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Biodegradable polycaprolactone/p-tricalcium phosphate (PT) composites are desirable candidates for bone tissue
engineering applications. A higher f-tricalcium phosphate (TCP) ceramic content improves the mechanical,
hydrophilic and osteogenic properties of PT scaffolds in vitro. Using a dynamic degradation reactor, we estab-
lished a steady in vitro degradation model to investigate the changes in the physio-chemical and biological
properties of PT scaffolds during degradation.PT46 and PT37 scaffolds underwent degradation more rapidly than
PT scaffolds with lower TCP contents. In vivo studies revealed the rapid degradation of PT (PT46 and PT37)
scaffolds disturbed macrophage responses and lead to bone healing failure. Macrophage co-culture assays and a
subcutaneous implantation model indicated that the scaffold degradation process dynamically affected macro-
phage responses, especially polarization. RNA-Seq analysis indicated phagocytosis of the degradation products of
PT37 scaffolds induces oxidative stress and inflammatory M1 polarization in macrophages. Overall, this study
reveals that the dynamic patterns of biodegradation of degradable bone scaffolds highly orchestrate immune
responses and thus determine the success of bone regeneration. Therefore, through evaluation of the biological
effects of biomaterials during the entire process of degradation on immune responses and bone regeneration are

necessary in order to develop more promising biomaterials for bone regeneration.

1. Introduction

Bone tissue engineering (BTE) is a promising strategy for treating
bone defects when the defect zone exceeds the critical size for the self-
healing capacity of bone [1]. Scaffolds fabricated with various mate-
rials can serve as components of extracellular matrix (ECM) and provide
an appropriate microenvironment for cellular adhesion and bone
ingrowth [2,3]. Compared with bioinert materials, biodegradable ma-
terials are considered as better candidates for bone tissue engineering as
they are resorbed by surrounding tissues and ultimately replaced by
natural bone structures [4,5]. Define PCL and PCL-based scaffolds have
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been approved by the Food and Drug Administration (FDA) and widely
used as tissue engineering scaffolds [6,7]. However, due to the lack of
bioactive agents, materials made of PCL alone are rarely used as bone
tissue engineering scaffolds. Thus, other biological components such as
ceramics, metals, bioactive factors and drugs are incorporated into PCL
scaffolds to enhance their biological properties [8-10]. The combination
of bio-ceramics with PCL not only effectively neutralizes the acidic
byproducts of scaffold degradation, but also enhances the degradability
of the scaffolds and augmentes their bone regenerative effects [11-13].

Calcium phosphate-based bio-ceramics such as hydroxyapatite and
tricalcium phosphate (TCP) can significantly enhance the
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biocompatibility and osteoconductivity of polymer scaffolds [14,15].
TCP is commonly used in bone tissue engineering due to its fast degra-
dation rate and ability to induce bone-material bonding. Researchers
have also reported that TCP can stimulate macrophage responses and
promote osteogenesis [16]. In our previous studies, we fabricated a
biodegradable polycaprolactone-tricalcium phosphate (PCL/TCP; 80/20
composition) scaffold as spinal fusion cage using a fused deposition
modeling (FDM) technique. The PCL/TCP scaffolds achieved barely
satisfactory osteointegration in vivo, but the in-growth of inner bone was
not significant and may limit further application of these composite
scaffolds in bone repair [17]. Studies have shown that incorporation of
higher ceramic contents into scaffolds may improve the osteogenic dif-
ferentiation of osteoblasts and bone healing effects in vivo [18-20].
Thus, our group further increased the TCP mass ratio and 3D printed a
range of blended PCL/B-TCP composite scaffolds with a balanced mass
fraction (70/30 to 30/70 w/w).

Many researchers have demonstrated that the mechanical strength,
hydrophilicity and degradability of polymer-based composites were
improved when the ceramic ratio is enhanced [11,21,22]. The degrad-
ability highly influences both scaffold degradation and the bone
regeneration process. In our previous studies, we found that new bone
formation dynamically synchronizes with the degradation of PCL/TCP
scaffolds (80/20) and that a relatively slow degradation rate may hinder
the long-term bone ingrowth. Based on this finding, the improved de-
gradability of PCL/TCP scaffolds with higher ceramic contents may also
enhance new bone formation and substitution. Many other researchers
have also focused on tailoring the degradability of materials to control
biological processes and improve bone repair [23-25]. However, the
scaffold degradation process is a “double edged sword” during bone
regeneration: while degradation of PCL/TCP scaffolds creates space for
cellular infiltration and new bone in-growth, excessive degradation may
lead to collapse of the scaffolds and a loss of integrity, which might limit
the adhesion and proliferation of osteoblasts. In addition, massive
release of degradation products may promote inflammation and a
foreign body reaction [26,27].

The implantation of synthetic scaffolds in the site of bone defect
causes immune responses and changes in immune microenvironment,
which in turn influence the immunological regulation of bone repair.
Immune cells, including neutrophils, lymphocytes, dendritic cells and
macrophages, participate in the formation of a bone -immune micro-
environment. Neutrophils appear around biomaterials implanted during
the initial inflammatory period, and the macrophages become the pri-
mary cells present in the host-scaffold interactions [28]. Macrophages
are highly heterogeneous and plastic immune cells. According to their
surface markers and cell function, macrophages are usually classified as
classically activated M1 subtypes and alternatively activated M2 sub-
types. “Classically activated” M1 macrophages, which are known for
production of pro-inflammatory cytokines, are indispensable in initia-
tion of inflammation, cell recruitment and clearance of debris at the
early stage of bone repair. M2 macrophages are primarily involved in
the termination the inflammation and bone formation in the middle and
late stage of bone repair. Therefore, M2 macrophages are also referred to
“anti-inflammatory” or “pro-regenerative” macrophages [29]. With
increasing understanding of the important role of macrophages in bone
tissue engineering, many researchers focused on the development of
smart immune environment responsive materials to modulate the po-
larization of macrophages and promote bone regeneration [30,31].
Variations in the chemical and physical properties of degradable scaf-
folds during scaffold degradation and bone tissue replacement may alter
the surrounding immune responses and concomitant bone repair pro-
cesses. Although degradation of bio-degradable materials has been
recognized to have crucial effects on bone regeneration, the underlying
mechanisms still remain unclear. This lack of knowledge is mainly due
to the stable properties and extremely slow degradation rate of biode-
gradable bone repair materials and the absence of a stable and biconi-
cally accelerated model of polymer-based scaffold degradation in vitro.
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In this study, we verified that PCL/B-TCP scaffolds with varied compo-
sitions exert profoundly different effects on bone healing at each stage of
degradation. Therefore, based on these interesting findings, we designed
and prepared a dynamic bio-degradation device for PCL/TCP scaffolds
based on related research on bio-resorbable magnesium [32]. Using this
device, we carried out extensive experiments to investigate the dynamic
physiochemical changes and consequent biological effects of degraded
scaffolds at different stages of the bone healing process.(see Scheme 1)

2. Materials and methods
2.1. Scaffold preparation

PCL/B-TCP degradable scaffolds were fabricated using a fused
deposition modeling technique, as previously reported. Medical grade
PCL (Mn = 110 kDa) was purchased from PolyMTEK Biomedical Ma-
terial Company (ShenZhen, China) and B-TCP was purchased from
ZhongHong Chemical Co., Ltd (Lianyungang, China). The PCL and 3-TCP
were separately pulverized into granules at 60 °C and mixed at various
PCL:B-TCP ratios (70:30, 60:40, 50:50, 40:60, and 30:70 by mass,
designated as PT73, PT64, PT55, PT46 and PT37, respectively). The
mixtures were added into a twin-screw melt extruder at 70 °C and the
extruded mixtures were cut into rods with a diameter of 5 mm. The rods
were then printed into three models of porous scaffolds (pore size: 600
pm; filament diameter 400 pm). Disc porous scaffolds (diameter 10 mm;
height: 5 mm) were used for the in vitro cell experiments or subcuta-
neously implanted. Cylindrical porous scaffolds (diameter 3.5 mm;
height 5 mm) were implanted into femoral defect zones. Cubic porous
scaffolds (length of bottom edge 5 mm; height 10 mm) were used for the
material characterizations and mechanical tests.

