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A B S T R A C T   

Surface biophysical properties of biomaterials, including surface topography and roughness, determine the 
interaction of a biomaterial with the surrounding cells, tissues and organs once implanted in the human body. 
Herein, the surface topography of thermoplastic copolymers based on lactide and caprolactone showing elas-
tomeric behaviour was modulated by precisely controlling the chain microstructure (i.e., distribution and length 
of the repetitive units within the polymeric chain). The synthesized copolymers were subjected to different 
thermal treatments from the melt, leading to polymeric films with various surface textures and roughness values. 
Copolymers synthesized with triphenyl bismuth as a catalyst, with a more random distribution of the repetitive 
units, showed limited crystallization capability. Accordingly, only the copolymer with higher amount of L-lactide 
(i.e., 80 wt%) subjected to an isothermal treatment from the melt at 70 ◦C was able to crystallize, and spherulites 
of around 7 μm were discernible by atomic force microscopy. In contrast, the copolymers synthesized with 
stannous octoate, which had a more blocky nature, showed axialitic crystalline domains at the submicron-to 
nanoscale when subjected to an isothermal treatment from the melt at 50 ◦C, whereas well-defined spheru-
lites of sizes up to 14 μm were obtained at 70 ◦C. Human fibroblast showed a more elongated morphology when 
seeded on those samples having higher roughness values and larger spherulites, whereas they had a more spread 
morphology when seeded on the amorphous, smooth surfaces. As concluded from the present study, by precisely 
controlling the chain microstructure of the synthesized copolymers, a wide variety of surface topographies can be 
obtained, which has a clear impact on the way the biomaterial interacts with cells. This opens the possibility to 
study the influence of surface biophysical properties on more complex cell processes in the future, including 
inflammatory or foreign body response processes.   
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1. Introduction 

Tissue engineering relies on the use of scaffolds to repair, regenerate 
or replace injured tissues in the human body, thus overcoming the 
inherent drawbacks of more conventional therapies (e.g., autografts, 
allografts, xenografts) [1]. Ideally, these scaffolds should mimic the 
intrinsic physical, chemical, mechanical and morphological properties 
of the extracellular matrix (ECM) where cells reside [2,3]. The surface 
topography of the scaffolds is of utmost importance in this context, since 
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it determines the interaction between the cells and the biomaterial, 
being able to modulate the cell differentiation, adhesion, orientation 
and morphology [4–7]. Moreover, surface topography also influences 
the foreign body response and accordingly determines the success of the 
implanted biomaterial for its intended use. Controlling the surface 
roughness in silicone breast implants [8] or nanopatterning the surface 
of intracortical microelectrodes with parallel grooves [9] are clear ex-
amples of successful strategies to attenuate the inflammatory response 
after biomaterial implantation. 

Copolymers based on L-lactide (L-LA) and ε-caprolactone (ε-CL) have 
attracted particular attention for the fabrication of biomaterials that 
interface with soft tissues in the human body, which are characterized 
by an elastomeric and soft behaviour [10]. By precisely controlling the 
copolymer composition, synthesis parameters (e.g., reaction time, tem-
perature and catalyst) and processing conditions [11], poly (L-lactide--
co-ε-caprolactone) (PLCL) copolymers presenting a variety of 
mechanical properties (i.e., ranging from a glassy to an elastomeric 
behaviour), degradation kinetics, shape-memory behaviour and 
controlled drug-release profiles can be obtained [11,12]. Several studies 
around the synthesis, characterization and crystal morphology of PLCL 
have been accordingly conducted, which show the great potential of this 
family of copolymers [13–15]. The crystallinity behaviour of the PLCL 
copolymers is vital for tailoring the surface topography of the scaffolds, 
as different crystallinity degree and crystal morphologies lead to 
different surface textures and patterns. Thermal treatments, comonomer 
ratios and chain microstructure (i.e., distribution of repetitive units and 
number average sequence lengths of the comonomers) determine the 
supramolecular arrangements, which lead to different properties and 
crystal morphologies of the copolymers, ranging from spherulites and 
axialite-like crystal aggregates to amorphous forms [16–18]. Regarding 
chain microstructure, PLCLs with shorter average length of L-LA unit 
sequences show a limited crystallization capability, faster degradation 
rates and higher strain capability and strain recovery values in com-
parison with PLCLs with larger average lengths (i.e, blockier character) 
[19]. Additionally, an increasing ε-CL content results in a reduced 
crystallization capability of PLCL systems, while increasing the elonga-
tion at break and strain recovery values and leading to copolymers with 
different mechanical behaviour, ranging from semi-crystalline plastic--
like to elastomeric [20]. 

Chain microstructure can be controlled by adjusting the conditions of 
the synthesis process, the employed catalysts and the rates of incorpo-
ration of the comonomers [19]. In the case of PLCLs, there is a large 
difference in the reactivity of L-LA and ε-CL units in the ring opening 
copolymerization process, which naturally favours the formation of 
blocky chain microstructures [21,22]. Adjusting the relationship be-
tween reactivities, favouring transesterification reactions or controlling 
the polymerization temperature and reaction time [19] are common 
strategies to modulate the randomness character of the resulting co-
polymers. The use of different catalysts/initiators has also been studied 
as a strategy to tune the chain microstructure of PLCL copolymers [14, 
15,22,23]. Stannous octoate (SnOct2) is the most commonly used cata-
lyst for ring-opening polymerization due to its good performance, with 
high conversion and reaction rates and the possibility to obtain (co) 
polymers with high molecular weights. This catalyst has been reported 
to lead to blocky PLCLs [14,19]. Bismuth salts (e.g., BiCl3, Bi2O3, 
diphenyl bismuth bromide [24,25]) used in different polymerizations, 
on the other hand, have been successfully employed to synthesize PLCL 
systems with more random nature [19]. Triphenyl bismuth (Ph3Bi), in 
particular, has been used in the synthesis of other random copolyesters, 
namely, poly (L-lactide-co-δ-valerolactone) and poly (ethylene brassy-
late-co-ε-caprolactone) [26,27]. 

