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ARTICLE INFO ABSTRACT
Keywords: Metallic bone screws are clinically used to fix the fractured bone fragments in bone defect treatment; yet they
Bone screws present compromised therapeutic efficacy due to poor osseointegration and tissue support. Here, we develop a

Shape memory effect

NO-cGMP signaling pathway
Calcium signaling pathway
Osteogenesis-angiogenesis coupling

novel thermoresponsive shape memory (SMP) bone screw with osteogenesis-angiogenesis coupling for enhanced
bone regeneration. The SMP bone screws are prepared by die casting of shape memory polyurethane/hy-
droxyapatite (PU/HA) composite, coated with L-arginine (Arg) and calcium ions (Ca®"). The SMP bone screw
could shrink and be easily reshaped at room temperature (25°C) and then rapidly recover to its original state
(37°Q), granting it robust internal fixation capacity (2-fold increase in pull-out force) and beneficial compressive
force to nearby tissues. Additionally, the long-term release of L-arginine and calcium ions synergistically activate
the nitric oxide-cyclic guanosine monophosphate (NO-cGMP) signaling pathway of native cells. Synergized with
its shape memory function, the SMP bone screw activated calcium signaling pathway under the stimulation of
mechanical stress, promote the activation of various osteogenic pathways (e.g. PI3K-Akt signaling pathway), and
upregulate the NO-cGMP pathway by regulating the influx of calcium ions and arginine to synchronously co-
ordinate osteogenesis and angiogenesis to accelerate bone repair. We envision that our slot-in, snap-back and
homeothermal shape memory bone screw, with its easily reshaped and fast stress release properties and
osteogenesis-angiogenesis coupling efficacy, can shed new light on the development of clinical bone screws.

Peer review under the responsibility of editorial board of Bioactive Materials.
* Corresponding author.
** Corresponding author.
E-mail addresses: zhanghyu@tsinghua.edu.cn (H. Zhang), xin.zhao@polyu.edu.hk (X. Zhao).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.bioactmat.2025.07.007

Received 14 January 2025; Received in revised form 1 July 2025; Accepted 3 July 2025

Available online 18 July 2025

2452-199X/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-0719-4867
https://orcid.org/0000-0003-0719-4867
https://orcid.org/0000-0003-1949-7822
https://orcid.org/0000-0003-1949-7822
https://orcid.org/0000-0001-8914-5473
https://orcid.org/0000-0001-8914-5473
https://orcid.org/0000-0003-0286-4921
https://orcid.org/0000-0003-0286-4921
https://orcid.org/0000-0002-9521-7768
https://orcid.org/0000-0002-9521-7768
mailto:zhanghyu@tsinghua.edu.cn
mailto:xin.zhao@polyu.edu.hk
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2025.07.007
https://doi.org/10.1016/j.bioactmat.2025.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2025.07.007&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H. Liu et al.

