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ARTICLE INFO ABSTRACT

Keywords: Patients with bone defects suffer from a high rate of disability and deformity. Poor contact of grafts with
Shape memory polyurethane defective bones and insufficient osteogenic activities lead to increased loose risks and unsatisfied repair efficacy.
Magnesium

Although self-expanding scaffolds were developed to enhance bone integration, the limitations on the high
transition temperature and the unsatisfied bioactivity hindered greatly their clinical application. Herein, we
report a near-infrared-responsive and tight-contacting scaffold that comprises of shape memory polyurethane
(SMPU) as the thermal-responsive matrix and magnesium (Mg) as the photothermal and bioactive component,
which fabricated by the low temperature rapid prototyping (LT-RP) 3D printing technology. As designed, due to
synergistic effects of the components and the fabrication approach, the composite scaffold possesses a homo-
geneously porous structure, significantly improved mechanical properties and stable photothermal effects. The
programmed scaffold can be heated to recover under near infrared irradiation in 60s. With 4 wt% Mg, the
scaffold has the balanced shape fixity ratio of 93.6% and shape recovery ratio of 95.4%. The compressed
composite scaffold could lift a 100 g weight under NIR light, which was more than 1700 times of its own weight.
The results of the push-out tests and the finite element analysis (FEA) confirmed the tight-contacting ability of
the SMPU/4 wt%Mg scaffold, which had a signficant enhancement compared to the scaffold without shape
memory effects. Furthermore, The osteopromotive function of the scaffold has been demonstrated through a
series of in vitro and in vivo studies. We envision this scaffold can be a clinically effective strategy for robust bone
regeneration.

3D printing
Robust bone regeneration
Tight-contact

1. Introduction common practice is still associated with several limitations, including
unmatched shape, disease transmission, and additional morbidity [3-6].

Bone defect as a result of diseases and traffic accidents is one of the Various kinds of synthetic biomaterials have been explored as bone

most detrimental medical issues due to its high disability and morbidity
[11, of which the orthopedic surgery cases have been predicted globally
to reach over 28 million by 2022 [2]. Conventional treatment for large
bone defects is to use bone grafts harvested from the patients or
compatible donors for bone fixation and regeneration, however, this
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grafts, e.g. metals, ceramics and hydrogels, however, they also
encounter some drawbacks, including unsatisfied mechanical and
bioactive performances [7-11]. What is more, it has been reported that
poor integration between the grafts and bone tissues lead to increased
loose risks and ineffective treatment [12-14]. On the contrary, an
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improved initial tight-contact and maintained bone integration of the
implants could promote bone repair [15]. Hence, biomaterials enabling
close integration with the defective bone are always expected. For
example, injectable cements were popular owing to its fitting ability, but
their mechanical properties, imporous structures, and lack satisfied
cytocompatibility contribute to limited practical applications [16].
Therefore, a tight-contacting porous scaffold that could be compatible
with the medical indications is highly desirable.

Shape memory polymers (SMPs), a kind of burgeoning smart mate-
rials, have captured extensive attention in the biomedical field [17-21].
SMPs have the ability to switch its shape between a programmed and an
initial state under various stimuli such as heat [22,23], light [24,25],
water [26,27], or magnetism [28,29]. Take the typically
thermal-responsive shape memory polyurethane (SMPU) as an example,
this SMPU could be deformed to a smaller shape by an external force at
the temperature above its transition temperature (T > Tirans), and then
fix the temporary shape at low temperature (T < Tians); upon the tem-
perature is higher than the transition temperature (T > Tians), the SMPU
could recover spontaneously to its original shape [30,31]. In addition to
the shape memory effect, SMPs possess massive advantages including
low cost, large deformation, light weight, as well as biocompatibility.
Therefore, SMPs have been reported as abundant biomedical devices
like actuator [32], vascular graft [33], heart scaffold [34] and artificial
muscle [35]. Advances in SMPs hold considerable promises for patients
with bone defects, that allow the implants to be pre-programmed to a
smaller size and then recovered after being inserted so that the defective
site could be well supported and fixed [36]. The shape recovery process
could also strengthen the tightness of contact between the material and
the surrounding tissue, improving osseointegration [8]. Also, a poly
(e-caprolactone)-based SMP scaffold with the self-fitting ability was
developed for treating irregular bone defects [37]. Regrettably, the
porosity of the scaffold was not controllable precisely and there was no
in vivo study to further prove its feasibility in promoting bone regener-
ation. Besides lacking precise porous structures and bioactivity, most
thermal responsive SMP implants have to comply with the contact
actuation, which could limit clinical operation in deep area in organisms
[19]. In comparison, light trigger is attractive due to its remotely
controllable capability, as well as higher spatial and temporal resolution
[24,38]. Particularly, near-infrared (NIR) light is widely used in
biomedical application owning to its tissue harmless and excellent tissue
penetration ability [39-41]. As a result, NIR-responsive SMP composites
have been energetically developed through introducing different pho-
tothermal agents e.g. gold nanoparticles [42], carbon nanotubes [43],
and black phosphorus nanosheets [44] into SMP matrix, resulting in
light absorption and subsequent light-to-thermal energy conversion. But
most photothermal agents suffer from the poor biodegradability or
osteogenicity and unsatisfied mechanical properties [44], thus although
a NIR-photoresponsive shape memory composite scaffold has tremen-
dous clinical value, it remains an ongoing challenge.

