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a b s t r a c t 

Although it has been repeatedly indicated the importance to develop implantable devices and cell culture 

substrates with tissue-specific rigidity, current commercially available products, in particular cell culture 

substrates, have rigidity values well above most tissues in the body. Herein, six resorbable polyester films 

were fabricated using compression moulding with a thermal presser into films with tailored stiffness 

by appropriately selecting the ratio of their building up monomers (e.g. lactide, glycolide, trimethylene 

carbonate, dioxanone, ε-caprolactone). Typical NMR and FTIR spectra were obtained, suggesting that the 

fabrication process did not have a negative effect on the conformation of the polymers. Surface roughness 

analysis revealed no apparent differences between the films as a function of polymer composition. Subject 

to polymer composition, polymeric films were obtained with glass transition temperatures from -52 °C 
to 61 °C; contact angles in water from 81 ° to 94 °; storage modulus from 108 MPa to 2,756 MPa and 

loss modulus from 8 MPa to 507 MPa (both in wet state, at 1 Hz frequency and at 37 °C); ultimate 

tensile strength from 8 MPa to 62 MPa, toughness from 23 MJ/m 

3 to 287 MJ/m 

3 , strain at break from 

3 % to 278 %, macro-scale Young’s modulus from 110 MPa to 2,184 MPa (all in wet state); and nano- 

scale Young’s modulus from 6 kPa to 15,019 kPa (in wet state). With respect to in vitro degradation in 

phosphate buffered saline at 37 °C, some polymeric films [e.g. poly(glycolide-lactide) 30 / 70] started 

degrading from day 7 (shortest timepoint assessed), whilst others [e.g. poly(glycolide-co- ε-caprolactone) 

10 / 90] were more resilient to degradation up to day 21 (longest timepoint assessed). In vitro biological 

analysis using human dermal fibroblasts and a human monocyte cell line (THP-1) showed the potential 

of the polymeric films to support cell growth and controlled immune response. Evidently, the selected 

polymers exhibited properties suitable for a range of clinical indications. 

Statement of significance 

The submitted manuscript describes the development and structural, physicochemical and bio- 
logical characterisation of six resorbable polyester films, produced using compression moulding 
with a thermal presser. Data obtained demonstrate that by appropriately selecting the ratio of 
the polymeric materials’ building blocks (i.e. lactic acid, glycolic acid, trimethylene carbonate, 
dioxanone, ε-caprolactone monomers), substrates with tunable biochemical, biophysical and 

biological properties can be fabricated to match the properties of a wide range of tissues and 

cells thereof. 
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. Introduction 

The use of synthetic biodegradable polymers [e.g. poly( ε- 

aprolactone) [1] , poly(glycolide) [2] , poly(lactide) [3] , 

oly(dioxanone) [4] , poly(trimethylene carbonate) [5] ] and 

opolymers thereof [e.g. poly(glycolide-co- ε-caprolactone), 

oly(glycolide-co-dioxanone-co-trimethylene carbonate), 

oly(lactide-co-trimethylene carbonate), poly(lactide-co-glycolide)] 

as been advocated for tissue engineering and drug delivery 

urposes for their acceptable cytocompatibility, batch-to-batch 

eproducibility, controllable biodegradability, tailored mechanical 

roperties and relatively easy processability to tissue-mimetic 

hree-dimensional conformations in a cost effective manner [ 6 , 7 ]. 

ndeed, aliphatic polyesters and their copolymers constitute the 

uilding blocks of a large number of medical devices (e.g. su- 

ures, absorbable orthopaedic implants, wound healing devices) 

pproved by FDA and EMA, with diverse range of degradation 

nd mechanical properties, fulfilling that way drug delivery and 

emodelling needs for most, if not all, biomedical applications 

8–12] . 

Tissue or cell / biomaterial mechanical properties mismatch is 

till a major issue in biomedical engineering. Indeed, tissue/device 

echanical properties mismatch [13–16] is often associated with 

mplant failure. In cell therapies, although the importance of sub- 

trate elasticity on cell adhesion, morphology, proliferation, mi- 

ration, gene expression, protein synthesis and lineage commit- 

ent has been well documented [ 17 , 18 ], traditional cell cultures 

re conducted on polystyrene tissue culture plastic (TCP) that fails 

o mimic most tissues elastic modulus (e.g. 3.5-25.9 kPa pituitary 

land [19] , 0.01 MPa buttock-thigh tissue [20] , 0.10-0.25 MPa der- 

is [21] , 1 MPa tendon [22] , 1.1 MPa ligament [23] , 2.6 MPa ar-

icular cartilage [24] , 0.2-0.76 GPa bone [25] , whilst TCP has elas- 

ic modulus of ~3 GPa [26] ). It is therefore imperative to develop 

ubstrates with physiological tissue elasticity to enable the devel- 

pment of functional cell therapies. 

In this study, six polyester films with variable elasticity (i.e. 

rom soft to stiff) were fabricated and physicochemically (e.g. nu- 

lear magnetic resonance, Fourier-transform infrared spectroscopy, 

ifferential scanning calorimetry, contact angle, surface roughness, 

echanical properties, degradation profile) and biologically (e.g. 

ytocompatibility analysis with human dermal fibroblasts and in- 

ammatory response analysis with a human monocytic cell line) 

haracterised. 

. Materials and methods 

.1. Materials 

The aliphatic polyesters used were poly(glycolide-co- ε- 

aprolactone) (PGCL), poly(glycolide-co-lactide-co- ε-caprolactone- 

o-trimethylene carbonate) (PGLCLTMC), poly(glycolide-co- 

ioxanone-co-trimethylene carbonate) (PGDTMC), poly(lactide- 

o-trimethylene carbonate) (PLTMC) and poly(glycolide-lactide) 

PGL) and were produced by Medtronic (North Haven, USA) (Sup- 

lementary Fig. S1A). All tissue culture plastics were purchased 

rom Sarstedt (Ireland). All chemicals, cell culture media and 

eagents were purchased from Sigma Aldrich (Ireland), unless 

therwise stated. 

.2. Processing of polymeric films 

The polymeric films were obtained by compression mould- 

ng, using a thermal presser Carver 3856 CE (Carver, USA). First, 
∗ Corresponding author. 

E-mail address: dimitrios.zeugolis@usi.ch (D.I. Zeugolis). 
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he presser was heated close to the polymer melting tempera- 

ure (PGCL 10/90: 90 °C, PGLCLTMC 70/5/15/10: 175 °C, PGDTMC 

5/15/30: 220 °C, PLTMC 80/20: 220 °C, PGL 15/85: 180 °C and 

GL 30/70: 220 °C). The polymer pellets were placed between two 

eflon sheets and two metal sheets for 5 min and subjected to a 

inimum pressure of 1 bar. Subsequently the system was gradu- 

lly cooled down (10 °C/min) to approximately 30 °C. The fabrica- 

ion method was performed under controlled temperature and hu- 

idity conditions. Settings were selected to obtain polymeric films 

f 200 μm in thickness. Until analysis, samples were stored inside 

ealed aluminium bags in desiccants at 4 °C. 

.3. Nuclear magnetic resonance (NMR) analysis 

Samples for NMR analysis were prepared by dissolving the 

olymers in deuterated trifluoroacetic acid. A quantitative 13C 

MR Spectroscopy with Inverse Gated 1H-Decoupling was utilised 

hat is an 1D-sequence with inverse gated decoupling using a 90 °
ulse. The calculations made as molar ratios based on the relative 

ntegral area specific for each polymer region. 

.4. Fourier-transform infrared spectroscopy (FTIR) analysis 

FTIR measurements were obtained using the attenuated to- 

al reflection technique with a Spectrum 100 FT-IR Spectrometer 

Perkin Elmer, USA) by averaging 32 scans over the range of 4,0 0 0 

m 

−1 to 800 cm 

−1 . 

.5. Gel permeation chromatography (GPC) analysis 

The GPC system was a Waters Alliance GPC 20 0 0 chromatogra- 

hy system (Agilent Technologies, USA) equipped with a differen- 

ial refractive index detector. The mobile phase was hexafluoroiso- 

ropanol (0.3 ml/min) at 40 °C. Polymers were dissolved in hex- 

fluoroisopropanol (1 mg/ml) and measured with a flow rate of 0.3 

l/min at 40 °C. Polydispersity index (PDI) was calculated as the 

atio of the weight average molecular weight (M w 

) to number av- 

rage (M n ). PDI is an indicator of the homogeneity of the polymer 

hains and values of < 2 are indicative of a fairly homogeneous 

olymer population [27] . 

