alcohol group of another 

                                                 
172 Voit, B. New developments in hyperbranched polymers. J. Polym Sci Part A: Polym Chem 
2000;38:2505-2525. 
173 Gao, C.; Yan, D. Hyperbranched polymers: from synthesis to applications. Prog. Polym. Sci. 
2004;29:183-275. 
174 Inoue, K. Functional dendrimers, hyperbranched and star polymers. Prog. Polym. Sci. 
2000;25:453-571. 
175 Kricheldorf, H. R.; Stukenbrock, T. New polymer syntheses. 85. Telechelic, star-shaped and 
hyperbranched polyesters of b-(4-hydroxyphenyl)propionic acid. Polymer 1997;38:3373-3383. 
176 Kricheldorf, H. R.; Stukenbrock, T. New polymer syntheses XCIII. Hyperbranched homo- and 
copolyesters derived from gallic acid and b-(4-hydroxyphenyl)-propionic acid. J. Polym Sci Part 
A: Polym Chem 1998;36:2347-2357. 
177 Liu, M.; Vladimirov, N.; Frechet, J. M. J. A New Approach to Hyperbranched Polymers by 
Ring-Opening Polymerization of an AB Monomer: 4-(2-Hydroxyethyl)-e-caprolactone. 
Macromolecules 1999;32:6881-6884. 
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monomer in the presence of catalytic amounts of Sn(Oct)2.  The resulting AB2-type 

monomer underwent several additional ROPs to result in larger macromonomers that 

were subsequently condensed to produce high molar mass hyperbranched 

macromolecules.  Hedrick et al. reported a synthetic approach that involved the ROP of 

ε-CL using aluminum benzyl oxide and functionalization of the polymer with a 

benzylidene protected 2,2’-bis(hydroxymethyl)propionic acid (bis-MPA).178  Subsequent 

deproctection produced a α-carboxylic-ω-dihydroxy functionalized AB2 macromonomer, 

which was condensed to produce PCL-based hyperbranced polyesters.  In an alternate 

approach,179 well-defined hyperbranched polylactones with controlled molar masses and 

narrow molar mass distributions as well as well-defined, end group functionality were 

produced through initiation of the ROP of the lactones with the bis(hydroxyl) groups of 

the benzyl  ester of bis-MPA in the presence of Sn(Oct)2.  Frey et al. presented an 

enzymatic route towards hyperbranched aliphatic copolyester synthesis.180  The 

approached involved the combination of ring opening polymerization and 

polycondensation using ε-caprolactone as AB monomer and bis(hydroxy methyl)butyric 

acid (BHB) as a branching AB2 comonomer and immobilized Lipase B from Candida 

antarctica as the catalyst.  In a similar manner, hyperbranched PLLA prepared through 

copolymerization of LLA with BHB via a combination of a Sn(Oct)2-catalyst ROP and 

                                                 
178 Trollss, M.; Atthoff, B.; Claesson, H.; Hedrick, J. L. Hyperbranched Poly(e-caprolactone)s. 
Macromolecules 1998;31:3439-3445. 
179 Trollss, M.; Hedrick, J. L.; Mecerreyes, D.; Dubois, P.; Jeroeme, R.; Ihre, H.; Hult, A. 
Versatile Synthesis to Highly Functional Branched and Dendri-Graft Polyesters. Macromolecules 
1998;31:2756-2763. 
180 Skaria, S.; Smet, M.; Frey, H. Enzyme-catalyzed synthesis of hyperbranched aliphatic 
polyesters. Macromol. Rapid Commun. 2002;23:292-296. 
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AB2 polycondensation was recently reported.181  The hyperbranched PLLAs had molar 

masse that ranged from 700 to 60000 g/mol, and decreased with the degree of branching.  

Furthermore, Yan et al. presented an AB + CDn route to water-soluble hyperbranched 

polyesters consisting of terminal chiral glucamine units.182  van Benthem et al.183 utilized 

polycondensation reaction of 1,2-cyclohexanedicarboxylic acid and di-2-propanolamine 

to produce hydroxy-functional hyperbranched polyesteramides albeit with chain 

extension side reactions which caused significant deviations in the molar masses.   

Various ABn-type monomers are utilized for the preparation of hyperbranched 

biocompatible and biodegradable polyesters.  Zhuo et al. reported the synthesis of a 

hydroxyl-functionalized 1,4-dioxan-2-one, 6-hydroxymethyl-1,4-dioxan-2-one, (HDON) 

that was utilized for the synthesis of hyperbranched biodegradable polyesters through 

self-condensing ring opening polymerization in the presence of Sn(Oct)2.184  Li et al., in 

another study, utilized AB3-type monomers based on non-toxic gallic acid and amino 

acids and bearing acetyl and carboxylic acid groups to prepare hyperbranched poly(ester 

amide)s with high degrees of branching, low viscosity and enhanced solubility.185   

                                                 
181 Gottschalk, C.; Frey, H. Hyperbranched Polylactide Copolymers. Macromolecules 
2006;39:1719-1723. 
182 Gao, C.; Xu, Y.; Yan, D.; Chen, W. Water-Soluble Degradable Hyperbranched Polyesters: 
Novel Candidates for Drug Delivery? Biomacromolecules 2003;4:704-712. 
183 van Benthem, R. A. T. M.; Meijerink, N.; Gelade, E.; de Koster, C. G.; Muscat, D.; Froehling, 
P. E.; Hendriks, P. H. M.; Vermeulen, C. J. A. A.; Zwartkruis, T. J. G. Synthesis and 
Characterization of Bis(2-hydroxypropyl)amide-Based Hyperbranched Polyesteramides. 
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184 Yu, X.-H.; Feng, J.; Zhuo, R.-X. Preparation of Hyperbranched Aliphatic Polyester Derived 
from Functionalized 1,4-Dioxan-2-one. Macromolecules 2005;38:6244-6247. 
185 Li, X.; Su, Y.; Chen, Q.; Lin, Y.; Tong, Y.; Li, Y. Synthesis and Characterization of 
Biodegradable Hyperbranched Poly(ester-amide)s Based on Natural Material. 
Biomacromolecules 2005;6:3181-3188. 
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2.4.2.2 Hyperbranched Polyethers  

2.4.2.2.1 Hyperbranched Polyethylene Glycols  

Although a wide variety of hyperbranched polymers are known, reports on the 

preparation of PEG-based hyperbranched polymers are limited.  Hawker et al. prepared 

hyperbranched PEGs via AB2 condensation.186  The synthesis of the hyperbranched PEGs 

proceeded through coupling of short linear functionalized oligo(ethylene glycol) units 

based on di-, tri-, and hexaethylene glycol to a methyl 3,5-dihydroxybenzoate branching 

agent.  The introduction of branching disrupted the crystallinity resulting in completely 

amorphous polymers.  Hawkers approach, however, involved tedious multi-step 

preparation of the AB2 monomers.  Recently, Long et al. introduced a simple one-step 

oligomeric A2 and B3 methodology based on PEG diols.187  The A2 and B3 approach 

involved addition of a dilute solution of PEG diol (A2) to a dilute solution of triacid 

chloride (B3) at room temperature in the presence of triethyl amine (Scheme 2-4).  The 

utilization of PEG diols of various molar masses allowed control of the degree of 

branching.  Characterization of the polymers and a revised equation for the definition of 

hyperbranched polymers based on A2 and B3 was presented.   

 

                                                 
186 Hawker, C. J.; Chu, F.; Pomery, P. J.; Hill, D. J. T. Hyperbranched Poly(ethylene glycol)s: A 
New Class of Ion-Conducting Materials. Macromolecules 1996;29:3831-3838. 
187 Unal, S.; Lin, Q.; Mourey, T. H.; Long, T. E. Tailoring the degree of branching: Preparation of 
poly(ether ester)s via copolymerization of polyethylene glycol oligomers (A2) and 1,3,5-
benzenetricarbonyl trichloride (B3). Macromolecules 2005;38:3246-3254. 
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Scheme 2-4. Schematic of the synthesis of highly branched PEGs via polymerization of 

A2 and B3 approach.188  

 

 

2.4.2.2.2 Hyperbranched Polyglycerol  

Saundler and Berg reported the first polymerization of glycidol (2,3-epoxy-1-

propanol).189  Since then, the polymerization of glycidol using a variety of methodologies 

is widely exploited.  The polymerization of glycidol, a highly reactive hydroxy epoxide 

                                                 
188 Unal, S.; Oguz, C.; Yilgor, E.; Gallivan, M.; Long, T. E.; Yilgor, I. Understanding the 
structure development in hyperbranched polymers prepared by oligomeric A2+B3 approach: 
comparison of experimental results and simulations. Polymer 2005;46:4533-4543. 
189 Sandler, S. R.; Berg, F. R. Room temperature polymerization of glycidol. J. Polym. Sci. 
Polym. Chem. 1966;4:1253-9. 
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and a latent cyclic AB2 monomer can proceed through anionic or cationic techniques.  

Royappa and McDaniel employed the cationic route to prepare various hyperbranched 

polyglycerols with tunable polarities using boron trifluoride diethyl etherate as the 

initiator.190  However, hyperbranched polymers of low molar masses were obtained.  

Similarly, Wang and coworkers prepared hyperbranched polyglycerols based on glycerol, 

glycidol and boron trifluoride diethyl etherate as the initiator, AB2 monomer and catalyst, 

respectively (Scheme 2-5).191,192  The hyperbranched polyglycerols were used as 

substrates for polyelectrolytes and ionic conductivity characterization.   

 

 

 

 

 

 

 

 

                                                 
190 Royappa, A. T.; Dalal, N.; Giese, M. W. Amphiphilic copolymers of glycidol with nonpolar 
epoxide comonomers. J  Appl Polym  Sci 2001;82:2290-2299. 
191 Yang, X.; Sun, X.; Shao, J.; Liu, Y.; Wang, X. Ionic conductivity of multiarm star 
polymer/LiClO4 electrolytes. J. Polym Sci Part B: Polym Phys 2004;42:4195-4198. 
192 Wang, X.; Chen, J.; Ling, H.; Tang, X. Synthesis and ionic conductivity of hyperbranched 
poly(glycidol). J. Polym Sci Part B: Polym Phys 2001;39:2225-2230. 
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Scheme 2-5. Cationic polymerization of glycidol to produce hyperbranched 

polyglycerol.193 

 

 

 

 

 

 

 
                                                 
193 Wang, X.; Chen, J.; Ling, H.; Tang, X. Synthesis and ionic conductivity of hyperbranched 
poly(glycidol). J. Polym Sci Part B: Polym Phys 2001;39:2225-2230. 
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Frey et al. demonstrated the synthesis of hyperbranched polyglycerols under slow 

monomer addition conditions.194,195,196 The controlled anionic ring opening 

multibranching polymerization (ROMBP) of glycidol with rapid proton-exchange 

equilibrium using a partially deprotonated triol as an alkoxide initiator produced 

hyperbranched polyglycerols is illustrated in Figure 2-4.   

 

Figure 2-4. Mechanism of the anionic polymerization of glycidol (C: core unit/initiator, 

RO-M+: deprotonating alkoxide, PGly: polyglycerol).195   

 

                                                 
194 Sunder, A.; Hanselmann, R.; Frey, H.; Muelhaupt, R. Controlled Synthesis of Hyperbranched 
Polyglycerols by Ring-Opening Multibranching Polymerization. Macromolecules 1999;32:4240-
4246. 
195 Hanselmann, R.; Hoelter, D.; Frey, H. Hyperbranched Polymers Prepared via the Core-
Dilution/Slow Addition Technique: Computer Simulation of Molecular Weight Distribution and 
Degree of Branching. Macromolecules 1998;31:3790-3801. 
196 Kautz, H.; Sunder, A.; Frey, H. Control of the molecular weight of hyperbranched 
polyglycerols. Macromol. Symp. 2001;163:67-73. 
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The rapid proton-exchange equilibrium maintained all the hydroxyl groups present in the 

polymer as potentially active propagation sites, hence, resulting in random branching.  

Hyperbranched polyglycerols produced through this route exhibited controlled molar 

mass with narrow molar mass distributions.  Rockicki et al. adopted a similar procedure 

to hyperbranched polyglycerols, however instead of glycidol (4-hydroxy methyl-1-3-

dioxolan-2-one), the authors used glycerol carbonate, an environmentally benign 

compound obtained from the renewable resources, glycerol and dimethyl carbonate as a 

latent AB2 monomer.197   

2.4.3 Other Branched Biopolymers 

Polypeptides offer many advantages over conventional synthetic polymers.  Their 

ability to adopt stable conformations and to self assemble into well-defined structures 

allows tailing of their morphology and other properties.198  Polypeptides are prepared 

through synthetic strategies such as ring opening polymerization, solid phase synthesis 

and protein engineering.  The syntheses of well-defined polypeptides through ring 

opening polymerization of the corresponding α-amino acid N-carboxyanhydrides are 

limited due to unwanted side reactions including spontaneous termination reactions that 

results in polymers with a wide range of molar mass.199  Improvement in synthetic 

                                                 
197 Rokicki, G.; Rakoczy, P.; Parzuchowski, P.; Sobiecki, M. Hyperbranched aliphatic polyethers 
obtained from environmentally benign monomer: glycerol carbonate. Green Chemistry 
2005;7:529-539. 
198 Klok, H.-A. Protein-inspired materials: synthetic concepts and potential applications. Angew. 
Chem. Int. Ed. 2002;41:1509-1513. 
199 Vayaboury, W.; Giani, O.; Cottet, H.; Deratani, A.; Schue, F. Living polymerization of a-
amino acid N-carboxyanhydrides (NCA) upon decreasing the reaction temperature. Macromol. 
Rapid Commun. 2004;25:1221-1224. 
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strategies such as the use of organonickel initiators200 and addition of protons201 has 

allowed the preparation of linear homopolymers and copolypeptides.  However, reports 

on the preparation of polypeptides with complex architectures are rather limited.  

Hadjichristidis et al. for instance, reported the linking of living homo- or copolypeptide 

chains with triisocyanates to obtain star-shaped copolypeptides of high molar mass and 

narrow molar mass distributitons.202  Klok et al. reported the ROP of Nε-

benzyloxycarbonyl-L-Lysine N-carboxyanhydride (Z-Lys NCA) to produce four-arm, 

star-shaped, polypeptides of different chain lengths for potential applications in tumor 

therapy and as sensitizers for photodynamic therapy.203  

Glycopolymers such as polysaccharides have attracted renewed interest because 

of their unique structures and characteristics including excellent biocompatibility, thermal 

and mechanical properties, as well as high chemical reactivity.204,205,206  Polysaccharides 

are high molar mass carbohydrates with glycosidic linkages formed through 

                                                 
200 Deming, T. J. Facile synthesis of block copolypeptides of defined architecture. Nature 
1997;390:386-389. 
201 Dimitrov, I.; Schlaad, H. Synthesis of nearly monodisperse polystyrene-polypeptide block 
copolymers via polymerisation of N-carboxyanhydrides. Chem. Commun. 2003:2944-2945. 
202 Aliferis, T.; Iatrou, H.; Hadjichristidis, N. Well-defined linear multiblock and branched 
polypeptides by linking chemistry. J. Polym Sci Part A: Polym Chem 2005;43:4670-4673. 
203 Klok, H.-A.; Hernandez, J. R.; Becker, S.; Mullen, K. Star-shaped fluorescent polypeptides. J. 
Polym Sci Part A: Polym Chem 2001;39:1572-1583. 
204 Paulsen, B. S. Biologically active polysaccharides as possible lead compounds. Phytochem. 
Rev. 2003;1:379-387. 
205 Crini, G. Recent developments in polysaccharide-based materials used as adsorbents in 
wastewater treatment. Prog. Polym. Sci. 2005;30:38-70. 
206 Viswanathan, G.; Murugesan, S.; Pushparaj, V.; Nalamasu, O.; Ajayan, P. M.; Linhardt, R. J. 
Preparation of Biopolymer Fibers by Electrospinning from Room Temperature Ionic Liquids. 
Biomacromolecules 2006;7:415-418. 
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polycondensation reactions.  Kadokawa and Hideyuki demonstrated the synthesis of a 

hyperbranched amino-polysaccharide through acid-catalyzed ring opening 

polymerization of a sugar oxazoline compound bearing two hydroxyl groups as the AB2-

type monomer.207  Kukuchi et al. reported the synthesis and characterization of a wide 

variety of hyperbranched carbohydrate polymers through ring opening multibranching 

polymerization of various anhydro sugars such as 1,2:5,6-dianhydro-D-mannitol, 1,6-

anhydro-β-D-mannopyranose, 1,6-anhydro-β-D-galactopyranose, and 1,6-anhydro-β-D-

galactopyranose.208209210  The hyperbranched polysaccharides exhibited properties such 

as high water solubility and characteristically low solution viscosities relative to their 

linear analogues.  Recently, the synthesis of a hyperbranched carbohydrate polymer 

consisting of tetritol units through ring opening multibranching polymerization using 2,3-

anhydroerythritol and 2,3-anhydro-D,L-threitol was reported.211  Liu et al. exploited an 

A3 + 2BB’B” (Michael addition polymerization) approach to hyperbranched poly(amino 

ester)s where A3 was a triacrylate, BB’(B”) was a trifunctional amine and B,B’ and B” 

                                                 
207 Kadokawa, J.-I.; Tagaya, H. Architecture of polysaccharides with specific structures: synthesis 
of hyperbranched polysaccharides. Polym. Advanced Tech. 2000;11:122-126. 

208 Imai, T.; Satoh, T.; Kaga, H.; Kaneko, N.; Kakuchi, T. Synthesis of Hyperbranched 2,5-
Anhydro-D-glucitol by Proton-Transfer Cyclopolymerization of 1,2:5,6-Dianhydro-D-mannitol. 
Macromolecules 2003;36:6359-6363. 
209 Satoh, T.; Imai, T.; Ishihara, H.; Maeda, T.; Kitajyo, Y.; Narumi, A.; Kaga, H.; Kaneko, N.; 
Kakuchi, T. Synthesis of Hyperbranched Polysaccharide by Thermally Induced Cationic 
Polymerization of 1,6-Anhydro-b-D-mannopyranose. Macromolecules 2003;36:6364-6370. 
210 Satoh, T.; Imai, T.; Kitajyo, Y.; Maeda, T.; Narumi, A.; Kaga, H.; Kaneko, N.; Kakuchi, T. 
Synthesis of hyperbranched polysaccharide by thermally induced cationic polymerization of 1,6-
anhydrohexopyranose. Macromol. Symp. 2004;217:39-46. 
211 Imai, T.; Nawa, Y.; Kitajyo, Y.; Satoh, T.; Kaga, H.; Kaneko, N.; Kakuchi, T. Synthesis of 
Hyperbranched Polytetritol by Ring-Opening Multibranching Polymerizations of 2,3-
Anhydroerythritol and 2,3-Anhydro-DL-threitol. Macromolecules 2005;38:1648-1654. 
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represented the 2º amine (original), 1º and 2º amine (formed) respectively.212  

Characterization using NMR, SEC and SAXS was performed.  Furthermore, the 

protonated primary, secondary, and tertiary amines in the hyperbranched poly(amino 

ester)s formed stable complexes with DNA and showed transfection efficiency for in 

vitro DNA delivery.   

Poly(trimethylene carbonate) (PTMC) and its copolymers with various lactones 

and lactides are biodegradable macromolecules widely exploited for biomedical 

applications including drug delivery and soft tissue engineering.213,214,215,216 However, 

homopolymerization and copolymerization of TMC using multifunctional hydroxyl 

initiators are associated with extensive side reactions such as formation of cyclic 

oligomers, coinitiation with water, and crosslinking via transesterification reactions. 217,218   

                                                 
212 Wu, D.; Liu, Y.; Jiang, X.; Chen, L.; He, C.; Goh, S. H.; Leong, K. W. Evaluation of 
hyperbranched poly(amino ester)s of amine constitutions similar to polyethylenimine for DNA 
delivery. Biomacromolecules 2005;6:3166-3173. 
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Polym. Ed. 2003;14:1363-1376. 
214 Matsuda, T.; Kwon, I. K.; Kidoaki, S. Photocurable Biodegradable Liquid Copolymers: 
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217 Kricheldorf, H. R.; Ahrensdorf, K.; Rost, S. Polylactones, 68: Star-shaped homo- and 
copolyesters derived from e-caprolactone, L,L-lactide and trimethylene carbonate. Macromol. 
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2.4.4 Influence of Branching on the Properties of Branched Biopolymers 

Recent developments in synthesis and characterization have generated renewed 

interest in understanding the relationship between molecular architecture and properties 

of branched polymers for biomedical applications.  The effect of architectural structure 

on the properties of branched biopolymers is extensively exploited.  Cao et al. showed 

that architecture of the star-shaped PLLA strongly influenced the nucleation mechanism. 

Investigation of the crystallization kinetics using polarized microscopy revealed faster 

isothermal crystallization rates for stars with fewer arms.219  Duda et al. evaluated the 

molecular dynamics of star-shaped PLLA functionalized with pyrenyl end groups using 

static and time-resolved fluorescence spectroscopy in solution at room temperature.220 

End-to-end cyclization of polymer arms with accompanying excimer formation of the 

covalently linked pyrene end groups due to dynamic segmental motions was observed, 

and the rate of the excimer formation increased with increasing number of arms.  

Additionally, the number of arms influenced the location of the pyrenyl groups.  Pyrene 

units were located in the center of the star polymer with fewer arms while an increase in 

the number of arms resulted in their stretching away from the center.  Biela and 

coworkers used liquid chromatography at the critical conditions (LC-CC) to investigate 

                                                                                                                                                 
218 Joziasse, C. A. P.; Grablowitz, H.; Pennings, A. J. Star-shaped poly[(trimethylene carbonate)-
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shaped poly(l-lactide)s in tetrahydrofuran as solvent monitored by fluorescence spectroscopy. J. 
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the chromatographic behavior of star-shaped PLLAs with secondary hydroxyl groups at 

the PLLA ends and primary hydroxyl groups attached directly to the core of the star 

polymer (Figure 2-5).221,222  Star-shaped PLLAs with benzyl-protected core hydroxyl 

groups were analyzed.  The number of arms of the star polymer and the arrangement of 

the hydroxyl groups within the polymer strongly influenced the elution behavior.  Star-

shaped polymers with protected core hydroxyl groups exhibited increased retention 

volumes with increasing hydroxyl functionality due to enhanced interactions of the 

hydroxyl groups with the stationary phase.  Contrary to the protected star polymers, 

analysis of the star-polymers with deprotected groups showed that the elution volume 

depended strongly on the primary alcohol attached directly to the PLLA core, which 

interacted with the stationary phase much stronger than the secondary hydroxyl groups at 

the PLLA ends.  Decreased elution volumes were observed with increasing number of 

arms for four-arm star-shaped PLLAs with constant functionality but varying number of 

PLA-OH arms, while slightly increased elution volumes were reported for the series 

based on five and six-arm star-shaped PLLAS.  The observed trends were attributed to 

simultaneous interaction of the hydroxyl groups in close proximity with each other, 

which consequently limited their interaction with the stationary phase.   

                                                 
221 Radke, W.; Rode, K.; Gorshkov, A. V.; Biela, T. Chromatographic behavior of functionalized 
star-shaped poly(lactide)s under critical conditions of adsorption. Comparison of theory and 
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liquid chromatography at critical conditions. Polymer 2003;44:1851-1860. 
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Figure 2-5.  Schematic of the star-shaped PLLA with varying hydroxyl-group 

functionalities. 223 

 

Hedrick et al. reported that the hydrodynamic volume of star-shaped PLA and PCL using 

a dendrimer-like multi-hydroxyl functional initiator based on bis(MPA) derivatives as 

core molecules slightly increased as the number of star-shaped polymer arms were 

                                                 
223 Biela, T.; Duda, A.; Rode, K.; Pasch, H. Characterization of star-shaped poly(L-lactide)s by 
liquid chromatography at critical conditions. Polymer 2003;44:1851-1860. 
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increased systematically from two to six.224  Surprisingly, a 12-arm, star-shaped, polymer 

assumed a more globular shape and conformatation.  Kwak et al. recently reported the 

synthesis and characterization of star-shaped PCLs with architectural variations in arm 

numbers and length.225   Small angle X-ray scattering analysis was used to obtain the 

radius of gyration, which was used to calculate the branching ratio, g, using: 

 

linear
g

branched
g

R

R
g

2

2

=  ……………………………… (1)                    

                                                                                  

where 
branched

gR 2 and 
linear

gR 2 respectively represent the mean-square radius of 

gyration of the star-branched molecule and that of the linear counterpart.  The number of 

arms affected the calculated g values and smaller g values were obtained as the PCL arms 

were increased from four to six while the effect of arm length was minimal indicating 

more compact structures for stars with more arms.  Moreover, thermal properties such as 

melting point and degradation temperature increased with increasing arm numbers while 

the degree of crystallinity decreased.   

Polymer composition and structural architecture are known to affect the structural 

properties of micelles such as the critical micelle concentration (CMC), size and 

aggregation number.  Thus, Kim et al. investigated the micellar properties of various star-
                                                 
224 Atthoff, B.; Trollsas, M.; Claesson, H.; Hedrick, J. L. Poly(lactides) with controlled molecular 
architecture initiated from hydroxyl functional dendrimers and the effect on the hydrodynamic 
volume. Macromol. Chem. Phys. 1999;200:1333-1339. 
225 Choi, J.; Kim, I.-K.; Kwak, S.-Y. Synthesis and characterization of a series of star-branched 
poly(e-caprolactone)s with the variation in arm numbers and lengths. Polymer 2005;46:9725-
9735. 
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shaped amphiphilic block copolymers based on PEG and PCL as a function of number of 

arms.226  The CMC measured using a steady-state pyrene fluorescence method decreased 

with increasing number of arms in the star-shaped block copolymers while the size of the 

micelles determined using dynamic light scattering increased with increasing number of 

arms.  The results thus suggested easy formation of micelles for four-arm, star-shaped 

block copolymers compared to three-arm and linear block copolymers.   

Supramolecular complexes arising from the host-guest interaction between 

cyclodextrin and polymers are widely exploited due to their potential biomedical 

applications.  Wang et al. investigated inclusion complexation of α-cyclodextrin (α-CD) 

with star-shaped PCL bearing four and six arms, as well as monofunctional and 

difunctional PCLs.227  The branch arms controlled the stoichiometry of the complexation 

as well as the thermal properties of the inclusion complexes.  The stoichiometry of the 

inclusion complex (CL:CD, mol:mol) increased with increasing number of arms in the 

star-shaped polymer due to enhanced steric hindrance in star polymers with a higher 

number of arms which prevented some CL units near the core of the PCL from forming 

complexes with the α-CD molecules.  Kim et al. demonstrated that the magnitude of 

water uptake of a series of star-shaped amphiphilic block copolymers depended on their 

molecular architecture.228  The authors evaluated the equilibrium swelling and thermal 

                                                 
226 Kim, K. H.; Guo, H. C.; Lim, H. J.; Huh, J.; Ahn, C.-H.; Jo, W. H. Synthesis and micellization 
of star-shaped poly(ethylene glycol)-block-poly(e-caprolactone). Macromol. Chem. Phys. 
2004;205:1684-1692. 
227 Wang, L.; Wang, J.-L.; Dong, C.-M. Supramolecular inclusion complexes of star-shaped 
poly(e-caprolactone) with a-cyclodextrin. J. Polym Sci Part A: Polym Chem 2005;43:4721-4730. 
228 Choi, Y. K.; Bae, Y. H.; Kim, S. W. Star-Shaped Poly(ether-ester) Block Copolymers: 
Synthesis, Characterization, and Their Physical Properties. Macromolecules 1998;31:8766-8774. 
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solution properties of star-shaped PEO-PCL and PEO-PLLA block copolymers of 

varying molecular architecture.  Equilibrium water content decreased as the number of 

arms increased from two to eight for star-shaped block copolymers of similar 

composition and molar mass.  It was reported that increased compact packing in higher 

branched star-shaped block copolymers, in addition to decreased PEO domain size and 

greater phase mixing of PEO with the polyester block with increased branching was 

responsible for the observed behavior.  Decreased melting points and heat of fusion were 

observed as the number of arms in the star block copolymer increased and this was 

attributed to a combination of factors including increased crystalline imperfections with 

increased end groups and the concurrent decrease in the degree of crystallinity with 

branching.  Additionally, the intrinsic viscosities were found to decrease with branching.   

Several researchers also investigated the effect of architecture on the thermal 

properties of star-shaped biopolymers.  In one such study, Xi et al. observed that the 

melting temperature (Tm) and crystallinity of star-shaped PLLA synthesized using the 

same dendrimer initiator increased with increasing molar mass.229  On the other hand, star 

PLLA synthesized using dendrimer initiators of different generations exhibited 

decreasing melting point, crystallization rate and maximum decomposition temperature 

as the number of arms were increased.  Lutz et al. also reported a strong dependence of 

the Tm of multiarm, star-shaped PEOs on arm length.230  According to Lutz et al., an 

                                                 
229 Zhao, Y.; Shuai, X.; Chen, C.; Xi, F. Synthesis and Characterization of Star-Shaped Poly(L-
lactide)s Initiated with Hydroxyl-Terminated Poly(Amidoamine) (PAMAM-OH) Dendrimers. 
Chem. Mater. 2003;15:2836-2843. 
230 Knischka, R.; Lutz, P. J.; Sunder, A.; Muelhaupt, R.; Frey, H. Functional Poly(ethylene oxide) 
Multiarm Star Polymers: Core-First Synthesis Using Hyperbranched Polyglycerol Initiators. 
Macromolecules 2000;33:315-320. 
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increase in the length of PEO chains attached to the core from 17 to 39 units concurrently 

increased the Tm from 33 to 52 ºC.  Sanda et al. similarly reported that the Tm of star-

shaped PCLs increased with arm length irrespective of the number of arms.231  However, 

increased thermal decomposition Tds with increasing branching was reported and it was 

suggested that this was probably due to mobility of the arms, however, detailed 

explanation for this suggestion was not provided.  Mullen et al. prepared novel four- and 

six-arm, star-shaped polyesters using a tetra- and hexahydroxy functionalized perylene 

chromophore as the initiator for the Sn(Oct)2 catalyzed ROP of various lactones.232  

Characterization of the properties of the four- and six-arm, star-shaped, polyesters 

revealed minimal influence of architecture on the thermal properties of the PCL stars 

while crystallization of the PLLA stars were hindered.  In contrast to the PCL stars, star-

shaped polymers based on γ-(tert-amyl)-ε-caprolactone were completely amorphous with 

Tgs that decreased with increasing length of the star polymer arms.  

Hult et al. studied the zero shear viscosities (ηo) for a series of branched polymers 

based on PCL initiated from various hydroxy-functional cores.233  The cores consisted of 

a third generation dendron, a third generation dendrimer and a third generation dendron 

with 32, 24 and 8 hydroxyl groups.  The choice of core initiator and hence functionality 

strongly influenced the rheological properties of the branched polymers and the branched 

                                                 
231 Sanda, F.; Sanada, H.; Shibasaki, Y.; Endo, T. Star Polymer Synthesis from e-Caprolactone 
Utilizing Polyol/Protonic Acid Initiator. Macromolecules 2002;35:680-683. 
232 Klok, H.-a.; Becker, S.; Schuch, F.; Pakula, T.; Muellen, K. Synthesis and solid state 
properties of novel fluorescent polyester star polymers. Macromol. Biosci. 2003;3:729-741. 
233 Claesson, H.; Malmstrom, E.; Johansson, M.; Hult, A. Synthesis and characterisation of star 
branched polyesters with dendritic cores and the effect of structural variations on zero shear rate 
viscosity. Polymer 2002;43:3511-3518. 
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PCLs exhibited considerably lower ηo than linear polymers with similar molar mass.  The 

linear PCL showed rheological behavior consistent with the power law.  However, 

distinction between exponential or power law behaviors for the star-branched PCLs was 

not made due to narrow molar mass range and broad molar mass distributions.  Penczek 

et al. demonstrated the feasibility of two-dimensional chromatography in distinguishing 

between star-shaped polymers of the same molar mass but differing number of arms.234  

In two-dimensional liquid chromatography at the critical point of adsorption (LC-CC), 

the separation of macromolecules proceeds according to the structure of the end groups. 

In SEC, the same retention times were observed for three-, four- and six-arm star-shaped 

PLLA due to similar molar masses, however, in LC-CC mode, different retention times 

were obtained and this reflected the differences in the number of arms. Slot and Steeman 

developed an extension of the parameter-free tube model (PFTM) of Milner and McLeish 

for monodispersed star-shaped polymer melts that accurately described stress relaxation 

in polydisperesed eight-arm star-shaped PCL.235  

Núñez et al. have extensively studied the crystallization, melting, crystal unit cell 

and crystalline superstructure of star-shaped PCLs.236,237  Recently, the single crystal 

                                                 
234 Biela, T.; Duda, A.; Penczek, S.; Rode, K.; Pasch, H. Well-defined star polylactides and their 
behavior in two-dimensional chromatography. J. Polym Sci Part A: Polym Chem 2002;40:2884-
2887. 
235 Slot, J. J. M.; Steeman, P. A. M. Rheology of polydisperse star polymer melts: Extension of 
the parameter-free tube model of Milner and McLeish to arbitrary arm-length polydispersity. 
Macromol. Theory Simul. 2005;14:387-399. 
236 Nunez, E.; Ferrando, C.; Malmstroem, E.; Claesson, H.; Gedde, U. W. Crystallization 
behavior and morphology of star polyesters with poly(vepsiln.-caprolactone) arms. J. Macromol. 
Chem. Phys. 2004;B43:1143-1160. 
237 Nunez, E.; Ferrando, C.; Malmstrom, E.; Claesson, H.; Werner, P. E.; Gedde, U. W. Crystal 
structure, melting behavior and equilibrium melting point of star polyesters with crystallizable 
poly(vepsiln.-caprolactone) arms. Polymer 2004;45:5251-5263. 
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morphology of linear and star-branched PCL grown from dilute solutions was studied 

using bright-field transmission electron microscopy (TEM) and electron diffraction.238  

The star-branched polymers consisted of PCL attached to a third generation dendrimer, 

hyperbranched and dendron cores.  The single crystals of linear PCL were slightly curved 

with only a few steps or niches, and were larger along [010] than [100].  Similar base 

shapes were observed for the star-branched polymers albeit with increased 

crystallographic and irregular steps on the lateral crystal faces.  Additionally, the fastest 

growth direction of the single crystals was [100], suggesting that re-entry along [010] was 

more favored in star-branched PCLs than in linear PCL.  It was therefore proposed that 

the high fold surface free energy and the constrained character of the star PCLs favored 

the formation of steps on the growth faces.  Tsuji et al. observed that branching hindered 

the PLLA chain mobility of a three-arm star PLLA, which resulted in higher Tg and Tds 

for the star-shaped PLLA compared to a linear counterpart of the same molar mass.239  

Alternatively, a combination of branching and chain mobility disturbed the crystallization 

and spherulite growth behavior and mechanism of PLLA.  Consequently, interesting 

properties such as higher cold crystalline temperature (Tcc) and longer induction period 

for spherulite growth (ti), as well as lower melting temperature (Tm), crystallinity (Xc) 

and radius growth rate of the spherulite (G) were observed for the three-arm star-shaped 

PLLA compared to the linear polymers.  Park et al. investigated the sol-gel transition 

behavior of star-shaped PLLA-PEO amphiphilic block copolymers in aqueous solution 

                                                 
238 Nunez, E.; Gedde, U. W. Single crystal morphology of star-branched polyesters with 
crystallisable poly(e-caprolactone) arms. Polymer 2005;46:5992-6000. 
239 Tsuji, H.; Miyase, T.; Tezuka, Y.; Saha, S. K. Physical Properties, Crystallization, and 
Spherulite Growth of Linear and 3-Arm Poly(L-lactide)s. Biomacromolecules 2005;6:244-254. 
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using the vial tilting method.240  In contrast to conventional PEO-PLLA-PEO triblock 

copolymer, the location and slope of the boundary curve for the star-shaped PEO-PLLA 

copolymers were highly dependent on the molar mass of the PLLA.   

Characterization of hyperbranched macromolecules based on biodegradable and 

biocompatible polymers is extensively explored.  Choi et al. reported the synthesis and 

characterization of hyperbranched PCLs (HPCLs) with molecular architectural variation 

in terms of length of the homologous oligo(ε-CL) backbone segment without significant 

variation in molar mass.241  The relative degree of branching (DB) obtained from the 

branching ratio values, g, which was calculated from the ratio of mean square radius of 

gyration (<Rg
2> of the HPCLs referenced to that of their linear counterparts was 

determined using small angle X-ray scattering (SAXS) experiments.  The DB decreased 

as the length of linear oligo(ε-CL) in the backbone increased.  Photon correlation 

spectroscopy (PCS) afforded characterization of the relaxation processes.242  Faster 

cooperative chain mobility was observed for the HPCLs than their linear counterparts and 

faster mobility of HPCLs with higher DB in their concentrated solution state was 

reported.  Evaluation of the dynamic viscoelastic relaxation behavior and molecular 

                                                 
240 Park, S. Y.; Han, D. K.; Kim, S. C. Synthesis and Characterization of Star-Shaped PLLA-PEO 
Block Copolymers with Temperature-Sensitive Sol-Gel Transition Behavior. Macromolecules 
2001;34:8821-8824. 
241 Choi, J.; Kwak, S.-Y. Synthesis and Characterization of Hyperbranched Poly(e-caprolactone)s 
Having Different Lengths of Homologous Backbone Segments. Macromolecules 2003;36:8630-
8637. 
242 Choi, J.; Kwak, S.-Y. Concentration fluctuation and cooperative chain mobility of 
hyperbranched poly(e-caprolactone)s investigated by photon correlation spectroscopy. Polymer 
2004;45:7173-7183. 
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mobility of the HPCLs in the melt state was also reported.243  The HPCLs exhibited 

unentangled viscoelastic behavior in contrast to the entangled behavior of the linear PCL 

analogues.  Frey et al. reported that the hyperbranched structure is an actual prerequisite 

for encapsulation and phase transfer of polar quest molecules.244  UV-visible 

spectroscopy correlated with viscosity experiment of esterified hyperbranched 

polyglycerols with amphiphilic core-shell structure (“molecular nanocapsules”) and their 

linear analogues revealed that only the hyperbranched polyglycerols showed 

encapsulation and phase transfer properties while the linear analogues did not.  In apolar 

media, the specific viscosities of the hyperbranched nanocapsules were consistently 

lower than the linear samples, thus confirming the compact (“collapsed”) structure of the 

hyperbranched core-shell amphiphiles that was responsible for the formation of the a 

hydrophilic compartment capable of irreversibly taking up quest molecules.  The dilute 

solution properties of water-soluble hyperbranched polyglycerols using small-angle 

neutral scattering (SANS) was also reported.245  Kratky plots of the scattering intensity in 

addition to the scaling relation of Rg with molar mass confirmed a compact structure for 

the hyperbranched biocompatible polymers.  Gedde et al. investigated the moisture 

transport properties of hyperbranched PCLs using sorption and desorption 

                                                 
243 Kwak, S.-Y.; Choi, J.; Song, H. J. Viscoelastic Relaxation and Molecular Mobility of 
Hyperbranched Poly(e-caprolactone)s in Their Melt State. Chem. Mater. 2005;17:1148-1156. 
244 Stiriba, S.-E.; Kautz, H.; Frey, H. Hyperbranched Molecular Nanocapsules: Comparison of the 
Hyperbranched Architecture with the Perfect Linear Analogue. J. Am. Chem. Soc. 
2002;124:9698-9699. 
245 Garamus, V. M.; Maksimova, T. V.; Kautz, H.; Barriau, E.; Frey, H.; Schlotterbeck, U.; 
Mecking, S.; Richtering, W. Hyperbranched Polymers: Structure of Hyperbranched Polyglycerol 
and Amphiphilic Poly(glycerol ester)s in Dilute Aqueous and Nonaqueous Solution. 
Macromolecules 2004;37:8394-8399. 
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measurements.246  The hyperbranched PCL showed higher amorphous-polymer moisture 

solubilities and diffusivities than linear PCL and it was concluded that the transport 

properties of polymers are predominantly dependent on the hydroxyl group 

concentration.   

