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1. Introduction 
 

Polylactides (PLA) are employed in drug delivery applications for their biocompatibility, 

biodegradation and hydrophobic drug encapsulation properties. Advancements in 

polymerization techniques have led to various copolymer structures of PLA:s to tune their 

properties for applications in the biomedical field. For example, block copolymers with 

amphiphilic characteristics that assemble in an aqueous environment into core/shell 

polymeric micelles that can be utilized in drug delivery1.  

End-functionalization is a feasible way to obtain amphiphilic copolymers prior to drug 

delivery. There are numerous functional groups that can be attached as side groups or chain 

end groups to the PLA:s that allow further functional group modification or post 

polymerization using controlled polymerization techniques. Obtaining amphiphilic 

copolymers of PLA can be as simple as initiating the ring-opening polymerization of lactide 

(LA) with Poly(ethylene glycol) (PEG)2. Atom Transfer Radical Polymerization (ATRP)3, 

Reversible Addition-Fragmentation chain transfer (RAFT)4 and “click” chemistry 

techniques5 for example have opened new opportunities for end-functionalization of PLA. 

“Click-type” reactions are particularly useful in coupling two homopolymers containing 

complementary functional groups.  

Drug delivery applications where PLA constitutes the core for hydrophobic drugs and is 

surrounded by hydrophilic polymers have several benefits such as encapsulation and 

controlled release of hydrophobic drugs that would otherwise be challenging; poorly water-

soluble, narrow therapeutic index drugs and toleration of side-effects in respect to their 

administration6. Many anticancer agents fall into this drug category. PLA in these materials 

is a keystone in finding better formulations of these drugs in the form of polymeric 

nanoparticles. Hydrophobic drug loading and its ability of controlled release and subsequent 

degradation of the polymeric nanoparticle into harmless metabolites relies on the properties 

of PLA. 
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The result of utilizing controlled polymerization techniques and click chemistry techniques 

have led to new amphiphilic copolymers of PLA as different functional groups can be 

coupled together in a controlled manner. Even more complicated structures have been 

developed where end-functionalized PLA’s are bioconjugated with targeting biomolecules 

that enable active targeting of certain types of tumor cells. Coupling end functionalized PLA 

with hyaluronic acid (HA), a linear polysaccharide known ligand for the CD44 receptor7, 

whose expression is upregulated in certain types of tumor cells is a prime example8. These 

sorts of intelligent polymeric materials pave the way for new cancer therapy where 

chemotherapeutic drugs focus more on specific molecular changes which are typical to a 

particular cancer type.   
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2. Polylactides and Their Properties 

Lactic acid (2-hydroxypropanoic acid) is a chiral molecule which exists as two 

stereoisomers; D- and L-lactic acid (Figure 1.). Lactic acid is one of the smallest optically 

active molecules present in nature and it is mostly produced by the bacterial fermentation of 

carbohydrates9.  

 

Figure 1. Lactic acid isomers 

Lactide is the cyclic di-ester of lactic acid formed from 2-equivalents of lactic acid. This 

process requires polycondensation of lactic acid into a low molecular weight poly(lactic 

acid) followed by a removal of water under mild conditions and without a solvent10,11. This 

results in L-lactide, meso (L,D) lactide and D-lactide (Figure 2.) with each lactide monomer 

having 2-stereocenters. 

 

Figure 2. Lactide monomers 
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2.1 Preparation of lactic acid based polymers 

2.1.1 Overview of Lactide Polymerization 

The main pathways to a high molecular weight (HMW) lactic acid based polymers are ring-

opening polymerization of LA and step-growth polymerization, also called 

polycondensation of lactic acid (Figure 3.). The direct condensation reaction is the cheapest 

route and enables obtaining PLA directly from the monomer, lactic acid. However, obtaining 

high molecular weight PLA can be difficult because it requires the removal of water from 

the viscous solution and the equilibrium reaction favours LA monomer generation and a low 

concentration of reactive end groups. In addition, polycondensation requires long reaction 

times and high temperatures that may result in lower than targeted molecular weight12. 

To overcome the limitations of the polycondensation method lactic acid is oligomerized and 

depolymerized to produce the cyclic lactide monomer that is then polymerized by the ring-

opening mechanism in presence of a metal catalyst. This is the more common route to a high 

molecular weight polylactide and the method makes obtaining PLA possible in a more 

controlled manner. 

Because of the chiral nature of lactic acid, lactide exists in various diastereomers from which 

polylactides can be synthesized with controlled stereochemical composition since bonds to 

the chiral carbon are not broken in the polymerizations. The polymerizations yield poly(L-

lactide) (PLLA), poly(D-lactide) (PDLA) and poly(DL-lactide) (PDLLA) a racemic mixture 

of  L-lactide and  D-lactide)  

 

 

Figure 3 Polymerization of lactic acid. 
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The properties of polylactide depend on the stereochemical composition and sequence of the 

polymer. For example PLA that is derived from more than 93% of L-lactid acid is semi-

crystalline whereas PLA with 50-93% of L-lactid acid results in an amorphous polymer11. 

The crystallinity of PLLA is highly dependent on the L-concentration. Incorporating either 

meso- or D-lactide units in PLLA decreases the rate and extent of PLLA crystallization. 

PLA, prepared from 98% L-lactide, has a melting point of ~𝟏𝟔𝟎°𝑪 and a glass transition 

temperature (𝐓𝐠) of about 71°𝑪 (Table 1.) 

 PLA (98 % L-lactide) PLA (94% L-lactide) 

𝐓𝐠 (℃) 71.4 66.1 

Relaxation enthalpy (𝐉 ∙ 𝐠−𝟏) 1.4 2.9 

𝐓𝐦(℃) 163.4 140.8 

Enthalpy of Fusion (𝐉 ∙ 𝐠−𝟏) 37.5 21.9 

Percent Crystallinity 40 25 

 Table 1. Physical properties of PLA11 

For semicrystalline PLA, 𝐓𝐠 indicates the transition between the brittle and the rubber state. 

When the temperature is increased the properties of PLA are controlled more by the 

molecular weight of the PLA and shear stress, than the L/D fraction as the polymer changes 

from rubbery to viscous. The glass transition temperature of PLA ranges typically from 50°𝐶 

to 80°𝐶 and is determined by the proportion of different lactides. The crystalline melting 

temperature 𝑇𝑚 ranges from 130°𝐶 to 180°𝐶 where 180°𝐶 is the maximum practical 

obtainable melting point of pure PLLA (or PDLA). According to Ikada and Tsuji13, melting 

temperature increases with rising molecular weight (𝑀𝑤) until it reaches maximum practical 

value and a reduction in the melting temperature can be obtained by the addition of D-lactide 

into the polymer structure. The crystallinity percentage decreases with the increasing 𝑀𝑤. 
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2.1.2 Ring-opening Polymerization mechanism 

Ring-opening polymerization of LA can be divided into the three different major reaction 

mechanisms: 1) cationic ring-opening polymerization, 2) anionic ring-opening 

polymerization and 3) the coordination-insertion mechanism. All of these ring-opening 

polymerization mechanisms have been utilized in preparing PLA’s and its copolymers by 

solution polymerization, bulk polymerization, melt polymerization and suspension 

polymerization to yield higher molecular weight polymers14. 

Malgorzata and coworkers have shown that very strong acids can initiate cationic ring-

opening polymerization of LA by the activated monomer mechanism15. In this mechanism 

propagation proceeds by nucleophilic attack of the oxygen atom in the hydroxyl end-group 

on the carbon atom in protonated (active) monomer molecules (Figure 4.). Propagation 

continues if acid is present throughout the polymerization. The reaction is terminated by 

adding monofunctional nucleophiles into the reaction mixture. 

 

Figure 4 Propagation of Lactide by cationic mechanism with triflic acid (HOSO2CF3) as an initiator 
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The Malgorzata group reported7 that polymerization of L,L-Lactide proceeded with 

reasonable rate only in the presence of a strong protic acid (triflic acid). When using triflic 

acid as initiator complete conversion was reached after ~17ℎ and ~30days when the methyl 

triflate was utilized as initiator (Table 2). Weaker acids such as trifluoroacetic acid did not 

initiate polymerization of lactide. All the reactions were performed at room temperature to 

minimize side reactions.  

 

Initiator [𝑰]𝟎(mol/L) Rate of Polymerization (𝒔−𝟏) [𝑴]𝟎/[𝑰]𝟎 𝑴𝒏(𝑫𝑷) 

HOSO2CF3 0.14 4.4 ∙ 10−3(~99% in 17ℎ) 14 16,000 (111) 

HOSO2CF3 0.06 3.1 ∙ 10−3(~99% in 20ℎ) 33 12,000 (83) 

HOSO2CF3 0.04 2.6 ∙ 10−3(~99% in 28ℎ) 50 33,000 (230) 

HOSO2CF3 0.02 3.1 ∙ 10−4(~99% in 8 days) 100 91,000 (631) 

CH3SO2CF3 0.1 7.5 ∙ 10−7(~99% in 30 days) 20 12,000 (83) 

CF3COOH 0.1 0 (0% in 2 days) - - 

Table 2. Polymerization of L,L-Lactide with Different Cationic Initiators15 

 

The anionic ring-opening polymerization of lactides can be initiated by nucleophilic attack 

of alkali metal alkoxides16. The nucleophilic reaction of an anion with the carbonyl group of 

lactide cleaves the acyl carbon-oxygen bond to produce an alkoxide end group which 

continue to propagate (Figure 5.). 