In the present study, with the aim of studying the effect of chain 
microstructures on the surface topography and mechanical properties of 
the synthesized copolymers, a variety of PLCLs were synthesized by ring- 
opening polymerization. Controlling the comonomer mass feed ratios 
and the catalyst/initiator (i.e., SnOct2 or Ph3Bi), PLCL copolymers 

showing different compositions and chain microstructures were ob-
tained. These copolymers were subjected to isothermal treatments to 
control crystallinity degree (determined by means of differential scan-
ning calorimetry) and crystal morphology (assessed by atomic force 
microscopy). Finally, human pulmonary fibroblasts (i.e., MRC-5 cells) 
were seeded on PLCLs showing different surface topographies to study 
the impact of surface topography on cell morphology. 

2. Materials and methods 

2.1. Materials 

ε-Caprolactone (ε-CL) monomer and Stannous octoate (SnOct2) 
catalyst were supplied by Merk KGaA (Germany), while L-Lactide (L-LA) 
monomer was provided by Corbion (The Netherlands). Triphenyl Bis-
muth (Ph3Bi) catalyst was obtained from Gelest (USA). Dichloro-
methane and methanol were supplied by Labbox (Spain). Dulbecco’s 
Modified Eagle Medium (DMEM), Hanks’ Balanced Salt Solution 
(HBSS), Penicillin/Streptomycin (P/S), Foetal Bovine Serum (FBS) and 
rhodamine-phalloidin (Rd/Ph) were supplied by Fisher Scientific 
(Spain). Primary antibody Vinculin (ab129002) was supplied by Abcam 
(UK). Secondary antibody AlexaFluor 488 donkey anti-rabbit IgG and 
16% Formaldehyde (PFA) solution were supplied by Thermo Fisher 
Scientific (USA). Phosphate-buffered saline (PBS), Triton X-100, Tween 
20 and Fluoroshield with DAPI were supplied by Sigma Aldrich (Spain). 
Chloroform was supplied by PanReac (Spain). 

2.2. Synthesis 

Four different PLCL copolymers were synthetized following our 
previously reported protocol [28]. Briefly, copolymers based on L-LA 
and ε-CL were synthesized in bulk by one-pot-one-step ring-opening 
polymerization (ROP) with two different feed mass ratios of 80 wt% 
L-LA – 20 wt% ε-CL and 70 wt% L-LA – 30 wt% ε-CL. Predetermined 
amounts of the comonomers were placed into a round bottom flask and 
immersed into a controlled temperature oil bath at 140 ◦C until melting. 
To ensure an inert atmosphere, a nitrogen stream was initiated under the 
surface of the melt for 15 min. Subsequently, the catalyst (Ph3Bi or 
SnOct2) was added at a 1000:1 comonomers:catalyst molar ratio while 
stirring. After 24 h of reaction, the resulting product was dissolved in 
dichloromethane and precipitated in an excess of methanol to remove 
impurities and those monomers that had not reacted. Finally, the 
product was dried at room temperature and then dried at 100 ◦C for 1 h 
to ensure the complete elimination of remaining solvents. 

2.3. Differential scanning calorimetry (DSC) 

The thermal properties of the synthesized copolymers were analysed 
by Q200-Differential Scanning Calorimeter (TA Instruments). Samples 
weighing between 5 and 10 mg were encapsulated in hermetic 
aluminium pans to study the glass transition temperature (Tg), melting 
temperature (Tm) and melting enthalpy (ΔHm). Two scans were per-
formed. Both scans were carried out from − 40 to 200 ◦C at 20 ◦C min− 1. 

2.4. Gel permeation chromatography (GPC) 

Samples were prepared at a concentration of 10 mg mL− 1 using 
chloroform as solvent. Then, the molecular weight (Mw) and distribution 
of the synthesized copolymers were determined in a Waters 1515 GPC 
device equipped with two Styragel columns (102 - 104 Å). 

2.5. Nuclear magnetic resonance (NMR) 

Proton and carbon nuclear magnetic resonance (1H NMR and 13C 
NMR) spectra were acquired in a Bruker Avance DPX 300 at 300.16 MHz 
and 75.5 MHz of resonance frequency respectively, using 5 mm O.D. 

C. Bello-Álvarez et al.                                                                                                                                                                                                                          



Polymer Testing 128 (2023) 108220

3

sample tubes, following the previously optimized protocol [11]. 
Using the tables of structural determination from Prestch et al. [29], 

the different signals were assigned. By averaging the values of molar 
contents and the LA-CL dyad relative molar fractions that were obtained 
by means of 1H and 13C NMR spectroscopy, the copolymer composition 
data, average sequence lengths, and randomness character were calcu-
lated. The number average sequence lengths (li), the Bernoullian 
random number average sequence lengths (li)random and the randomness 
character (R) were obtained using equations (eq. (1)) to (eq. (4)): 

lLA =
(LA − LA) + 1

2 (LA − CL)
1
2 (LA − CL)

=
2(LA)

(LA − CL)
(1)  

lCL =
(CL − CL) + 1

2 (LA − CL)
1
2 (LA − CL)

=
2(CL)

(LA − CL)
(2)  

(lLA)random =
1

(CL)
; (lCL)random =

1
(LA)

(3)  

R=
(lLA)random

lLA
=
(lCL)random

lCL
(4)  

where (LA) and (CL) are the lactide and caprolactone molar fractions, 
and (LA-CL), (LA-LA) and (CL-CL) are the LA-CL, LA-LA and CL-CL 
average dyad relative molar fractions, respectively. 