2.4.5 Applications of Branched Biocompatible and Biodegradable Polymers 

The development of effective drug delivery devices for the administration of 

proteins for protein therapeutics has received renewed interest in the past decade.  

Effective drug delivery systems are required for reduction of adverse side effects, site-

specific delivery, and convenient mode of administration.247  The exploitation of star-

shaped and hyperbranched biocompatible and biodegradable polymers is therefore 

receiving considerable attention.  For example, the synthesis and characterization of 

multifunctional star-shaped PEG-heparin copolymers and their assembly into 

supramolecular bioactive hydrogel networks capable of therapeutically relevant protein 

delivery was reported.248  The sustained release of fibroblast growth factor from the 

supramolecular hydrogels was shown and dissociation-mediated matrix erosion was 

suggested as the primary mechanism of release.  Recently, a basic fibroblast growth 

factor (bFGF) delivery system using heparin-conjugated star-shaped poly(L-lactide-co-

glycolide) nanospheres suspended in fibrin gel that exhibited controllable, long term, and 

                                                 
246 Hedenqvist, M. S.; Yousefi, H.; Malmstrom, E.; Johansson, M.; Hult, A.; Gedde, U. W.; 
Trollsas, M.; Hedrick, J. L. Transport properties of hyperbranched and dendrimer-like star 
polymers. Polymer 1999;41:1827-1840. 
247 Sinha, V. R.; Trehan, A. Biodegradable microspheres for protein delivery. J. Controlled 
Release 2003;90:261-280. 
248 Yamaguchi, N.; Kiick Kristi, L. Polysaccharide-poly(ethylene glycol) star copolymer as a 
scaffold for the production of bioactive hydrogels. Biomacromolecules 2005;6:1921-1930. 
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zero-order release of bFGF was reported.249  Kannan et al. demonstrated that the 

conjugation of hyperbranched polyglycerols with ibuprofen resulted in conjugates with a 

high drug payload that exhibited rapid cell entry and significant therapeutic effects.250  

Venkatraman et al. evaluated the release of chemotherapeutic drugs such as 5-fluro-2,4-

pyrimidinedione (5-fluorouracil) (5-Flu) and paclitaxel from micelle-like nanoparticles of 

linear and four-arm star-shaped block copolymers of PLLA and PEO with different molar 

mass and LA/EO ratio.251  The micelles based on star-shaped block copolymers exhibited 

rapid and complete release of paclixatel compared to their linear counterparts, and this 

was consistent with the rapid degradation of micelles based on star-shaped polymers.  

Additionally, the effect of PLA length on the drug release profile was demonstrated.  

In addition to drug delivery applications, star-shaped biopolymers are also widely 

exploited as scaffolds for tissue engineering.  Ultra thin coatings formed from reactive 

six-arm, star-shaped, PEG prepolymers modified with peptides enabled cell adhesion of 

fibroblast and human mesenchymal stems cells in contrast to unmodified star-shaped 

PEG ulthin films.252  In another study, star-shaped biocompatible polymers were 

                                                 
249 Jeon, O.; Kang, S.-W.; Lim, H.-W.; Chung, J. H.; Kim, B.-S. Long-term and zero-order 
release of basic fibroblast growth factor from heparin-conjugated poly(L-lactide-co-glycolide) 
nanospheres and fibrin gel. Biomaterials 2006;27:1598-1607. 
250 Kolhe, P.; Khandare, J.; Pillai, O.; Kannan, S.; Lieh-Lai, M.; Kannan, R. Hyperbranched 
polymer-drug conjugates with high drug payload for enhanced cellular delivery. Pharma. Res. 
2004;21:2185-2195. 
251 Jie, P.; Venkatraman, S. S.; Min, F.; Freddy, B. Y. C.; Huat, G. L. Micelle-like nanoparticles 
of star-branched PEO-PLA copolymers as chemotherapeutic carrier. J. Controlled Release 
2005;110:20-33. 
252 Groll, J.; Fiedler, J.; Engelhard, E.; Ameringer, T.; Tugulu, S.; Klok, H.-A.; Brenner, R. E.; 
Moeller, M. A novel star PEG-derived surface coating for specific cell adhesion. J. Biomed. 
Mater. Res., Part A. 2005;74A:607-617. 
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exploited for applications such as semi-permeable membranes and artificial pancreas.253  

In this particular study, star-shaped PEO hydrogel layers were grafted onto porous 

expanded poly(tetrafluorethylene) (EXPTFE) surfaces via electron beam irradiation and 

implanted into the peritoneal cavity of rats without inducing any inflammation reactions.  

Additionally, glucose diffused through the hydrogel gel materials without any 

interference from the EXPTFE membranes.  Recently, a bioactive-functionalized 

electrospun matrix based on four-arm star-shaped PEG functionalized with low-molar 

mass heparin useful for applications in wound dressing and tissue engineering was 

reported.254   

2.4.6 Conclusions 

Significant improvement in synthesis and characterization has allowed the 

development of well-defined biodegradable and biocompatible macromolecules with 

architectural diversity for various biomedical applications including controlled delivery 

and tissue engineering in the last decade.  In this review, recent progress in the synthesis 

of branched biopolymers was outlined.  The majority of the review focused on the 

synthesis and characterization of star-shaped, hyperbranched polyesters, polyethers, and 

their copolymerizations.  Adequate selection of the multifunctional hydroxy or amine 

initiator for the polymerization of cyclic monomers allows modulation of the architecture 

                                                 
253 Alexandre, E.; Schmitt, B.; Boudjema, K.; Merrill, E. W.; Lutz, P. J. Hydrogel networks of 
poly(ethylene oxide) star-molecules supported by expanded polytetrafluoroethylene membranes: 
Characterization, biocompatibility evaluation and glucose diffusion characteristics. Macromol. 
Biosci. 2004;4:639-648. 
254 Casper, C. L.; Yamaguchi, N.; Kiick, K. L.; Rabolt, J. F. Functionalizing Electrospun Fibers 
with Biologically Relevant Macromolecules. Biomacromolecules 2005;6:1998-2007. 
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and functionality of the resulting macromolecules.  Additionally the influence of 

molecular architecture on the properties of the macromolecules was presented.   
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Chapter 3: Synthesis and Characterization of Four-arm, Star-
shaped, Poly(D,L-lactide)s with Peripheral  

Photo-crosslinkable End Groups 
 

Reproduced In Part From: 

Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral 
Hydrogen Bonding on the Mechanical Properties of Photo-Cross-Linked Star-Shaped 
Poly(D,L-lactide) Networks. Biomacromolecules 2005;6:2866-2874. 
 
3.1 Abstract 

Four-arm, star-shaped, poly(D,L-Lactide) (PDLLA) oligomers of controlled 

molar mass and narrow molar mass distribution were successfully synthesized using an 

ethoxylated pentaerythritol initiator.  Derivatization of the terminal hydroxyl groups with 

either methacrylic anhydride (MAAH) or 2-isocyanatoethyl methacrylate (IEM) to yield 

PDLLA-M (M = methacrylate end group) and PDLLA-UM (UM = urethane methacrylate 

end group), respectively, was monitored using in situ FTIR spectroscopy.  Photo-

crosslinking of the functional oligomers yielded networks with high gel contents (> 95 

%).  The glass transition temperature (Tg) of these networks was strongly dependent on 

prepolymer molar mass, and networks based on low molar mass precursors were more 

rigid than the networks obtained using higher molar mass oligomers. The tensile strength 

(TS) and Young’s modulus of the PDLLA-M samples, approximately 7 MPa and 17 MPa 

respectively, were significantly lower than 19 MPa TS and 113-354 MPa Young’s 

modulus for the PDLLA-UM samples.  The introduction of terminal hydrogen bonding 

sites that were adjacent to the photo-crosslinking site resulted in higher performance 

poly(lactide) based bioadhesives.  Hydrolytic degradation of the photo-crosslinked 

networks in phosphate buffer at pH 7.4 revealed similar weight losses for PDLLA-M and 

PDLLA-UM regardless of molar mass.  
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3.2 Introduction 

Biodegradable polyesters, such as poly(lactides) (PLA) and poly(glycolides), are 

widely utilized in a variety of biomedical applications including surgical fixation devices 

and controlled drug delivery.255 The use of lactide-based polymers as bioadhesives for 

human tissue is emerging as a preferred alternative to suturing.256 An ideal bioadhesive 

must have adequate viscosity prior to application, adhere to the tissue substrates, and cure 

rapidly.  Additionally, the adhesive should biodegrade without eliciting local or 

systematic toxicity, and must provide strong and complete closure throughout the healing 

process.257   

Current approved clinical adhesives include alkyl cyanoacrylates,258 gelatin-

resorcinol-formaldehyde (GRF) glue,259 and fibrin glue.260  Alkyl cyanoacrylates cure 

rapidly and form strong tissue interfaces with high bond strengths of 1-3 MPa.261  

However, the toxicity of the degradation product, formaldehyde, which results in tissue 
                                                 
255 Wang, F.; Lee, T.; Wang, C.-H. PEG modulated release of etanidazole from implantable 
PLGA/PDLA discs. Biomaterials 2002;23:3555-3566. 
256 Ertl, B.; Heigl, F.; Wirth, M.; Gabor, F. Lectin-mediated bioadhesion: preparation, stability 
and Caco-2 binding of wheat germ agglutinin-functionalized poly(D,L-lactic-co-glycolic acid)-
microspheres. J. Drug Targeting 2000;8:173-184. 
257 Rimpler, M. Gluing - a challenge in surgery. Int. J. Adhes. Adhes. 1996;16:17-20. 
258 Garcia Paez, J. M.; Jorge Herrero, E.; Millan, I.; Rocha, A.; Maestro, M.; Castillo-Olivares, J. 
L.; Carrera Sanmartin, A.; Cordon, A. Resistance to tensile stress of a bioadhesive utilized for 
medical purposes: Loctite 4011. Journal of biomaterials applications 2004;18:179-92. 
259 Sung, H.-W.; Huang, D.-M.; Chang, W.-H.; Huang, R.-N.; Hsu, J.-C. Evaluation of gelatin 
hydrogel crosslinked with various crosslinking agents as bioadhesives: in vitro study. J. Biomed. 
Mater. Res. 1999;46:520-530. 
260 Orr, T. E.; Pate, A. M.; Wong, B.; Hatzigiannis, G. P.; Minas, T.; Spector, M. Attachment of 
periosteal grafts to articular cartilage with fibrin sealant. J. Biomed. Mater. Res. 1999;44:308-313. 
261 Ninan, L.; Monahan, J.; Stroshine, R. L.; Wilker, J. J.; Shi, R. Adhesive strength of marine 
mussel extracts on porcine skin. Biomaterials 2003;24:4091-4099. 
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damage and elicits dose-dependent carcinogenicity restricts alkyl cyanoacrylates to 

topical skin use.262  The tensile strengths of the GRF and fibrin glues (0.050-0.170 MPa 

and 0.002-0.040 MPa respectively) are inferior to alkyl cyanoacrylates, and are therefore 

inadequate for bonding with high tensile loads.263  In addition, fibrin glue is produced 

from human serum, and is not commercially viable, while GRF glue has formaldehyde as 

a reactant and associated toxicity issues.264   

Efforts to develop non-toxic bioadhesives with high mechanical properties thus 

continue and the exploitation of biodegradable and biocompatible polymeric materials as 

tissue adhesive candidates are hence generating considerable interest.  The use of 

polymeric bioadhesives in clinical applications is especially advantageous in crosslinking 

techniques such as laser-assisted vascular repair.265,266  Also known as tissue soldering, 

the process involves the laser induced bonding of tissue surfaces with a bioadhesive.267  

Tissue soldering is particularly desired in surgical anastomosis in cardiac bypass and limb 
                                                 
262 Park, D. H.; Kim, S. B.; Ahn, K.-D.; Kim, E. Y.; Kim, Y. J.; Han, D. K. In vitro degradation 
and cytotoxicity of alkyl 2-cyanoacrylate polymers for application to tissue adhesives. J. Appl. 
Polym. Sci. 2003;89:3272-3278. 
263 Chivers, R. A.; Wolowacz, R. G. The strength of adhesive-bonded tissue joints. Int. J. Adhes. 
Adhes. 1997;17:127-132. 
264 Ennker, J.; Ennker, I. C.; Schoon, D.; Schoon, H. A.; Dorge, S.; Meissler, M.; Rimpler, M.; 
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and digit reattachment surgery where multiple anastomoses are typically required.  

Poly(L-lactic-co-glycolic acid) scaffolds doped with the traditional protein solder mix of 

porcine serum albumin and indocyanine green dye were studied extensively for laser-

assisted vascular repair.268,269 ,270  The optimal temperature for tissue soldering in most of 

these systems is reportedly around 65 ºC271 and such a high temperature can result in 

thermal damage of neighboring tissues. As a consequence, there is the need for low Tg 

tissue adhesives that cure rapidly at relatively low temperatures and exhibit high 

mechanical strength.272  

Polymeric bioadhesives with pendant photofunctional groups are advantageous 

because they are curable using ultra violet (UV) or visible light, cure quickly at 

physiological temperature or 37 oC, and produce minimal heat during photo-

polymerization.273  Ono et al. synthesized a cationic polymeric bioadhesive based on 

chitosan, a polysaccharide, with azide and lactose moieties.274 However, the mechanical 

                                                 
268 Riley, J. N.; Dickson, T. J.; Hou, D. M.; Rogers, P.; March, K. L.; McNally-Heintzelman, K. 
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strength of the photo-crosslinked chitosan hydrogels was comparable to fibrin glue.  

Matsuda et al. have used photo-induced polymerization to prepare tissue adhesives based 

on photo-reactive gelatin and diacrylated poly(ethylene glycol) (PEG) 

macromonomers.275,276  In our laboratories, we have also demonstrated the 

photoreversibility of coumarin containing PEG monols and diols,277 and PEG resistance 

to protein adsorption in biomedical applications is widely reported.278,279 

Studies on photo-crosslinking of star-shaped polymers based on PLA and other 

biodegradable polyesters have mainly concentrated on their use in composites and as 

matrixes for drug delivery and scaffolds in tissue engineering,280,281 with only a few 

applicable for use as bioadhesives.  This is attributed to generally brittle polymers with 

high moduli at physiological temperatures, thus limiting their use as tissue adhesives.  

                                                 
275 Nakayama, Y.; Matsuda, T. Photocurable surgical tissue adhesive glues composed of 
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Helminen et al. initiated DLLA with pentaerythritol and subsequently functionalized the 

hydroxyl end groups with MAAH.282  The methacrylated polymers were thermally 

crosslinked at 90 oC for 24 h to obtain highly crosslinked networks; a high temperature 

was required due to the relatively high Tg of the functionalized oligomer, resulting in 

unsuitable bioadhesives. In order to photo-crosslink at physiological temperature, 30-

wt% of a reactive monomer such as dimethacrylated butanediol was added as a diluent to 

the functionalized oligomers.   

To achieve well-defined, photo-reactive, star PDLLA bioadhesives that are 

suitable for potential use in laser-assisted vascular repair, we have in the present work 

synthesized oligomeric four-arm, star-shaped, PDLLAs with methacrylate terminal 

groups.  The four-arm star PDLLAs were synthesized using a  pentaerythritol ethoxylate 

initiator in order to take advantage of the biocompatible, non-toxic, nonimmunogenic, 

and water-soluble ethylene oxide units.283  

Efforts to lower the Tg of PLA have involved the use of biocompatible plasticizers 

such as the lactide monomer,284 supercritical carbon dioxide,285 polysaccharides,286 

                                                 
282 Helminen, A. O.; Korhonen, H.; Seppala, J. V. Structure modification and crosslinking of 
methacrylated polylactide oligomers. J. Appl. Polym. Sci. 2002;86:3616-3624. 
283 Sharma, S.; Johnson Robert, W.; Desai Tejal, A. Evaluation of the stability of nonfouling 
ultrathin poly(ethylene glycol) films for silicon-based microdevices. Langmuir 2004;20:348-56. 
284 Bigg, D. M. Polylactide copolymers: Effect of copolymer ratio and end capping on their 
properties. Adv. Polym. Technol. 2005;24:69-82. 
285 Hao, J.; Whitaker, M. J.; Wong, B.; Serhatkulu, G.; Shakesheff, K. M.; Howdle, S. M. 
Plasticization and spraying of poly (DL-lactic acid) using supercritical carbon dioxide: control of 
particle size. J. Pharm. Sci. 2004;93:1083-1090. 
286 Ouchi, T.; Kontani, T.; Ohya, Y. Modification of polylactide upon physical properties by 
solution-cast blends from polylactide and polylactide-grafted dextran. Polymer 2003;44:3927-
3933. 
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poly(ε-caprolactone),287 and polyisoprene.288  Another well known plasticizer for PLA is 

PEG.289,290  However, Mccarthy et al. have shown that blends of PLA with PEG contents 

higher than 50 weight % resulted in undesirable highly crystalline blends.291  In a related 

study to circumvent crystallinity and decrease migration and hydrophilicity, Hillmyer et 

al. reported the synthesis of a perfectly alternating copolymer of lactic acid and ethylene 

oxide.292  Blending of PLA and the alternating copolymer resulted in effective 

plasticization of the PLA. Based on these earlier PEG plasticizer efforts, the oligomeric 

PEG-based multifunctional initiator was used to obtain low molar mass, star-shaped, 

PDLLAs with low Tgs that were suitable for application as a viscous liquid prior to 

photo-crosslinking. Previous efforts in our laboratories have also focused on the 

incorporation of various hydrogen bonding groups into linear and star-shaped polymers 

in order to probe influence on rheological, thermal, and mechanical properties.293,294,295,296   

                                                 
287 Tsuji, H.; Ikada, Y. Blends of aliphatic polyesters. I. Physical properties and morphologies of 
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In the present work, the influence of telechelic urethane hydrogen bonding on potential 

PDLLA bioadhesives was probed via functionalization with IEM.  1H NMR spectroscopy 

and SEC were used to characterize the PDLLA stars, and in-situ FTIR spectroscopy was 

used to monitor the functionalization of the star oligomers with IEM.  Tensile testing and 

DMA were used to evaluate the mechanical properties of free-standing, thin photo-

crosslinked films.     

3.3 Experimental 

3.3.1 Materials 

D,L-lactide (DLLA, 98%) from Aldrich was recrystallized twice from ethyl 

acetate and dried for several days under reduced pressure at 40 oC prior to use.  

Pentaerythritol ethoxylate (EO/OH 15/4, Aldrich) was dried under reduced pressure at 60 

oC for 24 h.  Stannous(II) ethylhexanoate (Sn(Oct)2, Aldrich) was used as received.  

Toluene (99.5%, EMD Chemicals) and tetrahydrofuran (THF, 99.98, EMD Chemicals) 

were distilled from metallic sodium and benzophenone (99%, Aldrich) / tetra(ethylene 

glycol) dimethyl ether (99%, Aldrich) immediately prior to use.  Methacrylic anhydride 

(MAAH, 94%, Aldrich), 2-isocyanatoethyl methacrylate, (IEM, 98%, Aldrich), and 

dibutyltin dilaurate (DBT-12, 95%, Aldrich) were used without further purification.   
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3.3.2 Characterization 

The polymer composition, number average molar mass, and percent 

functionalization were determined using 1H NMR spectroscopy. The spectra were 

obtained using a Varian UNITY Spectrometer operating at 400 MHz using CDCl3 as the 

solvent.  Molar masses and molar mass distributions were determined at 40 oC in THF 

(ACS grade) at a flow rate of 1 mL/min using a Waters 717 Autosampler equipped with a 

Waters 2410 refractive index detector, a Wyatt Technology MiniDAWN MALLS 

detector, and a Viscotek 270 viscosity detector.  Reported molar masses are based on 

absolute measurements using the MALLS detector.  Glass transition temperatures were 

determined under nitrogen using a Perkin-Elmer Pyris 1 cryogenic differential scanning 

calorimetry (DSC) instrument at a heating rate of 10 °C/min. The Tg is reported as the 

transition midpoint during the second heat.  In-situ FTIR spectroscopic analysis was 

performed using an ASI React IR 1000 (ASI Applied Systems Inc., MD) attenuated total 

reflectance (ATR) spectrometer.  Our research laboratories have demonstrated the 

efficacy of in-situ FTIR spectroscopy for diverse organic reactions and polymerization 

processes.297,298,299,300,301,302,303 Tensile analysis was conducted using an Instron Model 
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polymer synthesis. Polymer 2004;45:5829-5836. 
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299 Lizotte, J. R.; Long, T. E. Stable free radical polymerization kinetics of alkyl acrylate 
monomers using in situ FTIR spectroscopy: influence of hydroxyl-containing monomers and 
additives. Macromol. Chem. Phys. 2004;205:692-698. 

 79



5500 Universal Tester at room temperature with a cross-head speed of 10 mm/min and an 

initial grip separation of 16 mm.  Five dog-bone microtensile test specimens were 

punched from the photo-crosslinked star oligomer films with an average thickness of 26 

µm using a standard die (ASTM D3368).  Five specimens were tested and the average 

values are reported.  DMA was performed on a TA Instruments DMA Q800 at 5 oC/min 

and 1 Hz.  The film geometry was in tension mode. Tg is reported as the temperature 

corresponding to the maximum in the loss modulus versus temperature curve. 

3.3.3 Synthesis and Functionalization of Star-shaped PDLLA Containing an 
Ethoxylate Core 
 
3.3.3.1 Synthesis of Four-arm Star-shaped PDLLA Oligomers 

DLLA (5 g, 0.035 mol) was added under nitrogen to a flame-dried, 50-mL round-

bottomed flask containing a magnetic stir bar and sealed with a rubber septum. The 

system was purged with nitrogen.  Pentaerythritol ethoxylate (2.7 g, 0.0033 mol) was 

added via syringe under nitrogen. The reaction flask was immersed in a 130 oC oil bath 

and sufficient time was allowed for the lactide to melt.  A catalytic amount of Sn(Oct)2 

(0.0006 mol ≈ 200 ppm) (Figure 3-1a) in toluene was added, and the reaction mixture 
                                                                                                                                                 
300 Pasquale, A. J.; Fornof, A. R.; Long, T. E. Synthesis of norbornene derivatives by Diels-Alder 
cycloaddition and subsequent copolymerization with maleic anhydride. Macromol. Chem. Phys. 
2004;205:621-627. 
301 Lizotte, J. R.; Erwin, B. M.; Colby, R. H.; Long, T. E. Investigations of thermal 
polymerization in the stable free-radical polymerization of 2-vinylnaphthalene. J. Polym Sci Part 
A: Polym Chem 2002;40:583-590. 
302 Pasquale, A. J.; Allen, R. D.; Long, T. E. Fundamental Investigations of the Free Radical 
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tert-Butyl Ester: In-Situ Mid-Infrared Spectroscopic Analysis. Macromolecules 2001;34:8064-
8071. 
303 Williamson, D. T.; Elman, J. F.; Madison, P. H.; Pasquale, A. J.; Long, T. E. Synthesis and 
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was allowed to stir for 10 min.  The reaction temperature was decreased to 120 oC, and 

the reaction was allowed to proceed for 24 h.  The product was dissolved in chloroform, 

precipitated several times in a hexane/methanol mixture (90:10), and dried under reduced 

pressure at 60 oC for 24 h.   

3.3.3.2 Functionalization of Four-arm Star-shaped PDLLA with Methacrylic 
Anhydride 
 

The star-shaped PDLLA (5 g) was added to a flame-dried, 2-neck round-bottomed 

flask equipped with a magnetic stir bar and a water condenser.  Freshly distilled toluene 

(30 mL) was added to the flask to prepare a 16 wt% polymer solution, and the solution 

was allowed to stir.  After 10 min, 5-fold excess of MAAH (6.8 g, 0.044 mol) was added 

via syringe.  The mixture was heated to reflux under nitrogen for 5 h. The product was 

precipitated several times in hexane and dried under vacuum at room temperature for at 

least 24 h.  Quantitative functionalization was confirmed using 1H NMR spectroscopy.   

3.3.3.3 Functionalization of Four-arm Star-shaped PDLLA with 2-Isocyanatoethyl 
Methacrylate 
 

Star PDLLA (5 g) was weighed into a septum sealed 2-neck, round-bottomed 

flask with a stir bar. The flask was equipped with a water condenser and placed in a 70 ºC 

oil bath.  THF (30 mL) was added under nitrogen to make a 16 wt% polymer solution.  

IEM (1.5 g, 0.0097 mol) was syringed into the reaction mixture under nitrogen upon 

polymer dissolution.  The mixture was stirred for 10 min and a catalytic amount of DBT-

12 was added.  The reaction was allowed to run for 1 h. The precipitate was isolated in 

hexane and dried under reduced pressure for at least 24 h.  Quantitative functionalization 

was confirmed using 1H NMR spectroscopy. 
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3.3.4 Photo-crosslinking of Methacrylated Star-shaped PDLLA 

The methacrylate functionalized star-shaped polymer (0.5 g) and 0.02 g (4 wt%) 2,2-

dimethyl-2-phenylacetophenone (DMPA, Aldrich) (Figure 3-1b) were dissolved in 1.0 

mL chloroform as a 25 wt% solution.  The mixture was stirred until homogeneous and 

poured into clean poly(tetrafluoroethylene) molds.  The molds were stored overnight at 

room temperature in the absence of light to evaporate the chloroform.  The molds were 

passed through a Fusion UV system (model LC-6B benchtop conveyor) at 5 ft/min to 

achieve an energy dose of 1.63 J/cm2 (UVA) resulting in photo-crosslinking to form 

uniform films.  The irradiance and energy density were measured with an EIT UV Power 

Puck radiometer. Soxhlet extraction was performed on the crosslinked film for 12 h and 

the gel fraction of the dry films was determined gravimetrically. 

3.3.5 Hydrolytic Degradation of Photo-Crosslinked PDLLA Networks  

The hydrolysis of each of the films was performed in phosphate buffer saline 

(PBS) at pH 7.4 and 37 ºC.  For each hydrolysis time, two weighed photo-crosslinked 

films were placed in sample vials containing 25 mL of PBS.  The flasks were placed in a 

thermostated circulating water bath (Precision Scientific, Model 260).  The degradation 

media was replaced every 1 month.  The films were withdrawn from the media at each 

degradation time and washed thoroughly with deionized water.  After wiping, the 

specimens were weighed and dried at 23 ºC under reduced pressure for 24 h.  The gel 

fractions of the dried films were determined gravimetrically.   

 

 

 

 82



Sn2+

O

-O

2 

 

a) 

 

O  

 

b) 

 

Figure 3-1. a) Structure of tin(II)-2-ethylhexanoate (stannous octoate) b) Structure of 

2,2-dimethyl-2-phenyl acetophenone (DMPA).   
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3.4 Results and Discussion 

3.4.1 Synthesis and Characterization  

Four-arm, star-shaped, PDLLAs were prepared using pentaerythritol ethoxylate to 

initiate the ring-opening polymerization of DLLA as depicted in Scheme 3-1.  The 

initiator, PTOLEO, was previously used to prepare spirocyclic tin initiators304,305,306 in the 

synthesis of well-defined, high molar mass, star-shaped polylactones with narrow molar 

mass distributions.  In the present work, PTOLEO was used without conversion to the 

spirocyclic tin initiator.  1H NMR was used to characterize the PTOLEO and the presence 

of 15 ethylene oxide units and four hydroxyl groups were confirmed.  Well-defined, four-

arm star-shaped oligomers with narrow molar mass distribution (1.06 to 1.20) were 

prepared over a molar mass range of 1500 to 9500 g/mol (Table 3-1). 

1H NMR spectroscopy was used to characterize the star PDLLAs (Figure 3-2).  

Resonance “a”, which was assigned to the methine proton in the PDLLA repeat unit at 

5.12 ppm, and resonance “h” at 3.41 ppm, which was assigned to the β-methylene 

protons of the ethylene oxide unit adjacent to the DLLA repeat units, were compared to 

obtain the absolute number average molar mass.307 It was assumed that each initiator 
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307 Finne, A.; Albertsson, A.-C. Controlled Synthesis of Star-Shaped L-Lactide Polymers Using 
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resulted in the growth of exactly four PDLLA chains and arms of nearly equivalent molar 

mass were obtained.  Excellent agreement existed between the 1H NMR and SEC number 

average molar mass, and the measured molar mass were in agreement with the targeted 

molar mass based on the assumption of four equally reactive hydroxyls in the initiator.  

PTOLEO was an effective initiator for low molar mass PDLLA oligomers but was 

ineffective in the polymerization of higher molar mass stars presumably due to 

transesterification reactions.308,309  This limitation was acceptable for our studies since the 

objective was to prepare low viscosity oligomeric precursors for subsequent network 

formation.   

The Tg of the four-arm, star-shaped, PDLLA increased from –29 to 27 oC as the 

molar mass was increased from 1500 to 9500 g/mol (Table 3-1).  The increase in Tg 

corresponded linearly with the weight fraction of oligo(ethylene oxide) (EO) initiator 

fragments to PDLLA segments.  The lower molar mass star-shaped polymers had shorter 

PLA segments and higher EO compositions, which contributed to lower Tgs.  As the 

PDLLA segment length increased with increasing star molar mass, weight % of EO in the 

polymer decreased, thereby increasing the Tg.  In addition, the glass transition 

temperature of PDLLA segments also increased with an increase in molar mass, however, 

the decoupling of the influence of EO composition and final molar mass was not 

conducted. 

                                                 
308 Dobrzynski, P.; Li, S.; Kasperczyk, J.; Bero, M.; Gasc, F.; Vert, M. Structure-Property 
Relationships of Copolymers Obtained by Ring-Opening Polymerization of Glycolide and e-
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309 Kricheldorf, H. R.; Boettcher, C.; Toennes, K. U. Polylactones.  23.  Polymerization of 
racemic and meso D,L-lactide with various organotin catalysts - stereochemical aspects. Polymer 
1992;33:2817-2824. 
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Scheme 3-1. Synthetic methodology for the preparation of four-arm, star-shaped, 

PDLLA, functionalization with MAAH (PDLLA-M) and IEM (PDLLA-UM), and 

subsequent photo-crosslinking.  
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Table 3-1. Characterization of Four-arm Star-shaped PDLLA Oligomers 
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Figure 3-2. 1H NMR spectrum of a typical four-arm star-shaped PDLLA. 
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3.4.2 Modification of Four-arm, Star-shaped PDLLA to Contain Methacrylate End 
Groups 
 

Star-shaped oligomers with a range of molar mass were modified with either 

MAAH or IEM to introduce terminal photo-reactive methacrylate sites (Scheme 3-1).  

MAAH and IEM were quantitatively reacted with the terminal hydroxyl groups in 

solution to produce photoreactive four-arm, star-shaped, oligomers with methacrylate end 

groups (PDLLA-M), and with methacrylate end groups with an adjacent urethane 

segment (PDLLA-UM).  The urethane moiety was incorporated to provide hydrogen 

bonding interactions and potentially improve the mechanical properties of the final 

photo-crosslinked networks.  Previously, Hsu et al. demonstrated the superior 

biocompatibility of polyurethanes based on poly(hexylethyl carbonate).310  Polyurethanes 

are also widely utilized in a variety of biomedical applications including vascular 

prosthesis.311  Furthermore, IEM-based polyurethanes were prepared earlier for the 

preparation of materials for various biomedical applications, and it was presumed that 

their incorporation at low levels would not significantly influence cytotoxicity.312, 313  

1H NMR and FTIR spectroscopies were used to ensure quantitative conversion of 

terminal hydroxyl groups to methacrylate functionality (Figure 3-3).  The 1H NMR 

                                                 
310 Hsu, S.-h.; Lin, Z.-C. Biocompatibility and biostability of a series of poly(carbonate)urethanes. 
Colloids Surf. B. 2004;36:1-12. 
311 Aldenhoff, Y. B. J.; Van der Veen, F. H.; ter Woorst, J.; Habets, J.; Poole-Warren, L. A.; 
Koole, L. H. Performance of a polyurethane vascular prosthesis carrying a dipyridamole 
(Persantin) coating on its lumenal surface. J. Biomed. Mater. Res. 2000;54:224-233. 
312 Kao, F.-J.; Manivannan, G.; Sawan, S. P. UV curable bioadhesives: copolymers of N-vinyl 
pyrrolidone. J. Biomed. Mater. Res. 1997;38:191-196. 
313 Lin-Gibson, S.; Bencherif, S.; Cooper, J. A.; Wetzel, S. J.; Antonucci, J. M.; Vogel, B. M.; 
Horkay, F.; Washburn, N. R. Synthesis and characterization of PEG dimethacrylates and their 
hydrogels. Biomacromolecules 2004;5:1280-1287. 
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spectrum of PDLLA-UM (Figure 3-3) exhibited three additional resonances; “n”, “o” and 

“p” that were not observed in the spectrum for PDLLA-M and these were attributed to 

the urethane segment.  The resonance at 3.58 ppm corresponded to the methylene proton 

that is adjacent to the methacrylate site.   

1H NMR number average molar mass determinations for PDLLA-M were 

performed in a similar fashion to the analysis of the hydroxyl terminated PDLLA stars.  

A comparison of the integration of the resonance at 3.41 ppm with integrations for 

resonances “m” and “l”, which were assigned to the olefinic protons of PDLLA-M at 

6.19 and 5.63 ppm respectively, and the resonance from the methyls of the methacrylate 

end group at 1.96 ppm indicated the percent functionalization.  The extent of 

functionalization that was typically obtained using MAAH was 90-98%.  Comparison of 

the resonance at 3.41 ppm with the signals from “m” and “l”, which were assigned to the 

olefinic protons of PDLLA-UM at 6.12 and 5.61 ppm, respectively, and with the methyl 

assigned to the protons of the methacrylate group at 1.95 ppm indicated quantitative end 

group functionalization (>98%).   

The urethane resonance (“o”) overlapped with the methylene protons of the EO 

segment, which was adjacent to the lactide main chain.  Lastly, resonance “p”, which 

overlapped with the methine resonance of the lactide main chain, corresponded to the N-

H of the urethane linkage.314   

 

 

                                                 
314 Lin-Gibson, S.; Bencherif, S.; Cooper, J. A.; Wetzel, S. J.; Antonucci, J. M.; Vogel, B. M.; 
Horkay, F.; Washburn, N. R. Synthesis and characterization of PEG dimethacrylates and their 
hydrogels. Biomacromolecules 2004;5:1280-1287. 
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Figure 3-3. A Comparison of the 1H NMR spectra of star-shaped PDLLA, PDLLA-M, 

and PDLLA-UM.  
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3.4.3 In Situ FTIR Monitoring 

In-situ FTIR spectroscopy was used to monitor the reaction between IEM and 

PDLLA (Figure 3-4).  As expected based on our earlier efforts, the well-resolved 

isocyanate absorbance disappeared and a strong carbonyl absorbance appeared.315  In 

addition, the consumption of the hydroxyl group and the concurrent growth of the NH 

stretch are depicted in Figure 3-4a.  The hydroxyls were completely reacted within the 

first hour of the reaction and the NH absorbance increased steadily as the hydroxyls were 

consumed and remained subsequently constant.   

A significant amount of the isocyanate reacted in the first 6 min, and gradually 

reached a constant absorbance within 1 h (Figure 3-4b).  The constant absorbance after 

complete hydroxyl consumption was attributed to an intentional slight excess of 

isocyanate.  The formation of the urethane carbonyl absorbance at 1725 cm-1 (Figure 3-

4c) increased rapidly within the first 30 min and remained constant in a similar manner.  

It is noted that the carbonyl absorbance at 1775 cm-1, which was attributed to the ester 

carbonyl group of PDLLA, remained constant throughout the entire reaction.  The 

analysis therefore indicated that the formation of PDLLA-UM was rapid and quantitative 

conversion of the hydroxyl end groups was achieved in less than 40 min.  A similar in-

situ FTIR spectroscopic analysis was attempted for the MAAH functionalization reaction, 

however, a large excess of the anhydride was required, and thus the OH and methacrylate 

carbonyl absorbances were relatively weak and not reliable for spectroscopic analysis.   

                                                 
315 Yilgor, I.; Mather, B. D.; Unal, S.; Yilgor, E.; Long, T. E. Preparation of segmented, high 
molecular weight, aliphatic poly(ether-urea) copolymers in isopropanol. In-situ FTIR studies and 
polymer synthesis. Polymer 2004;45:5829-5836. 
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The FTIR spectra of the star PDLLA, PDLLA-M and PDLLA-UM after 

precipitation and drying (Figure 3-5) further confirmed the disappearance of the OH 

absorbance for both the PDLLA-M and PDLLA-UM (Figure 3-5b).  The NH stretch that 

resulted from the urethane NH for PDLLA-UM was clearly observed at 3400 cm-1 and 

the carbonyl absorbance for PDLLA-UM was broadened, which was consistent with the 

incorporation of a urethane carbonyl in addition to the new methacrylate carbonyl (Figure 

3-5c).  Furthermore, the alkene C=C stretch was detected in Figure 3-4d for both 

PDLLA-M and PDLLA-UM at 1640 cm-1. 
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Figure 3-4. Waterfall FTIR spectra of the functionalization of star PDLLA with IEM 

showing: (a) OH/NH region, (b) Isocyanate region, and (c) C=C region. 
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Figure 3-5. Stacked FTIR spectra of star PDLLA a) full spectra b) OH/NH region c) 

C=O region d) C=C region. 