 

 

 

Figure 5 Anionic initiation of PLA 
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Kricheldorf and coworkers studied16 the initiation of anionic polymerization of L-lactide 

with potassium benzoate, potassium phenoxide, potassium tert-butoxide and butyllithium. 

They found out that regardless of the solvent, only the two most basic initiators (tert-

butoxide and butyllithium) were reactive enough to initiate and maintain polymerization 

whereas weaker bases like potassium phenoxide or potassium benzoate did not initiate at 

low temperatures. When weaker bases are used for the initiation the reaction requires high 

temperatures (120 𝐶 
° ) where a considerable amount of racemization can occur. In any case 

the racemization seems to be an inherent feature of the anionic polymerization as the active 

chain ends cause racemization but can be avoided or atleast minimized by reducing the 

temperature or by using high monomer/initiator ratios. 

Jedlinski and Watach have shown that polymerization with potassium methoxide in 

tetrahydrofuran (THF) solution at room temperature can yield well-defined PLLA and 

PDLLA where contribution of racemization and transesterification is very small (<5%). In 

these conditions they obtained from low to moderate molecular weight polymers with 

relatively narrow molecular weight distributions (Table 3.) in a short reaction time. After 

termination polylactides possessing methyl ester and hydroxyl end-groups were obtained17 

 

Polymer Initiator 

([𝑰]𝟎 ∙  𝟏𝟎𝟐) 

(mol/L) 

Time (Min) Yield 

(%) 

𝑴𝒏(𝑮𝑷𝑪) 𝑴𝒏(𝑵𝑴𝑹) Polydispersity 

 

 

PLLA 2,33 10 89 7640 7100 1,35 

PLLA 1,63 15 90 13300 13200 1,30 

PLLA 0,81 35 91 27500 - 1,31 

PLLA 0,74 135 94 37500 - 1,38 

PDLLA 1,86 15 90 6960 6600 1,37 

PDLLA 1,40 20 96 11300 11080 1,36 

Table 3. Results of the anionic polymerization of polylactides with potassium methoxide17 
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Therefore, using cationic and anionic initiators as described above are limited by the risk of 

side reactions. Due to high reactivity of strong acids and base catalysts there is a risk of 

transesterification and racemization which are often accelerated in high temperatures18. In 

the cationic polymerization of the poly(L,lactide) the cationic initiation is limited to low 

temperatures (<50 𝐶 
° ) and results in low to moderate molecular weights which drastically 

affect the physical and mechanical properties of the resulting polylactide19.  

Another concern related to the polymerization of polylactide with heavy-metal containing 

cationic and anionic initiators is their safety when the polylactides are applied as 

pharmaceutical and biomedical materials. These should be purified from containing heavy-

metal catalysts. 

 

Figure 6. The general depiction of transesterification 

The third polymerization method is called coordination-insertion mechanism where the 

carbonyl O-atom of the lactide is involved in coordination with the alkoxides of magnesium, 

aluminum, tin, zirconium or titanium18.  

 

Figure 7 Coordination-insertion mechanism of lactide to PLA; R = growing polymer chain 

 

The mechanism proceeds by the coordination of carbonyl O-atom with the metal in such a 

way that it enhances the electrophilicity of the carbonyl group as well as the nucleophilicity 

of the alkoxide part of the initiator (Figure 7). The cyclic structure of the lactide is then 

cleaved at the acyl-oxygen bond resulting in the structure RO-Lactide-MLn. The following 

propagation is then continued by an identical mechanism. 
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The most commonly used initiator is stannous (II) ethylhexanoate [Sn (Oct2)] (Figure 8.). 

 

Figure 8. Structure of tin(II) octanoate 

Polymerization with Sn(Oct2) (tin octoate) results in high molecular weight PLA with 

considerably low levels of racemization at high temperatures, good reaction rates, low 

toxicity and FDA approval20.  The mechanism for the Sn(Oct)2-catalyzed ROP proceeds by 

the general coordination-insertion mechanism of metal alkoxides (Figure 7.). However, there 

is some controversy among researchers about the nature of the initiating complex. Duda and 

Penzek studied the kinetics of L,L-Lactide/Sn(Oct)2 polymerization without any co-initiator 

or with n-butyl alcohol (BuOH) as a co-initiator21. They suggested based on the MALDI-

TOF mass spectroscopy results that Sn(Oct)2 itself does not play an active role in the 

polymerization but does react with the alcohol to generate tin alkoxide bond (OctSnOR) 

(Scheme 1.) which then coordinates with carbonyl O-atom of the lactide and proceeds to the 

general coordination-insertion mechanism of metal alkoxides (Figure 7.)21 

Sn(Oct)2 +   ROH ⇌ OctSnOR + OctH 

OctSnOR + ROH ⇌ Sn(OR)2 + OctH 

Scheme 1. Coordination-insertion mechanism with Sn(Oct)2 

Duda and Penzek showed that the kinetics of polymerization are first order in both catalyst 

and monomer concentration and that the polymerization rate can be greatly enhanced by 

using butyl alcohol as co-initiator (Figure 9.) 

 

Figure 9. Kinetics of L,L-dilactide polymerization with Sn(Oct)2 where co-initiator was 

varied (BuOH in mol/l) = (○) 0.083, (⌂) 0.109 , (□) 0.240 , (●) = 0.396 ,(▲) 1.00 , (■) 1.50 
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Other authors have reported as well that addition of mono- or multifunctional alcohols 

accelerates the polymerization and allows obtaining successfully linear polylactides with 

well-defined end groups in the presence of stannous octoate22. For example, Korhonen and 

coworkers demonstrated that linear and star-shaped polylactides with controlled molecular 

weight and end-group structure can be prepared using alcohols with 1 to 12 hydroxyl groups 

as co-initiators. They polymerized poly(D,L-lactide) using benzyl alcohol and 1,4-

Butanediol to yield linear polymers, while alcohols with more hydroxyl groups for example, 

pentaerythritol (4 OH groups) was used in the preparation of 4-arm polymers and 

poly(glycerine) for 9-arm polymers.  They presented the effect of hydroxyl group content on 

the weight average molecular weights of polylactides (Figure 9). 

 

 

Figure 9. The dependence of molecular weight on the weight average molecular weights of 

polylactides22 

It was clearly demonstrated from their work that increasing hydroxyl content increases the 

polymerization rate considerably by all the co-initiators. Polymerization was fastest with 

polyglycerine having highest hydroxyl group content. Typical conditions reported for 

polymerization were 160-200 𝐶 
°  under 3 hours reaction time with the molecular weight 

directly depending on the ratio of monomer to co-initiator. The catalyst (Sn(Oct2)) 

concentration range varied from 0.02 to 0.03 mol %.  
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Other tin based compounds that have been used as catalysts or initiators include tin(II) and 

tin(IV) halogenides23 in addition to divalent tin(II) alkoxides such as tin(II)butoxide 

(Sn(OBu)2
24. 

Alongside tin based compounds, another class of efficient catalysts to initiate polymerization 

of the lactide is aluminum alkoxides, particularly aluminum isopropoxide (Al(OiPr)3) has 

proved to be an efficient catalyst (Figure 11.) The initiation with aluminum alkoxides 

proceeds by the general coordination-insertion mechanism of metal alkoxides (Figure 7.) 

previously described. 

 

 

Figure 11. Structure of aluminum (III) isopropoxide [Al(Oi-Pr)3] 

 

Overall, stannous octoate has higher activity (𝑘𝑝 = 10.8 ∙ 10−2min−1) compared to 

aluminum isopropoxide (𝑘𝑝 = 7.3 ∙ 10−2min−1) in melt polymerization of D-lactide. The 

reaction time required to reach maximum monomer conversion is longer using Al(OiPr)3 

whereas stannous octoate reaches maximum monomer conversion in few hours25. Despite 

the low reactivity of aluminum isopropoxide in melt the solution polymerization of lactide 

with the aluminum isopropoxide has been reported to give controllable molecular weights 

with narrow polydispersity.  Dubois and coworkers obtained polylactides in toluene at 70 𝐶 
°  

with Mn of up to 90  kg/mol and polydispersity of 1.1 to 1.4 in the absence of intra- or 

intermolecular side reactions. However the polymerization at 70 𝐶 
°  is limited to a Mn of ca. 

