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Introduction

In vitro and in vivo degradation studies of a dual
medical-grade scaffold design for guided soft
tissue regenerationt

Mina Mohseni,?® Silvia Cometta,® Leopold Klein,®® Marie-Luise Wille,?“
Cedryck Vaquette,® Dietmar W. Hutmacher (2 *3*€ and Flavia Medeiros Savi*®<

Biodegradable scaffolds with tailored mechanical and structural properties are essential for scaffold-
guided soft tissue regeneration (SGSTR). SGSTR requires scaffolds with controllable degradation and
erosion characteristics to maintain mechanical and structural integrity and strength for at least four to six
months. Additionally, these scaffolds must allow for porosity expansion to create space for the growing
tissue and exhibit increased mechanical compliance to match the properties of the newly formed tissue.
Although progress has been made in this area, previous studies have yet to fully explore these aspects
using biodegradable polymers that are synthesized and 3D printed into filaments classified as medical-
grade. In this study, we optimized scaffold design based on the properties of biodegradable materials and
employed digital-assisted 3D printing to adjust the degradation pathway of dual-material scaffolds dyna-
mically, thereby modulating mechanical and structural changes. Two medical-grade 3D printing filaments
were utilized: Dioxaprene® (DIO), which has a degradation rate of approximately six months, and
Caproprene™ (CAP), which has a degradation rate of about 36 months. The scaffolds were 3D printed
with these materials to create the desired architecture. An in vitro degradation study showed the increas-
ing pore size and compliance (>90% increase) of the scaffold architecture via the breakdown of DIO.
Meanwhile, the slow-degrading CAP maintained long-term mechanical and structural integrity.
Furthermore, over six months of subcutaneous implantation in rats, the dual material showed an approxi-
mately two-fold increase in mechanical compliance and free volume expansion, with the pore size
increasing from 1 mm to 2 mm to accommodate the growing tissue. The scaffold remained structurally
intact and provided mechanical support for the newly formed tissue. Histological and immunohisto-
chemical analyses indicated good in vivo biocompatibility, tissue guidance, and the formation of orga-
nized soft tissue architecture, supported by an extensive network of blood vessels.

targeted soft tissue of a specific organ (skin, breast, liver,
etc.). Materials used for SGSTR should be able to undergo

A central requirement for scaffold-guided soft tissue regener-
ation (SGSTR) is a tailored scaffold design based on the conver-
gence of required material properties and morphology for the
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dynamic changes in their mechanical and structural pro-
perties throughout the tissue regeneration process to main-
tain continuous biomechanical and biochemical functional-
ity. During the initial stages of regeneration, a highly porous
and interconnected architecture is recommended to orches-
trate blood clot and hematoma formation inside and outside
the scaffold. As tissue regeneration and remodelling proceed,
larger blood vessels develop to provide functional anasto-
moses with the host tissue. At later stages of regeneration, a
degrading porous structure, which is losing mass but still
mechanically supportive, is needed to provide larger pore
space for the growing tissue and avoid promoting a myofibro-
blast phenotype that would result in fibrous encapsulation of
the scaffold. The long-term mechanical stability of the
degrading scaffold is essential to minimize load transfer to
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the newly formed soft tissue until subsequent remodelling
stages. Otherwise, at the cellular level, excessive stress and
strain inhibit cell proliferation and differentiation, and at the
tissue level, the lack of a physical substrate to withstand exter-
nal loads leads to incomplete, inadequate and compromised
regeneration. Moreover, multi-material scaffolds with long-
term mechanical and structural integrity resist changes in
shape caused by external forces and from cellular and tissue
ingrowth and subsequently facilitate the guidance of
the growing tissue towards complex anatomical shapes,
especially in the case of large tissue defects where greater bio-
mechanical forces exist."”

Taken collectively, a scaffold should have the following
properties: (1) mechanical properties able to withstand bio-
mechanical loading at the host site, (2) the capacity for
expansion to generate free space for new tissue formation
after the first tissue remodelling phase, (3) increasing
mechanical compliance compatible with the newly formed
tissue, and (4) a tailored bioerosion pathway of the bio-
degradable polymer to modulate local degradation profiles
and dynamically control these mechanical and structural
changes across the entire tissue regeneration process. For
SGSTR scaffolds, this prerequisite has yet to be holistically
addressed through a single workflow using medical-grade
materials, especially for large-scale regeneration where
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complex inter-scale relations exist between mechanics,
biology and topology.

Since scaffold degradation results from interactions
between bulk material properties, structural architecture
and the physiological environment, variation in the local
degradation profile of single-material scaffolds is challen-
ging compared to composite structures.” One approach to
overcome this problem is to control the spatial placement of
different materials in composite structures in conjunction
with well-understood material properties and rational
design strategies to facilitate modulating the overall degra-
dation profile (Fig. 1). The combination of fast-degrading
and slow-degrading polymers in fixed ratios allows precise
tailoring of the overall degradation of the composite.*
Regarding the complexity of composite structures, additive
manufacturing (AM) offers a unique level of control to posi-
tion materials in a pre-designed pattern that would other-
wise be time-consuming and technically challenging using
conventional manufacturing techniques.”® With the advent
of AM multi-nozzle systems and toolpath planning, the
spatial placement of different biodegradable polymers can
be independently tuned to achieve a multi-material scaffold
design.”*?

In this study, a platform of material, design, and fabrication
is developed to control the erosion pathway of composite struc-
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Fig. 1 (a) In this study, it is suggested that spatial placement of multiple materials in a composite fashion combined with well-understood material
properties and rational design strategies allows for a tailored erosion pathway and controlled changes in mechanical and structural characteristics
essential for SGSTR. (b) The composite structures with alternating CAP/DIO struts were developed via toolpath planning to tailor dynamic changes
in mechanics and internal architecture. (c) The macroscopic images of 3D printed composite scaffolds with alternating CAP/DIO struts.

2116 | Biomater. Sci,, 2025, 13, 2115-2133

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4bm01132e

Published on 10 February 2025. Downloaded on 2/20/2026 6:33:48 PM.

Biomaterials Science

tures and dynamically modulate their architectural and
mechanical changes over time. A multi-material scaffold was
developed by integrating biodegradable polymers—specifically
poly(glycolide-co-lactide) and polydioxanone—with advanced
3D printing technology. The aim was to precisely tune the
scaffold’s mechanical strength and degradation rate, ensuring
that it meets the requirements for long-term soft tissue
regeneration.

Materials and methods
Scaffold manufacturing

Caproprene™ 100 (CAP, 95% polycaprolactone, 5% poly(glyco-
lide-co-lactide)) and Dioxaprene® 100 M (DIO, 100% polydioxa-
none) were supplied by Poly-Med, Inc. (Anderson, SC, USA) in
the form of FDM filaments.

A 3D printer (FlashForge Dreamer, Jinhua, China) with two
nozzles was used to print single-material and composite struc-
tures. As described previously,” the printing conditions for
DIO and CAP were adjusted to a feed rate of 1800 mm min™', a
nozzle temperature of 120 °C and a nozzle diameter of
0.2 mm. Single-material scaffolds of DIO and CAP were printed
with a pore size of 1 + 0.05 mm and dimensions of 10 x 10 x
5 mm®. A design framework with alternating struts of CAP and
DIO was established to print multi-material scaffolds. Using
MATLAB programming and toolpath planning, nozzle move-
ment corresponding to each material was controlled to deposit
the material in pre-designed locations. By programming-
assisted dual printing, composite scaffolds were fabricated
with different ratios of CAP/DIO struts: 1:1 and 1:2, corres-
ponding to pore sizes of 1 mm and 0.5 mm, respectively

(Fig. 1).