.6. Differential scanning calorimetry (DSC) analysis 

The DSC equipment (DSC 1 Star System, Mettler Toledo, USA) 

as programmed to perform two heating cycles, with a cool- 

ng intermediated step. The following temperatures heating pro- 

ocols were used for each polymer: PGCL 10/90: -75 °C to 75 °C, 

GLCLTMC 70/5/15/10: 0 °C to 200 °C, PGDTMC 55/15/30: -10 °C to 

25 °C, PLTMC 80/20: 30 °C to 190 °C, PGL 15/85: 30 °C to 180 °C
nd PGL 30/70: 30 °C to 250 °C. All tests were performed at a heat-

ng rate of 10 °C/min. The mass of the analysed sample was be- 

ween 5 and 6 mg. The second heating cycle was used to deter- 

ine the glass transition temperature (T g ), enthalpy of cold crys- 

allization ( �H cc ), melting temperature (T m 

), enthalpy of melt- 

ng ( �H m 

) and crystallinity content X c . The crystallinity percent- 

ge X c of the polyesters was determined by the following formula 

28] X c = [( �H m 

- �H cc ) / ( �H mc w)] x 100, where �H m 

is the

elting enthalpy (J/g) of the sample, �H cc is the cold crystalliza- 

ion enthalpy (J/g), �H mc is the melting enthalpy of the 100 % 

rystalline poly(lactide) (93.7 J/g) [28] , poly( ε-caprolactone) (136.1 

/g) [29] , poly(glycolide) (183.2 J/g) [30] and w is the mass fraction 

f predominant polymer in the composite. 

.7. Contact angle analysis 

Static contact angle measurements were obtained using the ses- 

ile drop method and an OCA 15 Plus goniometer (DataPhysics In- 

mailto:dimitrios.zeugolis@usi.ch
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truments, Germany) with a high-performance image processing 

ystem (DataPhysics Instruments, Germany). 3 μl of either deion- 

zed water or diiodomethane were added using a motor driven sy- 

inge at room temperature (RT). The values of surface free energy 

ere calculated by the Owens, Wendt, Rabel and Kaelble (OWRK) 

ethod [31] that discerns polar and dispersive components of the 

urface energy, by using the SCA20 version 2 software (DataPhysics 

nstruments, Germany). At least six measurements of each condi- 

ion were performed per group. 

.8. Surface roughness analysis 

Surface roughness was analysed using Atomic Force Mi- 

roscopy (AFM) Dimension Icon (Bruker, USA) in PeakForce Tapping 

ScanAsyst, Bruker, USA) mode in air. AFM cantilevers (ScanAsyst- 

ir, Bruker, USA) made of silicon nitride with a spring constant of 

.4 N/m and frequency of 70 kHz were used. The images, with a 

can size of 15 × 15 μm 

2 , were analysed using a commercial AFM 

oftware (Bruker, USA) and the surface roughness was measured as 

he root mean square (RMS) roughness. RMS was calculated using 

he Z-sensor height signal. A total of 18 locations (6 locations of 3 

eplicates) were analysed per formulation. 

.9. Dynamic mechanical analysis (DMA) 

The viscoelastic measurements were performed using a DMA 

800 (TA Instruments, USA). The measurements were carried out 

t 25 °C in dry conditions and 37 °C in wet and dry conditions.

amples were cut in rectangular shapes (approximately 14.5 mm 

ength, 5.3 mm width and 0.2 mm thickness). The geometry of the 

amples was measured and the samples were clamped in the DMA 

pparatus. The sample was deformed at constant stress-amplitude 

25 μm) over 3 different frequencies (0.1, 1 and 10 Hz) for dry con- 

itions and 1 frequency (1 Hz) for wet conditions. 

.10. Tensile test analysis 

Mechanical properties were assessed under uniaxial tension, us- 

ng a Z005 Zwick/Roell testing machine (UK), loaded with a 10 N 

oad cell [32] . The samples were pre-cut into a dog-bone shape, 

s per ASTM D882-2010 guidelines. Prior to testing, all samples 

ere incubated overnight at RT in phosphate buffered saline (PBS). 

rior to testing, tissue paper was used to remove excess of PBS. 

he samples thickness was measured using digital calliper (Sci- 

nceware, Digi-Max, Sigma-Aldrich, Ireland). Scaffolds that broke 

t contact points with the grips were rejected from the analysis. 

he extension rate was set at 5 mm/min. Young’s modulus was 

etermined by calculating the slope of the linear portion of the 

tress-strain curve, the ultimate tensile strength was calculated by 

sing the maximum value of engineering stress, the toughness was 

alculated using the area under stress-strain curves and strain at 

reak or strain at maximum load are defined as the increase in the 

lms length at failure or at maximum load, respectively, divided by 

he original length. 

.11. Nanoindentation and force mapping analysis 

Experiments were conducted using an AFM (JPK NanoWizard 3, 

ermany) mounted on a Zeiss inverted microscope (Germany), op- 

rating in contact mode. Silicon nitride cantilevers (MSNL, Bruker, 

ermany) were used for the force mapping measurements. All the 

antilevers were calibrated by the contact-based method under 

BS at 37 °C, from which it was extracted their respective sensi- 

ivity and spring constant (typically between 0.3-1.4 N/m). Sam- 

les were fixed in Petri dishes and incubated with PBS at 37 °C 

vernight prior to the measurements. Force-distance curves were 
305 
ollected using maps with dimensions of 10 μm x 10 μm and ar- 

ays of 8 × 8 curves. For each sample, the force maps were re- 

eated 3 times at different positions. All the force distance curves 

ere acquired using a Z-length of 3 μm, a force setpoint of 1 nN 

nd a cantilever approach and retract speed of 3 μm/sec. The JPK 

ata processing (JPK, Germany) was used to analyse the acquired 

ata. The Young’s modulus of each sample was determined from 

he acquired force curves using the Hertz-Sneddon model with the 

ollowing parameters: quadratic pyramid tip shape, a half-angle 

ace of 15 ° and a Poisson ratio of 0.5. The fitting was executed 

p to an indentation of 500 nm. 

.12. Degradation profile analysis 

Films were incubated in PBS with neutral pH up to 21 days. 

he pH of the supernatant was measured at each time point and 

he films were subsequently analysed by DSC, NMR, GPC and ten- 

ile tests. The effect of degradation was measured as percentage 

f decrease or increase in relation to the original value, using the 

ollowing formula Degradation (%) = [(Final Degradation - Original 

egradation) / Original Degradation] x 100. 

.13. Human dermal fibroblasts (hDFs) cultures 

Cytocompatibility assessment was conducted using hDFs 

American Type Culture Collection, UK). hDFs were expanded in 

ulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 

 foetal bovine serum (FBS) and 1 % penicillin streptomycin (P/S). 

ells were cultured at 37 °C in a 95 % air / 5 % CO 2 humidified

tmosphere. Confluent hDFs at passage 2-3 were harvested from 

onolayer cultures using trypsin. Cells were washed in PBS and 

entrifuged at 1,200 rpm for 10 min. The cell pellet was resus- 

ended in DMEM and seeded at a concentration of 10,0 0 0 cells/ml 

nto the respective polymeric films, which were placed into wells 

f a 24 well plate. The medium was changed every other day. Cells 

eeded on TCP served as control group. 

.14. Cell viability analysis 

After 3, 5 and 7 days of culture, Live/Dead® assay (Invitrogen, 

reland) was performed to assess the influence of substrate stiff- 

ess on hDF viability as per manufacture’s protocol. Briefly, cells 

ere washed with HBSS and a solution of calcein AM (4 μM) and 

thidium homodimer I (2 μM) was added to each well. Cells were 

ncubated at 37 °C and 5 % CO 2 for 30 min after which, fluores- 

ence images were obtained with an Olympus IX-81 inverted fluo- 

escence microscope (Olympus Corporation, Japan). 

.15. Cytoskeleton and nuclei staining 

After 1 and 2 (THP-1 cultures) and 3, 5 and 7 (hDF cultures) 

ays, cells were fixed with 4 % paraformaldehyde (PFA) for 2 h at 

 °C, blocked with 3 % bovine serum albumin (BSA) in PBS for 30 

in at RT and permeabilised with 0.2 % Triton X-100 for 5 min at 

T. After 3 washes with PBS, the samples were incubated in rho- 

amine labelled phalloidin (1:200, Invitrogen, Ireland) for 2 h at 

T to stain cytoskeleton and the nuclei were stained with Hoechst 

3342 Solution (1:50 0 0, Invitrogen, Ireland) for 5 min at RT. Flu- 

rescent images were captured using an Olympus IX-81 inverted 

uorescence microscope (Olympus Corporation, Japan) at 10x mag- 

ification. 

.16. Cell proliferation analysis 

After 1 and 2 (THP-1 cultures) and 3, 5 and 7 (hDF cultures) 

ays, cell proliferation was assessed through stained nuclei count- 

ng with ImageJ (NIH, USA). Three substrates were imaged and four 
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elds-of-view (FOV) were taken from each substrate (total of 12 

mages were analysed per experimental group). 

.17. Cell metabolic activity analysis 

After 1 and 2 (THP-1 cultures) and 3, 5 and 7 (hDF cultures) 

ays, alamarBlue TM assay (Invitrogen, USA) was used to quantify 

he metabolic activity of the cells according to the manufacturer’s 

rotocol. At the end of each timepoint, cells were washed with 

anks’ Balanced Salt solution (HBSS, Sigma Aldrich, Ireland) and 

lamarBlue TM solution (10 % alamarBlue TM in HBSS) was added. Af- 

er 4 h of incubation at 37 °C, absorbance was measured in tripli- 

ate at 550 nm and 595 nm using Varioskan Flash spectral scan- 

ing multimode reader (Thermo Scientific, UK). Cell metabolic ac- 

ivity was normalised by DNA content. 