 

 

 

 

 

 

 

 

 95



3.4.4 Photo-crosslinking and Thermal Analysis 

Recently, Lin-Gibson et al. studied the properties of linear PEG hydrogels 

functionalized with MAAH and IEM.316  The urethane spacer was incorporated in order 

to probe the influence of adjacent hydrogen bonding on the mechanical properties of the 

resulting network.  However, the influences of the urethane segment and topology in the 

photo-crosslinked network on the thermal and mechanical properties were not described.  

The authors focused on the shear moduli of only the hydrogels that were prepared from 

MAAH functionalized PEG and utilized only rheological and uniaxial compression 

measurements.  In the present work, detailed thermal and mechanical analysis of the 

networks of PDLLA-M and PDLLA-UM were conducted. In addition, the influence of 

precursor molar mass and end group composition on the mechanical properties was 

investigated.  The photo-crosslinking of the star PDLLA-M and PDLLA-UM was 

accomplished using DMPA as the photoinitiator (Scheme 3-1).  High gel contents (94-

99%) were obtained; however, as expected, the gel fractions were slightly lower for the 

higher molar mass precursors in accordance with literature.317,318  The effect of precursor 

molar mass on the final gel content was attributed to the higher concentration of photo-

functional end groups in the low molar mass precursors.  The temperature of the film  

surfaces measured using a Raytek® portable infrared thermometer ranged from 25 to  

                                                 
316 Lin-Gibson, S.; Bencherif, S.; Cooper, J. A.; Wetzel, S. J.; Antonucci, J. M.; Vogel, B. M.; 
Horkay, F.; Washburn, N. R. Synthesis and characterization of PEG dimethacrylates and their 
hydrogels. Biomacromolecules 2004;5:1280-1287. 
317 Kim, B. S.; Hrkach, J. S.; Langer, R. Biodegradable photo-crosslinked poly(ether-ester) 
networks for lubricious coatings. Biomaterials 2000;21:259-265. 
318 Ryner, M.; Valdre, A.; Albertsson, A.-C. Star-shaped and photocrosslinked poly(1,5-
dioxepan-2-one): synthesis and characterization. J. Polym. Sci. Part A: Polym. Chem. 
2002;40:2049-2054. 
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30 oC.  This slight increase in reaction temperature was primarily attributed to infrared 

heating during photo-crosslinking, however, the exothermic conversion of π-bonds in the 

methacrylic groups to σ-bonds was also expected to contribute.  There was no attempt to 

elucidate the contribution from both sources and the overall temperature rise reflects a 

combination of these two mechanisms.  The low molar mass precursors had lower Tgs 

which facilitated diffusion during the photo-crosslinking reaction compared to the high 

molar mass precursors with Tg = 22-23 oC.  It was reasonable to assume that the 

increased chain mobility would lead to a higher degree of crosslinking and increased gel 

content.  The results indicated that during the photo-crosslinking reaction, the Tg of the 

networks approached room temperature and stopped once it reached the reaction 

temperature.   

The crosslinked samples exhibited higher Tgs than the corresponding non-

crosslinked precursors, and the Tg increase upon photo-crosslinking was greater with the 

low molar mass precursors.  As expected, the Tgs obtained using DMA were notably 

higher than the DSC values due to the greater sensitivity and frequency dependency of 

DMA compared to DSC.319  The relatively more dramatic increase in Tg upon photo-

crosslinking of the low molar mass precursors was attributed to the shorter distance 

between crosslink points, which leads to a higher crosslink density and a shorter distance 

between crosslink points.  On the other hand, the lower Tgs obtained for networks based 

                                                 
319 Margaritis, A. G.; Kalfoglou, N. K. Miscibility of chlorinated polymers with epoxidized 
poly(hydrocarbons). 1. Epoxidized natural rubber/poly(vinyl chloride) blends. Polymer 
1987;28:497-502. 
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on higher molar mass precursors is consistent with a less crosslink density due to larger 

distance between crosslink points.320 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
320 Helminen, A. O.; Korhonen, H.; Seppala, J. V. Structure modification and crosslinking of 
methacrylated polylactide oligomers. J. Appl. Polym. Sci. 2002;86:3616-3624. 
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Table 3-2 Thermal Properties of Photo-crosslinked Networks of the PDLLA-M and 

PDLLA-UM. 
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3.4.5 Mechanical Analysis of Photo-crosslinked Networks 

The tensile properties of the photo-crosslinked films, which were evaluated 

according to ASTM Standard D3368, strongly depended on precursor composition and 

corresponding molar mass (Table 3-3). The PDLLA-UM networks that are capable of 

hydrogen bonding were relatively more rigid and had higher tensile strengths and moduli, 

while relatively low tensile properties were obtained for the PDLLA-M networks that 

were incapable of urethane hydrogen bonding.  The tensile strength (TS) of the low molar 

mass PDLLA-M (2.9 k) was 8 ± 1 MPa, while the stress-at-break of a nearly equivalent, 

molar mass PDLLA-UM network (2.3 k) was significantly higher at 21 ± 3 MPa (Figure 

3-6).    

Similar results were obtained for the networks based on high molar mass 

precursors.  The PDLLA-UM film (7.8 k) possessed TS of 17 ± 3 MPa compared with 7 

± 3 MPa for the PDLLA-M film (9.5 k).  Moreover, the hydrogen bonding urethane site 

significantly contributed to the Young’s modulus of the networks, with the PDLLA-UM 

possessing tensile moduli of 113 to 354 MPa, which is an order of magnitude higher than 

those observed for PDLLA-M samples (12 to 21 MPa).  The elongation-at-break of the 

network films based on the high molar mass precursors ranged from 138 to 172% while 

the low molar mass precursors were approximately 44%.  Distinct yield points were 

observed for the PDLLA-UM networks, which were capable of hydrogen bonding 

interactions, while the PDLLA-M networks did not exhibit yield points.  These results are 

consistent with the disruption of hydrogen bonding interactions in the PDLLA-UM 

networks.75  The network from the lower molar mass PDLLA-UM precurosr exhibited a 

significant yield point due the presence of a higher concentration of hydrogen bonding 
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groups.  This resulted in enhanced hydrogen bonding interactions leading to a stiffer 

network and as a consequence, a well-defined yield point.   
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Figure 3-6. Stress-strain curves for PDLLA-M and PDLLA-UM, which depict the 

influence of urethane hydrogen bonding on the network performance. 
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3.4.6 Hydrolytic Degradation of Photo-crosslinked Networks 

The degradation of polylactide and other aliphatic polyesters is extensively 

studied.  Aliphatic polyesters and their copolymers are biodegradable, and as such, their 

degradation can occur naturally in biological systems.321  The different forms of polymer 

degradation include, photo-, thermal-, mechanical- and chemical degradation.322,323  

Chemical degradation via hydrolysis and enzyme-catalyzed hydrolysis is the most 

common form of degradation for biodegradable aliphatic polyesters such as polylactide 

and their copolymers due to the presence of hydrolytically unstable ester bonds.324  

During degradation, scission of polymer chains occurs whereby the polymer chains are 

cleaved to form oligomers and ultimately, monomers.325  Lactide-based polymers, 

degrade in the body and environment to eventually produce lactic acid and 

biomass.326,327,328  The hydrolytic degradation process is two fold.  The first part involves 

                                                 
321 Vert, M.; Feijen, J.; Albertsson, A.-C.; Scott, G.; Chiellini, E., Biodegradable Polymers and 
Plastics.(The Proceedings of the Second International Scientific Workshop on Biodegradable 
Polymers and Plastics, Montpellier, France, 25-27 November 1991.) [In: Spec. Publ. - R. Soc. 
Chem., 1992; 109]. Redwood Press Ltd.: Melksham, 1992; p 302. 
322 Bamford, C. H.; Tipper, C. F. H., Ester Formation and Hydrolysis and Related Reactions. In 
Comprehensive Chemical Kinetics, Bamford, C. H.; Tipper, C. F. H., Eds. Elsevier: New York, 
NY, 1972; Vol. 10, p 309. 
323 Grassie, N.; Scott, G., Polymer Degradation and Stabilization. Cambridge University Press: 
Cambridge, UK, 1985; p 222. 
324 Göpferich, A. Mechanisms of polymer degradation and erosion. Biomaterials 1996;17:103. 
325 Tamada, J.; Langer, R. Erosion kinetics of hydrolytically degradable polymers. Proc. Nat. 
Acad. Sci. USA 1993;90:552. 
326 Jacobsen, S.; Degée, P.; Fritz, H. G.; Dubois, P.; Jérôme, R. Polylactide (PLA)-a new way of 
production. Polym. Eng. Sci. 1999;39:1311. 
327 It€avaara, M.; Karjomaa, S.; Selin, J. Biodegradation of polylactide in aerobic and anaerobic 
thermophilic conditions. Chemosphere 2002; 46:879–885. 
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the diffusion of water into the amorphous regions of the polymer, which subsequently 

results in hydrolytic degradation of the amorphous region.  This is because the 

amorphous is less organized relative to the highly ordered crystalline region.  Thus, water 

molecules easily penetrate through the amorphous areas.  In the second stage, the slow 

removal of the crystalline regions occurs after most or all of the amorphous regions are 

eliminated.329    

Factors affecting the rate of hydrolysis include molar mass, glass transition 

temperature, pH, and temperature.330 Additional factors include matrix morphology, 

chain orientation, chemical composition, and the presence of oligomers, residual 

monomers and catalyst, as well as hydrophilicity.331,332  Tsuji et al. investigated the effect 

of tacticity and enantiomeric polymer blending on the autocatalytic hydrolysis of 

polylactide in a phosphate-buffered solution (pH 7.4) at 37 ºC for up to 24 months.333  

Autocatalytic degradation of the various polylactides decreased in the order: nonblended 

PDLLA > nonblended PLLA, PDLA > PLLA/PDLA (1/1) blend.  The increased 
                                                                                                                                                 
328 Tuominen, J.; Kylmä, J.; Kapanen, A.; Venelampi, O.; Itävaara, M.; Seppälä, J. 
Biodegradation of Lactic Acid Based Polymers under Controlled Composting Conditions and 
Evaluation of the Ecotoxicological Impact. Biomacromolecules 2002;3: 445. 
329 Hakkarainen, M.; Albertsson, A.-C.; Karlsson, S. Weight losses and molecular weight changes 
correlated with the evolution of hydroxy acids in simulated in vivo degradation of homo- and 
copolymers of PLA and PGA. Polym. Degrad. Stab. 1996;52:283. 
330 Lenz, R. W., Biodegradable plastics and Polymers. In Doi, Y., Fukuda, K., Ed. Elsevier: 
Amsterdam, 1994; p 11. 
331 Li, S.; Garreau, H.; Vert, M. Structure-property relationships in the case of the degradation of 
massive poly(a-hydroxy acids) in aqueous media.  Part 3.  Influence of the morphology of 
poly(L-lactic acid). J. Mater. Sci. Mater. Med. 1990;1:198. 
332 Wachsen, O.; Platkowski, K.; Reichert, K.-H. Thermal degradation of poly-L-lactide - studies 
on kinetics, modeling and melt stabilization. Polym. Degrad. Stab. 1997;57:87. 
333 Tsuji, H. Autocatalytic hydrolysis of amorphous-made polylactides: effects of l-lactide 
content, tacticity, and enantiomeric polymer blending. Polymer 2002;43:1789. 

 104



hydrolytic degradation of the nonblended PDLLA compared to the nonblended PLLA 

and PDLA were credited to reduced tacticity of PDLLA, which resulted in decreased 

intramolecular interaction and consequently resulted in increase in the water intake.  

Blending increased the interaction between PLLA and PDLA chains in the blend films. 

This ultimately resulted in a disturbance of the interaction of the PLLA or PDLA chains 

with water molecules, as can be seen by the reduction in the autocatalytic hydrolysis of 

the blended film compared to the nonblended film.  Li et al. reported the enzymatic 

activity of proteinase K in the degradation of polylactide was also reported by Li et al.334   

The enzyme was found to preferentially catalyze the degradation of L-lactyl units as 

oppose to D-lactyl ones.   

The hydrolytic degradation of the photo-crosslinked PDLLA-M and PDLLA-UM 

networks of various molar masses were studied in phosphate buffer saline at pH 7.4 and 

37 ºC.  The weight loss plots of the PDLLA-M and PDLLA-UM networks as a function 

of hydrolysis time are presented in Figure 3-7.  Weight loss was determined from the 

relationship:  

weight loss % = (Wi – Wr)/Wi, 

where Wi and Wr represented the initial and remaining weights of the films respectively.  

The photo-crosslinked films in this study were used without extraction in order to obtain 

a better biological model for their use in laser-assisted vascular repair.  Thus, weight loss 

occurred during the first day for all the films due to the release of non-crosslinked water-

soluble oligomers.  Furthermore, the weight loss in day 1 was consistent with the gel 

                                                 
334 Li, S. G., A.; Garreau, H.; Vert, M. Enzymatic degradation of polylactide stereocopolymers 
with predominant -lactyl contents. Polym. Degrad. Stab. 2001;71:61. 
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contents listed in Table 3-2.  Hence, the weight loss in day 1 ranged from 1-6% and 

increased with increasing molar mass of the precursor film.  After the initial degradation, 

similar weight losses were observed for all photo-crosslinked films regardless of molar 

mass or the precursor composition.  Moreover, the weight loss for all the films was 

almost linear from day 10 to 90.  A significant increase in weight loss from 20 to 50% 

was observed from day 90 to 120.  This suggested that the mechanism after day 90 was 

apparently random chain scission due to the rapid decrease in weight.335  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
335 Hiltunen, K.; Tuominen, J.; Seppala, J. V. Hydrolysis of lactic acid based poly(ester-
urethane)s. Polym. Int. 1998;47:186-192. 

 106



 

 
 
 
 

40

60

80

100

0 20 40 60 80 100 120 140

Degradation (Days)

%
 M

as
s 

R
em

ai
ni

ng

2K PDLLA-UM
5K PDLLA-UM
8K PDLLA-UM
10K PDLLA-M

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3-7. Weight loss curves of photo-crosslinked PDLLA-M and PDLLA-UM 

networks as a function of hydrolysis time in PBS (pH 7.4, 37 ºC). 
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PDLLA-PEG-PDLLA triblock copolymer telechelic diacrylates were prepared 

and demonstrated to be efficient adhesives to rat medial palmar digital artery and horse 

vein.  Preliminary evidence included sufficient burst pressures upon the addition of water 

to the adhered interface, and rupture of the adhered interface was not observed at 

moderate pressures.  Additionally, there was no noticeable tissue degradation.  Thus, it is 

expected that these urethane containing star-shaped PEG-PDLLA multiphase systems 

will exhibit even higher adhesive performance due to the presence of adjacent hydrogen 

bonding sites.  Future efforts will involve the evaluation of cytotoxicity and in vitro tissue 

testing. 

3.5 Conclusions 

Low Tg four-arm, star-shaped, PDLLAs of controlled molar mass ranging from 

1500 to 9500 g/mol, and narrow molar mass distribution (1.06-1.20) were prepared 

utilizing an ethoxylated pentaerythritol initiator for the ring opening polymerization of 

DLLA.  Functionalization of the PDLLA oligomers with MAAH yielded PDLLA-M with 

conversions ranging from 90-98% while quantitative functionalization was obtained 

when reacting the PDLLA oligomers with IEM to yield PDLLA-UM.  In situ FTIR 

spectroscopy was used to monitor the formation of PDLLA-UM and showed the 

complete consumption of the PDLLA hydroxyl end groups and the concurrent formation 

of the urethane carbonyl in less than 1 h.  Subsequent photo-crosslinking of the PDLLA-

M and PDLLA-UM precursors resulted in highly crosslinked networks with gel contents 

ranging from 90-99%.  Dramatic increases in Tgs were observed for low molar mass 

networks compared to their higher molar mass counterparts.  Additionally, networks that 

were based on low molar mass oligomers were generally more rigid while those based on 
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higher molar mass precursors exhibited higher elongation.  Tensile strengths (TS) of the 

low and higher molar mass PDLLA-M samples were 8 ± 1 MPa and 7 ± 3 MPa 

respectively, while the Young’s moduli were 21 ± 10 MPa and 12 ± 4 MPa respectively.  

The presence of a urethane segment in the PDLLA-UM samples significantly increased 

the TS and Young’s modulus. Low molar mass PDLLA-UM samples exhibited TS of 21 

± 3 MPa and Young’s modulus of 354 ± 42 while TS of 17 ± 3 and 113 ± 13 Young’s 

modulus was observed for the higher molar mass PDLLA-UM network.  Hydrolytic 

degradation of the photo-crosslinked networks in phosphate buffer at pH 7.4 revealed 

similar weight losses for PDLLA-M and PDLLA-UM regardless of molar mass.   
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Chapter 4: Synthesis and Characterization of Star-shaped 
Poly(D,L-lactide)s Containing Complementary Multiple 

Hydrogen Bonding 
 

Taken In Part From: 

Karikari, A. S.; and Long, T. E. Supramolecular Association of Star-shaped Poly(D,L-
lactide)s Containing Complementary Multiple Hydrogen Bonding. Biomacromolecules 
2006; Sumbitted. 
 

4.1 Abstract 

A new family of associating polymers based on four-arm, star-shaped, poly(D,L-

lactide) (PDLLA) containing peripheral complementary hydrogen bonding sites is 

described.  Hydroxy-terminated, four-arm, star-shaped, PDLLA of controlled molar mass 

were functionalized with complementary DNA base pairs, adenine (A) and thymine (T), 

to obtain PDLLA-A and PDLLA-T, respectively.  1H NMR spectroscopy confirmed 

quantitative functionalization and the subsequent formation of PDLLA-A and PDLLA-T 

hydrogen-bonded complexes.  Job’s analysis revealed a 1:1 optimal stoichiometry for the 

hydrogen-bonded complexes, and the association constant (Ka) determined using the 1H 

NMR based Benesi-Hildebrand treatment was 84 M-1 for the low molar mass 

complementary polymers.  Furthermore, the PDLLA-based hydrogen-bonded complexes 

exhibited higher solution viscosities compared to corresponding non-hydrogen-bonded 

precursors, which further confirmed strong complementary multiple-hydrogen-bonding 

associations between the star-shaped polymers with terminal adenine and thymine 

groups.  Moreover, variable temperature 1H NMR studies demonstrated the 

thermoreversibility of the hydrogen-bonded PDLLA-based supramolecular structures in 

solution. 
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Keywords:  Multiple hydrogen bonding, lactide, star-shaped polymers, adenine, thymine 

4.2 Introduction 

The design of supramolecular polymers utilizing well-defined hydrogen bonding 

interactions has received renewed attention.  Multiple hydrogen bonding combines 

several hydrogen bonds in a single functional unit and as a consequence, enhanced 

thermal stability compared to single hydrogen bonding systems is observed.336  Multiple 

hydrogen-bonding interactions, which are moderately strong and highly directional, lead 

to the synthesis of polymers with desirable properties such as thermoreversibility and 

responsiveness to external stimuli including pH, solvent polarity, temperature, and 

concentration.337,338,339,340  Multiple hydrogen bonding scaffolds are typically classified as 

either self-complementary when hydrogen bonds form between identical hydrogen 

bonding units or complementary when hydrogen bonds form between dissimilar yet 

complementary donor and acceptor units.341   

                                                 
336 Bosman, A. W.; Brunsveld, L.; Folmer, B. J. B.; Sijbesma, R. P.; Meijer, E. W. 
Supramolecular polymers: From scientific curiosity to technological reality. Macromol. Symp. 
2003;201:143-154. 
337 Krische, M. J.; Lehn, J.-M. The utilization of persistent H-bonding motifs in the self-assembly 
of supramolecular architectures. Struct. Bond. 2000;96:3-29. 
338 Sijbesma, R. P.; Meijer, E. W. Self-assembly of well-defined structures by hydrogen bonding. 
Curr. Opin. Colloid Interface. Sci. 1999;4:24-32. 
339 Arnaud, A.; Belleney, J.; Boue, F.; Bouteiller, L.; Carrot, G.; Wintgens, V. Aqueous 
supramolecular polymer formed from an amphiphilic perylene derivative. Angew. Chem. Int. Ed. 
2004;43:1718-1721. 
340 Xu, H.; Rudkevich, D. M. Controlling capture and release of guests from cross-linked 
supramolecular polymers. Organ. Lett. 2005;7:3223-3226. 
341 Hofmeier, H.; Schubert, U. S. Combination of orthogonal supramolecular interactions in 
polymeric architectures. Chem. Commun. 2005;19:2423-2432. 
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Meijer and coworkers342,343,344,345 and many other researchers346,347,348,349 have 

demonstrated the versatility of multiple hydrogen bonding interactions in the preparation 

of polymers incorporating both self-complementary hydrogen bonding and 

complementary hydrogen bonding groups.  Meijer et al. also reported a supramolecular 

copolymer based on a combination of the complementary hydrogen bonding unit, 2,7-

diamido-1,8-napthyridines (Napy) and the quadruple self-complementary hydrogen 

bonding unit, 2-ureido-4[1H]-pyrimidinone (UPy).350  The Napy-UPy supramolecular 

                                                 
342 Dudek, S. P.; Pouderoijen, M.; Abbel, R.; Schenning, A. P. H. J.; Meijer, E. W. Synthesis and 
Energy-Transfer Properties of Hydrogen-Bonded Oligofluorenes. J. Am. Chem. Soc. 
2005;127:11763-11768. 
343 ten Cate, A. T.; Kooijman, H.; Spek, A. L.; Sijbesma, R. P.; Meijer, E. W. Conformational 
Control in the Cyclization of Hydrogen-Bonded Supramolecular Polymers. J. Am. Chem. Soc. 
2004;126:3801-3808. 
344 Keizer, H. M.; van Kessel, R.; Sijbesma, R. P.; Meijer, E. W. Scale-up of the synthesis of 
ureidopyrimidinone functionalized telechelic poly(ethylenebutylene). Polymer 2003;44:5505-
5511. 
345 Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K.; Lange, 
R. F. M.; Lowe, J. K. L.; Meijer, E. W. Reversible polymers formed from self-complementary 
monomers using quadruple hydrogen bonding. Science 1997;278:1601-1604. 
346 Cheuk, K. K. L.; Lam, J. W. Y.; Lai, L. M.; Dong, Y.; Tang, B. Z. Syntheses, Hydrogen-
Bonding Interactions, Tunable Chain Helicities, and Cooperative Supramolecular Associations 
and Dissociations of Poly(Phenylacetylene)s Bearing L-Valine Pendants: Toward the 
Development of Proteomimetic Polyenes. Macromolecules 2003;36:9752-9762. 
347 Thibault, R. J.; Hotchkiss, P. J.; Gray, M.; Rotello, V. M. Thermally Reversible Formation of 
Microspheres through Non-Covalent Polymer Cross-Linking. J. Am. Chem. Soc. 
2003;125:11249-11252. 
348 Kugimiya, A.; Mukawa, T.; Takeuchi, T. Synthesis of 5-fluorouracil-imprinted polymers with 
multiple hydrogen bonding interactions. Analyst 2001;126:772-774. 
349 Berl, V.; Schmutz, M.; Krische, M. J.; Khoury, R. G.; Lehn, J.-M. Supramolecular polymers 
generated from heterocomplementary monomers linked through multiple hydrogen-bonding 
arrays-formation, characterization, and properties. Chem. Eur. J. 2002;8:1227-1244. 
350 Ligthart, G. B. W. L.; Ohkawa, H.; Sijbesma, R. P.; Meijer, E. W. Complementary Quadruple 
Hydrogen Bonding in Supramolecular Copolymers. J. Am. Chem. Soc. 2005;127:810-811. 
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copolymers exhibited concentration-dependent selectively and a high degree of 

polymerization over a broad range of compositions when compared to polymers based 

solely on complementary hydrogen bonding units.  Kunz et al. demonstrated that a 1:1 

complex consisting of  2,4-diamino-1,3,5-triazine telechelic poly(ether ketone) and 

dodecyl-(α,ω)-bis(5-methyl-1,3-pyrimidine-2,4-dione) formed a thermoreversible 

supramolecular network through complementary multiple hydrogen bonding 

interactions.351  Our research group has previously reported the synthesis of self-

complementary and complementary multiple hydrogen bonding polymers based on 

polystyrene,352,353,354,355 poly(alkyl acrylates),356 poly(alkyl methacrylate) 

copolymers,357,358,359,360 and star-shaped poly(isoprenes)361 for various applications 

                                                 
351 Kunz, M. J.; Hayn, G.; Saf, R.; Binder, W. H. Hydrogen-bonded supramolecular poly(ether 
ketone)s. J. Polym Sci Part A: Polym Chem 2004;42:661-674. 
352 Viswanathan, K.; Ozhalici, H.; Elkins, C. L.; Heisey, C.; Ward, T. C.; Long, T. E. Multiple 
Hydrogen Bonding for Reversible Polymer Surface Adhesion. Langmuir 2006;22:1099-1105. 
353 Mather, B. D.; Lizotte, J. R.; Long, T. E. Synthesis of Chain End Functionalized Multiple 
Hydrogen Bonded Polystyrenes and Poly(alkyl acrylates) Using Controlled Radical 
Polymerization. Macromolecules 2004;37:9331-9337. 
354 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Synthesis and Characterization of Novel 
Complementary Multiple-Hydrogen Bonded (CMHB) Macromolecules via a Michael Addition. 
Macromolecules 2002;35:8745-8750. 
355 Yamauchi, K.; Lizotte, J. R.; Hercules, D. M.; Vergne, M. J.; Long, T. E. Combinations of 
Microphase Separation and Terminal Multiple Hydrogen Bonding in Novel Macromolecules. J. 
Am. Chem. Soc. 2002;124:8599-8604. 
356 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Thermoreversible Poly(alkyl acrylates) Consisting of 
Self-Complementary Multiple Hydrogen Bonding. Macromolecules 2003;36:1083-1088. 
357 Elkins, C. L.; Park, T.; McKee, M. G.; Long, T. E. Synthesis and characterization of poly(2-
ethylhexyl methacrylate) copolymers containing pendant, self-complementary multiple-
hydrogen-bonding sites. J. Polym Sci Part A: Polym Chem 2005;43:4618-4631. 
358 McKee, M. G.; Elkins, C. L.; Park, T.; Long, T. E. Influence of Random Branching on 
Multiple Hydrogen Bonding in Poly(alkyl methacrylate)s. Macromolecules 2005;38:6015-6023. 
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including electrospinning and surface modification.  Recent efforts include the 

introduction of multiple hydrogen bonding units to biodegradable polymers for use in 

biomedical technologies.  Synthetic biopolymers with molecular recognition abilities 

offer intriguing possibilities due to potential interactions with diverse biological 

environments in a controlled manner.362  Biomimetic polymers offer applications in 

molecular imprinting and patterning, biosensing, tissue engineering, and targeted 

drug/protein delivery.363,364  For example, Liu et al. reported the synthesis of a 

temperature sensitive poly(N-isopropylacrylamide-co-methacrylic acid) gel that 

imprinted L-pyroglutamic acid through multiple hydrogen bonding interactions.365  The 

imprinted gels displayed good temperature sensitivity and high molecular recognition 

capabilities that enabled controlled drug delivery.  Peppas et al. reported the successful 

recognition of D-glucose using molecularly imprinted poly(ethylene glycol) (PEG) based 

                                                                                                                                                 
359 McKee, M. G.; Elkins, C. L.; Long, T. E. Influence of self-complementary hydrogen bonding 
on solution rheology/electrospinning relationships. Polymer 2004;45:8705-8715. 
360 Yamauchi, K.; Kanomata, A.; Inoue, T.; Long, T. E. Thermoreversible Polyesters Consisting 
of Multiple Hydrogen Bonding (MHB). Macromolecules 2004;37:3519-3522. 
361 Elkins, C. L.; Yamauchi, K.; Long, T. E. Synthesis and characterization of self-complementary 
multiple hydrogen bonding poly(isoprene) star polymers. Polym. Prepr. (Am. Chem. Soc., Div. 
Polym. Chem.) 2003;44:576-577. 
362 Peppas, N. A.; Huang, Y. Polymers and Gels as Molecular Recognition Agents. Pharma. Res. 
2002;19:578-587. 
363 Seal, B. L.; Panitch, A. Viscoelastic Behavior of Environmentally Sensitive Biomimetic 
Polymer Matrices. Macromolecules 2006;39:2268-2274. 
364 Choi, H.-J.; Brooks, E.; Montemagno, C. D. Synthesis and characterization of nanoscale 
biomimetic polymer vesicles and polymer membranes for bioelectronic applications. 
Nanotechnology 2005;16:S143-S149. 
365 Liu, X.-Y.; Guan, Y.; Ding, X.-B.; Peng, Y.-X.; Long, X.-P.; Wang, X.-C.; Chang, K. Design 
of temperature sensitive imprinted polymer hydrogels based on multiple-point hydrogen bonding. 
Macromol. Biosci. 2004;4:680-684. 
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copolymer networks.366  In addition, Seong et al. evaluated the glucose binding properties 

of molecular imprinted copolymers containing glucose recognition sites.367  

Biocompatible and biodegradable polymers have received significant interest in 

applications such as surgical fixation devices, controlled drug delivery, and tissue 

engineering scaffolds.368,369,370,371,372,373,374,375   However, reports on biocompatible and  

 

                                                 
366 Byrne, M. E.; Oral, E.; Hilt, J. Z.; Peppas, N. A. Networks for recognition of biomolecules: 
Molecular imprinting and micropatterning poly(ethylene glycol)-containing films. Polym. 
Advanced Tech. 2002;13:798-816. 
367 Seong, H.; Lee, H.-B.; Park, K. Glucose binding to molecularly imprinted polymers. J. 
Biomater. Sci., Polym. Ed. 2002;13:637-649. 
368 Amass, W.; Amass, A.; Tighe, B. A review of biodegradable polymers: uses, current 
developments in the synthesis and characterization of biodegradable polyesters, blends of 
biodegradable polymers and recent advances in biodegradation studies. Polymer Int. 1998;47:89. 
369 Gilding, D. K.; Reed, A. M. Biodegradable polymers for use in surgery.  
Polyglycolic/poly(lactic acid) homo- and copolymers: 1. Polymer 1979;20:1459. 
370 Vainionpää, S.; Rokkanen, P.; Törmälä, P. Surgical applications of biodegradable polymers in 
human tissues. Prog. Polym. Sci. 1989;14:679. 
371 Saito, N.; Murakami, N.; Takahashi, J.; Horiuchi, H.; Ota, H.; Kato, H.; Okada, T.; Nozaki, 
K.; Takaoka, K. Synthetic biodegradable polymers as drug delivery systems for bone 
morphogenetic proteins. Adv. Drug Delivery Rev. 2005;57:1037-1048. 
372 Matsusaki, M.; Serizawa, T.; Kishida, A.; Endo, T.; Akashi, M. Novel Functional 
Biodegradable Polymer: Synthesis and Anticoagulant Activity of Poly(g-Glutamic Acid)sulfonate 
(g-PGA-sulfonate). Bioconjugate Chem. 2002;13:23-28. 
373 Hoffman, G. T.; Soller, E. C.; McNally-Heintzelman, K. M. Biodegradable synthetic polymer 
scaffolds for reinforcement of albumin protein solders used for laser-assisted tissue repair. 
Biomed. Sci. Instrument. 2002; 38:53-58. 
374 Day, R. M.; Maquet, V.; Boccaccini, A. R.; Jerome, R.; Forbes, A. In vitro and in vivo 
analysis of macroporous biodegradable poly(D,L-lactide-co-glycolide) scaffolds containing 
bioactive glass. J. Biomed. Mater. Res., Part A. 2005;75A:778-787. 
375 Kim, S.-S.; Park, M. S.; Jeon, O.; Choi, C. Y.; Kim, B.-S. Poly(lactide-co-
glycolide)/hydroxyapatite composite scaffolds for bone tissue engineering. Biomaterials 
2006;27:1399-1409. 
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biodegradable polymers that contain molecular recognition sites are more 

limited.376,377,378,379,380,381 The utility of biocompatible and biodegradable polymers as 

supramolecular structures with molecular recognition ability offers the potential for 

advanced biopolymers with biomimetic properties.  Biocompatible and biodegradable 

polymers containing multiple hydrogen bonding units are expected to exhibit high 

strength, toughness and elasticity, low-temperature processability, favorable degradation, 

and biocompatibility.  Meijer et al. recently reported the synthesis of oligomeric poly(ε-

caprolactones) (PCL) containing self-complementary quadruple hydrogen-bonding, 2-

ureido-4[1H]-pyrimidinone (UPy) units.382  Mixing of the UPy-functionalized PCL with 

UPy-functionalized peptides resulted in bioactive supramolecular structures that 

exhibited strong and specific cell binding properties.  Schubert et al. prepared 

                                                 
376 Hofmeier, H.; Hoogenboom, R.; Wouters, M. E. L.; Schubert, U. S. High Molecular Weight 
Supramolecular Polymers Containing Both Terpyridine Metal Complexes and 
Ureidopyrimidinone Quadruple Hydrogen-Bonding Units in the Main Chain. J. Am. Chem. Soc. 
2005;127:2913-2921. 
377 Zou, S.; Schroenherr, H.; Vancso, G. J. Stretching and rupturing individual supramolecular 
polymer chains by AFM. Angew. Chem. Int. Ed. 2005;44:956-959. 
378 Roland, J. T.; Guan, Z. Synthesis and Single-Molecule Studies of a Well-Defined Biomimetic 
Modular Multidomain Polymer Using a Peptidomimetic b-Sheet Module. J. Am. Chem. Soc. 
2004;126:14328-14329. 
379 Guan, Z.; Roland, J. T.; Bai, J. Z.; Ma, S. X.; McIntire, T. M.; Nguyen, M. Modular Domain 
Structure: A Biomimetic Strategy for Advanced Polymeric Materials. J. Am. Chem. Soc. 
2004;126:2058-2065. 
380 Mueller, A.; Talbot, F.; Leutwyler, S. Hydrogen Bond Vibrations of 2-Aminopyridine×2-
Pyridone, a Watson-Crick Analogue of Adenine×Uracil. J. Am. Chem. Soc. 2002;124:14486-
14494. 
381 Lutz, J.-F.; Thuenemann, A. F.; Rurack, K. DNA-like "Melting" of Adenine- and Thymine-
Functionalized Synthetic Copolymers. Macromolecules 2005;38:8124-8126. 
382 Dankers, P. Y. W.; Harmsen, M. C.; Brouwer, L. A.; Van Luyn, M. J. A.; Meijer, E. W. A 
modular and supramolecular approach to bioactive scaffolds for tissue engineering. Nature 
Mater. 2005;4:568-574. 
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supramolecular polymers based on PCL containing both terpyridine metal complexes and 

ureidopyrimidinone quadruple hydrogen bonding units in the main chain.383  Detailed 

characterization of the supramolecular structure with alternating metal coordination and 

quadruple hydrogen bonding interactions was performed.  Zou et al. probed the single 

chain mechanical properties of UPy-functionalized PEG using atomic force 

microscopy.384  Molecular recognition between UPy-functionalized PEG and a gold-

coated AFM tip that was functionalized with a self-assembled UPy derivative monolayer 

demonstrated the feasibility of investigating supramolecular structure on a single-

molecule level.  In addition, Guan et al. reported the synthesis of a modular polymer 

based on a double-closed-loop (DCL) peptidomimetic β-sheet module containing 

quadruple hydrogen bonding units.385  The DCL-based modular polymer showed more 

uniform sawtooth patterns than the UPy system386 due to sequential unfolding of the 

modular polymer upon stretching.     

In biological systems, complementary multiple hydrogen bonding interactions are 

paramount and the basic concept of molecular recognition occurs in adenine-thymine (A-

                                                 
383 Hofmeier, H.; Hoogenboom, R.; Wouters, M. E. L.; Schubert, U. S. High Molecular Weight 
Supramolecular Polymers Containing Both Terpyridine Metal Complexes and 
Ureidopyrimidinone Quadruple Hydrogen-Bonding Units in the Main Chain. J. Am. Chem. Soc. 
2005;127:2913-2921. 
384 Zou, S.; Schroenherr, H.; Vancso, G. J. Stretching and rupturing individual supramolecular 
polymer chains by AFM. Angew. Chem. Int. Ed. 2005;44:956-959. 
385 Roland, J. T.; Guan, Z. Synthesis and Single-Molecule Studies of a Well-Defined Biomimetic 
Modular Multidomain Polymer Using a Peptidomimetic b-Sheet Module. J. Am. Chem. Soc. 
2004;126:14328-14329. 
386 Guan, Z.; Roland, J. T.; Bai, J. Z.; Ma, S. X.; McIntire, T. M.; Nguyen, M. Modular Domain 
Structure: A Biomimetic Strategy for Advanced Polymeric Materials. J. Am. Chem. Soc. 
2004;126:2058-2065. 
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T), adenine-uracil (A-U), and guanine-cytosine (G-C) base pairs in DNA and RNA.387 A 

wide variety of synthetic polymers were functionalized earlier with the complementary 

nucleobases, adenine and thymine,388,389,390,391,392,393 however, few reports describe the 

incorporation of adenine and thymine in biopolymers.394,395  Recently, we reported the 

synthesis of well-defined, four-arm, star-shaped poly(D,L-lactide)s (PDLLA) as potential 

biological adhesives.396  End group modification of the four-arm star PDLLA with acrylic 

groups, and the influence of adjacent urethane sites on the mechanical properties of 

photo-crosslinked PDLLA networks were reported.  Herein, we describe the first report 
                                                 
387 Mueller, A.; Talbot, F.; Leutwyler, S. Hydrogen Bond Vibrations of 2-Aminopyridine×2-
Pyridone, a Watson-Crick Analogue of Adenine×Uracil. J. Am. Chem. Soc. 2002;124:14486-
14494. 
388 Viswanathan, G.; Murugesan, S.; Pushparaj, V.; Nalamasu, O.; Ajayan, P. M.; Linhardt, R. J. 
Preparation of Biopolymer Fibers by Electrospinning from Room Temperature Ionic Liquids. 
Biomacromolecules 2006;7:415-418. 
389 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Synthesis and Characterization of Novel 
Complementary Multiple-Hydrogen Bonded (CMHB) Macromolecules via a Michael Addition. 
Macromolecules 2002;35:8745-8750. 
390 Lutz, J.-F.; Thuenemann, A. F.; Rurack, K. DNA-like "Melting" of Adenine- and Thymine-
Functionalized Synthetic Copolymers. Macromolecules 2005;38:8124-8126. 
391 Hu, J.; Liu, G. Chain mixing and segregation in B-C and C-D diblock copolymer micelles. 
Macromolecules 2005;38:8058-8065. 
392 Lutz, J.-F.; Thuenemann, A. F.; Nehring, R. Preparation by controlled radical polymerization 
and self-assembly via base-recognition of synthetic polymers bearing complementary 
nucleobases. J. Polym Sci Part A: Polym Chem 2005;43:4805-4818. 
393 Rowan, S. J.; Suwanmala, P.; Sivakova, S. Nucleobase-induced supramolecular 
polymerization in the solid state. J. Polym Sci Part A: Polym Chem 2003;41:3589-3596. 
394 Slinchenko, O.; Rachkov, A.; Miyachi, H.; Ogiso, M.; Minoura, N. Imprinted polymer layer 
for recognizing double-stranded DNA. Biosen. Bioelect. 2004;20:1091-1097. 
395 Liu, G.; Zhou, J. First- and Zero-Order Kinetics of Porogen Release from the Cross-Linked 
Cores of Diblock Nanospheres. Macromolecules 2003;36:5279-5284. 
396 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
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of complementary multiple hydrogen bonding association of star-shaped PDLLA using 

DNA nucleobases.  Heterocyclic base pairs were introduced to terminal end groups of 

star-shaped PDLLA using a Michael addition strategy to obtain adenine and thymine-

functionalized star PDLLA (PDLLA-A and PDLLA-T, respectively).397  Complex 

formation and structures were examined using 1H NMR spectroscopy.  The continuous 

variation method (Job’s method),398 which is widely utilized in the prediction of the 

stoichiometry of two interacting molecules, established the stoichiometry of the 

hydrogen-bonded PDLLA-A and PDLLA-T complex in CHCl3.  The association 

constant, Ka, was determined using the 1H NMR version of the Benesi-Hildebrand 

method, and solution rheological studies revealed supramolecular association through 

systematic changes in specific viscosity.   