Degradation

In vitro degradation of additively manufactured composite
scaffolds is a worthwhile pursuit from a design point of
view to understand the effects of material placement better.
The degradation study was initially conducted on single-
material scaffolds of CAP and DIO to determine which
accelerated degradation conditions most closely mimic the
degradation kinetics and mechanism observed under
neutral conditions. Following these results, the composites
of CAP/DIO were degraded under the appropriate acceler-
ated conditions.

Single-material scaffolds

The erosion pathways of single-material scaffolds of DIO and
CAP were evaluated in 1 M hydrochloric acid at pH 0 (HCI,
Sigma-Aldrich, St. Louis, MO, USA), 5 M sodium hydroxide at
pH 14 (NaOH, Sigma-Aldrich, St. Louis, MO, USA) and phos-
phate-buffered saline at pH 7 (PBS, Sigma-Aldrich, St. Louis,
MO, USA) to determine which accelerating medium most
closely approximates the degradation kinetics and mechanism
observed under neutral conditions. Briefly, separate samples
were immersed in 10 mL of each solution and incubated at
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37 °C. At each timepoint, mass loss analysis, compression ana-
lysis, differential scanning calorimetry (DSC) and morphologi-
cal analysis were conducted (n = 5) according to the following
protocols.

Mass loss analysis. Samples were removed from the solution,
washed three times with deionized water, and incubated
under vacuum overnight before measuring mass loss.

Compression analysis. Samples were immersed in a water
bath at 37 °C, and unconfined, uniaxial compression tests
were performed up to 50% with a strain rate of 0.1 mm s~ on
an Instron Micro Tester (5848, Instron, Melbourne, Australia).
The elastic modulus was calculated as the initial slope of the
stress—strain curve, between 5 and 10% strains.

Thermal DSC analysis. Samples ranging from 3 to 5 mg were
sealed in aluminium pans and exposed to non-isothermal
heating at a ramp rate of 10 °C min™" using a Q100 DSC (TA
Instruments, Newcastle, DE, USA). Based on their known
thermal properties, the temperature range used was 0 to
120 °C for DIO and 0 to 100 °C for CAP, with analysis per-
formed on the thermographs using Universal Analysis 2000
software (TA Instruments, Newcastle, DE, USA). Since there
was no available literature information regarding the melting
enthalpy of the 100% crystalline CAP and DIO, it was not poss-
ible to calculate the crystallinity. Instead, the melting enthalpy
of samples at different degradation timepoints was calculated,
indicating relative crystallinity.

Morphological analysis. Samples were observed under a
scanning electron microscope (SEM, JSM-7001F, JEOL Ltd,
Tokyo, Japan). For cross-sectional views, samples were flash-
frozen in liquid nitrogen (5 min) and cut with a scalpel blade.
The samples were gold sputter-coated using a JEOL fine
sputter coater (JFC-1200, JEOL Ltd, Tokyo, Japan) for 75 s at
8 mA current and observed under vacuum at 2 kV accelerating
voltage.

Multi-material scaffolds

The degradation study on single-material scaffolds indicated
that acidic conditions resulted in a degradation profile most
similar to that observed under neutral conditions. Hence,
accelerated degradation of multi-material scaffolds was con-
ducted in 1 M HCI. Samples with dimensions of 10 x 10 x
5 mm® were immersed in 10 mL of the acidic solution and
incubated at 37 °C. At 6 hours post-incubation, when DIO
struts became highly fragile, the scaffold architecture, fibre
morphology, compressive elastic modulus and failure strain
were evaluated and compared with non-degraded controls
(n=5).

In vivo biodegradation and biocompatibility study

Surgery. The degradation pathway and dynamic changes of
CAP/DIO (ratio of 1:1) composites were assessed in rats. Two
groups of single-material scaffolds composed of DIO and CAP
were also implanted as control groups. Six scaffolds, consisting
of two from each group (DIO, CAP and CAP/DIO), were
implanted subcutaneously into each rat (n = 5 per timepoint)
for three and six months. According to the University of
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Queensland animal housing standards, fifteen adult female or
male Sprague Dawley rats were purchased from the Animal
Resource Centre (Western Australia) and housed in a tempera-
ture-controlled, pathogen-free environment. All animal pro-
cedures were performed per the Guidelines for Care and Use
of Laboratory Animals of the University of Queensland and
approved by the Animal Ethics Committee of the University of
Queensland (Ethics number: DENT/359/18).

The rat subcutaneous model was adapted from a previous
study."® The skin of the dorsal area was shaved using an elec-
tric clipper or depilatory device, and then the skin was
scrubbed with betadine antiseptic. Six full-thickness incisions
through the skin (7 to 9 mm) were then created parallel to the
dorsal midline. Blunt surgical scissors were used to delineate
the skin from the underlying muscles fully. Once the sub-
cutaneous socket was made, the 3D printed scaffolds 5 x 5 x
3 mm? were inserted. The skin incision was closed afterwards
using surgical staples (size 9) to ensure healing. The rats were
transferred into a clean, warm cage to facilitate full recovery.
For two days post-surgery, Meloxicam (1 mg kg™") and Kefzol
(20 mg kg ') were administered subcutaneously (in the ventral
area) to provide analgesia and antimicrobial cover. An oral
analgesic (Tramadol) was also used post-operatively to alleviate
pain and discomfort. At each timepoint, the animals were
euthanized using CO, at a fill rate of 10 to 30% of the chamber
volume per minute. The scaffolds were then surgically
removed.

Compression analysis. Five scaffold samples were immersed
in a PBS bath at 37 °C and analysed under mechanical com-
pression at a rate of 0.1 mm s,

Non-isothermal DSC analysis. The same samples were then
used for DSC analysis. CAP and DIO fibres were removed from
the scaffolds and analysed under non-isothermal conditions at
a heating rate of 10 °C min™"'. In addition, at each timepoint,
five samples were fixed in 4% paraformaldehyde (PFA) for
24 hours before being transferred into 70% ethanol for macro-
scopic inspection, SEM, micro-computed tomography (nCT),
histology and immunohistochemistry.

Micro-computed tomography (nCT)

At three and six months post-implantation, the samples were
scanned and analysed via pCT (uCT 50, Scanco Medical,
Briittisellen, Switzerland). All samples were scanned in 70%
ethanol at 45 kv and 200 pA, with an isotropic voxel size of 5 x
5x 5 pm® and a sample time of 1.32 s. Due to the low density
of the samples and the long sample time, ring artefacts
became apparent in the greyscale images. These artefacts
could be partially reduced by postprocessing the raw scan
data. 3D reconstruction of the final grey-scale image stack for
qualitative analysis was performed using Drishti,'* an open-
source scientific visualization software. A region of interest
(ROI) containing the polymer scaffold was selected for two pur-
poses: firstly, to reduce background noise and secondly, to sig-
nificantly reduce the dataset size from 8 to 3 GB. A transfer
function was chosen to make the scaffold fibres visible within
the tissue. The colour intensity was normalized across all three
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datasets and corresponded to the amount of polymer remain-
ing within the tissue for each timepoint.

Histology and immunohistochemistry

After pCT evaluation, one sample from each group and time-
point was paraffin processed using a tissue processor
(Excelsior ES tissue processor) overnight and embedded in
molten paraffin at 60 °C, using the Shandon Histocentre 3
embedding station (Thermo Scientific). Using a Leica RM2235
rotary microtome (Leica Biosystems; Nussloch, Germany),
paraffin sections were cut at 5 um, flattened in a water bath
(Labec, Marrickville, Australia) at 42 °C and collected onto
Polysine™-coated microscope slides (Thermo Scientific). The
paraffin slides were dried for 16 h at 60 °C prior to histological
and immunohistochemical staining. Using a Leica Autostainer
XL (Leica Biosystems), two slides (slide 1 and slide 10) were
stained with eosin and haematoxylin (H&E) to evaluate the
morphological and structural compliance of the implanted
scaffolds.