2.2. Scaffold characterization

Scanning electron microscopy (SEM, FE-SEM, S-4800, HITACHI,
Japan) was used to assess the morphology of the scaffold surfaces. The
crystal phases of the scaffolds were scanned by X-ray diffractometry (X
Pert MPD PRO, PANalytical BV Netherlands) at a range of 10-90° at 8°/
min under an operating voltage of 40 kV. The surface water contact
angle of the PCL/TCP scaffolds was detected with a contact angle
goniometer DSA100E (KRUSS, Germany). Fourier transform infrared
spectra (FTIR) transmission spectra of PCL/TCP scaffolds were gener-
ated using a Spectrum FT-IR microscopy Nicolet IS5 (ThermoFisher,
Waltham, MA, US) from 4000 to 500 cm—1. Stress relaxation testing was
performed using a Model 858 Material Testing System (MTS Systems,
Eden Prairie, MN, USA) at 0.3 mm/min until 10% of maximum
compressive strain was reached. Melting curves were generated by dif-
ferential scanning calorimetry (DSC 3, Metteler-Toledo, Zurich,
Switzerland). The viability of L-929 fibroblasts (Annoron, Beijing,
China) was determined using the Cell Counting Kit-8 assay (CCK-8;
Dojindo, Kumamoto, Japan) and adhesion morphologies of 1929 fibro-
blasts seeded on scaffolds were assessed via SEM. MC3T3-E1 cells (bio-
73319, Biobw, China) were cultured in scaffold-conditioned osteogenic
media (Cyagen Biosciences, Inc., Santa Clara, CA, USA) and ALP activity
was measured on day 5 using the Alkaline Phosphatase Color Develop-
ment Kit (P0321, C3206, Beyotime Institute of Biotechnology) at an
absorbance value of 410 nm. Alizarin red S (ARS, Sigma-Aldrich Co., St.
Louis, MO, USA) staining was performed on day 10 to detect mineral
nodules.

2.3. Dynamic bio-degradation model and characterization of degradation
patterns

The novel biodegradation reactor shown in Fig. 2A was developed to
characterize the PT scaffolds at different stages of degradation. The
dynamic biodegradation reactor consists of a liquid peristaltic pump
(flow speed: 0.007-7 mL/min; CHONRY, Baoding, China), a scaffold
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Scheme 1. Schematic illustration of the mechanisms of scaffold degradation-mediated macrophage polarization and bone healing processes. A) Degradation of
typical PT 55 scaffolds mediates sequential macrophage M1-M2 polarization and a matched “slow early-fast afterwards” bone regeneration mode. B) Degradation of
typical PT37 scaffolds mediates ROS generation by macrophages, constant M1 polarization and a disordered “fast initially-slow in late stage” bone regenera-

tion mode.

holder box (designed for fixation of cylindrical and cubic scaffolds), a
peristaltic pump silicone tube (inner diameter: 0.8 mm, LONGER PUMP,
Baoding, China) and a degradation medium container. Degradation
media including hydrochoric acid (1 M), sodium hydroxide (1 M), lipase
solution (100U/ml) and hydrogen peroxide were used to circulate in the
biodegradation reactor. Hydrochloric acid and sodium hydroxide
accelerate the hydrolysis of PCL/TCP scaffolds. Lipase is a type of hy-
drolytic enzyme, and the lipase solution accelerated the degradation of
PCL/TCP through enzymatic hydrolysis. Oxidative degradation of
hydrogen peroxide mainly depends on the attack of free radicals on the
ester bonds. All scaffolds were fixed in the scaffold box, perfused with
degradation medium (1 M sodium hydroxide). The degradation medium
flow rate was set to 1 mL/min to mimic the flow of body fluids in bone
tissue. The morphology of the materials, surface structure, mechanical
properties, weight changes, molecular weights and degradation prod-
ucts were characterized after immersion of the scaffolds for 30, 60, 180
or 360 min. At the predetermined timepoints, the scaffolds were
removed and dried for 3 h in a dryer. The morphology and compressive
moduli of the degraded scaffolds were assessed as above described. The
residue molecular weight was measured by gel permeation chromatog-
raphy (Waters 1525, Milford, MA, USA). The dry weights of the scaffolds
were recorded (Mn); MO was the initial scaffold weight. The percentage
weight loss of the specimens was calculated using weight loss (%) = (Mo
- Mn)/Mp x 100%. Finally, the degradation medium was collected and
centrifuged. The degradation products were analyzed by transmission
electron microscopy (TEM), electron diffraction and laser particle size
analysis (LPSA). In brief, TEM (JEM-2100Plus, JEOL, Japan) at 300 kV
was used to observe the morphology of the degradation particles, and
the crystal structures of selected regions were determined by electron
diffraction. The particle size of degradation products was analyzed by
LPSA (Mastersizer 2000, Malvern Panalytical, UK).
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2.4. In vivo bone repair experiments

All animal procedures were approved by the Institutional Animal
Care Committee of Air Force Medical University. Male Sprague Dawley
(SD) rats (12-weeks-old, weighing 280 + 24 g) were acclimatized to a
specific pathogen-free (SPF) environment. Sixty rats were divided into
five groups, with twelve rats each. The animals were anesthetized using
4 mg/kg xylazine hydrochloride and 30 mg/kg of 2% (w/v) pentobar-
bital (Rongbai Biological Technology Co., Ltd, Shanghai, China) for
surgery. Standardized cylindrical femoral defects (approximately 4 mm
in diameter; 5 mm long internally and externally) were created in the
distal femur above the medial femoral condyle under saline irrigation,
then the defects were implanted with PT73, PT64. PT55, PT46 or PT37
cylindrical porous scaffolds. Bone wax was used to seal the tunnels and
the wounds were sutured in layers. The rats received perioperative an-
tibiotics (50 kU/kg penicillin) by intramuscular injection and post-
operative medical care. Four rats in each group were sacrificed 4, 10
and 16 weeks after surgery.

2.5. Histological staining and immunohistochemistry

The rat femoral condyle specimens were cut into two parts for
analysis (n = 3). For non-decalcified sections, the femur condyle samples
implanted with the PT scaffolds were embedded in methyl-methacrylate
(MMA) and 200-pm-thick serial sections were prepared and polished to
50 pm for fluorescent double-label analysis and Van Gieson staining. To
achieve fluorescent double staining, rats were intramuscularly injected
with alizarin red (75 mg/kg; Amresco Ltd., Boise, ID, USA) 14 days and
calcein (8 mg/kg; Sigma-Aldrich) 4 days before euthanasia. Specimens
were embedded in methyl-methacrylate (MMA), sectioned using a
modified interlocked diamond saw (Leica Microtome, Heidelberg, Ger-
many), and observed using a fluorescence microscope with a fluorescein
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isothiocyanate (FITC) filter for alizarin red and rhodamine filter for
calcein. The Bone formation rate/Bone surface (BFR/BS) of new bone
formation was calculated as the distance between the two labels divided
by time (pm/d*100; n = 3). For decalcified sections, the specimens were
demineralized in 10% EDTA for 6 weeks and serial 5-ym-thick cross-
sections were subjected to Masson’s trichrome staining and TRAP
staining (Sigma-Aldrich) according to the manufacturer’s instruction.
For immunohistochemical fluorescent staining, sections were incubated
with specific primary antibodies overnight at 4 °C, including anti-CD68
(ab125212, Abcam, Cambridge, UK), Anti-CD206 (ab64693, Abcam)
and Anti-CCR7 (ab32527, Abcam), followed by corresponding second-
ary antibodies (ab150080, ab150077 and ab150075, Abcam) and DAPI
(ThermoFisher), and imaged using a fluorescent microscope (FV1000,
Olympus, Japan).

