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Abstract
Supporting the wound healing of soft tissues requires fixation devices becoming more elastic while degrading. To address this unmet need, we 
designed a blend of degradable multiblock copolymers, which is cross-linked by PLA stereocomplexation combining two soft segments differing 
substantially in their hydrolytic degradation rate. The degradation path and concomitant structural changes are predicted by Langmuir monolayer 
technique. The fast hydrolysis of one soft segment leads to a decrease of the total polymer mass at constant physical cross-linking density. The cor-
responding increase of the average spacing between the network nodes suggests the targeted increase of the blend’s flexibility.

Introduction
Synthetic polylactones are polymers, which are produced 
from cyclic monomers in ring-opening polymerization or from 
hydroxy acids in polycondensation reactions from natural or 
synthetic starting materials. Similarities in polymerization 
mechanisms and polymer structures allow for the preparation 
of copolymers, where macroscopic properties can be tuned by 
designing their molecular structure.[1,2] Poly(ε-caprolactone) 
(PCL), polylactide (PLA), polyglycolide (PGA), and poly(p-
dioxanone) are among the few degradable polymers, which are 
established in clinical applications, such as surgical sutures, 
scaffolds, or clamps.[3–5] A change in the mechanical properties 
of these devices as a consequence of degradation can improve 
regeneration of the surrounding tissue, if the implant materials 
become soft and elastic, but do not break.

In our previous work, we have observed that covalently 
cross-linked copolyesters increase their flexibility, appearing 
as an increase of elongation at break and decrease of Young’s 
modulus, during degradation, due to an increase in the aver-
age chain length between two network nodes.[6] In this study, 
we hypothesize that a similar effect can be achieved in physi-
cal networks. This class of polymeric materials is of particular 
interest due to the capability of physical intermolecular interac-
tions to be cleaved and reformed with non-destructive process-
ing techniques. This provides broader opportunities for pro-
cessing of such materials in comparison to covalent networks.

PLA stereocomplexation, which occurs between two oppo-
site stereoisomers poly(L-lactide) (PLLA) and poly(D-lactide) 
(PDLA),[7] was selected as a suitable mechanism for the for-
mation of a physical network. PLA stereocomplexes provide 
higher thermal and mechanical stability than isotactic PLA 

crystals and require shorter repeating unit sequences to be 
formed. It has been reported that sequence length of only 7 
repeating units was necessary to form PLA stereocomplexes, 
while homocrystallization was possible in molecules having 
at least 11 repeating units.[8] This number can even increase 
for multiblock copolymers with immiscible segments due to 
the interpenetrating of phases.[9] In this way, it is possible to 
synthesize a polymeric system, which is incapable of PLA 
isotactic crystallization, but capable of PLA stereocomplexa-
tion after the addition of the opposite stereoisomer. Here, we 
designed such material as a blend of two multiblock copol-
ymers. The first one consisted of PCL and PLLA segments 
(PCL-PLLA), where PCL was the main structural component, 
providing mechanical stability to the designed system. PLLA 
segments were amorphous and played the role of anchoring 
points for PLA stereocomplexes. Their length should be lim-
ited to 15 repeating units, previously discovered to be capable 
for stereocomplexation but too short for homocrystallization.[9] 
This number, however, can differ and should be individually 
identified for each polymer system. The second component 
of the blend was a multiblock copolymer with two types of 
segments. The crystallization of the first type of segments, 
PDLA, was obstructed by the second component of the multi-
block copolymer, which was a random copolymer from digly-
colide and ε-caprolactone (PGACL). Here, crystallization was 
prevented by the random sequence, consequently leaving the 
PGACL segments highly sensitive to hydrolytic degradation of 
the PGA repeating units.[10] The molecular design implied that 
the PGACL segments suppressed stereocomplexation of the 
neighbouring PDLA segments, when both components were 
mixed in a blend.
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The multiblock copolymers were synthesized with the pre-
viously reported self-polycondensation of reactive diblock 
precursors procedure, which is capable of achieving high 
molar mass of the products maintaining accurate control over 
the sequence structure.[9] The structural changes in the blend 
during hydrolytic degradation were evaluated with the predic-
tive Langmuir monolayer technique, allowing for in situ and 
real-time controlling of the material system under accelerated 
degradation conditions.[11] To determine the crystallization con-
ditions of the individual components in the blend, three meth-
ods were combined: (i) the onset of crystallization, detected 
as a plateau in the π-A isotherm during compression of the 
monolayer; (ii) the increase of the complex interfacial viscos-
ity, using interfacial rheology; (iii) the appearance of vibration 
bands attributed to specific groups in the polymer structure, 
using Polarization Modulation-Infrared Reflection–Adsorption 
Spectroscopy (PM-IRRAS). The degradation experiments were 
performed at constant surface pressure π, while the changes in 
the crystalline structure of PCL-PLLA/PGACL-PDLA were 
investigated with IRRAS and in the rheological experiments.