Previously, our group has made great efforts on fabricating bioactive
scaffolds for bone repair including integrating magnesium (Mg) particles
in the polymer matrix (such as poly (lactide-co-glycolide), PLGA; poly-1-
lactide, PLLA) to construct the bone scaffold by a unique 3D-printing
technology [45-48]. On one hand, Mg has been widely studied in or-
thopedic implants on account of its comparable mechanical properties,
biocompatibility, excellent biodegradability, and osteopromotive effects
during degradation [49-54]. In our fundamental study, the magnesium
ions (Mg?") has been proved to promote the neuronal calcitonin
gene-related polypeptide-a (CGRP) -mediated osteogenesis differentia-
tion [55]. Mg2+ could also regulate the metabolism of minerals and cell
functions including adhesion, proliferation, and migration, as well as
promote neovascularization [56,57]. Interestingly, we also found that
Mg particles were promising photothermal fillers to realize local hy-
perthermia and has reported an Mg-containing scaffold for antitumor
and bone regeneration [58]. Based on its bioactivity and photothermal
property, we designed to introduce Mg particles to the SMPU matrix and
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then regulate its shape recovery and osteopromotive function. On the
other hand, 3D-printing technology is an effective tool for constructing
precise scaffold for biomedical applications, which has become an
ever-increasing interest of biomedical field as well [59-61]. In partic-
ular, our group previously reported an innovative low-temperature
rapid prototyping (LT-RP) 3D-printing technology that could use poly-
meric solution to fuse deposition and model scaffold under —30 °C fol-
lowed by lyophilization to remove the solvent [62-65]. The printing
process does not require reaction initiators and high temperature that
might decrease the bioactivity and biocompatibility of the implants.
Besides, this 3D printing technology incorporating computer-aid design
could fabricate the customized composite scaffolds for bone defect
repair through regulating the printing parameters e.g. temperature
and/or speed of the nozzle to obtain the hierarchically macro- and
micro-porous structures and controllable distribution of ingredients.

Herein, we propose a NIR-responsive and osteopromotive SMPU/Mg
composite porous scaffold fabricated by the LT-RP 3D-printing tech-
nology. Based on the clinical indications, this 3D printed composite
scaffold was expected to have synergistic effects to achieve the improved
mechanical and bioactive properties, also be equipped with the uniform
porous structure and NIR-responsive shape memory effect to enable the
tight-contact for robust bone regeneration. The working concept of this
3D printed scaffold for robust bone regeneration is described as “3R”
process: after being implanted, the programmed scaffold will recovered
in presence of NIR light, achieving the tight-contact; then Mg ions will
be released slowly with the degradation of Mg particles to promote
osteogenesis; ultimately, the defective bone will be repaired (Fig. 1). As a
proof of concept, a polycaprolactone (PCL)-based SMPU was synthesized
though one-step method. Then the Mg particles were incorporated into
SMPU matrix to fabricate the SMPU/Mg composite scaffold by the LT-RP
3D printing technology. After that, the scaffold was comprehensively
investigated in terms of its structure, ions release, mechanical and
thermal properties, shape memory effects, as well as biological perfor-
mances both in vitro and in vivo. Finite element analysis (FEA) was also
performed to simulate the recovery process of the 3D printed scaffold in
a simplified defective bone model.

2. Materials and methods
2.1. Materials

PCL-diol (Wn5000) was obtained from Shenzhen Esun Industrial Co.,
Ltd (Shenzhen, China). 4,4-methylenebis (phenylisocyanate) (MDI) was
purchased from Aladdin Bio-Chem Technology (Shanghai, China). 1, 4-
Butanediol (BDO) was obtained from Sigma-Aldrich (Shanghai, China).
Mg particles with particle size around 50-80 pm were procured from
Tangshan Wei Hao Magnesium Powder Co., Hebei, China). The PCL-diol
and BDO were in advance dried under vacuum at 100 °C for 24 h to
remove the moisture.

2.2. Synthesis of the SMPU matrix

The SMPU was synthesized through a one-step method. The process
could be found in Fig. S1. Briefly, PCL-diol, MDI and BDO were added in
a three-necked, round-bottomed flask followed by reacting at 85 °C
under vacuum for 5 min with mechanical stirring. Then the solution was
poured into a tetrafluoroethylene (TFE) mold, which was placed into an
oven to continue the reaction for 16 h. The weight ratio of PCL-diol/
MDI/BDO was 20/7/2.16.

2.3. Preparation of 3D printed scaffolds

1, 4-dioxane (Shanghai LingFeng Chemical Reagent Co., Ltd.,
Shanghai, China) and dimethylsulfoxide (DMSO, Aladdin Bio-Chem
Technology, Shanghai, China) were mixed at a weight ratio of 5:1 to
dissolve the as prepared SMPU (25%, w/v). Mg particles were added to
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Fig. 1. Schematic illustration of: (a) 3D printed SMPU/Mg scaffold and its Mg2+ releasing: the scaffold could be compressed at T > Tyans and then fixed at T < Tipans;
upon T > Tyans, the scaffold could be recovered to its original shape and then Mg®" could be released with degradation of the scaffold; (b) “3R” process: after being
implanted, the compressed scaffold will be recovered in NIR light, resulting in the supporting stimulus at interface between the scaffold and tissue; then the Mg+ will
be released slowly to improve the regeneration of defective site; at last, the defective bone will be repaired; red arrow: supporting stimulus from the shape recovery
process. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the above SMPU solution to make the SMPU/Mg suspensions with
various Mg contents (0 wt%, 2 wt%, 4 wt%, 6 wt%, 8 wt%, relative to the
weight of the SMPU) that was used to prepare the bone scaffold through
a low-temperature deposition 3D printing machine (CLRF-2000-II,
Tsinghua University, Beijing, China), where the scanning rate was 22
mm s}, the spinneret filling rate was 0.3 mm s ' and the nozzle tem-
perature was set to 12 °C. Finally, a cubic porous scaffold was fabricated
under the low temperature of —30 °C, followed by being freeze-dried to
remove solvent using a vacuum lyophilizer for 48 h (Bo Yi Kang FD-1-50,
China) to obtain the final products.

2.4. Characterization of 3D printed scaffolds

A Micro-CT machine (SCANCO Medical, micro-CT 100, Switzerland)
was used to scan the SMPU/4 wt% Mg scaffold. The scanning parameters
were: 0.5 mm aluminium, 9 pm resolution, 70 kV voltage, and 120 pA
current. After the scanning, 3D reconstruction of the scaffold was real-
ized by a CT-analyzer. The morphological characterization of 3D printed
scaffolds were conducted by scanning electron microscope with Energy
Dispersive Spectrometer (SEM-EDS) (ZEISS SUPRA® 55, Carl Zeiss,
Germany) at an accelerating voltage of 5 kV. The wide-angle X-ray
diffraction (XRD) patterns of the samples were performed using a X-ray
diffractometer (D8 Advance, Bruker, Germany) using Cu Ka radiation
source (1.54 10\). The scaffolds were scanned from 20 = 10° to 80°.
Fourier-transform infrared (FTIR) spectra of various scaffolds were
recorded by using a FTIR spectrometer (Frontier, Perkin-Elmer, USA) in
the wavenumber range of 650-4000 cm™! at room temperature. Ther-
mal analysis was conducted by a differential scanning calorimetry (DSC)
(Mettler Toledo, TGA/DSC1) and a TGA machine (Mettler Toledo,
DSC1), respectively. The temperature ranges in these two measurements
were 30-600 °C and 0-120 °C in several. The compression tests were
carried by using an Instron tester (Instron Electropuls E10000, USA) at a
testing rate of 1 mm min ! at room temperature. Compress Modulus and
stress strength were derived from the stress-strain curves to compare the
mechanical properties. The degradation and Mg?" releasing were
investigated through placing the scaffolds specimens in a phosphate-