2.6. Morphological observations

The femur samples (n = 3 per group) were dissected, fixed in 80%
ethanol and subjected to micro-CT scanning (SKYSCAN 1276; Bruker,
Germany). The region of interest (ROI) was a 3.5 x 3.5 x 5 mm® cy-
lindrical region centered on the tunnel defect along the same major axis.
The scanning parameters were a scan resolution of 8 ym, scan angle of
360° rotation, scan voltage of 80 kV and scan current of 500 pA. CT
Analysis and VG Studio 2.1 software (Heidelberg, Germany) were used
to analyze the data in 2D and 3D and VG Studio 2.1 software was used to
analyze the bone volume and scaffold volume ratio. The ultra-
microscopic morphological and elemental composition changes in the
scaffolds implanted in vivo were characterized by scanning the scaffold-
bone tissue interface using SEM and Energy EDS at a voltage of 15 kV.
EMAX ENERGY (S-4800, HITACHI, Japan) was used to determine the
chemical composition and content of the samples. Ca, P and O elemental
signals were recorded and calculated.

2.7. Invitro co-culture of macrophages with degraded scaffolds

SEM and EDS inspection of degraded scaffolds in vitro were per-
formed at regular intervals. The surface erosion and elemental compo-
sition were recorded. The Ca, P and C elemental signals in vitro were
counted and relevant elemental contents were used to match that of
scaffolds in vivo at 4, 10 and 16 weeks. The stage of degradation was
classified as D1 (early stage), D2 (mid-stage), or D3 (late stage), which
correspond to the stage of degradation in vivo at 4, 10, and 16 weeks.
Specific elemental contents and the degradation time required for
different scaffolds were recorded in Fig. S6 in supplementary material.

RAW 264.7 macrophages (icell-m047, iCell Bioscience Inc.,
Shanghai, China) were cultured in Dulbecco’s modified Eagle’s medium
(HyClone, Logan, UT, USA) and 10% fetal bovine serum (FBS; Gibco,
Waltham, MA, USA) in a 5% CO2 atmosphere in an incubator at 37 °C;
the medium was changed every day. All degraded scaffolds were washed
with PBS for 24 h and sterilized with ethylene oxide, then 200 pL of RAW
264.7 macrophage suspension (5 x 104 cells/mL) was dropped on the
different groups of degraded scaffolds (n = 3) and treated and analyzed
as described below.

2.7.1. Morphological observation of macrophages on degraded scaffolds

Macrophage-scaffold composites were cultured in an incubator at
37 °C for 3 days, fixed with 3% v/v glutaraldehyde at 4 °C for 6 h, then
dehydrated in a graded ethanol series, critical-point dried, sputtered
with gold and subjected to SEM analysis.

2.7.2. Macrophage protein analysis

For immunofluorescent staining, RAW264.7 macrophages cultured
with the degraded scaffolds for 48 h were fixed with 4% para-
formaldehyde for 20 min, permeabilized with 0.2% Triton X-100 for 20
min, blocked with 1% bovine serum albumin for 2 h, and incubated with
primary antibodies against CD86 (ab119857, Abcam) and CD206
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(ab64693, Abcam) diluted 1:200 at 4 °C overnight. The composites were
then incubated with Goat anti-Rat Alexa Fluor 647 conjugated second-
ary antibody (ab150167, Abcam) and Goat anti Rabbit Alexa Fluor 488
conjugated secondary antibody (ab15077, Abcam) for 1 h, followed by
nuclear staining with 4,6-diamidino- 2-phenylindole (DAPI) for 5 min.

For western blotting, the RAW264.7 macrophages cultured on the
degraded scaffolds were lysed with RIPA Lysis and Extraction Buffer
(ThermoFisher), the protein concentrations were determined using the
BCA protein concentration assay kit (P0012S, Beyotime, Shanghai,
China), 30 pg protein from each sample was subjected to electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane (Merck Millipore, MA, USA). The membrane was blocked in
5% w/v bovine serum albumin (BSA, Solarbio, Beijing, China) and
incubated with blocking buffer containing the diluted primary anti-
bodies including Anti-iNOS antibody (13120S, Cell Signaling Technol-
ogy, USA), Anti-liver Arginase (ab91279, Abcam) and anti-tubulin
(ab6046, abcam) overnight at 4 °C. After incubation with Goat anti-
Rabbit and Goat anti Mouse secondary antibody (H + L) HRP (SA-
10011, SA10010, InCellGene, TX, USA) for 1 h, the protein bands were
visualized using Western SuperSensitive substrate (IC-8001, InCellGene,
Tx, USA) and imaged using a ChemiDoc XRS System (BioRad, Hercules,
CA, USA).

Enzyme Linked Immunosorbent Assay kits were used to determine
the levels of IL-6 and TNF-a (70-EK282/4-96, 70-EK206/3-96, MUL-
TISCIENCES (LIANKE) BIOTECH, CO., LTD, China) and IL-10
(SEA056Mu, Cloud-Clone Corp., Houston, TX, USA) in the supernatant
of the culture media.

2.8. Subcutaneous implantation of degraded scaffolds

A subcutaneous scaffold implantation model was established in rats
in order to evaluate the foreign body reaction and macrophage response
to degraded scaffolds. In brief, fifteen female SD rats were anesthetized
as previously described. Three areas on the back (located symmetrically
along the spine) were shaved and disinfected with iodophor and three
subcutaneous pockets were created by making 1-cm-long vertical in-
cisions, and scaffolds at specific stages of degradation (D1-D3) were
carefully inserted. The wounds were sutured and closed, and the rats
received perioperative antibiotics (50 kU/kg penicillin) by intramus-
cular injection and post-operative medical care. The rats were euthan-
atized 2 weeks after surgery and the samples were processed for H&E
staining according to standard methods and immunohistochemical
fluorescent staining of the macrophage-related surface markers CD68,
CCR7 and CD206 was performed as previously described.

2.9. Immunoregulation of osteogenesis

To investigate the ability of macrophages to immunoregulate
angiogenesis and osteogenesis in response to degraded scaffolds,
RAW264.7 macrophages were incubated with PT scaffolds at different
stages of degradation (D1-D3) in DMEM medium for 48 h, then the
culture supernatants were collected in 1.5 mL microcentrifuge tubes.
MC3T3-E1 osteoblast precursor cells cultured in the macrophage-
conditioned media and subjected to ALP staining, Transwell assays
and tube-forming experiments, as previously described.

2.10. RNA sequencing and data analysis

RAW264.7 macrophages were cultured with PT55 scaffolds and
PT37 scaffolds at the mid-stage of degradation (PT55 D2 and PT37 D2),
collected and total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Enrichment of mRNA, fragmentation, reverse
transcription, library construction, HiSeq X Ten and data analysis were
performed by Genergy Biotechnology Co. Ltd. (Shanghai, China). The
thresholds for differentially expressed transcripts (DETs) were P < 0.05
and an absolute fold change >2. DETs were subjected to function and
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signaling pathway enrichment analysis using the GO and KEGG
databases.

2.11. Phagocytic function of macrophages

The interactions and phagocytosis of degraded scaffolds by macro-
phages were directly observed by transmission electron microscopy. In
brief, RAW264.7 macrophages were cultured with the degraded scaf-
folds for 48 h, collected, fixed with 2.5% glutaraldehyde, treated with
1% osmic acid fixative and dehydrated. The samples were embedded,
sectioned and double-stained with uranyl acetate and lead citrate. The
ultrathin sections were observed by TEM (HT7800, Hitachi, Japan). The
macrophages were also labeled with Lyso-Tracker (C1046, Beyotime)
for 1 h and observed by fluorescent microscopy at an excitation wave-
length of 594 nm.

2.12. Analysis of oxidative stress in macrophages

The levels of oxidative stress-related proteins (Nox2 and Sod1) were
analyzed by western blotting, as described above, using primary Anti-
Nox2 (ab129068, Abcam), Anti-SOD1 (10269-1-AP, Proteintech,
China) and anti-GAPDH (ab9485, abcam) antibodies.

To quantify the levels of reactive oxygen species (ROS), RAW264.7
macrophages were incubated with degraded PT scaffolds, then the cells
were digested, collected, labeled with the fluorescent oxidation-
sensitive probe 2',7’-dichlorodihydrofluorescein diacetate (DCFH-DA;
Beyotime) and analyzed by flow cytometry (FACS Vantage SE; BD Bio-
sciences, NJ, USA).