Materials and methods
Chloroform (99.9%, Carl Roth, Karlsruhe, Germany), tolu-
ene (99.5%, Carl Roth, Karlsruhe, Germany), methanol 
(99%, Carl Roth, Karlsruhe, Germany), tin(II) 2-hexanoate 
(Sn(Oct)2) (96%, Alfa Aesar, Massachusetts, USA), dimeth-
ylaminopyridine (DMAP) (99%, Sigma-Aldrich, Missouri, 
USA), p-toluenesulfonic acid monohydrate (pTSA) (98.5%, 
Sigma-Aldrich, Missouri, USA), anhydrous benzylalkohol 
(BnOH) (98%, Acros Organics, Geel, Belgium), 10% palla-
dium on activated carbon (Alfa Aesar, Massachusetts, USA), 
deuterated chloroform (99.8% Sigma-Aldrich, Missouri, USA), 
diglycolide (99.5%, Corbion, Amsterdam, Netherlands), L,L-
dilactide (99.5%, Corbion, Amsterdam, Netherlands), D,D-
dilactide (99.5%, Corbion, Amsterdam, Netherlands), and 
poly(L-lactide) PL24 (Corbion, Amsterdam, Netherlands) were 
used as received. Tetrahydrofuran (THF) (99.9% Carl Roth, 
Karlsruhe, Germany), dichloromethane (DCM) (99.9% Carl 
Roth, Karlsruhe, Germany), and N,N′-diisopropylcarbodiimide 
(DIPC) (98%, Sigma-Aldrich, Missouri, USA) were stored over 
molecular sieves. ε-Caprolactone (99%, Acros Organics, Geel, 
Belgium) was distilled before use. Dimethylaminopyridine 
p-toluenesolfonate (DMAP·pTSA) was synthesized as reported 
elsewhere.[12]

PDLA-20 was synthesized as reported before.[9] Mn = 2.3 kg 
 mol−1 Đ = 1.13 (GPC).

PCL-PLLA was synthesized as reported before.[9] Mn = 200 
kg  mol−1 Đ = 2.1 (GPC) lCL = 76 r.u. lLLA = 17 r.u. (1H NMR).

PGACL-PDLA. PGACL was synthesized as follows. 4 g 
of diglycolide was dried in vacuum at Troom for 1 h before the 
reaction inside the reaction vessel. 16.15 g of distilled CL was 
added to glycolide with a syringe through a septum under a 
flow of argon. The mixture was heated up to 140 °C and stirred 
for 15 min. Anhydrous THF solutions of 380 mg of BnOH and 

36 mg of Sn(Oct)2 were added to the reaction mixture with a 
syringe through a septum under a flow of argon. The reaction 
lasted for 1 h. Further, the product was cooled to Troom and dis-
solved in 100 ml of anhydrous chloroform. The product was 
purified twice by precipitation into n-hexane. Nearly full con-
version of diglycolide was achieved. Conversion of CL was 
56% (1H NMR). The molar ratio of repeating units GA/CL was 
48/52, the number average lCL = 2.1 r.u. lGA = 1.1 r.u. (13C NMR) 
and Mn = 3.9 kg  mol−1 Đ = 2.1 (GPC).