1. Introduction

Bone screws play a pivotal role in modern orthopedic surgery by
providing essential mechanical support for bone stabilization and
facilitating the bone healing process [1]. Despite the widespread use of
conventional bone screws which are predominantly made from metals
(e.g., titanium and stainless steel), they present several challenges such
as the potential for causing tissue damage and the risk of loosening over
time [2,3] and stress shielding [4-6], which can limit their effectiveness
and application in clinical settings. Recently, shape memory materials
have been applied in the preparation of bone screws that can be
pre-compressed during insertion to minimize tissue damage, and sub-
sequently revert to their original shape when exposed to specific stimuli
(e.g., temperature and  moisture). Such  programmable
contraction-expansion characteristic endows bone screws made of shape
memory materials with a tight-fitting assimilation between the material
and surrounding tissues, thereby reducing the likelihood of loosening or
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dislodgement [7,8]. Yet shape memory bone screws often necessitate
harsh conditions to activate their shape memory effect. For instance,
polylactic acid (PLA)-based shape memory bone screws typically require
temperatures exceeding 45°C to revert to their original shape, posing a
serious risk of thermal damage to surrounding tissues [9-13]. More
importantly, the current design of shape memory bone screws did not
account for favorable biomechanical factors (e.g., compressive stress)
which can significantly modulate cellular metabolism and activate
mechanosensitive signaling pathways such as phosphatidylinositol
3-Kinase/Protein Kinase B (PI3K/Akt) signaling pathway to expedite
bone reconstruction [14,15]. Additionally, our previous studies have
shown that biochemical factors (e.g., nitric oxide) can energize bone and
vascular cells during bone healing for coupled
osteogenesis-angiogenesis, which is paramount for the comprehensive
integration and long-term success of bone screws [16,17,18]. However,
the mutual coordination of the biomechanical and biochemical micro-
environment of shape memory bone screws for enhanced orthopedic
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Fig. 1. Schematics showing the design and application of SMP bone screw. (A) Fabrication and shape memory function of SMP bone screw; (B) Schematic
illustration of preparation process of SMP-Ca/ArgX (X = 0.5, 1, 2) bone screw; (C) Dopamine-assisted coating of Ca?" and Arg’s SMP-Ca/Arg screw and subsequent
implantation into the bone defect site; (D) SMP-Ca/Arg-P bone screw (an SMP bone screw coated with PDA, Ca®*, and 2.0 mg/mL of Arg, and then compressed) can
release mechanical force and Arg/Ca®* for coupled osteogenesis-angiogenesis in bone repair; (E) Schematic illustration of the forces activate the mechanosensitive
transient receptor potential vanilloid 4 (TRPV4) protein and piezo type mechanosensitive ion channel component 2 (PIEZO2). This activation boosts adenosine
triphosphate (ATP) generation and enhancing cellular metabolism, facilitating the influx of Ca** and Arg released by the SMP-Ca/Arg bone screws through activated
calcium channels (e.g., TRPV4 and PIEZO2) and cell membrane proteins (e.g., cationic amino acid transporter (CAT)). The elevated Ca?" level further upregulates
calmodulin (CaM) and increase the activity of nitric oxide synthase (NOS) for Arg decomposition to regenerate nitric oxide (NO). This subsequently activates the NO-
c¢GMP pathway, promoting coupled osteogenesis and angiogenesis. The calcium signaling pathway is visually represented by blue arrows, the NO-cGMP pathway is
represented by red arrows, and the forces exerted by the SMP-Ca/Arg-P bone screw is indicated by orange arrows.
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treatments has been scarcely reported owing to the difficulty to
accommodate the biomechanical-biochemical signals within a highly
delicate yet dynamic setting of bone fixture [19]. The bone screw serves
beyond fixation, necessitating consideration of regenerative needs to
minimize secondary damage during implantation, and further enhance
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mechanical stimulation and synergistic biochemical signals to enhance
cell signal conversion for promoting bone repair.

Here, we fabricated bone screws by die casting a shape memory
polyurethane/hydroxyapatite (PU/HA) composite, referred to as
control-naked-SMP (cSMP). Subsequently, the cSMP bone screws were
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Fig. 2. Structural, mechanical properties and shape memory behaviors of the developed SMP bone screws. (A) Images showing SMP bone screws (scale bar: 1
cm); (B) SEM images showing the surface of SMP-Ca/Arg2 screw before and after compression for 10 times; FTIR spectra (C), Raman spectra (D), and XPS spectra (E)
of different SMP bone screws; (F) The shape recovery process of SMP screw; (G) Repeated compressive performance of SMP screw; (H) Shape recovery and fixation
rate of SMP screw; (I) The linear curve of stress with temperature by finite element analysis; (J) Equivalent stress distribution by finite element analysis under
torsional forces; (K) The excellent pull-out test results of SMP screw compared with metal screw and PEEK screw.
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coated with L-arginine (Arg) and calcium ions (Ca2+), yielding the SMP-
Ca/Arg bone screws. Such design is to propagate biomechanical stimu-
lation and energize bone cells for augmented bone regeneration (Fig. 1).
We adopt the polycaprolactone-diol (PCL-diol), 4,4-methylenebis
(phenyl isocyanate) (MDI), 1,4-butanediol (BDO) and hydroxyapatite
(HA) as the cSMP basal materials (Fig. 1A). The HA was adopted due to
its structural similarity to natural bone for enhanced osteoconductive
and osteoinductive properties. Moreover, we have previously demon-
strated that HA could also significantly improve the mechanical prop-
erties of the PU (e.g., including stiffness and recovery stress) for
achieving reliable shape memory performance [19]. We demonstrate
such thermally responsive SMP exhibits excellent biocompatibility and
can revert to its original shape at body temperature (37°C) with high
deformation capability. Moreover, it can be easily fabricated into bone
screws using a simple die-casting process. Subsequently, we immobilize
the Arg/Ca®" onto the cSMP bone screws in dopamine solution through
chelation and covalent interactions to prepare the SMP-Ca/Arg bone
screws (Fig. 1B). Our SMP-Ca/Arg bone screws can be pre-compressed at
60°C with 50% strain to minimize tissue damage during insertion, while
expanding at body temperature (99.5% recovery rate at 37°C) to facil-
itate implementation and ensure robust fixation (Fig. 1C). After im-
plantation in rabbit femoral defect model, our SMP-Ca/Arg bone screws
exert substantial compressive stress (~80 MPa) onto the surrounding
bone tissue and demonstrate the capability to modulate biomechanical
and biochemical signaling through the coordinated activation of
mechanosensitive membrane proteins, cell energy metabolism, calcium
channels and nitric oxide synthase (NOS) activity, leading to enhanced
osteogenesis-angiogenesis coupling (Fig. 1D).

