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Abstract
The mechanical properties of polylactide stereocomplexes (PLA SC) have been primarily

studied through tensile testing, with inconsistent results, and the compressive proper-

ties of PLA SC compared to homocrystalline or amorphous PLA remain poorly under-

stood. In this study, we coated porous bioactive glass 13�93 scaffolds with

amorphous, homocrystalline, or stereocomplex PLA to investigate their mechanical and

degradation properties before and after immersion in simulated body fluid. The glass scaf-

folds had interconnected pores and an average porosity of 76%. The PLA coatings, which

were 10�100 �m thick and approximately 3% of the glass scaffold mass, covered the glass

to a large extent. The compressive strength and toughness of all PLA-coated scaffolds

were significantly higher than those of uncoated scaffolds, with approximately a fourfold

increase before immersion and a twofold increase after immersion. The compressive

strength and toughness of PLA SC-coated scaffolds were similar to those of scaffolds with

homocrystalline PLA coating, and significantly higher than for scaffolds with amorphous

PLA coating. All PLA coatings moderated the initial pH increase caused by the glass, which

could benefit surrounding cells and bone tissue in vivo after implantation.
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1 | INTRODUCTION

Polylactide (PLA) is a thermoplastic poly(�-hydroxyester) studied for

various biomedical applications, including tissue regeneration and drug

release.1�3 It is widely used in orthopedic applications in porous scaf-

folds and composite implants both as a continuous and a non-

continuous phase.4,5 In orthopedic fixation, PLA is used clinically for

example in plates, screws, and pins.6

The properties of PLA can be modified by altering its molecular

weight, structure, and stereochemistry. Structural modifications

include introducing branching, cross-linking, or tethering functional

groups via copolymerization.5 As the lactide dimer contains two chiral

carbon atoms, it can exist in three forms: L,L-, D,D-, and D,L-lactide. The

ability of PLA to crystallize and, therefore, its thermal and mechanical

properties depend on the stereoform of the monomers. Crystallization

generally occurs in PLA with an optical purity of at least 72%�75%,

while PLA closer to a racemic mixture of the two forms remains

amorphous.7,8

By blending poly(L-lactide) (PLLA) with poly(D-lactide) (PDLA), one

can form stereocomplex crystallites with strong stereoselective
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association between PLLA and PDLA.9,10 Stereocomplex PLA

(PLA SC) crystallites consist of PLLA and PDLA at a 1:1 ratio. PLA SC

can be formed in the presence of chains or chain segments of PLLA

and PDLA in solution, by cooling from melt, during polymerization, or

during hydrolytic degradation.11 Especially for PLA with a molecular

weight higher than 100,000 g/mol, stereocomplex crystallization can

be enhanced with synthesis of stereoblock-type PLA with blocks of

PLLA and PDLA within the same chain.12

PLA SC has a higher melting point (220�230�C) than homocrys-

talline PLA (170�180�C)13 and is hydrolytically14�16 and thermally17

more stable. However, its hydrolysis forms more acidic degradation

products,18 which may affect bone regeneration negatively.1 Compos-

ites with bioactive glass neutralize acidic degradation products.19,20

The degradation products of polyesters may even be used as positive

irritation to stimulate the formation of growth factors for enhanced

bone formation.21�24

PLA SC is often reported to have enhanced mechanical properties

compared to isomerically pure PLLA or PDLA.8,11,25,26 Although some

studies support these claims,27,28 others suggest similar or even

inferior29�31 tensile strength for stereocomplexes compared to other

PLA forms. The compressive properties of PLA SC have not yet been

extensively investigated. In one study, PLA with a small fraction of

stereocomplex crystallites exhibited greater compressive strength

than isomerically pure PLLA.32 In other studies, PLLA and PDLA

blended with D-mannitol33 or ethylene-glycidyl methacrylate copoly-

mer34 exhibited higher compressive strength than pure PLLA. How-

ever, in these papers, the materials were studied as foams with

different porosities for PLA SC compared to PLLA, complicating direct

comparisons of material properties.

Scaffolds for bone regeneration are typically composed of biode-

gradable materials, such as PLA, processed into porous structures.