Bioactive Materials 21 (2023) 595-611
2.13. Inhibition of macrophage phagocytosis or endocytosis

To further investigate the role of macrophage phagocytosis in scaf-
fold degradation-mediated immunoregulation, macrophages were
cultured with PT37 scaffolds at the mid-stage of degradation (D2) in 12-
well plates, pre-treated with 30 pM of the endocytosis inhibitors chlor-
promazine (CPM, B1480; APExBIO, Houston, DX, USA) or 10 pM
latrunculin B (Abcam) for 2 h, and then macrophage polarization were
examined using immuno-fluorescent staining as described above.

2.14. Statistical analysis

Quantitative data are expressed as the mean =+ standard deviations
(SD) of at least three animals or three independent experiments. After
confirming the data were normally distributed using the Kolmogorov-
Smirnov test, the differences between groups were analyzed using
one-way ANOVA or two-way ANOVA analysis of variance, followed by
Dunnet’s or Turkey’s post hoc test. The levels of significance were set at
*P < 0.05, **P < 0.01 and ***P < 0.001.

3. Results

3.1. Characterization of the physiochemical and osteogenic properties of
3D-printed PCL/S-TCP composite scaffolds

A series of bioactive PCL/TCP (PT) scaffolds with mass ratios ranging
from 70/30 (PT73 group) to 30/70 (PT37 group) were prepared by
FDM, as described in our previous studies (Fig. 1A, al-a5). The porosity
and surface morphology of the PT scaffolds were assessed by SEM and

Fig. 1. Characterization of biodegradable PCL/B-TCP
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Fig. 2. Dynamic biodegradation of PT scaffolds in vitro. (A) a-b, Schematic illustration of the dynamic biodegradation reactor and degradation medium perfused
through the PT scaffolds. (B) SEM analysis of the effects of degradation media including hydrochloric acid (180 min), sodium hydroxide (180 min), lipase solution
(24 h) and hydrogen peroxide (24 h) on PT37 scaffolds, scale bar = 10 pm. Dilute sodium hydroxide was selected for the subsequent experiments. (C) Changes in the
general appearance of PT scaffolds (scale bar = 5 mm) and (D) corresponding surface morphologies of PT scaffolds observed by SEM (scale bar = 10 ym) after
30-360 min degradation. (E) Typical compression-deformation curves of PT scaffolds after 30-, 60-, 180-, and 360-min degradation. (F-H) Dynamic changes in the
compressive moduli, percentage weight loss and remaining molecular weight of PT scaffolds during 360-min degradation, n = 3. *P < 0.05, **P < 0.01, and ***P <

0.001. vs. PT73 scaffolds, one-way ANOVA with Dunnett’s post-hoc test.

micro-CT (Fig. 1A, bl-c5). Quantitative data revealed that all of the 3D-
printed scaffolds had almost the same porosity (Fig. 1B). Biocompati-
bility assays confirmed that L929 fibroblasts adhered and spread well on
the scaffolds (Fig. 1A, d1-d5).

Stress-strain curves generated by compressive testing showed the
compressive moduli of the PT scaffolds increased with the proportion of
TCP ceramic; the PT37 scaffolds exhibited the highest compressive
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modulus of 110.9 + 13.2 MPa (Fig. 1C and E). All of the scaffolds had
hydrophilic surfaces, and the water contact angles decreased as the
content of TCP ceramic increased (Fig. 1D and G). Crystal structures
obtained by X-ray diffraction (XRD) revealed all PT scaffolds exhibited
main polycaprolactone and Cas(PO4)2 peaks (Fig. S1A). In FTIR analysis
(Fig. S1B), the characteristic peaks of PCL were observed at 2865-2952
em~! (C-H stretching), 1723-1741 em~! (C=0 stretching) and 1160-
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1190 ecm™ ! (C-O stretching), and the characteristic peaks of TCP
(Ca3(PO4)2) were observed at 1009-1041 cm ! (P-O stretching) and
522-606 (P-O bending).

The thermal properties of the PT scaffolds were characterized by
differential scanning calorimetry (DSC). The melting temperature (Tm)
of PCL was stable at approximately 60 °C, while the decomposition
temperature (Td) of PCL was approximately 410 °C (Fig. S1C). The
elemental compositions of the PT scaffolds were analyzed by energy
dispersive spectrometry (EDS). Elemental mapping and the profiles of
sectioned scaffolds showed a uniform distributions of TCP particles
(Fig. 1F). The elemental profiles and statistical analysis of Ca, P, C, O and
other elements showed that the contents of Ca and P increased with the
proportion of TCP; the percentage atomic weights of Ca and P in the
PT37 scaffolds were 12.31 + 1.11% and 9.22 + 0.71%, respectively
(Fig. 1F and D).

The osteogenic effects of the 3D PCL/B-TCP scaffolds towards MC-
3T3 osteoblasts were verified by ALP and ARS (Fig. 1H). The scaffolds
with higher TCP contents led to enhanced ALP activity, especially the
PT37 scaffolds (Fig. S1D).

3.2. Construction of a dynamic degradation model to investigate scaffold
biodegradation

To characterize the dynamic changes in the physicochemical prop-
erties and biological effects of biodegradable PCL/B-TCP scaffolds at
different stages during bone repair, we designed and developed an
advanced dynamic biodegradation reactor to simulate the biodegrada-
tion environment in vivo. The flow rate of the reactor was set to 1 mL/
min to mimic physiological tissue fluid movement (Fig. 2A, Fig. S2A).
Cell culture medium (DMEM) or PBS led to minimal scaffold degrada-
tion after circulation in the reactor for 72 h (data not shown). Thus, we
investigated the effects of several previously reported degradation
media on PT scaffold degradation in the dynamic degradation reactor
(Fig. 2B).

Dilute sodium hydroxide solution induced stable degradation pat-
terns similar to the patterns of degradation observed for scaffolds
implanted in vivo (Fig. 2B). Visual and SEM observations revealed the
morphology and surface topography of the PT scaffolds gradually
changed during the dynamic degradation process up to 360 min (Fig. 2C
and D). The representative macro-scale images show the PT46 and PT37
scaffolds disintegrated after 60 min of degradation, and most of the
PT46 and PT37 scaffolds were completely degraded after 360 min. Most
of the degraded PT73, PT64 and PT55 scaffolds remained intact after
360 min degradation (Fig. 2C). The PT scaffolds exhibited an obviously
corroded morphology after 180 min of the dynamic degradation process.
The surfaces of PT73, PT64 and PT55 scaffolds appeared mildly
corroded while the degraded PT46 and PT37 scaffolds seemed to have a
rougher surface, with more abundant micro-holes and pits (Fig. 2D).

XRD, FTIR and DSC analysis of degraded scaffolds showed that the
chemical phase, chemical groups and melting temperature of the PT46
and PT37 scaffolds were slightly altered after 60 min degradation
(Fig. S2B, Fig. S2C). Moreover, the crystal phase, chemical bonding and
melting curves of all PT scaffolds (except for PT73 scaffolds) were
markedly changed after 360 min degradation (Fig. S2D, Fig. S2E).

The mechanical properties of the PT scaffolds were monitored by
generating typical compression-deformation curves after 60-360 min
degradation (Fig. 2E). The compressive moduli of all scaffolds progres-
sively decreased during the 360-min degradation period. Notably, the
mechanical properties of the PT73, PT64 and PT55 scaffolds were
maintained after 360 min degradation, while the mechanical properties
of the PT46 and PT37 scaffolds were completely lost (Fig. 2F). The PT73,
PT64 and PT55 scaffolds exhibited two stages of loss of mechanical
strength: a rapid loss during the initial 30 min and more gradual loss
from 60 to 360 min. In contrast, the PT46 and PT37 scaffolds underwent
constantly accelerating weight loss (Fig. 2G). The changes in the average
molecular weight (Mw) of the degraded scaffolds are shown in Fig. 2H.
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The molecular weight of the PT46 and PT37 scaffolds dropped sharply
throughout the degradation process. Interestingly, there was a relatively
stable stage of molecular weight in all PT scaffolds, which may be due to
crystallization of the PT scaffolds (Fig. 2H).