2.6. Thermal treatments 

The synthesized copolymers were subjected to three different ther-
mal treatments within the Q200-Differential Scanning Calorimeter (TA 
Instruments): quenching treatment and isothermal crystallization 
treatments from the melt at 50 ◦C and 70 ◦C. Prior to these treatments, 
the thermal history of the samples was erased in a first scan by 
increasing the temperature to 200 ◦C. Afterwards, the isothermal crys-
tallizations were carried out from the melt, quenching to the specific 
temperature at a rate of 20 ◦C min− 1 and maintaining at the selected 
temperature (i.e., 50 or 70 ◦C) for 24 h. After the isothermal crystalli-
zation, the samples were rapidly quenched within the DSC to − 40 ◦C and 
subjected to a second scan from − 40 to 200 ◦C at a rate of 20 ◦C min− 1. 
For the quenching treatments, a similar process was followed, first 
increasing the temperature to 200 ◦C, rapidly quenching to − 40 ◦C and 
performing a second scan up to 200 ◦C at 20 ◦C min− 1. The crystallinity 
degree (χ) of the samples was calculated based on the amount of lactide 
in the copolymer (determined from NMR analysis) and the enthalpy of 
fusion of the polylactide crystal (ΔHm

0 = 106 J g− 1) [30]. 

2.7. Atomic force microscopy (AFM) 

The surface of the copolymers subjected to different thermal treat-
ments (i.e., quenching and isothermal treatments from the melt at 50 
and 70 ◦C) was analysed using a Nanoscope V Multimode AFM (Bruker). 
The images were obtained in PeakForce Tapping mode and employing a 
scanasyst-air silicon tip on nitride lever type tip, with a tip radius of 2 
nm, a resonance frequency between 45 and 95 kHz and spring constant 
of 0.2–0.8 N m− 1. Polymeric films of 40–70 μm were obtained by solvent 
casting. Solutions of concentration 5 w/v% (weight/volume ratio) in 
dichloromethane were poured into petri dishes. Samples were dried 
under the fume hood for 24 h at room temperature and then were 
vacuum-dried for another 24 h. Once the films were obtained, they were 
thermally treated. Firstly, the resulting samples were melted at 200 ◦C 
and held at this temperature for 2 min. Then, for isothermal treatments, 
the samples were cooled from the melt to the selected crystallization 
temperature (50 or 70 ◦C) and kept for 24 h. Finally, the films were 
rapidly cooled to room temperature. For the quenching treatment, the 
temperature of the films was rapidly lowered from 200 to − 20 ◦C. 
Finally, the films were placed on glass disks and images of the 

topography (height image) and peak force error were acquired in 
different areas and various scan sizes. To obtain a comprehensive view 
of the morphology of the samples, several locations were scanned for 
each sample, progressively decreasing the scan size to allow the obser-
vation of the smaller structures. 

Images were then analysed by Nanoscope Analysis software. The size 
of crystalline formations was measured analysing the cross-sections of 
the height images. The roughness of the surface topology feature of PLCL 
films were quantified by the mean roughness (Ra). 

2.8. Tensile test 

To study the mechanical properties of the resulting materials, the 
specimens were prepared by compression moulding, as previously 
described [10]. First, a predetermined amount of copolymer was melted 
at 180 ◦C and, subsequently, 250 bar were applied for 45 s. The samples 
were then rapidly quenched within the compression moulding machine. 
In this way, films of 250 μm thickness were obtained for mechanical 
evaluation. The tensile tests were carried out with an Instron 5565 
testing machine at a crosshead displacement rate of 10 mm min− 1 at 
room temperature (21 ± 2 ◦C). All properties were determined as a 
mean value of at least four determinations, using samples of 100 mm in 
length and 10 mm wide with an average thickness of 250 μm. 

2.9. Cell adhesion study and immunostaining 

MRC-5 cells (ATCC CCL-171) were cultured in DMEM supplemented 
with 10% FBS and 1% P/S and incubated in a humidified atmosphere 
(5% CO2, 95% relative humidity) at 37 ◦C. Samples of 5 × 5 mm from 
the selected systems showing different surfaces textures (PLCL 7030 Sn 
iso T = 70 ◦C; PLCL 8020 Bi iso T = 70 ◦C; PLCL 8020 Sn iso T = 50 ◦C 
and PLCL 7030 Sn quenched) were placed in a culture plate, extensively 
washed with ethanol and subsequently washed with PBS before being air 
dried inside the biosafety cabinet. Then, samples were placed under 
ultraviolet light for 15 min to ensure sterilization. For this study, cells 
were seeded at a density of 2000 cells/sample. After 24 h of incubation, 
the culture media was aspirated and cells were washed twice with PBS 
before fixation with 4% PFA for 5 min. Then the PFA solution was 
removed and samples were washed again twice with PBS. A solution of 
0.5% Triton X-100 in PBS was added and kept under slight agitation for 
7 min to permeabilize the cell membrane. The solution was removed and 
the samples were washed again with PBS under slight agitation for 3 
min, three times. A solution (1% BSA, 0.1% Tween 20 and 1:100 primary 
antibody) was prepared and samples were incubated with that solution 
in a humid chamber overnight at 4 ◦C. Then, the samples were washed 
with 0.05% Tween 20 in PBS three times and incubated with a solution 
containing the secondary antibody (1:200), Rd/Ph (1:100) and 1% BSA 
in 0.1% Tween 20 in PBS for 2.5 h in the humid chamber at 4 ◦C. The 
solution was subsequently aspirated and the samples were washed with 
a 0.05% Tween 20 in PBS for 7 min twice under agitation. Finally, they 
were washed with PBS twice for 7 min under agitation and were kept in 
fresh PBS before observing under fluorescence microscope. Nuclei 
staining with DAPI was carried out directly on the samples by adding a 
drop of mounting medium before observing them under the microscope 
(Nikon Eclipse Ts2). 