.18. DNA quantification 

After 1 and 2 (THP-1 cultures) and 3, 5 and 7 (hDF cultures) 

ays, DNA was quantified using Quant-iT TM PicoGreen® dSDNA as- 

ay kit (Invitrogen, Ireland) according to the manufacturer’s proto- 

ol. Briefly, DNA was extracted using three freeze-thaw cycles after 

dding 250 μl of nucleic acid free water per well. 100 μl of sample

ere transferred into a 96-well plate. A standard curve was gener- 

ted using 0, 5, 10, 25, 50, 100, 500 and 1,000 ng/ml DNA con- 

entrations. 100 μl of a 1:200 dilution of Quant-iT TM PicoGreen®

eagent was added to each sample and the plate was read using 

 micro-plate reader (Varioskan Flash, Thermo Scientific, UK) with 

n excitation wavelength of 480 nm and an emission wavelength 

f 525 nm. 

.19. THP-1 cultures and analysis 

Immune response was assessed as has been described pre- 

iously [ 33 , 34 ]. Monocyte-like cells (THP-1, ATCC, UK) were ex- 

anded in RPMI-1640 medium supplemented with 10 % FBS and 

 % P/S and seeded with a concentration of 25,0 0 0 cells/cm 

2 . In-

irect cell cytotoxicity was assessed incubate the polymeric sam- 

les in RPMI medium with 10 % FBS and 1 % P/S for three days.

ubsequently, the conditioned media (CM) was placed in contact 

ith cells seeded on TCP. For direct cell cytotoxicity assessment, 

ells were seeded on the polymeric films. To induce macrophage 

henotype, cells were treated with phorbol 12-myristate 13-acetate 

PMA, P8139, Sigma-Aldrich, Ireland) at 100 ng/ml for 6 h. Non- 

ttached cells were washed with PBS. As positive control, cells 

ere treated with 100 ng/ml lipopolysaccharides (LPS) from E. Coli 

L2637, Sigma-Aldrich, Ireland) to induce inflammatory response. 

o assess the immune response in vitro , cell morphology was anal- 

sed after rhodamine-phalloidin/Hoechst staining and imaging. Im- 

ges were analysed with ImageJ (NIH, USA) and the circularity was 

easured. The relative number of elongated cells was calculated by 

lassifying those cells with a circularity superior to 0.5 as round 

ells, whilst cells with circularity inferior to 0.5 were considered 

s elongated. The formation of cell clusters ( ≥ 5 cells) was also as- 

essed. 

.20. Statistical analysis 

Data are expressed as mean ± standard deviation. All exper- 

ments were conducted at least in three independent replicates. 

tatistical analysis was performed using GraphPad v6.01 (GraphPad 

oftware Inc., USA). One- or two- way ANOVA was used for mul- 

iple comparisons and a Tukey post hoc test was used for pairwise 

omparisons after confirming that the samples followed a normal 

istribution (Kolmogorov-Smirnov test) and had equal variances 

Bartlett’s and Levene’s test for homogeneity of variances). When 
306 
ither or both of these assumptions were violated, nonparametric 

ests were used for multiple comparisons (Kruskal-Wallis test) and 

airwise comparisons (Mann-Whitney test). Statistical significance 

as accepted at p < 0.05. 

. Results 

.1. Chemical, thermal, wettability and roughness analysis 

The values of the determined composition ratios of the poly- 

eric samples obtained from NMR spectra analysis (Supplemen- 

ary Fig. S2) are provided in Table 1 . The M w 

and PDI of the

tudied polymeric films are provided in Table 2 . The PLTMC 80/20 

howed the lowest ( p < 0.001) PDI, whilst the PGCL 10/90 showed 

he highest PDI ( p < 0.001). Moreover, the PLTMC 80/20 had the 

ighest ( p < 0.001) M w 

and M n , whilst the PGLCLTMC 70/5/15/10 

howed the lowest ( p < 0.001) M w 

and M n . 

The spectra obtained by FTIR for the polymeric films are pre- 

ented in Supplementary Fig. S1B. All the spectra had strong bands 

n the region between 1,760 and 1,750 cm 

–1 , due to stretch of the 

arbonyl groups present in the five polymers. Stretching bands, due 

o asymmetric and symmetric C-C( = O)-O vibrations between 1,300 

nd 1,150 cm 

–1 , were also detected. 

DSC was performed to assess the materials thermal properties. 

upplementary Fig. S3 shows the DSC curves for the second heat- 

ng in the thermal study of the pellets and the polymeric films. 

he thermal properties of the materials are summarised in Table 3 . 

he PGCL 10/90 pellet and film exhibited the lowest ( p < 0.001) 

 g and the PGL 15/85 pellet and film exhibited the highest ( p < 

.001) T g . The PGCL 10/90 pellet and film exhibited the lowest 

 p < 0.001) T m 

and the PLTMC 80/20 pellet and film exhibited 

he highest ( p < 0.001) T m 

. The PGCL 10/90 pellet and film ex-

ibited the highest ( p < 0.001) �H m 

and the PLTMC 80/20 and 

he PGLCLTMC 70/5/15/10, exhibited the lowest ( p < 0.001), pellet 

nd film, respectively, �H m 

. The PGCL 10/90 pellet and film ex- 

ibited the highest ( p < 0.001) X c and the PLTMC 80/20 and the 

GLCLTMC 70/5/15/10 exhibited the lowest ( p < 0.001) pellet and 

lm, respectively, X c . T m 

, �H m 

and X c were not detected for PGL 

5/85 and PGL 30/70. 

The sessile drop method was used to assess the contact angle of 

he samples and the measurements are presented in Table 4 . The 

ater contact angles were the highest ( p < 0.001) for the PLTMC 

0/20 and the lowest ( p < 0.001) for PGLCLTMC 70/5/15/10. With 

iiodomethane, the highest ( p < 0.001) contact angles were ob- 

ained for the PGDTMC 55/15/30 and lowest ( p < 0.001) contact 

ngles were obtained for the PGLCLTMC 70/5/15/10. The highest ( p 

 0.001) surface energy values were recorded for the PGLCLTMC 

0/5/15/10 and the lowest ( p < 0.001) for the PGDTMC 55/15/30. 

he highest ( p < 0.001) dispersive components values were ob- 

ained for the PGLCLTMC 70/5/15/10 and lowest ( p < 0.001) for 

he PGDTMC 55/15/30. The highest ( p < 0.001) polar component 

alues were obtained for the PGL 15/85 and lowest ( p < 0.001) for 

he PLTMC 80/20 and the PGCL 10/90. 

AFM analysis made apparent that all formulations had a similar 

 p > 0.05) RMS roughness (Supplementary Table S1) and appear- 

nce (Supplementary Figure S4) over a square 15 μm scan size. 

.2. Mechanical analysis 

DMA at 25 °C and under dry conditions ( Table 5 ) revealed 

hat the PGL 30/70 exhibited the highest ( p < 0.001) and the 

GCL 10/90 the lowest ( p < 0.001) storage moduli for all frequen- 

ies. Under the same conditions, the PGLCLTMC 70/5/15/10 had 

he highest ( p < 0.001) and the PGCL 10/90 had the lowest ( p

 0.001) loss modulus for all frequencies. For both storage and 
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Table 1 

Determined composition of polymers via NMR without degradation and after 21 days of degradation. The effect of degradation was measured as % of decrease or increase 

at a given degradation timepoint in relation to a sample’s original value (without degradation). Red font indicates the highest reduction. N = 3. 

Material % Glycolide (G) % Caprolactone (CL) % Lactide (L) 

% Trimethylene 

carbonate (TMC) % Dioxanone (D) DSC Heating 

PGCL 10/90 Film 9.6 90.4 0.0 0.0 0.0 -75 °C to 75 °C 
PGLCLTMC 70/5/15/10 70.5 16.6 5.0 7.9 0.0 0 °C to 200 °C 
PGDTMC 55/15/30 56.8 0.0 0.0 27.7 15.5 -10 °C to 225 °C 
PLTMC 80/20 0.0 0.0 79.1 20.9 0.0 30 °C to 190 °C 
PGL 15/85 18.1 0.0 81.9 0.0 0.0 30 °C to 180 °C 
PGL 30/70 31.4 0.0 68.6 0.0 0.0 30 °C to 250 °C 
PGCL 10/90 21 days 9.8 (2 %) 90.2 (0 %) 0.0 (ND) 0.0 (ND) 0.0 (ND) -75 °C to 75 °C 
PGLCLTMC 70/5/15/10 68.2 (-3 %) 18.1 (9 %) 5.2 (5 %) 8.5 (7 %) 0.0 (ND) 0 °C to 200 °C 
PGDTMC 55/15/30 56.0 (-2 %) 0.0 (ND) 0.0 (ND) 27.5 (-1 %) 16.5 (7 %) -10 °C to 225 °C 
PLTMC 80/20 0.0 (ND) 0.0 (ND) 79.0 (0 %) 21.0 (0 %) 0.0 (ND) 30 °C to 190 °C 
PGL 15/85 18.0 (-1 %) 0.0 (ND) 82.0 (0 %) 0.0 (ND) 0.0 (ND) 30 °C to 180 °C 
PGL 30/70 41.2 (31 %) 0.0 (ND) 58.8 (-14 %) 0.0 (ND) 0.0 (ND) 30 °C to 250 °C 

Table 2 

Polydispersity (PDI), number-average molecular weight (M n ), weight-average molecular weight (M w ) determined by gel 

permeation chromatography (GPC) with hexafluoroisopropanol before and after degradation. The effect of degradation was 

measured as % of decrease or increase at a given degradation timepoint in relation to a sample’s original value (without 

degradation). Green font indicates the highest ( p < 0.001) value and red font indicates the lowest ( p < 0.001) value. N = 3. 