buffered saline (PBS) solution (pH = 7.4) with a ratio of 0.1 g mL !
according on ISO 10993-12, followed by putting in a thermostatic water
bath bed (70 rpm, 37 °C). The extract liquids were collected each week.
Then the concentrations of Mg?" were measured by inductively coupled
plasma mass spectrometry (ICP, Agilent 710, California, USA). The
photothermal effects of the 3D printed scaffolds were investigated by
using a NIR laser in air (808 nm, P=1W cm~2) and water (808 nm, P =
2 W cm~2, LWIRPD-10F, Laserwave, Beijing, China). The data of tem-
perature changes were recorded by a NIR camera (FLIR One, FLIR Sys-
tems, Inc, Hong Kong, China). The regular and irregular shape recovery
processes were performed through placing the programmed SMPU/4 wt
%Mg scaffold in the NIR (808 nm,P=1W em 2. Shape memory effects
of the scaffolds were quantificationally studied through a compression
test in air, meanwhile registering changes of the height. The original
height of the scaffold was noted as Ly, the maximum compressed length
was Ly, at 80 °C and the fixed height of the sample at the equilibrium
state was L¢. After being recovered at 80 °C, the final height was L,. Then
the shape fixity ratio (R¢) and shape recovery ratio (R;) could be calcu-
lated according to the equations [8].

_L0O—-Lm

Rf 0 11 x 100% @
_Lr—Lf
r=l0Tif " 100% 2

Supporting ability of the scaffolds were further investigated by
measuring the reovery stress of the compressed scaffolds under the NIR
light. The SMPU and SMPU/4 wt%Mg scaffolds were first compressed
20% height, then being fixed and cooled down for 10 min at room
temperature. After that, the scaffolds with fixed shape were irradiated
by the NIR light (808 nm, 1 W cm™~2) and the stress were calculated from
the generated force. In addition, the compressed SMPU/4 wt%Mg
scaffolds were put on a 100 g weight. Then the scaffolds were irradiated
by the NIR light (808 nm, 1 W cm~2) and the images were recorded.
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2.5. Invitro cell studies of the 3D printed scaffolds

Cell behaviors were investigated for evaluating the biological in-
fluences of the SMPU and its composite scaffolds. Mouse embryo oste-
oblast precursor (MC3T3-E1) cells (ATCC, Manassas, VA, USA) and Bone
Mesenchymal Stem Cells (BMSCs) collected from the femur of 1 month
old male Sprague Dawley (SD) rats were utilized for evaluating the cell
viability, proliferation and osteogenic differentiation, respectively. At
first, the scaffolds were sterilized by gamma ray (15 kGy) for 3 h. Then
the samples (3 g) were immersed with a fixed mass to medium volume
ratio (0.1 g mL’l) in a minimum essential medium o («-MEM, Gibco,
USA) supplemented with 10% (v v~ 1) fetal bovine serum (FBS, Gibco,
USA) and 1% (v v' ) penicillin/streptomycin (Gibco, USA) (30 ml in
total) for 24 h at 37 °C in 5% CO; atmosphere for extraction according to
ISO 10993-12. MC3T3-E1 cells were cultured with the samples in a 24-
well culture plate with a density of 2 x 10* cells/well in an incubator
under 37 °C and 5% CO,. Using the extract liquid of the scaffolds, the
Live/Dead staining assay was carried out after 3 days incubation to
investigate the cell viability and the Cell Counting Kit-8 (CCK-8,
Dojindo, Japan) assay was conducted after being incubated for 1, 3, 5 or
7 days to determine the cells proliferation according to the manufac-
turer’s instructions and literature [56,66]. The Alkaline phosphatase
(ALP), ALP activity and the Alizarin Red S (ARS) staining as well as
quantitative polymerase chain reaction (qQPCR) analysis were conducted
to assess the osteogenic differentiation of the BMSCs cultured with the
scaffold samples in a 24-well culture plate (2 x 10* cells/well) in the
osteogenic differentiation medium (a common medium with 10 mM
p-glycerol phosphate and 50 pg mL ™! ascorbic acid) under 37 °C and 5%
CO,. BMSCs incubated at the same conditions without samples were
regarded as the blank control. The cells were stained with BCIP/NBT
staining solution (Sigma-Aldrich, Shanghai, China) after being incu-
bated 3, 7 and 14 days following the manufacturer’s protocols. The ALP
activity was detected with p-nitrophenyl phosphate (pNPP) (Beyotime,
China) at 3, 7 and 14 days after the addition of osteogenic extracts to the
BMSCs. The ALP activity was quantified by absorbance measurements at
405 nm as our previous study [56]. The mineralization of the BMSCs was
identified by ARS solution (Solarbio) qualitatively after 18 days. Images
were taken by an optical microscope (Nikon, Japan). The amount of
calcium deposition was further investigated quantificationally accord-
ing to our previous reports [56]. In addition, gene expression of osteo-
genic differentiation markers (Runt-related transcription factor 2
(Runx2) and osteocalcin (OST) were evaluated through qPCR after cells
were cultured for 3, 7 and 14 days. The total RNA was extracted first
from each sample using an AxyPrep Multisource Total RNA Miniprep Kit
(Axygen, USA), followed by generating the cDNA using a Reverse
Transcription Kit (Takara, Japan). The final reaction solution was totally
20 pl containing 10 pl of 2 x Power SYBR® Green PCR Master Mix, 7.4 pl
nuclease free water, 1 pl of the diluted cDNA, 0.8 pl each of forward and
reverse primers. And the amplification conditions were set as: 50 °C for
2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15s, 60 °C for 1 min. The
fluorescence signal was recorded by a SYBR Green Detection System
with a LightCyclerVR480 instrument (Roche, Switzerland) followed by
being converted to the numerical values. The messenger RNA (mRNA)
levels of all genes were normalized using gapdh as internal control. The
primers could be found in Table S2. Three replicates were used for each
sample.