When a scaffold is implanted into a bone defect, cells enter its pores,

adhere to the pore walls, and generate new tissue. As the tissue

grows, the scaffold degrades, ideally allowing the defect site to be

filled with new bone as the scaffold completely degrades.2 Although

PLA is biocompatible, it lacks biologically active cues, and it is fre-

quently combined with bioactive glasses for improved tissue growth.6

Bioactive glasses 45S5 and S53P4 can be favorably used to

regenerate bone tissue.35,36 They are clinically used as granules,

pastes, plates, and discs. Despite intense research on creating porous

three-dimensional (3D) scaffolds based on these glasses, no clinical

products exist yet.37 Several methods have been proposed for pro-

ducing porous scaffolds from melt-derived bioactive glasses, including

sintering of glass particles in a mold,38,39 solid free-form fabrication

techniques,40,41 and the foam replication technique.42 Each of these

methods require a sintering step to consolidate the glass particles into

the desired porous structure. The strong crystallization tendency dur-

ing thermal treatment poses challenges when manufacturing porous

scaffolds of 45S5 and S53P4. Extensive research has been conducted

to adjust the composition of bioactive glasses to better suit various

hot working processes. Bioactive glass 13�93 was found to allow ver-

satile hot working43,44 and is suitable for producing porous non-

crystallized scaffolds for tissue regeneration.39,45

Low compressive strength and fracture toughness are main

limitations of porous bioactive glass scaffolds.46,47 Although 3D

bioactive glass scaffolds have been designed for high compressive

strength, this is generally achieved by compromising porosity, pore size,

or pore interconnectivity.48 The mechanical properties of bioactive glass

scaffolds can be improved by coating them with biodegradable synthetic

or naturally occurring polymers, such as PLA, poly(lactide-co-glycolide)

(PLGA), polycaprolactone (PCL), poly(3-hydroxybutyrate) (P3HB), gelatin,

silk, alginate, collagen, or chitosan.49�51 Bioactive glass-based scaffolds

produced with the foam replication method and coated with polymers

typically exhibit compressive strength values of 1 MPa or below.49

In this study, we examined the impact of PLA coating morphology

on the compressive and degradation properties of porous bioactive

glass 13�93 scaffolds in a clinically relevant setting for bone regenera-

tion, both before and after immersion in simulated body fluid (SBF).

We used three types of PLA coatings with distinct morphologies:

amorphous poly(D,L-lactide) (PDLLA), homocrystalline PLLA, and a 1:1

stereocomplex mixture of PLLA and PDLA. Pore morphology, total

porosity, and the mass and thickness of the scaffold coatings were

measured, and the polymer coatings were analyzed with differential

scanning calorimetry (DSC). We immersed the scaffolds in SBF for

0, 2, 4, 6, or 10 weeks and measured mass loss, water absorption, pH,

and compressive properties at each time point. The findings in this

study provide insights into the selection of PLA-based coating stereo-

chemistry for biomedical implants, with the aim to optimize their

mechanical properties and degradation behavior.

2 | MATERIALS AND METHODS

2.1 | Materials

Medical-grade L-lactide, D-lactide, and D,L-lactide monomers (Corbion,

Gorinchem, the Netherlands) were used to polymerize PLA. Bioactive

glass 13�93, with a nominal composition of 53 SiO2, 6 Na2O, 12 K2O,

5 MgO, 20 CaO, and 4 P2O5 (all in wt %), was prepared by mixing Bel-

gian quartz sand with analytical-grade reagents Na2CO3, K2CO3,

MgO, CaCO3, and CaHPO4�2(H2O). The batch was melted in a plati-

num crucible at 1360�C for 3 h, cast, annealed, crushed, and remelted

to ensure homogeneity. The annealed glass block was crushed, milled,

and sieved to obtain a size fraction of 32�45 �m. All other chemicals

used in this study were of analytical or equivalent grade.