For immunohistochemistry evaluation, five tissue sections
(n = 5) were used for each antibody. The following antibodies
were used: anti-alpha smooth muscle actin (a-SMA, 1:500,
abcam, ab7817, RRID: AB_262054) to evaluate the newly
formed fibrous tissue, cluster of differentiation 68 (CD68,
1:500, abcam, ab125212, RRID: AB_10975465) to evaluate
overall macrophagic activity, inducible nitric oxide synthase
(iNOS, 1:1000, abcam, ab15323, RRID: AB_301857) to assess
pro-inflammatory macrophage (M1) activity and cluster of
differentiation 163 (CD163, 1:100, abcam, ab182422, RRID:
AB_2753196) to evaluate pro-regenerative macrophage (M2)
activity.

Briefly, slides were first dewaxed in 2 changes of xylene for
3 min each and then transferred to 100% ethanol for 2 min,
followed by decreasing ethanol changes of 90, 80, 70 and 50%
for 1 min each. The slides were then incubated in DAKO wash
buffer (1:10, Dako, cat. no. DM831) for 1 min. Each paraffin
slide was then delineated using a DAKO pen (Dako, cat. no.
S2002). Enzyme-mediated antigen retrieval was not performed
due to high amounts of unspecific antibody binding observed
during antibody optimization. Endogenous peroxidase activity
was blocked with 3% (vol/vol) hydrogen peroxidase (30%;
Sigma-Aldrich, cat. no. H3410) for 5 min, followed by washing
in 3 changes of Dako wash buffer. Nonspecific binding sites
were blocked with 2% (wt/vol) bovine serum (BSA, Sigma-
Aldrich, cat. no. A7906) for a-SMA and CD163 for 30 min and
60 min using CD68. The iNOS nonspecific background was
blocked with a background sniper (Biocare Medical LLC,
Background sniper, cat. no. BS966) for 10 min. Before primary
antibody incubations, a-SMA, CD163 and CD68 primary anti-
bodies were diluted in BSA, and iNOS was diluted in a Dako
antibody diluent (Dako Antibody Diluent with Background
Reducing Components, cat no. S3022). Samples were then
incubated with primary antibodies for 1 h at room tempera-
ture. The slides were individually washed in 3 changes of Dako
wash buffer and subsequently incubated in a secondary anti-
body (Dako, EnVision+ dual-link system (HRP rabbit/mouse
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kit)). 2% BSA was used as an isotype for o-SMA, CD68 and
CD163, and a normal rabbit serum control (Rb Primary
Antibody Isotype Control, Life Technologies, cat. no. 08-6199)
was used as an isotype for iNOS. The slides were then washed
in 3 changes of Dako washer buffer and immunoreactivity was
detected via color development with a liquid diaminobenzidine
(DAB) chromogen (Dako/Agilent, cat. no. K3468), according to
the specific primary antibody (a-SMA: 40 s; CD68: 25 s; CD163:
52 s; and iNOS: 80 s). Following colour development, the
samples were washed in 1 change of Dako wash buffer, counter-
stained and coverslipped using a Leica Autostainer XL. Further
reagent set-up instructions can be found in Sparks et al'®
Stained paraffin slides were scanned in full using a 3DHistech
Scan II Brightfield slide scanner (3DHistech, Budapest,
Hungary) with a 20X objective. Using the CaseViewer 2.2 plat-
form, images were exported and assembled according to each
scaffold and timepoint of scaffold implantation.

Statistical analysis

Quantitative assessment of a-SMA, CD68, iNOS and CD163 was
performed using a MATLAB algorithm according to Medeiros Savi
et al.'® Statistical analysis was conducted using GraphPad Prism
version 7.03. The means of the different treatment groups were
compared within the same animal (and thus within the same
timepoint), focusing on the treatment group as a fixed effect.
Given that 4 out of 36 datasets were not normally distributed (as
determined by the Shapiro-Wilk test), the dataset was analysed
using nonparametric tests (Kruskal-Wallis and Mann-Whitney
tests). Five tissue sections (n = 5) were used for each antibody.

Results

In vitro erosion pathway of single-material scaffolds under
basic, neutral and acidic conditions

Degradation mechanisms and kinetics for DIO. Degradation
of DIO under acidic and neutral conditions was assessed for
6 hours and 54 days, respectively. As shown in Fig. 2(a), both
conditions induced similar morphological changes with a
three-step attack: (1) slight surface erosion of amorphous
regions with visible grain boundaries on the surface of struts;
(2) degradation of interlamellar regions, leading to the for-
mation of small cracks; and (3) propagation of large longitudi-
nal and circumferential cracks, leading to loss of mechanical
stability and structural support. Over 4 hours of degradation
under acidic conditions, the elastic modulus decreased by
>90% (from 7.82 MPa to 0.1 MPa), corresponding to a mass
loss of 2.2%, followed by total disintegration and a mass loss
of 5.9% after 6 hours of degradation (Fig. 2(b) and (c)). A
similar trend was observed under neutral conditions where
slight fibre thinning and a mass loss of 4.3% were observed
before disintegration (Fig. 2(a) and (b)). At 40 days post-incu-
bation, a >90% reduction in elastic modulus was observed
(from 7.82 MPa to 0.38 MPa), corresponding to similar
changes for a 4 hour incubation period in acidic medium. DSC
analysis showed a continuous increase in crystallinity under

This journal is © The Royal Society of Chemistry 2025
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both conditions, with a >37% increase in melting enthalpy
from 66.0 to 120.1 J ¢”* under acidic and 95.9 J g~' under
neutral conditions (Fig. 2(d)). These observations indicate that
bulk degradation is the predominant erosion pathway, in
which the rate of water diffusion into the scaffold matrix is
faster than polymer chain scission. This mechanism is well
documented for several aliphatic polyesters. It involves
diffusion of the by-products of hydrolysis from the core of the
strut to the surrounding medium at a comparatively slow rate,
resulting in only a minor reduction in mass and fibre thick-
ness. This process produces small cracks on the strut surface,
which are enlarged as degradation proceeds until near-com-
plete disintegration of the whole structure occurs. Hydrolysis
of the amorphous regions and recrystallization of shortened
polymer chains within the scaffold matrix increased overall
crystallinity, which is corroborated by the DSC analysis.

Base-catalysed degradation of DIO was evaluated for up to
160 minutes. Hydrolytic attack was noticeable on the surface
and exhibited a two-step degradation process (Fig. 2(a)). Minor
pitting initially appeared on the surface and was followed by
larger cavities on the roughened surface until near-complete dis-
integration. As degradation proceeded, a gradual reduction in
fibre thickness, mass and elastic modulus was observed. A mass
loss of 30.8% was noted, with the elastic modulus reduced by
37.4% (from 7.82 MPa to 2.9 MPa) (Fig. 2(b) and (c)). DSC ana-
lysis indicated a continuous increase in melting enthalpy from
66.0 to 72.0 J g7, indicative of increasing crystallinity (Fig. 2(d)).
Taken collectively, these data confirm that degradation predomi-
nantly occurred via surface erosion, where the water penetration
and diffusion rate is slower than polymer scission and hydro-
lysis. In this mechanism, cavities appear on the surface, hydro-
Iytic by-products easily diffuse into the surrounding medium
and mass loss and fibre thinning are observed.

From a mechanical standpoint, the reduced contact area at
fusion points caused by significant fibre thinning and mass
loss is the underlying reason for strength reduction and
mechanical failure. However, under acidic and neutral con-
ditions, cracks resulting from bulk degradation of the con-
struct are the primary mode of failure.