To the best of our knowledge, this is the first study to elucidate the
synergistic regulatory mechanism of the biomechanical forces generated
during the shape memory process and the biochemical cues provided by
surface-adhered L-arginine (Arg) and Ca®". This biomechanical and
biochemical synergy promotes bone healing by enhancing both osteo-
genesis and angiogenesis, which are paramount for effective bone
regeneration. Specifically, this work highlights the role of biomechan-
ical forces in creating a favorable microenvironment for bone cells,
while also demonstrating how the biochemical microenvironment,
through Arg/Ca2*, can stimulate cell metabolism and NO production for
osteogenesis-angiogenesis coupling (Fig. 1E). Such synergistic biome-
chanical and biochemical regulation has never been studied before in
the context of shape memory bone screws. We envision that our pro-
posed SMP-Ca/Arg bone screws not only serve as fast-fixing, tight-
fitting, and cell-stimulating restorative implants but also offer a novel
strategy for designing next-generation bone screws for the treatment of
bone defects. Additionally, the synergistic working principles uncovered
in this study have significant implications for other conditions, such as
osteoarthritis and bone tumors, where enhanced bone regeneration and
vascularization are essential for successful treatment outcomes.

2. Results and discussion
2.1. Synthesis and characteristics of SMP bone screws

Characteristics of SMP bone screws were illustrated in Fig. 2.
Compared with the control naked bone screws made of PU/HA (cSMP),
the ¢cSMP bone screw coated with PDA (SMP-PDA), with PDA and Cat
(SMP-Ca), with PDA, Ca®' and 0.5 mg/mL of Arg (SMP-Ca/Arg0.5),
with PDA, Ca?* and 1.0 mg/mL of Arg (SMP-Ca/Arg1), and with PDA,
Ca?t and 2.0 mg/mL of Arg (SMP-Ca/Arg2) showed distinct color
change owing to the oxidation of dopamine during the coating process
(Fig. 2A). PDA coating and Arg immobilization significantly improved
the hydrophilic properties of the SMP materials with the water contact
angle decreasing from 87.1° to 19.6°, which facilitated the release of Arg
adhered to the surface of the SMP bone screw (Fig. S1A). The SEM im-
ages of the SMP bone screws in Fig. S1B presented a uniform and dense
coating of Ca?t and Arg. We then performed a systematic
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circumferential compressive process to make the SMP bone screws
slimmer. This was achieved by heating the screws to 60°C, applying
radial compressive force, and subsequently cooling them to lock their
temporary shape (25°C). To evaluate the shape memory effect, the
compressed samples were heated to 37°C (body temperature). Notably,
the SMP-Ca/Arg2 bone screw could withstand at least ten repeated
compressions without compromising its mechanical strength and
coating integrity (Fig. 2B).