2.2 | Polymerization

PLLA, PDLA, and racemic PDLLA were synthesized by ring-opening

polymerization, following a previously reported procedure.20 Briefly,

0.1 mol % stannous octoate was used as an initiator, and 1-decanol as

a co-initiator. The polymerization was conducted in 200 g batches

under an argon atmosphere for 3 h at 150�C with initial stirring. The

polymer was subsequently dissolved in dichloromethane and carefully

precipitated in ethanol.
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2.3 | Production of glass scaffolds by foam
replication

Polyethylene glycol (35,000 g/mol) was dissolved in ethanol at a

concentration of 5 wt % at 40�C. Bioactive glass 13�93 particles

(7.5 wt % compared to ethanol) were dispersed into the solution in a

ball mill for 30 min. After milling, the mean particle size was 20.2 �m

as measured with laser light scattering. Cylindrical PU foams (20 mm

height, 18 mm diameter, and 15 pores per inch) were immersed in the

slurry. To ensure full penetration of the slurry into the foam,

the foams were manually compressed and released while still sub-

merged in the slurry. Excess slurry was carefully removed with com-

pressed air when removing the foams from the slurry. The slurry-

coated foams were dried at room temperature (RT) for a minimum of

3 days to create green bodies. To burn out the polymer and sinter the

glass, the green bodies were heated according to the following proce-

dure: heating from RT to 300�C at 1�C min�1, heating to 450�C at

0.8�C min�1, 30 min hold at 450�C, heating to 670�C at 0.8�C min�1,

and 120 min hold at 670�C, after which the scaffolds were slowly

cooled in the furnace to RT. The sintered glass scaffolds were stored

in a desiccator until further use. Figure 1 shows the PU sacrificial foam

before coating with the slurry, the slurry-coated green body, and the

bioactive glass scaffold after sintering.

2.4 | Coating of glass scaffolds with PLA

The glass scaffolds were coated with PLA using a dip-coating tech-

nique. The stereocomplex solutions were prepared by dissolving

0.75 g PDLA and 0.75 g PLLA in 25 g CHCl3 for a polymer concentra-

tion of 6 wt %. For the PDLLA and PLLA solutions, 1.5 g of either

PDLLA or PLLA was dissolved in 25 g CHCl3. The dry glass scaffolds

were immersed in the polymer solution in beakers for 3 min, during

which the beakers were placed in a vacuum oven, and the air pressure

was reduced to 600 mbar for 60 s to remove bubbles from the scaf-

folds. The scaffolds were removed from the solution and gently blown

with compressed air to open clogged pores. The polymer-coated scaf-

folds were dried overnight in a fume hood at RT, after which they

were further dried overnight at RT at <50 mbar pressure. After

coating and drying, the scaffolds were weighed again to determine

the mass of the polymer coating.

The crystallinity of the polymer was increased by heat-treating

the scaffolds. Preliminary tests were conducted to determine the opti-

mal conditions for stereocomplex formation. We found that heat

treatment at temperatures equal to or exceeding the melt tempera-

ture of homocrystalline PLA at 180�C significantly enhanced stereo-

complex formation compared to lower temperatures, which is in

agreement with previous studies.31,52 Consequently, the scaffolds

were heated under nitrogen atmosphere at 180�C for 60 min.

2.5 | Characterization of microstructure

The microstructure of the glass scaffolds was analyzed with �-CT

(SkyScan 1072, SkyScan, Kontich, Belgium). Cross-sections of scaffolds

were analyzed by SEM (LEO Gemini 1530, Carl Zeiss, Oberkochen, Ger-

many) at a magnification of �30. To preserve the macrostructure, scaf-

folds were embedded in epoxy resin before being ground and polished

to expose the cross-section of the scaffold. EDX analysis (UltraDry

X-ray detector, Thermo Fisher Scientific, WI, USA) was used to identify

the reaction layers of the glass. The coverage of coating and reaction

layers on the glass surface was estimated visually from the SEM images.