Degradation mechanism and kinetics for CAP. Degradation
of CAP was examined for seven weeks under acidic and
15 months under neutral conditions. Under both conditions,
CAP scaffolds exhibited a wavy pattern on the surface with
minor changes in fibre thickness and mass loss (Fig. 3(a)). The
wavy patterns can be associated with nematic domains of
molten semi-crystalline polymers, which are ordered due to
elongation and shear forces applied by the nozzle during the
melt extrusion process.”” The fast cooling rate of superficial sur-
faces leads to solidification of the aligned structures.'” These
domains, resistant to hydrolytic degradation, become visible
after slight surface erosion and degradation of superficial amor-
phous regions. Under acidic conditions, minor fibre thinning
and mass loss were observed (Fig. 3(b) and (c)). At the end of
the seven week degradation study under acidic conditions, 5.1%
mass loss was observed, the elastic modulus had increased
from 4.7 to 16.5 MPa, and the ultimate strain had decreased
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Fig. 2 In vitro degradation of DIO under basic, acidic and neutral conditions. (a) Morphological study conducted via SEM analysis (n = 3). (b) Mass
loss calculated at each timepoint over the degradation period (n = 5). (c) Ratio of elastic modulus (E) to initial elastic modulus (Ep) plotted versus
mass loss to correlate changes in mass and mechanical properties (n = 5). (d) Thermal DSC analysis for degraded and non-degraded samples to

evaluate changes in the polymer crystallinity (n = 3).

from 22.2 to 0.1%. These data illustrate the embrittlement of
CAP when exposed to acidic pH and can be correlated with an
increase in crystallinity (demonstrated by increasing melting

2120 | Biomater. Sci,, 2025, 13, 2115-2133

enthalpy from 70.2 to 102.0 ] g~ ') (Fig. 3(d)). Under neutral con-
ditions, after 15 months, a 1.5% mass loss was noted while the
elastic modulus initially decreased from 4.7 to 2.6 MPa and
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Fig. 3

In vitro degradation of CAP under basic, acidic and neutral conditions. (a) Morphological study conducted via SEM analysis (n = 3). (b) Mass

loss calculated at each timepoint over the degradation period (n = 5). (c) Ratio of elastic modulus (E) to initial elastic modulus (Ep) plotted versus
mass loss to correlate changes in mass and mechanical properties (n = 5). (d) Thermal DSC analysis for degraded and non-degraded samples to
evaluate changes in the polymer crystallinity (n = 3).

then increased to 3.9 MPa (Fig. 3(b) and (c)). These data imply
that bulk erosion is the predominant degradation pathway of
CAP under neutral and acidic conditions, where slow diffusion

of hydrolysis by-products results in only slight mass loss and
fibre thinning, while the change in mechanical properties is
due to changes in crystallinity.
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Hydrolytic attack in a basic environment is notably more
aggressive compared to acidic and neutral conditions, produ-
cing large cavities on the surface along with significant mass
loss and fibre thinning (Fig. 3(a)). Due to severe surface erosion
and greater access of water to the interior amorphous regions,
spherulite regions are noticeable and prominent on the strut
surface with a decrease in elastic modulus of more than 80%
(from 4.7 MPa to 0.85 MPa) at 42.1% mass loss after 9 days
(Fig. 3(c)). From a mechanical standpoint, the decrease in fibre
thickness and subsequently the contact area at the fusion
points due to the surface erosion pathway is the primary cause
of mechanical loss. DSC analysis revealed an initial increase in
crystallinity, evidenced by the rise in melting enthalpy from
70.2 to 80.6 ] g *, followed by a decrease to 73.9 ] g~ (Fig. 3(d)).

In vitro erosion pathway of CAP/DIO composites under acidic
conditions

Composites with alternating struts of CAP and DIO were
developed to address long-term integrity while modulating an
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expansion of the scaffold pore size and an increase in the
mechanical compliance of the scaffold during degradation.
To assess these dynamic changes, composites were degraded
in 1 M HCI to simulate, in an accelerated manner (acidic con-
ditions), the degradation pathway of DIO and CAP under
neutral conditions. Over a 6 hour incubation period, morpho-
logical analysis showed bulk degradation of DIO fibres and
the formation of severe cracks similar to those observed
under neutral conditions (Fig. 4(a)). DIO fibres became
highly fragile, whereas CAP fibres remained intact and pre-
served the integrity of the overall structure. Extreme care was
taken to handle the composite for SEM and avoid disinte-
gration of DIO fibres. The composites with a CAP/DIO ratio of
1:1 exhibited a 2.2-fold reduction in elastic modulus from
5.84 to 2.67 MPa and an increase in pore size from 0.5 to
1 mm after 6 hours (Fig. 4(b) and (c)). By increasing the CAP/
DIO ratio to 1:2, a 3.2-fold decrease in elastic modulus from
8.51 to 2.67 MPa was noted, with an increase in pore size
from 1 to 2 mm.

[
DIO

a) SEM analysis of CAP/DIO composites after 6 hours of degradation

b) Stereomicroscopy analysis before and after disintegration of DIO fibers
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Fig. 4 In vitro degradation of DIO/CAP under acidic conditions. (a) Morphological study conducted via SEM analysis (n = 3). (b) Stereomicroscopy
images of the composites before and after degradation to calculate the pore size (n = 5). (c) Changes in mechanical response and elastic modulus of

the composites under compression (n = 5).
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In vivo erosion pathway of CAP/DIO composites versus single-
material scaffolds of CAP and DIO

CAP/DIO composites and single-material scaffolds of CAP and
DIO were implanted in rats for six months to investigate and
compare their degradation pathway and subsequent structural
changes.

In vivo erosion pathway of single-material scaffolds of DIO
and CAP

DIO scaffolds exhibited a rapid degradation rate and decreased
elastic modulus and structural integrity (Fig. 5(a)). Within the
first month, the elastic modulus of DIO decreased from 7.82 to
2.06 MPa, followed by a rapid reduction to 0.03 MPa over three
months and full degradation over six months (Fig. 5(a)). DSC
analysis showed a 7% increase in melting enthalpy at the first
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timepoint (Fig. 5(b)); however, due to severe DIO disintegration
at three and six months, we were not able to extract DIO fibres
from the surrounding tissue to complete the DSC analysis.
Compared to the in vitro degradation results, in vivo degra-
dation of DIO exhibited a bulk erosion pathway with a decrease
in elastic modulus and an increase in melting enthalpy,
similar to what was observed under neutral and acidic
conditions.