2.6. In vivo animal studies

Surgical procedure: Six-week-old male SD rats were purchased from
Beijing Vital River Company (Beijing, China) and housed under standard
conditions with free access to food and water for animal experimental
investigations. All procedures were approved by the Animal Research
Committee of Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences (SIAT-IRB-180206-YGS-LCR-A0361-01). Total 36
rats were randomly divided into three groups for investigating the
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histocompatibility and biomechanical property: blank group (no scaf-
fold, only received the defects without treatment), control group
(received the defects filled by the neat SMPU scaffold, no NIR light) and
experimental group (received the defects filled by the SMPU/4 wt%Mg
scaffold, with NIR light). The surgical process were carried out based on
the literature [67]. In particular, two critical-sized calvarial defects with
a diameter of 5 mm were created in each rat. The composite scaffolds
with a diameter of ~6 mm were programmed to a smaller size with a
diameter of ~4 mm in advance. After being implanted in the defective
site, the composite scaffolds were irradiated by the NIR light (808 nm, 2
W cm™2) for 60s to recover its shape and then support the defective
tissues. SMPU scaffolds with a diameter of ~5 mm were inserted with no
compression. The rats with these interventions were monitored and
raised in cages. After reaching the predetermined time points (4, 8 and
12 weeks), the rats were sacrificed by injecting the sodium pentobarbital
with a dose of 90-120 mg per kg bodyweight.

Biomechanical investigation: Defective bones with various in-
terventions after surgery immediately and 12 weeks were respectively
collected for push-out measurement. The harvested samples were first
fixed on the custom clamps in an Instron tester (Instron Electropuls
E10000, USA) where the cerebral surface faced up (Fig. 5b1). Then a
stainless steel rod with a diameter of 4.5 mm was aligned to the center of
the initial bone defect, and compressed with a rate of 1 mm min " until
failure at room temperature where the peak force was recorded.

FEA: FEA was used to further investigate the stress at the interface
between the 3D printed scaffold and the bone tissues by the software
Abaqus 6.14 (Dassault Systemes, France). In this study, the scaffold and
defective site in the cancellous bone were simplified to a cylinder and a
cuboid, where the recovery process of scaffold in the defective bone
would be simulated [8]. Materials used in the FEA model were set to be
isotropic, homogeneous and linearly elastic. According to the literature,
properties of a cancellous bone were assumed in this study: Young’s
modulus: 1.5 GPa, Poisson’s ratio: 0.3, CTE: 0 [68]. For the SMPU
scaffold: Young’s modulus: 16.8 MPa, Poisson’s ratio: 0.33; For the
SMPU/4 wt% Mg scaffold: Young’s modulus: 23 MPa, Poisson’s ratio:
0.28. No load was applied in this system and the temperature gradient
was set to 25 (initial), 30, 35, 40 and 45 °C to simulate the recovery
process.

Micro-CT evaluation: At each time point, the whole skull with bone
defects were dissected and harvested in 4% paraformaldehyde. All
samples were scanned by a Micro-CT machine (SCANCO Medical, micro-
CT 100, Switzerland) to determine the 3D structure of the bone and the
growth of newly grown bone tissue. The scanning parameters were: 1
mm aluminium, 9 pm resolution, 70 kV voltage, and 120 pA current.
After the scanning, 3D reconstruction of the bone was realized by a CT-
analyzer and the percentages of the bone volume to total bone volume
(BV/TV) and the local volumatric bone mineral density (vBMD) were
also determined.

Histological analysis: Hematoxylin and Eosin (H&E) (Sigma-Aldrich,
Shanghai, China) staining approaches were used for histological evalu-
ation. The dissected samples at various time points were fixed with 10%
buffered formalin followed by being decalcified in 10% ethylene
diamine tetraacetic acid (EDTA) dehydrated in gradient ethanol, and
finally embedded with paraffin. The processed specimens were cut into
sections with a thickness of 4 pm by a paraffin slicing machine (Leica
RM2235, Germany). After being stained, the sections were observed by a
light microscope (Olympus IX71, Japan). The surface of the section
image was divided into old bone tissues (OB), new bone tissues (NB) and
scaffold samples (S) according to the features of the tissues and samples
including color and position. The area was analyzed using an using an
image analyzer (Image-Pro 6.0, Media Cybernetics, Silver Spring, MD,
USA). Then the percent of new-growth bone tissue was the ratio of area
(NB) to total area (area (NB) + area (OB) + area (OB)). In addition, to
further evaluate bone formation, the osteogenesis-related proteins (OCN
(PA5-96529, 1:100, invitrogen) and Runx2 (PA5-86506, 1:100, invi-
trogen)) were detected by immunohistochemical (IHC) staining. The
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Fig. 2. Characterizations on 3D printed bone scaffolds: (a) Structural observation of SMPU/4 wt%Mg scaffold by micro-CT. (b1) Macro image and micro morphology
observation with different magnification of SMPU/4 wt%Mg scaffold by SEM. From left to right at magnification of: 40x, 500x, 800x. (b2) The element composition
distributed in the scaffold by SEM-EDS: Element carbon (C, green); Element Oxygen (O, blue); Element Magnesium (Mg, red). (c) XRD patterns.; ( d) DSC results.
( e-f) Mechanical properties: compress strength (e) and compress modulus (f) derived from the stress-stain curve. (g) Accumulated concentration of released Mg2+. n
= 3. *, significant difference compared to the SMPU group, p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

Goldner’s trichrome (Sigma, USA) staining was also carried out ac-
cording to previous studies [56].