2.6 | In vitro degradation

The in vitro degradation properties of the polymer-coated scaffolds were

studied in SBF using a 1:30 ratio of scaffold (in g) to SBF (in mL). SBF was

prepared using a standard procedure.53 The scaffolds, immersed in plastic

containers, were placed in a shaking incubator at 100 rpm at 37�C for

various durations (2, 4, 6, or 10 weeks). The 0-week scaffolds were ana-

lyzed without immersion in SBF. The pH of the immersion solution was

measured every week for at least three parallel scaffolds. The solution for

all scaffolds was replenished weekly to fresh SBF. The ratio between scaf-

fold mass and SBF volume was chosen based on the low surface area of

the scaffolds, the relatively slow reactivity of the 13�93 glass, and on the

weekly replenishing of the SBF solution.

A total of eight parallel scaffolds were immersed in SBF for each

time point and coating type. Five of the eight parallel scaffolds were

randomly chosen for compressive testing. The remaining three scaffolds

were superficially dried using tissue paper, weighed, freeze-dried,

weighed again, and subjected to other analyses. The percentage of

water absorption was calculated as the amount of water that was lost

during scaffold drying divided by the dried mass after immersion. The

mass loss was determined as the difference between the dry mass

before and after immersion, divided by the pre-immersion dry mass.

2.7 | Compressive testing

Compression tests were performed using an L&W Crush Tester

(Lorentzen & Wettre, Stockholm, Sweden). Five parallel scaffolds were

F I G U RE 1 A polyurethane foam, a green body, and a final
sintered bioactive glass scaffold. The figure illustrates the volume
decrease of the scaffolds during the sintering step.
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compressed along their axis at a rate of 2 mm/min. The 0-week scaf-

folds were compressed in their dry state, while the 2�10-week scaf-

folds were compressed in their wet state immediately after removal

from the SBF. The toughness of each scaffold was estimated as the

strain energy density calculated from the integral of the stress�

strain curve up to 33% strain. The compressive strength was identi-

fied as the peak value up to 33% strain. The threshold level of 33%

was chosen to allow for sufficient data to be collected to account

for the slight variation in the structure and shape between parallel

scaffolds.

2.8 | Analysis of the polymer coating

The thermal properties of the polymer coating were analyzed using

DSC with a DSC Q1000 (TA Instruments) under a nitrogen atmo-

sphere. The samples were heated from 10 to 250�C at a rate of

10�C min�1. The glass transition temperature (Tg) was identified as

the half-height value, and the melting temperature (Tm) was deter-

mined as the maximum value of the endothermic peak. As the samples

for DSC analysis mainly consisted of bioactive glass with only a small,

undefined amount of PLA, specific melting enthalpies could not be

calculated. Thermal analysis was conducted in triplicate for all coated

0-week and 10-week scaffolds.

The number average molecular weight (Mn) and weight average

molecular weight (Mw) of the polymers were measured using gel per-

meation chromatography (GPC) with an LC-10ATVP HPLC pump

(Shimadzu Corporation, Kyoto Japan), an AM GPC Gel 10 �m linear

column (Mentor, Ohio, USA), and a Sedex 85 light scattering detector

(Sedere, Alfortville, France). Polystyrene samples with narrow molecu-

lar weight distributions were used as standards.

2.9 | Statistical analysis

Statistical analysis was performed using SAS 9.4 software (SAS Insti-

tute). Analysis of variance was conducted with linear and linear mixed

models. Post hoc tests were employed to explore differences among

the means of the coating groups while accounting for other explana-

tory factors in the model. In the statistical analysis of the pH of the

immersion solution, the individual scaffold number was designated as

a random factor to take into account multiple measurements per

individual scaffold over time. Differences were considered statistically

significant at p values <.05.

3 | RESULTS

3.1 | Structural analysis of the glass scaffolds

The foam replication method, using sacrificial polyurethane templates,

produced scaffolds with high pore interconnectivity and an architec-

ture resembling trabecular bone. The scaffolds had an average

porosity of 76%. Figure 2 displays the pore size distribution of

uncoated and coated glass scaffolds, measured with �CT as the aver-

age of two parallel scaffolds. Pore sizes were highly variable, predomi-

nantly between 100 and 1700 �m. On average, pore sizes of

uncoated scaffolds were smaller than those of coated scaffolds.

Coated scaffolds had fewer pores in the 50�1000 �m range and more

pores in the 1300�1700 �m range compared to uncoated scaffolds.