In contrast to DIO, the CAP scaffold remained robust
mechanically with slight bulk erosion and higher melting
enthalpy (21.8%), which resulted in changes in elastic
modulus from 5.58 to 5.97, 6.39 and 6.92 MPa after one, three
and six months post-implantation, respectively. The increased
elastic modulus and melting enthalpy of CAP after six months
of implantation are in agreement with in vitro accelerated
degradation of CAP under acidic and neutral conditions.
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Fig. 5 Scaffold properties after in vivo degradation of CAP/DIO composites versus single-material scaffolds of CAP and DIO. (a) Within six months
of implantation, the elastic modulus of CAP/DIO composites gradually decreased, while DIO exhibited a faster reduction and disintegration until
complete absorption (no sample could be detected for DIO groups after six months of implantation). In contrast, CAP exhibited an increasing rate in
elastic modulus and embrittlement (n = 5). (b) Non-isothermal DSC analysis illustrated an increase in the crystallinity of CAP and DIO struts during

in vivo degradation (n = 3).
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In vivo erosion pathway of CAP/DIO composites

CAP/DIO composites followed a significantly different degra-
dation pathway compared to single-material scaffolds of CAP
or DIO. The overall integrity of the composite was preserved,
while the elastic modulus decreased from 5.84 to 4.77, 3.91
and 2.84 MPa at one, three and six months post-implan-
tation, respectively (Fig. 5(a)). Morphological analysis
revealed that over three months, DIO struts were cracked
and broken without major fibre thinning, followed by com-
plete absorption after the entire six-month period (Fig. 6(a)
and (b)), which led to a controlled increase in pore size from
1 to 2 mm and a higher compliance in mechanical response.
CAP fibres remained stable and well connected at the fusion
points and retained the integrity of the composite structure
(Fig. 6(a) and (b)). Therefore, over the six-month implan-
tation period, the composite exhibited long-term structural
retention with increased scaffold compliance (a decrease in
compressive elastic modulus) and a 50% increase in pore
size.
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Tissue response to the erosion pathway observed in single-
material and composite scaffolds

DIO scaffold. Partial degradation of DIO was observed within
the first month, followed by total disintegration after three
months (Fig. 7(a1) and (a2)). Initially, DIO struts guided tissue
formation and were partially replaced by a provisional tissue
matrix (Fig. 7(a1l) and (a2) and Fig. S1(a1l) and a(2),T black
arrows), where a few foreign giant cells could be observed
(Fig. 7(a3)). However, after total disintegration in three months,
the newly formed tissue was not supported mechanically by the
scaffold and could not retain its overall shape (Fig. 7(a4) and
Fig. S1 (a4)f). The remnants of DIO struts left in the disorga-
nised newly formed tissue were also surrounded by foreign
body giant cells (Fig. 7(a5) and (a6), black arrows), possibly
increasing the excretion of the rapidly degrading DIO material.

a-SMA expression. Within three months, no signs of fibrotic
reaction were detected through the a-SMA (Fig. 7(b1) and (b2))
antibody marker. However, the provisional tissue formed
around the remnants of DIO struts was highly vascularized

a) Implanted scaffolds
CAP 7 CAP/DIO DIO

1 month

3 months

6 months

CAP CAP/DIO DIO

CAP/DIO  DIO CAP

Position of implanted scaffolds

E -

Implanted scaffolds on the right side after 6 months

Top view

Side view

3 months 6 months

Fig. 6 (a) Implanted scaffolds within six months of implantation in rats (n = 5). (b) pCT analysis of CAP/DIO composites (n = 2).
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Fig. 7 H&E and immunohistochemical analysis of the DIO scaffolds at the one (T1) and three (T2)-month timepoints (n = 5). H&E images show
partial degradation of DIO at one month (al-a3) and complete disintegration after 3 months (a4—a6). Initially, DIO struts guided tissue formation,
while being replaced by a provisional matrix (al and a2, double arrows). By three months, the tissue lost integrity (a4), and the DIO remnants were
surrounded by foreign body giant cells (a5 and a6, single arrows). a-SMA staining (b1-b4) revealed no fibrotic reaction, though the tissue around
DIO remnants was highly vascularized. CD68 expression (c1-c4), indicating macrophage activity, was observed at the edges of fragmented DIO (c1,
black double arros and c3 and c4, black arrows) and near blood vessels (c1, black arrow and c2, c3, red arrows). iNOS, a pro-inflammatory marker
(d1-d4), showed strong expression around the DIO strut edges (d1 and d2), especially in lymphatic vessels at three months (d3 and d4, black
arrows). CD163, marking tissue-repair macrophages (el—e4), was seen within the tissue matrix at one month (e1, double arrows and e2) and near
blood vessels (e3, black arrows) and fibroblasts at three months (e4, double black arrows). Asterisks indicate DIO remnants.
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(Fig. 7(b1) and (b2)). Although loose collagen fibres could be
observed at the edges of struts, no signs of fibrotic encapsula-
tion were observed (ESI Fig. S1(b1) and (b3),T respectively).

CD68, INOS, and CD163 expression. Positive expression of
CD68 (Fig. 7(c1-c4)), a macrophage marker for pro-inflamma-
tory (M1) and anti-inflammatory (M2) types, was mainly
observed at the outer edges of the fragmented DIO (Fig. 7(c1),
(c3) and (c4), black arrows, and ESI Fig. S1(c1) and (c4)}) and
within the newly formed tissue, where macrophage footprints
could be seen around blood vessels (Fig. 7(c2) and (c3), red
arrows). High expression of iNOS, a pro-inflammatory
M1 macrophage marker, was observed at the outer edges and
surface of the DIO struts for both timepoints (Fig. 7(d1-d3)
and Fig. S1 (d1-d4)1), especially within lymphatic vessels at
three months (Fig. 7(d3) and (d4), black arrows). CD163
expression, an M2 macrophage marker involved in tissue
repair, was mainly observed both within the newly formed
tissue (Fig. 7(e1) and (e2), black arrows, and ESI Fig. Si(el)
and (e2)f) at the one-month timepoint and in the vicinity of
blood vessels (Fig. 7(e3), black arrows) and fibroblast cells
after three months (Fig. 7(e4), double black arrows).

CAP scaffold. CAP struts retained their structural integrity
throughout the six months of the experiment (Fig. 8(al-a3) and
Fig. S2(a1-a6)t). The formation of a provisional matrix com-
posed mainly of adipose tissue in the centre of the pores (Fig. 8
(a4) and (a5), red arrows) with a few sparse fibres arranged at
the strut fusion points was observed at the one-month time-
point (Fig. 8(a4) and (a5), black arrows). At the three-month
timepoint, giant cells could be observed at strut fusion points
(Fig. 8(a6), black arrows) as well as an increased number of cells
lining the outer surface of the struts (Fig. 8(a7), black arrows).
At six months, the cells still appeared to be packing around the
scaffold fusion points (Fig. 8(a8) and (a9), double black arrows),
and the fatty tissue formed within the scaffold pore spaces
seemed to have been replaced by thicker collagen fibres packing
around the fusion points (Fig. 8(a8) and (a9), red arrows).

a-SMA expression. This regular arrangement of collagen
fibres at the outer edges of the struts and fusion points,
especially at the one-month timepoint, was depicted by a-SMA
positive expression (Fig. 8(b1) and ESI Fig. S2(b1-b4), black
arrows). However, no signs of fibrotic encapsulation were
observed at any timepoint (Fig. 8(b1-b6) and Fig. S2(b1), (b3)
and (b5)f). Instead, a-SMA expression indicated the presence
of smooth muscle cells at the endothelial membrane of longi-
tudinal and transverse capillaries and blood vessels within the
provisional tissue formed (Fig. 8(b2-b6)).

CD68 expression. At the one-month timepoint, strong
expression of CD68 was observed at the outer edges of the CAP
struts (Fig. 8(c1), black arrows), especially at the fusion points
where giant cells could be observed (Fig. 8(c2) and Fig. S2(c2),t
black arrows). After three months, this response was extended to
the newly formed provisional fibrous tissue (Fig. 8(c3) and ESI
Fig. S2(c3 and c4)t) where monocyte cells were heavily stained
within the adipose tissue and aggregates of the fibrin strands
around the CAP surface (Fig. 8(c4), black arrows). After six
months, the CD68 immunological reactivity observed within the
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newly formed fibrous tissue decreased (ESI Fig. S2(c5) and (c6)T)
and was mainly localized at fusion points and within the cells
lining the outer surface of the struts (Fig. 8(c5) and (c6), arrows).