PGACL was used as an initiator in PGACL-PDLA diblock 
copolymer synthesis. This reaction and the following self-poly-
condensation of PGACL-PDLA diblock macromonomers were 
performed similarly to PCL-PLLA synthesis.[9] The molar ratio 
of repeating units GA/CL/LA was 35/38/27, the number aver-
age lCL = 2.4 r.u. lGA = 1.7 r.u. lDLA = 20 r.u. (13C NMR).

PCL-PLLA/PGACL-PDLA films were prepared with 
solution casting. Predetermined amounts of PCL-PLLA and 
PGACL-PDLA were mixed in an equimolar PLA ratio in chlo-
roform with C = 5% w/v, poured into a PTFE dish, covered 
with foil and left to evaporate for 48 h until no change in mass 
was registered.

Gel permeation chromatography (GPC) was used to deter-
mine number average molecular weights of starting materials 
and products with a Tosoh EcoSEC HLC-8320 gel permeation 
chromatograph (Tosoh Bioscience, Stuttgart, Germany) follow-
ing a procedure described before.[9]

Differential scanning calorimetry (DSC) experiments were 
conducted on a Netzsch DSC 204 Phoenix (Selb, Germany) 
following a procedure described before.[9]

Wide-angle X-ray scattering (WAXS) measurements were 
performed with a D8 Discover spectrometer (Bruker AXS, 
Karlsruhe, Germany) following a procedure described before.[9]

Nuclear magnetic resonance spectroscopy (NMR) 1H and 
13C NMR spectra were recorded using a DRX Avance 500 
MHz spectrometer (Bruker, Rheinstetten, Germany) at room 
temperature in deuterated chloroform. Chemical shifts (δ) are 
reported in parts per million (ppm) relative to residual chloro-
form at δ 7.26 ppm for 1H NMR spectra and δ 77.0 ppm for 13C 
spectra. Samples were dissolved in  CDCl3 at a concentration 
of 15 mg  mL–1.

π-A isotherms at the air–water interface were recorded on 
a PTFE Langmuir trough equipped with Delrin barriers and 
a level compensation system (KSV LTD, Finland) following 
a procedure described before.[13] For the calculation of the 
mean molecular area per a repeating unit (MMA) in multi-
block copolymers, an average of the molar mass of the repeat-
ing units in the composition was calculated in respect to their 
molar content.

Polarization-modulated infrared reflection–absorption spec-
troscopy (PM-IRRAS) was used to determine the crystalline 
structure of monolayers with a setup from Biolin Scientific 
(Finland) following a procedure described before.[13] The poly-
mers were spread as 0.15 mg/ml solutions. The surface pressure 
π, at which crystallization occurred, was determined by com-
pressing the monolayer with 1 mN/m steps with a compression 
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rate of 10 mm/min, followed by recording the IRRAS spectrum 
after 30 min of equilibration at the given surface pressure. The 
ester carbonyl vibration band at wavenumber υ̃  = 1724  cm−1 
was attributed to PCL, at υ̃ = 1755  cm−1 was attributed to iso-
tactic PLA crystals, and at υ̃ = 1749  cm−1 was attributed to PLA 
stereocomplexes. In the degradation experiments, changes in 
the intensity of a band attributed to PLA stereocomplex crystals 
were registered while keeping π constant and compared against 
changes in trough area.

Rheology experiments were carried out with an Interfacial 
Shear Rheometer (IRS, model MCR502) from Anton Paar 
(Austria) following a procedure described before.[14]

Atomic force microscopy (AFM) was used to examine the 
surface topography and nano-roughness with a MFP-3D (Asy-
lum Research, Santa Barbara, CA, USA) equipped with a sili-
con cantilever (OLYMPUS OMCL AC160TS-R3). The mon-
olayers were transferred onto a silicon wafer directly from the 
air–water interface using the Langmuir-Schäfer technique. The 
scans were evaluated with ImageJ software.