The cylindrical-shaped sintered glass scaffolds had an average height

of 9.9 mm and an average mass of 746 mg.

3.2 | Properties of the polymer coating

Table 1 presents the molecular weight data of the precipitated and

dried PDLLA, PLLA, and PDLA. The average mass of polymer coatings

was approximately 3% of the glass scaffold mass for all coatings.

According to SEM analysis (Figure 6), the pores within the coated

glass scaffolds were mostly covered with PLA coating, leaving approx-

imately 20% of the glass surfaces uncoated. Most of the coating was

located in the inner parts of the scaffolds, with less coating near the

glass scaffold edges. The coating thickness varied, typically ranging

between 10 and 100 �m.

DSC heating graphs for the scaffold coatings are shown in

Figure 3, and thermal transition data from the DSC experiments is

F I G U R E 2 Pore size distribution of uncoated and coated
bioactive glass scaffolds.

T A B L E 1 Molecular weights and dispersity (�) of PLA polymers
used in the coating of the 13�93 bioactive glass scaffolds as
measured with GPC, and the average coating mass as a percentage of
glass scaffold mass.

Mn Mw � Mass of coating (%)

PDLLA 33,000 56,000 1.7 2.6

PLLA 28,000 48,000 1.7 3.4

PDLA 26,000 43,000 1.7 3.2

Abbreviations: GPC, gel permeation chromatography; PDLLA, amorphous
poly(D,L-lactide); PDLA, poly(D-lactide); PLA, polylactide; PLLA, poly(L-lactide).

4 UPPSTU ET AL.
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summarized in Table 2. The thermal transition peaks in DSC were

weak because the analyses were performed with crushed scaffolds,

which primarily consisted of bioactive glass 13�93 (which does not

undergo any transitions within the temperature range of the analyses)

and only approximately 3 wt % of polymer. Distinct transitions in DSC

occurred at the Tg for PDLLA (amorphous), the Tm for PLLA (homo-

crystalline), and the Tm for PLA SC (stereocomplex). Additionally, PLLA

and PLA SC exhibited glass transitions, indicating their semi-crystalline

nature. Besides the transitions reported in Table 2, melting of homo-

crystals for PLA SC scaffolds was detected in one 10-week scaffold,

with a melting peak value of 176.1�C. Furthermore, there was a minor

cold crystallization peak for all 10-week PLLA scaffolds at approxi-

mately 93�C.

3.3 | Compressive properties

Compressive stress�strain curves of representative 0-week scaffolds

are presented in Figure 4. The toughness expressed as strain energy

density during the initial 33% compression of the scaffold height

before and after immersion in SBF is illustrated in Figure 5A. During

compressive testing, all scaffolds experienced progressive failure, as

parts of the scaffolds were continuously torn off, rather than the

whole scaffold cracking at once. The size of the torn-off parts was

smaller for uncoated scaffolds compared to coated scaffolds.

The toughness of the uncoated scaffolds remained unchanged

from the dry state before immersion through the 10-week-long

immersion in SBF (p = .88). In contrast, the toughness of all coated

scaffolds was significantly higher before immersion than after immer-

sion (p < .0001). Before immersion, no statistically significant differ-

ence was found between the three coatings (p = .89). The toughness

of coated scaffolds remained constant throughout the immersion

period, with no change from the 2-week time point until the 10-week

time point (p = .96). After 2�10 weeks of immersion in SBF, the

toughness of PLA SC-coated (p = .0012) and PLLA-coated (p = .042)

scaffolds was significantly higher than that of PDLLA-coated scaf-

folds. The difference between PLA SC and PLLA coatings was not sta-

tistically significant (p = .41).

Figure 5B displays the compressive strength before and after

immersing the scaffolds in SBF. The peak compressive strength in the

dry state before immersion was 0.74 MPa for uncoated scaffolds,

1.46 MPa for PDLLA, 1.56 MPa for PLLA, and 1.68 MPa for PLA

SC. After immersion, the compressive strength was slightly higher for

coated scaffolds than for uncoated scaffolds.