90 kg/mol when polymerization is considered “living” up to that value and beyond inter- 

and intramolecular transesterification reactions become significant and the polymerization 

is no longer quantitative26. 
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Other types of interesting catalysts initiating ring-opening polymerization of lactides are 

yttrium and lanthanum alkoxide based initiators. In general, the activity of lanthanide 

alkoxides is greater than aluminum alkoxides in lactide polymerization. The lanthanide 

alkoxides that are studied the most are lanthanide tris(2,6-di-tert-butylphenolate)s (Figure 

12.) and yttrium isoproporxide Y5(µ-O)(OiPr)13 where five yttrium atoms are attached to a 

single central oxygen atom. Stevels and coworkers studied the kinetics of yttrium and 

lanthanum tris(2,6-di-tert-butylphenolate)s in polymerization of L-lactide in the presence of 

various alcohols27. They reported that the rapid polymerization using yttrium tris(2,6-di-tert-

butylphenolate) reached maximum conversion within minutes with good yield (typically 85-

90%) along with a number average molecular weight following first-order kinetics. 

Polylactides obtained this way had polydispersities of 1.05-1.24 and the end group structure 

could be controlled with the choice of alcohol co-initiator. 

 

 

Figure 12. Structure of tris(2,6-di-tert-butylphenolate)s, where M=Y or La 

They proposed also that using different lanthanide atoms would be beneficial in fine tuning 

the reactivity of an initiating system, due the difference in ionic radius within the series of 

lanthanides27. 
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2.2 Biodegradation of Polylactides 

 

PLA’s are of significant research interest due to their biocompatibility and biodegradability. 

PLA can degrade in contact with living tissues or under outdoor conditions to its naturally 

occurring non-toxic metabolites thus allowing it to be used clinically as biomedical implants 

and surgical sutures28. Another very attractive potential application of PLA deals with the 

concept of controlled drug delivery where PLA or PLA blends acts as a polymer matrix for 

sustained drug release that is controlled by biodegradation29.  

There are currently four different terms (biodegradation, bioerosion, bioabsorption and 

bioresorption) that indicate that a given material or device will eventually disappear in the 

body. The prefix “bio” indicates that the degradation and erosion occur under physiological 

conditions. The term “degradation” is used when the material degradation is mediated by 

chemical process (such as backbone cleavage) and the term “erosion” is used when there are 

physical changes in the material (such as changes in size, shape or mass). Bioabsorption and 

bioresorption are commonly found within the literature and both are used to indicate 

controlled degradation and complete disappearance in vivo. However, these terms have not 

been consistently defined30. 

Degradation mechanism of PLA involves chemical breakdown of the polymer backbone and 

typically result from either microbial attacks or hydrolysis of the ester bond or a combination 

of both31. Factors that influence degradation rate include material hydrophilicity, 

morphology, crosslink density, and surrounding conditions of the hydrolysis. The pH of the 

medium has an effect on where the chain scission occurs32. 

 

 

Figure 13.  The mechanism of hydrolytic degradation of polylactide 



18 
 

The biodegradation of PLA can be regarded as a reverse poly-condensation reaction (Figure 

13.). This reaction is a two-step process where polylactide first hydrolyzes into oligomers 

and then further breaks down into carbon dioxide and water by microorganisms. Hydrolysis 

is often considered as the limiting step of PLA degradation as the reaction is dependent on 

the presence of water. The hydrolytic degradation proceeds in two stages32,33. The first stage 

of hydrolytic degradation occurs in the amorphous regions before the crystalline regions 

because of a higher rate of water uptake. In general crystalline polymers tend to degrade 

slower than amorphous polymers because the crystalline segments are denser so water 

cannot penetrate into the matrix as easily.   

After the initial cleavage of ester bonds, the remaining chain segments obtain more space 

and mobility, which leads to reorganization of the polymer chains and an increased 

crystallinity32. This is known as degradation induced crystallization. However in this stage 

the mechanical strength and molar mass is decreased but no noticeable weight loss can be 

detected. Only after the second stage where the crystalline chain segments start to hydrolyze, 

the rate of mass loss becomes more prominent and after that PLA becomes resorbed32,33.  

Li and his coworkers showed that degradation of PDLLA could be more rapid in the center 

than at the surface. The explanation for this was that as hydrolytic cleavage of the ester bonds 

forms a new carboxyl end group, there is a huge difference in the diffusion rate of the soluble 

oligomers produced close to the surface than the center of the polymer. The consequence of 

this is that the degradation products in the inner part of a sample become entrapped in the 

center and can’t diffuse out of the polymer. It was reasoned that this in turn could lead to a 

higher internal acidity, with carboxyl endgroups catalyzing ester bonds cleavage, resulting 

in a different degradation rates between surface and interior34. Thus, the degradation of 

polylactide is regarded as a bulk erosion since it retains its volume until a uniform weight 

loss is observed.  
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The temperature during the hydrolysis is an important parameter since it influences the 

degradation rate. For this reason it has been major of importance to determine the 

degradation rate of PLA at normal body temperature because of the interest in PLA for 

biomedical applications. However it is difficult to assess such experiments since the 

hydrolysis is very slow at room temperature and at 37℃ can take from many weeks up to 3 

years35. Consequently, accelerated hydrolysis experiments at elevated temperatures have 

been conducted to help in the prediction of degradation behavior of PLA versus time and 

temperature36,6.  

While most studies find that the Arrhenius equation works well for the temperature studies, 

Lyu et al. proposed an alternative temperature dependence equation that can describe the 

effect of temperature on the rate of hydrolysis above and below Tg. This is the Vogel-

Tammann-Fulcher equation36: 

𝑘 = 𝑘0𝑒
−𝐸

𝑅
(

1

𝑇−𝑇𝑆
)
     (1) 

Where 𝑘0 and E are the characteristic Vogel-Fulcher-Tammann parameters, R is the ideal 

gas constant and 𝑇𝑠 is a reference temperature (found to be 0℃ for PLA). Lyu et al. found 

that using this equation could predict the time it takes for the PLA to degradate. The total 

mass loss for their PLA at 37℃ would take 3-5 years whereas at 90 ℃ the sample disappear 

after 2-3 days. They also noted that there is a certain induction period before sample weight 

loss occurs like previously mentioned in this chapter. The initial stage before this, where 

mechanical properties and molecular weight start to decrease is usually coupled to the drug 

releasing behavior or physical integrity and mechanical integrity of a biomedical device, so 

it becomes of major importance to determine these two important time events for practical 

applications: how long a biomedical device needs to perform with physical and mechanical 

integrity and what is the total time that devices spend from implantation to disappearance36. 
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3. Polylactide (PLA)-based amphiphilic copolymers for drug 

delivery 
 

One major issue for applying polylactides as biological and biomedical devices, is their 

hydrophobicity which results from the lack of functional group diversity along the polymer 

backbone. For hydrophobic drug delivery applications this has led to increased clearance by 

the mononuclear phagocytosis system, resulting in poor stability and poor 

biocompatibility29.  To overcome this issue, polylactides have been copolymerized with 

other hydrophilic polymers to achieve amphiphilic block or graft copolymers. For example, 

polyethylene glycol (PEG) segments have been introduced into PLA chains to modulate their 

hydrophilicity and degradability. Depending on the amount of hydroxyl end groups in PEG, 

diblock or triblock copolymers have been obtained by ring-opening polymerization, where 

the hydrophilicity of the copolymer increases with the increasing PEG content2. Other types 

of hydrophilic copolymers of PLA include polymethacrylates37, polysaccharides38 and 

polypeptides.39 

PLA-based amphiphilic copolymers self-assemble in aqueous solutions to a core/shell 

micellar structure. They contain both hydrophobic and hydrophilic segments which enable 

these systems to be utilized as a drug carrier system where the hydrophobic core can carry 

hydrophobic therapeutic agents, surrounded by a hydrophilic shell that ensures water-

solubility and biocompatibility40 (Figure 14). More complicated micellar structures have 

been designed by incorporating functional groups into the copolymer. Specific ligand 

biomolecules are conjugated into these reactive functional groups to achieve targeting of 

specific cells. These systems very often relay on a nanometer range that has benefits in 

enhanced biodistribution in vivo, where smaller particles have lower liver uptake and thus 

prolonged activity. The average hydrodynamic diameter of the micelles is in the range of 5-

100nm. This has been exploited especially in the design of more biocompatible formulations 

for anti-cancer drugs40, 1. 
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Figure 14. Self-assembly of amphiphilic PLA-based block copolymer in aqueous solution 

Generally, polylactides and their block copolymers have been ring-opening polymerized 

using lactide monomers and other cyclic monomers such as glycolide and caprolactone in 

the presence of hydroxyl or amine-functionalized initiators19. However, recent advances of 

polymerization techniques, such as atom transfer radical polymerization (ATRP) and 

reversible addition-fragmentation chain transfer (RAFT) have enabled polymerization of 

hydrophilic monomers from hydrophobic PLA through reactive polymer-halide41 or chain 

transfer agent42. In addition Copper(I) catalyzed Huisgen 1,3-dipolar cycloaddition between 

an azide and an alkyne functional groups (CuAAC) known as “click” chemistry, has been 

employed in preparing PLA-based amphiphilic copolymers5.  