3. Results and discussion 

3.1. Characterization of synthesized copolymers 

In this work, four different PLCLs showing different comonomer ra-
tios and chain microstructures were synthesized by ring-opening poly-
merization (Table 1). The Mw achieved with this reaction was slightly 
higher for those copolymers synthesized with Ph3Bi (PLCL 8020 Bi: 
139,600 g mol− 1 and PLCL 7030 Bi: 121,400 g mol− 1) than those with 
SnOct2 (PLCL 8020 Sn: 101,600 g mol− 1 and PLCL 7030 Sn: 112,300 g 
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mol− 1) [31]. As expected from the glass transition temperature values of 
the homopolymers (i.e., Tg of PLLA around 60 ◦C and for PCL of − 60 ◦C 
[32]), a higher Tg was observed in those copolymers with more LA 
content (PLCL 8020 Bi: 28.2 ◦C and PLCL 8020 Sn: 27.3 ◦C) than in those 
with a lower LA content (PLCL 7030 Bi: 14.0 ◦C and PLCL 7030 Sn: 
18.3 ◦C) (Fig. 1S). On the other hand, Tm and crystallinity degree (χ) 
strongly depended on the used catalyst and derived chain microstruc-
ture. The use of Ph3Bi as a catalyst resulted in copolymers with lower Tm 
and χ (PLCL 8020 Bi: Tm = 105.5 ◦C; χ = 15.9% and PLCL 7030 Bi Tm =

127.6 ◦C; χ = 2.0%) in comparison to the copolymers synthesized using 
SnOct2 (PLCL 8020 Sn: Tm = 144.6 ◦C; χ = 30.0% and PLCL 7030 Sn Tm 
= 135.0 ◦C; χ = 28.6%). 

Regarding the chain microstructure parameters, calculated by aver-
aging the results obtained from 1H and 13C NMR spectroscopy 
(Fig. 2S–9S), the use of Ph3Bi as catalyst favoured the formation of LA- 
CL dyads and alternating LA-CL-LA triads, shortening the repeat unit 
length values of LA (lLA) and CL (lCL) and leading to copolymers dis-
playing a random character (R value close to 1). This suggests the 
presence of alternating monomer sequences (-LA-CL-LA-CL-LA-CL-) in 
the copolymer chains, explained by the transesterification reactions in 
the synthesis process, which lead to a shortening of the blocks in the 
polymer chains [33]. This effect is especially remarkable in the case of 
the 70:30 monomer feed ratio. More ε-CL was available during the 
synthesis process, allowing the easier formation of these alternating 

sequences, which also explains the higher R value. On the other hand, 
the systems synthesized using SnOct2 showed a blockier (but still 
random distribution) tendency with lower values of R, and longer repeat 
unit lengths. 

Considering the results obtained by NMR and DSC, it can be 
concluded that a higher R and a shorter lLA (copolymers synthesized 
with Ph3Bi) limit the capability of crystallization of the lactide units, 
causing the Tm to be lower and reducing the crystallinity degree greatly, 
which is evidenced in the first DSC scan (Fig. 1S). In the case of the PLCL 
7030 Bi, the crystallinity degree of the nascent copolymer is negligible. 
For the copolymers synthesized using SnOct2, a much higher crystal-
linity degree (χ) was observed, with fractions around 30% in both cases. 
Both the crystallinity fraction and the Tm were slightly higher in the case 
of the PLCL 8020 Sn system. This could be explained by both a higher 
amount of crystallisable L-lactide units and the presence of longer re-
petitive units. It is worth mentioning that the Tg signals present a larger 
ΔCp in the PLCLs with a lower crystallinity degree, as a higher propor-
tion of the copolymer undergoes the glass transition in these cases. In the 
second scan (Fig. 1S), all the PLCLs showed a homogeneous amorphous 
phase except the PLCL 8020 Sn, which showed a minimal melting peak. 

3.2. Thermal treatments 

The synthesized copolymers were subjected to three thermal treat-
ments (i.e., quenching and isothermal treatments from the melt at either 
70 or 50 ◦C) within the DSC to analyse their crystallization behaviour 
(Table 2 and Fig. 10S). As expected, the crystallization capability of the 
copolymers increases with the length of the LA repeat sequences (lLA). 
Accordingly, the calculated lLA value for the PLCL 7030 Bi (i.e., lLA =

2.45) is not enough to produce crystalline domains under the studied 
conditions. In contrast, the calculated lLA value for the PLCL 8020 Bi (i. 
e., lLA = 3.65) is sufficient to form crystalline domains when subjected to 
an isothermal treatment at 70 ◦C for 24 h, showing a Tm of 108.6 ◦C. The 
copolymers synthesized with SnOct2 as catalyst, thanks to their blockier 
character and subsequent longer lLA (i.e., lLA > 4), were prone to form 
crystalline domains after being subjected to isothermal treatments from 
the melt with melting points centred at around 139 ◦C. In any case, the 
Tm values of these copolymers are significantly lower than the Tm of 
PLLA homopolymer (Tm = 170–183 ◦C) [28]. These differences could be 

Table 1 
Characterization of the synthesized copolymers.   