3.4 | In vitro bioactivity and degradation
properties

Figure 6 shows cross-sectional SEM images of 10-week scaffolds

which were dried and cast in epoxy resin. Reaction layers of the bioac-

tive glass, that is, silica-rich and calcium phosphate (CaP) layers, were

visible for all scaffolds after immersion in SBF.

The abundance and thickness of the CaP reaction layer increased

with immersion time in SBF. For uncoated scaffolds, a prominent CaP

F I G U RE 3 DSC curves illustrating phase transitions of PDLLA,
PLLA, and PLA SC coatings before immersion in SBF. DSC, differential
scanning calorimetry; PDLLA, amorphous poly(D,L-lactide); PLA,
polylactide; PLLA, poly(L-lactide); SBF, simulated body fluid.

T A B L E 2 Thermal transition points of PDLLA, PLLA, and PLA SC
before immersion and after 10 weeks of immersion in SBF presented
as averages ± SD.

Coating Transition 0 weeks (�C) 10 weeks (�C)

PDLLA Tg 60.5 ± 0.3 56.8 ± 0.7

PLLA Tg 68.0 ± 0.5 68.3 ± 0.2

PLA SC Tg 67.6 ± 0.6 71.5 ± 0.5

PLLA Tm 183.2 ± 0.9 173.1 ± 0.7

PLA SC Tm 225.2 ± 1.2 227.1 ± 0.7

Abbreviations: PDLLA, amorphous poly(D,L-lactide); PDLA, poly(D-lactide);
PLA, polylactide; PLLA, poly(L-lactide); PLA SC, polylactide
stereocomplexes; SBF, simulated body fluid.

F I G U R E 4 Compressive stress�strain graphs for 0-week
scaffolds.
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layer was visible on the glass surface. For coated scaffolds, the

CaP layer primarily appeared on the polymer surface, with little CaP

on the glass beneath the coating. This was clearly seen also in areas

where the coating had detached from the glass surface: the CaP layer

had mainly formed on the coating and to a lesser extent on the glass

surface. The SEM images did not reveal any clear differences between

the CaP layer on the different coatings.

The SBF solution was replenished weekly to simulate in vivo condi-

tions in which released ions do not accumulate in the surrounding fluid

over time. During the first 3 weeks, the pH values for the immersion

solutions of all scaffolds were elevated due to the ion exchange reac-

tions occurring on the bioactive glass surface (Figure 7). At weeks 1 and

2, the pH of the immersion solution of the uncoated scaffolds was sig-

nificantly higher than that of coated scaffolds (p < .005). After the initial

3 weeks, pH values approached that of fresh SBF (7.4 at 37�C).

Figure 5C presents the water absorption of uncoated and coated

scaffolds. The water absorption of uncoated scaffolds and PDLLA-

and PLLA-coated scaffolds was between 5% and 11% at all time

points with no differences between the coatings. In contrast, the

water absorption of PLA SC scaffolds was significantly higher at all

time points, with average values ranging from 12% to 15%. From the

2-week to 10-week time points, water absorption remained

unchanged for all scaffold groups.

Mass loss for all scaffolds was small over the 10-week immersion

time (Figure 5D). Uncoated scaffolds experienced the greatest mass

F I G U RE 5 Properties of uncoated and coated glass scaffolds. (A) Strain energy density before and after immersion in simulated body fluid
(SBF), calculated as the integral of the stress�strain curve for the initial 33% compression. (B) Compressive strength before and after immersion in
SBF, measured as the peak value for the initial 33% of compression. (C) Water absorption after immersion in SBF. (D) Mass loss after immersion
in SBF. Error bars in all graphs show standard deviations.

F I G U R E 6 Cross-sectional SEM images of 10-week scaffolds:
(A) uncoated, (B) PDLLA coating, (C) PLLA coating, and (D) PLA SC
coating. Arrows indicate silica-rich layer (black arrow), CaP layer
(white arrow), and PLA coating (gray arrow). Scale bar = 200 �m.
PDLLA, amorphous poly(D,L-lactide); PLA, polylactide; PLLA, poly(L-
lactide); PLA SC, polylactide stereocomplexes.
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loss at all time points, significantly differing from coated scaffolds

(p = .014). After each immersion time, mass loss of PDLLA

scaffolds was higher than that of PLLA (p = .0027) and PLA SC

(p = .024) scaffolds. No statistically significant difference was found

between PLLA and PLA SC (p = .20).