Results and discussion
Synthesis of PCL‑PLLA/PGACL‑PDLA 
blends
The design of the PCL-PLLA/PGACL-PDLA blends implies 
that the isotactic crystallization of PLLA and PDLA segments 
is suppressed by phase dilution in the nanophase-separated 
morphology of both multiblock copolymers. PCL-PLLA has 
been previously reported as a material system, when blended 
with oligomeric ODLA, performing as a shape-memory 
polymer actuator, which forms a new class of lactide-based 
polymers.[9] PGACL-PDLA was synthesized in a manner that 
PGACL segments possess a highly random sequence struc-
ture (lCL = 2.4 r.u. lGA = 1.7 r.u.), therefore, remaining amor-
phous. The number average sequence length lDLA = 20 r.u. of 
the PDLA segment is sufficient for the formation of isotactic 
crystals in homopolymers and even in multiblock copoly-
mers. However, PGACL-PDLA formed no crystalline struc-
tures observable with WAXS or as melting transitions in DSC. 
The self-polycondensation reaction was not so effective for 
PGACL-PDLA diblock copolymers, resulting in a substan-
tially lower number average molar mass when compared to 
more stable PCL-PLLA diblock copolymers. The reason for 
this might be the high sensitivity of the PGACL segments in 
the amorphous domains to hydrolysis.

Crystallization in Langmuir monolayers
The onset of PDLA crystallization, which would interfere 
with the formation of stereocomplexes, was determined using 
a PDLA homopolymer having similar sequence length l = 20 
r.u. with the PDLA segment of PGACL-PDLA. PDLA-20 was 
synthesized, its compression isotherm was recorded, and its 
crystallization conditions were studied with interfacial rheology 
(Figure S1). Isolated PLA crystallites start forming at π > 11 
mN/m, as estimated from the compression isotherm, while 

pronounced crystallization behaviour occurs at π = 20 mN/m 
and MMA = 2.5 Å2, as seen from the rheological experiment.

High molar mass PL24 was used as PLA stereocomplex 
counterpart for PDLA-20 to define the onset of its crystalli-
zation. PL24 on its own crystallized at π = 5 mN/m, as deter-
mined with PM-IRRAS (Figure S2). Here, the vibration band at 
υ̃ = 1751 – 1754  cm−1 attributed to the carbonyl groups of PLA 
was identified as a characteristic signal.[15] The fluctuation of 
the peak position originated from the low signal-to-noise ratio 
of IRRAS spectra.

Further, the crystallization conditions of an equimolar blend 
of PL24 and the synthesized PDLA-20 were investigated. The 
compression isotherm had a two-step profile, suggesting that 
crystallization occurred in several stages [Fig. 1(a)]. In the 
equimolar blends, PLA isotactic crystals were formed at π = 5 
mN/m, identified from the band at υ̃ = 1754  cm−1, previously 
observed in PLLA monolayer (Figure S2). Further compression 
to π = 9 mN/m led to a shift of the carbonyl signal to ῦ = 1749 

a

b

Figure 1.  (a) Compression isotherm of PLLA/PDLA and complex 
interfacial viscosity as a function of MMA in compression of PLLA/
PDLA monolayer. (b) PM-IRRAS spectra of PLLA/PDLA monolayer 
at consecutively increased π.
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 cm−1, typically attributed to PLA stereocomplex [Fig. 1(b)].[15] 
Interestingly, no increase in the complex interfacial viscosity 
(η) was observed in the rheological experiment at π = 5 mN/m 
[Fig. 1(a)]. Further, η increases scarcely after reaching π = 8.4 
mN/m, and even upon compression to π = 25 mN/m, no increase 
in the interfacial moduli was observed. The reason for this 
could be hindrances for a collective PLLA crystallization in 
blends with PDLA. At the same time, small and irregular PLA 
stereocomplex crystallites, containing low molar mass PDLA, 
had low mechanical strength and were not able to provide 
the PLLA / PDLA monolayer with a continuous mechanical 
stability.