Strong iNOS immunological activity was observed within
the fibrous tissue formed around the 3D construct at all time-
points (Fig. 8(d1-d6)). However, the immunological pro-
inflammatory activity, detected by iNOS at CAP fusion points
and within the fibrous tissue, progressively decreased with
time (Fig. 8(d1-d6) and Fig. S2(d1-d6)¥).

CD163 expression. CD163 expression was initially located
within the tissue surrounding the struts (ESI Fig. S2(e1)t),
especially at the outer surface (Fig. 8(e1), black arrows, and ESI
Fig. S2(e2),} black arrows) and at fibroblast cells (Fig. 8(e2),
red arrows). At three months, CD163 was observed within
aggregates of the fibrin strands around the CAP surface and at
monocytes within the subcutaneous adipose tissue formed in
the scaffold pore spaces (Fig. 8(e3) and (e4) and ESI Fig. S2(e3)
and (e4)t). This response increased after six months, especially
within blood vessels (Fig. 8(e5), black arrows, and ESI Fig. S2
(e6),T black arrows) and at fibroblasts within the newly formed
fibrous tissue (Fig. 8(e6), red arrows).

CAP/DIO composites. Within six months of implantation,
DIO struts were completely degraded and replaced with provi-
sional tissue, whereas CAP struts retained the integrity of the
scaffold structure and the newly formed tissue (Fig. 9(al-a3)
and Fig. S3(a1), (a3) and (a5)¥).

At one- and three-month timepoints, the provisional matrix
was mainly composed of adipose tissue within the centre of
pores (Fig. 9(a4) and (a6), red arrows) and of loose fibrous
tissue closely arranged around the CAP/DIO struts (Fig. 9(a4),
(a8) and (a9) and Fig. S3(a2),t double black arrows). A few
giant cells were also observed at the strut fusion points and
surface (Fig. 9(a4), (a8) and (a9), single black arrows). At the
six-month timepoint, DIO struts were fully degraded and
replaced by a highly organized provisional epithelial tissue
(Fig. 9(a3), (a8), (a9) and Fig. S3(a5) and (a6)f). This newly
formed tissue, which was situated in the middle of enlarged
pores (Fig. 9(a8) and Fig. S3(a5),t dotted line), was mechani-
cally supported by CAP fibres and can be considered a substan-
tial source of cells and blood vessels for further stages of
tissue regeneration and angiogenesis within the pores.

a-SMA expression. At the one-month timepoint, slight
immunological reactivity of a-SMA was observed at the loose
fibrous tissue closely packed at the outer surface of the struts
(Fig. 9(b1), red arrows) and at the endothelial walls of the newly
proliferating longitudinal and transverse capillaries (Fig. 9(b2)
and Fig. S3(b2)t). At three months, a-SMA expression was also
observed within the sprouting capillaries around the degrading
DIO struts (Fig. 9(b3), (b4), and Fig. S3(b4)t). However, this reac-
tivity decreased by the six-month timepoint (Fig. 9(b5), (b6) and
Fig S3(b6)T). No signs of fibrous encapsulation were observed at
any timepoint (Fig. S3(b1), b(3) and (b5)¥).

CD68 expression. At the one-month timepoint, CD68
expression was mainly observed at the endothelial wall mem-
brane of blood vessels (Fig. 9(c1), (c2) and Fig. S3(c2),T black
arrows). At three months, CD68 expression was seen at the con-
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Fig. 8 H&E and immunohistochemical analysis of the CAP scaffolds at one (T1), three (T2) and six (T3)-month timepoints (n = 5). CAP struts main-
tained integrity throughout the six-month period (al-a3). At one month, a provisional adipose matrix formed within the scaffold pores (a4 and a5,
red arrows), with sparse fibers at fusion points (a4 and a5, black arrows). By three months, giant cells were observed at fusion points, with increased
cell density lining the struts (a6 and a7, black arrows). At six months, cell agglomerating around fusion points (a8, double black arrows) and giant
cells around the scaffold struts (a9, double black arrows) were observed. a-SMA staining showed smooth muscle cells around struts (b1 and b3,
black arrows) and along capillary membranes at all timepoints (b1-b6). CD68 was strongly expressed at strut edges and fusion points with giant cells
at one month (cl1 and c2, black arrows), extending to fibrous tissue by three months (c3 and c4). At six months, the CD68 reactivity decreased and
was localized to fusion points (c5 and c6, black arrows). iINOS was strongly expressed within the fibrous tissue throughout, with intensity decreasing
over time (d1-d6). CD163 was seen at one and three months around struts (el, black arrows) and within connective tissue (e2 red arrows, e3 and
e4), increasing at six months in blood vessels (e5, black arrows) and fibroblasts (e6, red arrows).
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al) a2) a3)

Fig. 9 H&E and immunohistochemical analysis of the CAP/DIO composite at one (T1), three (T2) and six (T3)-month timepoints (n = 5). DIO degra-
dation began at one month (al), accelerated by three months (a2), and was complete by six months (a3). CAP struts maintained their structure, support-
ing the newly formed tissue (al—a3), while DIO strut spaces were replaced by a provisional tissue matrix (a3). At one (a4 and a5) and three (a6 and a7)
months, the tissue matrix was mainly adipose tissue within the pore centers (a4 and a6, red arrows) and loose fibrous tissue around the struts (a8 and
a9 double black arrows), with giant cells at fusion points (a4 and a5, single black arrows). By six months, DIO was replaced by organized epithelial tissue
supported by CAP fibers (a8, dotted square and a9). a-SMA staining showed reactivity at fibrous tissue around the scaffold struts (b1, red arrows), with
capillaries forming around struts at one (b1 and b2) and three months (b3 and b4). No fibrous encapsulation was observed by six months (b5 and b6).
Positive CD68 reactivity was observed at blood vessels at one month (c1 and c2, black arrows), peaking around degrading DIO at three months (c3 and
c4, black arrows), and sharply decreasing by six months (c5 and c6). iINOS activity was present at all timepoints (d1-d6), with the strongest reactivity in
fibrous tissue and lymphatic vessels at three months (d3 and d4, double black arrows), decreasing by six months (d5 and d6). iINOS reactivity was also
seen at giant cells (d5 and d6, black arrows) and fibroblast/monocyte cells (d6, red arrows). CD163 was observed at fibrous tissue (el) and fibroblasts
(el and e2, red arrows) at one month, decreasing and localized at strut edges by three months (e3 and e4, double black arrows). By six months, CD163
was localized to fibroblasts around DIO remnants (e5 and e6, red arrows). Asterisks indicate DIO remnants.
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Fig. 10 Quantitative analysis of the immunohistochemical analyses for a-SMA, CD68, iNOS and CD163 markers (n = 5). (al—-a3) The CAP group
shows higher a-SMA staining percentages than CAP-DIO and DIO for T1 and T2 timepoints, with significant differences between CAP and CAP-DIO
at T1 and CAP and DIO at T2 timepoints. CAP a-SMA expression significantly decreases after six months when compared to the CAP-DIO group;
(b1-b3) CD68 staining percentages are generally low across all groups. However, there are significant differences between CAP and DIO at the T2
timepoint and between CAP and CAP-DIO at the T3 timepoint, indicating variations in macrophage activity; (c1-c3) INOS response is characterized
by an increasing infiltration of inflammatory cells for the CAP group with significantly higher amounts of iNOS reactivity at T1 and T2 timepoints
when compared to CAP-DIO and DIO, respectively. (d1-d3) CD163 staining percentages are relatively low, with significant differences observed
mainly at T1 between CAP and DIO, and at T3 between CAP and CAP-DIO groups. The means of the different treatment groups were compared
within the same animal and same timepoint. The dataset was analysed using nonparametric Kruskal—Wallis and Mann—Whitney tests. Five tissue sec-
tions (n = 5) were used for each antibody (**p < 0.01 and *p < 0.05). Graph bars are depicting the mean with standard deviation.