4.3 Experimental 

4.3.1 Materials 

D,L-lactide (DLLA, 98%) from Aldrich was recrystallized twice from ethyl 

acetate and dried for several days in vacuo at 40 oC prior to use. Stannous(II) 

ethylhexanoate (Sn(Oct)2, Aldrich) was used as received. Tetrahydrofuran (99.98%, 

EMD Chemicals) was distilled from metallic sodium and benzophenone (99%, Aldrich) 

immediately prior to use.  Acryolyl chloride (95%, Aldrich) was also distilled under 

nitrogen immediately prior to use.  Triethylamine (99.5%, Aldrich) was distilled over 

                                                 
397 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Synthesis and Characterization of Novel 
Complementary Multiple-Hydrogen Bonded (CMHB) Macromolecules via a Michael Addition. 
Macromolecules 2002;35:8745-8750. 
398 Huang, C. Y.; Zhou, R.; Yang, D. C. H.; P., B. C. Application of the continuous variation 
method to cooperative interactions: mechanism of Fe(II)-ferrozine chelation and conditions 
leading to anomalous binding ratios. Biophys. Chem. 2003;100:143-149. 
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calcium hydride prior to use.  Adenine (99%, Aldrich) and thymine (99%, Aldrich) were 

dried for 24 h under reduced pressure at 60 oC prior to use.  Dimethyl sulfoxide (DMSO, 

> 99.9+%, anhydrous, Aldrich) and potassium tert-butoxide (95%, Aldrich) were used 

without further purification.   

4.3.2 Characterization 

The polymer composition, number average molar mass, and percent 

functionalization were determined using 1H NMR spectroscopy. The spectra were 

obtained using a Varian UNITY Spectrometer operating at 400 MHz using CDCl3 as the 

solvent.  Molar mass and molar mass distribution were determined at 40 oC in THF (ACS 

grade) at a flow rate of 1 mL/min using a Waters 717 Autosampler equipped with a 

Waters 2410 refractive index detector, a Wyatt Technology MiniDAWN MALLS 

detector, and a Viscotek 270 viscosity detector.  Reported molar mass are based on 

absolute measurements using the MALLS detector.  Solution rheological analysis was 

performed using a VOR Bohlin strain-controlled solution rheometer at 25 ± 0.2 °C 

equipped with a concentric cylinder geometry.   

4.3.3 Synthesis of Adenine- and Thymine-terminated, Star-shaped  

PDLLA 

4.3.3.1 Synthesis of Hydroxy-terminated, Four-arm, Star-shaped PDLLA. 

The synthesis and characterization of hydroxyl-terminated, four-arm, star-shaped 

PDLLA was conducted in a similar fashion as reported in our earlier publication.399  A 

typical procedure is as follows: DLLA (5 g, 0.035 mol) was added under nitrogen to a 

                                                 
399 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 

 120



flame-dried, 50-mL round-bottomed flask containing a magnetic stir bar and sealed with 

a rubber septum.  The system was purged with nitrogen.  Pentaerythritol ethoxylate (2.7 

g, 0.0033 mol) was added via syringe under nitrogen.  The reaction flask was immersed 

in a 130 oC oil bath and sufficient time was allowed for the lactide to melt.  A catalytic 

amount of Sn(Oct)2 (0.0006 mol ≈ 200 ppm) in toluene was added, and the reaction 

mixture was allowed to stir for 10 min.  The reaction temperature was decreased to 120 

oC, and the reaction was allowed to proceed for 24 h.  The product was dissolved in 

chloroform, precipitated several times in a hexane/methanol mixture (90:10), and dried 

under reduced pressure at 60 oC for 24 h.   

4.3.3.2 Synthesis of Acrylated, Four-arm, Star-shaped PDLLA.     

Star-shaped PDLLA (20 g, 0.0019) was weighed under nitrogen into a 500-mL 

flame-dried, septum sealed, 2-neck, round-bottomed flask with a magnetic stir bar.  The 

flask was equipped with an addition funnel and placed in a water bath.  Tetrahydrofuran 

(THF) (100 mL) was added under nitrogen to prepare an 18-wt% polymer solution.  

Triethylamine (TEA) (15-fold excess, 16 mL) in 100 ml THF was syringed into the 

reaction mixture under nitrogen after polymer dissolution.  The mixture was cooled to 0 

ºC.  Acryloyl chloride (15-fold excess, 9.2 mL), which was dissolved in 200 mL THF and 

syringed into the addition funnel, was added dropwise to the reaction mixture under a 

continuous nitrogen flow.  The reaction was allowed to proceed for 24 h at 23 ºC.  The 

mixture was filtered to remove triethylamine hydrochloride salt.  THF was removed 

using roto-evaporation and the product was redissolved in chloroform, precipitated 

several times into a hexane/methanol (90:10 v:v) mixture, and dried under reduced 
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pressure at 23 ºC for 24 h.  Quantitative functionalization was confirmed using 1H NMR 

spectroscopy.  1H NMR (400 MHz, CDCl3, δ): 5.8-6.6 (3H, -OC-CH=CH2,), 4.96-5.34  

(poly(D,L-lactide), 1H per repeating unit, -CH(CH3)-), 4.1-4.4 (2H, -OCH2CH2-), 3.5-3.8 

(16H, ethylene oxide units, -OCH2CH2-), 3.4 (2H, -CH2-O-CH2-), 1.3-1.8  

(poly(D,L-lactide), 3H per repeating unit, -CH3).   

4.3.3.3 Synthesis of Adenine-terminated, Four-arm, Star-shaped PDLLA  

(PDLLA-A).     

The acrylated star PDLLA (5.0 g) was added under nitrogen to a flame-dried, 50-

mL round-bottomed flask containing a magnetic stir bar.  Potassium tert-butoxide (10 

mg) was added as a catalyst under nitrogen and the flask was sealed with a rubber 

septum.  Due to the insolubility of adenine in DMSO at 60 ºC, 5.6 g (22-fold molar 

excess) was dissolved separately in 60 mL DMSO and heated to 120 ºC.  The adenine 

solution was syringed into the reaction mixture under nitrogen and the round-bottomed 

flask was immersed in a 60 ºC oil bath.  The reaction was allowed to proceed for 6 d.  

The mixture was filtered, and the DMSO was removed under reduced pressure.  The 

product was redissolved in chloroform, precipitated several times in a hexane/methanol 

(90:10 v:v) mixture, and dried under reduced pressure at 50 oC for 24 h.  Quantitative 

functionalization was confirmed using 1H NMR spectroscopy.  1H NMR (400 MHz, 

CDCl3, δ):  8.3 (1H, -N=CH-N-), 8.19 (1H, =N-CH=N), 4.96-5.34 (poly(D,L-lactide), 1H 

per repeating unit, -CH(CH3)-, and 2H, -NH2), 4.59 (2H, -N-CH2CH2), 4.1-4.4 (2H,  

-CH2-OCO-), 3.5-3.8 (16H, ethylene oxide units, -OCH2-),  3.4 (2H, -CH2-O-), 3.04 (2H, 

-O=CO-CH2-), 1.3-1.8 (poly(D,L-(lactide), 3H per repeating unit, -CH3).  Mn calculated 

from the relative 1H NMR integration ratio of DLLA methine protons (-CH(CH3) at 4.96-
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5.34 ppm compared to the β-methylene protons of the ethylene oxide unit adjacent to the 

DLLA repeat units (-CH2-O-) at 3.4 ppm, (1H, -N=CH-N-) at 8.3 ppm, and (1H,  

=N-CH=N) at 8.19 ppm.   

4.3.3.4 Synthesis of Thymine-terminated Four-arm, Star-shaped PDLLA  

(PDLLA-T). 

The acrylated star PDLLA (5.0 g) was added under nitrogen to a flame-dried, 50-

mL round-bottomed flask containing a magnetic stir bar.  Thymine (5.7 g, 24-fold excess) 

and 10 mg of the catalyst, potassium tert-butoxide, was added under nitrogen.  The flask 

was sealed with a rubber septum and 60 mL DMSO was syringed into the reaction 

mixture under nitrogen.  The round-bottomed flask was immersed in a 60 ºC oil bath and 

the reaction was allowed to proceed for 6 d.  The mixture was filtered to remove 

unreacted thymine, and the DMSO was removed under reduced pressure.  The product 

was redissolved in chloroform, precipitated several times in a hexane/methanol (90:10 

v:v) mixture, and dried under reduced pressure at 50 oC for 24 h.  Quantitative 

functionalization was confirmed using 1H NMR spectroscopy.  1H NMR (400 MHz, 

CDCl3, δ):  8.17 (1H, -CO-NH-CO-), 7.2 (1H, -C(CH3)=CH-), 4.96-5.34  

(poly(D,L-lactide), 1H per repeating unit, -CH(CH3)-), 4.1-4.4 (2H, -CH2-OCO-), 3.99 

(2H, CH2-N-), 3.5-3.8 (16H, ethylene oxide units, -OCH2-),  3.4 (2H, -CH2-O-), 2.85 

(2H, OCO-CH2), 1.89 (3H, -CH3), 1.3-1.8 (poly(lactide backbone), 3H per repeating unit, 

-CH3).  Mn was calculated from the relative 1H NMR integration ratio of DLLA methine 

protons (-CH(CH3) at 4.96-5.34 ppm compared to the β-methylene protons of the 

ethylene oxide unit adjacent to the DLLA repeat units (-CH2-O-) at 3.4 ppm, (1H,  

-CO-NH-CO-) at 8.17 ppm, and (1H, -C(CH3)=CH-) at 7.2 ppm.   
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4.3.4 Preparation of PDLLA-A and PDLLA-T Blends (PDLLA(A-T)). 

A typical procedure for the preparation of the PDLLA(A-T) complexes for 1H 

NMR spectroscopy and solution rheological characterization involved mixing the 

PDLLA-A and PDLLA-T in CDCl3 at room temperature.  The PDLLA(A-T) solutions 

for molar mass and solution rheological studies consisted of a 1:1 w/w mixture of 

PDLLA-A and PDLLA-T, and blend compositions of varied stoichiometry were used for 

association constant analysis.   

4.3.5 Stoichiometry and Association Constant Determinations  

The Job’s method of continuous variation was utilized for stoichiometric 

analysis.400,401  A series of PDLLA(A-T) solutions comprising various mole fractions of 

PDLLA-A and PDLLA-T (0:1 to 1:0) were prepared in CHCl3.  The mole fractions of 

PDLLA-A and PDLLA-T were calculated based on SEC Mn of the precursor polymer.  

The total concentration was maintained at 1.5 wt% (4.0 mM, 2.0 mM, 0.66 mM at Mn = 

5490, 10600 and 33300 g/mol respectively). 

4.4 RESULTS AND DISCUSSION 

4.4.1 Synthesis and Characterization of Adenine- and Thymine-terminated Four-
arm, Star-shaped, PDLLA  
 

Our research laboratories demonstrated earlier the synthesis of well-defined, four-

arm, star-shaped PDLLA oligomers of controlled molar mass and narrow molar mass 

                                                 
400 Fielding, L. Determination of Association Constants (Ka) from Solution NMR Data. 
Tetrahedron 2000;56:6151-6170. 
401 Gil, V. M. S.; Oliveira, N. C. On the use of the method of continuous variations. J. Chem. Ed. 
1990;67: 473-478. 
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distribution.402  In this study, four-arm, star-shaped, PDLLA was synthesized in a similar 

fashion, however, subsequent modification with peripheral complementary hydrogen 

bonding sites to elucidate the role of molar mass, stoichiometry, concentration, and 

temperature on hydrogen bonding interactions was performed.  The preparation of 

nucleobase-terminated PDLLA star polymers proceeded via a four-step synthesis as 

shown in Scheme 4-1.  Hydroxyl-terminated star shaped PDLLA with molar mass 

ranging from 5490 to 33300 g/mol were first synthesized with narrow molar mass 

distributions.  In the second step, acryloyl chloride was reacted with the terminal 

hydroxyl groups of PDLLA in solution to introduce acrylate end groups.  1H NMR 

spectroscopy confirmed quantitative end group functionalization (Figure 4-1) based on 

the disappearance of the PDLLA hydroxyl resonance (Figure 4-1A, peak f) at 2.73 ppm 

and the concurrent appearance of resonances h, i, j at 6.49, 6.18, and  5.89 ppm, 

respectively, which were assigned to the olefinic hydrogen of the acrylated star PDLLA 

(Figure 4-1B).  

 

 

 

 

 

 

 

                                                 
402 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
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Scheme 4-1. Synthetic methodology for the functionalization of four-arm, star-shaped 

PDLLA to produce PDLLA-A and PDLLA-T.  
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Figure 4-1. Stacked 1H NMR spectra of A) hydroxyl-terminated and B) acrylate-

terminated, four-arm star-shaped PDLLA. 
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Michael addition of the acrylated star-shaped PDLLA with heterocyclic base 

pairs, either adenine (A) or thymine (T), resulted in four-arm, star-shaped polymers with 

complementary multiple hydrogen bonding (CMHB) end groups.  Successful 

incorporation of the heterocyclic base pairs was confirmed using 1H NMR spectroscopy 

and adenine- and thymine-terminated, star-shaped PDLLA precursors (PDLLA-A and 

PDLLA-T, respectively) were obtained (Figure 4-2).  The olefinic protons at 5.89-6.49 

ppm disappeared confirming quantitative Michael addition of the heterocycles to the 

acrylated PDLLA.  The PDLLA-A offers four new resonances that are consistent with 

adenine at 8.31 ppm (a, -N=CH-N-), 8.19 ppm (b, =N-CH=N-), 4.59 ppm (c, -N-

CH2CH2-) and 3.03 ppm (d, -O=CO-CH2-).  Amine NH2 resonances that are associated 

with adenine overlapped with the methine protons in the PDLLA repeat unit at 4.96-5.34 

ppm.  Five new resonances characteristic of thymine were observed in the 1H NMR 

spectrum of the PDLLA-T at 8.18 ppm (f, -CO-NH-CO-), 7.20 ppm (g, -C(CH3)=CH-), 

3.99 ppm (h, -CH2-N-), 2.85 ppm (i, OCO-CH2), and 1.89 ppm (j, -CH3).403  The 

formation of complementary multiple hydrogen bonds was probed via analysis of a 1:1 

w/w mixture of the PDLLA-A and PDLLA-T (PDLLA(A-T).  The 1H NMR resonances 

of the PDLLA(A-T) mixture were compared with the resonances of the PDLLA-A and 

PDLLA-T precursors (Figure 4-2).  Except for the “b”, “f” and NH2 protons, all of the 

other monitored resonances of the mixture remained unshifted from their original 

chemical shifts in the corresponding PDLLA-A and PDLLA-T precursors.  A downfield 

shift was observed for the NH resonance of the PDLLA-T (peak f) from 8.18 to 8.83 ppm 

                                                 
403 Yamauchi, K.; Lizotte, J. R.; Hercules, D. M.; Vergne, M. J.; Long, T. E. Combinations of 
Microphase Separation and Terminal Multiple Hydrogen Bonding in Novel Macromolecules. J. 
Am. Chem. Soc. 2002;124:8599-8604. 
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(peak A) upon solution blending while the NH2 resonance of the PDLLA-A, which 

previously overlapped with the methine proton in the PDLLA repeat unit at 4.96-5.34 

ppm, shifted downfield to 6.44 ppm (peak B).  These downfield shifts were consistent 

with previous literature404 and suggested the formation of intermolecular hydrogen bonds 

between the heterocyclic-modified, star-shaped PDLLA.  On the other hand, a slight 

upfield shift was observed for the PDLLA-A “b” proton after solution blending, while the 

“a” proton chemical shift remained unchanged.  The chemical shift difference of the “b” 

proton was attributed to hydrogen bonding interactions between the adenine and thymine 

groups.  The complementary hydrogen bonding interactions (A,B) are on average located 

further away from the “a” proton relative to the “b” proton.  The slight upfield shift 

observed for the “b” protons thus suggested that the thymine base had a small influence 

on the environment of the closer “b” proton.405   

 

                                                 
404 Moreau, J. J. E.; Pichon, B. P.; Arrachart, G.; Wong Chi Man, M.; Bied, C. Nanostructuring 
organo-silicas: combination of intermolecular interactions and molecular recognition properties to 
generate self-assembled hybrids with phenylene and adenine.thymine bridging units. New J. 
Chem. 2005;29:653-658. 
405 Bangerter, B. W.; Chan, S. I. Proton magnetic resonance studies of ribose dinucleoside 
monophosphates in aqueous solution. II. Nature of the base-stacking interaction in adenylyl-
(3'.far. 5')-cytidine and cytidylyl-(3'.far. 5')adenosine. J. Am. Chem. Soc. 1969;91:3910-21. 
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Figure 4-2.  Stacked 1H NMR spectra of four-arm star-shaped PDLLA-A, PDLLA-T, 

and PDLLA(A-T) (1:1 w/w PDLLA-A/PDLLA-T) in CDCl3 at 27 ºC (Mn 5,490 g/mol, 

1.5 wt% (4.0 mM ) total solution concentration). 
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4.4.2 Effect of Molar Mass on Hydrogen Bonding Association 

A series of four-arm, star-shaped PDLLA-A and PDLLA-T were prepared over a 

molar mass range of 5490 g/mol to 33300 g/mol to evaluate the effect of molar mass on 

hydrogen bonding associations.  Three four-arm, star-shaped PDLLA precursors (5490, 

10600, 33300 g/mol) were divided into two portions and modified with either adenine or 

thymine to obtain PDLLA-A and PDLLA-T samples with equivalent molar concentration 

of complementary multiple-hydrogen-bonding (CMHB) end groups, molar mass, and 

molar mass distribution (Table 4-1).  Solutions of equivalent molar mass PDLLA-A and 

PDLLA-T (PDLLA(A-T)) (1:1 w/w ratio) were prepared in chloroform-d (2.6 wt%).  

Three complexes, PDLLA(A-T)5.5K, PDLLA(A-T)10.6K, and PDLLA(A-T)33.3K, 

were obtained.  The NH chemical shift was monitored for various PDLLA(A-T) 

hydrogen-bonded complexes rather than the NH2 shift due to the ease of observing the 

NH protons at low concentrations.  The PDLLA(A-T) NH resonance shifted upfield from 

9.38 to 7.58 ppm as the molar mass increased from 5490 to 33300 g/mol (Figure 4-3).  

The significant upfield shift observed with increasing molar mass corresponded linearly 

with the concentration of CMHB end groups.  The molar concentration of CMHB end 

groups, which were calculated via comparison of the methine protons of the PDLLA 

repeat unit and characteristic resonances assigned to the heterocyclic end groups, 

decreased as the molar mass was increased from 5490 to 33300 g/mol.  The low molar 

mass PDLLA(A-T)5.5K complex had approximately 4.8 mol % CMHB end groups 

compared with 2.2 mol % and 0.7 mol % for the PDLLA(A-T)10.6K and  

PDLLA(A-T)3.3K complexes, respectively (Table 4-1).  Moreover, at a 2.6 wt% solution 

concentration, the total molar solution concentration of the PDLLA(A-T)5.5K, 
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PDLLA(A-T)10.6K and PDLLA(A-T)33.3K complexes were 7.3, 3.8, and 1.2 mM,  

respectively.  Hence, the relatively high 9.38 ppm NH chemical shift observed in the 

PDLLA(A-T)5.5K complex was a result of the presence of a higher concentration of 

CMHB end groups and higher total solution concentration.    
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Table 4-1.  Molar mass and mol% CMHB end group for four-arm, star-shaped PDLLA-

A and PDLLA-T. 
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Figure 4-3.  Relationship between 1H NMR NH chemical shift and PDLLA(A-T) molar 

mass (CDCl3, 27 ºC, 2.6 wt%).  
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4.4.3 Stoichiometry and Association Constant Determination 

The continuous variation method,406,407,408 also known as Job’s method,409 was 

employed to investigate the stoichiometry of the PDLLA(A-T) complexes in solution.  

Determination of the PDLLA(A-T) complex stoichiometry using 1H NMR spectroscopy 

affords an understanding of the molar ratio of PDLLA-A and PDLLA-T in the complex. 

Solutions containing PDLLA-A and PDLLA-T were prepared in chloroform-d.  The 

molar ratios of the two components were varied while the total solution concentration 

was maintained at 1.5 wt%.  The chemical shift of the NH resonance was recorded at 

different mole fractions, and the change in chemical shift (∆δ) of the PDLLA(A-T) 

complex relative to a non-associated PDLLA-T solution was calculated.  Stoichiometric 

determinations were not conducted for the PDLLA(A-T)33.3K complex due to the 

difficulty of monitoring the NH protons at low end group concentrations.  The Job’s plots 

generated for the PDLLA(A-T)5.5K and PDLLA(A-T)10.6.K complexes are shown in 

Figure 4-4.  The x-axis values at the parabolic curve maxima determined the 

stoichiometry of the complex.  Both plots were highly symmetric with a maximum at 0.5 

mole fraction indicating 1:1 base pairing.  Thus, when various fractions of star-shaped 

PDLLA-A and PDLLA-T were mixed in solution, a maximum concentration of the 

                                                 
406 Fielding, L. Determination of Association Constants (Ka) from Solution NMR Data. 
Tetrahedron 2000;56:6151-6170. 
407 Hirano, T.; Ishii, S.; Kitajima, H.; Seno, M.; Sato, T. Hydrogen-bond-assisted stereocontrol in 
the radical polymerization of N-isopropylacrylamide with primary alkyl phosphate: The effect of 
the chain length of the straight ester group. J. Polym Sci Part A: Polym Chem 2005;43:50-62. 
408 Gil, V. M. S.; Oliveira, N. C. On the use of the method of continuous variations. J. Chem. Ed. 
1990;67: 473-478. 
409 Job, P. Formation and stability of inorganic complexes in solution. Ann. Chim. 1928;9:113-
203. 
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hydrogen bonded PDLLA(A-T) complex was formed at a 1:1 PDLLA-A/PDLLA-T 

equimolar concentration.410   

To further confirm the structure of the hydrogen bonded complexes in solution, 

twelve solutions of PDLLA(A-T) complexes were prepared where the PDLLA-T 

concentration was maintained at 1.5 wt% (4.0 mM and 2.0 mM for the PDLLA(A-

T)5.5K and PDLLA(A-T)10.6.K complexes, respectively).  The PDLLA-A 

concentration, however, was systematically increased from 0 to 6.5 wt% (0-10 mM for 

PDLLA(A-T)5.5K and 0-20 mM for the PDLLA(A-T)10.6.K).  Representative 1H NMR 

spectra of the PDLLA(A-T)5.5K solutions containing varying levels of PDLLA-A (0 to 

13 mM) are shown in Figure 4-5.  The change in the chemical shift of the NH resonance 

for the PDLLA(A-T) complex was observed with increasing PDLLA-A solution 

concentration.  In addition to the NH resonance of the complex, we observed the 

appearance of extra NH resonances albeit with significantly decreased intensities.  The 

presence of multiple NH resonances reflected the formation of different types of 

hydrogen bonds between the NH group and other groups.411  The additional NH 

resonances, however, disappeared as the concentration of the PDLLA-A increased due to 

the prevalence of only one type of NH hydrogen bond.  Plots of induced change in 

chemical shift versus PDLLA-A concentration were obtained and a non-linear correlation 

                                                 
410 Nowick, J. S.; Chen, J. S.; Noronha, G. Molecular recognition in micelles: the roles of 
hydrogen bonding and hydrophobicity in adenine-thymine base-pairing in SDS micelles. J. Am. 
Chem. Soc. 1993;115: 7636-7644. 
411 Chen, Q.; Yang, G.; Wang, Y.; Wu, X.; Kurosu, H.; Ando, I. Hydrogen bonding interactions 
in polyureas as studied by variable-temperature high-resolution 1H NMR spectroscopy. J. Mol. 
Struct. 1998;471:183-188. 
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was revealed, which further confirmed the presence of a 1:1 stoichiometric ratio (Figure 

4-6).412   

The Benesi-Hildebrand (Hanna-Ashbaugh) treatment413,414,415 of the induced 

change in chemical shift with concentration provided further evidence for a 1:1 complex 

stoichiometry.  A double reciprocal plot of the association of PDLLA-A and PDLLA-T 

(Mn = 5490 g/mol) revealed a linear relationship as shown in Figure 4-7, and further 

confirmed the prevalence of 1:1 PDLLA-A/PDLLA-T complex in solution.416  The 

Benesi-Hilderbrand analysis was also performed to calculate the association constant, Ka, 

using the NMR version of the Benesi-Hildebrand equation:    

1/∆δ = 1/(Ka∆δmax[PDLLA-A]) + 1/∆δmax       

The slope of the double reciprocal plot (Figure 4-7) is 1/Ka∆δmax and the intercept is 

1/∆δmax.  The Ka that was calculated from the slope of the plot was 84 M-1, which is 

consistent with Ka values reported earlier for adenine-thymine base pair recognition (ca 

                                                 
412 Mesplet, N.; Morin, P.; Ribet, J.-P. Spectrofluorimetric study of eflucimibe-g-cyclodextrin 
inclusion complex. Eur. J. Pharm. Biopharm. 2005;59:523-526. 
413 Fielding, L. Determination of Association Constants (Ka) from Solution NMR Data. 
Tetrahedron 2000;56:6151-6170. 
414 Mathur, R.; Becker, E. D.; Bradley, R. B.; Li, N. C. Proton magnetic resonance (P.M.R.) 
studies of hydrogen bonding of benzenethiol with several hydrogen acceptors. J. Phys. Chem. 
1963;67:2190-2194. 
415 Hanna, M. W.; Ashbaugh, A. L. Nuclear magnetic resonance (N.M.R.) study of molecular 
complexes of 7,7,8,8-tetracyanoquinodimethane and aromatic donors. J. Phys. Chem. 
1964;68:811-816. 
416 Sadlej-Sosnowska, N.; Kaczmarek, L.; Rotkiewicz, K. Complex formation in the indolo[2,3-
b]quinolines--methylene blue systems in aqueous solutions. Spectrochim. Acta, Part A. 
2001;57:199-205. 
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10 - 100 M-1 in CDCl3).417,418  In addition to complementary hydrogen bonding 

interactions, self-association of the adenine and thymine groups, although relatively 

insignificant, also occurred and may have contributed to the calculated association 

constants.  The reported Ka values for adenine and thymine self-association, however, are 

relatively low (Ka(A-A) = 2.4 M-1, Ka(T-T) = 3.5 M-1 in CDCl3).419,420    

 

 

 

 

 

 

 

 

 

 

 

                                                 
417 Nowick, J. S.; Chen, J. S.; Noronha, G. Molecular recognition in micelles: the roles of 
hydrogen bonding and hydrophobicity in adenine-thymine base-pairing in SDS micelles. J. Am. 
Chem. Soc. 1993;115: 7636-7644. 
418 Sivakova, S.; Rowan, S. J. Nucleobases as supramolecular motifs. Chem. Soc. Rev. 2005;34:9-
21. 
419 Sartorius, J.; Schhneider, H.-J. A general scheme based on empirical increments for the 
prediction of hydrogen-bond associations of nucleobases and of synthetic host-guest complexes. 
Chem. Eur. J. 1996;2:1446-1452. 
420 Sivakova, S.; Bohnsack, D. A.; Mackay, M. E.; Suwanmala, P.; Rowan, S. J. Utilization of a 
Combination of Weak Hydrogen-Bonding Interactions and Phase Segregation to Yield Highly 
Thermosensitive Supramolecular Polymers. J. Am. Chem. Soc. 2005;127:18202-18211. 
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Figure 4-4.  Job’s plot to determine the stoichiometry of PDLLA(A-T)5.5K and 

PDLLA(A-T)10.6K complexes in solution (Chloroform-d, 1.5 wt%).  
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Figure 4-5. Stacked 1H NMR spectra illustrating the relationship between PDLLA-A 

solution concentration (0 to 13 mM) and the PDLLA(A-T) N-H chemical shift. 
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Figure 4-6.  Plot depicting the non-linear relationship between induced change in 

chemical shift and solution concentration (Mn = 5490 g/mol, [PDLLA-T] = 4.0 mM). 
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Figure 4-7.  Benesi-Hildebrand plots of PDLLA-A/PDLLA-T association in CDCl3  

(Mn = 5490 g/mol, [PDLLA-T] = 4.0 mM)   
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4.4.4 Effect of Hydrogen Bonding Association on Solution Viscosity 

The effect of hydrogen bonding associations on solution viscosity was 

investigated using 10 wt% solutions of the four-arm, star-shaped PDLLA-A and  

PDLLA-T as well as the PDLLA(A-T) complexes (1:1 w/w PDLLA-A/PDLLA-T 

mixture) in CHCl3 at ambient temperature.  The solubility of the 5490 and 10600 g/mol 

samples were limited at 10 wt% due to enhanced hydrogen bonding associations and 

subsequent aggregation as a result of the high concentration of CMHB end groups.  

Consequently, the 33,300 g/mol polymers were only evaluated. The viscosities of two 

non-functionalized four-arm, star-shaped PDLLAs of various molar mass are shown in 

Figure 4-9.  The zero shear viscosities (η0) of the non-functionalized star-shaped 

PDLLAs, determined from extrapolation to the x-axis increased from 5.6 to 11.2 cP as 

the star polymer molar mass was increased from 58900 to 85600 g/mol.  The critical 

molar mass for entanglement of PDLLA is approximately 9000 g/mol.421  Hence, the 

increase in the viscosity of the star-shaped PDLLA reflected increased entanglements as 

the arm molar mass increased with increasing star polymer molar mass (i.e. arm molar 

mass = 14700 and 21500 g/mol for Mw = 58900 and 85600 g/mol, respectively).   

The zero shear viscosities (η0) of the 33300 g/mol samples were similarly 

determined from extrapolation to the x-axis (Figure 4-9).  The PDLLA(A-T)33.3K 

solution yielded a near-Newtonian fluid with an η0 of approximately 33 cP, which was 

significantly higher than the individual PDLLA-A and PDLLA-T solutions of the same 

molar mass (6.2 and 10 cP, respectively) and the non-functionalized four-arm, star-

                                                 
421 Dorgan, J. R.; Janzen, J.; Clayton, M. P.; Hait, S. B.; Knauss, D. M. Melt rheology of variable 
L-content poly(lactic acid). J. Rheol. 2005;49:607-619. 
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shaped, PDLLA of higher molar mass.  This increase in viscosity was attributed to the 

formation of intermolecular, complementary hydrogen bonds for the PDLLA(A-T)33.3K 

1:1 complex.  The large increase in the solution viscosity of the PDLLA(A-T)33.3K 

complex relative to the PDLLA-A and PDLLA-T solutions was consistent with the 

formation of a supramolecular structure of CMHB-terminated star polymers in solution.  

The slightly higher η0 of the PDLLA-T solution relative to the PDLLA-A solution was 

consistent with the more favorable self-association of thymine (Ka(T-T) = 3.5 M-1, Ka(A-A) = 

2.4 M-1). 422,423   

It is well known that N,N-dimethylformamide (DMF) disrupts hydrogen 

bonding.424,425  We observed a significant decrease in the solution viscosity of the 

PDLLA(A-T)33.3K 1:1 complex in a 1:1 (v:v) mixture of CHCl3 and DMF, and this was 

attributed to a disruption of the hydrogen bonding interactions between complementary 

PDLLA-A and PDLLA-T (Figure 4-10). 

 

 

 
                                                 
422 Sartorius, J.; Schhneider, H.-J. A general scheme based on empirical increments for the 
prediction of hydrogen-bond associations of nucleobases and of synthetic host-guest complexes. 
Chem. Eur. J. 1996;2:1446-1452. 
423 Sivakova, S.; Bohnsack, D. A.; Mackay, M. E.; Suwanmala, P.; Rowan, S. J. Utilization of a 
Combination of Weak Hydrogen-Bonding Interactions and Phase Segregation to Yield Highly 
Thermosensitive Supramolecular Polymers. J. Am. Chem. Soc. 2005;127:18202-18211. 
424 Schultz, G. Association phenomena between copolymers of p-styrenesulfonate (Cs+)/3-
methacryloxypropyltrimethoxysilane and hydroxypropylcellulose in aqueous solution and 
solvent-cast films. J  Appl Polym  Sci 1992;46:1177-1188. 
425 Toniolo, C.; Bonora, G. M.; Mutter, M.; Maser, F. Self-association and solubility of peptides. 
An infra-red absorption method for quantitative titration of the extent of self-association in 
poly(ethylene glycol)-bound peptides. J. Chem. Soc., Chem. Commun. 1983:1298-9. 
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Figure 4-8.  Solution viscosities of non-functionalized PDLLAs in CHCl3 at 25 ºC. 
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Figure 4-9. Solution viscosities of PDLLA-A, PDLLA-T and PDLLA(A-T)33.3K (Mn = 

33300 g/mol) in CHCl3 at 25 ºC. 
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Figure 4-10.  Solution viscosities of PDLLA(A-T)33.3K (Mn = 33300 g/mol) in CHCl3 

and CHCl3/DMF (50:50) at 25 ºC. 
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4.4.5 Effect of Temperature on Hydrogen Bonding Associations  

The complexes consisting of an equimolar mixture of the nucleobase-

functionalized star PDLLA were analyzed using variable temperature 1H NMR 

spectroscopy in toluene-d8 to investigate the effect of temperature on the extent of 

hydrogen bonding.  Thus, toluene-d8 (boiling point = 110 ºC) permitted analysis at 

typical temperatures for dissociation.426,427,428  The temperature dependence of the NH 

proton chemical shift of the PDLLA(A-T)10.5K complex (1:1) is shown in Figure 4-11.  

The NH resonance shifted upfield systematically as the temperature was raised from 25 

ºC to 100 ºC.  The gradual decrease in the NH resonance with increasing temperature was 

consistent with dissociation of the complementary hydrogen bonds.  However, once the 

sample was cooled from 100 ºC to 26 ºC, the NH increased in intensity and shifted 

downfield from 8.04 to 10.20 ppm.  This observation suggested that the PDLLA-based 

hydrogen-bonded supramolecular complexes were thermoreversible in toluene-d8.   

The PDLLA(A-T)10.5K complex was subjected to repeated heating and cooling 

cycles as shown in Figure 4-12.  The results confirmed that the hydrogen bonding was 

thermoreversible since the NH resonance reproducibly shifted upfield and downfield as 

the temperature was increased to 100 ºC and cooled to 27 ºC.  The results also revealed 

                                                 
426 Mather, B. D.; Lizotte, J. R.; Long, T. E. Synthesis of Chain End Functionalized Multiple 
Hydrogen Bonded Polystyrenes and Poly(alkyl acrylates) Using Controlled Radical 
Polymerization. Macromolecules 2004;37:9331-9337. 
427 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Synthesis and Characterization of Novel 
Complementary Multiple-Hydrogen Bonded (CMHB) Macromolecules via a Michael Addition. 
Macromolecules 2002;35:8745-8750. 
428 Elkins, C. L.; Park, T.; McKee, M. G.; Long, T. E. Synthesis and characterization of poly(2-
ethylhexyl methacrylate) copolymers containing pendant, self-complementary multiple-
hydrogen-bonding sites. J. Polym Sci Part A: Polym Chem 2005;43:4618-4631. 
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that the equilibrium between hydrogen bonded and non-hydrogen bonded states was 

rapid on the NMR time scale.  Our earlier efforts also described hydrogen-bonded 

complexes based on linear polystyrenes that were modified with adenine and thymine end 

groups, and high levels of dissociation occurred at 95 ºC.429  We observed that the NH 

resonance of the star-shaped PDLLA complex continued to shift upfield from 95 to 105 

ºC.  This implied that the four-arm, star-shaped PDLLA-based complexes remained 

relatively more associated at 100 ºC, which suggested increased hydrogen bonding 

interactions for the star architecture due to the presence of multiple binding sites. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

                                                 
429 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Synthesis and Characterization of Novel 
Complementary Multiple-Hydrogen Bonded (CMHB) Macromolecules via a Michael Addition. 
Macromolecules 2002;35:8745-8750. 
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Figure 4-11.  1H NMR NH chemical shift of PDLLA(A-T)10.5K complex (1:1) as a 

function of temperature.  (3.8 mM (4.4 wt%) in toluene-d8). 
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Figure 4-12.  1H NMR NH chemical shift of PDLLA(A-T)10.5K complex (1:1) as a 

function of temperature depicting thermoreversibility.  (3.8 mM (4.4 wt%) in toluene-d8). 
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4.5 Conclusions 

Well-defined hydroxyl-terminated four-arm, star-shaped PDLLA of controlled 

molar mass ranging from 5600 to 33300 g/mol were synthesized and successfully 

functionalized to achieve peripheral complementary multiple-hydrogen-bonding DNA 

base pair units.  Mixing of the adenine- and thymine-terminated, star-shaped PDLLA 

(PDLLA-A and PDLLA-T, respectively) in solution resulted in the formation of 

supramolecular structureas through hydrogen bonding interactions.  Job’s plots and 

Benesi-Hildebrand analysis revealed a 1:1 complexation between the star-shaped 

PDLLA-A and PDLLA-T.  A Ka of 84 M-1 was observed for the PDLLA(A-T)5.5K 

complex based on lower molar mass polymers.  Additionally, a PDLLA(A-T) hydrogen-

bonded complex exhibited higher solution viscosity compared to the corresponding non-

hydrogen-bonded PDLLA-A and PDLLA-T samples confirming strong hydrogen-

bonding associations between the PDLLA-A and PDLLA-T star-shaped polymers.  