The ligands that have been incorporated in to these copolymers include a broad range of 

small molecules, carbohydrates, peptides or antibodies and requires the use of reactive 

functional groups to achieve the coupling reaction. Functional groups that are most often 

exploited in coupling reaction include carboxylic acid (-COOH), amino (-NH2), and 

hydroxyl (-OH) although numerous examples of different coupling reactions can be found 

in the literature.  The combination of active targeting achieved by ligation and hydrophobic 

drug such as paclitaxel conjugated into the self-assembled spherical micelles of hyaluronic 

acid-block-poly(ethyleneglycol) have been shown to be more effective towards the cancer 

cells than the free drug43. 
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4. Polymerization of end-functional Polylactides 

4.1 Atom transfer radical polymerization (ATRP) 

Controlled or living polymerization techniques in combination with ROP offer new 

opportunities for preparing PLA-based amphiphilic block copolymers with a wide range of 

hydrophilic monomers to choose from. ATRP is a reversible-deactivation radical 

polymerization where a transition metal complex catalyzes the reversible redox process to 

generate radicals or active species (Figure 14.)3,44 

 

Figure 14. General scheme of ATRP reaction A) initiation, B) Equilibrium  C)Propagation 

ATRP is a versatile tool for polymerizing hydrophilic monomers from end-functionalized 

PLA’s as it is tolerant of most functional groups either in the monomer or the initiator and it 

can be carried out in several different solvents and conditions3. The mechanism of this 

reaction is based on a dynamic equilibrium of halogen transfer (chloride in Figure 14) 

between the transition metal complex in the lower oxidation state (Cu(I)Cl/Ligand in Figure 

14) and the initiator (A: R-Cl in Figure 14) or propagating chain end (B: P-Cl in Figure 14.) 

resulting in generated radicals that can propagate3,44. In this reaction the metal complex 

oxidizes to the higher oxidation state (Cu(II)Cl2/Ligand). Various metals and ligands can be 

employed in ATRP but the most commonly used catalysts are based on copper (Cu(I) and 

Cu(II) oxidation states) and nitrogen containing ligands such as tris[2-

(dimethylamino)ethyl]amine (Me6TREN) or tris(2-pyridylmethyl)amine (TPMA) (Figure 

15.).In ATRP alkyl halides such as alkyl bromides and alkyl chlorides are mostly used to 

initiate the reaction as they provide the best molecular weight control3. 
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Figure 15. Ligands for Cu-mediated ATRP 

The following synthetic procedure is used to copolymerize PLA with hydrophilic monomers 

using ATRP. The first step is ROP of LA and next the conversion of the PLA hydroxyl 

terminal end groups (1) to the corresponding alkyl halide end group (2) (ATRP 

macroinitiator) and then polymerization of hydrophilic monomers from the PLA 

macroinitiator (Figure 16.). In the work of Spasova et al. amphiphilic poly(D-lactide)-b-

poly(N,N-dimethylamino-2-ethyl methacrylate) (PDLA-b-PDMAEMA) and poly(D-

lactide)-b-poly(N,N-dimethylamino-2-ethyl methacrylate) (PLLA-b-PDMAEMA) 

copolymers were obtained in this way (Figure 16.)45, using Al(OiPr)3 to initiate ROP of (D- 

or L-)lactide and quantitative conversion of PLA-OH to PLA-Br with bromoisobutyryl 

bromide. Finally, ATRP of DMAEMA was initiated with PLA-Br macroinitiator in the 

presence CuBr/HMTETA catalyst system in THF at 60°𝐶45. 

 

Figure 16. Intermediate approach in the ATRP45 
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Another interesting approach using ATRP in the polymerization of PLA-based 

macromonomers is grafting methacrylate terminated PLA:s onto water soluble polymer 

chains initiated by an alkyl halide initiator. This approach is based on the work of Lim et al. 

where conventional radical polymerization was employed in the grafting of 2-hydroxyethyl 

methacrylate (HEMA) terminated oligomeric PLA onto poly(HEMA) chains41. Similarly, 

ATRP can be employed in the grafting of PLA chains onto a hydrophilic polymer chain by 

first synthesizing methacrylate functionalized PLA macromonomer (3) and then ATRP:ing 

it with other hydrophilic methacrylates or acrylates (Figure 17). 

 

Figure 17. ATRP of methacrylate functionalized PLA macroinitiator and HEMA 

It has been shown that these kinds of amphiphilic graft copolymers exhibit self-assembly 

properties and can be utilized in controlled drug delivery applications41. 

Choosing the right solvent for the copolymerization of hydrophilic monomer is important as 

the solubility of the PLA-based macroinitiators can be limited in polar solvents. Sufficient 

solubility for the macro initiator and good reactivity for the ATRP:ing of hydrophilic 

monomers must be achieved by careful planning.  
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4.2 Reversible addition-fragmentation chain transfer polymerization (RAFT) 

RAFT is a controlled/living radical polymerization technique that can be utilized for 

preparing PLA-based amphiphilic block copolymers. Synthesis relies on functionalizing 

polylactides with thiocarbonylthio compounds (Z-C=S-S-R) to form RAFT macroinitiators 

that can meditiate the RAFT polymerization46. The mechanism of the RAFT polymerization 

differs significantly from ATRP where polymerization is controlled by the reversible 

deactivation of propagating radicals. In the former the polymerization is maintained by chain 

transfer reactions using an appropriate RAFT agent47,4. In short, RAFT polymerization is 

very much like the conventional radical polymerization and can be performed by adding 

RAFT agent to a conventional radical polymerization. 

 

Figure 18.  Synthesis of PLA-based RAFT macroinitiator46 

A RAFT agent contains a “Z-group” and a “R-group” which primarily affect the solubility 

and reactivity of a RAFT agent4. RAFT agents in this case are limited to hydroxyl containing 

compounds as ROP of PLA have to be initiated from the hydroxyl containing “Z group”. 

The “R-group” of a RAFT agent is the free radical leaving group. The reaction is started by 

a free-radical source which can be a conventional radical initiator such as 

azobisisobutyronitrile (AIBN) (Figure 19.). This free radical then reacts with the monomer 

to form a propagating radical (𝑃𝑛
∙ ) (Figure 19) which is incorporated to the thiocarbonylthio 

compound (1) by the addition reaction. This reaction is followed by the fragmentation of the 

intermediate radical (2) and formation of a polymeric thiocarbonylthio compound (3) and a 

new radical (𝑅∙). This radical is capable of forming a new propagating radical (𝑃𝑚
∙ ). As a 

consequence the main equilibrium is set between active propagating radicals (𝑃𝑛
∙  and 𝑃𝑚

∙ ) 

and polymeric thiocarbonylthio compound (3).   
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The reaction conditions used for the RAFT polymerization are the same as for the free radical 

polymerization (Monomers, initiators, solvents and temperature)4. 

The “living” nature of RAFT polymerization results from the conditions that the main 

equilibrium provides. The equilibrium allows for equal probability for all chains to grow at 

the same rate. Polymerization in this way results in narrow polydispersity for the formed 

products and ability to control molecular weight4. 

 

Figure 19. Mechanism of RAFT polymerization4 

The combination of ROP and RAFT methods have been used in preparing amphiphilic block 

copolymers based on PLA. Ting et al. demonstrated the RAFT process by synthesizing the 

PLA RAFT macroinitiator and employing it in the RAFT polymerization of the 

glycomonomer 1,2:3,4-di-O-isopropylidene-6-O-acryloyl-𝛼-D-galactopyranose (AIpGP) 

and the subsequent deprotection of the pendent sugar moieties with trifluoroacetic acid 

(TFA)46. The resulting block copolymer PLA-b-PAGP (Figure 20.) exhibited the 

amphiphilic character based on the experiments in various solvents with NMR. The authors 

also performed an evaluation of the PLA in the RAFT process by homopolymerizing AIpGP 

under various conditions and by applying those same conditions to the synthesis of block 

copolymers.  
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No retardation of the polymerization rate was observed in the copolymerization with the 

concentrations equal to the homopolymerization. Only an increased amount of PLA 

macroinitiator induced a reduced rate of polymerization and an inhibition period around 

130min but rather than affecting the RAFT process the retardation was assigned to the 

increased viscosity of the polymerization medium46.  

 

Figure 20.  Synthesis of PLA-b-PAGP46 

By protecting pendent sugar groups authors were able to find a suitable solvent to dissolve 

both polymer blocks and to achieve efficient control of the RAFT polymerization. It is a 

common strategy to broaden the selection of solvents and solubilize glycopolymers and 

polysaccharides. 

Another study on successful synthesis of amphiphilic block copolymers based on PLA by 

combination of ROP and RAFT methods was conducted by You et al. In this study 

thermoresponsive triblock copolymers of PLA and N-isopropylacrylamide (NIPAAM) were 

synthesized by using S,S’-bis(2-hydroxyethyl-2’-butyrate) trithiocarbonate (BHBT) RAFT 

agent containing two ending hydroxyl groups to initiate ROP of LA from both ends and a 

centered trithiocarbonate unit to act as efficient chain transfer agent for RAFT 

polymerization of NIPAAM. The structure of PLA-b-PNIPAAM-b-PLA was confirmed by 

1H NMR and GPC having well-defined structure and controlled molecular weight. The 

micelles prepared from PLA-b-PNIPAAM-b-PLA showed coil-to-globule transition at 

lower critical solution temperature (LCST~31oC) in a water solution which is a known 

property to be associated with PNIPAAM chains48. 
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Similarly, a block copolymer of PLA and poly(2-hydroxyethyl acrylate) (PHEA) was 

synthesized by sequential ROP and RAFT. The resulting amphiphilic block copolymers 

were characterized by using dynamic light scattering (DLS) and cryo-transmission electron 

microscopy (cryo-TEM).The products showed formation of spherical micelles in water with 

average diameter of 13-20nm49. 