2.7. Statistical analysis

Quantitative results were analyzed using the software SPSS 17.0. The
graphics of the data analysis were prepared though the software Origin
8.5. The statistical significance among different groups or time points
was calculated using one-way or two-way ANOVA analysis and the
significant difference was set to p < 0.05.
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3. Results
3.1. Characterization on 3D printed SMPU/Mg scaffolds

The PCL-based SMPU matrix was firstly synthesized through a one-
step method (Fig. S1). Then through the unique LT-RP 3D printing
technology, the SMPU/Mg composite scaffolds with various contents of
Mg particles (0 wt%, 2 wt%, 4 wt%, 6 wt%, 8 wt%, relative to the weight
of the SMPU matrix) were fabricated. The reconstructed micro-CT im-
ages of the representative SMPU/4 wt%Mg scaffold presented an
interconnected porous structure both horizontally and vertically
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Fig. 3. Photothermal performances and shape memory effect of 3D printed scaffolds under NIR light. (al-a2) Photothermal heating curves of the SMPU/Mg scaffolds
with different Mg concentrations at dry state (al) and wet state (a2) irradiated by the NIR laser. (a3) Temperature elevation of the SMPU/4 wt%Mg scaffold for six
laser on/off cycles. (b-c) Photographs of shape recovery process in air of the regular (b) and irregular (c) SMPU/4 wt% Mg scaffold irradiated by the 808 nm laser (1
W em2). 0S: original shape; TS-1: Temporary shape-1; TS-2: Temporary shape-2; RS: recovered shape. (d) hotographs of shape recovery process in water of the
SMPU/4 wt%Mg irradiated by the 808 nm laser (2 W cm ™). (e) Infrared thermal images of the recovery process in water. (f) R¢and R, of the SMPU/Mg scaffolds with
different Mg concentrations. (g) Recovery stress of SMPU and SMPU/4 wt% Mg scaffold irradiated by the 808 nm laser (1 W cm™2). (h) Programmed SMPU/4 wt%
Mg scaffold compressed with a 100 g weight before and after being irradiated by the 808 nm laser (1 W cm ™). n = 3.

observed from the views of its cross section and lengthwise section
(Fig. 2a). The pristine SMPU presents a white color (Fig. S2), and the
color becomes darker in the SMPU/4 wt%Mg scaffold (Fig. 2b1). SEM
images reveal the hierarchical porous structure in the scaffolds that have
the macropores with 600-700 pm diameters (Table S1 and Fig. S3a) and
the micropores with the diameters of 5-40 pm (Fig. 2b1). In addition,
the samples were also observed by SEM-EDS and identified that Mg
particles are homogeneously distributed in the scaffolds (Fig. 2b2). The
FTIR spectrum proves that the NCO- groups in SMPU and SMPU/Mg
composites was reacted completely, which the SMPU matrix has been
prepared well (Fig. S3b). Due to the existence of Mg particles, the typical
peaks of appear at 20 = 36.7° in the corresponding XRD patterns of the
composite scaffolds while no peak is in that of the pristine SMPU
(Fig. 2¢). The differential thermogravimetry (DTG) thermograms of the
3D printed scaffolds from the thermogravimetric analysis (TGA) curve
were shown in Fig. S4. The initial and maximum decomposition tem-
perature of the neat SMPU sample was 316.5 °C and 367 °C while those
of the Mg-containing samples decreased to 304.8/344.6 °C of SMPU/4
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wt%Mg and 298.6/332.7 °C of SMPU/8 wt%Mg. The melting temper-
ature (Tp,) of the samples were measured by DSC. As shown in Fig. 2d,
compared with the pristine SMPU (T, = 56.0 °C), the Ty, increased after
adding the Mg particles in the composite, which had a positive rela-
tionship between the Ty, and the Mg content. Fig. 2e and f shows the
strength and modulus of the scaffolds at room temperature derived from
the typical stress—strain curves (Fig. S5). The pristine SMPU has a
compress strength of ~5.9 MPa and a modulus of ~16.8 MPa. After
introducing the Mg particles, the mechanical performances of the
composite scaffold were enhanced with the increase of the Mg contents.
For example, the strength and modulus of SMPU/4 wt%Mg sample were
6.7 MPa and 23.0 MPa in several, which have significant improvements
compared with those of the neat SMPU. The in vitro degradation of the
scaffolds was investigated through immersing them in phosphate-
buffered saline (PBS) solution (pH = 7.4) for 12 weeks. After 12
weeks, the weight of the samples had no significant changes (Fig. S6a),
suggesting the stability of the scaffolds. The accumulative Mg?"
releasing curve (Fig. 2g) was derived from to the concentration of
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is referred to the Web version of this article.)

released Mg?" at each time point of the various extracts (Fig. S6b).
Compared to the pure SMPU scaffold presenting no Mg?" releasing, the
SMPU/Mg composite scaffolds released Mg?" rapidly in first 2 weeks.
From 2 to 12 weeks, the Mg?" releasing speed leveled off gradually. The
results demonstrated the sustainable release of the Mg?* from the 3D
printed composite scaffolds.

3.2. Photothermal performances and shape memory effect of the 3D
printed scaffolds

The NIR photothermal effects of the scaffolds at dry state and wet
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state were investigated by irradiating the samples using an 808 nm laser
where the power density was set to 1 w cm™2 and 2 w cm ™2, respec-
tively. As shown in Fig. 3al, the increased temperatures of the scaffolds
at dry state were observed with increases of Mg concentration and
irradiating time, and had a higher ramp rate during first 60 s. Specif-
ically, SMPU/4 wt%Mg scaffold presented a temperature rise from
~30.0 °C to ~67.6 °C (higher than its T,) in 60s and finally achieved
~77.7 °C after being heated for 100s (P =1 w cm’z). On the contrary,
the temperature of pure SMPU scaffold had almost no change after the
same irradiating operation. The photothermal effects of the scaffolds at
wet state had the same trend with that at dry state (Fig. 3a2). Even
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through there was the fast heat dissipation in water, the samples could
still realize the local hyperthermia when the power was settoP =2 w
cm~2. For example, the temperature of the SMPU/4 wt%Mg scaffold
rose from ~26.2 °C to ~40.8 °C in 60s and finally was ~46.1 °C. For
further evaluating the photothermal stability of the SMPU/4 wt%Mg
scaffold, the temperature changes of the scaffold exposed in the NIR
light for 60 s (laser on) was recorded, followed by natural cooling to
room temperature after the NIR laser was turned off (laser off). Even the
cycles repeated 6 times, the efficiency of the photothermal effects had
little decay, which proved the excellent photothermal stability of the
SMPU/4 wt%Mg scaffold (Fig. 3a3).