Finally, micro-CT cross-sections of the in vitro degraded scaffolds
confirmed the efficacy of the dynamic degradation reactor. Surface
erosion and dense degradation products (DPs)-similar to those observed
inside implanted PT scaffolds-were noted at 60 min during the in vitro
biodegradation process (Fig. S2F). Reconstruction of the DPs by
adjusting the p-CT analysis threshold showed that DPs of varying sizes
were uniformly distributed inside the scaffolds that were degraded in
vitro (Fig. S2F).

3.3. Effects of PCL/S-TCP scaffold composition on bone regeneration in
vivo

As shown in the schematic illustration of the in vivo results (Fig. 3A),
PT scaffolds with varied compositions led to two typical patterns of bone
repair processes, and the rapid degradation of PT46/37 scaffolds caused
bone failure at the late stage of bone repair. As shown in the represen-
tative micro-CT 3D reconstruction images, the PT73, PT64 and PT55
scaffolds underwent stable scaffold degradation and bone ingrowth, and
the bone repair was successfully completed at 16 weeks. In contrast,
despite inducing a relatively rapid bone in-growth rate at 4 weeks after
implantation, the PT46 and PT37 scaffolds significantly hindered bone
formation and led to an obvious reduction in the scaffold volume by 10
and 16 weeks (Fig. 3B).

Quantitative analysis confirmed a progressive increase in the ratio
between the bone volume and total volume of the region of interest for
the PT73, PT64 and PT55 scaffolds. Although the PT46 and PT37 scaf-
folds induced more new bone formation at 4 weeks than the other
scaffolds, the volume of new bone barely increased further at 10 weeks
and even decreased at 16 weeks (Fig. 3E).

Masson staining of the implanted zone confirmed the results ob-
tained from the micro-CT reconstructions. As shown in Fig. 3C, though
the area of new bone was obviously larger in the peripheral areas of the
PT46 and PT37 scaffolds at 4 weeks, the bone ingrowth process in the
PT46 and PT37 scaffolds was obviously disrupted scaffolds by 10 and 16
weeks.

Furthermore, a higher abundance of bone trabecular structures was
observed inside the implanted PT55 scaffolds at 16 weeks (Fig. 3C and
F). The rate of bone formation was measured by repeated injection of
alizarin red and calcein for 10 days. Double fluorescence imaging
revealed that the PT46 and PT37 scaffolds exhibited an abnormal
pattern of bone regeneration: rapid bone neogenesis at 4 weeks and
delayed bone formation at 10 and 16 weeks. The BFR/BS of the PT37
scaffolds was 2.00 + 0.14 pm/d*100 at 4 weeks and slowed to 0.27 +
0.02 pm/d*100 at 10 weeks and 0.29 + 0.03 pm/d*100 at 16 weeks. In
contrast, osteogenesis gradually accelerated in the PT73, PT64 and
especially the PT55 scaffolds over time (Fig. 3D). The BFR/BS of the
PT55 scaffolds was 0.82 + 0.11 pm/d*100 at 4 weeks and increased to
1.83 + 0.22 at 10 weeks and 2.01+ 0.11 pm/d*100 at 16 weeks
(Fig. 3G).

3.4. Effects of PT scaffold degradation patterns on immunological
responses and macrophage polarization

Based on the obvious rapid degradation of the PT46 and PT37 scaf-
folds observed in the micro-CT reconstructions, we further assessed the
micro-topography of the sectioned bone-implant interfaces using SEM.
Obvious erosion and higher numbers of cracks were detected on the
surface of the sectioned PT46 and PT37 scaffolds than the other PT
scaffolds. The PT73, PT64 and PT55 scaffolds were gradually enveloped
by new bone tissues, from the peripheral zone to the center. In contrast,
lamellar fibrous tissues were detected around the residual PT46 and
PT37 scaffolds at 10 and 16 weeks (Fig. 4A). Micro-CT reconstruction
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Fig. 3. (A) Schematic illustration of stable scaffold degradation and enhanced bone repair in the defects implanted with PT73, PT64 and PT55 scaffolds, and the
rapid scaffold degradation and limited bone repair in defects implanted with PT46 and PT37 scaffolds. (B) Representative reconstructions of micro-CT images of
implanted PT scaffolds (blue color) and bone in-growth (yellow color) at 4-, 10- and 16-weeks post-implantation; scale bar = 2 mm. (C) Representative Masson
staining images showing new bone tissue around the PT scaffolds at 4-, 10- and 16-weeks post-implantation; scale bar = 100 pm. (D) Representative images of
calcein/alizarin red labeling showing the rate of bone growth at 4-, 10- and 16-weeks post-implantation; scale bar = 100 pm. (E) Quantitative measurements of the
new bone volume ratio (BV/TV) and residual material volume ratio (MV/TV) in the micro-CT region of interest (ROI) at 4-, 10- and 16-weeks post-implantation; n =
3. (F) Histological measurement of new bone area (%) at the implant site based on Masson staining, n = 3. (G) Bone formation rate/Bome surface, (BFR/BS) in the
implant zone, n = 3. ns: not significant, *P < 0.05, **P < 0.01 and ***P < 0.001. vs. PT73 scaffolds, two-way ANOVA with Dunnett’s post-hoc test.

and segmentation of the residual scaffolds further confirmed the pat-
terns of stable degradation of PT73, PT64 and PT55 scaffolds and rapid
degradation of PT46 and PT37 scaffolds (Fig. 4B and E). Notably, high-
magnification imaging of Masson-stained sections revealed a larger
number of multi-nuclear giant cells (MNGCs) scattered over the scaffold
zone of PT46 and PT37 scaffolds (Fig. 4C); TRAP staining demonstrated
that these cells were distinct to multinuclear osteoclasts (Fig. S3A,
Fig. S3C).

The observation of MNGCs inspired us to investigate the effects of the
rapid degradation of PT46 and PT37 scaffolds on late stage in macro-
phage responses. Thus, as macrophage polarization is an important in-
dicator of immunomodulation of the bone repair process, we performed
tissue immunofluorescent staining to investigate the polarization of
macrophages within PT scaffolds at different stages of the repair process.
At 4 weeks, higher numbers of CD206+ M2 macrophages were observed
in the PT46 and PT37 scaffolds, whereas higher numbers of CCR7+ M1

macrophages were found in the other PT scaffolds. Interestingly, the
ratio of CD206+ macrophages decreased and CCR7+ M1 macrophages
became dominant at 10 and 16 weeks in the defect zone of the PT46 and
PT37 scaffolds. In contrast, a switch in polarization from CCR7+ M1
macrophages to CD206+ M2 macrophages was observed in the PT73,
PT64, and PT55 scaffolds at 10 and 16 weeks (Fig. 4D, F, 4G). The M1-
to-M2 macrophage switching of the PT73, PT64, and PT55 scaffolds is
considered beneficial to bone repair, whereas the constant M1 polari-
zation observed in the PT46 and PT37 groups may result in a failure of
bone repair (Fig. 4F and G).