Material PDI (M w /M n ) M n (kg/mol) M w (kg/mol) 

PGCL 10/90 Film 2.9 ± 0.1 47 ± 2 138 ± 0 

PGLCLTMC 70/5/15/10 2.6 ± 0.1 27 ± 1 69 ± 1 

PGDTMC 55/15/30 2.3 ± 0.1 42 ± 1 98 ± 1 

PLTMC 80/20 1.5 ± 0 120 ± 2 184 ± 4 

PGL 15/85 2.3 ± 0.1 56 ± 2 127 ± 1 

PGL 30/70 2.3 ± 0.1 41 ± 1 95 ± 2 

PGCL 10/90 21 days 2.7 ± 0.1 (-6 %) 46 ± 1 (-3 %) 125 ± 2 (-9 %) 

PGLCLTMC 70/5/15/10 1.2 ± 0 (-54 %) 4 ± 0 (-86 %) 4 ± 0 (-94 %) 

PGDTMC 55/15/30 1.3 ± 0 (-43 %) 9 ± 0 (-79 %) 12 ± 0 (-88 %) 

PLTMC 80/20 1.4 ± 0 (-11 %) 112 ± 1 (-7 %) 152 ± 1 (-17 %) 

PGL 15/85 2.0 ± 0 (-13 %) 39 ± 1 (-31 %) 77 ± 0 (-40 %) 

PGL 30/70 2.4 ± 0 (1 %) 12 ± 0 (-70 %) 29 ± 0 (-70 %) 

Table 3 

Thermal properties of the second heating curve of pellets and polymeric films produced in this study without degradation and after 14 and 21 

days of degradation. Red font indicates the lowest ( p < 0.001) and green font indicates the highest ( p < 0.001) values within a group (without 

degradation, after 14 days of degradation and after 21 days of degradation). The effect of degradation was measured as % of decrease or increase 

at a given degradation timepoint in relation to a sample’s original value (without degradation). T g : glass transition temperature, �H cc : enthalpy of 

cold crystallization, T m : melting temperature, �H m : enthalpy of melting, X c : and crystallinity content, ND: not detected. N = 4. 

Material T g ( °C) �H cc (J/g) T m ( °C) �H m (J/g) X c 

PGCL 10/90 Pellet -57 ± 0 ND 30 ± 0 40 ± 1 9.2 ± 0.4 

PGLCLTMC 70/5/15/10 25 ± 1 ND 99 ± 1 24 ± 2 4.0 ± 1.0 

PGDTMC 55/15/30 4 ± 1 ND 147 ± 0 22 ± 0 4.1 ± 0.6 

PLTMC 80/20 54 ± 1 10 ± 2 164 ± 1 14 ± 1 1.0 ± 0.2 

PGL 15/85 61 ± 0 ND ND ND ND 

PGL 30/70 57 ± 2 ND ND ND ND 

PGCL 10/90 Film -52 ± 1 ND 31 ± 1 46 ± 2 10.0 ± 1.0 

PGLCLTMC 70/5/15/10 22 ± 1 ND 114 ± 1 18 ± 1 2.1 ± 0.0 

PGDTMC 55/15/30 14 ± 2 ND 163 ± 2 32 ± 2 5 ± 1 

PLTMC 80/20 51 ± 0 30 ± 2 166 ± 0 40 ± 1 3 ± 1 

PGL 15/85 61 ± 1 ND ND ND ND 

PGL 30/70 56 ± 1 ND ND ND ND 

PGCL 10/90 14 days 

degradation 

-51 ± 0 (1 %) ND 31 ± 0 (-6 %) 40 ± 1 (-12 %) 8 ± 1 (-24 %) 

PGLCLTMC 70/5/15/10 11 ± 7 (-51 %) ND 115 ± 0 (1 %) 24 ± 1 (35 %) 5 ± 0 (132 %) 

PGDTMC 55/15/30 17 ± 2 (15 %) ND 159 ± 0 (-3 %) 33 ± 4 (5 %) 10 ± 3 (86 %) 

PLTMC 80/20 50 ± 2 (-3 %) 27 ± 1 (-10 %) 164 ± 2 (-2 %) 40 ± 1 (0 %) 5 ± 1 (49 %) 

PGL 15/85 61 ± 1 (1 %) ND ND ND ND 

PGL 30/70 55 ± 0 (-2 %) 3 ± 1 (ND) 191 ± 3 (ND) 8 ± 1 (ND) 2 ± 0 (ND) 

PGCL 10/90 21 days 

degradation 

-56 ± 1 (-7 %) ND 30 ± 2 (-6 %) 44 ± 1 (-3 %) 9 ± 1 (-13 %) 

PGLCLTMC 70/5/15/10 7 ± 0 (-70 %) ND 109 ± 0 (-4 %) 28 ± 3 (59 %) 6 ± 1 (168 %) 

PGDTMC 55/15/30 16 ± 2 (13 %) ND 157 ± 2 (-4 %) 36 ± 0 (15 %) 6 ± 1 (7 %) 

PLTMC 80/20 51 ± 0 (0 %) 30 ± 2 (-1 %) 165 ± 1 (-1 %) 42 ± 1 (4 %) 4 ± 1 (8 %) 

PGL 15/85 61 ± 0 (-14 %) ND ND ND ND 

PGL 30/70 55 ± 0 (-1 %) 3 ± 1 (ND) 187 ± 4 (ND) 8 ± 2 (ND) 2 ± 0 (ND) 

307 
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Table 4 

Contact angles and surface energy of the polymeric films produced in this study. Red font indicates the lowest ( p < 0.001) 

and green font indicates the highest ( p < 0.001) values within a group. N = 4. 

Material 

Contact angle ( °) Surface Energy (mN/m) 

Water Diiodomethane Surface Energy Dispersive component Polar Component 

PGCL 10/90 86 ± 4 37 ± 5 39 ± 0 36 ± 0 3 ± 0 

PGLCLTMC 70/5/15/10 81 ± 1 31 ± 0 43 ± 0 40 ± 0 4 ± 0 

PGDTMC 55/15/30 86 ± 4 71 ± 2 25 ± 0 17 ± 0 8 ± 0 

PLTMC 80/20 95 ± 4 56 ± 1 29 ± 0 27 ± 0 2 ± 0 

PGL 15/85 85 ± 3 64 ± 2 28 ± 0 20 ± 0 8 ± 0 

PGL 30/70 85 ± 4 59 ± 6 30 ± 0 24 ± 0 5 ± 0 

Table 5 

Storage and loss modulus of the polymeric films produced in this study under dry conditions at 25 °C and 37 °C as a function of frequency. Red font indicates the lowest ( p 

< 0.001) and green font indicates the highest ( p < 0.001) values within a group. N = 4. 

Material 

25 °C 37 °C 

Storage modulus (MPa) Loss modulus (MPa) Storage modulus (MPa) Loss modulus (MPa) 

1 Hz 5 Hz 10 Hz 1 Hz 5 Hz 10 Hz 1 Hz 5 Hz 10 Hz 1 Hz 5 Hz 10 Hz 

PGCL 10/90 179 ± 1 187 ± 1 190 ± 1 10 ± 1 9 ± 0 9 ± 0 143 ± 4 149 ± 4 152 ± 4 9 ± 0 9 ± 1 8 ± 1 

PGLCLTMC 70/5/15/10 776 ± 26 1022 ± 36 1149 ± 38 240 ± 9 328 ± 9 363 ± 9 442 ± 24 541 ± 34 593 ± 37 93 ± 11 141 ± 15 167 ± 15 

PGDTMC 55/15/30 488 ± 8 570 ± 9 619 ± 10 73 ± 2 111 ± 3 135 ± 4 407 ± 4 447 ± 6 469 ± 6 38 ± 57 57 ± 2 68 ± 3 

PLTMC 80/20 2,390 ± 8 2,452 ± 8 2,480 ± 8 112 ± 1 113 ± 0 117 ± 1 2,267 ± 9 2,332 ± 9 2,357 ± 10 117 ± 2 117 ± 1 120 ± 1 

PGL 15/85 2,984 ± 3 3,006 ± 2 3,019 ± 3 120 ± 0 124 ± 1 130 ± 0 2,926 ± 5 2,946 ± 4 2,957 ± 4 125 ± 1 125 ± 1 131 ± 1 

PGL 30/70 3,753 ± 4 3,783 ± 4 3,798 ± 5 144 ± 1 147 ± 1 152 ± 1 3,673 ± 7 3,706 ± 8 3,720 ± 8 149 ± 1 147 ± 1 151 ± 1 

Table 6 

Storage and loss modulus of the polymeric films produced in this study under dry and wet conditions at 1 Hz frequency and 37 

°C. Red font indicates the lowest ( p < 0.001) and green font indicates the highest ( p < 0.001) values within a group. N = 4. 