tinuous cell sheet confining and surrounding the outer surface
of the rapidly degrading DIO strut remnants (Fig. 9(c3) and (c4),
arrows), possibly scavenging the fast degrading material. Yet, at
three months, the provisional matrix tissue formed around the
composite struts, especially at CAP fusion points, was also posi-
tively stained for CD68 (ESI Fig. S3(c4), double back arrows). At
six months, CD68 macrophagic expression progressively
decreased (Fig. 9(c5), (c6) and Fig. S3(c5) and (c6)7).

iINOS expression. At the one-month timepoint, pro-inflamma-
tory immunological activity, detected by iNOS expression, was
observed at the loose provisional fibrous tissue formed around
the composite struts (Fig. 9(d1), (d2) and Fig. S3(d1) and
(d2)t), increasing for the three- and six-month timepoints,

This journal is © The Royal Society of Chemistry 2025

especially within the plasma of blood vessels (Fig. 9(d3), (d4)
and Fig. S3(d4),t double black arrows) and later at the cell
lining and the outer surface of the composite struts (Fig. 9(d5)
and Fig. S3(d6), double back arrows). Positive reactivity of
CD68 was also observed at giant cells and fibroblast/monocyte
cells within the aggregates of the fibrin strands around the
CAP/PDO surface (Fig. 9(d6), red arrows).

CD163 expression. Strong CD163 anti-inflammatory activity
was observed within the new provisional tissue formed and
fibroblasts at the one-month timepoint (Fig. 9(e1) and (e2), red
arrows, and ESI Fig. S3(e1) and (e2),f double back arrowst)
and decreasing over the three- and six-month timepoint
period. At three months, CD163 expression appeared to be
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located around the DIO degrading material and within the
plasma of blood vessels closely associated with the outer
surface of the construct struts (Fig. 9(e3) and (e4), black arrows,
and ESI Fig. S3(e3) and (e4),f black arrowstf). Later, at six
months, CD163 expression was mainly located at the fibroblast
cells of the newly formed fibrous tissue (Fig. 9(e5) and (e6), red
arrows, and ESI Fig. S3(e5) and (e6),T double black arrowst).
Complementary quantitative analysis (ESI Fig. S4-S67) of our
qualitative observations indicated that each experimental group
triggered a distinct host tissue response, characterized by
varying levels of cellular infiltration, vascularization, extracellu-
lar matrix deposition, and tissue regeneration. The CAP group
exhibited higher o-SMA staining reactivity than both the
CAP-DIO and DIO groups, with significant differences emerging
between CAP-DIO and DIO at one and three months, respect-
ively (Fig. 10(a1-a3)). Specifically, a-SMA expression in the CAP
group significantly decreased after six months compared to the
CAP-DIO group (Fig. 10(a3)), with a-SMA primarily localized
around blood vessels. This suggests that elevated a-SMA
expression was associated with vascular remodeling rather than
scaffold encapsulation. In contrast, the DIO group showed
increased a-SMA expression at three months, but no encapsula-
tion was observed, as the scaffold material had completely
degraded after six months of implantation. CD68 staining, indi-
cating macrophage activity, was generally low across all groups
(Fig. 10(b1-b3)); however, significant differences were noted at
specific timepoints: between CAP and DIO at three months
(Fig. 10(b2)) and between CAP and CAP-DIO at six months
(Fig. 10(b3)). Further analysis revealed early inflammatory
responses, with the CAP group showing significantly higher
iNOS staining compared to CAP-DIO at one month (Fig. 10(c1))
and compared to DIO at three months (Fig. 10(c2)), indicative of
a more pronounced M1 macrophage (pro-inflammatory)
response at earlier timepoints than after six months (Fig. 10
(c3)). Nevertheless, the CAP group demonstrated consistent
signs of constructive tissue remodeling, with significant differ-
ences in comparison with the DIO group at one month and in
comparison with CAP-DIO at six months (Fig. 10(d1-d3)).

Discussion

This study focused on the design of scaffolds with tuneable
dynamic changes in mechanical and structural behaviour criti-
cal for SGSTR. The design-dependent workflow allows local
tuning of the erosion pathway of the scaffold architecture. It
addresses long-term mechanical stability and shape retention
to minimize excessive external loads applied to the newly
formed tissue at early as well as later stages of regeneration. It
also allows modulation of mechanical compliance and free
volume expansion, leading to higher compliant deformation
due to the regenerated tissue properties. This design concept
also yielded a controllable pathway for tissue guidance, result-
ing in the formation of organized tissue and blood vessels
within the expanded pores, which appears to support later
stages of mature non-fibrous tissue remodelling.
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One notable application of this platform is in developing
breast scaffolds, which require large pores due to their size and
the extended healing process, often taking over a year for com-
plete tissue regeneration. The platform ensures that these larger
pores remain mechanically stable during the later stages of
healing while supporting new tissue growth within them. The
presence of newly forming tissue within the large pores fosters
angiogenesis, encouraging the development of new blood vessels
and promoting tissue growth and remodelling throughout the
scaffold. This dual functionality is critical for successful long-
term regeneration, providing both structural support and an
environment conducive to tissue integration and vascularization.

It should be highlighted that the FFF method has signifi-
cant advantages over pellet-based melt extrusion processes.
FFF has the advantage that medical-grade monofilaments of
CAP and DIO are exposed to high temperatures for only a short
period, namely less than 1 minute. This is especially important
for DIO since it is sensitive to thermal degradation, leading to
highly compromised melt processing over time."'®

Importantly, from a translational research point of view, uti-
lizing FFF along with medical-grade polymers facilitates regu-
latory considerations in scaffold design, material selection,
and manufacturing to fulfil quality system (QS) requirements
and enhance the study’s suitability for a future regulatory
approval process."’

In the study’s first phase, we investigated which accelerated
degradation conditions mimic the physiological erosion
pathway that occurs in vivo at pH 7. In vivo, the degradation of
aliphatic polyesters predominantly proceeds through hydro-
lysis of the polymer backbone rather than through enzymatic
degradation.>® However, since in vitro degradation of some
polyesters at ~pH 7 occurs over an extended period, acid- or
base-catalysed hydrolysis is widely used by researchers to accel-
erate the in vitro degradation process.”™** It is hypothesized
that in vitro accelerated degradation exhibits degradation
pathway(s) and mechanical changes that predict those
observed in a physiological environment.

The results of this study suggested that both DIO and CAP
exhibit bulk erosion in acidic and neutral environments and
show severe surface erosion under basic conditions. This
difference is attributed to different water penetration rates and
hydrolysis speeds for these media. The degradation kinetics of
polyesters is governed by the hydrolytic cleavage of ester bonds
on the polymer backbone. Under basic conditions, since
hydrolysis is faster than water penetration, hydrolytic attack
mainly occurs on the surface of the polymer. Meanwhile,
under acidic and neutral conditions, water penetrates the
polymer faster than hydrolytic attack on the surface and thus
hydrolysis internally within the polymer network leads to pre-
dominantly bulk degradation.>® Therefore, compared to basic
conditions, acidic and neutral conditions result in similar
changes in mass, morphology, crystallinity, thermal behaviour,
mechanical properties and stability of the structures, albeit
over a faster time course under acidic conditions.

In most of the previously published studies, accelerated
hydrolytic degradation of polyesters has been performed under
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basic conditions, likely due to the more aggressive hydrolysis
reaction than acid catalysis.>**® However, the results herein
show that acid catalysis closely mirrors the erosion pathway
under neutral conditions and therefore is better suited as a
degradation model than the frequently used basic model. This
is an important finding, with implications across various study
designs. Accelerated degradation is a valuable tool for studying
the behaviour of materials with long periods of degradation
under physiological conditions. Rather than replacing the
need for real-time degradation studies, accelerated degra-
dation provides a complementary approach that can answer
some preliminary questions and hence aid in the design of
longer-term studies. Thus, using an accelerated model that
mimics the changes observed under neutral conditions as
closely as possible is imperative.