3.5. Matching the stages of degradation of PT scaffolds in vitro and in
Vivo

We investigated the degraded surface morphology and correspond-
ing elemental distribution of the scaffolds at 4-, 10- and 16-weeks post-

602



H. Wu et al.

PT 55 PT 37 PT 73

B

10W

16W

PT 55

oW

Bioactive Materials 21 (2023) 595-611

PT 37 C rr73 PT 55 PT 37

PT 73

CCR7 CDo8

B CD206

ns

MV/TV(%)

10w

16w

4w 4w

PT 55

10w

PT 37

Macrophages (%)

16w

10w 16w

4w

Fig. 4. Modes of scaffold degradation and immunological responses to PT scaffolds. (A) SEM analysis of the morphological changes during scaffold degradation and
bone ingrowth at the implant-bone interface in defects implanted with PT73, PT55 and PT37 scaffolds at 4-, 10- and 16-weeks post-implantation; scale bar = 50 pm.
(B) Segmentation of the degraded scaffolds in the micro-CT reconstructions of the defect zones at 4-, 10- and 16-weeks post-implantation, scale bar = 2 mm. (C)
Representative images of multi-nuclear giant cells (MNGCs, black arrow) inside the defect zone at 10- and 16-weeks post-implantation of PT37 scaffolds; scale bar =
20 pm. (D) Representative immunofluorescence images of CD68+ macrophages and CCR7+ M1 and CD206+ M2 polarization in the defect zone at 4, 10 and 16
weeks; scale bar = 100 um. (E) Quantitative measurements of the residual material volume ratio (MV/TV) in the micro-CT region of interest (ROI) at 4-, 10- and 16-
weeks post-implantation; n = 3. (F) Semi-quantitative analysis of the ratio of CC7+/CD68+ cells; n = 3. G) Semi-quantitative analysis of the ratio of CD206+/CD68+
cells; n = 3. ns: not significant, *P < 0.05, ** P < 0.01, and *** P < 0.001 vs. PT73 scaffolds, two-way ANOVA with Dunnett’s post-hoc test.

implantation in vivo by SEM-EDS (Fig. 5A). The changes in the elemental
compositions and degradation of PT scaffolds in vivo after 4, 10, and 16
weeks corresponded to early stage (D1), mid-stage (D2), and late stage
(D3) degradation in vitro, respectively (Fig. 5B). The corresponding
elemental compositions of Ca, P and C of scaffolds at each stage of
degradation in vitro and in vivo are shown in Fig. 5C; the average atomic
percentages and degradation time required for each scaffold are sum-
marized in Fig. S4A. Micro-CT cross sections at 10 weeks showed surface
erosion and dense degradation products (DPs) generated inside the
implanted PT scaffolds during the in vivo biodegradation process
(Fig. S4B).

3.6. Macrophage polarization switching at different stages of PT scaffold
degradation in vitro

As shown in Fig. 6A, RAW264.7 macrophages were co-cultured with
scaffolds at different stages of degradation to investigate the biological
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effects of scaffold degradation on macrophage polarization and cytokine
secretion. Remarkably, two distinct macrophage morphologies were
observed on the surface of degraded scaffolds. Macrophages cultured
with PT73 scaffolds at the D1 stage appeared as large round cells with
abundant pseudopods, which is characteristic of M1 polarized macro-
phages. In contrast, macrophages on PT37 scaffolds at the D1 stage
exhibited a flattened, elongated spindle-like shape, characteristic of M2
polarized macrophages. The phenotype of macrophages clearly
switched with the stage of scaffold degradation from D1 to D3 (Fig. 6B).

To further explore the effects of scaffold degradation on macrophage
polarization in vitro, RAW264.7 macrophages cultured with PT73, PT55
and PT37 scaffolds at different stages of degradation were subjected to
immunofluorescent staining for CD86 and CD206 (Fig. S6A). The M1
marker CD86 was expressed at higher levels in macrophages on the
PT73 scaffold than all the other scaffolds at the D1 stage, and CD86
expression level decreased at the D2 and D3 stages. In addition,
expression of the M2 marker CD206 by macrophages on PT73 scaffolds
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Fig. 5. Matching the stages of degradation of PT scaffolds in vitro and in vivo. (A) Morphological observation and elemental distribution mappings of PT
scaffolds at 4, 10 and 16 weeks; scale bar = 10 pm. (B) Determination of scaffolds in the early degradation stage (D1), mid-degradation stage (D2) and late
degradation stage (D3) based on SEM observations and EDS analysis of elemental distribution; scale bar = 10 pm. (C) Matching scaffolds degraded in vivo at 4, 10 and
16 weeks with in vitro degraded scaffolds at the D1, D2 and D3 stage based on statistical analysis of their elemental compositions, n = 3.

increased from the D1 to D3 stage. Macrophages cultured with PT55
scaffolds exhibited similar changes as macrophages cultured with PT73
scaffolds and CD206 expression was the highest in the PT55 groups at
the D2 and D3 stages compared to other groups. However, although
CD206 was highly expressed by macrophages on PT37 scaffolds at the
D1 stage, CD206 expression obviously decreased at the D2 and D3
stages, accompanied by an increase in CD86 expression (Fig. 6C).
Next, we examined the protein expression of iNOS (an M1 marker)
and arginase-1 (Arg-1, an M2 marker) in macrophages cultured with
degraded scaffolds at the D1 to D3 stages. In addition, macrophages
were treated with LPS or IL-4 to induce M1 and M2 macrophage po-
larization as positive controls. iNOS expression obviously increased in
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PT37 scaffolds but was undetectable in macrophages cultured on PT55
scaffolds at the D2 and D3 stages (Fig. 6D).

As positive controls, LPS markedly increased the release of TNF-a
and IL-6, while IL-4 efficiently stimulated the secretion of IL-10.
Compared to macrophages on PT37 scaffolds at the same stages, mac-
rophages cultured on PT73 and PT55 scaffolds secreted more IL-6 and
TNF-a at the D1 stage, less IL-6 and TNF-«a at the D2 and D3 stages, and
higher levels of the anti-inflammatory cytokine IL-10 at the D2 and D3
stages. Macrophages cultured on PT37 scaffolds at the D2 and D3 stages
secreted higher levels of pro-inflammatory IL-6 and TNF-a compared to
cells on PT73 and PT55 scaffolds at the same stage (Fig. 6E-G).

The effects of macrophage-conditioned media (CM) on osteogenesis
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Fig. 6. Scaffold degradation induces dynamic processes of macrophage polarization. (A) Schematic illustration of the effects of scaffolds at different stages of
degradation on macrophage polarization and cytokine secretion. (B) BIOSEM analysis of the morphological changes in macrophages on the surface of PT73, PT55 and
PT37 scaffolds at the D1-D3 stages; scale bar = 10 pm. (C) Representative immunofluorescent analysis of CD86 and CD206 expression (scale bar = 100 pm) and (D)
Western blot analysis of the expression of the M1 macrophage marker iNOS and the M2 macrophage marker Arginase-1 in RAW264.7 macrophages cultured with
degraded scaffolds at the D1-D3 stages. (E-G) ELISAs of the levels of the proinflammatory cytokines TNF-a and IL-6 and the anti-inflammatory cytokines IL-10 in
RAW264.7 macrophages cultured with degraded scaffolds at the D1-D3 stages, n = 3. ns: not significant, *P < 0.05, **P < 0.01, and ***P < 0.001, two-way ANOVA

with Turkey’s post-hoc test.

were investigated using the ALP activity assays (Fig. S5B, Fig. S5C). CM
from macrophages cultured with PT37 scaffolds at the D2 and D3 stages
drastically inhibited osteoblast ALP activity, whereas CM from PT73 and
PT55 scaffolds at the D2 and D3 stages significantly enhanced ALP ac-
tivity (Fig. S5D).

3.7. Effects of the stage of PT scaffold degradation on macrophage
polarization in vivo

As shown in Fig. 7A, biodegradable PT73, PT55 and PT37 scaffolds
were pre-degraded to the corresponding D1, D2 and D3 stages in vitro
and then implanted subcutaneously in the rat model. Interestingly, a
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number of multinuclear giant cells (MNGCs) were found in the fibrous
tissues with disordered collagen surrounding D2 stage PT37 scaffolds
(Figs. S6A and S6B). The distribution and polarization of macrophages
inside the PT scaffolds was investigated using immunofluorescent
staining. Unlike the regional distribution of macrophages observed in PT
scaffolds during bone repair, CD68" macrophages were widely distrib-
uted inside the PT scaffolds subcutaneously implanted at different stages
of degradation. Notably, consistent with the patterns of macrophage
switching observed in vitro (Fig. 6C) CCR7+ M1 and CD206+ M2
macrophage polarization switching was observed in the bone scaffolds
at the corresponding time points in subcutaneously implanted scaffolds
(Fig. 7B). The ratio of CCR7+/CD68-+ macrophages decreased and the
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ratio of CD206+/CD68+ macrophages increased in PT73 and PT55
scaffolds between the D1 to D3 stages. In addition, the number of CCR7+
M1 macrophages on PT37 scaffolds significantly increased at the D2 and
D3 stages (Fig. 7C and D).