Material 

Dry Wet 

Storage modulus (MPa) Loss modulus (MPa) Storage modulus (MPa) Loss modulus (MPa) 

PGCL 10/90 143 ± 4 9 ± 0 108 ± 4 9 ± 0 

PGLCLTMC 70/5/15/10 442 ± 24 93 ± 11 272 ± 3 21 ± 0 

PGDTMC 55/15/30 407 ± 4 38 ± 1 321 ± 5 15 ± 1 

PLTMC 80/20 2,267 ± 9 117 ± 2 1,385 ± 60 249 ± 14 

PGL 15/85 2,926 ± 5 125 ± 1 2,756 ± 156 227 ± 49 

PGL 30/70 3,673 ± 7 149 ± 1 947 ± 116 507 ± 8 
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oss moduli at 25 °C under dry conditions, there were no signif- 

cant ( p > 0.05) differences between 1, 5 and 10 Hz frequencies 

or PGCL 10/90, PLTMC 80/20, PGL 15/85 and PGL 70/30, whilst 

GLCLTMC 70/5/15/10 and PGDTMC 55/15/30 showed significant ( p 

 0.001) increase of the storage and loss moduli by increasing the 

requency. 

DMA at 37 °C and under dry conditions ( Table 5 ) made appar-

nt that the PGL 30/70 had the highest ( p < 0.001) and the PGCL

0/90 had the lowest ( p < 0.001) storage moduli across all frequen- 

ies. Under the same conditions, the PGL 30/70 at all frequencies 

nd PGLCLTMC 70/5/15/10 only at 10 Hz frequency had the highest 

 p < 0.001) loss modulus and the PGCL 10/90 had the lowest ( p

 0.001) loss modulus across all frequencies. For both storage and 

oss moduli at 37 °C under dry conditions, there were no signif- 

cant ( p > 0.05) differences between 1, 5 and 10 Hz frequencies 

or PGCL 10/90, PLTMC 80/20, PGL 15/85 and PGL 70/30, whilst 

GLCLTMC 70/5/15/10 showed significant ( p < 0.001) increase of 

he storage and loss moduli by increasing the frequency. PGDTMC 

5/15/30 showed significant ( p < 0.001) increase in storage modu- 

us between 1 and 10 Hz frequency and loss modulus was signifi- 

antly ( p < 0.001) increased with increasing the frequency. 

DMA at 37 °C, 1 Hz frequency and in dry state ( Table 6 ) re-

ealed that the PGL 30/70 exhibited the highest ( p < 0.001) and 

he PGCL 10/90 exhibited the lowest ( p < 0.001) for both storage 

nd loss moduli. DMA at 37 °C, 1 Hz frequency and in wet state 

 Table 6 ) revealed that the PGL 15/85 and the PGL 30/70 exhibited 

he highest ( p < 0.001) storage and loss moduli, respectively, and 
308 
he PGCL 10/90 exhibited the lowest ( p < 0.001) storage and loss 

oduli. 

Tensile test analysis ( Table 7 ) made apparent that the PGL 30/70 

xhibited the highest ( p < 0.001) Young’s modulus, ultimate ten- 

ile strength and toughness. The PGCL 10/90, PGLCLTMC 70/5/15/10 

nd PGDTMC 55/15/30 exhibited significantly ( p < 0.001) lower 

oung’s modulus than PLTMC 80/20, PGL 15/85 and PGL 30/70. 

GCL 10/90 exhibited the lowest ( p < 0.001) ultimate tensile 

trength and toughness values. The PGLCLTMC 70/5/15/10 exhib- 

ted the highest ( p < 0.001) and PGL 15/85 the lowest ( p < 0.001)

train at break. Stress-strain curves (Supplementary Fig. S5A) re- 

ealed that the PGCL 10/90, PGLCLTMC 70/5/15/10 and PGDTMC 

5/15/30 had curves with a slowly rising stress (up to 10-20 % 

train) followed by a long region of constant gradient up to the 

oint of break (over 60 % strain), whilst the PLTMC 80/20, PGL 

5/85 and PGL 30/70 (also exhibited a toe region up to 0.03 % 

train) had curves with steeply rising stress, at the end of which 

2-5 % strain) break occurred. 

AFM analysis ( Table 7 ) revealed that the PGL 30/70 exhib- 

ted the highest ( p < 0.001) Young’s modulus (~15 MPa), whilst 

ll other materials had Young’s modulus in the region of ~6 

PGLCLTMC 70/5/15/10) to ~22 (PGL 15/85) kPa. 

.3. Degradation profile analysis 

Degradation profile analysis (Supplementary Fig. S6) made ap- 

arent that TCP and PGCL 10/90, PGL 15/85 and PLTMC 80/20 had 
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Table 7 

Macro-scale Young’s modulus, ultimate tensile strength, toughness and strain at break (or tensile strain at maximum load, indicated with ∗); all assessed via tensile test 

analysis] and nano-scale (Young’s modulus; assessed via AFM) mechanical properties of the polymeric films produced in this study without degradation and after 7, 11, 14 

and 21 days of degradation. Red font indicates the lowest ( p < 0.001) and green font indicates the highest ( p < 0.001) values within a group (without degradation, after 7 

days of degradation, after 11 days of degradation, after 14 days of degradation and after 21 days of degradation). The effect of degradation was measured as % of decrease or 

increase at a given degradation timepoint in relation to a sample’s original value (without degradation). ND: not detected. NA: not available. N = 4. 

Material 

Tensile Analysis AFM Analysis 

Young’s Modulus 

(MPa) 

Ultimate Tensile 

Strength (MPa) Toughness (MJ/m 

3 ) Strain at Break (%) 

Young’s Modulus 

(kPa) 

PGCL 10/90 Original 110 ± 8 8 ± 2 23 ± 1 168 ± 3 ∗ 7 ± 3 

PGLCLTMC 70/5/15/10 114 ± 17 18 ± 2 39 ± 4 278 ± 85 ∗ 6 ± 2 

PGDTMC 55/15/30 111 ± 14 30 ± 4 39 ± 2 223 ± 75 ∗ 10 ± 3 

PLTMC 80/20 1,288 ± 22 47 ± 1 221 ± 12 5 ± 0 12 ± 3 

PGL 15/85 1,601 ± 121 37 ± 3 143 ± 23 3 ± 0 22 ± 9 

PGL 30/70 2,184 ± 132 62 ± 5 287 ± 12 4 ± 0 15,019 ± 2,916 

PGCL 10/90 7 days degradation 124 ± 5 (12 %) 8 ± 0 (2 %) 10 ± 0 (-56 %) 160 ± 1 ∗ (-1 %) NA 

PGLCLTMC 70/5/15/10 153 ± 46 (34 %) 14 ± 2 (-24 %) 16 ± 1 (-60 %) 199 ± 3 ∗ (-29 %) 

PGDTMC 55/15/30 173 ± 29 (56 %) 23 ± 3 (-25 %) 16 ± 3 (-60 %) 155 ± 4 ∗ (-30 %) 

PLTMC 80/20 989 ± 81 (-23 %) 29 ± 3 (-38 %) 61 ± 3 (-73 %) 4 ± 1 (-13 %) 

PGL 15/85 1,448 ± 74 (-10 %) 49 ± 4 (34 %) 93 ± 9 (-35 %) 4 ± 1 (32 %) 

PGL 30/70 1,075 ± 235 (-51 %) 23 ±6 (-62 %) 29 ± 10 (-90 %) 2 ± 0 (-49 %) 

PGCL 10/90 11 days 

degradation 

123 ± 6 (13 %) 8 ± 1 (2 %) 10 ± 1 (-56 %) 160 ± 3 ∗ (-5 %) 

PGLCLTMC 70/5/15/10 221 ± 69 (93 %) 1 ± 0 (-94 %) 1 ± 0 (-98 %) 0.3 ± 0 (-100 %) 

PGDTMC 55/15/30 222 ± 9 (99 %) 12 ± 1 (-61 %) 14 ± 2 (-63 %) 7 ± 1 (-97 %) 

PLTMC 80/20 1,097 ± 130 (-15 %) 41 ± 6 (-13 %) 72 ± 2 (-67 %) 4 ± 0 (-6 %) 

PGL 15/85 1,378 ± 216 (-14 %) 46 ± 9 (25 %) 85 ± 21 (-40 %) 4 ± 0 (24 %) 

PGL 30/70 841 ± 176 (-62 %) 7 ± 1 (-81 %) 11 ± 12 (-96 %) 1 ± 0 (-64 %) 