Moreover, variable temperature 1H NMR studies also demonstrated the reversibility of 

the hydrogen-bonded PDLLA-based supramolecular structures.   
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Chapter 5: Melt Electrospinning of Supramolecular Polymers 
Based on Thermoreversible Star-shaped Poly(D,L-lactide) 

 

Reproduced In Part From: 

Karikari, A. S.; McKee, M. G.; Hunley, M. T.; Fornof, A. R.; and Long, T. E. Melt 
Electrospinning of Adenine and Thymine Functionalized Star-shaped Poly(D,L-lactide) 
Complexes. Biomacromlecules. 2006; In Progress. 
 

5.1 Abstract 

The formation of melt electrospun biodegradable membranes based on four-arm, 

star-shaped, poly(D,L-lactide) (PDLLA) with terminal complementary adenine and 

thymine hydrogen bonding units is described.  The influence of intermolecular multiple 

hydrogen bonding and thermoreversibility on the melt electrospinning process was 

investigated.  Linear viscoelastic measurements confirmed the formation of a hydrogen-

bonded complex derived from adenine- and thymine-functionalized star polymers 

(PDLLA-A and PDLLA-T, respectively).  A significant increase in melt viscosity of the 

hydrogen-bonded complex compared to the non-functionalized precursors was observed 

and a strong dependence of melt viscosity on temperature was revealed.  Melt 

electrospinning of the hydrogen-bonded complexes resulted in fibers of significantly 

larger diameter (9.8 ± 2.0 µm) compared to the individual precursors (PDLLA-A = 4.0 ± 

0.6 µm and PDLLA-T = 4.4 ± 1.0 µm), suggesting intermolecular hydrogen bonding of 

the PDLLA-A and PDLLA-T in the melt electrospinning process.   

 

Keywords: melt electrospinning, supramolecular, star-shaped, polylactides, multiple 

hydrogen bonding. 
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5.2 Introduction 

Supramolecular polymers are widely studied for various emerging applications 

ranging from adhesives to biomedical technologies.430  Moreover, supramolecular 

polymers exhibit superior responsiveness to variations in external stimuli such as 

temperature, pH, and solvent due to the tunable reversibility of non-covalent interactions 

between complementary units.431,432  In our laboratories, supramolecular polymers 

incorporating multiple hydrogen bonding units are studied in the pursuit of high 

temperature sensitivity and low melt viscosity during solvent-free processing.  Reversible 

polymers formed through the association of monomeric and polymeric components in 

diverse multiple hydrogen bonding interactions are extensively reported.433,434,435,436,437   

                                                 
430 Bosman, A. W.; Sijbesma, R. P.; Meijer, E. W. Supramolecular polymers at work. Mater. 
Today 2004;7:34-39. 
431 Sijbesma, R. P.; Meijer, E. W. Self-assembly of well-defined structures by hydrogen bonding. 
Curr. Opin. Colloid Interface. Sci. 1999;4:24-32. 
432 Bosman, A. W.; Brunsveld, L.; Folmer, B. J. B.; Sijbesma, R. P.; Meijer, E. W. 
Supramolecular polymers: From scientific curiosity to technological reality. Macromol. Symp. 
2003;201:143-154. 
433 Versteegen, R. M.; Kleppinger, R.; Sijbesma, R. P.; Meijer, E. W. Properties and Morphology 
of Segmented Copoly(ether urea)s with Uniform Hard Segments. Macromolecules 2006;39:772-
783. 
434 Kim, J.-M.; Lee, J.-S.; Choi, H.; Sohn, D.; Ahn, D. J. Rational Design and in-Situ FTIR 
Analyses of Colorimetrically Reversible Polydiacetylene Supramolecules. Macromolecules 
2005;38:9366-9376. 
435 Knoben, W.; Besseling, N. A. M.; Bouteiller, L.; Cohen Stuart, M. A. Dynamics of reversible 
supramolecular polymers: Independent determination of the dependence of linear viscoelasticity 
on concentration and chain length by using chain stoppers. Phys. Chem. Chem. Phys. 
2005;7:2390-2398. 
436 Zou, S.; Schroenherr, H.; Vancso, G. J. Stretching and rupturing individual supramolecular 
polymer chains by AFM. Angew. Chem. Int. Ed. 2005;44:956-959. 
437 Ilhan, F.; Gray, M.; Rotello, V. M. Reversible Side Chain Modification through Noncovalent 
Interactions. \"Plug and Play\" Polymers. Macromolecules 2001;34:2597-2601. 

 154



Among the well-known multiple hydrogen bonding groups, polymers with self- 

complementary hydrogen bonding terminal units form well-defined non-covalent 

interactions between identical hydrogen bonding units and exhibit characteristically high 

association constants in bulk and solution.438,439,440,441,442,443 On the other hand, 

complementary multiple hydrogen bonding interactions involve interactions between 

complementary donor and acceptor units.444  For example, complementary hydrogen 

bonding interactions constitute the basic concept of molecular recognition occurring in 

adenine-thymine (A-T), adenine-uracil (A-U), and guanine-cytosine (G-C) base pairs in 

DNA and RNA, respectively.445   

                                                 
438 Hofmeier, H.; Hoogenboom, R.; Wouters, M. E. L.; Schubert, U. S. High Molecular Weight 
Supramolecular Polymers Containing Both Terpyridine Metal Complexes and 
Ureidopyrimidinone Quadruple Hydrogen-Bonding Units in the Main Chain. J. Am. Chem. Soc. 
2005;127:2913-2921. 
439 Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K.; Lange, 
R. F. M.; Lowe, J. K. L.; Meijer, E. W. Reversible polymers formed from self-complementary 
monomers using quadruple hydrogen bonding. Science 1997;278:1601-1604. 
440 Hirschberg, J. H. K. K.; Beijer, F. H.; van Aert, H. A.; Magusin, P. C. M. M.; Sijbesma, R. P.; 
Meijer, E. W. Supramolecular polymers from linear telechelic siloxanes with quadruple-
hydrogen-bonded units. Macromolecules 1999;32:2696-2705. 
441 Prabhakaran, P.; Puranik, V. G.; Sanjayan, G. J. Preorganizing Linear (Self-Complementary) 
Quadruple Hydrogen-Bonding Arrays Using Intramolecular Hydrogen Bonding as the Sole 
Force. J. Org. Chem. 2005;70:10067-10072. 
442 Park, T.; Zimmerman, S. C.; Nakashima, S. A Highly Stable Quadruply Hydrogen-Bonded 
Heterocomplex Useful for Supramolecular Polymer Blends. J. Am. Chem. Soc. 2005;127:6520-
6521. 
443 Lange, R. F. M.; Van Gurp, M.; Meijer, E. W. Hydrogen-bonded supramolecular polymer 
networks. J. Polym Sci Part A: Polym Chem 1999;37:3657-3670. 
444 Huang, X.; Li, C.; Jiang, S.; Wang, X.; Zhang, B.; Liu, M. Supramolecular chirality of the 
hydrogen-bonded complex Langmuir-Blodgett film of achiral barbituric acid and melamine. J 
Colloid  Int Sci 2005;285:680-685. 
445 Mueller, A.; Talbot, F.; Leutwyler, S. Hydrogen Bond Vibrations of 2-Aminopyridine×2-
Pyridone, a Watson-Crick Analogue of Adenine×Uracil. J. Am. Chem. Soc. 2002;124:14486-
14494. 
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Compared with multiple self-complementary hydrogen-bonding sites, supramolecular 

polymers formed through dimeric nucleobase-assisted interactions are generally 

associated with relatively weaker binding constants.446   

Research in our laboratories has involved the synthesis of a wide variety of 

polymers bearing multiple hydrogen bonding terminal groups.  Polystyrene, poly(alkyl 

acrylates), poly(isoprene), and their copolymers containing self-complementary groups 

such as 2-ureido-4[1H]-pyrimidone (UPy) and uracil, as well as the complementary 

nucleobases adenine and thymine were reported.447,448,449,450,451,452,453  Melt rheological 

investigation of poly(2-ethylhexyl methacrylate) copolymers with 2-ureido-4[1H]-

                                                 
446 Sivakova, S.; Rowan, S. J. Nucleobases as supramolecular motifs. Chem. Soc. Rev. 2005;34:9-
21. 
447 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Thermoreversible Poly(alkyl acrylates) Consisting of 
Self-Complementary Multiple Hydrogen Bonding. Macromolecules 2003;36:1083-1088. 
448 Viswanathan, K.; Ozhalici, H.; Elkins, C. L.; Heisey, C.; Ward, T. C.; Long, T. E. Multiple 
Hydrogen Bonding for Reversible Polymer Surface Adhesion. Langmuir 2006;22:1099-1105. 
449 Mather, B. D.; Lizotte, J. R.; Long, T. E. Synthesis of Chain End Functionalized Multiple 
Hydrogen Bonded Polystyrenes and Poly(alkyl acrylates) Using Controlled Radical 
Polymerization. Macromolecules 2004;37:9331-9337. 
450 Yamauchi, K.; Lizotte, J. R.; Long, T. E. Synthesis and Characterization of Novel 
Complementary Multiple-Hydrogen Bonded (CMHB) Macromolecules via a Michael Addition. 
Macromolecules 2002;35:8745-8750. 
451 Yamauchi, K.; Lizotte, J. R.; Hercules, D. M.; Vergne, M. J.; Long, T. E. Combinations of 
Microphase Separation and Terminal Multiple Hydrogen Bonding in Novel Macromolecules. J. 
Am. Chem. Soc. 2002;124:8599-8604. 
452 McKee, M. G.; Elkins, C. L.; Park, T.; Long, T. E. Influence of Random Branching on 
Multiple Hydrogen Bonding in Poly(alkyl methacrylate)s. Macromolecules 2005;38:6015-6023. 
453 McKee, M. G.; Elkins, C. L.; Long, T. E. Influence of self-complementary hydrogen bonding 
on solution rheology/electrospinning relationships. Polymer 2004;45:8705-8715. 

 156



pyrimidone methacrylate (UPyMA) was also recently reported.454  A strong dependence 

of rheological properties on UPyMa content was demonstrated over a 1-10 mol% range 

and an increase in melt viscosity with UPyMa content was attributed to strong multiple 

hydrogen bonding interactions.   

Although multiple hydrogen bonding associations are widely utilized in rational 

synthetic methodologies, the characteristically high thermal stability of multiple 

hydrogen bonding associations limits their applications as thermally responsive polymers 

in the solid state.455  Significantly higher temperatures are needed to completely 

dissociate these complexes, and the responsiveness of the polymer is limited since 

complexation/decomplexation rates decrease with increasing binding constants.  

Supramolecular polymers consisting of relatively weaker hydrogen bonding interactions 

are therefore necessary to obtain thermoreversible polymers with low melt viscosities and 

high temperature sensitivity in the melt phase.  Thus, it is proposed that tailored 

intermolecular interactions will enable melt electrospinning for the formation of solvent-

free electrospun non-woven mats with micron-scale fiber diameters.   

 

 

                                                 
454 Elkins, C. L.; Park, T.; McKee, M. G.; Long, T. E. Synthesis and characterization of poly(2-
ethylhexyl methacrylate) copolymers containing pendant, self-complementary multiple-
hydrogen-bonding sites. J. Polym Sci Part A: Polym Chem 2005;43:4618-4631. 
455 Sivakova, S.; Bohnsack, D. A.; Mackay, M. E.; Suwanmala, P.; Rowan, S. J. Utilization of a 
Combination of Weak Hydrogen-Bonding Interactions and Phase Segregation to Yield Highly 
Thermosensitive Supramolecular Polymers. J. Am. Chem. Soc. 2005;127:18202-18211. 
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In our research laboratory, the solution electrospinning of a wide variety of 

polymers was investigated earlier.456,457,458,459  More recently, novel electrospun mats 

were formed based on the electrostatic association of amphiphilic, low molar mass, 

molecules such as phospholipids and surfactants in solution.460  In electrospinning, a 

charged polymeric fluid (solution or melt) forms a stable jet in the presence of an electric 

field, which causes the jet to follow a chaotic trajectory of stretching and splaying until 

collection on a grounded target.461  The electrospinning of a variety of potentially 

biodegradable and biocompatible materials were reported earlier in others’ 

laboratories,462,463,464,465 however, the majority of these polymers were electrospun from 

                                                 
456 McKee, M. G.; Elkins, C. L.; Long, T. E. Influence of self-complementary hydrogen bonding 
on solution rheology/electrospinning relationships. Polymer 2004;45:8705-8715. 
457 McKee, M. G.; Hunley, M. T.; Layman, J. M.; Long, T. E. Solution Rheological Behavior and 
Electrospinning of Cationic Polyelectrolytes. Macromolecules 2006;39:575-583. 
458 McKee, M. G.; Park, T.; Unal, S.; Yilgor, I.; Long, T. E. Electrospinning of linear and highly 
branched segmented poly(urethane urea)s. Polymer 2005;46:2011-2015. 
459 McKee, M. G.; Wilkes, G. L.; Colby, R. H.; Long, T. E. Correlations of Solution Rheology 
with Electrospun Fiber Formation of Linear and Branched Polyesters. Macromolecules 
2004;37:1760-1767. 
460 McKee, M. G.; Layman, J. M.; Cashion, M. P.; Long, T. E. Phospholipid Nonwoven 
Electrospun Membranes. Science 2006;311:353-355. 
461 Reneker, D. H.; Chun, I. Nanometer diameter fibers of polymer, produced by electrospinning. 
Nanotechnology 1996;7:216-223. 
462 Jeong, E. H.; Im, S. S.; Youk, J. H. Electrospinning and structural characterization of ultrafine 
poly(butylene succinate) fibers. Polymer 2005;46:9538-9543. 
463 You, Y.; Lee, S. W.; Youk, J. H.; Min, B.-M.; Lee, S. J.; Park, W. H. In vitro degradation 
behaviour of non-porous ultra-fine poly(glycolic acid)/poly(L-lactic acid) fibres and porous ultra-
fine poly(glycolic acid) fibres. Polym. Degrad. Stab. 2005;90:441-448. 
464 Chew, S. Y.; Wen, J.; Yim, E. K. F.; Leong, K. W. Sustained Release of Proteins from 
Electrospun Biodegradable Fibers. Biomacromolecules 2005;6:2017-2024. 
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solution, which limits their biomedical applications due to increased health and 

environmental concerns associated with many conventional solvents.  For instance, Wnek 

and co-workers,466,467,468,469,470,471 as well as Rutledge and co-workers,472,473,474,475 have 

reported the electrospinning of a wide variety of biopolymers.  Our recent efforts are now 

focused on devising alternative electrospinning methods such as melt electrospinning of 

lower viscosity supramolecular structures.   

                                                                                                                                                 
465 Bhattarai, N.; Cha, D.; Bhattarai, S. R.; Khil, M. S.; Kim, H. Y. Biodegradable electrospun 
mat: Novel block copolymer of poly(p-dioxanone-co-L-lactide)-block-poly(ethylene glycol). J. 
Polym Sci Part B: Polym Phys 2003;41:1955-1964. 
466 Woerdeman, D. L.; Ye, P.; Shenoy, S.; Parnas, R. S.; Wnek, G. E.; Trofimova, O. Electrospun 
Fibers from Wheat Protein: Investigation of the Interplay between Molecular Structure and the 
Fluid Dynamics of the Electrospinning Process. Biomacromolecules 2005;6:707-712. 
467 Boland, E. D.; Telemeco, T. A.; Simpson, D. G.; Wnek, G. E.; Bowlin, G. L. Utilizing acid 
pretreatment and electrospinning to improve biocompatibility of poly(glycolic acid) for tissue 
engineering. J. Biomed. Mater. Res., Part B. 2004;71B:144-152. 
468 Matthews, J. A.; Boland, E. D.; Wnek, G. E.; Simpson, D. G.; Bowlin, G. L. Electrospinning 
of collagen type II: a feasibility study. J. Bioact. Compat. Polym. 2003;18:125-134. 
469 Sanders, E. H.; Kloefkorn, R.; Bowlin, G. L.; Simpson, D. G.; Wnek, G. E. Two-Phase 
Electrospinning from a Single Electrified Jet: Microencapsulation of Aqueous Reservoirs in 
Poly(ethylene-co-vinyl acetate) Fibers. Macromolecules 2003;36:3803-3805. 
470 Wnek, G. E.; Carr, M. E.; Simpson, D. G.; Bowlin, G. L. Electrospinning of Nanofiber 
Fibrinogen Structures. Nano Lett. 2003;3:213-216. 
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472 Wang, M.; Yu, J. H.; Kaplan, D. L.; Rutledge, G. C. Production of Submicron Diameter Silk 
Fibers under Benign Processing Conditions by Two-Fluid Electrospinning. Macromolecules 
2006;39:1102-1107. 
473 Wang, M.; Jin, H.-J.; Kaplan, D. L.; Rutledge, G. C. Mechanical Properties of Electrospun 
Silk Fibers. Macromolecules 2004;37:6856-6864. 
474 Wang, M.; Singh, H.; Hatton, T. A.; Rutledge, G. C. Field-responsive superparamagnetic 
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Larrando and Manley reported the first fiber mats electrospun from polymer 

melts, however, fibers with diameters greater than 50 µm were obtained, and efforts to 

generate uniform fibers less than 1 µm in diameter were unsuccessful.476,477  In contrast, 

various nonwoven biocompatible fibers with submicron diameters were electrospun from 

solution.478,479,480,481,482,483  However, reports of submicron biocompatible fibers using 

melt electrospinning are limited in the literature as the significantly high polymer melt 

viscosities generally result in larger fiber diameters.  Lyons and co-workers484 melt 

electrospun polypropylene of various tacticities and molar masses.  Fiber diameters that 

ranged from several hundred nanometers to several hundred micrometers were obtained.  

                                                 
476 Larrondo, L.; Manley, S. J. R. Electrostatic fiber spinning from polymer melts.  I.  
Experimental observations on fiber formation and properties. J. Polym Sci Part B: Polym Phys 
1981;19:909-920. 
477 Larrondo, L.; Manley, S. J. R. Electrostatic fiber spinning from polymer melts.  III.  
Electrostatic deformation of a pendant drop of polymer melt. J. Polym Sci Part B: Polym Phys 
1981;19:933-940. 
478 Chew, S. Y.; Wen, J.; Yim, E. K. F.; Leong, K. W. Sustained Release of Proteins from 
Electrospun Biodegradable Fibers. Biomacromolecules 2005;6:2017-2024. 
479 Zeng, J.; Chen, X.; Xu, X.; Liang, Q.; Bian, X.; Yang, L.; Jing, X. Ultrafine fibers electrospun 
from biodegradable polymers. J. Appl. Polym. Sci. 2003;89:1085-1092. 
480 Li, M.; Guo, Y.; Wei, Y.; Macdiarmid Alan, G.; Lelkes Peter, I. Electrospinning polyaniline-
contained gelatin nanofibers for tissue engineering applications. Biomaterials 2006;27:2705-
2715. 
481 Wang, Y. K.; Yong, T.; Ramakrishna, S. Nanofibres and their Influence on Cells for Tissue 
Regeneration. Aust. J. Chem. 2005;58:704-712. 
482 Ito, Y.; Hasuda, H.; Kamitakahara, M.; Ohtsuki, C.; Tanihara, M.; Kang, I.-K.; Kwon, O. H. A 
composite of hydroxyapatite with electrospun biodegradable nanofibers as a tissue engineering 
material. J. Biosci. Bioeng. 2005;100:43-49. 
483 Tan, S. T.; Wendorff, J. H.; Pietzonka, C.; Jia, Z. H.; Wang, G. Q. Biocompatible and 
biodegradable polymer nanofibers displaying superparamagnetic properties. ChemPhysChem 
2005;6:1461-1465. 
484 Lyons, J.; Li, C.; Ko, F. Melt-electrospinning part I: processing parameters and geometric 
properties. Polymer 2004;45:7597-7603. 

 160



Warner and co-workers reported preliminary data that described the melt electrospinning 

of 250-500 nm diameter nanofibers from unfunctionalized, linear polypropylene and 

poly(ethylene oxide).485   

Our research group has extensively studied the synthesis of branched polymers 

for various applications.486,487,488,489  In a recent manuscript, we reported the synthesis of 

a new family of well-defined, four-arm, star-shaped poly(D,L-lactide)s with 

complementary, nucleobase, hydrogen-bonding terminal groups.490  The nucleobase-

functionalized, star-shaped, PDLLA hydrogen-bonded complexes demonstrated 

thermoreversibility in toluene and interesting solution rheological behavior.  In this 

report, we describe melt electrospinning of four-arm, star-shaped, PDLLAs containing 

adenine and thymine as complementary hydrogen bonding end groups.  Star-shaped 

polymers of relatively low molar mass possess characteristically reduced hydrodynamic 

volumes and thus exhibit lower melt and solution viscosities than linear counterparts of 

                                                 
485 Khurana, H. S.; Patra, P. K.; Warner, S. B. Nanofibers from melt electrospinning. Polym. 
Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 2003;44:67-68. 
486 Viswanathan, K.; Long, T. E.; Ward, T. C. Silicon surface modification with trialkoxy silyl-
functionalized star-shaped polymers. J. Polym Sci Part A: Polym Chem 2005;43:3655-3666. 
487 Unal, S.; Oguz, C.; Yilgor, E.; Gallivan, M.; Long, T. E.; Yilgor, I. Understanding the 
structure development in hyperbranched polymers prepared by oligomeric A2+B3 approach: 
comparison of experimental results and simulations. Polymer 2005;46:4533-4543. 
488 McKee, M. G.; Park, T.; Unal, S.; Yilgor, I.; Long, T. E. Electrospinning of linear and highly 
branched segmented poly(urethane urea)s. Polymer 2005;46:2011-2015. 
489 Lin, Q.; Long, T. E. Polymerization of A2 with B3 monomers: A facile approach to 
hyperbranched poly(aryl ester)s. Macromolecules 2003;36:9809-9816. 
490 Karikari, A. S.; Long, T. E. Supramolecular Association of Star-shaped Poly(D,L-lactide)s 
Containing Complementary Multiple Hydrogen Bonding. Biomacromolecules 2006:Submitted. 
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similar molar mass.491,492,493  It is therefore expected that the synergistic combination of 

branched architecture and weak hydrogen bonding end groups will result in PDLLA-

based supramolecular polymers with extremely low melt viscosities and high temperature 

sensitivity.  Micron-scale electrospun biodegradable and biocompatible fibrous mats are 

proposed from the melt phase for various biomedical applications including tissue 

engineering and controlled drug delivery. 

5.3 Experimental 

5.3.1 Characterization 

Molar mass and molar mass distribution were determined at 40 oC in THF (ACS 

grade) at a flow rate of 1 mL/min using a Waters 717 Autosampler equipped with a 

Waters 2410 refractive index detector, a Wyatt Technology MiniDAWN MALLS 

detector, and a Viscotek 270 viscosity detector.  Reported molar mass are based on 

absolute measurements using the MALLS detector.  Melt rheological data were collected 

using a TA Instruments AR 1000 stress-controlled rheometer with a 25 mm parallel plate 

geometry.  Strain amplitudes were limited to the linear viscoelastic regime over a 

frequency range of 0.1 to 100 Hz.  The temperature was varied from 60 to 180 ºC.  The 

fiber diameter and morphology were analyzed using a Leo® 1550 field emission scanning 

electron microscope (FESEM).  Fibers for FESEM analysis were collected on a 1/4” X 

1/4” stainless steel mesh, mounted on a SEM disc, and sputter-coated with a 10 nm Pt/Au 
                                                 
491 McKee, M. G.; Unal, S.; Wilkes, G. L.; Long, T. E. Branched polyesters: recent advances in 
synthesis and performance. Prog. Polym. Sci. 2005;30:507-539. 
492 Gorda, K. R.; Peiffer, D. G. Star-shaped condensation polymers: synthesis, characterization, 
and blend properties. J  Appl Polym  Sci 1993;50:1977-1983. 
493 McLeish, T. C. B.; Milner, S. T. Entangled dynamics and melt flow of branched polymers. 
Adv. Mater. 1999;143:195-256. 
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layer to reduce electron charging.  Thermogravimetric analysis (TGA) was performed 

under N2 atmosphere at a heating rate of 10 ºC/min using a TA Instrument Hi-Res TGA 

2950.     

5.3.2 Synthesis of Adenine and Thymine-terminated, Four-arm, Star-shaped, 
PDLLA 
 

Adenine and thymine-terminated four-arm, star-shaped, PDLLAs were 

synthesized as reported previously.494  In brief, acrylate terminated star-shaped polymers 

were derivatized with adenine and thymine using a Michael addition reaction.  1H NMR 

spectroscopy confirmed the quantitative introduction of terminal adenine and thymine 

end groups, and size exclusion chromatography (SEC) confirmed the absence of side 

reactions during functionalization.   

5.3.3 Melt Electrospinning of PDLLA-based Supramolecular Complex 

The polymer powder was placed in a glass pipette (1 mm inner diameter) and an 

electrically heated band was wrapped around the pipette and grounded.  The positive lead 

of a high voltage power supply (Spellman CZE1000R; Spellman High Voltage 

Electronics Corporation) was connected to a piece of aluminum foil wrapped around the 

collector target.  The pipette was purged with nitrogen during heating to inhibit oxidative 

polymer degradation.  After reaching 180 ºC, the polymer began to flow from the pipette 

tip.  The polymer jet was directed down toward the collector, which was charged with 30 

kV.  The working distance between the pipette and the collector was approximately 10 

cm. 

 

                                                 
494 Karikari, A. S.; Long, T. E. Supramolecular Association of Star-shaped Poly(D,L-lactide)s 
Containing Complementary Multiple Hydrogen Bonding. Biomacromolecules 2006:Submitted. 
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5.4 Results and Discussion 

The synthesis and characterization of the adenine- and thymine-terminated four-

arm, star-shaped, PDLLA (PDLLA-A and PDLLA-T, respectively) was described in our 

recent report.495  In this earlier study, a significant increase in the solution viscosity of a 

hydrogen-bonded complex consisting of a 1:1 w/w mixture of the PDLLA-A and 

PDLLA-T was observed.  In addition, the thermoreversibility of the PDLLA(A-T) 

hydrogen-bonded complexes in toluene was demonstrated.  In this study, we focus on the 

melt properties of PDLLA-based supramolecular polymers and their utilization in melt 

electrospinning.  The structures of PDLLA-A, PDLLA-T, and a hydrogen-bonded 

complex, PDLLA(A-T), consisting of a 1:1 w/w mixture of  PDLLA-A and PDLLA-T 

are illustrated in Scheme 5-1.   

TGA was performed on CMHB-modified star-shaped PDLLAs and their 

hydrogen-bonded complex (Mn = 45600 g/mol, Mw/Mn = 1.37) in order to determine 

weight loss as a function of temperature.  The onset of weight loss for PDLLA is known 

to occur at temperatures higher than 200 ºC.496,497  Dynamic TGA experiments revealed 

that all PDLLA precursors and PDLLA(A-T) hydrogen-bonded complexes did not 

exhibit appreciable weight loss below 200 ºC.  Shown in Figure 5-1a is the TGA 

spectrum of the hydrogen-bonded complex.  In fact, the onset of degradation occurred at 
                                                 
495 Karikari, A. S.; Long, T. E. Supramolecular Association of Star-shaped Poly(D,L-lactide)s 
Containing Complementary Multiple Hydrogen Bonding. Biomacromolecules 2006:Submitted. 
496 Chen, Q.; Yang, G.; Wang, Y.; Wu, X.; Kurosu, H.; Ando, I. Hydrogen bonding interactions 
in polyureas as studied by variable-temperature high-resolution 1H NMR spectroscopy. J. Mol. 
Struct. 1998;471:183-188. 
497 Abe, H.; Takahashi, N.; Kim Kang, J.; Mochizuki, M.; Doi, Y. Thermal degradation processes 
of end-capped poly(L-lactide)s in the presence and absence of residual zinc catalyst. 
Biomacromolecules 2004;5:1606-1614. 
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200 ºC with a minimal weight loss of 0.7%.  Isothermal degradation experiments were 

also performed at 180 ºC for 1 h under nitrogen.  The adenine and thymine-terminated, 

star-shaped, PDLLAs, and hydrogen-bonded complexes remained relatively stable at 180 

ºC for 1 h with a minimal weight loss of approximately 5.5% observed for the blended 

samples (Figure 5-1b).  We are also performing SEC characterizations on the electrospun 

fibers to elucidate whether any transesterification reactions occurred due to 

electrospinning at 180 °C.  
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Figure 5-1.  TGA of PDLLA(A-T) hydrogen-bonded complex as a function of time.  

(A) Non-isothermal degradation up to 600 ºC. (B) Non-isothermal degradation up to 180 

ºC and subsequent isothermal degradation at 180 ºC for 1 h. 
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5.4.1 Melt Rheological Characterizations 

Melt rheological characterization was performed on the four-arm, star-shaped, 

PDLLA(A-T) hydrogen-bonded complex and a non-functionalized PDLLA of identical 

molar mass (45600 g/mol) and molar mass distribution (1.37).  The unshifted complex 

viscosity (η*) versus frequency plots at various temperatures for PDLLA(A-T) hydrogen-

bonded complex and the non-functionalized PDLLA star polymer with identical molar 

mass and molar mass distributtion are shown in Figure 5-2.  At 70 ºC, different complex 

viscosity profiles were obtained for the two PDLLA samples even though both samples 

possessed the same molar mass and molar mass distribution (Figure 5-2A).  The η* of the 

PDLLA(A-T) hydrogen-bonded complex was consistently higher than the non 

functionalized PDLLA precursor.  The relatively higher complex viscosity of the 

PDLLA-A/PDLLA-T mixture reflected the formation of physical crosslinks as a result of 

complementary hydrogen bonding interactions that consequently led to an increase in the 

apparent molar mass.  As the temperature was increased to 120 ºC however, similar η* 

profiles were obtained for both the hydrogen-bonded complex and the non-functionalized 

PDLLA samples and suggested complete dissociation of the hydrogen bonding 

interactions in the PDLLA complex (Figure 5-2B).   

The PDLLA(A-T) hydrogen-bonded complex and the non-functionalized PDLLA 

star polymer were also successfully analyzed with time temperature superposition (TTS) 

for the construction of master curves of the complex viscosity over a broad frequency 

range using a reference temperature of 70 ºC (Figure 5-3).  Isothermal curves for the 

PDLLA(A-T) complex and the non-functionalized star polymer were collected at 

temperatures up to 130 ºC, which is above the reported dissociation temperature.  The η* 
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of the PDLLA(A-T) hydrogen-bonded complex was an order of magnitude higher than 

the non functionalized PDLLA precursor.  In addition, the onset of shear thinning 

occurred at lower frequencies for the PDLLA(A-T) complex (< 1 x 10-4 Hz) than for the 

non-functionalized PDLLA sample (>1 x 10-2 Hz ).  The enhancement of shear thinning 

of PDLLA(A-T) was attributed to significantly longer relaxation times due to the 

formation of a reversible network.498   

Furthermore, the PDLLA(A-T) hydrogen-bonded complex displayed relatively 

higher η* and a greater dependence of viscosity on temperature than the non-

functionalized PDLLA precursor (Figure 5-4).  The significant decrease in viscosity with 

temperature was consistent with dissociation of the hydrogen bonding interactions at 

higher temperatures and suggested the continuous disengagement of the associated 

hydrogen-bonded chains as the temperature was increased from 70 to 130 ºC.   

 

 

 

 

 

 

 

 

 

                                                 
498 McKee, M. G.; Elkins, C. L.; Park, T.; Long, T. E. Influence of Random Branching on 
Multiple Hydrogen Bonding in Poly(alkyl methacrylate)s. Macromolecules 2005;38:6015-6023. 
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Scheme 5-1.  Schematic representation of PDLLA-A, PDLLA-T and PDLLA(A-T)  

(1.1 w/w PDLLA-A/PDLLA-T).   
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Figure 5-2. Unshifted complex viscosity (η*) vs. frequency plots of PDLLA(A-T) 

hydrogen-bonded complex and PDLLA (non functionalized) at various temperatures 

A)70 ºC and B) 120 ºC. 
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Figure 5-3.  Shifted complex viscosity (η*) master curves of PDLLA(A-T) hydrogen-

bonded complex and PDLLA (non functionalized) as a function of frequency at a 

reference temperature of 70 ºC. 
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Figure 5-4. Comparison of complex viscosity (η*) of PDLLA(A-T) hydrogen-bonded 

complex and PDLLA (non functionalized) as a function of temperature at 1.0 Hz. 
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5.4.2 Melt Electrospinning 

Melt electrospinning was used to prepare micron-scale fibers from the 

thermoreversible star-shaped PDLLA.  The four-arm, star-shaped PDLLA-A, PDLLA-T, 

PDLLA(A-T), and non-functionalized hydroxyl-terminated star PDLLA control were 

melt electrospun at 180 ºC and 30 kV with a working distance of 6 cm.  The melt 

electrospinning process is schematically illustrated in Figure 5-5.  The electrospinning 

temperature (180 ºC) was chosen to allow complete dissociation of both the 

complementary hydrogen bonding interactions between the adenine and thymine units as 

well as any self-association of the nucleobases.  As the polymer sample was heated above 

the dissociation temperature and the intensity of the electric field was increased, the 

polymer melt flowed and elongated from the tip of the pipette to form a conical shape 

known as the Taylor cone prior to jet initiation.  As the discharged polymer jet traveled 

through the ambient air, the polymer cooled and reassociation of the adenine and thymine 

units was expected before fiber solidification.   

Electrospun fibers with an average fiber diameter of 3.6 ± 1.0 µm were obtained 

from the non-functionalized PDLLA precursor (Figure 5-6a).  Upon functionalization 

with adenine (PDLLA-A) and thymine (PDLLA-T) end groups, the average fiber 

diameter increased slightly to 4.0 ± 0.6 µm and 4.4 ± 1.0 µm, respectively.  The slight 

increase in the electrospun fiber diameter after functionalization with the nucleobases 

suggested minimal self-association of the adenine and thymine groups.  In addition, the 

slightly higher fiber diameter of the PDLLA-T relative to the PDLLA-A sample was 

consistent with the stronger self-association of the thymine groups (Ka(A-A) = 2.4 M-1, 
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Ka(T-T) = 3.5 M-1 in CDCl3).499,500  A greater increase in the average fiber diameter (9.8 ± 

2.0 µm) was observed for the PDLLA(A-T) hydrogen-bonded complex.  The higher 

average fiber diameter was consistent with the increased η* of the PDLLA(A-T) 

hydrogen-bonded complex relative to the non-functionalized PDLLA at an identical 

temperature.  Furthermore, the formation of intermolecular hydrogen bonding 

interactions between complementary adenine and thymine units in the electrospinning jet 

region proposed to occur based on melt rheological data.  These results suggest that 

thermoreversibility, as well as the strength of the hydrogen bonding interactions between 

the end groups of the tailored star PDLLA-based supramolecular polymers, control the 

fiber diameter in the melt electrospinning process.  This report describes the 

advantageous processing features of supramolecular structure for the formation of fibers 

from the melt phase.  We are currently exploring melt electrospinning of star-shaped 

PDLLA oligomers functionalized with adenine and thymine groups to ascertain the 

feasibility of sub-micron fibers. 

 

 

 

 

 

                                                 
499 Sivakova, S.; Bohnsack, D. A.; Mackay, M. E.; Suwanmala, P.; Rowan, S. J. Utilization of a 
Combination of Weak Hydrogen-Bonding Interactions and Phase Segregation to Yield Highly 
Thermosensitive Supramolecular Polymers. J. Am. Chem. Soc. 2005;127:18202-18211. 
500 Sartorius, J.; Schhneider, H.-J. A general scheme based on empirical increments for the 
prediction of hydrogen-bond associations of nucleobases and of synthetic host-guest complexes. 
Chem. Eur. J. 1996;2:1446-1452. 
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Figure 5-5.  Schematic representation of melt electrospinning of PDLLA-based 

supramolecular polymers.   
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Figure 5-6.  FESEM images of electrospun fibers produced from four-arm, star-shaped, 

PDLLA (MW = 45600 g/mol, Mw/Mn = 1.37  a) non-functionalized PDLLA, b) PDLLA-

A, c) PDLLA-T, d) PDLLA(A-T) (1:1 w/w PDLLA-A/PDLLA-T). 
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5.5 Conclusions 

A new family of electrospun biodegradable membranes were prepared from 

thermoreversible, four-arm, star-shaped PDLLA with terminal complementary hydrogen 

bonding units and the influence of intermolecular hydrogen bonding on the melt 

electrospinning process was investigated.  Adenine- and thymine-functionalized, star-

shaped, PDLLA (PDLLA-A and PDLLA-T, respectively) were blended to obtain 

PDLLA-based supramolecular polymers through hydrogen bonding interactions.  Linear 

viscoelastic measurements confirmed the formation of a hydrogen-bonded complex, 

PDLLA(A-T), with a significantly higher melt viscosity compared to the non-

functionalized PDLLA precursor, as well as a strong dependence of melt viscosity on 

temperature.  Thermoreversibility of the adenine and thymine complexation controlled 

the fiber size in the melt electrospinning process.  As a consequence, the star-shaped, 

PDLLA-based supramolecular polymers produced fibers with significantly larger 

diameters compared to the single component polymers due to intermolecular hydrogen-

bonding of the PDLLA-A and PDLLA-T in the molten electrospinning jet.      
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Chapter 6: Synthesis, Characterization and Copolymerization 
of Linear and Star-shaped Poly(D,L-lactide)s 

 

6.1 Abstract 

Four- and six-arm, star-shaped poly(D,L-lactide)s (PDLLA)s, of controlled molar 

mass were synthesized through ring opening polymerization (ROP) of D,L-lactide 

(DLLA) using pentaerythritol and dipentaerythritol, respectively.  The four-arm, star-

shaped PDLLA exhibited high solution viscosity compared to six-arm, star-shaped 

polymer of identical molar mass.  Linear poly(D,L-lactide)-b-poly(ethylene glycol 

methyl ether) (PDLLA-b-PEGOMe) diblock and poly(D,L-lactide)-b-poly(ethylene 

glycol)-b-poly(D,L-lactide) (PDLLA-PEG-PDLLA) triblock copolymers were also 

synthesized.  The diblock and triblock copolymers were synthesized through the ROP of 

DLLA with PEGOMe and PEG respectively in the presence of Sn(Oct)2.  The glass 

transition temperature (Tg) of the block copolymer decreased with increasing PEG 

content in the copolymer.  Furthermore, four-arm, star-shaped, random copolymers based 

on PDLLA and methyltrimethyl carbonate (MTMC) were synthesized and a strong 

dependence of Tg on the PMTMC content in the copolymer was revealed.   