3.8. RNA-seq verification of the effects of PT scaffolds at the D2 stage of
degradation on macrophage polarization

Based on the results above, we tentatively reasoned that the stage of
degradation of PT scaffolds influences macrophage polarization and
immunoregulation. To better understand the biological effects of
degraded scaffolds on macrophage polarization, we carried out RNA
sequencing (RNA-seq) to analyze gene expression in macrophages
cultured in vitro with PT55 and PT37 scaffolds at the D2 stage of
degradation.

In total, 1288 genes were upregulated, and 215 genes were down-
regulated in the PT37 D2 group compared with the PT55 D2 group
(Fig. 8A and B). GO enrichment and network analysis showed that the
terms immune response, defense response, response to external stimulus
functions and acute inflammatory response were significantly upregu-
lated in the PT37 D2 group. These functional annotations revealed that
PT37 scaffolds at the D2 stage induced an intense immune response and
an acute inflammatory response in macrophages compared to PT55
scaffolds at the D2 stage (Fig. 8C and E). KEGG analysis of DEGs in the
PT37 D2 scaffold vs. PT55 D2 scaffold groups revealed enrichment of
genes involved in the immune system, infectious diseases and signaling

PT 55
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ously implanted degraded scaffolds. (A) Schematic
illustration of the effects of subcutaneously implanted
scaffolds at different stages of degradation on tissue
immune responses in a rat model. (B) Representative
immunofluorescence images of CD68" macrophages
and CCR7+ M1 and CD206+ M2 polarization in the
defect zone for scaffolds at different stages of degra-
dation; scale bar = 100 pm. (C) Semiquantitative
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molecules and interaction pathways; the TNF signaling pathway, NF-
kappa B signaling pathway and allograft rejection pathways were
significantly upregulated (Fig. 8D and F). Notably, the phagosome
pathway was also among the top upregulated pathways in the PT37 D2
group, which indicates that phagocytic function and the phagosome
pathway might contribute to the polarization of macrophages cultured
with PT scaffolds.

3.9. Effects of degradation product phagocytosis and phagosome
formation on macrophage oxidative stress and polarization

The KEGG pathway enrichment indicated that phagocytic function
and phagosome pathways may play an important role in the macro-
phage responses to degraded scaffolds. Degradation products (DPs) in
phagosomes are transported to lysosomes and digested by acid hydro-
lases. Thus, we used Lysotracker Red to label the lysosomes in macro-
phages cultured with scaffolds at the D2 stage of degradation and
observed the cells by fluorescence microscopy (Fig. 9A). The numbers
and fluorescence intensity of lysosomes were higher in the PT37 group
compared to other scaffold groups, and the agglomeration of some of the
lysosomes in the macrophages cultured on PT37 D2 scaffolds were
observed (Fig. 9B). TEM showed that the DPs of the PT scaffolds had
irregular shapes and uneven textures. Moreover, the heterogeneous DPs
were semicrystalline, with a mixture of crystal zones and amorphous
zones, as confirmed by electron diffraction (Fig. S7A). LPSA revealed
that the DPs of PT37 scaffolds were larger than the DPs of the other
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or two-way ANOVA with Dunnett’s post-hoc test.

scaffolds; some of the DPs in the PT37 group had diameters larger than
10 pm (Fig. S7B).

Next, the phagocytosis of DPs was directly visualized by TEM. A
jumble of microcrystals was observed in the phagosomes of the macro-
phages, and these patterns were highly similar to the DPs observed in
vitro (Fig. 9C, Fig. S7A). The DPs were integrated into the phagosome

and disintegrated into coarse particles, which varied greatly in size and
components between scaffolds. The phagosomes in macrophages
cultured with PT37 scaffolds at the D2 stage were significantly larger
than the phagosomes in macrophages cultured with other PT scaffolds
(Fig. 9D).

The potential influence of phagocytosed DPs on oxidative stress and
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Fig. 9. Degraded PT37 scaffolds induce oxidative
stress and polarization changes in macrophages. (A)
Macrophages were cultured with scaffolds at the D2
stage of degradation for 24 h and lysosomes were
labeled with Lysotracker (red); scale bar = 100 pm.
(B) Quantitation of the relative fluorescence intensity
of Lysotracker in (A), n = 3. (C) TEM analysis of
macrophage phagocytosis of the degradation prod-
ucts (DPs) of scaffolds at the D2 stage. The black
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inflammation in macrophages were also studied. Western blot analysis
showed that the PT37 scaffolds at D2 stage significantly promoted
expression of the ROS-producing enzyme NOX2 and inhibited expres-
sion of the ROS-eliminating enzyme SOD1 (Fig. 9E). Flow cytometric
analysis confirmed that the culture with PT37 scaffolds at the D2 stage
induced higher production of ROS in macrophages than the other scaf-
folds (Fig. 9F).

To further determine whether the reactive stress and M1 polarization
observed in macrophages were induced by the DPs of PT37 scaffolds at
the D2 stage, we pretreated macrophages with chlorpromazine (CPM, an
endocytosis inhibitor) or latrunculin B (LcB, a phagocytosis inhibitor)
for 2 h. Immunofluorescent staining for CD86 and CD206 revealed that
inhibition of phagocytosis by LcB obviously alleviated M1 polarization
of macrophages cultured with PT37 scaffolds at the D2 stage (Fig. 9G).
Western blot analysis showed that pretreatment with CPM and LcB,
especially LcB, reduced the expression of NOX-2 in macrophages
cultured with PT37 scaffolds at the D2 stage (Fig. 9H).

4. Discussion

PCL/B-TCP bioresorbable bone repair scaffolds (PT scaffolds) with a
range of compositions (70/30 to 30/70 w/w) were successfully con-
structed through FDM. The pore sizes of PT scaffolds were 422 + 10 pm
and current studies have shown that the large macropores (greater than
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250 pm in diameter) promote osteogenic differentiation, vascularization
and bone repair [33]. All of the scaffolds exhibited uniform porous
structures and almost similar pore sizes and porosity. PT37 (30/70 w/w)
scaffolds with the highest ceramic content were strongly hydrophilic
and had the highest compressive strength. Consistent with previous
studies, the PT37 scaffolds led to significantly improved osteogenic
differentiation of MC-3T3 osteoblast compared to the other PT scaffolds
[20,21].

Biodegradation of the PCL/TCP scaffolds was carried using a dy-
namic degradation reactor. In vivo, the degradation of PCL-based ma-
terials occurs in at least two stages: the first stage involves random
hydrolysis of ester bonds and is associated with molecular weight loss,
and the second stage involves bulk degradation when the molecular
weight is less than 5000 [34,35]. During the degradation process, tissue
enzymes (including lipase, esterase and proteases) and ROS (including
hydrogen peroxide, nitric oxide and hydroxyl radicals) accelerate the
hydrolysis and oxidation of metal and polymer scaffolds [36-38]. Based
on these previous reports of the characteristics of accelerated degrada-
tion, we examined the effects of various degradation media, including
hydrogen peroxide, lipase, sodium hydroxide and hydrochloric acid
solution, on scaffold degradation in vitro [38-40]. In vivo, the flow of
tissue fluid influences also the degradation rate as accumulation of DPs
in a static environment in vitro may limit further degradation. Thus, we
manufactured a biodegradation reactor with a peristaltic pump and
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controlled the liquid circulation at 1 mL/min to mimic physiological
tissue fluid movement [32,41,42].

Within a reasonable time, PT scaffolds degraded in the reactor by
circulation with diluted sodium hydroxide exhibited analogous degra-
dation patterns to scaffolds implanted in vivo. The dynamic degradation
reactor enabled us to monitor the changes in the physiochemical prop-
erties of the scaffolds throughout the degradation process. The PT46 and
PT37 scaffolds degraded rapidly in the degradation reactor and exhibi-
ted obviously corroded surfaces at the end of degradation. Although the
PT46 and PT37 scaffolds retained high compressive strength after 30
and 60 min of degradation, their mechanical strength quickly decreased
and was almost completely lost after 180 min. In contrast, the PT73 to
PT55 scaffolds maintained high mechanical strength after 360 min of in
vitro degradation. Weight loss and molecular weight change curves
confirmed that the PT46 and PT37 scaffolds changed significantly and
lost their integrity during degradation.