 

Figure 21.  Synthesis of PLA-b-PHEA copolymers49 
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4.3 Click-chemistry techniques 

Huisgen 1,3-dipolar cycloaddition or a variation of it known as the copper catalyzed ‘click’ 

reaction (CuAAc) between terminal acetylenes and azides provides a route for end functional 

polylactides to be coupled with various other linear homopolymers5. Both reactions are very 

efficient in functionalization terminal end groups and insensitive towards various solvents 

under moderate reaction conditions5. Because of their reaction 1,3-triazole and 1,4-triazoles 

structures are generated (Figure 22). 

 

Figure 22. Azide/alkyne – ”click” – reaction. 

There are various ways to incorporate either azide or alkyne functionalities to polylactide 

end groups for subsequent “click” reactions. The straightest way to do this is to initiate ROP 

of LA with alkynols but their intolerance of metal alkoxides involved in ROP usually limit 

their use and very often result in poor functionalization50. However using a 

protection/deprotection scheme Liu et al. prepared propargyl-terminated PLA by initiating 

ROP of LA in the presence of N,N,N’,N’’,N’’’-pentamethyldiethylenetriamine (PMDETA) 

and Sn(Oct)2 with 3-methyl-1-pentyn-3ol as an initiator. They found that the alkyne groups 

of the initiator could be protected by adding PMDETA to the ROP of LA. They also noted 

that residual PMDETA, which is a ligand in the click reactions has no effect on subsequent 

click reactions50. This way they obtained 86% chain-end functionality compaired to the 30-

40% conversion without PMDETA added. 
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Figure 22. Ring-opening strategy for obtaining alkyne-terminated PLA’s. 

Many authors use post polymerization chemical end group transformation to incorporate 

propargyl function into the PLA chain end. This way protection/deprotection of functional 

groups of ROP initiators can be avoided but care in choosing the post polymerization 

reaction conditions must taken into consideration to avoid any degradation of PLA. Mild 

reaction conditions can be employed to the end functionalization of PLA’s by using the 

Steglich Esterification reaction (Figure 23.)51  

 

Figure 23. Steglich esterification 

Alkyne containing carboxylic acids can be reacted this way with the terminal hydroxyl group 

of PLA to synthesize alkyne-terminated end PLA’s. In the work of Wu et al. PEG-b-PLA-

b-PEG triblock copolymers were obtained by combination of ROP and copper-catalyzed 

click chemistry52. Alkyne terminated PEG-PLA were synthesized by post polymerization 

functionalization of hydroxyl terminal group of the PLA block using the Steglich 

esterification reaction in room temperature with 95% conversion of the end groups. In the 

subsequent step ‘Click’ reaction between alkyne-terminated PEG-PLA-Alkyne and azide 

end-functional PEG (PEG-N3) were then achieved by copper-catalyzed Huisgen’s 

cycloaddition52. Azide-functional group on the other hand can be easily transfered into 

polylactides by preparing first halogen end-functional PLA (PLA-Cl or PLA-Br) and then 

substituting them onto the azide group (PLA-N3)
53  
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Click reactions have been particularly demonstrated in coupling synthetic polymers and 

polysaccharide blocks from their chain ends with interesting applications in drug delivery54. 

Click chemistry techniques have also provided a way to attach “probes” or “substrates” in 

terms of bioconjugation to achieve the controlled release of drugs in specific cells7. 

Incorporating azide or alkyne functions into the polylactide terminal end group and its 

complementary functional group at the reducing end of a polysaccharide chain could provide 

new covalently linked PLA and polysaccharide block copolymers with self-assembly 

properties for drug delivery (Figure 23.). 

4.3.1 Polysaccharide containing polylactide block copolymers 

 

Several examples of polysaccharide based copolymers with self-assembly properties have 

been reported for their potential in controlled release of drugs. Fig. 24 shows the structures 

that have been employed as the hydrophilic polysaccharide block. 

 

Figure 24. 1 Cellulose; 2 Chitin; 3 Hyaluronan 

Typically, polysaccharide based polylactide copolymers have been graft copolymers. 

Functional groups of the polysaccharide backbone allow polymerizing a synthetic monomer 

from them or grafting preformed synthetic polymer chains on the same reactive functional 

groups. Both different pathways have been used to graft polylactide onto different 

polysaccharides and demonstrated in controlled release of therapeutic agents38 (e.g. 

doxorubicin).  
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Linear structures of polysaccharide-based copolymers of polylactide have been less 

described. Functionalizing the reducing-end of the polysaccharide (Figure 25.) could offer a 

new pathway to amphiphilic block copolymers based on polylactide and polysaccharides, 

where the polysaccharide segment would represent the hydrophilic block and polylactide the 

hydrophobic block. Moreover, hyaluronic acid (HA) (Figure 24. structure 3) as the 

hydrophilic polysaccharide block could be potential in drug delivery as it is known for 

targeting CD44,  a cell-surface glycoprotein upregulated in certain cancers7. 

Malignant cells especially in breast, ovarian and colon cancer exhibit enhanced binding and 

uptake of HA which could be exploited for target-specific delivery of anticancer drugs. It 

has been demonstrated experimentally that hyaluronic acid containing polymeric micelles 

are capable of binding and exhibiting cytotoxicity to these malignant cells43.   Block 

copolymer of HA and PLA is then expected to exhibit good properties for controlled drug 

delivery system; Self-assembly, drug loading capacity, biocompatibility, biodegradation and 

active targeting. 

 

4.3.2 Reductive amination of polysaccharide-end chain 

 

Figure 25. Reductive amination with cyanoborohydride57 
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The reductive amination with sodium cyanoborohydride (NaBH3CN) relies on the 

equilibrium between the hemiacetal and the aldehyde form of carbohydrates (Figure 25.). 

This reaction proceeds in two steps. First, the nucleophilic addition of an amine which 

condenses onto a carbonyl group to afford an imine or iminium ion and second, the following 

fast reduction with sodium cyanoborohydride of the iminium group to the more stable amine. 

The first step of this reaction is slow (~days) due the amount of free aldehyde form at 

equilibrium, which is very low compared to the hemiacetal form55. This reaction has been 

especially exploited in preparing amphiphilic polysaccharide based block copolymers in 

conjunction with click chemistry techniques55.  

Schatz and his coworkers demonstrated coupling reaction of poly(𝛾-benzyl L-glutamate) 

end-functionalized with an azido group (Figure 26, structure 2) and dextran end-

functionalized with an alkyne group (Figure 26, structure 1). Reductive amination of dextran 

with propargylamine in acetate buffer in the presence of sodium cyanoborohydrate (Figure 

16) was exploited in introducing an alkyne group at the reducing end of dextran56. The click 

reaction between azido and alkyne groups were performed in dimethyl sulfoxide (DMSO) 

as it is known to solubilize polysaccharides. 

  

 

Figure 26. polysaccharide and polypeptide coupling by click chemistry56 
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In the same manner, it was demonstrated by another group to couple hyaluronan with end 

functionalized alkyne function (Figure 27, structure 1) and poly(𝛾-benzyl L-glutamate) 

(Figure 27, structure 2) with end-functionalized an azido group by click chemistry process57.  

Conventional reductive amination was employed to couple reducing end of a hyaluronan 

with propargylamine using cyanoborohydride as reducing agent and coupling of the different 

end functionalized blocks was performed in DMSO at 60oC using CuBr as the catalyst with 

pentamethyldiethylenetriamine (PMDETA) as a ligand. 

 

 

Figure 27. Synthesis of Hyaluronan-b- poly(γ-benzyl L-glutamate) by Huisgen’s 1,3-Dipolar 

Cycloaddition (”click” chemistry”) 
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There has been minimal published research performed on the formation of amphiphilic block 

copolymers of lactides and hyaluronan using this synthetic pathway. Liu and his coworkers 

demonstrated diblock copolymer structure of hyaluronan and polylactide through amide 

bond coupling reaction. N, N’-dicyclohexylcarbodiimide (NHS) activated polylactide was 

coupled with hyaluronic acid which was pre-aminated with 1,2-ethylenediamine at the 

reducing end8. The resulting copolymer self-assembled into micelles in aqueous solution and 

the exhibited drug encapsulation properties using ellagic acid and lidocaine chloride as 

model compounds.  

 

Figure 28. Coupling reaction of PLA with hyaluronic acid amine 

By following this same idea, ABA triblock and AB diblock amphiphilic structures could be 

prepared where telechelic polylactides with terminal alkyne groups are coupled from both 

or the other chain end with azido functionalized hyaluronan (Figure 29.).  
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Figure 29. Structure of a hyaluronan-b-Polylactide-b-hyaluronan 
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 5. Experimental 

5.1 Materials 

Solvents: dichloromethane was dried by distillation prior to use, toluene was refluxed with 

sodium overnight, distilled and sealed in a flask with molecular sieves (4Å). Heptane (HPLC 

grade), chloroform-d and methanol (HPLC grade) were used without further purification. 