PLCL 8020 
Bi 

PLCL 8020 
Sn 

PLCL 7030 
Bi 

PLCL 7030 
Sn 

Mw (g mol− 1) 139,600 101,600 121,400 112,300 
Tg (◦C) (2nd scan) 28.2 27.3 14.0 18.3 
Tm (◦C) (1st scan) 105.5 144.6 127.6 135.0 
ΔHm (J g− 1) (1st 

scan) 
13.3 25.4 1.5 21.0 

χ (%) 15.9 30.0 2.0 28.6 
lLA 3.65 5.38 2.45 4.31 
lCL 1.24 1.70 1.28 2.42 
R 1.08 0.77 1.19 0.65 
% (weight) LA 78.9 80.0 70.7 69.3 
% (weight) CL 21.1 20.0 29.3 30.7  

Fig. 1. Atomic force microscopy height image (top) and peak force error image (bottom) of PLCL 8020 Bi isothermally crystallized at 70 ◦C. White arrows highlight 
nucleation points. 
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attributed to the decrease of lLA (Table 1) promoted by the presence of 
ε-CL repetitive units [16]. Contrarily to the melting peaks commonly 
observed for pure PLLA, which are relatively well-defined unimodal 
peaks [34], double endothermic peaks were observed in our synthesized 
copolymers (Fig. 10S). This can be explained by a melt-recrystallization 
phenomenon. Low perfection crystals are melted to recrystallize with 
higher perfection and melt again at a higher temperature. This could be 
due to the existence of crystals with different morphologies of lamellae 
with variable thicknesses or by there being an intermediate constrained 
phase between the crystalline and the amorphous phases [35]. As ex-
pected, when these copolymers were rapidly quenched from the melt, 
they showed a completely amorphous character. 

Regarding the variation of the crystallinity degree with the selected 
isothermal crystallization temperatures, a clear trend was not observed. 
Those copolymers synthesized with SnOct2 showed very similar crys-
tallinity degree values irrespective of the selected isothermal crystalli-
zation temperature (i.e., PLCL 8020 Sn: 27.4 and 28.3% at 50 and 70 ◦C, 
respectively; PLCL 7030 Sn: 22.8 and 21.5% at 50 and 70 ◦C, respec-
tively). For Ph3Bi systems, PLCL acts as a single-phase amorphous 
copolymer showing a single hybrid Tg located between the Tg values of 
the pure homopolymers. However, for those copolymers synthesized 
with SnOct2, two Tg were registered. The lower Tg is associated to the 
hybrid amorphous miscible LA-CL phase, composed mostly of ε-CL units 
and the higher Tg suggests the presence of amorphous LA domains which 
are phase separated and may be constrained between the crystalline 
regions [36]. 

3.3. Atomic force microscopy (AFM) 

The synthesized PLCLs showed distinct topographies depending on 
the used catalyst (Ph3Bi or SnOct2) and subsequent heat treatment 
(quenching, isothermal crystallization at 50 and 70 ◦C), from very 
smooth surfaces for amorphous samples to rougher ones for crystallized 
samples. 

In line with the DSC observations, those PLCLs synthesized with 
Ph3Bi showed amorphous structures, except the PLCL 8020 Bi isother-
mally treated at 70 ◦C. The rest of the samples showed a smooth surface 
(Ra < 2 nm) with no discernible crystalline domains (see Supplementary 
Fig. 11S). The sample treated at 70 ◦C presented spherulitic morphology 
with average size spherulites of 7 μm. Nucleation points (white arrows) 
around which lamellae branch out and spherulites grow are easily 
distinguished in Fig. 1. 

Regarding the PLCLs synthesized with SnOct2, both compositions, 
8020 and 7030, presented an amorphous nature after quenching from 
the melt, similar to those displayed in Fig. 11S. However, both co-
polymers showed crystallization capability after isothermal heat treat-
ment at specified temperatures. Interestingly, the final crystal structure 

varies depending on the degree of undercooling and consequently, a 
variety of topographic textures were obtained in terms of shape and 
roughness. This change in surface topology feature of the substrates 
following the different crystallization strategies could influence not only 
the mechanical properties, but also the interaction of the biomaterial 
with the surrounding cells and tissues once implanted. 

Isothermal treatment at 50 ◦C resulted in a small axialite-like crys-
talline structure for both copolymers, PLCL 8020 Sn and PLCL 7030 Sn 
(Fig. 2). The presence of numerous nucleation points at low crystalli-
zation temperatures resulted in the early impingement of crystals that 
cannot further grow resulting in a low roughness lamellar pattern. The 
average size of these lamellar crystalline structures was calculated to be 
285–300 nm and the mean roughness values (Ra) 8.11 nm and 14.3 nm 
for PLCL 8020 Sn and PLCL 7030 Sn, respectively. 

The isothermal treatment at 70 ◦C led to clearly defined spherulitic 
crystalline structures for both copolymers (Fig. 3). The observed 
spherulites showed a typical crystalline structure of the poly (L-lactide) 
homopolymer where edge-on and flat-on structures, numbered in Fig. 3 
as 1 and 2 respectively, are easily identified in the high-magnification 
AFM images [37]. Although there is a slight difference in the average 
size of the spherulites for both copolymers, 12 μm for PLCL 8020 Sn and 
14 μm for PLCL 7030 Sn, bigger spherulites could be observed for the 
latter one, measuring up to 18 μm. The fact that PLCL 7030 Sn forms 
larger crystals even with less lactide content and shorter lactide building 
blocks (lLA for PLCL 7030 Sn = 4.31 vs. lLA for PLCL 8020 Sn = 5.38), is 
attributable to two effects: (1) its more multiblock macromolecular 
chain microstructure (R for PLCL 7030 Sn = 0.65 vs. R for PLCL 8020 Sn 
= 0.77), which might help in the crystallization process and (2) the 
crystallization kinetics. Both copolymers have different glass and 
melting temperature (see Table 1) and, therefore, the 70 ◦C crystalli-
zation temperature (Tc) involves different levels of undercooling (ΔT =
Tm–Tc) for each. Smaller undercooling, as in the case of the PLCL 7030 
Sn, implies the formation of less nucleation points, enabling the spher-
ulites to grow bigger before they collide with each other. 