In agreement with the bulk experiments with PCL-PLLA 
reported before,[9] a PCL-PLLA monolayer was capable of 
forming only PCL crystallites. This was observed as the appear-
ance of vibration bands in IRRAS spectra at υ̃ = 1724  cm−1, 
attributed to PCL (Figure S3), accompanied by a rapid increase 
in η in the rheological experiment (Figure S3). PM-IRRAS and 
the rheological experiment gave a similar value of π = 10 mN/m 
for the onset of PCL crystallization, which is generally in agree-
ment with the previous investigation on PCL  homopolymers[16] 
but is higher than π = 9 mN/m determined for PLA stereocom-
plex formation. This means that we can adjust the degradation 
experiment parameters in a way that it is not possible to form 
any other crystallites in a monolayer except for PLA stereo-
complexes. Surprisingly, no increase in interfacial viscosity 
was observed when compressing the PCL-PLLA/PDLA blend, 
which was previously reported to have the mechanical prop-
erties of a polymeric network in bulk.[17] The reason for this 
might be the insufficient sensitivity of our rheometer setup. 
Highly irregular single PLA stereocomplex crystallites formed 
between oligomeric PDLA and similarly short PLLA segments 
of PCL-PLLA, disrupted by partial mixing with the PCL phase, 
most probably did not possess outstanding mechanical proper-
ties of high molar mass PLA stereocomplexes. Furthermore, the 
strict confinement to a two-dimensional monolayer excluded 
the possibility of intermolecular entanglements, which plays 
an important role in the mechanical properties of bulk materi-
als. These results correlate with observations made for PLLA/
PDLA blends, where the increase of η upon PLA stereocompl-
exation was barely noticeable [Fig. 1(a)].

Degradation of monolayers
The PGACL segment is amorphous due to its highly random 
structure. Hence, its PGA repeating units are highly sensitive 
to hydrolytic degradation. The average PCL segment length 
between two PGA segments is smaller than the solubility limit 
of PCL (ca. hexamer).[18] This means that complete dissolution 
of the PGACL block in water is possible without cleaving any 
PCL bonds. The PLA segments of PGACL-PDLA and PCL-
PLLA, and the PCL segment of the latter are not so sensitive 
to the uncatalysed hydrolytic degradation; therefore, we can 
neglect their mass loss in comparison to the PGACL segments. 
To estimate the degradation rate of PGACL, a hydrolytic deg-
radation experiment of PGACL-PDLA at constant π = 5 mN/m 

was performed (Figure S4). The point, where the degradation 
curve reached a plateau, was attributed to the time required for 
complete degradation of the PGACL segments t = 65 h.

The degradation experiment of PCL-PLLA/PGACL-PDLA 
50/50 wt% blend (equimolar by PLA content) was performed 
at a constant π = 9 mN/m sufficient for PLA stereocomplexa-
tion, but too low for PCL crystallization. Isotactic crystalliza-
tion of PLA in both copolymers was suppressed by shortening 
its monomer sequences at the synthetic step. Although PCL-
PLLA/PGACL-PDLA blends showed limited crystallization in 
bulk, PLA stereocomplexation in monolayers started immedi-
ately after reaching π = 9 mN/m. The intensity of the υ̃ ≈ 1754 
 cm−1 band was recorded during the degradation to assess the 
evolution of the stereocomplex content. The position of the 
peak was monitored to ensure that no PLA isotactic crystals 
were formed. The evolution of the intensity of the IR-band 
attributed to PLA stereocomplexes, together with the reduction 
of the normalized area (A/A0) during hydrolytic degradation of 
PCL-PLLA/PGACL-PDLA blend is presented in Fig. 2. The 
blend shows the typical sigmoid shape degradation curve of 
a polymer undergoing a random chain scission, which levels 
off at 55% mass loss after ca. 30 h, corresponding to the com-
plete dissolution of PGACL. A further slow linear mass loss 