L,- and D,L-lactide (LLA and DLLA, respectively) (ABCR) were recrystallized three times 

from dry toluene and subsequently dried under vacuum and stored in an desiccator under 

reduced pressure. Commercial poly(D,L-lactide) (Mn=5000, and 10000 g/mol) (Sigma-

Aldrich) was freeze dried in 1,4-dioxane prior to use.  (M 2-hydroxyethyl methacrylate was 

extracted from DCM/water and then distilled in reduced pressure (Sigma-Aldrich). 1,4-

butanediol (BDO) was distilled and stannous octoate (Sn(Oct)2) (Sigma-Aldrich) was used 

without further purification. Reagents used in the modification of synthesized polymers: 4-

pentynoic acid (Sigma-Aldrich), 4-dimethylaminopyridine (DMAP),  N,N’-

dicyclohexylcarbodiimide (DCC), triethylamine (TEA), 1,8-diazabicycloundec-7-ene 

(DBU) (Sigma-Aldrich) all of which were used without further purification. Pent-4-ynoyl 

chloride was synthesized according to procedures described in literature57. Laboratory 

glassware used in the polymerizations was silanized with dichlorodimethyl silane (Sigma-

Aldrich) and flame dried prior to use. 

5.2 Measurements 

The polymerizations were carried out under a nitrogen atmosphere using glove-box 

techniques. NMR spectra were recorded with a 500 MHz Bruker Avance III spectrometer at 

room temperature. Sample concentrations were 5-10 mg ml-1 in deuterated chloroform. Gel 

permeation chromatography (GPC) was performed on a Waters 410 apparatus. 

Tetrahydrofuran was used as an eluent and the apparent molecular weights and 

polydispersities were determined with a calibration based on linear polystyrene standards. 

Sample concentrations were 5 mg ml-1 in THF/Tetra-n-butylammonium bromide (TBAB). 

The IR spectra were recorded on Perkin Elmer FTIR spectrometer. 
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6. Synthesis 

6.1 Synthesis of polylactide diols  

The ring-opening polymerizations of PLA were successfully carried out by solution- and 

bulk polymerizations. In the typical procedure for a 10,000 g/mol (Table 4.) PDLLA a flame 

dried 25 mL 2-necked flask was purged with nitrogen and charged within a dry-nitrogen-

purged glove box with 29.3 mg of tin(II)-ethylhexanoate (0.072 mmol), 17.2 mg of 1,4-

butanediol (0.191 mmol), 2.1 g of D,L-lactide (14.5 mmol), 5 mL of toluene and a magnetic 

bar. The reaction mixture was sealed, transferred into a 110 𝐶 
°  preheated oil bath and 

equipped with a nitrogen outlet. After 3 hours of polymerization the reaction was stopped 

by opening the flask and cooling it in an ice bath. The product was dissolved in a small 

amount of dichloromethane and precipitated into 700 mL of cold diethyl ether with magnetic 

stirring and washed several times with cold methanol. Finally the product was freeze-dried 

from 1, 4-dioxane and weighted. 

 

 

Scheme 2. The synthesis of dihydroxyl end functional polylactide 

Sample LA/BDO Sn(Oct)2 (mg) Mn, theo (g/mol)  Yield (g) 

OH_PLLA_OH 100:6 27 2500 1.90 

OH_PLLA_OH 100:3 44.5 5000 1.91 

OH_PLLA_OH 100:1.5 26.3 10000 1.90 

OH_PDLLA_OH 100:6 31.6 2500 1.89 

OH_PDLLA_OH 100:3 30 5000 1.90 

OH_PDLLA_OH 100:1.5 29.3 10000 1.92 

Table 4. Synthesis conditions for polylactides 
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6.2 Synthesis of poly(D,L-lactide) Monoethyl methacrylate [PDLLA-EMA] 

Methacrylate terminated PDLLA with various lactide chain lengths were synthesized using 

2-hydroxyethyl methacrylate (HEMA) as the initiator and using stannous octoate Sn(Oct)2 

as the catalyst. The target molecular weight was aimed to produce 5000 g/mol and 10000 

g/mol (Table 1.) and was controlled by changing the ratio of DL-lactide/HEMA. In an 

example of the reaction of PDLLA-EMA a 25 mL 2-necked flask that had already been 

flame-dried was charged within a dry-nitrogen-purged glove box with 2.0 g of D,L-lactide 

(14.0 mmol), 64.0 mg of HEMA (0.49 mmol), 5 mL of toluene, 30 mg of Sn(Oct)2 (0.074 

mmol) and a stirring bar and purged with nitrogen. The surface of the glassware being 

silanized beforehand. The reaction mixture was then sealed and transferred into a 110 𝐶 
°  

preheated oil bath for 3 hours equipped with a nitrogen outlet. The reaction was stopped by 

letting air into the reaction mixture and placing it in an ice bath. The crude product was 

evaporated from the toluene and dissolved in a small amount of chloroform and precipitated 

into 700 mL of cold diethyl ether with magnetic stirring and washed several times with cold 

methanol. The final product was freeze-dried from 1, 4-dioxane and weighed. 

 

 

 

Scheme 3. The synthesis of polylactide monoethyl metacrylate 

Sample LA/HEMA Sn(Oct)2 (mg) Mn, theo (g/mol) Yield (g) 

HEMA_PDLLA_OH 100:6 26.3 2500 1.75 

HEMA_PDLLA_OH 100:3 30 5000 1.82 

Table 5. Synthesis conditions for methacrylate terminated polylactides 
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6.3 End-group functionalization of poly(lactides) 

6.3.1 Synthesis of 4-pentynoyl chloride 

4-Pentynoyl chloride was synthesized according to Goldmann et all58. In a 2-necked 25 mL 

flask 1.50 g of 4-pentynoic acid (15.29 mmol) was dissolved in dry dichloromethane 

equipped with a stirring bar and capped with a rubber septum. The solution was bubbled 

with argon for 10min before adding 1.8 mL of oxalyl chloride (20.97 mmol) and was left to 

react overnight in room temperature at which time it was concentrated to reveal an oily 

product with a light yellow color. The excess of oxalyl chloride was distilled at reduced 

pressure and the product was characterized 1H-NMR and IR. 

 

Scheme 4. The synthesis of pent-4-ynoyl chloride 

6.3.2 Telechelic alkyne-terminated PLA 

A series of telechelic alkyne-terminated PLA’s were prepared from synthesized PLA’s 

(Table 5.) using 4-pentynoic acid and pent-4-ynoyl chloride. In a typical example of end-

functionalization of PDLLA, a 25 mL 2-necked flask equipped with a stirring bar was 

charged with 100 mg of PDLLA (𝑀𝑤:1𝐻−𝑁𝑀𝑅
= 4900𝑔 𝑚𝑜𝑙−1, 0.04 mmol), 5.21 mg of 4-

pentynoic acid (0.05 mmol, 1.3 equivalent) and 2 mg (0.03 mmol, 0.4 equivalent) of 4-

dimethylaminopyridine (DMAP). The mixture was cooled down in an ice bath and dissolved 

in 5 mL of dry DCM under a nitrogen atmosphere. The solution was then stirred for 15 

minutes under a nitrogen atmosphere at room temperature, and the 12.6 mg of 

dicyclohexylcarbodiimide (DCC) (0.06 mmol, 1.5 equivalent) was dissolved in  2.5 mL of 

dry DCM. The reaction proceeded overnight in room temperature. 
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The reaction was stopped by letting air into the reaction mixture and evaporated to dryness. 

The crude product was dissolved in a hot chloroform/methanol (1:5) mixture and 

precipitated in cold pentane. The pentane was decanted and the remaining solid was 

dissolved in 1,4-dioxane and freeze dried. The degree of functionalization was evaluated by 

comparing the integration values of the signals related to the PDLLA protons and from 1H-

NMR. 

 

 

Scheme 5. Alkyne-terminated polylactide 

 

Polymer 

(g/mol) 

4-PA (eq) DMAP (eq) DCC (eq) Yield (mg)  

PDLLA 2500 1.3 0.4 1.5 47 46% 

PDLLA 5000 1.3 0.4 1.5 73.1 96% 

PDLLA 10000 1.3 0.4 1.5 31.5 75% 

PLLA 2500 1.3 0.4 1.5 47 60% 

PLLA 5000 1.3 0.4 1.5 73.1 88% 

PLLA 10000 1.3 0.4 1.5 44.1 75% 

Table 5. Synthesis conditions for the synthesis of dipropargyl terminated PLA’s 

 

 

 

 



42 
 

 

6.3.3 Polylactide with one alkyne end-function. 

Commercial poly(D,L-lactide) with terminal methyl ester obtained from Sigma-Aldrich with 

a known molecular weight of 10 000 g/mol was used to produce PLA with a one acetylene 

end function in the presence of pent-4-ynoyl chloride and a base as a catalyst. Reaction 

parameters for transesterification were optimized to achieve a high yield of the 

functionalized polymer by varying the stoichiometric amounts of the reagents and using a 

different base catalyst for the reaction. In a typical procedure a 25 mL 2-necked flask was 

filled with 100 mg of commercial PDLLA (𝑀𝑤 = 10000𝑔 𝑚𝑜𝑙−1, 0.09 mmol) and 26 mg of 

pyridine (0.33 mmol, 35 eq) that had been dissolved in 5 mL of dry DCM. The resulting 

solution was cooled in an ice bath and stirred for 30min under a nitrogen atmosphere then 

38 mg of pentynoic acid chloride (0.09 mmol, 35 equivalent) was added to the solution. The 

reaction mixture was then allowed to reach room temperature and stirred overnight. The 

resulting dark orange solution was evaporated to dryness then dissolved in chloroform and 

precipitated in cold methanol. The precipitate was centrifuged then collected and freeze dried 

in 1,4-dioxane. After freeze drying the product was collected (90mg, 93% yield) and 

characterized with 1H-NMR. 