Shape memory properties of the scaffolds through remote NIR light
trigger were investigated. The scaffold was compressed at T > Tp,, and
then cooled down to room temperature until the shape was fixed. After
that, the compressed scaffold was placed under the NIR light with an
808 nmlaser (P=1W cm’z). With exporue of the NIR light over time,
the shape of the scaffold could be recovered spontaneously to the orig-
inal state (Fig. 3b). In Fig. 3c, the SMPU/4 wt%Mg scaffold was
customized to an irregular shape and the results also confirmed the re-
covery effects of the SMPU/4 wt%Mg scaffold. In Fig. 3d, the com-
pressed scaffold was immersed into water, where the shape of the
scaffold could still be recovered to the initial state in 100s under the NIR
light (808 nm, 2 W cm™2). Fig. 3e presents the infrared thermal images
of the recovery process. To quantify the shape memory properties of the
scaffolds, the variation of the height were recorded and then measured
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(Fig. 3f). After being irradiated for 100s, the pristine SMPU had a
~99.3% of shape fixity ratio (R¢) while a ~0.5% of shape recovery ratio
(R;) due to no photothermal effect. Interestingly, R of the Mg-containing
scaffolds decreased while R, increased with the increasing concentration
of Mg particles. For instance, the R¢ and R; of SMPU/2 wt%Mg were
~92.8% and ~97.4%, respectively. For SMPU/8 wt%Mg, the corre-
sponding ratios became ~95.4% and ~80.0% in several. For obtaining a
balanced shape memory performance, this work selected the SMPU/4 wt
%Mg scaffold (93.6% of R¢ and 95.4% of R,) to process the following
animal studies. The supporting ability of the SMPU/4 wt%Mg scaffold
was also evaluated. Fig. 3g displays the recovery stress of the pure SMPU
and SMPU/4 wt%Mg scaffold under NIR light. Due to no NIR-responsive
effect, the SMPU scaffold had no recovery stress. In contrast, the SMPU/
4 wt%Mg scaffold had a recovery stress of ~27.5 KPa. In addition,
because of the recovery effect, the scaffold could lift a 100 g weight in
the presence of NIR light, which was more than 1700 times of its own
weight (Fig. 3h). These results proved that the 3D printed SMPU/Mg
scaffolds had good NIR-responsive properties and supporting ability,
stemming from their excellent photothermal effects of Mg particles and
the thermo-responsivity of the SMPU.

3.3. Invitro cell studies of the 3D printed scaffolds

MC3T3-E1 cells were used to evaluate the effects of the 3D printed
scaffolds on cell viability and proliferation while the control group had
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no additional treatment. Fig. 4al shows the fluorescence images of
MC3T3-E1 cells incubated with various samples for 3 days through the
Live/Dead staining assay. Cells could be found clearly with an obviously
high viability of for all groups. In addition, the quantitative results of the
cell proliferation cultured with SMPU and its composite scaffolds for 1,
3, 5 and 7 days were shown in Fig. 4a2, which indicated the MC3T3-E1
cells proliferated more along with time in all groups. After 5 days, the
speed of the cell proliferation decreased and there was no obvious in-
crease at 7 days. In addition, there was also no significant difference
among various groups in terms of the OD values.

The effects of the scaffolds on osteogenic differentiation were also
investigated using the BMSCs [69]. The ALP staining results at the time
points of 3 days, 7 days and 14 days (Fig. 4b1) indicated that the purple
ALP-staining colony increased over time, which suggested the contin-
uous ALP secretion due to osteogenic differentiation of the BMSCs. At 3
days, the purple color in stained colony of the control group was darker
than that of the scaffolds groups, meaning the control group (without
any scaffold) had the best osteogenic differentiation. After 7 days, the
stained colony of the scaffolds groups was darker. Moreover, the purple
color was darker with the increasing content of the Mg particles due to
enhanced bioactivity of the released Mg?*. The ALP activity suggested
that the Mg-containg composite groups, especially the SMPU/4 wt%Mg
group had significant higher ALP activity compared with that in the
control and SMPU groups (Fig. 4b3). The ALP activity decreased in the
SMPU/6 wt%Mg and SMPU/8 wt%Mg groups after 14 days incubation.
Furthermore, the qualitative and quantitative analysis of the calcium
nodules during the BMSCs incubation with various samples were also
evaluated through the ARS staining method. As shown in Fig. 4b2, the
red mineralized nodules indicated that calcium deposited successfully
after 18 days incubation. Compared with the control group and the pure
SMPU group, the calcium nodules were improved after introducing Mg
particles. However, the mineralized nodules decreased in the SMPU/8
wt%Mg group. The same trend was confirmed by the quantitative
analysis in Fig. 4b4. The quantified optical densities of alizarin red in
SMPU/2 wt%Mg, SMPU/4 wt%Mg group and SMPU/6 wt%Mg groups
were significantly higher than those in the control group and the pure
SMPU group while the data decreased obviously in the SMPU/8 wt%Mg
group. Even though there was a dosage effect, the 3D printed SMPU/Mg
scaffolds were proved to enhance osteogenic differentiation of BMSCs.
The normal groups (without osteogenic induction medium) of the ALP
staining assay and the ARS staining assay could be found in Fig. S7. The
gene expression of the Runx2 and OST of the BMSCs incubated after 3
days, 7 days and 14 days were determined by qPCR. Compared with the
normal group (without osteogenic differentiation medium and scaffold),
the control group (without any scaffold), and the neat SMPU group,
SMPU/4%Mg group has a significant improvement at early stage (3 days
and 7 days) expressing the highest level of Runx2 and OST (Fig. 4c1 and
4c2) [56,70]. Primer sequences of Runx2 and OST for qPCR could be
found in Table S2. This result also confirmed the osteopromotive effects
of the SMPU/4%Mg scaffold that was used for the further in vivo studies.

3.4. In vivo animal studies

The in vivo bone regenerative potential of the 3D printed scaffold was
evaluated systematically. At first, shape memory behavior of the SMPU/
4 wt%Mg scaffold during the implanting process could be found in
Fig. 5a. The calvarial defect of the mouse was created, followed by being
filled with the compressed SMPU/4 wt%Mg scaffold. Due to the pro-
grammed small size, there was a gap between the scaffold and the bone
tissue so that the scaffold could be easily implanted in the defective site.
Subsequently, the defective skull with the composite scaffold was irra-
diated by the NIR light (808 nm, 2 W ecm™2) for 60s, and finally the
scaffold recovered to its original size with its porous structure.

