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Abstract: Skin injuries are encountered by millions of patients globally. They are caused by burns, 

chronic ulcers of different causes, infections, cancer surgery, and other diseases, and require 

effective treatment to prevent morbidity or mortality. Various patches, with a plethora of properties 

such as to restore the function of the skin after damage and to facilitate wound healing have been 

created. This work concerns the production of a patch with prolonged action based on poly (d-lactic 

acid) (PDLA) with thioether-containing ω-hydroxyacid (TEHA). PLA is an aliphatic polyester 

derived from lactic acid, that stands out in a wide range of medical applications, because of its 

biocompatibility and renewability, and excellent mechanical, thermal and processing properties. It 

is available at a low cost compared to other common biodegradable polymeric biomaterials. 

However, the in vivo hydrolysis rate of PLA is very slow. For this reason, block copolymers of 

TEHA and PDLA (TEHA–co–PDLA) were prepared in various ratios in order to slowly release 

active substances topically on the skin. The physicochemical properties of the prepared copolymer 

were examined with FTIR, DSC and XRD. From 1H NMR and FTIR the successful synthesis of the 

materials was confirmed. XRD measurements revealed the amorphous form of TEHA–co–PDLA 

copolymers. DSC was used to be studied the thermal properties of the materials. 
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1. Introduction 

Skin is the largest organ of the body and it is critical to the survival of the organism because it  

acts as a barrier to the external environment [1]. Once the skin suffers serious defects, the created 

wound will severely affect people's life and health [2]. Skin injuries are encountered by millions of 

patients globally. They are caused by burns, chronic ulcers of different causes, infections, cancer 

surgery and other diseases, and require effective treatment to prevent morbidity or mortality. The 

restoration of skin’s integrity following an injury remains an important consideration in medical 

practice [3]. Various patches, with different properties have been created in order to restore the 

function of the skin after damage and to facilitate wound healing [4]. 

Thus, significant efforts have been dedicated towards developing synthesis of materials that can 

be used as a scaffold for skin treatment [5]. Dressings like films are used to treat wounds directly, 
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and can also be used to deliver drugs, such as antimicrobials and anti-inflammatories directly to the 

wound site, to tackle infections and / or pain [3]. An ideal wound dressing should be non-allergenic 

and non-toxic, it should protect the wound against microbial organisms, absorb wound exudates, 

and it should facilitate the application around difficult areas such as joints (knees, ankles and elbows) 

owing their flexible mechanical behaviour [6]. 

In this work, a thioether-containing ω-hydroxyacid (TEHA) was synthesized, via the UV-

induced free-radical thiol-ene reaction. The resulting α, ω-bisfunctional fatty acid was used as a 

renewable monomer for the development of a fully biobased and biocompatible polyester based on 

polylactic acid (PLA). 

The polyester and copolyesters of several hydroxy acids have been used widely during the past 

20 years. Many aliphatic polyesters possess desirable properties, and among the numerous polyesters 

studies so far, PLA has proven to be the most attractive and useful class of biodegradable polyesters 

[7]. Many investigations have been carried out on PLA and its copolymers on biomedical applications 

for wound treatment, because of its mechanical properties, degradability, transparency and eco-

friendly nature. As lactic acid has two stereo-isomers, L-lactic acid and D-lactic acid, its polymer 

product can be synthesized in many forms such as poly(L-lactic acid) PLLA, poly(D-lactic acid) PDLA 

or racemic products [8].  

In this work, the hydrophobic copolymer PDLA-TEHA was prepared, which consists of 

biocompatible PDLA copolymerized with TEHA. This copolymer could be used for the preparation 

of a long-acting patch of PDLA with improved biocompatibility and slow release of release bioactive 

molecules over a period of up to 2 months. 

2. Experiments  

2.1. Synthesis of Thioether-Containing ω-Hydroxyacid 

To synthesize fatty acid derived monomer (TEHA), a method described in the literature was 

followed [9]. In brief, 10-undecenoic acid (15 g, 81 mmol) and 2-mercaptoethanol (6.36 g, 81 mmol) 

was irradiated in dichloromethane solution at λ = 365 nm in the presence of DMPA (2% 

TEHA/initiator molar ratio) as photoinitiator (Scheme 1). The completion of the reaction was 

confirmed after 60 min by the completely disappearance of C=C double bonds from Proton nuclear 

magnetic resonance (1H-NMR). The thioether containing ω-hydroxyacid was obtained quickly. 1H-

NMR (CDCl3, d, ppm): 3.72 (t, 2H, –CH2–OH), 2.73 (t, 2H, –CH2–S–), 2.51 (m, 2H, –CH2–S–), 2.34 (t, 

2H, –CH2–CO), 1.69–1.27 (m, 16H, –CH2–). 