 

Scheme 6. Synthesis of polylactide with a single terminal alkyne 
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6.3.3.1 Reaction parameters for optimized end functionalization 

A series of commercial PDLLA’s were end functionalized to find optimal stoichiometric 

amounts of acyl chloride and a base catalyst. The varied parameters are listed in table 6. 

 

PDLLA 4-PAc Base Base (mol) Yield Conversion 

1 Eq 1 Eq Pyridine 1 Eq 39.4 mg 50% 

1 Eq 1 Eq TEA 1 Eq 41.7 mg 50% 

1 Eq 40 Eq DBU 40 Eq - - 

1 Eq 35 Eq Pyridine 35 Eq 70.5 mg 50% 

1 Eq 35 Eq TEA 35 Eq 91.9 mg 99% 

Table 6. The characteristics of the end functionalized commercial PDLLA 
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7. Characterization 

7.1 GPC Analysis 

 

Figure 30. Molecular weight distripution curves for polylactides with target Mn=5000g/mol 

(black) and Mn=10000g/mol (red) 

Gel permeation chromatography was utilized to analyze the 5000 g/mol and 10000 g/mol 

homopolymer in THF/TBAB (Figure 1.). GPC analysis resulted in a polydispersity index 

(PDI) of 1.3 and 1.2 for 5000 g/mol and 10000g/mol PLLA, respectively. Both PLLA’s 

showed a monomodal distribution of molecular weights confirming successful 

homopolymerization. 

Sample Mn (Target) Mn (Measured)gpc Polydispersity (PDI) 

OH-PLLA-OH 10000  20000 1.3 

OH-PLLA-OH 5000  10000 1.1 

OH-PLLA-OH 2500  - - 

Table 7. GPC analysis 

 

 

PLLA Mn 5000 

PLLA Mn 10000 



45 
 

7.2 NMR analysis  

 

Fig.31 1H-NMR spectra of pent-4-ynoyl chloride 

Synthesis of pent-4-ynoyl chloride was characterized according to Goldmann ET all 201058. 

Based on the author’s results, the chemical shifts a, b and c were assigned to the CH2, CH2 

and CH of the pent-4-ynoyl chloride.  
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7.2.1 PLA Diols 

 

Fig.32 1H-NMR spectra of OH_PLLA_OH (𝑀𝑛 = 10000 𝑔 𝑚𝑜𝑙−1) 

The characteristic chemical shifts are shown in the Figure 32. The chemical shifts c and d 

were assigned to the CH and the CH3 of the repeating unit of LA, respectively. The chemical 

shifts e and f  were  assigned to the CH and CH3 of the ending unit of LA, respectively. The 

CH2 groups of the BDO were assigned as b and a. 

Based on these assignments the average molecular weight (𝑀𝑛) was calculated by 

comparing the peak integrals of the repeating unit methine protons (c in Fig. 32, 5.15 ppm) 

with those of four protons assigned as chemical shift a of the butanediol (a in Fig. 32, 4.38 

ppm) as follows: 

𝑀𝑛 = (
𝐼𝑐

𝐼𝑎
) ∙ 72 + 90 = 11400 𝑔 𝑚𝑜𝑙−1  (1) 

Where 𝐼𝑐 and 𝐼𝑒 are the integrals of peaks c and e, respectively, 72 is the molar mass of a 

repeating unit of the LA, and 90 is the the molar mass of the rest of the molecule. 

 

 

 

, f 
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Sample Mn (Target) Mn (Measured)nmr Mn (Measured)gpc 

OH-PLLA-OH 10000 11400  20000 

OH-PLLA-OH 5000 5100  10000 

OH-PLLA-OH 2500 4800  - 

Table 8. Molecular weight data of the PLLA diols 

 

 

Fig.33 1H-NMR spectra of OH_PDLLA_OH (𝑀𝑛 = 10000 𝑔 𝑚𝑜𝑙−1) 

1H-NMR analysis of the PDLLA results in a similar spectra to the PLLA’s case. The 

chemical shifts were assigned as before. The CH3 and CH peak of the repeating unit was 

assigned to the chemical shift D and C, respectively. In contrast to PLLA the methyl and 

methine peak (D and C in Fig. 33.) in the 1H-NMR of the PDLLA show asymmetric line 

intensities which is the result of polymerizing chiral D,L-lactide. The methyl peak appears 

as a clear doublet in the spectra of PLLA (d in Fig. 32, 1.6 ppm) whereas no clear doublet 

of the methyl peak can be distinguished in the PDLLA. Similarly no distinctive multiplicity 

of the chemical shift of the methine peak can be distinguished.  

In similar way, the average molecular weight of the PDLLA was calculated by comparing 

the peak integrals of methine protons to protons assigned to butanediol (a in Fig. 33, 4.38 

ppm) 

, f 
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𝑀𝑛 = (
𝐼𝑐

𝐼𝑎
) ∙ 72 + 90 = 12600 𝑔 𝑚𝑜𝑙−1 

The 𝑀𝑛values for PLA diols are listed in table 8 and 9.  

Sample Mn (Target) Mn (Measured)nmr Mn (Measured)gpc 

OH-PDLLA-OH 10000 12600  - 

OH-PDLLA-OH 5000 4800  - 

OH-PDLLA-OH 2500 2500  - 

Table 9. Molecular weight data of the PDLLA diols 

7.2.2 PDLLA-EMA 

 

Fig.34 1H-NMR spectra of HEMA_PDLLA_OH (𝑀𝑛 = 5000 𝑔 𝑚𝑜𝑙−1) 

The NMR analysis of the methacrylate terminated PDLLA is shown in the Fig 34. The 

methacrylate peaks are 6.1 and 5.6 for H2C= and 1.9 for =-CH3 which corresponds to their 

integral values ~2 and~3 respectively. Other notable peaks are associated with the CH and 

CH3 of the repeating unit of LA respectively, and CH and CH3 of the ending unit of LA 

respectively.  

The average molecular weight was calculated by comparing the relative peak ratio of 

oxyethylene protons in the methacrylate unit (d in Fig. 34, 4.36 ppm) to the methine protons 

of the PDLLA. 

, h 
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𝑀𝑛 = (
𝐼𝑑

𝐼𝑓
) ∙ 72 + 130 = 5500 𝑔 𝑚𝑜𝑙−1 

The peak which appears as a singlet at 3.7 ppm was assigned to solvent residue of 1,4-

dioxane. This impurity was concluded to be due insufficient vacuum in the freeze dryer when 

using a plastic sample vial instead of a glass sample vial. 

Sample Mn (Target) Mn (Measured)nmr Mn (Measured)gpc 

HEMA-PDLLA-OH 5000 5500 - 

HEMA-PDLLA-OH 2500 2400 - 

Table 10. Molecular weight data of the HEMA-PDLLA-OH 

7.2.3 Alkyne functionalized PLA Diols 

 

Fig.35 1H-NMR spectra of Alkyne_PDLLA_Alkyne (𝑀𝑛 = 10000 𝑔 𝑚𝑜𝑙−1) 

The degree of functionalization (f) of the polymer was determined by 1H-NMR comparing 

characteristic signal integral values of the initiator (a in Fig. 35, 4.38 ppm) and the alkyne 

end group (g, h or i in Fig. 35, 2.66, 2.54 and 2.00 ppm, respectively). According to the 

values the functionalization degree percentage was calculated as: 

𝑓 = 100 𝑥 (
𝐼𝑔

𝐼𝑎
) = 58%  
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7.2.4 PDLLA_Alkyne 

 

Fig.36 1H-NMR spectra of PDLLA_Alkyne (𝑀𝑛 = 10000 𝑔 𝑚𝑜𝑙−1) 

Commercial one hydroxyl end poly(lactide) was end functionalized with synthesized pent-

4-ynoyl chloride in the presence of a basic catalyst. The degree of functionalization was 

determined from the integral values for all end functionalized commercial poly(lactides) 

with different reaction parameters. Using 35 equivalent of pent-4-ynoyl chloride and 

pyridine as a basic catalyst (Fig. 36) the degree of functionalized was calculated as: 

𝑓 = 100 𝑥 (
𝐼𝑔

𝑎
) = 99%  
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8. Results and Discussion 

A series of polylactides with different molecular weights and modified end functionalities 

were prepared. The polylactide homopolymers with either hydroxyl difunctionality or 

homopolymers with methacrylate functionality as well as hydroxyl monofunctionalities 

were synthesized via ring-opening polymerization. In addition commercial D,L-lactide was 

used to prepare a homopolymer with hydroxyl and methoxy end groups. Further work 

involved esterification of the terminal hydroxyl end groups to produce alkyne end 

functionality. The aim was to produce precursors for preparing block and graft copolymers 

for different applications and further modification. 