The push-out tests were conducted to investigate the tight-contacting
performance of the scaffolds and the biomechanical properties of the
repaired defects (Fig. 5b2 and 5b3). After implantation immediately, the
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blank group (no implantation) has no any loading ability. For the pure
SMPU scaffold group, the maximum load was ~1.2 N due to the pres-
ence of the scaffold. For SMPU/4 wt%Mg scaffold group, the peak force
had a significant enhancement to ~17.5 N. At 12 weeks implantation,
the blank group had new growth tissues with a maximum load of ~90 N.
As for the SMPU/4 wt%Mg scaffold group, the maximum load of the
defective samples was significantly enhanced from ~126 N (in SMPU
scaffold group) to ~316 N. This might be caused by the improved newly
growth bone tissues resulted from the tight-contact of the composite
scaffold and the releasing of the Mg2*. In order to analysis the tight-
contacting ability of the 3D printed scaffold after implantation imme-
diately, FEA method was performed. The implanted bone site was
simplified to a defective bone-scaffold mode as shown in Fig. 5c1 and
5c2, where the scaffold was regarded as a compressed shape. The pris-
tine SMPU scaffold had a R; of 0.05% due to no photothermal effects
while the SMPU/4 wt%Mg scaffold had a R, of 95.4%. To focus on the
effect of the shape recovery process, we here only consider the shape
memory properties of the scaffold rather than its thermal expansion
performances. Therefore, the coefficient of thermal expansion (CTE) in
the system would be modified as the parameter. The original CTE
equation was shown here [71].

o=AL/LAT (3)
Where AL is the elongation of the sample; L is the original length of the
sample; AT is the difference in temperatures before and after expanding.

In this study, due to the shape memory effects, based on equations
(1) and (2) in the Experimental section, the new-modified CTE equa-
tion was regarded as below:

Rr (@ — 1) *L

Lf AT
Where the original height of the scaffold was noted as Ly, the fixed
height of the sample at the equilibrium state was Ls. After being recov-
ered, the final height was L.

As a result, if the Ly and L¢ was fixed, there is a proportional relation
between CTE and the shape recovery properties of the sample. Accord-
ing to this equation (4), in this study, the temperature range is 20 °C, and
the new-modified CET values for filling in the system were 0.00005 for
the pristine SMPU scaffold and 0.00954 for the SMPU/4 wt%Mg scaf-
fold. In the stress nephograms, with temperature rising, the stresses
appeared and increased due to the shape recovery process of the scaf-
folds and the highest von Mises stresses existed at the interface. Spe-
cifically, the pure SMPU scaffold had only ~115.7 KPa of the highest
von Mises stresses while the SMPU/4 wt%Mg scaffold had ~25.27 MPa
of the highest von Mises stresses, which caused by the shape recovery
process. These also confirmed the tight-contact of the 3D printed SMPU/
Mg scaffold.

Micro-CT analysis was used to investigate the newly grown bone
tissues at 4, 8 and 12 weeks after surgery. The 3D reconstruction image
by micro-CT shown in Fig. 6al. Compared to the blank group (without
any scaffold) and the pristine SMPU scaffold group, the calvarial defect
filled by SMPU/4%Mg scaffold had more newly regenerated bone at
each time point, especially at 12 weeks. For quantitative analysis, the
percentages of the bone volume to total bone volume (BV/TV) and the
local volumatric bone mineral density (vBMD) were calculated (Fig. 6a2
and 6a3). The data in SMPU scaffold group has an improvement
compared with that in the blank group at each time-point, which might
imply the scaffolds with hierarchically macro- and micro-porous struc-
tures could enhance bone regeneration. As for the SMPU/4%Mg scaffold
group, both the vBMD and BV/TV had a significant enhancement than
those in the blank and SMPU groups at 4, 8 and 12 weeks after im-
plantation. For instance, the vBMD and BV/TV of the composite scaffold
group were respectively ~0.76 and 19.8% at 12 weeks while those in the
SMPU scaffold group were 0.54 and 15.9%, and in the blank group were
only 0.41 and 11.5%. In addition, quantitative analysis of the trabecular
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number (Tb. N), trabecular separation (Tb. Sp), and trabecular thickness
(Tb. Th) (Fig. 6b1-b3) confirmed the improvement in the SMPU/4%Mg
scaffold group compared with the blank and SMPU groups. The results of
the representative histological H&E staining in Fig. 6¢1 and 6¢2 indicate
the newly fomred bone tissues in each group at various time-points.
Compared with the blank group and the pristine SMPU group, more
new bone tissues could be found in the SMPU/4 wt%Mg group at each
time point (Fig. 6¢1). In addition, the new bone could also be found to be
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formed in the pores of the scaffolds especially in the Mg-containing
scaffold explained by known osteopromotive effects of Mg?". The
quantitative percentage area of the new bone tissues in the defective site
also confirmed the results (Fig. 6¢2). Compared to the other groups, the
SMPU/4 wt%Mg group had significantly larger area of the new bone
tissues after implantation 4, 8, and 12 weeks. The IHC staining and
Goldner’s trichrome staining results presented that the SMPU/Mg
groups had higher expression of the OCN and Runx2, and more new
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tissues compared with the blank and SMPU groups, respectively
(Fig. S8).

4. Discussion

Existing clinical grafts are usually limited by poor contact and
insufficient osteogenic activities and SMP scaffolds possess enhanced
bone integration but hindered by unsuitable transition temperature and
unsatisfied bioactivity for practical application. Therefore, this study
provides 3D printed near-infrared-responsive and tight-contacting
SMPU/Mg composite scaffolds and proves its improved mechanical
properties, stable photothermal effects and osteopromotive perfor-
mances. At first, the hierarchically macro- and micro-porous structures
of the 3D printed scaffolds are presented (Fig. 2a and b1). Additionally,
The results of the SEM-EDS (Fig. 2b2), FTIR spectrum (Fig. S3b) and
XRD patterns (Fig. 2¢) confirm the uniform dispersion of Mg particles
and the homogenous structure of the 3D printed scaffolds [72,73]. TGA
results (Fig. S4) show the thermal degradation of the SMPU and its
composite scaffolds occurs in a two-step process and the Mg-containing
scaffolds have a good thermal stability [74]. The transition temperature
of SMPU for shape programing is usually the glass transition tempera-
ture or the melting temperature of the polyhydric alcohols. In this work,
the melting temperature of the PCL part was the transition temperature,
because in designed structure of the SMPU and its composites, the
crystal-melt transition of PCL brings significant changes to overall
property like modulus, and directly decides the shape memory perfor-
mance. The DSC curves (Fig. 2d) show that the transition temperature
(Ty) could increase with the increasing inorganic Mg particles and it
also implies the enhanced mechanical properties that is confirmed by
the compression tests (Fig. 2e and f). The SMPU and its composites could
maintain stable at less three months due to its stable structure, which
was expected to support mechanically the defective tissue in a long
period [8]. In addition, the SMPU could be modified to biodegradable by
copolymerized or grafted biodegradable block such as PCL, which could
be hydrolyzed in the biological environment and finally contribute to
the biodegradation of the SMPU [75]. The accumulative Mg?* releasing
curve (Fig. 2g) presents a rapid and stable releasing process because
water molecules could easily contact to the Mg particles exposed out of
surface of the SMPU/Mg scaffold, then the degradation of the Mg par-
ticles enfolded in SMPU becomes slow and stable.