  

Scheme 1. UV-irradiated synthesis of TEHA monomer. 

2.2. Synthesis of polylactide (PDLA) by ring opening polymerization of lactide 

This process, starting from lactic acid involves three distinct stages: polycondensation, obtaining 

lactide and ring-opening polymerization [10]. Before using, 10 g D,L-lactide was freezed for 3 h and 

then freeze-dried for 12 h, to remove the entire amount of water from its mass. In the first step, PDLA 

was synthesized by bulk polymerization of D-lactide in nitrogen atmosphere at 160 °C for 1 h and 

Sn(Oct)2 was used as a catalyst. In the second step, the system was heated to 180 °C under vacuum 

for 5 min [8]. The synthesis scheme of PDLA by ring opening polymerization is shown in Scheme 2. 
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Scheme 2. Ring opening polymerization (ROP) of D,L-lactide. 

2.3. Synthesis of TEHA–co–PDLA 

TEHA–co–PDLLA copolymers were synthesized by a lactide ring opening mechanism in the 

curing device, as shown in Scheme 3. The required amount of lactide (D, L-lactide) and hydroxy acid 

(TEHA) with different molecular ratios, as shown in Table 1, as well as the required amount of 

catalyst Sn (Oct) 2, in a ratio of 1 wt% of mass of the lactide, were introduced into the glass reactor 

and air was removed from the system and purged with dry nitrogen three times. Esterification was 

carried out under nitrogen atmosphere and constant stirring at 160 °C for 1 h. Afterwards, for the 

second stage of polycondensation, high vacuum (10−3–10−6 Torr), was applied slowly, while the 

temperature was gradually raised to 180 °C and left under constant stirring. The final product was 

obtained the next day after being left at room temperature to solidify. 

  

Scheme 3. Synthesis of TEHA–co–PDLA. 
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Table 1. Amounts of monomers used to synthesize copolymers with different molecular ratios, 

expressed in g and mmol. 

C-polymer 

d,l-lactide 

Mw 144,13 

g/mol 

TEHA 

Mw 262.41 

g/mol 

TEHA: 

d,l-lactide 

g mmol g mmol 
Molar 

Ratio 

TEHA–co– PDLLA 

1/5 
10 69 3.64 13.9 1:5 

TEHA–co– PDLLA 

1/50 
15 104 0.55 2.1 1:50 

TEHA–co– PDLLA 

1/70 
15 104 0.39 1.5 1:70 

TEHA–co– PDLLA 

1/140 
15 104 0.20 0.7 1:140 

3. Discussion 

3.1. Synthesis  

The addition of mercaptoethanol was carried out to obtain TEHA under UV-irradiation at room 

temperature in the presence of DMPA as photoinitiator (Scheme 1). The reaction has been previously 

described to proceed moderately rapidly at temperatures below 100 °C, with the assistance of 

ultraviolet light. The successful synthesis of TEHA was confirmed using 1 H-NMR spectroscopy, that 

showed full conversion of the double bonds by the disappearance of the vinylic and allylic hydrogen 

signals at 5.35 and 2.00 ppm respectively, shown in Figure 1. In addition to the disappearance of the 

vinyl and allylic proton signals, new peaks corresponding to the protons linked to the carbon bearing 

the hydroxyl group at 3.72 ppm (Figure 1, H1), for the protons linked to the carbon bearing the 

carboxylic group at 2.34 ppm (Figure 1, H4) and for the methylene groups linked to sulfur at 2.73 and 

2.51 ppm (Figure 1, H2, H3), were clearly visible in the spectrum of TEHA [11]. 

 

Figure 1. 1 H-NMR spectra of a) TEHA. 