 

Keywords: star-shaped polymer, polylactide, copolymer, poly(ethyelene glycol), 

methyltrimethylene carbonate, ring opening polymerization, solution rheology, 

thermogravimetric analysis. 
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6.2 Introduction 

The synthesis of star-shaped biodegradable aliphatic polyesters has received 

significant interest.  Star polymers of relatively low molar mass possess characteristically 

reduced hydrodynamic volumes than linear counterparts of similar molar mass.501  In 

addition, star-shaped polymers of high molar mass are particularly attractive due to lower 

melt viscosities and hence, good processability, compared to their linear counterparts of 

similar molar mass.502  Higher melt viscosities requires high processing temperatures and 

hence, enhanced degradation during melt processing for fibers, bone plates and screws 

are typically observed.503   The synthesis of star-shaped, biodegradable polymers using a 

wide variety of multifunctional hydroxy-terminated coinitiators such as 

pentaerythritol504,505,506,507 and dipentaerythritol508,509 are extensively reported.  The 

                                                 
501 McKee, M. G.; Unal, S.; Wilkes, G. L.; Long, T. E. Branched polyesters: recent advances in 
synthesis and performance. Prog. Polym. Sci. 2005;30:507-539. 
502 Grijpma, D. W.; Pennings, A. (Co)polymers of L-lactide. 2. Mechanical properties. J. 
Macromol. Chem. Phys. 1994;195:1649. 
503 Kim, S. H.; Han, Y.-K.; Ahn, K.-D.; Kim, Y. H.; Chang, T. Preparation of star-shaped 
polylactide with pentaerythritol and stannous octoate. Makromol. Chem. Suppl. 1993;194:3229. 
504 Lang, M.; Chu, C.-C. Functionalized multiarm poly(e-caprolactone)s: Synthesis, structure 
analysis, and network formation. J. Appl. Polym. Sci. 2002;86:2296-2306. 
505 Kricheldorf, H. R.; Thiessen, H. H. Telechelic polylactones functionalized with 
trimethoxysilyl groups. Polymer 2005;46:12103-12108. 
506 Huang, H.-X.; Yang, K.-K.; Wang, Y.-Z.; Wang, X.-L.; Li, J. Synthesis, characterization, and 
thermal properties of a novel pentaerythritol-initiated star-shaped poly(p-dioxanone). J. Polym Sci 
Part A: Polym Chem 2006;44:1245-1251. 
507 Helminen, A.; Korhonen, H.; Seppala, J. V. Biodegradable crosslinked polymers based on 
triethoxysilane terminated polylactide oligomers. Polymer 2001;42:3345-3353. 
508 Zeng, F.; Lee, H.; Chidiac, M.; Allen, C. Synthesis and Characterization of Six-Arm Star 
Poly(d-valerolactone)-block-Methoxy Poly(ethylene glycol) Copolymers. Biomacromolecules 
2005;6:2140-2149. 
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utilization of spirocyclic tin initiators for the preparation of star-shaped polylactides was 

also reported.510,511  Arvanitoyannis et al. reported the ROP of L-lactide (LLA) using 

glycerol in the presence of either Sn(Oct)2 or tetraphenyl tin to prepare star-shaped 

poly(L-lactide) (PLLA) in bulk at 130oC.512  In another study, D,L-3-methylglycolide 

was initiated with trimethylolpropane to generate a three-arm, star-shaped, poly(D,L-

lactic acid-alt-glycolic acid) that was subsequently used as a macroinitiator for block 

polymerization of LLA to obtain star-shaped poly(D,L-lactic acid-alt-glycolic acid)-b-

poly(L-lactic acid) of controlled molar mass.513,514  Copolymerization of lactide with 

various biodegradable and biocompatible compounds has received significant 

attention.515,516,517,518,519,520  Recently, Cao and coworkers reported the synthesis and 

                                                                                                                                                 
509 Choi, J.; Kim, I.-K.; Kwak, S.-Y. Synthesis and characterization of a series of star-branched 
poly(e-caprolactone)s with the variation in arm numbers and lengths. Polymer 2005;46:9725-
9735. 
510 Kricheldorf, H. R.; Krieiser-Saunders, I.; Boettcher, C. Polylactones. 31. Sn(II)octoate-
initiated polymerization of ±L-lactide: a mechanistic study. Polymer 1995;36:1253. 
511 Finne, A.; Albertsson, A.-C. Controlled Synthesis of Star-Shaped L-Lactide Polymers Using 
New Spirocyclic Tin Initiators. Biomacromolecules 2002;3:684-690. 
512 Arvanitoyannis, I.; Nakayama, A.; Kawasaki, N.; Yamamoto, N. Novel star-shaped 
polylactide with glycerol using stannous octoate or tetraphenyl tin as catalyst: 1. Synthesis, 
characterization and study of their biodegradability. Polymer 1995;36:2947. 
513 Dong, C.-M.; Qiu, K.-Y.; Gu, Z.-W.; Feng, X.-D. Synthesis of star-shaped poly(D,L-lactic 
acid-alt-glycolic acid) with multifunctional initiator and SnOct2 catalyst. Polymer 2001;42:6891-
6896. 
514 Dong, C.-M.; Qiu, K.-Y.; Gu, Z.-W.; Feng, X.-D. Synthesis of star-shaped poly(D,L-lactic 
acid-alt-glycolic acid)-b-poly(L-lactic acid) with the poly(D,L-lactic acid-alt-glycolic acid) 
macroinitiator and stannous octoate catalyst. J. Polym. Sci. Part A: Polym. Chem. 2002;40:409-
415. 
515 Amsden, B. G.; Tse, M. Y.; Turner, N. D.; Knight, D. K.; Pang, S. C. In Vivo Degradation 
Behavior of Photo-Cross-Linked star-Poly(e-caprolactone-co-D,L-lactide) Elastomers. 
Biomacromolecules 2006;7:365-372. 
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characterization of amphiphilic asymmetric linear-dendritic poly(L-lactide)-b-dendritic 

poly(L-lysine)s bearing the hydrophilic poly(L-lysine) dendron block which is effective 

as a functional vector for external DNA transfection.521  In another study, Ohya et al. 

reported the synthesis of poly(aspartic acid)-b-poly(L-lactide) diblock copolymers with a 

hydrophilic poly(aspartic acid) segment and a hydrophobic PLLA segment.522  The 

polymers formed spherical micelles in aqueous solutions and the chain length ratio of the 

poly(aspartic acid) segment to the PLLA segment, as well as the pH of the solution 

affected the diameter of the polymeric micelles.  Water soluble chitosan derivatives 

containing PDLLA units were reported.523  The chitosan-PDLLA graft copolymers were 

prepared through the ROP of DLLA with chitosan in DMSO in the presence of 

                                                                                                                                                 
516 Min, C.; Cui, W.; Bei, J.; Wang, S. Biodegradable shape-memory polymer-polylactide-co-
poly(glycolide-co-caprolactone) multiblock copolymer. Polym. Advanced Tech. 2005;16:608-
615. 
517 Kricheldorf, H. R.; Rost, S.; Wutz, C.; Domb, A. Stereocomplexes of A-B-A Triblock 
Copolymers Based on Poly(L-Lactide) and Poly(D-Lactide) A Blocks. Macromolecules 
2005;38:7018-7025. 
518 Huang, M.-H.; Li, S.; Vert, M. Synthesis and degradation of PLA-PCL-PLA triblock 
copolymer prepared by successive polymerization of e-caprolactone and DL-lactide. Polymer 
2004;45:8675-8681. 
519 Mosnacek, J.; Duda, A.; Libiszowski, J.; Penczek, S. Copolymerization of LL-Lactide at its 
Living Polymer-Monomer Equilibrium with e-Caprolactone as Comonomer. Macromolecules 
2005;38:2027-2029. 
520 Gautier, S.; D'Aloia, V.; Halleux, O.; Mazza, M.; Lecomte, P.; Jerome, R. Amphiphilic 
copolymers of e-caprolactone and g-substituted e-caprolactone. Synthesis and functionalization of 
poly(D,L-lactide) nanoparticles. J. Biomater. Sci., Polym. Ed. 2003;14:63-85. 
521 Jacobsen, S.; Degée, P.; Fritz, H. G.; Dubois, P.; Jérôme, R. Polylactide (PLA)-a new way of 
production. Polym. Eng. Sci. 1999;39:1311. 
522 Arimura, H.; Ohya, Y.; Ouchi, T. Formation of Core-Shell Type Biodegradable Polymeric 
Micelles from Amphiphilic Poly(aspartic acid)-block-Polylactide Diblock Copolymer. 
Biomacromolecules 2005;6:720-725. 
523 Wu, Y.; Zheng, Y.; Yang, W.; Wang, C.; Hu, J.; Fu, S. Synthesis and characterization of a 
novel amphiphilic chitosan-polylactide graft copolymer. Carbohydr. Polym. 2005;59:165-171. 
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triethylamine.  Chen et al. reported a new method of preparing biodegradable starch 

grafted copolymers through in situ ring opening graft polymerization of LLA using a 

surface modified starch macroinitiator in the presence of Sn(Oct)2.524   

Biodegradable and biocompatible copolymers based on polylactide (PLA) and 

PEG have received significant attention for diverse applications including controlled drug 

delivery and tissue engineering.525,526,527  This is due to their biodegradability, 

bioresorbable PLA segments and protein resistant PEG segments.  Furthermore, PEG 

exhibits outstanding physiochemical and biological properties that includes solubility in 

water and a wide range of organic solvents, non-toxicity and absence of antigenicity and 

immunogenicity.528,529  Faria et al. reported the preparation and characterization of 

nanocapsules based on PDLLA-PEG diblock copolymer containing the antitumoral 

                                                 
524 Chen, L.; Qiu, X.; Deng, M.; Hong, Z.; Luo, R.; Chen, X.; Jing, X. The starch grafted poly(L-
lactide) and the physical properties of its blending composites. Polymer 2005;46:5723-5729. 
525 Haggan, S. A.; Coombes, A. G. A.; Garnett, M. C.; Dunn, S. E.; Davis, M. C.; Illum, L.; 
Davis, S. S.; Harding, S. E.; Purkiss, S.; Gellert, P. R. Polylactide-Poly(ethylene glycol) 
Copolymers as Drug Delivery Systems. 1. Characterization of Water Dispersible Micelle-
Forming Systems. Langmuir 1996;12:2153. 
526 Piskin, E.; Kaitian, X.; Denkbas, E. B.; Kucukyavus, Z. Novel PDLLA/PEG copolymer 
micelles as drug carriers. J. Biomater. Sci., Polym. Ed. 1995;7:359. 
527 Huang, N.; Csucs, G.; Emoto, K.; Yukio, N.; Kataoka, K.; Textor, M.; Spencer, N. D. 
Covalent Attachment of Novel Poly(ethylene glycol)-Poly(DL-lactic acid) Copolymeric Micelles 
to TiO2 Surfaces. Langmuir 2002;18:252. 
528 Lee, S.; Kim, S. H.; Han, Y.-K.; Kim, Y. H. Synthesis and characterization of poly(ethylene 
oxide)/ polylactide/poly(ethylene oxide) triblock copolymer. J. Polym. Sci. Part A: Polym. Chem. 
2002;40:2545. 
529 Lee, J. H.; Kopecek, J.; Andrade, J. D. Protein-resistant surfaces prepared by PEO-containing 
block copolymer surfactants. J. Biomed. Mater. Res. 1989;23:351. 
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agent, methotrexate.530  The PDLLA-PEG-based nanocapsules containing methotrexate 

were obtained with high encapsulation efficiency and drug recovery values.  Ren et al. 

investigated the preparation of nanoparticles based on PDLLA-PEG diblock copolymers 

through nanoprecipitation.531  The effect of parameters such as the solvent-non-solvent 

system and the addition of a surfactant were evaluated in addition to morphological 

characterization of the nanoparticles using transmission electron microscopy (TEM).  

Fujiwara et al. prepared a diblock copolymer of PLLA and PEG with a photoreactive 

cinnamate attached to the free terminal PEG block,532 while Kao et al. reported 

thermoresponsive binary component hydrogels composed of gelatin and monomethoxy 

PEG-PDLLA diblock copolymers.533  Katoaka et al reported the thermal behavior of 

PDLLA-PEG diblocks with a pyrene group conjugated to the terminal end of the PDLLA 

block.534   

Semicrystalline PLLA has a glass transition temperature (Tg) of 58 ºC and a 

melting temperature (Tm) of 184 oC, while amorphous PDLLA has a Tg of 55 oC.  Thus, 

                                                 
530 de Faria, T. J.; Machado de Campos, A.; Senna, E. L. Preparation and characterization of 
poly(D,L-lactide) (PLA) and poly(D,L-lactide)-poly(ethylene glycol) (PLA-PEG) nanocapsules 
containing antitumoral agent methotrexate. Macromol. Symp. 2005;229:228-233. 
531 Ren, J.; Hong, H.; Song, J.; Ren, T. Particle size and distribution of biodegradable poly-D,L-
lactide-co-poly(ethylene glycol) block polymer nanoparticles prepared by nanoprecipitation. J. 
Appl. Polym. Sci. 2005;98:1884-1890. 
532 Fujiwara, T.; Iwata, T.; Kimura, Y. Highly stabilized nanostructures from poly(L-lactide)-
block-poly(oxyethylene) having a photoreactive end functionality. J. Polym. Sci. Part A: Polym. 
Chem. 2001;39:4249. 
533 Yang, H.; Kao, W. J. Thermoresponsive Gelatin/Monomethoxy Poly(Ethylene Glycol)-
Poly(d,l-lactide) Hydrogels: Formulation, Characterization, and Antibacterial Drug Delivery. 
Pharma. Res. 2006;23:205-214. 
534 Jule, E.; Yamamoto, Y.; Thouvenin, M.; Nagasaki, Y.; Kataoka, K. Thermal characterization 
of poly(ethylene glycol)-poly(d,l-lactide) block copolymer micelles based on pyrene excimer 
formation. J. Controlled Release 2004;97:407-419. 
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polylactide is rigid and brittle below the Tg and exhibit an elasticity modulus of 3500 

MPa, a maximum tensile strength of 50 MPa and an elongation at break of 4%.535  

Modification of polylactides through copolymerization with various biodegradable and 

biocompatible plasticizer systems is therefore a method of choice to enlarge the 

application scope of biodegradable aliphatic polyesters.  Albertsson and Löfgren reported 

copolymerization of LLA with 1,5-dioxepan-2-one (DXO) to yield an amorphous 

poly(1,5-dioxepan-2-one-co-L-lactic acid) with a Tg of +10.536  The poly(1,5-dioxepan-2-

one-co-L-lactic acid) was also soft and flexible with an elastic modulus of 30 ± 9% MPa, 

tensile strength of 21 ± 7% MPa and an elongation at break of 418 ± 15% MPa.  The 

plasticizing effect of PEG is well documented.537,538  Recently, Piorkowska et al. 

demonstrated the effective plasticization of semicrystalline PLLA using PEG and 

monomethyl ether-terminated PEG (PEGOMe).539  Other possible plasticizing agents for 

polylactide include substituted trimethylene carbonate (TMC, 1,3-dioxanone).540  

                                                 
535 Jacobsen, S.; Fritz, H. G. Plasticizing polylactide-the effect of different plasticizers on 
the mechanical properties. Polym. Eng. Sci. 1999;39:1303. 
536 Albertsson, A.-C.; Löfgren, A. Synthesis and characterization of poly(1,5-dioxepan-2-one-co-
L-lactic acid) and poly(1,5-dioxepan-2-one-co-D-lactic acid). J. Macromol. Sci.- Pure Appl. 
Chem. 1995;A32:41. 
537 Jin, S.; Gonsalves, K. E. Synthesis of poly(L-lactide-co-serine) and its graft copolymers with 
poly(ethylene glycol). Polymer 1998;39:5155-5162. 
538 Jacobsen, S.; Fritz, H. G. Plasticizing polylactide-the effect of different plasticizers on the 
mechanical properties. Polym. Eng. Sci. 1999;39:1303. 
539 Kulinski, Z.; Piorkowska, E. Crystallization, structure and properties of plasticized poly(L-
lactide). Polymer 2005;46:10290-10300. 
540 Cai, J.; Zhu, K.; Yang, S. L. Surface biodegradable copolymers - poly(D,L-lactide-co-
1-methyl-1,3-trimethylene carbonate) and poly(D,L-lactide-co-2,2-dimethyl-1,3-
trimethylene carbonate): preparation, characterization and biodegradation characteristics 
in vivo. Polymer 1998;39:4409. 
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Polycarbonates are widely utilized in biomedical applications due to their 

biocompatibility, low toxicity, and biodegradability.541  The preparation of random and 

block copolymers of TMC with various aliphatic polyesters is the known to decrease the 

Tg, improve the flexibility and reduce the rate of hydrolytic degradation of the poly(ester 

carbonate)s.542  Herein, we describe the synthesis and characterization of four- and six-

arm star-shaped PDLLA using pentaerythritol and dipentaerythritol, respectively.  

Copolymerization of DLLA with various PEGs to prepare linear diblock and triblock 

copolymers as well as the synthesis of four-arm, star-shaped, random copolymers of 

methyltrimethylene carbonate (MTMC) and DLLA are presented.  1H NMR 

spectroscopy, size exclusion chromatography (SEC), and differential scanning 

calorimetry (DSC) were used to characterize the star-shaped polymers and copolymers 

and thermogravimetric analysis were performed.   

6.3 Experimental 

6.3.1 Materials 

D,L-lactide (DLLA, 98%) from Aldrich was recrystallized twice from ethyl 

acetate and dried for several days under reduced pressure at 60 oC prior to use. 

Pentaerythritol (99%, PTOL, Aldrich), dipentaerythritol (DPTOL, Aldrich), 

Poly(ethylene glycol) (PEG) (MW = 200) and poly(ethylene glycol) methyl ether (PEG-

OMe) (MW = 350) were dried under reduced pressure at 60 oC for 24 h.  Stannous(II) 

                                                 
541 Wang, X.-L.; Zhuo, R.-X.; Liu, L.-J.; He, F.; Liu, G. Synthesis and characterization of novel 
aliphatic polycarbonates. J. Polym. Sci. Part A: Polym. Chem. 2001;40:70-75. 
542 Kricheldorf, H. R.; Stricker, A. Polymers of carbonic acid, 28a, SnOct2-initiated 
polymerizations of trimethylene carbonate (TMC, 1,3-dioxanone-2). Macromol. Chem. Phys. 
2000;201:2557-2565. 
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ethylhexanoate (Sn(Oct)2, Aldrich), aluminum isopropoxide (99.99+%, Aldrich), diethyl 

carbonate (99%, Aldrich), 1,3-butanediol (≥99%, Aldrich), sodium methoxide (95%, 

Aldrich), tolylene 2,4-diisocyanate (95%, Aldrich) were used as received.  Toluene 

(99.5%, EMD Chemicals) was distilled from metallic sodium and benzophenone (99%, 

Aldrich) / tetra(ethylene glycol) dimethyl ether (99%, Aldrich) immediately prior to use.   

6.3.2 Characterization 

The polymer composition and number average molar mass were determined using 

1H NMR spectroscopy.  The spectra were obtained using a Varian UNITY Spectrometer 

operating at 400 MHz using CDCl3 as the solvent.  Molar masses and molar mass 

distributions were determined at 40 oC in THF (ACS grade) at a flow rate of 1 mL/min 

using a Waters 717 Autosampler equipped with a Waters 2410 refractive index detector, 

a Wyatt Technology MiniDAWN MALLS detector, and a Viscotek 270 viscosity 

detector.  Reported molar masses are based on absolute measurements using the MALLS 

detector.  Glass transition temperatures were determined under nitrogen using a Perkin-

Elmer Pyris 1 cryogenic differential scanning calorimetry (DSC) instrument at a heating 

rate of 10 °C/min. The Tg is reported as the transition midpoint during the second heat.  

Thermogravimetric analysis (TGA) was performed under N2 atmosphere at a heating rate 

of 10 ºC/min using a TA Instrument Hi-Res TGA 2950.     

6.3.3 Synthesis of Star-shaped PDLLAs 
 

Pentaerythritol and dipentaerythritol were used as initiators to prepare four- and 

six-arm star-shaped, PDLLA, respectively.  A typical procedure for the six-arm, star-

shaped, PDLLA (Mn = 10000 g/mol) is as follows:  DLLA (5 g, 0.035 mol), 

dipentaerythritol (0.13 g, 0.0005 mol) was added under nitrogen to a flame-dried, 50-mL 
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round-bottomed flask containing a magnetic stir bar and sealed with a rubber septum.  

The system was purged with nitrogen.  The reaction flask was immersed in a 140 oC oil 

bath and sufficient time was allowed for the lactide to melt.  A catalytic amount of 

Sn(Oct)2 (0.0006 mol ≈ 200 ppm) in toluene was added, and the reaction mixture was 

allowed to stir for 10 min.  The reaction temperature was decreased to 130 oC, and the 

reaction was allowed to proceed for 24 h.  The product was dissolved in chloroform, 

precipitated several times in a hexane/methanol mixture (90:10), and dried under reduced 

pressure at 60 oC for 24 h.  1H NMR (400 MHz, CDCl3, δ) 5.2 (poly(D,L-lactide), 1H per 

repeating unit, -CH-) 4.4 (1H, -CH-), 4.2 (2H, -CH2-), 3.4 (4H, -CH2-O-CH2-), 2.8 (1H, 

OH), 1.6 (poly(D,L-lactide), 3H per repeating unit, -CH3).   

Four-arm, star-shaped, PDLLA was synthesized in a similar manner, however, 

pentaerythritol was used.  1H NMR (400 MHz, CDCl3, δ) 5.2 (poly(D,L-lactide), 1H per 

repeating unit, -CH-) 4.4 (1H, -CH-), 4.2 (2H, -CH2-), 2.7 (1H, OH), 1.6 (poly(D,L-

lactide), 3H per repeating unit, -CH3).  The synthetic scheme for the preparation of the 

star-shaped PDLLAs is illustrated in Scheme 6-1. 
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Scheme 6-1.  Synthetic methodology for the preparation of (A) four-arm and (B) six-arm, 

star-shaped, PDLLA  
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6.3.4  Synthesis of PDLLA-based Copolymers. 

6.3.4.1 Synthesis of Diblock and Triblock Copolymers Containing PDLLA and 

PEG. 

PEG and poly(ethylene glycol) methyl ether (PEG-OMe) were used as initiators 

for copolymerization with DLLA to obtain triblock and diblock copolymers respectively.  

A typical procedure for the synthesis of the diblock copolymer (PDLLA-PEG-OMe, Mn 

= 10000) is as follows:  DLLA (5 g, 0.0350 mol) was added under nitrogen to a flame-

dried, 50-mL round-bottomed flask containing a magnetic stir bar and sealed with a 

rubber septum. The system was purged with nitrogen.  Poly(ethylene glycol) (PEG) (0.2 

g, 0.00050 mol) was added via syringe under nitrogen. The reaction flask was immersed 

in a 130 oC oil bath and sufficient time was allowed for the lactide to melt.  A catalytic 

amount of Sn(Oct)2 (0.0006 mol ≈ 200 ppm) in toluene was added, and the reaction 

mixture was allowed to stir for 10 min.  The reaction temperature was decreased to 120 

oC, and the reaction was allowed to proceed for 24 h.  The product was dissolved in 

chloroform, precipitated several times in a hexane/methanol mixture (90:10), and dried 

under reduced pressure at 60 oC for 24 h.  1H NMR (400 MHz, CDCl3, δ) 5.1 (poly(D,L-

lactide), 1H per repeating unit, -CH-), 4.3 (3H, -CH-, -CH2-), 3.4-3.9 (polyethylene 

glycol), 4H per repeating unit, -CH2CH2-), 3.4 (3H, -OCH3), 2.9 (1H, OH), 1.5 

(poly(D,L-lactide), 3H per repeating unit, -CH3).   

Diblock copolymers were prepared in a similar manner; however, PEG was used 

as initiator.  1H NMR (400 MHz, CDCl3, δ) 5.1 (poly(D,L-lactide), 1H per repeating unit, 

-CH-),  4.3 (3H, -CH-, -CH2-), 3.4-3.9 (polyethylene glycol), 4H per repeating unit,  

-CH2CH2-), 2.9 (1H, OH), 1.5 (poly(D,L-lactide), 3H per repeating unit, -CH3). 
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6.3.4.2 Synthesis of Poly(D,L-lactide)-co-Poly(methyltrimethylene carbonate) 

(PDLLA-co-PMTMC) Random Copolymers 

6.3.4.2.1 Synthesis of Methyltrimethylene Carbonate (MTMC) Monomer 

MTMC was synthesized according to literature.543  Diethyl carbonate (1.16 mol), 

1,3-butanediol (1.12 mol), and sodium methoxide (0.056 mol) were added under nitrogen 

into a flame-dried, 50-mL round-bottomed flask containing a magnetic stir bar and sealed 

with a rubber septum.  The mixture was heated and ethanol was removed simultaneously 

through distillation.  The residual mixture was filtered and dissolved in an equal volume 

of benzene, washed with water, and dried over molecular sieves.  The crude product was 

distilled under reduced pressure.  The product was purified through addition of tolylene 

2,4-diisocyanate and recrystallization twice in methanol/ethyl ether mixed solvent.  The 

product was subsequently dried under reduced pressure for 24 h.  1H NMR (400 MHz, 

CDCl3, δ) 4.6 (1H, -OCOCH(CH3)-), 4.3 (2H, (-OCOCH2-), 1.8-2.1 (2H, -CH2-).  The 

synthetic scheme for the preparation of the MTMC monomer is illustrated in Scheme 6-2. 

 

 

 

 

 

 

 

                                                 
543 Cai, J.; Zhu, K.; Yang, S. L. Surface biodegradable copolymers - poly(D,L-lactide-co-1-
methyl-1,3-trimethylene carbonate) and poly(D,L-lactide-co-2,2-dimethyl-1,3-trimethylene 
carbonate): preparation, characterization and biodegradation characteristics in vivo. Polymer 
1998;39:4409. 

 190



Scheme 6-2.  Synthetic methodology for the preparation of MTMC Monomer.           
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6.3.4.2.2 Synthesis of Linear Poly(methyltrimethylene Carbonate (PMTMC) 

Homopolymer. 

MTMC (1.0 g, 0.0086 mol) and aluminum isopropoxide (0.0018 g) were added 

under nitrogen to a flame-dried, 100-mL round-bottomed flask containing a magnetic stir 

bar and sealed with a rubber septum and the system was purged with nitrogen.  The 

reaction flask was immersed in a 140 oC oil bath for 24 h.  The product was dissolved in 

chloroform, precipitated several times in methanol and dried under reduced pressure at 50 

oC for 24 h. 1H NMR (400 MHz, CDCl3, δ) 4.9 (1H, OCO-CH(CH3)-),  

4.2 (2H, OCO-CH2), 1.93 (-CH2-), 1.3 (-CH3) 

6.3.4.2.3 Synthesis of Four-arm, Star-shaped PDLLA-MTMC Random Copolymer 

MTMC (1.0 g), DLLA (1.0 g), and PTOL (0.0001 mol) were added under 

nitrogen to a flame-dried, 100-mL round-bottomed flask containing a magnetic stir bar 

and sealed with a rubber septum, and the system was purged with nitrogen.  The reaction 

flask was immersed in a 140 oC oil bath and sufficient time was allowed for the lactide to 

melt.  A catalytic amount of Sn(Oct)2 (0.0006 mol ≈ 200 ppm) in toluene was added, and 

the reaction mixture was allowed to stir for 10 min.  The reaction temperature was 

decreased to 130 oC, and the reaction was allowed to proceed for 24 h.  The product was 

dissolved in chloroform, precipitated several times in a hexane/methanol mixture (90:10), 

and dried under reduced pressure at 60 oC for 24.  1H NMR (400 MHz, CDCl3, δ) 5.2 

(poly(D,L-lactide), 1H per repeating unit, -CH-), 4.9 (1H, -OCOCH(CH3)-),  

4.2 (poly(methyltrimethylene carbonate), 2H per repeating unit, -CH2-), 4.4 (2H,  

-OCOCH2-), 2.8 (1H, OH), 1.9 (2H, -CH2-), 1.6 (poly(D,L-lactide), 3H per repeating 

unit, -CH3), 1.3 (poly(methyltrimethylene carbonate), 3H per repeating unit, -CH3).   
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6.4 Results and Discussion 

6.4.1 Synthesis and Characterization of Four- and Six-arm, Star-shaped, PDLLA 

A series of star-branched PDLLAs possessing architectural variations in arm 

number and arm length were synthesized through ring opening polymerization of DLLA 

with multifunctional initiating cores in the presence of Sn(Oct)2.  Variations in the 

number of arms were obtained through utilization of PTOL and DPTOL to obtain four- 

and six-arm, star-shaped, PDLLAs, respectively (Scheme 6-1).  Moreover, the arm 

lengths were varied through controlling of the monomer-to-initiator molar ratio.  

Characterization of the star-shaped PDLLAs with 1H NMR spectroscopy was performed 

(Figure 6-1A).  The four-arm, star-shaped, PDLLA exhibited four resonances.  

Resonance a, which was assigned to the methine proton in the PDLLA repeat unit at 5.12 

ppm, and resonance c which was assign to the methylene protons at 4.4 ppm adjacent to 

the ester protons were compared to obtain the absolute number-average molar mass.  

Excellent agreement existed between the 1H NMR and SEC number-average molar mass, 

and the molar mass was in agreement with the targeted molar mass (Table 6-1).  The 

molar mass ranged from 10700 to 41400 g/mol while the molar mass distributions ranged 

from 1.13-1.33.  Similarly, polymerization of DLLA with DPTOL afforded well-defined 

six-arm, star-shaped, PDLLA with controlled molar mass ranging from 7490 to 59500 

and molar mass distributions ranging from 1.46 to 1.57 as shown as Table 6-1.  The 1H 

NMR number-average molar mass determinations for six-arm, star-shaped PDLLA 

(Figure 6-1B) were performed in a fashion similar to the analysis of the four-arm stars. 

The six-arm star polylmer showed the typical proton signals of the PDLLA main chain as 

found in four-arm star and an additional proton signal at at 3.4 ppm which was assigned 
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to methyleneoxy protons, -CH2OCH2- in the dipentaerythritol core.  The molar mass 

distributions for the four-arm, star-shaped PDLLA increased with increasing molar mass 

while the molar mass distributions for the six-arm, star-shaped PDLLA were relatively 

broad and were attributed to increased steric hindrance with increasing arm molar mass, 

number of arms and transesterification reactions.   
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Figure 6-1. 1H NMR spectrum of a typical (A) four- and (B) six-arm, star-shaped 

PDLLA. 
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Table 6-1.  Characterization of Star-shaped PDLLAs  
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The effect of number of arms on solution viscosity was investigated using 10 wt% 

solutions of the four-arm, star-shaped PDLLA, (Mw = 34200 g/mol) and six-arm, star-

shaped, PDLLA (Mw = 43400 g/mol) in THF at ambient temperature.  The zero shear 

viscosities (η0) of the star polymer were determined from extrapolation to the x-axis 

(Figure 6-2).  The four-arm, star-shaped, PDLLA solution yielded a near-Newtonian fluid 

with a η0 of approximately 4.6 Pa.s, which was higher than the six-arm, star-shaped 

PDLLA with similar arm molar mass (0.98 Pa.s).  Additionally, the onset of shear 

thinning occurred at lower shear rate for the four-arm star-shaped relative to the six-arm 

star polymer.  The critical molecular weight for entanglements, Mc, for polylactide is 

approximately 9000 g/mol while the molecular weight between entanglements, Me, is 

4000 g/mol.544,545  The arm molar mass of the four- and six-arm, star PDLLAs were 8550 

and 7250 g/mol respectively.  Hence, the relatively higher η0 of the four-arm star-shaped, 

PDLLA was therefore attributed to increased entanglements compared to the six-arm star 

polymer with shorter arm lengths.   

 

 

 

 

 

 

                                                 
544 Dorgan, J. R.; Janzen, J.; Clayton, M. P.; Hait, S. B.; Knauss, D. M. Melt rheology of variable 
L-content poly(lactic acid). J. Rheol. 2005;49:607-619. 
545 Palade, L.-I.; Lehermeier, H. J.; Dorgan, J. R. Melt Rheology of High L-Content Poly(lactic 
acid). Macromolecules 2001;34:1384-1390. 
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Figure 6-2. Solution Rheology of four- and six-arm, star-shaped, PDLLA 
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6.4.2 Synthesis and Characterization of Block Copolymers Based on PDLLA and 
PEG 

The ROP of DLLA with PEG-OMe and PEG was performed to afford diblock 

and triblock copolymers, PDLLA-PEGOMe and PDLLA-PEG-PDLLA, respectively.  

Characterization of the block copolymers with 1H NMR spectroscopy (Figure 6-3) and 

absolute number-average molar mass determinations were performed in a fashion similar 

to the analysis of the star-shaped polymers.   

The Tg of both diblock and triblock copolymers based on PDLLA and PEG 

increased with increasing molar mass.  For instance, the Tg of the PDLLA-PEGOMe 

diblock copolymer increased from -22 to -3.7 oC as the molar mass increased from 1150 

to 2050 g/mol, whereas, an increase in the Tg from -26 to 15 ºC was observed for 

PDLLA-PEG-PDLLA triblock copolymers (Table 6-2).  The increase in Tg corresponded 

linearly with the weight fraction of PEG initiator fragments to PDLLA segments.  Hence, 

as the PDLLA segment increased with increasing block copolymer molar mass, the 

weight percent of PEG in the polymer decreased, thereby increasing the Tg.   
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Figure 6-3. 1H NMR spectrum of diblock poly(DLLA-PEGOMe) (PDLLA-PEGOMe) 

(Top), and triblock poly(DLLA-PEG-DLLA) (PDLLA-PEG-PDLLA) (Bottom) 

copolymers. 
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Table 6-2.  Characterization of PDLLA-PEG diblock and triblock copolymers.  
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TGA of a four-arm, star-shaped PDLLA and a diblock PDLLA-PEG copolymer 

are shown in Figure 6-4.  The diblock PDLLA-PEGOMe was synthesized using 

PEGOMe with a molar mass of 2000 g/mol.  The absolute number average molar mass of 

the diblock copolymer determined using 1H NMR spectroscopy was 3020 g/mol and the 

wt% PDLLA and PEG segments were 19 and 81 respectively (Mn (SEC) = 4200 g/mol, 

Mw/Mn = 1.09).  The onset of degradation for star-shaped PDLLA homopolymer was 189 

ºC while 99% weight loss was observed at 259 ºC (Figure 6-4A).  On the other hand, a 

two-step degradation process was observed for the PDLLA-PEGOMe diblock copolymer 

(Figure 6-4B).  The first stage degradation occurred at 243 ºC with 20% weight loss and 

was attributed to the PDLLA segment while the onset of the second degradation process 

occurred at 374 ºC and a total weight loss of 78% was observed at 409 ºC.  The onset of 

degradation of PEG is known to occur at temperatures higher than 300 ºC,546 thus, the 

second stage degradation was attributed to the thermal decomposition of the remaining 

PEG segment.  Moreover the weight loss of PDLLA and PEG obtained from TGA were 

consistent with the weight loss calculated from 1H NMR analysis.   

 

 

 

 

 

 

                                                 
546 Li, X.; Loh Xian, J.; Wang, K.; He, C.; Li, J. Poly(ester urethane)s consisting of poly[(R)-3-
hydroxybutyrate] and poly(ethylene glycol) as candidate biomaterials: characterization and 
mechanical property study. Biomacromolecules 2005;6:2740-7. 
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Figure 6-4.  Thermogravimetric traces for (A) four-arm, star-shaped PDLLA (Mn = 9850 

g/mol and (B) linear PDLLA-PEGOMe diblock copolymer (Mn = 3020 (1H NMR, wt% 

PDLLA and PEG = 19% and 81% respectively).  
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6.4.3 Synthesis and Characterization of Four-arm, Star-shaped Random 
Copolymers Based on PDLLA and Poly(methyltrimethylene carbonate) (PMTMC)  
 

The homopolymerization of MTMC was performed in bulk using Al(OiPr)3 as 

initiator to obtain linear PMTMC of molar mass 8400 and molar distribution of 1.44.  In 

addition, ring opening polymerization of MTMC and DLLA in the presence of 

PTOL/Sn(Oct)2 was performed to obtain a series of four-arm, star-shaped, PDLLA-

PMTC random copolymers as shown in Figure 6-5. 1H NMR spectroscopy was used to 

characterize the random copolymers (Figure 6-5).  Resonance a, which was assigned to 

the methine proton in the PDLLA repeat unit at 5.2 ppm, and resonance b, which was 

assigned to the methine proton of the PDLLA end group were compared to obtain the 

absolute number-average molar mass of the PDLLA segment.  To obtain the absolute 

number average molar mass of the PMTMC segment, resonance d and f at 4.2 and 1.9 

ppm respectively, were compared.  Characterization of the star-shaped copolymers with 

SEC was also performed and the successful copolymerization of the DLLA and MTMC 

to obtain well-defined, PDLLA-PMTC random copolymers with relatively narrow molar 

mass distributions (1.13 – 1.29) was confirmed (Table 6-3).  Thermal properties of the 

linear homopolymer and random star-shaped, copolymers were determined using DSC.  

As expected based on published reports,547 the Tg decreased with increasing PMTMC 

content in the copolymer for star polymers with identical molar masses (Table 6-3).   

 

 

                                                 
547 Tsutsumi, C.; Yasuda, H. Biodegradation of copolymers composed of optically active L-
lactide and (R)- or (S)-1-methyltrimethylene carbonate. J. Polym. Sci. Part A: Polym. Chem. 
2001;39:3916-3927. 
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Figure 6-5. Synthesis and 1H NMR characterization of poly(DLLA-co-MTMC) PDLLA-

PMTC random copolymers. 
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Table 6-3.  Characterization of PDLLA-PMTMC random copolymers.  
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a 1H NMR in CDCl3. b SEC, MALLS with polystyrene standards. c Weight % MTMC 

calculated using 1H NMR spectroscopy. d DSC under nitrogen at 10 ºC/min (second 

heating). 
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6.5 Conclusions 

 A series of well-defined, four- and six-arm, star-shaped, PDLLAs of controlled 

molar mass ranging from 10500 to 57400 were synthesized through the ring opening 

polymerization of DLLA using pentaerythritol and dipentaerythritol, respectively.  The 

four-arm, star-shaped PDLLA exhibited high solution viscosity compared to six-arm, 

star-shaped PDLLA of identical molar mass (4.6 and 0.98 Pa.s respectively,).  Linear 

poly(D,L-lactide)-b-poly(ethylene glycol methyl ether) (PDLLA-b-PEGOMe) diblock 

and poly(D,L-lactide)-b-poly(ethylene glycol)-b-poly(D,L-lactide) (PDLLA-PEG-

PDLLA) triblock copolymers were also synthesized.  The diblock and triblock 

copolymers were synthesized through the ROP of DLLA with PEGOMe and PEG 

respectively in the presence of Sn(Oct)2.  The glass transition temperature (Tg) of the 

block copolymer decreased with increasing PEG content in the copolymer.  Furthermore, 

four-arm, star-shaped, random copolymers based on PDLLA and methyltrimethyl 

carbonate (MTMC) were synthesized and a strong dependence of Tg on the PMTMC 

content in the copolymer was revealed.   
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Chapter 7: Porous Thin Films Based on Photo-Crosslinked 
Star-shaped Poly(D,L-lactide)s 

 

Reproduced From: 

Karikari, A. S.; Heisey, C. L.; Rawlett, A. M. and Long, T. E. Porous Thin Films Based 
on Photo-Crosslinked Star-shaped Poly(D,L-lactide)s. Langmuir 2006; Sumbitted. 
 