8.1 Polylactide Diols 

Stereoforms D,L- and L,L-Lactide were polymerized to yield a series of polylactides 

(PDLLA and PLLA’s) with a molecular weight ranging from 2500 to 10000 g/mol via the 

coordination-insertion mechanism using stannous octoate as the ring-opening catalyst. The 

molar ratio of the co-initiator to monomer was varied from 6:100 to 1.5:100 as presented in 

Table 4 to precisely control polylactide chain length. For example PLLA (3:100 BD to 

monomer) had a theoretical molecular weight of 5000 g/mol. 

The co-initiators chosen in this study were 1,4-butanediol and 2-hydroxyethyl metacrylate 

as they presented different end functionalities to enable further chemical modification and 

to apply different synthesis strategies. 

The successful polymerization of lactide was confirmed with 1H-NMR by the disappearance 

of the monomer methine proton peak from ~ 5𝑝𝑝𝑚 to 5.2 ppm in the linear lactide repeat 

unit as ring-opening polymerization progresses. Polymerizing D,L- and L-L stereoisomers 

of lactide results in atactic- and isotactic configuration that can be identified by the 

distinctive shape of the methine peak in 1H-NMR spectrum. The multiplicity of the 1H-NMR 

signals of those methine protons in a poly(L,L- lactide) (c in Fig 32.)  show symmetric line 

intensities in contrast to poly(D,L-lactide)(c in Fig 33.). The polymerizations were 

confirmed to have reached their completion as no monomer was present in the 1H-NMR 

analysis of the purified polylactides and the yields were high in every polymerization 

(>90%). 
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Molecular weights of the polylactides were determined by the integral values of methine 

proton to the integral values of the protons assigned to the co-initiator with 1H-NMR. 

Theoretical molecular weights calculated from the molar ratio between the monomer to co-

initiator feed were compared to the values calculated from 1H-NMR which resulted in 

control over the molecular weights with the theoretical values corresponding with the values 

obtained from the 1H-NMR (Table 11). 

Sample Mn (Target) Mn (Measured)nmr 

OH-PLLA-OH 10000 11400 

OH-PLLA-OH 5000 5100 

OH-PLLA-OH 2500 4800 

OH-PDLLA-OH 10000 12600 

OH-PDLLA-OH 5000 4800 

OH-PDLLA-OH 2500 2500 

HEMA-PDLLA-OH 5000 5500 

HEMA-PDLLA-OH 2500 2400 

Table 11. Summary of the molecular weights obtained  

The measured molecular weights 2500, 5000 and 10000 g/mol correspond to ~34, ~70 and 

~138 lactide units in a chain. 

Gel permeation chromatography was measured for polylactide samples (PLLA) with 

molecular weight target 5000 and 10000 g/mol. The GPC analysis resulted in a distribution 

of molecular weights that was twice the target molecular weight and the calculated Mn values 

from the 1H-NMR.  The calculated molecular weights were systemically smaller than those 

determined by GPC. It was speculated that the ring-opening polymerization of LLA was 

only initiated from the other end of the butanediol since the Mn values determined with GPC 

were twice than that of the target Mn values. 

Sample Mn (Target) Mn (Measured)gpc Polydispersity (PDI) 

OH-PLLA-OH 10000  20000 1.3 

OH-PLLA-OH 5000  10000 1.1 

OH-PLLA-OH 2500  - - 

Table 12. GPC Analysis 

GPC chromatograms of the poly(L,L-lactides) reveal a monomodal distribution with a 

retention time of 20-22 min with polydispersities ranging from 1.1 to 1.3 (Table 12.). 
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The monomodal distribution indicates that undesirable low molecular weight 

transesterification products are not present. 

8.2 Acetylene terminated polylactides 

Polylactide (PLA) macromonomers terminated with an acetylene end group were prepared 

from simple acyl chlorides and carboxylic acids containing a functional alkyne group. In 

both cases the esterification of the terminated hydroxyl groups were achieved and alkyne 

end function was introduced to the polylactide chain. 

The functionalization was confirmed by the 1H-NMR by the appearance of the chemical shift 

of the protons of groups attached to the polymer chain. By the appearance of the methylene 

proton peaks and the alkyne proton (Fig. 34. f, h and i), the degree of functionalization was 

determined by comparing their integral values to the integral values of the protons of the co-

initiator (Fig. 34. a). 

The degree of functionalization achieved on the polylactide diols varied from 40 to 96% 

percent using the Steglich esterification mechanism52 (Table 4). The conversion values 

obtained by the mechanism did not produce repeatable results when the catalytic amount of 

the reagents were the same in every end functionalization suggesting that the esterification 

mechanism was too mild for the end functionalization of polylactide. 

Thus the investigation was subjected to the esterification mechanism to find the optimal 

stoichiometric amount of reagents for the reaction and a suitable basic catalyst. 

Table 4. shows the reaction parameters for end functionalization using different amounts of 

acyl chloride and a base catalyst. The Acyl chloride i.e. pent-4-ynoyl chloride used in the 

reaction was prepared according to literature and was concluded to be 99% converted to the 

end product with no impurities present.  

Several end functionalization parameters were explored by varying stoichiometric amounts 

of the esterification reagent and a basic catalyst. It was found that using a 35 equivalent of 

pent-4-ynoyl chloride and trimethylamine as a basic catalyst a ~95% degree of 

functionalization was able to be reached in converting the alcohol end group to the alkyne 

end group.  
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 It was found that a suitable basic catalyst for the reaction was triethylamine as the 

conversion of the reaction obtained by using pyridine as a basic catalyst reached only 50% 

in converting the alcohol end group to the alkyne end group and when using DBU as a basic 

catalyst for the reaction it resulted in degradation of the reaction product. From this it was 

reasoned that the pKa range of the triethylamine was suitable for the esterification of the 

terminal alcohol group as the DBU accelerated the end functionalization to the point where 

a black colored solution was obtained. 

8.2 Methacrylate terminated polylactides 

Macromonomers of HEMA-terminated PDLLA having Mn values of 2500 and 5000 g/mol 

were synthesized by ring-opening polymerization of DLLA initiated with HEMA as initiator 

using Sn(Oct2) as a ring opening catalyst. Molar ratios of HEMA and DLLA were adjusted 

to 100:6 and 100:3 to control the lactide chain length (Table 10.). 

The successful polymerization and resulting end-group structures were confirmed by 1H-

NMR. Methacrylate and hydroxyl terminal functional end-groups were determined from 

their distinctive 1H-NMR proton peaks and the degree of polymerization was also calculated 

from the peak intensity ratios of methyl protons of PDLLA to methyl protons of the HEMA 

end group.  

The target molecular weights calculated from the molar ratios of HEMA and DLLA were 

close to those of which calculated from 1H-NMR (Table 10.) proton peaks suggesting 

complete polymerization and control over the molecular weight. 
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9. Conclusion 

In this work lactide based polymers with different architectures were prepared by ring-

opening polymerization through the coordination-insertion mechanism. The synthesis 

included using different initiators and subsequent modification of terminal groups to prepare 

well-defined macroinitiators for further co-polymerization. 

It was shown that linear polylactides with a controlled molecular weight of 2500-10000 

g/mol were successfully polymerized and characterized using 2-hydroxyethyl methacrylate 

and 1,4-butanediol as initiators. NMR was used to confirm the compositions of the resultant 

homopolymers and to calculate their molecular weight. The measured molecular weights 

from NMR data were in line with the theoretically calculated values which proved control 

over the molecular weight. However, the GPC results showed molecular weight distribution 

that was twice that of the molecular weight values calculated which might result from the 

polymerization having initiated only from the other end of butanediol. 

Converting the hydroxyl end group to alkyne function further modified these polylactides 

with different terminal end groups. Using simple pent-4-ynoyl chloride and 4-pentynoic acid 

was used to introduce alkyne end group to the polylactide chain with variable results. 

In the case of polylactide diols the degree of functionalization did not show repeatable 

results. It was reasoned that the steglich esterification was too mild in converting the 

hydroxyl end group to alkyne end.  Esterification with the acyl chloride reached >90% 

degree of functionalization using triethylamine as a basic catalyst suggesting this method 

over the steglich esterification in converting the polylactide hydroxyl terminal group to the 

alkyne end group. 

This work proves stable ground for further work, as well-characterized polylactides with 

different compositions were prepared which serve as suitable precursors in for example the  

copolymerization of PLA diols to triblock polymers or introducing click chemistry through 

alkyne end groups or ATRP initiators through the methacrylate group. 
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