PGCL 10/90 14 days 

degradation 

104 ± 6 (-6 %) 8 ± 1 (2 %) 9 ± 0 (-61 %) 159 ± 14 ∗ (-5 %) 

PGLCLTMC 70/5/15/10 ND ND ND ND 

PGDTMC 55/15/30 ND ND ND ND 

PLTMC 80/20 973 ± 32 (-25 %) 38 ± 2 (-18 %) 64 ± 2 (-71 %) 5 ± 0 (2 %) 

PGL 15/85 899 ± 125 (-44 %) 29 ± 6 (-22 %) 46 ± 16 (-68 %) 3 ± 0 (19 %) 

PGL 30/70 ND ND ND ND 

PGCL 10/90 21 days 

degradation 

124 ± 7 (12 %) 8 ± 1 (4 %) 10 ± 0 (-58 %) 151 ± 3 ∗ (-10 %) 

PGLCLTMC 70/5/15/10 ND ND ND ND 

PGDTMC 55/15/30 ND ND ND ND 

PLTMC 80/20 1,088 ± 73 (-16 %) 41 ± 4 (-12 %) 73 ± 5 (-67 %) 5 ± 1 (10 %) 

PGL 15/85 1,242 ± 170 (-12 %) 37 ± 16 (1 %) 37 ± 2 (-74 %) 3 ± 1 (-3 %) 

PGL 30/70 NA NA NA NA 
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o significant ( p > 0.05) pH changes over the incubation period, 

hilst the PGLCLTMC 70/5/15/10 and the PGDTMC 55/15/30 and 

he PGL 30/70 started degrading from day 7 and day 12 onwards, 

espectively, as evidenced by reduced solution pH. 

The values of the determined composition ratios of the de- 

raded polymeric films obtained from NMR spectra analysis (Sup- 

lementary Fig. S7) are presented in Table 1 and indicate that the 

GL 30/70 suffered the highest degradation, as evidenced by a 14 

 reduction in the lactide content. 

GPC analysis at 21 days of degradation ( Table 2 ) showed that 

he PGLCLTMC 70/5/15/10 had the lowest ( p < 0.001) PDI, M w 

nd M n and the lowest ( p < 0.001) drop on each of these values

n comparison to the original film. The PGCL 10/90 exhibited the 

ighest ( p < 0.001) PDI and the PLTMC 80/20 exhibited the high- 

st ( p < 0.001) M w 

and M n . The PGL 30/70 exhibited the highest ( p

 0.001) increase in PDI and the PGCL 10/90 exhibited the highest 

ncrease ( p < 0.001) in M w 

and M n . 

DSC analysis following degradation ( Table 3 ) revealed that after 

4 and 21 days of degradation the highest ( p < 0.001) T g was ob-

ained for the PGL 15/85 and the lowest ( p < 0.001) for the PGCL

0/90; the highest ( p < 0.001) drop in T g , compared to the origi-

al film, was obtained for the PGLCLTMC 70/5/15/10 at both time- 

oints. The highest ( p < 0.001) �H cc was obtained for the PLTMC 

0/20 and the lowest ( p < 0.001) for the PGL 30/70. The highest

 p < 0.001) T m 

was obtained for the PGL 30/70 and the lowest ( p

 0.001) for the PGCL 10/90; with the highest ( p < 0.001) drop

n T m 

, compared to the original film, was obtained for the PGCL 

0/90. The highest ( p < 0.001) �H m 

was obtained for the PGCL 

0/90 and the lowest ( p < 0.001) for the PGL 30/70, at both time-

oints. PGCL 10/90 exhibited the highest ( p < 0.001) drop in �H m 

,

309 
ompared to the original polymeric film. The highest ( p < 0.001) 

 c was obtained for the PGDTMC 55/15/30 at day 14 and the PGCL 

0/90 at day 21 and the lowest ( p < 0.001) for the PGL 30/70 at

oth timepoints. The highest ( p < 0.001) drop in X c , in comparison

o the original film, was obtained for the PGCL 10/90 at both time- 

oints and the highest ( p < 0.001) increase in X c , in comparison

o the original film, was obtained for the PGLCLTMC 70/5/15/10 at 

oth timepoints. At day 14 and 21, T m 

, �H m 

and X c were not de-

ected for PGL 15/85. 

Tensile analysis following degradation ( Table 7 ) made apparent 

hat at 7 days of degradation, the PGCL 10/90 exhibited the low- 

st ( p < 0.001) and the PGL 15/85 the highest ( p < 0.001) Young’s

odulus, ultimate tensile strength and toughness values and the 

GLCLTMC 70/5/15/10 exhibited the highest ( p < 0.001) and the 

GL 30/70 the lowest ( p < 0.001) strain at break values. At 11 days

f degradation, the PGCL 10/90 and PGLCLTMC 70/5/15/10 exhib- 

ted the lowest ( p < 0.001) Young’s modulus values and ultimate 

ensile strength, toughness and stress at break values, respectively, 

nd the PGL 15/85 and the PLTMC 80/20 exhibited the highest ( p 

 0.001) Young’s modulus, ultimate tensile strength and tough- 

ess and stress at break values, respectively. At 14 days of degra- 

ation, the PGCL 10/90 exhibited the lowest ( p < 0.001) Young’s 

odulus, ultimate tensile strength and toughness values and the 

ighest ( p < 0.001) strain at break values, the PLTMC 80/20 ex- 

ibited the highest ( p < 0.001) Young’s modulus, ultimate ten- 

ile strength and toughness values and the PGL 15/85 the lowest 

 p < 0.001) strain at break values. At 21 days of degradation, the 

GCL 10/90 exhibited the lowest ( p < 0.001) Young’s modulus, ul- 

imate tensile strength and toughness values and the highest ( p < 

.001) strain at break values, the PGL 15/85 exhibited the highest 
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Fig. 1. hDF viability (A) was not affected as a function of the various substrates at any timepoint, as revealed by Live/Dead TM assay; live cells: green, dead cells: red, scale 

bar: 500 μm. A polymer-dependent hDF proliferation (B) and metabolic activity (C) was observed; ∗ indicates significant difference at p < 0.001 between a group and TCP at 

a given timepoint. 
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 p < 0.001) Young’s modulus values and the lowest ( p < 0.001)

train at break values and the PLTMC 80/20 exhibited the highest 

 p < 0.001) toughness and ultimate tensile strength values. 

After 7 days of degradation, the PGL 30/70 exhibited the high- 

st ( p < 0.001) drop, in comparison to the original film, in Young’s 

odulus, ultimate tensile strength, toughness and strain at break. 

fter 11 days of degradation, in comparison to the original film, the 

GL 30/70 exhibited the highest ( p < 0.001) drop in Young’s mod- 

lus, the PGLCLTMC 70/5/15/10 exhibited the highest ( p < 0.001) 

rop in ultimate tensile strength, the PGLCLTMC 70/5/15/10 and 

he PGL 30/70 exhibited the highest ( p < 0.001) drop in toughness 

nd the PGLCLTMC 70/5/15/10 and the PGDTMC 55/15/30 exhibited 

he highest ( p < 0.001) drop in strain at break. After 14 and 21

ays of degradation, the PGLCLTMC 70/5/15/10, PGDTMC 55/15/30 

nd PGL 30/70 became too brittle to be mechanically assessed. 

Stress-stain curve analysis (Supplementary Fig. S5) revealed 

hat all polymers maintained their original deformation mecha- 

ism, but with reduced values subject to degradation period, with 

nly the PGCL 10/90 maintaining an unaltered deformation mecha- 

ism up to day 21, with the PGL 15/85 and PLTMC 80/20 to follow. 

.4. Biological analysis 

Nuclei / cytoskeleton staining (Supplementary Figure S8), viabil- 

ty ( Fig. 1 A), proliferation ( Fig. 1 B) and metabolic activity ( Fig. 1 C)
310 
nalyses revealed that all substrates allowed hDF attachment and 

rowth, albeit with variable degree of efficiency. Gross visual as- 

essment (Supplementary Fig. S8 and Fig. 1 A) did not reveal 

ny morphological differences as a function of substrates’ rigidity. 

aybe, the most notable observations are that at day 7, longest 

imepoint assessed, only the PGCL/10/90 and the PLTMC 80/20 

ad significantly ( p < 0.01) higher and the PGDTMC 55/15/30 

ignificantly ( p < 0.01) lower proliferation to TCP and the PGCL 

0/90 and PGL 15/85 had significantly ( p < 0.001) lower and 

he PGLCLTMC 70/5/15/10 had significantly ( p < 0.001) higher 

etabolic activity than TCP. 