4 | DISCUSSION

The tensile properties of PLA SC have been reported by several

authors,27�31 but its compressive properties require further investiga-

tion. In this study, we used PLAs with varying stereocompositions as

coatings for bioactive glass scaffolds in a clinically relevant bone

regeneration setting. We compared the mechanical and short-term

degradation properties of amorphous PDLLA, homocrystalline PLLA,

and a mixture of PLLA and PDLA that resulted in stereocomplex

crystallinity.

Compressive testing results showed significantly higher

toughness and strength for PLA-coated scaffolds than for uncoated

scaffolds. In the dry state before immersion in SBF, toughness differed

approximately fourfold, and in the wet state after immersion, by

approximately twofold. As the properties of uncoated scaffolds

remained unchanged from dry to wet states, the observed differences

in the coated scaffolds can be attributed to changes in the coating.

PLA is a slowly degrading polymer,54 and most changes in mechanical

properties during the study timeframe can probably be explained by

the plasticizing effect of water absorption into the polymer.55 Addi-

tionally, scaffold wetting may have affected the adherence of the

coating to the glass surface.

Scaffolds with semi-crystalline coating (PLLA and PLA SC) dis-

played greater toughness than those with amorphous coatings

(PDLLA). Although PLA SC averages were higher than PLLA, there

was no statistically significant difference between them. Earlier

studies have shown PLA SC tensile strength to be similar or higher

than that of isomerically pure PLLA, but wide variations in elongation-

at-break have been recorded, with values for PLA SC both above and

below PLLA.27�31 More detailed studies should be conducted to

determine the influence of factors such as crystal structure, percent

crystallinity, and molecular weight on the mechanical properties of

PLA SC compared to optically pure PLA.

It is crucial to optimize the mechanical properties of scaffolds for

tissue regeneration to ensure that they are suitable for the surgical

procedure. Surgically treated bone defects are often stabilized using

intramedullary nails, screwed plates, or external fixators.56 Even bone

void fillers with lower mechanical properties may be utilized for the

regeneration of load-bearing bone tissue, especially when the load is

supported by the fixation devices.57,58 In this study, the physical han-

dling characteristics of coated scaffolds were improved compared to

uncoated scaffolds, which were brittle and prone to breaking during

experimental preparation.