Photothermal performances and shape memory effects are important
in this study because they decide the responsive and tight-contacting
ability of the scaffolds in vivo. The experimental results demonstrated
that the introduction of Mg particles endowed the SMPU/4 wt%Mg
composite scaffolds with stable NIR photothermal effects and enable a
fast temperature increase over the Tp, of the composites. According to
the literature, the achieved temperature in 60 s of the composite scaffold
is safe for in vivo study [76]. Compared to SMPU and other composite
scaffolds, the SMPU/4 wt%Mg scaffold has a balanced shape memory
performances (Fig. 3f). For the opposite influence of the increasing Mg
particles on the Rf and R,, on one hand, the improvement of Rf may be
ascribed to the increased glassy state modulus since the shape was fixed
in the glassy state. On the other hand, the decrease of the R; may be
attributed to the negative effects of Mg particles on the flexibility of the
polymer chains [5]. A high R¢ means a shape memory implant could be
compressed to a very small size and a high R; represents that the shape
memory implant could support tightly in body [8]. In addition, the
SMPU/4 wt%Mg scaffold can recover at both dry state and wet state
under the NIR light, which suggests its shape memory ability could be
applied in the physiological environments. The stress relaxation curve of
the SMPU/4 wt%Mg scaffold (Fig. S9) show that after being placed at 37
°C for near 10 h, the composite scaffold could still offer a stress of ~23.5
KPa, which maintained the self-tight contact function. With tight contact
and osteogenesis enhanced by Mg incorporated scaffold, bone ingrowth
into the scaffold, which can result in good integration with the tissues.

Invitro cell studies prove that the 3D printed scaffolds have good cell
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biocompatibility (Fig. 4a). Although the analysis of the calcium nodules
imply that the excessive Mg content has a negative influence on osteo-
genic differentiation [77,78], the composite scaffolds excluding
SMPU/8 wt%Mg are still proved to promote effectively the osteogenic
differentiation of BMSCs (Fig. 4b). In addition, the gene expression of
the Runx2 and OST of the BMSCs (Fig. 4c) confirms the positive bioac-
tivity of the SMPU/4 wt% Mg scaffold that are selected for in vivo
studies. At first, the push-out tests demonstrates the shape recovery
process can give the composite scaffold the tight-contacting ability upon
being put under the NIR light. After 12 weeks implantation, the SMPU/4
wt%Mg scaffold is proved to have a good ability to contact tightly the
defective site and enhanced biomechanical properties for robust bone
regeneration (Fig. 5b). In this work, FEA demonstrates the stress at the
interface between the scaffolds and the defective bone tissues. The FEA
results confirm that the SMPU/4 wt%Mg scaffold has much better sup-
porting ability than that of the pure SMPU scaffold (Fig. 5c). Further-
more, Micro-CT and histological staining analysis suggest the defective
bone sites in SMPU/4 wt%Mg scaffold group have promoted bone
regeneration than those in blank group and the pristine SMPU group,
which might be caused by the bioactive effects of released Mg?* from
the tight-contacting scaffold [8]. Collectively, the hierarchically macro-
and micro-porous structures from the 3D printing technology, the
tight-contacting ability from the shape memory effects under the NIR
light, and the osteogenic activities of the Mg particles guarantee the
SMPU/Mg scaffolds with robust bone regeneration for potential clinical
applications.

5. Conclusion

In summary, the 3D printed scaffolds made of SMPU/Mg composites
with osteopromotive, NIR-responsive and tight-contacting abilities were
developed in this work for addressing the limitations on low porosity,
responsive temperature, unsatisfied mechanical and bioactive perfor-
mances in conventional shape memory implants. First of all, the SMPU/
4 wt%Mg scaffold had a hierarchical porous structure through the LT-RP
3D printing method. In addition, the scaffold had a significant enhanced
mechanical properties (a compress strength of ~6.7 MPa and a modulus
of ~23.0 MPa) compared to the pristine SMPU scaffold (a compress
strength of ~5.9 MPa and a modulus of ~16.8 MPa). The NIR-responsive
shape memory effect was realized in the composite scaffold due to the
photothermal effects of Mg particles and the thermo-responsivity of the
SMPU, by which the temperature could be quickly elevated under NIR
light to T > Ty, rather than the contact actuation. High shape memory
ratios lead to the programmability and supporting ability in defective
site, in this work, R¢ and R; could be balanced in the SMPU/4 wt%Mg
scaffold with a R¢ of 93.6% and a R; of 95.4%. The scaffold could lift the
object more than 1700 times its own weight due to its shape recovery
under NIR light. Furthermore, the composite scaffold was proved to
support the cell survival, proliferation and osteogenic differentiation in
vitro cell experiments. More importantly, the animal studies demon-
strated the tight-contacting and osteopromotive functions of the 3D
printed composite scaffold. FEA results revealed the relationship be-
tween the tight-contact and the shape recovery process, confirming the
tight-contacting ability of the SMPU/4%Mg scaffold under NIR light. As
described, this SMPU/Mg composite scaffold took advantages of its
components (SMPU and Mg) and the LT-RP 3D printing technology to
achieve the synergistic effects for the final robust bone regeneration. We
envision this 3D printed bone scaffold hold great promise to be trans-
lated into clinic for robust bone regeneration.
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