The values of surface roughness as a function of heat treatment al-
lows us to directly differentiate the effect of crystallization process on 
PLCLs surface topology feature. Table 3 summarizes the morphologies, 
crystal sizes and mean roughness (Ra) of all the samples. Results 
revealed a remarkable difference in the roughness of the samples with 
spherulitic morphologies and those with either amorphous or lamellar 
morphologies. The presence of spherulitic morphologies, especially the 
PLCL 8020 Sn and PLCL 7030 Sn systems treated isothermally at 70 ◦C, 
have microcavities between the spherulites and characteristic topogra-
phies, leading to mean roughness values greater than 110 nm. However, 
at the same crystallization conditions, the PLCL 8020 Bi samples showed 
lower mean roughness value, around 39 nm. The crystalline behavior of 
these copolymers is very conditioned by their L-lactide average sequence 
length (lLA) and randomness character (R). Shorter lLA and higher 
randomness character, as in the case of the PLCL 8020 Bi, involve 
smaller and less regular/uniform/perfect spherulites as shown in Fig. 1, 
resulting in less rough surfaces. 

3.4. Mechanical properties 

The mechanical properties of the synthesized copolymers were 
determined by tensile test at room temperature (21 ± 2 ◦C) (Fig. 4), 
where three well differentiated behaviours are discernible. Those sam-
ples with a lower content in LA (i.e., PLCL 7030 Sn and PLCL 7030 Bi) 
presented an elastomeric behaviour, characterized by a low stiffness and 
a high strain recovery capacity after break (Table 4). However, impor-
tant differences were observed in the mechanical behaviour depending 
on the selected catalyst (i.e., SnOct2 vs. Ph3Bi). PLCL 7030 Bi showed a 
low secant modulus at 2% of 6.5 MPa, a strain recovery of 88.8% and an 
elongation at break of 589.4%. In contrast, although the PLCL 7030 Sn 
also showed an elastomeric behaviour, with a low secant modulus at 2% 
of 18.9 MPa, a strain recovery of 83.5% and an elongation at break of 

Table 2 
Thermal properties of quenched and isothermally crystallized poly (L-lactide-co- 
ε-caprolactone) (PLCL) for 24 h. Tc: isothermal crystallization temperature; Tg: 
glass transition temperature; Tm: melting temperature; ΔHm: melting enthalpy; 
χ: crystallinity degree.   

Tc (◦C) Tg 1 
(◦C) 

Tg 2 
(◦C) 

Tm 

(◦C) 
ΔHm (J/ 
g) 

χ (%) 

PLCL 8020 
Bi 

quenched 28.2 – – – 0.0 
50 31.3 – – – 0.0 
70 25.2 – 108.6 16.5 19.8 

PLCL 8020 
Sn 

quenched 27.3 – – – 0.0 
50 13.3 69.2 139.4 23.2 27.4 
70 10.6 84.7 138.1 24.0 28.3 

PLCL 7030 
Bi 

quenched 14.0 – – – 0.0 
50 16.1 – – – 0.0 
70 15.4 – – – 0.0 

PLCL 7030 
Sn 

quenched 18.3 – – – 0.0 
50 3.4 70.4 139.7 16.7 22.8 
70 2.1 86.2 139.9 15.8 21.5  
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268.6%, it also presented the strain-hardening phenomena at high de-
formations, reaching an ultimate tensile strength of 16.5 MPa. On the 
other hand, the copolymers with higher content in LA (i.e., PLCL 8020 
Sn and PLCL 8020 Bi) showed a plastic behaviour, characterized by a 
well-defined yield point, a lower elongation at break (186.8% for PLCL 
8020 Sn and 205.0% for PLCL 8020 Bi) and strain recovery of 32.5% for 
PLCL 8020 Sn and 41.9% for PLCL 8020 Bi. Also, these copolymers 
exhibited the strain-hardening phenomena at high deformations, which 
can be associated to the chain alignment at high deformations. 

In general terms, it can be concluded that the more random distri-
bution of the repetitive units obtained with the catalyst based on Ph3Bi, 
results in softer copolymers with lower stiffness, higher elongation at 

break and higher strain recovery after break. These behaviours are in 
line with the results obtained in DSC (Table 2). 

3.5. Interaction of human fibroblasts with various polymeric topographies 

The surface topography of a biomaterial is of utmost importance in 
determining the fate of the surrounding cells, tissues and organs when 
the biomaterial is implanted in the human body. As demonstrated in the 
present study, by controlling the chain microstructure of L-lactide and 
ε-caprolactone based copolymers, a plethora of surface topographies can 
be developed via several thermal treatments from the melt, which will 
presumably determine the interaction of cells with the biomaterial. 

Fig. 2. Atomic force microscopy height images (top) and peak force error images (bottom) of (a) PLCL 8020 Sn and (b) PLCL 7030 Sn isothermally crystallized 
at 50 ◦C. 

Fig. 3. Atomic force microscopy height images (top) and peak force error images (bottom) of (a) PLCL 8020 Sn and (b) PLCL 7030 Sn isothermally crystallized at 
70 ◦C. [Number 1 and 2 pointed edge-on and flat-on crystalline structures, respectively]. 
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Herein, the interaction of MRC-5 cells (human fibroblasts) with different 
surface topographies was evaluated as a preliminary in vitro study to 
gain more insights about the influence of surface topography on cell 
behaviour. Four PLCL samples displaying different surface topographies 
were selected for this purpose: i) PLCL 7030 Sn subjected to an 
isothermal treatment at 70 ◦C, ii) PLCL 8020 Bi subjected to an 
isothermal treatment at 70 ◦C, iii) PLCL 8020 Sn subjected to an 
isothermal treatment at 50 ◦C and iv) PLCL 7030 Sn subjected to a rapid 
quenching from the melt. The selected samples had roughness (Ra) 
values ranging from 1.7 to 110 nm, crystallinity degrees ranging from 
0 to 27.4% and different crystal morphologies (spherulitic, lamellar/ 
axialitic), thus covering a wide range of surface topographies. As 
observed in the obtained micrographs (Fig. 5a-d), cells had a more 
elongated morphology in the PLCL 7030 Sn sample subjected to an 
isothermal treatment at 70 ◦C (Fig. 5a). This sample, as previously 
concluded from the AFM evaluation, had a spherulitic structure with 
spherulites of ~14 μm. In contrast, for the PLCL 7030 Sn sample sub-
jected to a rapid quenching, cells showed a completely different shape, 
characterized by a more spread morphology. The surface of this sample 
was smooth and showed the lowest Ra value among the studied samples 