Highly porous glass scaffolds were prepared using the template

sintering technique. While creating glass scaffolds with lower overall

porosity or smaller pore size could have significantly increased com-

pressive strength,48 it might have reduced their suitability for bone

regeneration within the scaffold. Longer sintering times or higher sin-

tering temperatures could have enhanced the compressive properties

of the glass scaffolds by densifying the struts.59 Additionally, a thicker

coating or using a higher molecular weight polymer for the coating

could have resulted in higher compressive properties. The

compressive properties of the scaffolds analyzed in this study were

comparable to previously reported values for polymer-coated,

template-sintered scaffolds.49,60

The immersion solution was refreshed with new SBF weekly,

allowing the measured pH values to reflect reactions that occurred

during the previous week. The rate of ion exchange reactions in the

bioactive glass was high during the first 3 weeks of immersion, result-

ing in increased pH values and mass loss of the scaffolds. The peak

pH values were lower for coated scaffolds than for uncoated scaf-

folds. A pronounced pH peak immediately after immersion of bioac-

tive glass into an aqueous solution has been reported to contribute to

its antimicrobial effect.61�63 However, an increase in pH can nega-

tively impact cellular activity and potentially cause cytotoxic effects to

the surrounding tissue.64,65 It may therefore be beneficial to moderate

the initial pH peak for example using coatings, such as those used

in the present study. A slight increase in pH has been shown to

positively influence osteoblast activity and contribute to new bone

formation.66,67 Throughout this study, differences between the PLA

coatings were small. These findings are consistent with the results in

an earlier study, where minor differences in pH were observed

between films containing PLLA or a mixture of PLLA and PDLA during

immersion at 37�C in a buffered solution for up to 39 weeks.18

The amorphous CaP layer that forms on bioactive glass progres-

sively crystallizes into hydroxyapatite, promoting protein adsorption,

cell attachment and differentiation, and new bone formation.68 In this

study, a CaP layer formed also on the surface of the PLA coating,

F I G U RE 7 pH values of simulated body fluid (SBF) solution of
uncoated and coated bioactive glass scaffolds. Immersion solutions
were replenished weekly to fresh SBF and deviations from pH 7.4 are
not cumulative. A total of 214 pH measurements were conducted for
all scaffolds, with a standard deviation of ±0.16 between parallel
samples.
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indicating that bone growth could be facilitated on the polymer

surface similarly to uncoated bioactive glass. This phenomenon has

been previously reported and is considered important for bone

regeneration potential.69�72

Throughout the 10-week immersion period in SBF, mass loss of

the scaffolds was small. Uncoated scaffolds consistently experienced

the greatest mass loss, indicating that the coating prevented mass loss

from the glass. However, the differences were small. Bioactive glass

13�93 is a slowly dissolving glass, and the rate of dissolution fits ear-

lier reported data well.73,74 The long degradation time of PLA also

contributed to the limited mass loss observed in the scaffolds during

the 10-week immersion.

DSC analysis revealed a high degree of stereocomplexation in

PLA SC coatings, evidenced by the absence of homocrystal melting

peaks for most PLA SC scaffolds. However, precise crystallinity mea-

surements were unattainable, as bioactive glass present in the sam-

ples obscured the individual polymer masses. The Tg values of both

PLLA and PLA SC were relatively high. For instance, the Tg value of

68�C for PLLA in both 0-week and 10-week scaffolds exceeded typi-

cal Tg values for PLA11 but remained within the reported range.75 The

higher Tg values may result from the annealing process that was per-

formed after scaffold coating. Comparable Tg values have been

obtained by annealing76�78 and physical aging at 40�C.79 The 4�C Tg

increase observed in PLA SC during the 10-week immersion in SBF

may have resulted from volume relaxation leading to reduced segmen-

tal mobility of the polymer.80 Conversely, the appearance of a crystal-

lization peak at approximately 93�C for 10-week PLLA scaffolds may

have resulted from increased polymer chain mobility caused by chain

scission, resulting in a higher probability for crystal formation. Hydro-

lysis typically causes the degradation of amorphous regions first,

increasing the mobility of undegraded chain segments and increasing

crystallization potential.81 These different behaviors may result from

slower degradation of PLA SC compared to homocrystalline PLLA.14

The Tm decrease of PLLA during hydrolysis and the unchanged Tm of

stereocomplex crystallites have been reported previously.14,82

5 | CONCLUSIONS

We manufactured porous coated and uncoated bioactive glass scaf-

folds with potential applications in bone regeneration. Scaffolds with

a PLA coating showed higher toughness than uncoated glass scaffolds,

with an approximately fourfold increase in dry state and a twofold

increase in wet state after up to 10-week immersion in SBF. Homo-

crystalline PLLA and stereocomplex PLA SC coatings had the highest

average toughness with a significant difference to the amorphous

PDLLA coating after immersion. Crucially, all coatings improved the

handling characteristics of the scaffolds, which is essential for their

potential clinical use.

CaP precipitation and subsequent hydroxyapatite formation are

key indicators of glass bioactivity and important for cell attachment to

scaffold surfaces. In our study, a CaP layer formed on the surface of all

scaffolds after immersion in SBF. For uncoated scaffolds, the CaP layer

was present on the glass surface, while for coated scaffolds, it had pri-

marily formed on the surface of the PLA coating. Notably, the poly-

meric coating effectively moderated the initial potentially cytotoxic pH

peak originating from the surface reactions of the bioactive glass.

Our findings indicate that the properties of bioactive glass scaf-

folds can be significantly enhanced using thin PLA-based coatings. In

addition, using PLA stereocomplexes as coatings may offer additional

benefits by increasing the overall toughness of the scaffold structure.
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