Direct cultures of the various substrates with THP-1 cells re- 

ealed that at day 2, longest timepoint assessed, the PGL 30/70 

xhibited significantly ( p < 0.001) lower cell number compared 

o normal medium and LPS ( Fig. 2 A); the PGCL 10/90, PGLCLTMC 

0/5/15/10, PGDTMC 55/15/30 and PLTMC 80/20 exhibited signif- 

cantly ( p < 0.001) higher metabolic activity compared to nor- 

al medium and PGL 30/70 showed significantly ( p < 0.001) 

ower metabolic activity compared to LPS ( Fig. 2 B); the PGLCLTMC 

0/5/15/10 and PGDTMC 55/15/30 significantly ( p < 0.001) higher 

 of elongated cells than normal medium and all polymers exhib- 

ted significantly ( p < 0.001) lower % of elongated cells than LPS 

 Fig. 2 C and Supplementary Fig. S9). 

Indirect cultures of THP-1 cells revealed that at day 2, longest 

imepoint assessed, the PGL 15/85 and PGL 30/70 groups exhibited 
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Fig. 2. A polymer-dependent THP-1 proliferation (A: direct culture, D: indirect culture), metabolic activity (B: direct culture, E: indirect culture) and elongation (C: direct 

culture, F: indirect culture) was observed. ∗ indicates significant difference at p < 0.001 between a group and normal medium at a given timepoint. # indicates significant 

difference at p < 0.001 between a group and LPS at a given timepoint. 
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ignificantly ( p < 0.01) lower cell number compared to normal me- 

ia and LPS ( Fig. 2 D); the PGL 15/85 and PGL 30/70 exhibited sig-

ificantly ( p < 0.001) higher metabolic activity compared to nor- 

al medium and the PGLCLTMC 70/5/15/10 exhibited significantly 

 p < 0.001) lower metabolic activity compared to LPS ( Fig. 2 E); and

he PGCL 10/90 and PGL 15/85 exhibited significantly ( p < 0.001) 

igher % of elongated cells compared to normal medium and the 

GLCLTMC 70/5/15/10, PGDTMC 55/15/30 and PGL 30/70 exhibited 

ignificantly ( p < 0.001) lower % of elongated cells compared to 

PS ( Fig. 2 F and Supplementary Fig. S9). 

At day 2, clusters were observed more frequently in LPS and 

GL 30/70 in direct culture whilst in indirect culture the presence 

f clusters was evident in PGL 30/70 and PGLCLTMC 70/5/15/10 

roups (Supplementary Fig. S9). 
311 
. Discussion 

Over the years, it has been well-established in the literature 

nd clinical practice the importance to as closely as possible match 

he mechanical properties of implantable devices [13–16] and cell 

ulture substrates [35–38] to the mechanical properties of the tis- 

ue and the tissue that the cells were extracted from or intended 

o be implanted, respectively, for maximisation of their therapeu- 

ic potential. In particular, with respect to cell culture substrates, 

t is worth noting that the vast majority of the work that has 

een conducted to-date to assess the influence of substrate rigid- 

ty on cell response has been based on non-degradable substrates 

poly(dimethylsiloxane) or poly(acrylamide) [ 39 , 40 ]] that neither 

mitate the biomechanical properties of native tissues nor consti- 
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ute part of any implantable medical device. Herein, we ventured 

o study six polymer compositions using different combinations of 

ve aliphatic polyester monomers (glycolide, ε-caprolactone, lac- 

ide, trimethylene carbonate and dioxanone) that collectively rep- 

esent the lion’s share of raw materials used in the development 

f synthetic implantable devices. 

Starting with the chemical characterisation, similar to pre- 

iously published NMR spectra for PGCL [41] , PGLCLTMC [42] , 

GDTMC [43] , PLTMC [44] and PGL [45] were obtained. The com- 

osition of the polymeric films was confirmed by FTIR analysis, in- 

icating that the manufacturing process did not cause any changes 

o the polymers, as the heating step during compression mould- 

ng was short and the temperatures used were closed to the melt- 

ng temperature of the polymers [ 46 , 47 ]. These data further ad-

ocate the use of compression moulding in medical device fabri- 

ation, as a scalable, reproducible and low toxicity (solvent-free) 

ethod [48] . 

GPC analysis revealed that the PLTMC 80/20 had the most 

onodisperse profile, in comparison to the other polymeric films, 

s judged by PDI < 2 [49] . Regarding the thermal properties of the

tudied polymers, PLTMC 80/20 exhibited a difference in its pellet 

nd film DSC curves, where an increase of crystallinity content is 

ue to the compression moulding conditions. Thermal behaviour 

nalysis revealed that pellets and films of PGL 15/85 and PGL 

0/70 had glass transition temperatures above 50 °C and no melt- 

ng curve, indicating that these polymers were in amorphous state 

t room temperature. These data are in agreement with previous 

tudies, where PGL polymers with lactide content higher than 25 

 are amorphous in nature [50] . With almost similar lactide con- 

ent between PGL 15/85 and PLTMC 80/20, the latter showed a de- 

reased T g and the presence of a melting endotherm event, which 

an be attributed to the plasticisation effect of poly(trimethylene 

arbonate) [28] . Polymers with no or low lactide content (e.g. PGCL 

0/90, PGLCLTMC 70/5/15/10, PGDTMC 55/15/30) showed T g be- 

ow 25 °C and melting endothermic event, indicative of a more 

rystalline structure at room temperature [51] . Furthermore, the 

igh content of poly( ε-caprolactone) (a semi-crystalline polymer) 

n PGCL 10/90 caused an increased crystallinity content, which is 

n agreement with previous studies, where copolymers with higher 

mount of ε-caprolactone had lower T g and induced higher plasti- 

isation effect [52] . Essentially, the addition of poly( ε-caprolactone) 

nd poly(trimethylene carbonate) to the other aliphatic polyesters 

akes the polymer structure less ordered and therefore more diffi- 

ult for the chains to fit closely together. This softens the polymer, 

owers the T g , increases crystallinity content, lowers rigidity and 

ncreases elongation at break [53] . 

The wettability of the produced films was examined using as 

eference water (polar) and diiodomethane (non-polar). For all 

olymers, the contact angles were higher in water than in di- 

odomethane, which is in accordance to the liquid surface tension 

heory [54] that the largest contact angles are measured for water 

nd the smallest ones correspond to diiodomethane [55] . All poly- 

eric films exhibited contact angle values that are considered hy- 

rophilic [ 56 , 57 ], which contradicts previous observations, where 

actide [58] , glycolide [59] and trimethylene carbonate [60] poly- 

ers were described as hydrophobic. These differences may be at- 

ributed to various factors, including the polymerisation, compres- 

ion and moulding processes; the sample thickness; and the conju- 

ation with known hydrophilic polymers, such as dioxanone [61] . 

he PGLCLTMC 70/5/15/10 film exhibited the lowest contact angle 

nd the highest surface energy. We believe that this hydrophilicity 

erives from the reduced surface roughness, which pays an impor- 

ant role in the wettability of a polymer [ 62 , 63 ]. 

In general, DMA revealed that the storage and loss moduli of 

he polymeric films were not affected in dry state by frequency 

t both temperatures tested, indicating that the polymeric films 
312 
howed resistance to cyclic tension up to 10 Hz. However, the in- 

rease in temperature from 25 °C to 37 °C decreased storage and 

oss moduli of PGLCLTMC 70/5/15/10 and PGDTMC 55/15/30, which 

an be attributed to the increased flexibility of their polymeric 

hains with increasing temperatures, as their T g is below 25 °C. 

his can be substantiated considering that as the temperature in- 

reases, the polymer acquires sufficient internal energy to allow its 

hains to perform translational and rotational movements, allow- 

ng their conformational change [64–66] . Further, when a polymer 

s above its T g , the flexibility of its chain depends on the mobil-

ty generated by the amorphous phase, whilst when it is below 

ts T g , the polymer is in the glassy state, and is hard and brittle

ike a glass [ 67 , 68 ]. The PGLCLTMC 70/5/15/10 also exhibited the 

ighest loss modulus values, indicative of its high viscus profile, 

ue to the combinatory effect of the two plasticising monomers ( ε- 

aprolactone and trimethylene carbonate) that have been shown to 

ncrease the viscous response of copolymers [69] . The PGCL 10/90 

xhibited the lowest storage and loss moduli for all experimen- 

al conditions, which can be explained considering that its T g and 

 m 

were below 37 °C and therefore the polymer was already at 

ts most relaxed and flexible state. The PGL 15/85 and PGL 30/70 

ad the highest T g and storage modulus values at 25 °C and 37 

C, which is in agreement to previous reports, where the amor- 

hous region of lactide and glycolide monomers formed links be- 

ween stereo-complex crystallites and resulted in increased storage 

odulus [70] . With respect to PGL 30/70, hydration resulted in de- 

reased storage modulus and increased loss modulus, which can 

e attributed to brittle behaviour of the glycolide and the soften- 

ng (becoming more viscus) of the lactide, as has been previously 

eported [45] . 