Figure 2 shows the 1H-NMR spectra of TEHA–co–PDLLA copolymers, compared to the TEHA 

di-hydroxy acid spectrum. To all characteristic peaks have been assigned numbers equivalent to the 

protons of each atom they contribute to. These numbers are the following: 

1H-NMR (CDCl3, d, ppm): 5.15 (t, 1H, –O–CH–CO), 4.32 (t, 1H, HO–CH–CO), 4.18 (t, 2H, –CH2–

O) -), 2.73 (t, 2H, –CH2–S–), 2.51 (m, 2H, –CH2–S–), 2.34 (t, 2H, –CH2–CO). 
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1H-NMR spectroscopy showed full conversion of the thioether functions by the appearance of 

unique signals for –CH2–O– protons at 4.18. Moreover, peaks at 2.51 and 2.73 ppm are assigned to 

methylene protons (–CH2–S–) of TEHA and those at 2.34 ppm correspond to the –CH2CO– protons, 

in PLA and TEHA units. 

 

Figure 2. 1H-NMR spectra of TEHA hydroxy acid and TEHA–co–PDLLA copolymer. 

In the FTIR spectrum of TEHA–co–PDLA copolymer shown in Figure 3, the absorption 

attributed to the –OH group is observed in the range of 3600–3500 cm−1, the asymmetric and 

symmetric stretching vibration of the –CH bond at 3000–2850 cm−1.The sharp and intense bands at 

1720 and 1100-1000 cm−1 can be assigned to the presence of carboxylic ester (–C=O) and ether (C–O) 

groups, confirming that the synthesis has occurred successfully. 

 

Figure 3. FT-IR spectra of TEHA hydroxy acid and TEHA–co–PDLLA copolymers. 
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3.2. Crystallization Properties  

The crystalline properties of all copolymers were studied by wide angle X-ray. The diffraction 

pattern of TEHA exhibited four main peaks corresponding to TEHA unit at 2θ = 21.2°, 23.1°, and 

24.8°, which confirm the crystalline nature of the dihydroxy acid. 

The PDLA diffractogram shows a wide peak from 10° to 25° (Figure 4) [12]. Therefore, PDLA is 

an amorphous polymer that is expected to show a faster hydrolysis rate. The amorphous nature of 

this polymer is due to its stereoregulation, as it has randomly repeated units of D-lactide and L-lactide 

in its structure. The absence of TEHA peaks in the diffractograms of TEHA–co–PDLLA copolymers 

confirms the amorphous nature of the materials. Previously reported studies suggest that because of 

the amorphous nature of materials, it is usually anticipated that they will have a faster rate of 

degradation. 

 

Figure 4. XRD patterns of TEHA, PDLA and TEHA–co–PDLA. 

3.3. Thermal Properties 

The crystalline nature of the TEHA monomer is also confirmed by the study of its thermal 

properties, with differential scanning calorimetry (DSC). In the present work, all the copolymers were 

heated from room temperature to 100 °C, cooled from 100 to 20 °C and reheated at this temperature, 

in order to produce maximum TEHA block crystallinity. Melting points and enthalpies were then 

recorded for the second heating cycle.   

The melting temperature of TEHA was Tm2 = 71.2 °C, with the corresponding enthalpy of melting 

ΔHm2 = 169.5 (J/g), the crystallization temperature Tc = 52.4 °C and the crystallization enthalpy ΔHc = 

−165.7 (J/g). 

The glass transition of PDLA homopolymer and TEHA–co–PDLA copolymers was recorded 

during the second heating of the materials in an expected temperature range, from 30 to 60 °C (Figure 

5). In this particular temperature range, the mobility of the polymer chains at the glass transition 

temperature, Tg, increases sharply. 
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Figure 5. DSC scan results for PDLA and TEHA–co–PDLA copolymers. 

In Figure 5, it is clear that as the molar ratio of TEHA increases, the Tg of TEHA–co–PDLLA 

copolymers gradually decreases. Since the value of the Tg depends on the molecular characteristics 

that affect the relative stiffness of the chains, it can be concluded that the presence of TEHA building 

blocks facilitates the mobility of PDLLA macromolecular chains in the TEHA–co–PDLA copolymers, 

and therefore reduces the Tg. Based on these observations, it seems that TEHA acts as a plasticizer for 

PDLLA. 

4. Conclusions 

The thiol-ene Michael addition of mercaptoethanol to the double bonds of methyl 10-undecenoic 

acid leads to excellent yields and the thus obtained monomer TEHA, which was copolymerized with 

PLA.  It can be concluded that these new copolymers may be appropriate for biological and drug 

delivery applications. 
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