(Ra of 1.7 nm). These differences observed under the fluorescent mi-
croscope were further supported by quantitative values of nuclei area 
and aspect ratio (Fig. 5e and f). Statistically significant differences (p <
0.05) were observed in these two parameters between PLCL 7030 Sn 
sample subjected to an isothermal treatment at 70 ◦C or rapidly 
quenched from the melt. Accordingly, the nuclei area increased from 
412.2 ± 8.4 μm2 in the isothermally crystallized copolymer to 571.1 ±
11.3 μm2 in the rapidly quenched sample. The aspect ratio (length/ 
width) decreased from 1.83 ± 0.03 in the isothermally crystallized 
copolymer to 1.72 ± 0.02 in the rapidly quenched sample, thus con-
firming the conclusions drawn from the micrographs. A similar behav-
iour has been reported in bibliography with human articular 
chondrocytes [38]. In the reported study, human chondrocytes were 
seeded on the surface of PLLA with increasing sizes of spherulites. Those 
cells seeded on the PLLA sample showing largest spherulites (30–50 μm) 
display a more elongated morphology and preferred orientation, similar 
to the so-called contact guidance observed in nanostructured topogra-
phies. The PLCL 8020 Bi subjected to an isothermal treatment at 70 ◦C 
shows an intermediate behaviour between the aforementioned PLCL 
7030 Sn samples. In comparison to the PLCL 7030 Sn isothermally 
crystallized, the PLCL 8020 Bi sample shows lower Ra value (110 vs. 
39.2 nm), lower crystallinity degree (21.5 vs 19.8%) and smaller 
spherulites (14 vs 7 μm). Statistically significant differences (p < 0.05) 
were observed in the nuclei area (412.2 ± 8.4 μm2 for the PLCL 7030 Sn 
vs. 490.3 ± 9.5 μm2 for the PLCL8020 Bi) of the cells seeded in these two 
samples. In the case of nuclei aspect ratio, although not statistically 
significant, a slight decrease was observed (from 1.83 ± 0.03 for the 
PLCL 7030 Sn to 1.81 ± 0.03 for the PLCL 8020 Bi), suggesting again 
that larger spherulites promote a more elongated shape of the seeded 
cells. Finally, the PLCL 8020 Sn sample subjected to an isothermal 
treatment at 50 ◦C was analysed. This sample, contrarily to the previ-
ously analysed ones, had a lamellar/axialitic crystal morphology and a 
Ra value of 8.1 nm. Although no significant differences were observed 
with respect to the PLCL 8020 Bi sample subjected to an isothermal 
treatment at 70 ◦C, cells appeared to be more elongated in the PLCL 
8020 Sn sample isothermally crystallized at 50 ◦C (nuclei area was 490.3 
± 9.5 μm2 for the PLCL8020 Bi and 466.3 ± 12.2 μm2 for the PLCL 8020 
Sn; aspect ratio was 1.81 ± 0.03 for the PLCL 8020 Bi and 1.82 ± 0.02 
for the PLCL 8020 Sn). These results suggest that, not only the roughness 
of the surface, but also the crystal morphology of the sample may in-
fluence the cell fate. 

Despite we focused our discussion on the influence of surface to-
pographies on cell behaviour, it has to be considered that other physical 
properties (e.g., mechanical properties, different polarity/hydrophobic 
nature of the substrate, etc.) are also important in determining the 
interaction of cells with a biomaterial. Besides, it has to be considered 
that the crystallization process of the copolymers studied herein can 
result in the localization of PCL units due to the phase separation (as 
demonstrated by the DSC thermograms where two glass transition 
temperatures were observed in those samples synthesized with SnOct2), 
giving rise to the presence of PCL-rich domains on the surface of the 
sample. These domains may present different polarity/hydrophobic 
nature, thus influencing cell interaction. Regarding the hydrophilicity/ 
hydrophobicity of the surface, we determined that semicrystalline PCL, 
semicrystalline PLLA and amorphous PLLA showed virtually the same 
water contact angle values (Table 1S) despite their different chemical 
structure in the repeating unit and different degrees of crystallinity 

Table 3 
Morphologies and roughness of quenched and isothermally crystallized PLCL.   

Treatment Morphology Size Ra (nm) 

PLCL 8020 Bi quenching amorphous – 0.223 
iso. 50 ◦C amorphous – 1.76 
iso. 70 ◦C spherulitic 7 μm 39.20 

PLCL 8020 
Sn 

quenching amorphous – 0.882 
iso. 50 ◦C lamellar/ 

axialitic 
300 × 32 nm/800 
nm 

8.11 

iso. 70 ◦C spherulitic 12 μm 136 
PLCL 7030 Bi quenching amorphous – 0.215 

iso. 50 ◦C amorphous – 0.302 
iso. 70 ◦C amorphous – 0.203 

PLCL 7030 
Sn 

quenching amorphous – 1.70 
iso. 50 ◦C lamellar 285 nm × 25 nm 14.30 
iso. 70 ◦C spherulitic 14 μm 110  

Fig. 4. Stress-strain curves of the synthesized PLCL copolymers.  

Table 4 
Mechanical properties of the synthesized PLCL copolymers.   