In the study of a biomaterial for tissue engineering applications, 

t is essential to understand their potential to endure load present 

n the native tissue, and also to predict the effect that the biomate- 

ial will have to the surrounding matrix. Literature has shown that 

ative tissues show marginally different magnitude of mechani- 

al properties at their macro- and nano-scale [71] . The mechanical 

roperties of the produced films were assessed using macro- (10 −3 

10 −1 m, uniaxial tensile test) and nano- (10 −6 – 10 −4 m, nanoin- 

entation) techniques to fully elucidate the potential of the scaf- 

olds as implantable devices and as cell culture substrates, respec- 

ively. The classical understanding of elastic behaviour of struc- 

ures and materials, where the Young’s modulus is a material prop- 

rty that does not depend on size and structures follow standard 

ooke’s law and Euler-Bernoulli theory. Young’s Modulus is a fun- 

amental mechanical property that affects the stiffness and for 

acroscopic structures, it is considered as a bulk material prop- 

rty, independent of size that can be obtain using uniaxial me- 

hanical tests. However, nanoscale physical properties of materi- 

ls, such as mechanical, electrical and thermal properties, can be 

ifferent from the bulk values as observed in this work [72] . AFM 

an provide information about the mechanical properties of a sur- 

ace at a length scale that is limited only by the dimensions of the 

FM tip. When probing mechanical properties, the attractive and 

epulsive force interactions between the tip and sample are mon- 

tored [73] . Measurements at such low levels are of particular im- 

ortance to assess and understand cell responses to substrate elas- 

icity, as cells sense matrix elasticity at molecular scale level via 

ctivation of mechanotransduction signalling pathways [e.g. focal 

dhesion kinase (FAK) and Rho-associated protein kinase (ROCK)] 

hat control several cellular functions, including morphology, ad- 

esion, proliferation, spreading, migration and differentiation [74–

6] . 

Mechanical properties assessment revealed that PGL 30/70, PGL 

5/85 and PLTMC 80/20 films yielded higher Young’s modulus, ul- 

imate tensile strength and toughness values and lower strain at 

reak values than PGCL 10/90, PGLCLTMC 70/5/15/10 and PGDTMC 



S. Ribeiro, A.M. Carvalho, E.M. Fernandes et al. Acta Biomaterialia 121 (2021) 303–315 

5

t

a

c  

i

s

c  

t

p

t

n

i

a  

e

t

a

w

n

fi

t

s

d

a

c

d

s  

d

7

c

I

m

n

2

t

c

7

d

t

P

a

d

a

i

t

d

a

m

p

a

y

n

c

l

7

h

l  

P

r

P

m

h

q

b

[  

h

s

d

o

T

e

s

E

n

i

t

g

b

t

1

e

i

d

v

b  

s  

(

n

i

t

5

m

t

t

w

a

b

a

p

b

c

p

p

A

e

i

a

D

S

N

d

d

n

A

H

S

T

C

5/15/30 films, which can be attributed to the presence of plas- 

icising monomers (i.e. ε-caprolactone and trimethylene carbon- 

te) in the latter [77] and brittle monomers (i.e. lactide and gly- 

olide) in the former [ 59 , 78 ]. In general, the lactide and glycol-

de monomers exhibit high rigidity and poor flexibility, which re- 

trict their utilisation in tissue engineering applications that me- 

hanical fatigue resistance is essential [ 4 , 79 , 80 ]. On the other hand,

he poly( ε-caprolactone) is very flexible and degrades slowly (com- 

lete degradation beyond 2 years), which restricts its use for 

issue engineering applications that a temporary replacement is 

eeded [ 9 , 81 ]. These precise observations triggered investigations 

nto copolymers with trimethylene carbonate [ 82 , 83 ] and diox- 

none [ 61 , 84 , 85 ] to finetune device and tissue mechanical prop-

rties / requirements. 

The degradation profile of the polymeric films in PBS for up 

o 21 days was assessed by measuring changes in pH; thermal 

nd mechanical properties; NMR spectra; and M w 

and M n changes 

ith GPC. The by-products of polyester degradation are acidic in 

ature, resulting in pH drop. The PGCL 10/90 and PLTMC 80/20 

lms were more resistant to degradation, largely attributed to 

he ε-caprolactone and trimethylene carbonate content. Previous 

tudies have shown poly( ε-caprolactone) to have slow hydrolytic 

egradation, which makes it very popular for long-term implants 

nd slow releasing drug delivery applications [86] . Trimethylene 

arbonate degrades via surface erosion mechanism with non-acidic 

egradation products and is resistant to nonenzymatic hydroly- 

is [ 5 , 8 ], which essentially means that its integrity is maintained

uring degradation [ 60 , 87 ]. The fast degradation of PGLCLTMC 

0/5/15/10 and PGDTMC 55/15/30 is attributed to high glycolide 

ontent, which is highly susceptible to the action of water [88] . 

n vivo, glycolide degrades in 2 to 4 weeks, losing 60 % of its 

ass during the first two weeks [89] . NMR analysis detected a sig- 

ificant change in the monomer composition on PGL 30/70 after 

1 days degradation. As degradation is associated with changes in 

he chemical and/or physical structure of a polymer chain and de- 

reased M w 

[90] , the drastic reduction of the M w 

of the PGLCLTMC 

0/5/15/10 and PGDTMC 55/15/30 indicates a significant degra- 

ation and loss of the polymers’ properties. The rapid degrada- 

ion of glycolide resulted in increase in the crystallinity content of 

GLCLTMC 70/5/15/10 and PGL 30/70, whilst PGL 15/85 remained 

morphous with no evidence of degradation up to 21 days. The 

ifferent degradation profiles of PGL 30/70 and PGL 15/85 can be 

ttributed to the different percentage of lactide present. Consider- 

ng that PLG biodegrades by hydrolysis of its ester linkages [91] , 

he presence of methyl side groups in lactide makes it more hy- 

rophobic than glycolide and hence lactide rich PLG copolymers 

re less hydrophilic, absorb less water and subsequently degrade 

ore slowly [59] . 

Biological analysis using hDFs revealed that all substrates sup- 

orted their growth for up to 7 days in culture (longer timepoint 

ssessed), albeit with variable degree of efficiency. As AFM anal- 

sis indicated that all substrates were of similar surface rough- 

ess, the observed differences can be attributed to chemical me- 

hanical / composition and/or degradation properties, with most 

ikely the degradation / acidic profile to be the driving force. After 

 days of culture, PGCL 10/90 and PLTMC 80/20, which also ex- 

ibited good resistance to degradation, exhibited the highest pro- 

iferation, as has been previously reported [ 44 , 92 , 93 ], whilst the

GDTMC 55/15/30 exhibited an inhibited proliferation effect de- 

ived from its early degradation profile. Also, the fast degrading 

GLCLTMC 70/5/15/10 exhibited higher metabolic activity than the 

ore stable polymeric films, possibly due to cell stress. Such a be- 

aviour has been previously reported for hDFs, when induced into 

uiescence via contact inhibition [94] . Whilst the sensitivity of fi- 

roblasts to mechanical cues has been described in the literature 

 95 , 96 ], the rigidity of the polymeric films did not appear to affect
313 
DF morphology, which is a known indicator of cell response to 

ubstrate rigidity [97–101] and may be attributed to the high cell 

ensity used herein, which has been shown to override the effect 

f substrate stiffness on cell morphology [102] . 

Regarding in vitro immune response, our data indicate that 

HP-1 cells cultured on softer polymeric films (e.g. PGCL 10/90) 

xhibited higher proliferation and metabolic activity in compari- 

on to THP-1 cells cultured to stiffer substrates (e.g. PGL 30/70). 

longated cells quantification supports this trend, with a smaller 

umber of elongated cells on stiff polymers, indicative of a pro- 

nflammatory potential. Degradation cannot be excluded as a fac- 

or of immune response. For example, the highest number of elon- 

ated cells was detected for PGLCLTMC 70/5/15/10 at day 2 (during 

oth direct and indirect THP-1 cultures), which can be attributed 

o its fast degradation profile. At day 2 of the indirect culture, PGCL 

0/90 and PGL 15/85 extracts showed a similar higher number of 

longated cells compared to normal medium, indicative of an anti- 

nflammatory behaviour, which could be explained by their slow 

egradation profiles. These observations are in accordance to pre- 

ious work that has shown inflammatory response to be affected 

y chemical signals [103] , cross-linking density [ 34 , 104 ] and sub-

trate stiffness [ 105 , 106 ]. In fact, it has been shown that stiff gels

~1.7 MPa) prime macrophages towards a pro-inflammatory phe- 

otype, whilst soft gels (~3.3 kPa) prime cells towards an anti- 

nflammatory phenotype with an increased capacity of phagocy- 

osis, migration and an amoeboid migration mode [107] . 

. Conclusions 

Implantable device and tissue / cell mechanical properties mis- 

atch is a common reason for device failure in clinical prac- 

ice and loss of cell phenotype and function during in vitro cul- 

ure. Further, for ex vivo cell expansion, non-degradable polymers 

ith mechanical properties well above most tissues in the body 

re customarily and erroneously utilised. Herein, we fabricated 

iodegradable polyester films using compression moulding with 

 thermal presser. Data obtained clearly illustrate that by appro- 

riately selecting the ratio of the polymeric materials’ building 

locks (i.e. lactide, glycolide, trimethylene carbonate, dioxanone, ε- 

aprolactone monomers), substrates with tunable biochemical, bio- 

hysical and biological properties can be fabricated to match the 

roperties of a wide range of tissues and cells thereof. 
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