a

b c

Figure 2.  (a) Evolution in time of the intensity and peak position 
of the IR-band attributed to the carbonyl group vibrations in PM-
IRRAS experiment during hydrolytic degradation in a monolayer. 
AFM morphology of the transferred monolayers in the beginning 
(b) and at the end (c) of the degradation experiment.
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is observed as a consequence of PCL and PLA stereocomplex 
degradation. An increase in the intensity of the υ̃ ≈ 1754  cm−1 
band is observed during the degradation. Yet, due to the com-
pression of the layer during degradation, an increase in the 
areal concentration of stereocomplexes is expected even when 
no new stereocomplexes are formed. The increase in the PM-
IRRAS signal can occur due to an increase in PLA stereocom-
plex crystallinity and due to removal of the degraded material 
from the monolayer. While we observe approximately a 2.2-
fold increase in the intensity of the IR-bands, the decrease of 
film area is 2.5-fold. This suggests that the degradation of the 
monolayer happens faster, than new PLA stereocomplexes can 
form, or the maximal possible crystallinity is reached already at 
the very beginning of the degradation experiment. These results 
indicate that the PCL-PLLA/PGACL-PDLA blend maintains 
its physical cross-linking density throughout the degradation. 
Amorphous rapidly degrading PGACL segments play no defin-
ing role in the mechanical properties of the studied materi-
als, while the pure PCL and PLA domains remain resistant to 
hydrolysis. Therefore, the increase of the average chain length 
between two network nodes following the degradation should 
increase the elasticity of the material at the constant cross-
linking density.[6] As the rheometer setup was not capable of 
registering mechanical properties of the PLA stereocomplex 
cross-linked monolayer, it was not possible to evaluate changes 
in elasticity with the selected techniques.

The analysis of monolayer morphology performed with 
AFM reveals a phase-separated structure, where isolated 
domains are surrounded with a continuous phase [Fig. 2(b) 
and (c)]. The isolated domains in both images have similar 
heights h = 1.24 ± 0.25 nm, suggesting having a single layer 
of crystals.[19] As the monolayers were transferred to the 
silica wafers at π = 9 mN/m, only PLA stereocomplex crys-
tallites could be present in these films. Therefore, the iso-
lated domains can be attributed to PLA phases containing 
stereocomplexes, while the continuous phase consists of 
amorphous PLA, PCL, and PGACL segments. These results 
correlate with our previous findings.[20] The degradation of 
PGACL segments led to changes in the morphology of the 
PLA domains, suggesting their partial degradation. Further, 
the surface area fraction of the harder domains attributed to 
PLA stereocomplex crystallites remained at a constant value 
of 16%, which supports the finding of the Langmuir deg-
radation experiment that the cross-linking density does not 
decrease during the hydrolysis.

Conclusion
In this work, a multiblock copolymer with poly(D-lactide) and 
poly[glycolide-ran-(ε-caprolactone)] segments was created, 
where crystallization of the GA and CL sequences is suppressed 
by the highly random sequence structure, and isotactic crystal-
lization of the PDLA segments is not possible due to insuf-
ficient sequence length. Limited miscibility of PGACL-PDLA 

and PCL-PLLA in chloroform hindered PLA stereocomplexa-
tion in bulk, while the transfer to a two-dimensional monolayer 
facilitated formation of PLA stereocomplexes through improv-
ing miscibility of the multiblock copolymers. The molecular 
design of the PGACL-PDLA/PCL-PLLA blends enabled con-
trolling the hydrolytic degradation behaviour, leading to molar 
mass decrease, while keeping cross-linking density, i.e. PLA 
stereocomplex φc constant. The attributed increase of the aver-
age chain length between two network nodes should lead to 
the improvement of the elastic properties in bulk. The devel-
oped material provides a perspective platform for the develop-
ment of medical implants with adjustable properties during the 
degradation.
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