In most previous studies, polydioxanone and polycaprolac-
tone, the main components of DIO and CAP, have been investi-
gated in films.*®*” Yet, it has been observed that for 3D-
printed structures, loss of integrity is mainly prominent at the
fusion points where cracks or small contact areas result in
delamination and failure. It is therefore imperative to assess
the modes and degradation kinetics of 3D-printed scaffolds,
rather than bulk or cast materials, because, for scaffolds,
failure is primarily due to degradation at the fusion points.

In the next phase of the study, utilizing toolpath planning
and multi-material printing, composite scaffolds of CAP/DIO
were developed and evaluated under accelerated degradation.
Over six hours of degradation in acidic media (corresponding
to 7-8 weeks under neutral conditions), SEM analysis illus-
trated that DIO struts became highly fragile and disintegrated.
In contrast, CAP struts remained stable at the fusion points.
During this time, the pore size increased and the structure
indicated a more flexible and compliant behaviour while long-
term integrity was preserved. CAP/DIO composite scaffolds
with aspect ratios of 1:1 and 1: 2 indicated a 2.1-fold and 3.1-
fold reduction in elastic modulus, respectively, while the pore
size increased from 0.5 to 2 mm and 1 to 2 mm, respectively.
This result demonstrates that by using different design strat-
egies for CAP and DIO struts, the erosion pathway of the com-
posites and changes in their mechanical and structural charac-
teristics can be modulated, where degradation of DIO pro-
duces larger pores and increased mechanical compliance
while the stability of CAP fusion points provides long-term
integrity.

In vivo biocompatibility is a critical characteristic of a 3D
scaffold printed from a medical-grade polymer. To study the
in vivo degradation and biocompatibility, single-material and
dual-material scaffolds were implanted subcutaneously in rats
for six months. The DIO single-material scaffold demonstrated
the fastest degradation rate with a rapid reduction in elastic
modulus from 7.82 to 0.03 MPa after three months and com-
plete disintegration after six months. In contrast, the CAP
single-material scaffold preserved its structural integrity,
showing an increased elastic modulus from 5.58 to 6.92 MPa
and an increasing trend towards a brittle structure.
These results align with other studies, showing that the amor-
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phous phase is degraded first, leading to an overall higher
crystallinity of the remaining macromolecular scaffold
architecture.*®*”

The surgical trauma associated with the preparation of the
implant site initiates a cascade of physiological processes that
comprise wound healing. The surgery to implant the scaffolds
initially induces a vascular response in intact vessels surround-
ing the implant site, resulting in the leakage of fluid (edema)
and blood proteins. Blood elements from the cut vessels form
a fibrin clot, a provisional matrix into which cells can migrate.
Phagocytic cells, first polymorphonuclear neutrophils and
then macrophages, infiltrate the surgical site and begin ingest-
ing the cellular and extracellular matrix debris. Endothelial
cell migration and the formation of new blood vessels follow.
Fibroblasts invade the fibrin clot and form an extracellular
matrix mainly composed of types I and III collagen. The tissue
comprising phagocytic cells, newly forming blood vessels and
fibroblasts, which form within the first days (acute phase) of
healing, is referred to as granulation tissue. After that, the par-
enchymal cells of the surrounding tissue begin to infiltrate the
newly forming stroma. H&E analysis of DIO scaffolds demon-
strated that the provisional matrix initially starts to form
around the surface of the struts. However, after three months,
the morphology was totally subsided and left with disorga-
nized loose collagen fibers that could not retain the shape of
the original architecture. The remnants of DIO were also sur-
rounded by multinuclear cells, representing the last stages of a
foreign body reaction.

Conversely, H&E analysis of CAP scaffolds indicated that
the fibers and pore size remained stable up to six months
post-implantation, and thick collagen fibers were formed
around the fusion points. No sign of fibrotic encapsulation
was observed for both DIO and CAP scaffolds. Moreover, sig-
nificant longitudinal differences between M1 and
M2 macrophagic activity were quantitatively detected. There
appeared to be simultaneous pro-inflammatory and anti-
inflammatory activity highly expressed at the surface of the
DIO and CAP struts, as well as within the provisional matrix
formed, possibly due to the body’s attempt to degrade/remove
the CAP and DIO remnants as well as regulate the angio-
genesis processes. The interplay between a-SMA and iNOS
expression patterns reinforces this observation. Since iNOS has
been associated with vascular remodeling,*®?° its expression
aligns with a-SMA expression at blood vessels observed at later
timepoints. Macrophages play a crucial role in this process,
releasing vascular endothelial growth factor signals that drive
vessel recruitment. Sprouting endothelial cells and fibroblasts
follow these cues and orchestrate extracellular matrix depo-
sition. Consistent with previous studies using similar
materials, M1 activity was significantly greater than M2 activity
in the CAP and CAP-DIO groups over the first three months.
However, this disparity became less pronounced after six
months.?® These observations confirm the coexistence of both
macrophage subtypes and emphasize their critical role in
scaffold degradation, integration and vascular and tissue
remodelling at later stages of SGSTR.

Biomater. Sci., 2025,13, 2115-2133 | 2131


https://doi.org/10.1039/d4bm01132e

Published on 10 February 2025. Downloaded on 2/20/2026 6:33:48 PM.

Paper

The erosion and tissue formation pathways of CAP/DIO
scaffolds differed significantly from those of single-material
scaffolds of DIO and CAP. The dual material scaffolds
remained mechanically stable after six months of implantation
while showing a gradual decrease in the elastic modulus from
5.84 to 2.84 MPa (increase in compliance) and, at the same
time, showing a 2-fold increase in pore size (expansion of free
volume). Remarkably, H&E results demonstrated that DIO
struts were entirely replaced with a continuous provisional
stroma-like highly organized and vascularized tissue. The
newly formed tissue was mechanically supported by CAP struts
and retained its shape and integrity, while following the
overall geometry of the scaffold. This guided tissue regener-
ation pathway observed in the CAP/DIO composite results from
the locally tailored erosion pathway, attributed to the rational
contribution of slow and fast degrading polymers in the com-
posite structure. Initially, DIO struts provide a high surface
area, facilitating cell attachment and proliferation. They act as
a guide for forming the fibrin clot and subsequently for
hosting cells while gradually degrading to provide larger local
spaces for the invading tissue. Since the newly formed tissue is
mechanically supported by CAP struts, it does not collapse,
even after the disintegration of DIO struts. Instead, it results in
a highly structured stroma-like tissue after six months. Such a
well-ordered tissue formation was not observed in single-
material scaffolds of CAP or DIO. Thus, it appears that the
presence and interplay of both polymers are essential in the
guided tissue regeneration pathway from early stages of cell
attachment to later regeneration and remodelling stages.

Conclusion

Rational design strategies for CAP and DIO struts using tool-
path planning of multi-nozzle 3D printers offer a promising
approach to modulate the biodegradation and mechanical
properties of a dual-material scaffold for SGSTR. This
approach allows for increased mechanical compliance, expan-
sion of free volume, and improved mechanical stability and
shape retention for up to six months, which are critical
requirements for SGSTR. These controllable mechanical and
architectural variations result in the formation of highly orga-
nized and vascularized soft tissue. Additionally, through
polymer degradation, enlarged pores are formed, which
support further stages of angiogenesis and stroma tissue
formation.
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