7.1 Abstract 

Self-assembly processes and subsequent photo-crosslinking were used to generate 

crosslinked, ordered microporous structures on the surfaces of well defined four-arm star-

shaped poly(D,L-lactide) (PDLLA) thin films. The four-arm, star-shaped, PDLLAs were 

synthesized using an ethoxylated pentaerythritol initiator.  Solutions of the PDLLAs were 

cast in a humid environment and upon solvent evaporation, ordered honeycomb 

structures (or breath figures) were obtained.  Correlations between molar mass, polymer 

solution viscosity, and pore dimensions were established.  The average pore dimension 

decreased with increasing polymer solution concentration, and a linear relationship was 

observed between relative humidity and average pore dimensions.  Highly ordered 

microporous structures were also developed on four-arm star-shaped methacrylate-

modified PDLLA (PDLLA-UM) thin films.  Subsequent photo-crosslinking resulted in 

more stable PDLLA porous films. The photo-crosslinked films were insoluble and the 

honeycomb structures were retained despite solvent exposure.  Free standing, structured 

PDLLA-UM thin films were obtained upon drying for 24 h.  Ordered microporous films 

based on biocompatible and biodegradable polymers, such as PDLLA, offer potential 

applications in biosensing and biomedical applications.    
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Keywords: breath figures, microporous structures, honeycomb structures, polylactide, 

photo-crosslink  

7.2 Introduction 

Hierarchically-ordered porous films in the micrometer range are of significant 

interest for potential applications in various fields including membrane technologies548 

and microbiology.549  Although many lithographic techniques550,551 are known for the 

successful fabrication of porous thin films, the breath figure approach has received 

considerable interest due to the simple, inexpensive, and robust mechanism of pattern 

formation.552,553,554,555,556  

                                                 
548 Yang, G.; Xiong, X.; Zhang, L. Microporous formation of blend membranes from 
cellulose/konjac glucomannan in NaOH/thiourea aqueous solution. J. Membr. Sci. 2002;201:161-
173. 
549 Nishikawa, T.; Nonomura, M.; Arai, K.; Hayashi, J.; Sawadaishi, T.; Nishiura, Y.; Hara, M.; 
Shimomura, M. Micropatterns based on deformation of a viscoelastic honeycomb mesh. 
Langmuir 2003;19:6193-6201. 
550 Petronis, S.; Gretzer, C.; Kasemo, B.; Gold, J. Model porous surfaces for systematic studies of 
material-cell interactions. J. Biomed. Mater. Res. 2003;66A:707-721. 
551 Sirbuly, D. J.; Lowman, G. M.; Scott, B.; Stucky, G. D.; Buratto, S. K. Patterned 
microstructures of porous silicon by dry-removal soft lithography. Adv. Mater. 2003;15:149-152. 
552 Srinivasarao, M.; Collings, D.; Philips, A.; Patel, S. Three-dimensionally ordered array of air 
bubbles in a polymer film. Science 2001;292:79-82. 
553 Yabu, H.; Shimomura, M. Simple Fabrication of Micro Lens Arrays. Langmuir 2005;21:1709-
1711. 
554 Zhao, B.; Li, C.; Lu, Y.; Wang, X.; Liu, Z.; Zhang, J. Formation of ordered macroporous 
membranes from random copolymers by the breath figure method. Polymer 2005;46:9508-9513. 
555 Hernandez-Guerrero, M.; Davis, T. P.; Barner-Kowollik, C.; Stenzel, M. H. Polystyrene comb 
polymers built on cellulose or poly(styrene-co-2-hydroxyethyl methacrylate) backbones as 
substrates for the preparation of structured honeycomb films. Eur. Polym. J. 2005;41:2264-2277. 
556 Song, L.; Bly, R. K.; Wilson, J. N.; Bakbak, S.; Park, J. O.; Srinivasarao, M.; Bunz, U. H. F. 
Facile microstructuring of organic semiconducting polymers by the breath figure method: 
Hexagonally ordered bubble arrays in rigid-rod polymers. Adv. Mater. 2004;16:115-118. 
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Breath figures are derived from ordered micrometer-sized water droplets that 

form during vapor condensation onto a polymer solution surface.557  The process, also 

known as the solvent evaporation method, occurs as an appropriate solvent evaporates 

under humid conditions, leading to a temperature decrease at the air-liquid interface and 

subsequent water condensation.558  The drop-wise condensation proceeds in several steps.  

The first stage involves nucleation of the water droplets on the polymer solution surface.  

In the second stage, the droplets become large enough to eventually coalesce due to the 

self-similarity of the pattern and growth acceleration, subsequently leading to an ordering 

of the droplets into a hexagonal lattice.559  The self-assembly of the water droplets into 

the hexagonal array corresponds to the lowest free energy state.560  The temperature 

difference between the surface and the ambient conditions diminishes once the film 

surface is covered with water droplets.  The high-density water droplets then descend into 

the polymer solution and traces of the droplets are generated in the polymer matrix upon 

complete evaporation of the solvent resulting in hexagonally ordered pores with a 

honeycomb structure.561   

 

                                                 
557 Noever, D. A. Order and statistical crystallography of patterned breath figures. J Colloid  Int 
Sci 1995;174:92-96. 
558 Boker, A.; Lin, Y.; Chiapperini, K.; Horowitz, R.; Mark, T.; Carreeon, T.-X.; Abertz, C.; 
Skaff, H.; Dinsmore, A.; Emrick, T.; Russell, T. Hierarchical nanoparticle assemblies formed by 
decorating breath figures. Nature Mater. 2004;3:302-306. 
559 Marcos-Martin, M.; Beysens, D.; Bouchaud, J. P.; Godreche, C.; Yekutieli, I. Self diffusion. 
Physica A 1995;214:396-412. 
560 Thomas, E. L.; Kinning, D. J.; Alward, D. B.; Henkee, C. S. Ordered packing arrangements of 
spherical micelles of diblock copolymers in two and three dimensions. Macromolecules 
1987;20:2934-2939. 
561 Park, M. S.; Kim, K. K. Breath figures. Langmuir 2004;20:5347-5352. 
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The simplicity of the breath figure pattern formation has led to the preparation of 

ordered porous films using a wide variety of polymers.  Yabu and co-workers562 recently 

prepared spherical and hemispherical micro lens arrays (MLAs) using honeycomb 

templates of poly(dimethylsiloxane) (PDMS) fabricated using the solvent evaporation 

method and the hemispherical MLAs exhibited improved projection properties relative to 

the spherical MLAs.  In another study, honeycomb structures were prepared using six-

arm star polystyrene (PS), and a strong correlation between the number of arms, arm 

length, end-group functionality and pore diameter were demonstrated.563  Other polymers 

that were used for the fabrication of honeycomb structures have included random and 

block copolymers of polystyrene (PS),564,565 poly(2-vinyl pyridine) (P2VP),566 poly(para-

phenyleneethynylene) (PPE),567,568 fluorinated PMMA copolymers,569 and an amphiphilic 

                                                 
562 Yabu, H.; Shimomura, M. Simple Fabrication of Micro Lens Arrays. Langmuir 2005;21:1709-
1711. 
563 Stenzel-Rosenbaum, M. H.; Davis, T. P.; Fane, A. G.; Chen, V. Porous polymer films and 
honeycomb structures made by the self-organization of well-defined macromolecular structures 
created by living radical polymerization techniques. Angew. Chem. Int. Ed. 2001;40:3428-3432. 
564 Petronis, S.; Gretzer, C.; Kasemo, B.; Gold, J. Model porous surfaces for systematic studies of 
material-cell interactions. J. Biomed. Mater. Res. 2003;66A:707-721. 
565 Wu, M.; Park, C.; Whitesides, G. M. Generation of submicrometer structures by 
photolithography using arrays of spherical microlenses. J Colloid  Int Sci 2003;2003:304-309. 
566 Cui, L.; Xuan, Y.; Li, X.; Ding, Y.; Li, B.; Han, Y. Polymer Surfaces with Reversibly 
Switchable Ordered Morphology. Langmuir 2005;21:11696-11703. 
567 Englert, B. C.; Scholz, S.; Leech, P. J.; Srinivasarao, M.; Bunz, U. H. F. Templated ceramic 
microstructures by using the breath-figure method. Chem--Eur J 2005;11:995-1000. 
568 Song, L.; Bly, R. K.; Wilson, J. N.; Bakbak, S.; Park, J. O.; Srinivasarao, M.; Bunz, U. H. F. 
Facile microstructuring of organic semiconducting polymers by the breath figure method: 
Hexagonally ordered bubble arrays in rigid-rod polymers. Adv. Mater. 2004;16:115-118. 
569 Yabu, H.; Takebayashi, M.; Tanaka, M.; Shimomura, M. Superhydrophobic and Lipophobic 
Properties of Self-Organized Honeycomb and Pincushion Structures. Langmuir 2005;21:3235-
3237. 
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copolymer containing dendronized poly(alkyl methacrylate) and linear poly(ethylene 

oxide) blocks.570 The exploitation of a wide range of polymers for the successful 

fabrication of microporous structures using the breath figure methodology continues to 

generate considerable interest, and recent efforts are now focused on developing such 

patterned porosity on biocompatible polymers.   

The use of biocompatible and biodegradable polymers for the fabrication of 

microporous surfaces using the solvent evaporation technique is especially advantageous 

for biomedical applications.  Potential biomedical applications include electrochemical 

sensors for the analysis of blood electrolyte and glucose concentrations, immunosensors 

for the identification and quantification of biochemical substances, and scaffolds for 

tissue engineering.571,572,573  Recently, honeycomb structures were fabricated on linear 

poly(ε-caprolactone), and the patterned films were reportedly useful for neural tissue 

engineering.574  In another study,575 porous films were prepared from random copolymers 

of polylactic acid and polyglycolic acid (poly(D,L-lactic acid-co-glycolic acid)) with 

                                                 
570 Cheng, C.; Tian, Y.; Shi, Y.; Tang, R.; Xi, F. Ordered honeycomb-structured films from 
dendronized PMA-b-PEO rod-coil block copolymers. Macromol. Rapid Commun. 2005;26:1266-
1272. 
571 Madou, M., Fundamentals of microfabrication. CRC Press: Baco Raton, FL., 1997. 
572 Ward, J. H.; Bashir, R.; Peppas, N. A. Micropatterning of biomedical polymer surfaces by 
novel UV polymerization techniques. J Biomed Mater Res 2001;56:351-360. 
573 Neuman, M. R., Biomedical Sensors. In The biomedical engineering handbook., Bronzino, J. 
D., Ed. CRC Press: Boca Raton, FL, 1995; pp 779-787. 
574 Tsuruma, A.; Tanaka, M.; Fukushima, N.; Shimomura, M. Morphological changes in neurons 
by self-organized patterned films. e-J. Surf. Sci. Nanotech. 2005;3:159-164. 
575 Zhao, X.; Cai, Q.; Shi, G.; Shi, Y.; Chen, G. Formation of ordered microporous films with 
water as templates from poly(D,L-lactic-co-glycolic acid) solution. J  Appl Polym  Sci 
2003;90:1846-1850. 
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different hydrophilicity values and a strong correlation between pattern formation and 

hydrophilicity was demonstrated.  Honeycomb patterned films were also developed from 

a lactose-containing polymer, and gelatin, which is a cell adhesive ligand, was introduced 

onto the films.  The gelatin immobilized porous films were bioactive and useful for cell 

culturing.576,577  Fukuhira et al. recently reported biodegradable honeycomb patterned 

films composed of poly(lactic acid) and dioleoylphosphatidylethanolamine (DOPE), a 

naturally derived phospholipid containing unsaturated fatty acid moieties.578  The 

patterned films demonstrated good cell proliferation and were promising candidates for 

scaffolds in tissue engineering applications.   Although patterned porous films developed 

using the breath figure method continue to generate considerable interest, their use in 

material and bioanalytical applications are limited due to their solubility in organic 

solvents.  Recent efforts have subsequently focused on utilizing chemical and 

crosslinking techniques to obtain permanent honeycomb-structured films.  Crosslinking 

techniques are expected to result in honeycomb-structured films with higher chemical 

and thermal stabilities, as well as higher mechanical strengths for further material 

patterning.  Shimomura et al. reported the fabrication of honeycomb structures on a 

crosslinked polyimide film and showed that the textured film retained the honeycomb 

                                                 
576 Nishida, J.; Nishikawa, K.; Nishimura, S.; Wada, S.; Karino, T.; Nishikawa, T.; Ijiro, K.; 
Shimomura, M. Preparation of self-organized micro-patterned polymer films having cell adhesive 
ligands. Polym. J. 2002;34:166-174. 
577 Nishikawa, T.; Nishida, J.; Ookura, R.; Nishimura, S.; Wada, S.; Karino, T.; Shimomura, M. 
Honeycomb-patterned thin films of amphiphilic polymers as cell culture substrates. Mater. Sci. 
Eng. C. 1999;C8-C9:495-500. 
578 Fukuhira, Y.; Kitazono, E.; Hayashi, T.; Kaneko, H.; Tanaka, M.; Shimomura, M.; Sumi, Y. 
Biodegradable honeycomb-patterned film composed of poly(lactic acid) and 
dioleoylphosphatidylethanolamine. Biomaterials 2006;27:1797-1802. 
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structure when annealed at 300 ºC.579  The honeycomb structures were first developed on 

a polyamic acid complexed with a diakylammonium salt and the precursor film was then 

converted to the polyimide film through imidization.  In another study, Bunz et al. 

prepared honeycomb porous structures on an azide-substituted poly(para-

phenyleneethynylene).580  After the structured film was thermally crosslinked at 300 ºC, 

the polymer scaffold softened and collapsed to generate a thinner insoluble film with 

isolated holes that resembled a microfabricated “picoliter beaker”.  The synthesis and 

photo-crosslinking of functionalized polymers has received much attention in our 

laboratories.581,582,583  We also recently reported the synthesis and characterization of 

well-defined, methacrylated four-arm star-shaped poly(D,L-lactide)s  and subsequent 

photo-crosslinking to yield highly crosslinked networks with good mechanical properties 

for use as potential bioadhesives.584  Herein, we demonstrate the first honeycomb 

microporous structures on well-defined methacrylated four-arm star-shaped poly(D,L-

lactide)s containing an adjacent urethane site and subsequent photo-crosslinking to render 

                                                 
579 Yabu, H.; Tanaka, M.; Ijiro, K.; Shimomura, M. Preparation of Honeycomb-Patterned 
Polyimide Films by Self-Organization. Langmuir 2003;19:6297-6300. 
580 Erdogan, B.; Song, L.; Wilson, J. N.; Park, J. O.; Srinivasarao, M.; Bunz, U. H. F. Permanent 
Bubble Arrays from a Cross-Linked Poly(para-phenyleneethynylene): Picoliter Holes without 
Microfabrication. J. Am. Chem. Soc. 2004;126:3678-3679. 
581 Trenor, S. R.; Long, T. E.; Love, B. J. Development of a Light-Deactivatable PSA Via 
Photodimerization. J. Adhe. 2005;81:213-229. 
582 Trenor, S. R.; Long, T. E.; Love, B. J. Crystallization of photo-chain extended poly(ethylene 
glycol). Eur. Polym. J. 2005;41:219-224. 
583 Trenor, S. R.; Long, T. E.; Love, B. J. Photoreversible chain extension of poly(ethylene 
glycol). Macromol. Chem. Phys. 2004;205:715-723. 
584 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
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the structures insoluble.  The four-arm star PDLLAs were synthesized using a PEG-based 

macroinitiater, pentaerythritol ethoxylate.  Photo-reactive methacrylated endgroups were 

obtained via functionalization with 2-isocyanatoethyl methacrylate (IEM), which also 

incorporated an adjacent urethane site to enhance the mechanical performance of the 

structured films through peripheral hydrogen bonding interactions.  Free-standing, 

insoluble, honeycomb-structured thin films were obtained upon photo-crosslinking and 

extraction in chloroform.  Atomic force and scanning electron microscopy were used to 

analyze the patterned PDLLA thin films. 

7.3 Experimental 

7.3.1 Materials 

Dichloromethance (CH2Cl2, 99.98%, EMD Chemicals) and 2,2-dimethyl-2-

phenylacetophenone (DMPA, 99%, Aldrich) were used without further purification.   

7.3.2 Characterization 

The polymer composition, number average molar mass, and percent 

functionalization were determined using 1H NMR spectroscopy. The spectra were 

obtained using a Varian UNITY Spectrometer operating at 400 MHz using CDCl3 as the 

solvent.  Molar masses and molar mass distributions were determined at 40 oC in THF 

(ACS grade) at a flow rate of 1 mL/min using polystyrene standards on a Waters Alliance 

SEC system equipped with a Waters 2410 refractive index detector, a Wyatt Technology 

MiniDAWN MALLS detector, and a Viscotek 270 viscosity detector.  Reported weight 

average molar masses are based on absolute measurements using the MALLS detector.  

Pore depth and diameter were analyzed with atomic force microscopy (AFM) using a 

Dimension 3100 AFM equipped with a Nanoscope® IV scanning probe microscope 
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controller.  Tap 300 Si3N4 tips with a spring constant of 40 N/m, and set point to free 

amplitude ratio of 0.5 to 0.6 were used.  The pore diameter and morphology were 

analyzed with scanning electron microscopy (SEM) using a Leo® 1550 field emission 

scanning electron microscope (FESEM).  Microporous structures for FESEM analysis 

were collected on a 1/4” X 1/4” stainless steel mesh, mounted on a SEM disc, and 

sputter-coated with a 10 nm Pt/Au layer to reduce electron charging. 

7.3.3 Synthesis and Functionalization of Four-arm, Star-shaped PDLLA. 

Hydroxyl-terminated four-arm star-shaped PDLLAs of various molar masses 

(<Mw> = 25000, 36000 and 58000 g/mol) were synthesized as described in Chapter 3 and 

in our earlier publication.585  Functionalized with IEM to obtain photo-reactive 

methacrylate end groups with an additional urethane site was also reported.  A typical 

procedure is as follows: Hydroxy-terminated four-arm, star-shaped PDLLA (5 g, Mw = 

58000 g/mol) was weighed into a septum sealed 2-neck, round-bottomed flask with a stir 

bar. The flask was equipped with a water condenser and placed in a 70 ºC oil bath.  THF 

(30 mL) was added under nitrogen to make a 16 wt% polymer solution.  IEM, (0.93 mL, 

19-fold excess) was syringed into the reaction mixture under nitrogen upon polymer 

dissolution.  The mixture was stirred for 10 min and a catalytic amount of DBT-12 was 

added.  The reaction was allowed to run for 1 h. The precipitate was isolated in hexane 

and dried under reduced pressure for at least 24 h.  Quantitative functionalization was 

confirmed using 1H NMR spectroscopy.   

 

                                                 
585 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
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7.3.4 Porous Honeycomb-structured PDLLA Film.   

A humidity chamber with 65-90% relative humidity was prepared using a 

polycarbonate desiccator with a nitrogen inlet and outlet.  Deionized water was placed in 

the chamber at ambient temperature, and nitrogen was bubbled through the water at a 

controlled rate.  The gas velocity was regulated to control the relative humidity and a 

digital Dickson hygrometer was used to measure the humidity in the chamber.  The four-

arm star-shaped PDLLA (0.5 g) was weighed in a sample vial and dissolved in dry 

CH2Cl2 to prepare 1.0-10 wt% polymer solutions.  A photoinitiator,  

2,2-dimethyl-2-phenol acetophenone (DMPA, 4 wt%, Aldrich), was added to the IEM-

functionalized  PDLLA star (PDLLA-UM) solutions prior to crosslinking. The substrate, 

a Dupont Kapton® polyimide film (thickness 127 µm), was cut to the required size, 

rinsed twice with ethanol and dried with nitrogen.  The Kapton® substrate was taped to a 

glass microscope slide and then positioned in the humidity chamber.  A few drops of 

PDLLA or PDLLA-UM solution were placed on the substrate in the humidity chamber, 

and the solvent was allowed to evaporate at room temperature at the specified relative 

humidity (RH).   

7.3.5 Photo-crosslinking. 

The microporous PDLLA-UM films were passed through a Fusion UV system 

(model LC-6B benchtop conveyor) at various belt speeds and energy doses to achieve 

photo-crosslinking. The irradiance and energy density were measured with an EIT UV 

Power Puck radiometer.  Soxhlet extraction was performed on the crosslinked films for 2 

h to determine the level of photo-crosslinking. 
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7.4 Results and Discussion 

Well-defined four-arm star-shaped PDLLAs (<Mw> = 25000, 36000 and 58000 

g/mol) were prepared using pentaerythritol ethoxylate to initiate the ring-opening 

polymerization of DLLA as previously reported.586  Parameters such as polymer solution 

concentration, polymer molar mass, and humidity level are known to affect pattern 

formation of porous films developed using the solvent evaporation method587 and these 

parameters were initially optimized using non-functionalized PDLLA solutions.  

7.4.1 Effect of Polymer Solution Concentration on Microporous Structures Formed 

on Star-shaped PDLLA 

Disordered microporous films with a random distribution of pore sizes were 

obtained at a 1.0 wt% PDLLA solution concentration (58000 g/mol) while significant 

improvement in the pattern formation was observed as the solution concentration was 

increased to 7.0 wt% (Figure 7-1).  At 1.0 wt%, condensed water droplets coalesced as 

the polymer solution viscosity was too low to stabilize the water droplets on the solution 

surface.  The lack of coalescence at 7.0 wt% (Figure 7-1d) was attributed to a weakening 

of the thermocapillary convection responsible for convective motion in and between the 

two bodies of fluid.588 As the PDLLA solution concentration was increased to 7.0 wt%, 

the solution viscosity increased, causing the convection patterns to disappear.  The 

                                                 
586 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
587 Peng, J.; Han, Y.; Yang, Y.; Li, B. The influencing factors on the macroporous formation in 
polymer films by water droplet template. Polymer 2004;45:447-452. 
588 Dell'Aversana, P.; Banavar, J. R.; Koplik, J. Suppression of coalescence by shear and 
temperature gradients. Phys. Fluids 1996;8:15-28. 
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disappearance of the convection patterns combined with the highly viscous polymer film 

between the drops stabilized the condensed water droplets and resulted in highly-ordered 

structures with monodispersed pore dimensions.589,590  

The PDLLA solution concentration also influenced the shape of the pores in the 

structured films.  Polygon-structured pores with a random distribution of pore dimensions 

were observed at 1.0 wt% (Figure 7-1a).  The main driving force at low concentrations is 

the impulsive force of the water droplets, and, as such, the arrangement of the water 

droplets determines the pore shape.591  Accordingly, polygon-shaped pores were obtained 

at 1.0 wt% since the droplets coalesced with impulsive force.  At high concentrations, 

however, the surface tension is the main driving force that determines the pore shape.  

Hence, the solution surface was stabilized at concentrations of 5.0 to 7.0 wt% due to the 

high surface tension at the water/organic solvent interface, and round highly-ordered 

pores with mostly monodisperse pore dimensions were obtained.   

The pore size decreased with increasing polymer solution concentration, and 

AFM was used to further probe the effect of polymer solution concentration on the pore 

dimensions.  The AFM results were consistent with the SEM results as shown in Figure 

7-2.  The average pore diameter measured using AFM section analysis (Figure 7-3) 

decreased from 6.2 to 4.7 µm as the concentration was increased from 1.0 to 7.0 wt% 

                                                 
589 Haupt, M.; Miller, S.; Sauer, R.; Thonke, K.; Mourran, A.; Moeller, M. Breath figures: Self-
organizing masks for the fabrication of photonic crystals and dichroic filters. J. Appl. Phys. 
2004;96:3065-3069. 
590 Dell'aversana, P.; Tontodonato, V.; Carotenuto, L. Suppression of coalescence and of wetting: 
the shape of the interstitial film. Phys. Fluids 1997;9:2475-2485. 
591 Yu, C.; Zhai, J.; Gao, X.; Wan, M.; Jiang, L.; Li, T.; Li, Z. Water-assisted fabrication of 
polyaniline honeycomb structure film. J. Phys. Chem. B 2004;108: 4586-4589. 
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(Figure 7-4), while the average pore depth remained constant at about 2.0 µm.  This 

decrease in average pore diameter was attributed to the increase in polymer solution 

concentration and viscosity. The honeycomb wall surrounding the pores was thicker at 

the higher polymer solution concentrations and viscosities, and higher viscosities 

prevented the condensed water droplets from sinking into the solution surface.592  At low 

concentrations, however, the honeycomb wall was thinner due to decreased polymer 

solution viscosity.  Consequently, the condensed water droplets coalesced resulting in 

larger pore diameters.  The improved microporous film morphology with increased 

polymer solution concentration was therefore consistent with the roles of adequate 

polymer concentration and solution viscosity in preventing the coalescence of water 

droplets through efficient adsorption at the water/polymer interface.593     

 

 

 

 

 

 

 

 

                                                 
592 Maruyama, N.; Karthaus, O.; Ijiro, K.; Shimomura, M.; Koito, T.; Nishimura, S.; Sawadaishi, 
T.; Nishi, N.; Tokura, S. Mesoscopic pattern formation of nanostructured polymer assemblies. 
Supramol. Sci. 1998;5:331-336. 
593 Karthaus, O.; Maruyama, N.; Cieren, X.; Shimomura, M.; Hasegawa, H.; Hashimoto, T. 
Water-Assisted Formation of Micrometer-Size Honeycomb Patterns of Polymers. Langmuir 
2000;16:6071-6076. 
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Figure 7-1. SEM images of microporous structures developed on the surfaces of non-

functionalized star-shaped PDLLA (<Mw> = 58000 g/mol) at 76% RH and a) 1.0 b) 3.0 

c) 5.0 and d) 7.0 wt% solution concentrations.        
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Figure 7-2.  AFM images of microporous structures developed on the surfaces of non-

functionalized star-shaped PDLLA (<Mw> = 58000 g/mol) at 76% RH and a) 1.0 b) 3.0 

c) 5.0 and d) 7.0 wt% solution concentrations. 
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Figure 7-3. Top view and cross-sectional analysis of PDLLA (58000 g/mol, 7.0 wt%) 

microporous structures prepared at 76% RH. 
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Figure 7-4. Plot illustrating the correlation between polymer solution concentration and 

average pore diameter.  (Standard deviations ranged from 1.1 to 0.5 µm as the polymer 

solution concentration was increased from 1.0 to 7.0 wt%.)   
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7.4.2 Effect of Relative Humidity 

The arrangement of condensed water droplets as well as the size of the droplets 

contributed significantly to the pore size of the honeycomb film.   As a consequence, 

atmospheric humidity was an important factor in the fabrication of porous films and 

influenced the condensation at the air-polymer interface and consequently affected pore 

size and the regularity of the pattern formation.594   We observed significant improvement 

in the structured film morphology of non-functionalized PDLLA films (7 wt%. 58000 

g/mol) as the RH was increased from 66 to 86% (Figures 7-5 and 7-6).  Irregular pores 

were obtained at 66% RH while the pattern formation was more controlled at 76 to 86% 

RH resulting in highly ordered porous films.  Pore diameter and depth increased with 

increasing RH, and this was attributed to the larger water droplets in equilibrium at 

higher relative humidity.595  The average pore diameter increased from 1.5 ± 0.2 µm to 

5.3 ± 0.6 µm while the average pore depth increased from 0.7 ± 0.3 µm to 3.1 ± 0.4 µm as 

the RH was increased from 66 to 84% RH (Figure 7-7).   

The results therefore suggested that humidity levels in the range of 76-86% RH 

were required to successfully develop highly ordered microporous thin films.  Previous 

reports have shown that low RH (< 40%) resulted in the absence of porous structures 

while at higher humidity (RH > 90), disordered coalesced pores were usually obtained 

due to rapidly condensing water droplets.596 

                                                 
594 Cheng, C. X.; Tian, Y.; Shi, Y. Q.; Tang, R. P.; Xi, F. Porous polymer films and honeycomb 
structures based on amphiphilic dendronized block copolymers. Langmuir 2005;21:6576-6581. 
595 Connal, L. A.; Gurr, P. A.; Qiao, G. G.; Solomon, D. H. From well defined star-microgels to 
highly ordered honeycomb films. J. Mater. Chem. 2005;15:1286-1292. 
596 Peng, J.; Han, Y.; Yang, Y.; Li, B. The influencing factors on the macroporous formation in 
polymer films by water droplet template. Polymer 2004;45:447-452. 

 225



 

 

  

 

 

 

 

 

Figure 7-5.  AFM images of microporous structures developed on the surfaces of non-

functionalized star PDLLA (58000 g/mol, 7.0 wt%) at RH of a) 66 a) 76 and b) 86%. 
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Figure 7-6.  SEM images of microporous structures developed on the surfaces of non-

functionalized star PDLLA (58000 g/mol, 7.0 wt%) at a) 76 and b) 86% RH. 
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Figure 7-7. Correlation between relative humidity and PDLLA pore dimensions.   
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7.4.3 Effect of Molar Mass 

The influence of star PDLLA molar mass on microporous structure formation and 

pore dimensions was evaluated using 7.0 wt% PDLLA/CH2Cl2 solutions with star 

PDLLA of 25000, 36000 and 58000 g/mol <Mw>.  A few drops of each solution were 

deposited on a Kapton® substrate in an 86% RH humidity chamber to obtain thin porous 

films.  Pores were formed on the 36000 and 58000 g/mol PDLLA, however, pores were 

not observed for the 25000 g/mol polymer.  The solution viscosity (7.0 wt% in CH2Cl2) 

ranged from 4.5 to 14 cP as the PDLLA molar mass was increased from 25000 g/mol to 

58000 g/mol (Figure 7-8).   Microporous structures were not formed on the 25000 g/mol 

PDLLA since the viscosity was too low for the PDLLA solution to even remain on the 

Kapton substrate.  The 36000 g/mol PDLLA solution was more viscous, and the solution 

surface was able to support the condensed water droplets.  Consequently, pores were 

formed after complete evaporation of the water (Figure 7-9a).  However, the microporous 

pattern was irregular since the viscosity was still too low to prevent coalescence of the 

droplets suggesting that a higher molar mass was needed for higher ordering of the pores.  

At 58,000 g/mol, the increased polymer solution viscosity stabilized the polymer solution 

surface and prevented coalescence of the condensed water droplets leading to highly 

ordered structures with monodisperse pore dimensions (Figure 7-9b).   

In a consistent fashion as the earlier literature,597,598,599 the average pore diameter 

and depth increased linearly with polymer molar mass (Figure 7-10).  The pore diameter 

                                                 
597 Xu, Y.; Zhu, B.; Xu, Y. A study on formation of regular honeycomb pattern in polysulfone 
film. Polymer 2005;46:713-717. 
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increased from 3.9 ± 0.8 µm to 5.3 ± 0.5 µm (Figure 7-10), while the pore depth 

increased from 1.8 ± 0.8 µm to 3.1 ± 0.4 µm as the molar mass was increased from 36000 

to 58000 g/mol.   

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                                                                                 
598 Stenzel, M. H.; Davis, T. P.; Fane, A. G. Honeycomb structured porous films prepared from 
carbohydrate based polymers synthesized via the RAFT process. J. Mater. Chem. 2003;19:2090-
2097. 
599 Lin, C.; Tung, P.; Chang, F. Synthesis of rod-coil diblock copolymers by ATRP and their 
honeycomb morphologies formed by the "breath figures" method. Polymer 2005;46:9304-9313. 
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Figure 7-8. Solution viscosity (7.0 wt% in CH2Cl2) as a function of PDLLA molar mass. 
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Figure 7-9.  AFM images of microporous thin films developed at 86% RH on 7.0 wt% 

solutions of non-functionalized star PDLLA of a) <Mw> = 36000 g/mol and b) <Mw> = 

58000 g/mol. 
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Figure 7-10.  Plot illustrating the effect of increasing PDLLA molar mass on the average 

pore diameter. 
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7.4.4 Fabrication of Microporous Structures on Star-shaped PDLLA Containing 

Photo-crosslinkable End Groups. 

IEM was quantitatively reacted with the terminal hydroxyl groups of the star 

PDLLA (58000 g/mol) in solution to obtain PDLLA-UM, a four-arm star-shaped PDLLA 

with methacrylate end groups and an adjacent urethane segment (Figure 7-11).  The IEM 

functionalization was performed to obtain star PDLLA-based polymers with photo-

reactive terminal groups for subsequent crosslinking reactions.  Additionally, the 

urethane moiety was incorporated to provide hydrogen bonding interactions to potentially 

improve the mechanical properties of the free standing photo-crosslinked microporous 

thin films.  FTIR confirmed the successful incorporation of the urethane moiety and 

methacrylate group as shown in Figure 7-12.  Complete disappearance of the OH 

absorbance and concurrent appearance of the NH stretch were clearly discerned in the 

PDLLA-UM sample, supporting quantitative functionalization.  Furthermore, the 

PDLLA-UM showed an additional carbonyl absorbance consistent with a urethane 

carbonyl as well as an alkene C=C stretch at 1640 cm-1 absent in the PDLLA.  1H NMR 

spectroscopy also confirmed quantitative functionalization as reported in our earlier 

literature.600  

 

 

 
 
 

                                                 
600 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
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Figure 7-11.  Structure of IEM-functionalized four-arm star-shaped PDLLA  

(PDLLA-UM). 
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Figure 7-12.  Stacked FT-IR spectra of four-arm star PDLLA and PDLLA-UM 

illustrating the disappearance of the OH group in the PDLLA and the appearance of the 

NH, NHC=O and C=C groups in the PDLLA-UM.   
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Microporous-structured films were developed on the photo-functional PDLLA-

UM at concentrations ranging from 1.0 to 7.0 wt% and 74% RH.  Modification of the star 

PDLLA to introduce both methacrylate and urethane units did not affect the pattern 

formation since similar morphologies and pore sizes were obtained when the breath 

figures were developed under identical conditions.  This suggested that hydrogen bonding 

interactions between the star PDLLA-UM chains in solution was negligible.  Increased 

hydrogen bonding interactions would have potentially led to an increase in the PDLLA-

UM solution viscosity, which would have consequently resulted in smaller pores than 

observed with the non-functionalized star PDLLA.  The structured film morphology 

improved greatly as the concentration was increased from 1.0 to 7.0 wt% (Figure 7-13), 

and pore dimensions decreased linearly with increasing polymer solution concentration in 

agreement with the trends observed earlier with the non-functionalized PDLLA 

microporous thin films.    

 In order to develop crosslinked microporous-structured thin films, the star 

PDLLA-UM samples were passed through a Fusion UV system.  The belt speeds were 

varied at 10, 20 and 40 ft/min to optimize the photo-crosslinking conditions.  The 

temperature of the film surface was measured using a Raytek® portable infrared 

thermometer as 30 oC, with the slight increase in temperature relative to ambient 

conditions attributed to infrared heating during photo-crosslinking as well as heat release 

associated with the conversion of π-bonds in the methacrylic groups.  Porous structures 

were not preserved when the films were photo-crosslinked at 10 and 20 ft/min  

(Figure 7-14).  The polymer film softened and collapsed onto itself when treated at 10 

and 20 ft/min, thereby destroying the ordered structures.  However, at 40 ft/min, the pores 
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were preserved.  The PDLLA-UM films photo-crosslinked at 40 ft/min were extracted in 

chloroform for 2 hours to assess the degree of photo-crosslinking.  The photo-crosslinked 

films were insoluble in chloroform and the structures were retained.  Free standing 

microporous-structured PDLLA-UM thin films were obtained upon drying for 24 h at 

ambient temperature.  It is also presumed, based on our earlier literature that urethane 

hydrogen bonding will contribute to more durable films.   
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Figure 7-13.  A) SEM and B) AFM images of microporous structures developed on the 

surfaces of a 58000 g/mol star PDLLA-UM at 76% RH and polymer solution 

concentrations of 1.0 and 7.0 wt%.   
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Figure 7-14.  SEM images of star PDLLA-UM microporous-structured film (58000 

g/mol, 7.0 wt%) when photo-crosslinked at belt speeds of 10, 20, and 40 ft/min.   
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7.5 Conclusions 

Highly ordered honeycomb porous structures or breath figures were successfully 

fabricated on well-defined four arm star-shaped PDLLA surfaces.  The average pore 

dimensions decreased with increasing PDLLA solution concentration while an increase in 

the pore dimensions was observed as the PDLLA molar mass was increased.  

Additionally, a linear relationship was observed between relative humidity and average 

pore dimensions.  Microporous-structured thin films were also prepared on a star IEM-

functionalized PDLLA (PDLLA-UM) with photo-reactive pendant groups.  Subsequent 

photo-crosslinking rendered the PDLLA-UM structured films insoluble in chloroform.  

These permanent PDLLA-based textured films could find potential applications in 

biomedical sensors and as scaffolds for tissue engineering.   
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Chapter 8: Electrospun Star-shaped Poly(D,L-lactide) Fibers 
for Sustained Release of Antibiotics 

 

Reproduced In Part From: 

Karikari, A. S.; Jones, C. G.; McKee, M. G.; Berry, D. B.; and Long, T. E. “Amikacin 
Release from Electrospun Poly(D,L-lactide) Fibers.” 2004; Non-published Report. 
 

8.1 Abstract 

We have demonstrated the successful encapsulation of an antibiotic, amikacin, 

within biodegradable fibers based on four-arm, star-shaped poly(D,L-lactide) (PDLLA) 

using the electrospinning technique.  The four-arm, star-shaped PDLLA was synthesized 

through the ring opening polymerization (ROP) of D,L-lactide (DLLA) using a 

poly(ethylene glycol)-based macroinitiator, pentaerythritol ethoxylate in the presence of 

Sn(Oct)2.  In vitro release studies were conducted to evaluate the sustained release 

potential of linear and star-shaped PDLLA-based electrospun fibers.  The amount of drug 

loaded directly influenced the release profile from the PDLLA-based nanofibers.  We 

observed a strong dependence of amikacin release profile on polymer architecture and 

star-shaped, PDLLA electrospun fibers exhibited better sustainability than those based on 

linear PDLLA.  These results suggest that electrospun nanofibers based on star-shaped 

PDLLA are promising candidate for controlled delivery and tissue engineering 

applications.   