Though the PT46 and PT37 scaffolds exhibited better mechanical
strength and osteogenic ability in vitro, in vivo bone repair experiments
demonstrated that the rapid degradation of PT46 and PT37 scaffolds
negatively affected the bone formation process and lead to a failure of
bone healing at 16 weeks. Despite promoting more new bone formation
in the early stage, the PT46 and PT37 scaffolds subsequently impeded
bone repair and remodeling. In contrast, the PT73, PT64 and PT55
scaffolds successfully induced bone ingrowth and bone regeneration.
Micro-CT analysis revealed that the PT37 scaffolds degraded relatively
rapidly and that the residual scaffolds were partially disintegrated at 16
weeks. SEM of the scaffold-bone interface revealed serious erosion of the
surface of the PT37 scaffolds, in agreement with previous suggestions
that the interface between implants and newly formed bone during
degradation influence the bio-adaptation and repair effects of degrad-
able scaffolds [43]. Masson staining revealed the existence of MNGCs
around the residual scaffolds at 10 weeks and 16 weeks after implan-
tation; these cells are typically distinct from TRAP + osteoclasts and
highly associated with chronic inflammation and formation of a fibrous
capsule [44,45]. Thus, we inferred that the rate of degradation of
PCL/TCP scaffolds may interfere with immune responses and subse-
quently influence the immunoregulatory process that govern bone
regeneration.

As the main primary effector cells of the immune system, monocyte
macrophages play an indispensable role in modulating foreign body
reaction (FBR) and inflammatory responses, including macrophage po-
larization in response to implanted biomaterials [46]. Macrophages
exhibit functional plasticity and are highly affected by physiochemical
changes, including changes in the mechanical strength, surface topog-
raphy and chemical compositions of biodegradable scaffolds [47,48].
More importantly, a growing body of research has shown that sequential
activation of heterogeneous macrophage phenotypes is essential for
successful implant-induced bone repair [49-51]. Our immunological
staining also revealed that the polarization state of macrophages
changes over time during the bone healing process. In defects implanted
with the PT73, PT64 and PT55 scaffolds, proinflammatory M1 macro-
phages dominated in the early stages and then decreased rapidly as
macrophages polarized to an alternative M2 state. In contrast, sequential
polarization from M1 to M2 was interrupted by PT46 and PT37 scaf-
folds, and sustained activation of M1 macrophages was observed. Thus,
based on our finding, we conservatively speculated that the degradation
of PT scaffolds affects macrophage polarization and determines the
success of bone healing.

Although some studies have shown that the biodegradability,
degradation rate and DPs of biomaterials all influence peri-implant
macrophage function and responses [52-54], the biological effects of
the scaffold degradation process on macrophage responses are poorly
understood. The main factor for this knowledge gap is the difficulty of
determining the specific stage of degradation of scaffolds in vitro. To
overcome this issue, we degraded the PCL/TCP scaffolds in vitro using
the dynamic degradation reactor and determined the corresponding
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early stage (D1), mid-stage (D2) and late (D3) stage of degradation by
matching the elemental distribution contents to scaffolds degraded in
vivo [43], which allowed us to investigate the responses of macrophages
to different patterns and stages of PT scaffold degradation.

SEM revealed macrophages incubated with various degraded scaf-
folds exhibited different shapes that are closely related to their polari-
zation and function [55]. Immunofluorescence staining and western
blotting further indicated that the large and round macrophages
expressed high levels the M1 macrophage marker, while the elongated
spindle-like macrophages tended to be M2 macrophages. ELISA of the
levels of pro-inflammatory IL-6 and TNF-a and anti-inflammatory IL-10
demonstrated that degraded PT37 scaffolds promoted pro-inflammatory
M1 polarization, while PT73 and PT55 scaffolds promoted
anti-inflammatory M2 polarization at D2 and D3 stages. Thus, the dy-
namic changes in macrophage polarization and phenotype during
degradation of bioresorbable scaffolds were confirmed in vitro for the
first time. The effects of the degraded scaffolds on immunoregulation of
osteogenesis were investigated by culturing effector cells with condi-
tioned macrophage media. As reported previously, we observed the
switch from M1 to M2 macrophages induced by PT55 scaffolds pro-
moted osteogenesis, while maintenance of M1 polarization by PT37
scaffolds markedly suppressed osteogenesis [49,56].

To confirm the biological effects of the degraded scaffolds on
macrophage polarization in vivo, we employed a subcutaneous implan-
tation model to investigate the immune reactions to the implants [57].
Consistent with previous results, immunofluorescence staining further
confirmed the sequential polarization from M1 to M2 macrophages from
the D1 to D3 stage on PT73, PT64 and PT55 scaffolds, while PT37
scaffolds maintained M1 polarization.

To gain mechanistic insight into the biological mechanisms under-
lying the contrasting macrophage responses to degradation of different
scaffolds, we performed RNA-Seq analysis of macrophages cultured with
PT55 scaffolds and PT37 scaffolds at the mid-stage of degradation (D2).
In addition to immune responses, inflammatory responses and macro-
phage differentiation, genes involved in other macrophages functions,
such as organic substance metabolism, biosynthetic processes, regula-
tion of phagocytosis and oxidation reduction processes, were signifi-
cantly altered during scaffold degradation. Interestingly, KEGG pathway
enrichment showed the phagosome pathway was also highly enriched in
PT37 group.

Several research groups have previously reported that phagocytosis
of DPs or particles results in inflammation, oxidative stress and M1
polarization, while the geometry of the DPs also influences macrophage
phagocytosis [54,58,59]. TEM revealed masses of DPs engulfed by
macrophages during the degradation process. Intracellular DPs were
digested and disintegrated in phagosomes, and the DPs in macrophages
co-cultured with PT46 and PT37 scaffolds resulted in aggregation of
lysosomes. Our GO enrichment analysis indicated ROS-related processes
were also activated by PT37 scaffolds. Previous studies also reported
that the phagocytosis of micro- or nano-particles may induce oxidative
stress [60,61]. Thus, this study indicates phagocytosis (endocytosis) of
DPs from degraded scaffolds leads to ROS production and oxidative
stress in macrophages. Flow cytometry and Western blot analysis
confirmed that the levels of ROS and NOX2 expression were obviously
enhanced by degraded PT37 scaffolds. Inhibition of endocytosis of
phagocytosis using chlorpromazine or latrunculin B, respectively [62],
both reduced NOX2 expression and M1 polarization of macrophages
cultured on degraded PT37 scaffolds. These results suggest that the DPs
of biodegradable materials might contribute to oxidative stress and M1
polarization of macrophages and may also lead to inflammation and the
failure of bone healing.

Overall, this study indicates that addition of bio-active agents and/or
enhancement of osteogenic ability may not be the most important fac-
tors in the design and manufacture of biodegradable bone tissue engi-
neering scaffold. Changes in degradability of biomaterials may
significantly alter the biological properties and effect of scaffolds during
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the in vivo degradation process. Thus, through evaluation of the bio-
logical effects of materials during the entire degradation process on
immune responses and bone regeneration is necessary in order to
develop more promising material for bone regeneration.

5. Conclusions

Biodegradable PCL/B-TCP scaffolds with a gradient of compositions
(w/w, 70/30 to 30/70) were successfully fabricated through FDM. PT37
scaffolds with the highest TCP ceramic ratio had the best compressive
modulus, hydrophilic performance, and angiogenic and osteogenic
ability in vitro. However, the rapid rate of degradation of PT37 scaffolds
disturbed the macrophage polarization process and led to a failure of
bone healing in vivo. Using a dynamic in vitro degradation model, we
identified that macrophages cultured with degraded PT37 scaffolds
tended toward M1 polarization, while degraded PT73, PT64 and PT55
scaffolds induced M2 macrophage polarization. RNA-Seq revealed that
phagocytosis of the DPs of PT scaffolds induces oxidative stress and M1
polarization of macrophages. Thus, this work indicates that it is neces-
sary to carefully evaluate the potential biological effects of bone sub-
stitutes at each stage of degradation on immune responses and bone
regeneration.
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