Young’s modulus (MPa) Secant modulus at 2% (MPa) Ultimate Tensile Strength (MPa) Elongation at break (%) Strain recovery (%) 

PLCL 8020 Bi 1795.2 ± 206.2 693.4 ± 63.7 23.1 ± 2.1 205.0 ± 18.8 41.9 
PLCL 8020 Sn 2667.3 ± 66.7 714.9 ± 51.4 17.9 ± 1.8 186.8 ± 21.0 32.5 
PLCL 7030 Bi – 6.5 ± 1.8 2.0 ± 0.2 589.4 ± 26.3 88.8 
PLCL 7030 Sn – 18.9 ± 3.1 16.5 ± 0.4 268.6 ± 29.2 83.5  
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(Table 2S). Immunostaining micrographs indicated that MRC-5 cells 
were able to firmly adhere to the surface of these three samples 
(Fig. 12S). Again, cells seeded on semicrystalline samples (i.e., PCL and 
PLLA_crystallized) showed a more elongated morphology, suggesting 
the importance of surface topography on cell interaction. 

The surface topography influences several important aspects of cells, 
including adhesion, proliferation and differentiation and strongly de-
pends on the studied cell type. The strategy described in the present 
study, that relies on adjusting the chain microstructure and thermal 
treatments to tune the surface topography of the samples, would allow 
us to adjust the surface biophysical properties of the materials to fit 
within the requirements of the intended use. For example, osteoblasts 
show a better proliferation in samples with increasing surface rough-
ness, while fibroblast prefer smoother surfaces [39]. Controlling the 
surface topography also allows preserving the characteristic phenotype 
of primary cultures (e.g., chondrocytes), which is vital for regenerative 

strategies that rely on tissue engineering techniques [4,40]. More 
recently, the impact of surface topography on the foreign body response, 
which will eventually determine the success of the implanted material 
for its intended use, has attracted increasing attention [8,41]. Thus, 
considering the importance of surface topography on several aspects of 
the biomaterials, we expect to further study the impact of these bio-
physical parameters on neuroinflammatory processes in the future, by 
using our thermoplastic elastomers with controllable surface topog-
raphy and texture. 

4. Conclusions 

In the present study, a plethora a polymeric films displaying a variety 
of surface topographies were developed by precisely controlling the 
chain microstructure of lactide and caprolactone-based copolymers. The 
composition of the copolymers defined the mechanical properties of the 

Fig. 5. Micrographs of MRC-5 cells seeded on a) PLCL 7030 Sn subjected to an isothermal treatment at 70 ◦C, b) PLCL 8020 Bi subjected to an isothermal treatment at 
70 ◦C, c) PLCL 8020 Sn subjected to an isothermal treatment at 50 ◦C and d) PLCL 7030 Sn subjected to a rapid quenching from the melt. Blue: DAPI (Nuclei); Red: 
Rhodamine-Phalloidin (Actin filaments); Green: Vinculin (Focal adhesions); Scale bar: 100 μm. Quantification of nuclei area (e) and aspect ratio (f) (N = 250). Error 
bars represent the standard error of the mean. n. s. indicates that no significant differences exist between the highlighted samples (p < 0.05). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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resulting samples, which showed a plastic-like behaviour for those co-
polymers having 80 wt% of L-lactide and an elastomeric behaviour for 
those copolymers having 70 wt% of L-lactide. The selected catalyst 
(SnOct2 vs. Ph3Bi) determined the chain microstructure, resulting in a 
more random distribution of repetitive units when Ph3Bi was used as a 
catalyst. This fact clearly determines the crystallization behaviour of the 
copolymers from the melt, which allowed us to obtain a wide variety of 
surface textures, ranging from smooth surfaces in the case of amorphous 
copolymers to rough surfaces in the case of copolymers having spheru-
litic or axialitic crystalline domains. In our preliminary in vitro study 
using human fibroblasts as model cells, we observed that cells interact 
differently depending on the surface biophysical properties of the films. 
This encourage us to further study the influence of surface topography 
and roughness derived from various crystallinity degrees and crystal 
morphologies on different cell processes, including inflammatory pro-
cesses and foreign body responses. 
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C. Bello-Álvarez et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.jmbbm.2016.07.031
https://doi.org/10.1016/j.jmbbm.2016.07.031
https://doi.org/10.1016/B978-0-12-396983-5.00006-5
https://doi.org/10.1002/macp.1993.021940315
https://doi.org/10.1002/macp.1993.021940315
https://doi.org/10.1016/j.jmbbm.2012.09.006
https://doi.org/10.1016/j.polymer.2008.08.012
https://doi.org/10.1016/j.polymer.2008.08.012
https://doi.org/10.1016/j.jmbbm.2012.03.008
https://doi.org/10.1016/j.polymer.2008.02.023
https://doi.org/10.1016/j.polymer.2008.02.023
https://doi.org/10.1007/s10856-007-3038-1
https://doi.org/10.1007/s10856-007-3038-1
https://doi.org/10.1016/j.biomaterials.2007.01.019
https://doi.org/10.1016/j.biomaterials.2007.01.019
https://doi.org/10.1177/2041731418789829
https://doi.org/10.1177/2041731418789829
https://doi.org/10.1002/smll.201800863
https://doi.org/10.1002/smll.201800863

	Thermoplastic elastomers based on lactide and caprolactone: The influence of chain microstructure on surface topography and ...
	Author statement
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis
	2.3 Differential scanning calorimetry (DSC)
	2.4 Gel permeation chromatography (GPC)
	2.5 Nuclear magnetic resonance (NMR)
	2.6 Thermal treatments
	2.7 Atomic force microscopy (AFM)
	2.8 Tensile test
	2.9 Cell adhesion study and immunostaining

	3 Results and discussion
	3.1 Characterization of synthesized copolymers
	3.2 Thermal treatments
	3.3 Atomic force microscopy (AFM)
	3.4 Mechanical properties
	3.5 Interaction of human fibroblasts with various polymeric topographies

	4 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