 

Keywords: electrospinning, amikacin, drug delivery, star-shaped polymer, polylactide, 

nanofibers.  
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8.2 Introduction 

Despite advances in modern medicine and antibiotics, treatment of bacterial 

infections in areas of limited blood flow remains inefficient and ineffective.  For 

sufficient concentrations of antibiotic to reach the infected tissue in these areas, the 

administration of the antibiotic via injection on a regular basis is typically performed to 

maintain levels of antibiotic above the minimum inhibitory concentration (MIC).601 The 

model drug delivery system consists of a biomaterial that releases a known dose of the 

drug for the duration of treatment.  Since the 1970’s, commonly used drug delivery 

systems for local antibiotic therapy in bone and soft tissue infections have involved 

antibiotic-loaded poly(methyl methacrylate) (PMMA) bone cement beads.602  However, 

PMMA beads have several disadvantages that limit their applicability.  For instance, 

antibiotic-loaded PMMA beads can sometimes act as a biomaterial surface for the growth 

of microorganisms leading to biomaterial-associated infections.603  The use of PMMA are 

also associated with less-than-optimal antibiotic elution profile with only 50% antibiotic 

eluted from the beads in four weeks.604,605,606  Furthermore, PMMA beads necessities post 

surgery due to their non-biodegradability.607,608    

                                                 
601 Cook, V. L.; Bertone, A. L.; Kowalski, J. J.; Schwendeman, S. P.; Ruggles, A. J.; Weisbrode, 
S. E. Biodegradable drug delivery systems for gentamicin release and treatment of synovial 
membrane infection. Vet. Surg. 1999;28:233-241. 
602 Wahlig, H.; Dingeldein, E.; Bergmann, R.; Reuss, K. The release of gentamicin from 
polymethylmethacrylate beads. An experimental and pharmacokinetic study. J. Bone and Joint 
Surgery 1978;60:270-275. 
603 Neut, D.; Van de Belt, H.; Stokroos, I.; Van Horn, J. R.; Van der Mei, H. C.; Busscher, H. J. 
Biomaterial-associated infection of gentamicin-loaded PMMA beads in orthopedic revision 
surgery. J. Antimicrob. Chemother. 2001;47:885-891. 
604 Hoff, S. F.; Fitzgerald, R. H., Jr.; Kelly, P. J. The depot administration of penicillin G and 
gentamicin in acrylic bone cement. J. Bone Joint Surg. (Am) 1981;63:798-804. 
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The developments of biodegradable antibiotic-loaded delivery systems are thus 

generating renewed interest.  In contrast to PMMA beads, antibiotic-loaded beads based 

on biodegradable polymers offer many advantages.  For example, they provide 

bactericidal concentrations of antibiotics for the entire time necessary for the treatment of 

the orthopedic infection, and allow the treatment of many types of infections due to 

variable degradation rates.609  Moreover, antibiotic-loaded beads based on biodegradable 

polymers are resorbable and as such, eliminate the need for a secondary surgical 

operation.610,611  Liu et al. investigated the use of biodegradable polymers as antibiotic 

beads for the long-term drug release in vivo.612  The biodegradable beads were prepared 

using a compression-sintering method, which involved mixing of a linear lactide-

glycolide copolymer with vancomycin and compression and sinistering of the mixture at 

55 ºC to form beads with 8 mm in diameter.  The lactide-glycolide biodegradable beads 

                                                                                                                                                 
605 Holm, N. J.; Vejlsgaard, R. The in vitro elution of gentamicin sulfate from methylmethacrylate 
bone cement. A comparative study. Acta Orthop. Scand. 1976;47:144-8. 
606 Wahlig, H.; Dingeldein, E. Antibiotics and bone cements. Experimental and clinical long-term 
observations. Acta Orthop. Scand. 1980;51:49-56. 
607 Neut, D.; Van De Belt, H.; Van Horn, J. R.; Van Der Mei, H. C.; Busscher, H. J. Residual 
gentamicin-release from antibiotic-loaded polymethylmethacrylate beads after 5 years of 
implantation. Biomaterials 2003;24:1829-1831. 
608 Walenkamp, G. H. I. M. Gentamicin PMMA beads and other local antibiotic carriers in two-
stage revision of total knee infection: a review. J. Chemother. 2001;13:66-72. 
609 Nie, L.; Nicolau, D. P.; Nightingale, C. H.; Browner, B. D.; Quintiliani, R. In vitro elution of 
ofloxacin from a bioabsorbable polymer. Acta Orthop. Scand. 1995;66:365-8. 
610 Ali, S. A. M.; Doherty, P. J.; Williams, D. F. Mechanisms of polymer degradation in 
implantable devices. 2. Poly(DL-lactic acid). J. Biomed. Mater. Res. 1993;27:1409-18. 
611 Liu, S.-J.; Ueng, S. W.-N.; Lin, S.-S.; Chan, E.-C. In vivo release of vancomycin from 
biodegradable beads. J. Biomed. Mater. Res. 2002;63:807-813. 
612 Liu, S.-J.; Ueng, S. W.-N.; Lin, S.-S.; Chan, E.-C. In vivo release of vancomycin from 
biodegradable beads. J. Biomed. Mater. Res. 2002;63:807-813. 
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effectively released sustained high concentrations of vancomycin in vivo for four to six 

weeks.  Ueng et al. investigated the treatment of musculoskeletal infections using 

antibiotic delivery systems based on vancomycin-loaded poly(L-lysine) beads.613  A high 

concentration of the antibiotic was released in the first two days and complete release was 

observed after three weeks.  Other antibiotic-loaded biodegradable beads based on 

poly(L-lactide),614 poly(D,L-lactide-co-glycolide) (PLGA),615,616 and poly(methyl 

methacrylate)/poly(ε-caprolactone) (PMMA/PCL) blends617 were also reported.   

The electrospinning technique has allowed the preparation of fibers in the range 

of submicron to micron.  In our research laboratory, the electrospinning of a wide variety 

of polymers was investigated.618,619,620,621 More recently, novel electrospun mats were 

                                                 
613 Ueng, S. W. N.; Yuan, L.-J.; Lee, N.; Lin, S.-S.; Chan, E.-C.; Weng, J.-H. In vivo study of 
biodegradable alginate antibiotic beads in rabbits. J. Orthop. Res. 2004;22:592-599. 
614 Meyer, J. D.; Falk, R. F.; Kelly, R. M.; Shively, J. E.; Withrow, S. J.; Dernell, W. S.; Kroll, D. 
J.; Randolph, T. W.; Manning, M. C. Preparation and in Vitro Characterization of Gentamycin-
Impregnated Biodegradable Beads Suitable for Treatment of Osteomyelitis. J. Pharm. Sci. 
1998;87:1149-1154. 
615 Wang, G.; Liu, S.-J.; Ueng, S. W.-N.; Chan, E.-C. The release of cefazolin and gentamicin 
from biodegradable PLA/PGA beads. Int. J. Pharm. 2004;273:203-212. 
616 Ueng, S. W. N.; Yuan, L.-J.; Lee, N.; Lin, S.-S.; Liu, S.-J.; Chan, E.-C.; Weng, J.-H. In vivo 
study of hot compressing molded 50:50 poly (DL-lactide-co-glycolide) antibiotic beads in rabbits. 
J. Orthop. Res. 2002;20:654-661. 
617 Mendez, J. A.; Abraham, G. A.; del Mar Fernandez, M.; Vazquez, B.; San Roman, J. Self-
curing acrylic formulations containing PMMA/PCL composites: Properties and antibiotic release 
behavior. J. Biomed. Mater. Res. 2002;61:66-74. 
618 McKee, M. G.; Elkins, C. L.; Long, T. E. Influence of self-complementary hydrogen bonding 
on solution rheology/electrospinning relationships. Polymer 2004;45:8705-8715. 
619 McKee, M. G.; Hunley, M. T.; Layman, J. M.; Long, T. E. Solution Rheological Behavior and 
Electrospinning of Cationic Polyelectrolytes. Macromolecules 2006;39:575-583. 
620 McKee, M. G.; Park, T.; Unal, S.; Yilgor, I.; Long, T. E. Electrospinning of linear and highly 
branched segmented poly(urethane urea)s. Polymer 2005;46:2011-2015. 
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formed based on the electrostatic association of amphiphilic, low molar mass, molecules 

such as phospholipids and surfactants in solution.622  In electrospinning, a charged 

polymeric fluid (solution or melt) forms a stable jet in the presence of an electric field, 

which causes the jet to follow a chaotic trajectory of stretching and splaying until 

collection on a grounded target.623  The electrospinning of a variety of potentially 

biodegradable and biocompatible materials were reported earlier in others’ 

laboratories.624,625,626  Wnek and coworkers,627,628,629,630 as well as, Rutledge and 

                                                                                                                                                 
621 McKee, M. G.; Wilkes, G. L.; Colby, R. H.; Long, T. E. Correlations of Solution Rheology 
with Electrospun Fiber Formation of Linear and Branched Polyesters. Macromolecules 
2004;37:1760-1767. 
622 McKee, M. G.; Layman, J. M.; Cashion, M. P.; Long, T. E. Phospholipid Nonwoven 
Electrospun Membranes. Science 2006;311:353-355. 
623 Reneker, D. H.; Chun, I. Nanometer diameter fibers of polymer, produced by electrospinning. 
Nanotechnology 1996;7:216-223. 
624 Jeong, E. H.; Im, S. S.; Youk, J. H. Electrospinning and structural characterization of ultrafine 
poly(butylene succinate) fibers. Polymer 2005;46:9538-9543. 
625 You, Y.; Lee, S. W.; Youk, J. H.; Min, B.-M.; Lee, S. J.; Park, W. H. In vitro degradation 
behaviour of non-porous ultra-fine poly(glycolic acid)/poly(L-lactic acid) fibres and porous ultra-
fine poly(glycolic acid) fibres. Polym. Degrad. Stab. 2005;90:441-448. 
626 Chew, S. Y.; Wen, J.; Yim, E. K. F.; Leong, K. W. Sustained Release of Proteins from 
Electrospun Biodegradable Fibers. Biomacromolecules 2005;6:2017-2024. 
627 Boland, E. D.; Telemeco, T. A.; Simpson, D. G.; Wnek, G. E.; Bowlin, G. L. Utilizing acid 
pretreatment and electrospinning to improve biocompatibility of poly(glycolic acid) for tissue 
engineering. J. Biomed. Mater. Res., Part B. 2004;71B:144-152. 
628 Matthews, J. A.; Boland, E. D.; Wnek, G. E.; Simpson, D. G.; Bowlin, G. L. Electrospinning 
of collagen type II: a feasibility study. J. Bioact. Compat. Polym. 2003;18:125-134. 
629 Wnek, G. E.; Carr, M. E.; Simpson, D. G.; Bowlin, G. L. Electrospinning of Nanofiber 
Fibrinogen Structures. Nano Lett. 2003;3:213-216. 
630 Matthews, J. A.; Wnek, G. E.; Simpson, D. G.; Bowlin, G. L. Electrospinning of Collagen 
Nanofibers. Biomacromolecules 2002;3:232-238. 
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coworkers,631,632,633,634 have also demonstrated the versatility of the electrospinning 

process for the generation of a wide variety of biocompatible nanofibers for diverse 

applications.   

The exploitation of biodegradable and biocompatible electrospun fibers for 

controlled delivery and tissue engineering applications is receiving considerable interest 

due to their high surface-to-volume ratio, high permeability and interconnecting structure, 

and the production of fibers with diameters in the nano- to micrometer range.635,636  Cool 

et al. reported the sustained release of heparin through diffusional control from 

biodegradable heparin-loaded PCL fiber mats.637  The heparin-loaded PCL fibers mats 

were generated through electrospinning of PCL solution containing various 

concentrations of heparin.  The fiber diameter was dependent on the concentration of 

heparin added and 50% of the encapsulated heparin was released after 14 days.  In 

                                                 
631 Wang, M.; Yu, J. H.; Kaplan, D. L.; Rutledge, G. C. Production of Submicron Diameter Silk 
Fibers under Benign Processing Conditions by Two-Fluid Electrospinning. Macromolecules 
2006;39:1102-1107. 
632 Wang, M.; Jin, H.-J.; Kaplan, D. L.; Rutledge, G. C. Mechanical Properties of Electrospun 
Silk Fibers. Macromolecules 2004;37:6856-6864. 
633 Wang, M.; Singh, H.; Hatton, T. A.; Rutledge, G. C. Field-responsive superparamagnetic 
composite nanofibers by electrospinning. Polymer 2004;45:5505-5514. 
634 Jin, H.-J.; Fridrikh, S. V.; Rutledge, G. C.; Kaplan, D. L. Electrospinning Bombyx mori Silk 
with Poly(ethylene oxide). Biomacromolecules 2002;3:1233-1239. 
635 Chiu, J. B.; Luu, Y. K.; Fang, D.; Hsiao, B. S.; Chu, B.; Hadjiargyrou, M. Electrospun 
nanofibrous scaffolds for biomedical applications. J. Biomed. Nanotechnol. 2005;1:115-132. 
636 Bhattarai, N.; Cha, D.; Bhattarai, S. R.; Khil, M. S.; Kim, H. Y. Biodegradable electrospun 
mat: Novel block copolymer of poly(p-dioxanone-co-L-lactide)-block-poly(ethylene glycol). J. 
Polym Sci Part B: Polym Phys 2003;41:1955-1964. 
637 Luong-Van, E.; Grondahl, L.; Chua, K. N.; Leong, K. W.; Nurcombe, V.; Cool, S. M. 
Controlled release of heparin from poly(e-caprolactone) electrospun fibers. Biomaterials 
2006;27:2042-2050. 
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addition, the released heparin was effective in preventing the proliferation of vascular 

smooth muscle cells in culture.  Zhang et al., in another study, demonstrated the 

successful encapsulation of fluorescent-labeled bovine serum albumin (BSA) protein 

along with poly(ethylene glycol) (PEG) in PCL nanofibers using a coaxial 

electrospinning technique.638  Leong et al. reported the sustained release of human β-

nerve growth factor (NGF) from electrospun fiber mats based on ε-CL and ethyl ethylene 

phosphate copolymer (PCLEEP),639 while Hsiao et al. reported the incorporation and 

sustained release of hydrophilic cetoxitin sodium from biodegradable PLGA-based 

electrospun fibers.640   

Although the electrospinning of a wide variety of biocompatible and 

biodegradable polymers are reported, reports on the electrospinning of star-shaped 

biocompatible and biodegradable polymers for controlled delivery applications are 

limited.641  Herein, we present the electrospinning of four-arm, star-shaped PDLLA 

solutions containing amikacin and preliminary evaluation of the in vitro release of the 

antibiotic from the electrospun fibers.  Amikacin is among an important class of 

aminoglycosides that are widely utilized for the treatment of bacterial infections due to 

their broad antimicrobial activity, rapid concentration dependent bacterial activity, and 
                                                 
638 Zhang, Y. Z.; Wang, X.; Feng, Y.; Li, J.; Lim, C. T.; Ramakrishna, S. Coaxial Electrospinning 
of (Fluorescein Isothiocyanate-Conjugated Bovine Serum Albumin)-Encapsulated Poly(e-
caprolactone) Nanofibers for Sustained Release. Biomacromolecules:ACS ASAP. 
639 Chew, S. Y.; Wen, J.; Yim, E. K. F.; Leong, K. W. Sustained Release of Proteins from 
Electrospun Biodegradable Fibers. Biomacromolecules 2005;6:2017-2024. 
640 Kim, K.; Luu, Y. K.; Chang, C.; Fang, D.; Hsiao, B. S.; Chu, B.; Hadjiargyrou, M. 
Incorporation and controlled release of a hydrophilic antibiotic using poly(lactide-co-glycolide)-
based electrospun nanofibrous scaffolds. J. Controlled Release 2004;98:47-56. 
641 Casper, C. L.; Yamaguchi, N.; Kiick, K. L.; Rabolt, J. F. Functionalizing Electrospun Fibers 
with Biologically Relevant Macromolecules. Biomacromolecules 2005;6:1998-2007. 
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low cost.642 For comparative purposes, the electrospinning of linear PDLLA were also 

performed.  

8.3 Experimental 

8.3.1 Materials 

Chloroform (CHCl3, 99.99%), dimethylformamide (DMF, Anhydroous 99+%), 

and Amikacin (99%) were purchased from Aldrich and used without further purification.  

Phosphate buffer saline (PBS, Mediatech, Inc.) was purchased from Sigma-Aldrich.   

8.3.2 Characterization 

Molar mass and molar mass distributions were determined at 40 oC in THF (ACS 

grade) at a flow rate of 1 mL/min using a Waters 717 Autosampler equipped with a 

Waters 2410 refractive index detector, a Wyatt Technology MiniDAWN MALLS 

detector, and a Viscotek 270 viscosity detector.  Reported molar mass are based on 

absolute measurements using the MALLS detector.  Solution rheological analysis was 

performed using a VOR Bohlin strain-controlled solution rheometer at 25 ± 0.2 °C 

equipped with a concentric cylinder geometry.  The fiber diameter and morphology were 

analyzed using a Leo® 1550 field emission scanning electron microscope (FESEM).  

Fibers for FESEM analysis were collected on a 1/4” X 1/4” stainless steel mesh, mounted 

on a SEM disc, and sputter-coated with a 10 nm Pt/Au layer to reduce electron charging. 

8.3.3 Synthesis of Four-arm, Star-shaped, PDLLA. 

Four-arm star-shaped PDLLAs (Figure 8-1a) were synthesized as reported 

previously.643 In brief, ring opening polymerization of D,L-lactide (DLLA) using 

                                                 
642 Schiffelers, R.; Storm, G.; Bakker-Woudenberg, I. Liposome-encapsulated aminoglycosides in 
pre-clinical and clinical studies. J. Antimicrob. Chemother. 2001;48:333-344. 
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pentaerythritol ethoxylate was performed in bulk in the presence of Sn(Oct)2.  

Characterization with 1H NMR spectroscopy and size exclusion chromatography (SEC) 

was performed and the formation of well-defined four-arm, star-shaped, was confirmed. 

Linear PDLLA were synthesized in a similar manner, however methoxy-terminated 

poly(ethylene glycol) (PEGOMe, molar mass = 400) was used as the initiator.   

8.3.4 Electrospinning. 

The four-arm, star-shaped PDLLA was dissolved in a mixture of CHCl3 and 

(DMF) (70/30, w/w) at 30 wt% and various concentration of amikacin (Figure 8-1b) were 

added.  The mixture was placed in a 20 mL syringe, which was mounted in a syringe 

pump (KD Scientific Inc, New Hope, PA).  The positive lead of a high voltage power 

supply (Spellman CZE1000R; Spellman High Voltage Electronics Corporation) was 

connected to the 18-gauge syringe needle via an alligator clip.  A grounded, metal target 

(304-stainless steel mesh screen) was placed 24 cm from the needle tip.  The syringe 

pump delivered the polymer solution at a controlled flow rate of 6 mL/h, while the 

voltage was maintained at 18 kV.  A similar procedure was used for the generation of 

electrospun fibers based on linear PDLLA.   

8.3.5 Amikacin Assay 

The concentration of amikacin in the eluent was determined using a Flourescence 

Polarization Immunoassay (FPIA) with a TDX analyzer (Abbott Laboratories, Abbott 

Park, IL).  Preparation of the sample involves mixing the amikacin eluent with 

fluorescein for an hour and subsequent purification using high performance liquid 

                                                                                                                                                 
643 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
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chromatography (HPLC).  Fluorescence detection was accomplished at excitation and 

emission wavelengths of 360 and 435 nm, respectively and a plot of polarization versus 

standard amikacin concentration was generated.  The concentration of each sample was 

determined using the standard curve. 

8.3.6 In Vitro Release Studies 

For each trial, a 10 mg sample of the amikacin/PDLLA-based electrospun fiber 

mat was suspended in 10 mL of phosphate buffered saline (PBS) pH 7.4 and 0.02% 

Tween 80.  Tween 80 (Figure 8-1c) is a mild nonionic surfactant added to reduce 

interfacial surface tension between the water and the polymer.  The solution was 

maintained at 25 °C with mild agitation.  At predetermined intervals, the aqueous media 

were removed with a syringe while the same amount of fresh PBS was added back to the 

release medium.  The eluent was extracted every hour for the first 6 h, and every 6 h for 

the remainder of the first day.  After the initial 24 h, the process was continued once daily 

until the completion of the 14 day trial.   The extracted eluent was stored at -20 °C until 

the time of the amikacin assay. 
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Figure 8-1.   A) Structure of four-arm, star-shaped poly(D,L-lactide) (PDLLA).   

B) Structure of Amikacin.  C) Structure of Tween 80 
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8.4 Results and Discussion 

8.4.1. Characterization of Electrospun Fibers. 

A series of four-arm, star-shaped PDLLAs with molar mass ranging from 41000 

to 88000 and relatively narrow molar mass distributions (Mw/Mn ~ 1.26) were prepared 

through ring opening polymerization of DLLA using pentaerythritol ethoxylate and 

Sn(Oct)2 as coinitiators.  For comparative purposes, a linear analogue with molar mass of 

69000 g/mol was prepared using PEGOMe as the initiator.  Detailed characterization of 

the star-shaped PDLLA was previously reported.644   

Electrospinning of star-shaped PDLLAs was performed at standard 

electrospinning conditions (18 kV, 6 mL/h, 24 cm to the grounded target) in a 

CHCl3/DMF (70/30, w/w) cosolvent at a concentration of 30 wt%.   The electrospinning 

process is illustrated in Figure 8-2a.  Electrospun fiber scaffolds were successfully 

generated from star-shaped PDLLAs (Figure 8-2b).  Shown in Figure 8-3 are FESEM 

images fibers generated from PDLLA star-shaped polymers of molar mass 41000 and 

77000 g/mol.  The star-shaped polymer molar mass, and hence arm length, strongly 

influenced the fiber diameter.  An increase in the fiber diameter from 0.9 to 3.0 µm was 

observed as the star-shaped polymer molar mass was increased from 41000 to 88000 

g/mol (Figure 8-4A).  The critical molar mass for entanglements, Mc, for polylactide is 

approximately 9000 g/mol.645  As the star-shaped PDLLA molar mass was increased 

                                                 
644 Karikari, A. S.; Edwards, W. F.; Mecham, J. B.; Long, T. E. Influence of Peripheral Hydrogen 
Bonding on the Mechanical Properties of Photo-Cross-linked Star-Shaped Poly(D,L-lactide) 
Networks. Biomacromolecules 2005;6:2866-2874. 
645 Dorgan, J. R.; Janzen, J.; Clayton, M. P.; Hait, S. B.; Knauss, D. M. Melt rheology of variable 
L-content poly(lactic acid). J. Rheol. 2005;49:607-619. 
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from 41000 to 88000 g/mol, the arm molar mass concurrently increased from 10300 to 

22000 g/mol.  The observed trend was therefore consistent with increasing polymer 

solution viscosities due to higher chain entanglements (Figure 8-4B).  

It is well documented that branched polymers possess lower solution viscosities 

than linear polymer of similar molar mass.646  We were not able to generate electrospun 

fibers for linear PDLLA (Mw = 68000 g/mol) at 30 wt% due to significantly higher 

polymer solution viscosity.  Therefore, a 15 wt% solution of the linear polymer was used 

for electrospinning.   Electrospun fibers with average diameter of 4.6 µm were obtained 

for the linear PDLLA sample and this was higher than that of a star-shaped PDLLA of 

similar molar mass (i.e. 1.8 µm at 77000 g/mol).   

 

 

 

 

 

 

 

 

 

 

 

                                                 
646 McKee, M. G.; Unal, S.; Wilkes, G. L.; Long, T. E. Branched polyesters: recent advances in 
synthesis and performance. Prog. Polym. Sci. 2005;30:507-539. 
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Figure 8-2. A) Schematic of the electrospinning setup.  B) Electrospun fiber scaffold 

based on four-arm, star-shaped PDLLA. 
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Figure 8-3. Electrospun fiber scaffold based on four-arm, star-shaped PDLLA at  MW = 

(A) 41000 g/mol (B) 77000 g/mol.   
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Figure 8-4. (A) Effect of star-shaped PDLLA molar mass on average fiber diameter and 

(B) effect of topology on solution viscosity.   
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PDLLA solutions containing 30 wt% amikacin loading were electrospun under 

the same conditions as the PDLLA solution without the antibiotic.  The average fiber 

diameter of the electrospun PLA fibers remained relatively unchanged upon amikacin 

addition.  However, in contrast to electrospun fibers generated from the linear and star-

shaped PDLLA solutions without the antibiotic, electrospun fibers obtained upon 

amikacin addition were slightly beaded (Figures 8-5).  The presence of the microspheres, 

which were approximately 100 µm in diameter, indicated the successful incorporation of 

the antibiotic.  The characteristics of the electrospun PDLLA fibers are listed in Table 8-

1.  
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Figure 8-5. FESEM of electrospun PDLLA fibers containing 30 wt% amikacin  (A) four-

arm, star-shaped (Mw = 41000 g/mol), (B) Linear PDLLA (Mw = 69000 g/mol). 
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Table 8-1. Characteristics of PDLLA electrospun fibers. 
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8.4.2. In Vitro Drug Release Studies 

Figure 8-6 shows the release profiles of amikacin from electrospun star-shaped 

PDLLA fibers in PBS (pH 7.4).  The release kinetics for the electrospun fibers based on 

star-shaped PDLLA occurred in two stages and this was consistent with previous 

reports.647  In the first stage, an initial fast release of the amikacin was observed while in 

the second stage, a constant release of the remaining drug occurred.  All of the 

PDLLA/amikacin electrospun scaffolds produced an initial burst release of amikacin, 

which was characteristic of surface elution.  In stage 1, initial burst releases from the star-

shaped electrospun fibers in 1 h were higher for the electrospun fibers based on high 

molar mass star-shaped polymers.  Initial burst releases with average release amounts of 

69 and 72 ug/mL were observed for 77k and 88k star-shaped PDLLAs, respectively, 

while an average release amount of 49 ug/mL was observed for the fibers based on low 

molar mass star-shaped PDLLA.  In contrast to the star-shaped polymers, initial burst 

release for the linear PDLLA sample was180 ug/mL, which was an order of magnitude 

higher than that observed for the star-shaped, PDLLA of similar molar mass.   

After the initial burst release, amikacin released from the electrospun fibers based 

on star-shaped PDLLA were almost linear, with the 77k sample releasing relatively high 

amikacin levels.  The linear PDLLA electrospun sample, on the other hand, only 

produced an initial burst release of antibiotic, and remained at the MIC levels for 3 h, 

while a four-arm star electrospun fiber scaffold of similar molar mass released amikacin 

at MIC levels for 24 h. The results suggested that the entire antibiotic was on or near the 

                                                 
647 Zhang, Y. Z.; Wang, X.; Feng, Y.; Li, J.; Lim, C. T.; Ramakrishna, S. Coaxial Electrospinning 
of (Fluorescein Isothiocyanate-Conjugated Bovine Serum Albumin)-Encapsulated Poly(e-
caprolactone) Nanofibers for Sustained Release. Biomacromolecules:ACS ASAP. 
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surface of fibers based on linear PDLLA while the antibiotic was successfully 

incorporated in fibers based on star-shaped polymers.  Consequently, degradation of the 

star-shaped PDLLA fibers resulted in sustained release over 24 h.   

Although amikacin was successfully incorporated in star-shaped, PDLLA-based 

electrospun fibers, the duration of amikacin release corresponding to MIC levels using 

these scaffolds is not sufficient for clinical applications.  Hence, future efforts will focus 

on optimization of the processing conditions to improve the maximum amount of 

antibiotics incorporated within the electrospun fibers to obtain a constant and stable drug 

release profile over an appreciable amount of time.  Future efforts will also involve 

detailed evaluation of the influence of polymer architecture on the amount of antibiotic 

encapsulated and subsequent drug release mechanism.      
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Figure 8-6. Release profiles for PDLLA electrospun fibers in PBS (pH 7.4) vs. time.  
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8.5 Conclusions 

A series of four-arm, star-shaped PDLLAs with molar mass ranging from 41000 

to 88000 g/mol were successfully synthesized through ring opening polymerization of 

DLLA using a PEG-based macroinitiator, pentaerythritol ethoxylate, and Sn(Oct)2 as a 

coinitiator/catalyst.  Amikacin was successfully encapsulated in biodegradable fibers 

based on the star-shaped poly(D,L-lactide) (PDLLA) using the electrospinning technique.  

A strong dependence of polymer architecture, and molar mass on fiber diameter was 

observed.  Electrospun fibers with average diameter of 4.6 µm were obtained for the 

linear PDLLA sample (69000 g/mol) while the fiber diameter of star-shaped PDLLA of 

similar molar mass (77000 g/mol) was 1.8 µm.  For electrospun fibers based on star-

shaped PDLLA, the molar mass of the star-shaped polymer, and hence, the arm molar 

mass, influenced the fiber diameter and the average fiber diameter increased from 0.9 to 

3.0 as the molar mass increased from 41000 to 88000 g/mol.  In vitro release studies 

indicated that the star-shaped PDLLA fibers are capable of releasing amikacin over a 

period of more than 24 h.  On the other hand, amikacin was observed on or near the 

surface of fibers based on linear PDLLA samples.  Hence, only an initial burst release 

profile, which was characteristic of drug release from the surface of the fiber (stage I), 

was observed.   
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Chapter 9: Overall Conclusions 
 

Increased biomedical demands for biomaterials have resulted in the preparation of 

a wide variety of biocompatible and biodegradable polymers possessing functional or 

reactive groups such as amino, hydroxyl and carboxyl thiols.  In this research, we have 

shown that star-shaped poly(D,L-lactide) (PDLLA) and its derivaties represent a versatile 

and promising class of biomaterials.  The ring opening polymerization of D,L-lactide 

using multifunctional hydroxyl-terminated initiators such as pentaerythritol, 

pentaerythritol ethoxylate, dipentaerythriol and catalyst/coinitiator systems based on 

Sn(Oct)2 resulted in a new family of well-defined, star-shaped, PDLLAs with controlled 

molar mass and narrow molar mass distributions.  Derivitization of the star-shaped 

PDLLAs resulted in tailored functionalities.  The star-shaped PDLLA of diverse 

functionalities exhibited interesting properties, which broadened their biomedical 

applications beyond controlled delivery and tissue engineering.   

Star-shaped PDLLA potential bioadhesives with glass transition temperatures in 

the range of -29 to +27 ºC were derivatized to contain two types of photo-crosslinkable 

methacrylate end groups.  In situ FTIR spectroscopy allowed monitoring of PDLLA 

modification to contain urethane methacrylate terminal groups, which revealed 

quantitative functionalization within 1 h.  Biodegradable networks based on the star-

shaped PDLLAs possessing various photo-crosslinkable methacrylate terminal groups 

exhibited thermal and mechanical properties that were superior to current approved 

clinical adhesives commonly used in laser assisted vascular repair.  The thermal and 

mechanical properties of the biodegradable photo-crosslinked networks were strongly 

dependent on the composition and molar mass of the star-shaped, PDLLA precursors.  
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Tensile strengths in the range of 8-21 MPa were obtained while the Young’s modulus 

increased from 12 to 354 MPa after urethane incorporation.  Thus, the introduction of 

terminal hydrogen bonding units adjacent to the photo-crosslinking site resulted in higher 

performance poly(lactide) based bioadhesives for laser assisted surgical operations. 

Star-shaped PDLLAs were also derivatized to contain complementary multiple 

hydrogen bonding (CMHB) terminal groups.  The CMHB units were based on adenine 

and thymine DNA base pairs whose hydrogen bonding interactions form the basis of 

molecular recognition occurring in biological systems.  1H NMR spectroscopy permitted 

evaluation of the hydrogen bonding associations between complementary PDLLA 

macromolecules, which depended strongly on molar mass and hence, the concentration of 

CMHB units.  Supramolecular associations between complementary PDLLA solutions 

resulted in thermoreversible hydrogen-bonded complexes with a 1:1 optimal 

stoichiometry and an association constant of 84 M-1.  These hydrogen bonded complexes 

also exhibited significantly higher solution viscosities than non-blended polymer 

solutions of the same molar mass and concentration.  The thermoreversable PDLLA-

based supramolecular structures are thus expected to exhibit high strength, toughness and 

elasticity, low-temperature processability, favorable degradation, and biocompatibility 

The PDLLA-based complementary polymers also formed supramolecular 

complexes in the melt phase and exhibited melt viscosities that were an order of 

magnitude higher than non-functionalized star-shaped PDLLA of similar molar mass.  In 

addition, melt electrospinning of the hydrogen-bonded complexes successfully resulted in 

fibers of significantly larger diameter (9.8 ± 2.0 µm) compared to the individual 

precursors (PDLLA-A = 4.0 ± 0.6 µm and PDLLA-T = 4.4 ± 1.0 µm).  The results 
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suggested the advantageous processing features of supramolecular structure for the 

formation of fibers from the melt phase and revealed that thermoreversibility, as well as 

the strength of the hydrogen bonding interactions between the end groups of the tailored 

star PDLLA-based supramolecular polymers control the fiber diameter in the melt 

electrospinning process. 

Highly ordered honeycomb-structured microporous films based on star-shaped 

PDLLA bearing photoreactive methacrylate terminal units were prepared through 

combination of self-assembly processes and photo-crosslinking.  Characterization of the 

PDLLA honeycomb-structured films using atomic force microscopy (AFM) and scanning 

electron microscopy revealed that the pore dimensions were dependent on polymer 

solution concentration and hence solution viscosity, polymer molar mass and relative 

humidity levels.  The stable PDLLA-based patterned films could find potential 

applications in biomedical sensors and as scaffolds for tissue engineering.  

Amikacin, an antibiotic commonly used for the treatment of infections was 

successfully encapsulated in star-shaped PDLLA fibers that were electrospun from 

solution.  Preliminary results suggested that molecular architecture influenced the 

encapsulation of the antibiotic and subsequent drug release profile.  Electrospun fibers 

based on star-shaped polymers exhibited sustained antibiotic release over a period of 24 h 

below the minimum inhibitory concentration (MIC), while electrospun fibers based on a 

linear analogue exhibited a release profile that suggested the antibiotic were on or near 

the surface of the fibers and were not encapsulated.   
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Chapter 10: Suggested Future Works 
 

10.1 Cytotoxicity Testing 

Polylactides are widely utilized in diverse biomedical applications due to their 

biocompatibility and biodegradation.  Hence, it is important to understand how 

modifications such as the incorporation of urethane methacrylate groups and other 

photofunctional units influence biocompatibility and the suitability of star-shaped 

PDLLA-based potential bioadhesives in laser assisted vascular repair.  In vitro cytoxocity 

evaluations for star-shaped PDLLA should involve PDLLA that were synthesized using 

pentaerythritol ethoxylate.  These PDLLA with high PEG content will prevent 

uncontrolled cell adsorption.  For the non-crosslinked PDLLAs, cytotoxicity testing 

should involve dissolving the star-shaped polymer in CHCl3, DMSO, or ethyl acetate 

followed by film casting in cultural wells.  Human fibroblast or another type of cells may 

be seeded onto the films and the adhesion and proliferation behavior of the cells can be 

examined using optical microscopy and scanning electron microscopy (SEM).  

Cytotoxicity testing of photo-crosslinked films should also be conducted.  Selected 

PDLLA samples bearing photoreactive peripheral groups can be dissolved in CHCl3 or 

ethyl acetate and the photoinitiator, 2,2-dimethyl-2-phenyl acetophenone (DMPA) added.  

Precultured cells will be added to the polymer/photoinitiator solution and the mixture will 

be transferred to sterilized Teflon mold and stored in an incubator overnight to remove 

the solvent.  The polymer/cell films should be exposed to UV light using the Fusion UV 

system at a belt speed of 5 ft/min to produce photo-crosslinked thin films.  The adhesion 

and growth behavior of the cells can subsequently be examined using optical microscopy 

and scanning electron microscopy (SEM). 
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It is also important to investigate the competing properties necessary for 

optimized adhesion.  For instance, the level of photo-crosslinking should be controlled in 

order to obtain good adhesion.  Cytoxocity evaluation should also be evaluated using 

highly ordered microporous PDLLA thin films developed through the breath figure 

methodology due to their high porosity.   

10.2 Melt Electrospinning and Rheological Characterization of Oligomeric Thermo-
responsive Branched Poly(D,L-lactide)s. 
 

Preliminary results from our research laboratories suggest the formation of 

intermolecular hydrogen bonding interactions between the end groups of tailored star-

shaped poly(D,L-lactide)-based supramolecular polymers control the fiber diameter in the 

melt electrospinning process.  Future studies should therefore focus on electrospinning of 

oligomeric star-shaped supramolecular polymers with molar mass below the critical 

molecular weight for entanglement, Me.  Since these oligomeric star-shaped polymers do 

not generate fibers due to insufficient chain entanglements, an investigation on whether 

multiple hydrogen bonding associations of the end groups will result in sufficient chain 

entanglements necessary for fiber formation during melt electrospinning is important.   

In addition, future work should also focus on melt rheological characterization of 

oligomeric star-shaped PDLLAs.  Although interesting rheological properties were 

revealed using star-shaped of higher molar mass, the melt rheological characterizations 

were performed at temperature near reported dissociation temperatures of adenine and 

thymine multiple hydrogen bonding associations, which range between 80 to 120 ºC.  

Hence, oligomeric star-shaped PDLLAs with sub-ambient glass transition temperatures 

well below the dissociation temperatures will allow a better understanding of the 

intermolecular hydrogen bonding associations between tailored star-shaped PDLLAs.  
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The star-shaped polymers should be synthesized using pentaerythritol ethoxylate and 

targeted molar masse should range from 1500 to 5000 to obtain Tg in the range of -25 to 5 

ºC. 

10.3 Influence of Macromolecular Architecture on Supramolecular Associations  

Supramolecular association of star-shaped PDLLA containing complementary 

multiple  hydrogen bonding (CMHB) units revealed a strong dependence of chain end 

concentration on multiple hydrogen bonding associations and concurrent molecular 

recognition.  Studies in our laboratories using copolymers based on 2-ethylhexyl 

methacrylate and a quadruple-hydrogen bonding site also showed that the rheological, 

thermal and mechanical properties increased linearly with hydrogen-bonded content. 

Therefore, the influence of topology on PDLLA-based supramolecular associations 

should be investigated.  The synthesis of PDLLA using methoxy-ether PEG (PEGOMe) 

and PEG will result in mono- and difunctional linear PDLLA macromolecules that can be 

subsequently modified to contain CMHB end groups.  Determination of stoichiometry 

and association constant should be performed using the same conditions as the star-

shaped polymers.  In addition, the influence of topology on thermal and mechanical 

properties should be investigated.   
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