The FTIR spectra revealed notable changes in the different SMP
materials (Fig. 2C). The characteristic wide and small -OH stretching
peak at 3300 cm™! in the composites confirmed the successful PDA
coating. Furthermore, the decreased absorption band intensities of C-N
and C=0 at 1161 cm™! and 1721 cm™! proved the formation of new
ester bonds because Arg successfully adhered to the surface of poly-
dopamine. The Raman spectra complemented the FTIR analysis, con-
firming structural aspects of the different SMP materials (Fig. 2D). The
1056 cm ™! band corresponded to the vibrations of PO3~ and C-N in the
PU and HA domain. The 1610 cm ™! band represented vibrations of C=0
and C=N in Arg, while the wide peak at 1350 cm ™! indicated vibrations
of -OH in the PDA coating. The SMP composite groups exhibit charac-
teristic peaks at 1056, 1350, and 1610 cm ™}, indicating the successful
preparation of Arg-coated SMP-Ca/Arg. Furthermore, XPS results
offered insight into the elemental compositions of different SMP mate-
rials (Fig. 2E). The presence of Ca2p (347.8 eV) and P2p (131.3 eV)
peaks in the SMP confirmed successful HA doping (Figs. S2 and S3). An
increased N1s peak (399.3 eV) confirmed dopamine adhesion onto the
SMP (Fig. S4). The immobilization of Ca®" and Arg was evident from the
reappearance of the Ca2p peak (348.9 eV) and an increase in the N1s
peak (398.4 eV). To evaluate the robustness of the L-arginine and cat
coatings, scratch test was performed to assess their adhesion strength
and mechanical stability (Fig. S5). We found the wear rate of the Ca/Arg
coatings was 0.00062 mg/(N-m) under a 3 N applied force, indicating
that the Arg/Ca?" coatings possessed sufficient adhesion to the SMP
substrate and can endure torsional and compressive stresses during
implantation [20,21]. This excellent mechanical stability can be
attributed to the strong covalent bonding provided by the PDA layer.
These findings collectively support the successful PDA, Ca?*, and Arg
modifications to the SMP-Ca/Arg. Based on the successful imple-
mentation in the high Arg loading group, we decided to conduct a more
comprehensive exploration into the in vitro osteogenic and angiogenic
properties exhibited by the SMP-Ca/Arg2 group.

2.2. The shape memory effect of SMP

A series of tests were performed to assess the shape memory effect of
SMP bone screw. As demonstrated in Fig. 2F, the SMP bone screw,
initially measuring 2.4 mm in width, could be compressed to 1.8 mm
and rapidly recovered its original shape (2.2 mm) upon exposure to
warm water at 37°C. This result indicated the SMP bone screw exhibited
a robust shape memory effect at physiological temperature. Then, we
conducted the compressive tests to determine the mechanical properties
of the bone screws, which are critical parameters for resisting torsional
deformation during implantation. The PDA/Ca?*/Arg coating did not
affect the maximum compressive strain (~92%) and the compressive
modulus value (~230 MPa) as depicted in Fig. S6. These values indi-
cated that the bone screws possess sufficient stiffness and strength to
withstand the mechanical stresses encountered during implantation,
ensuring that the screws maintained their shape and functionality under
torsional loads. The SMP screw (from 2.4 mm compressed to 1.8 mm)
under this compressive modulus generated force from the recovery
process, which effectively supported the biomechanical behaviors of the
defective sites. The mechanical properties of SMP at 20°C and 37°C were
evaluated to analyze their applicability in bone defect sites at room
temperature and body temperature. As the temperature transitioned
from 20°C to 37°C, the compressive stress (force per unit area developed
under compressive loading) of SMP exhibited a slight decrease and did
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not significantly affect its mechanical strength (Fig. S7).

Then, repeated compression tests were conducted on SMP bone
screws to determine their ability to withstand cyclic fatigue loading
conditions. In Fig. 2G, the compressive stress/strain-time curves
revealed a gradual increase in compressive stress, rising from 80 MPa to
103 MPa when repeatedly compressing the SMP bone screw with a 50%
deformation. Furthermore, cyclic tensile tests were performed, repeated
up to ten times (Fig. 2H). In the initial cyclic shape memory test, the
fixation ratio and shape recovery rate of the SMP bone screw stood at
approximately 89.7% and 91.2%, respectively. This phenomenon is
likely attributed to the redistribution and uniform dispersion of hy-
droxyapatite (HA) particles within the PU matrix during the repeated
compressive process. The external mechanical force applied during
compression may induce HA particle redistribution with enhanced
interaction with the polymer matrix, contributing to improved me-
chanical properties [22,23]. Additionally, the repeated loading and
unloading cycles may also facilitate better alignment and reorganization
of polymer chains within the SMP matrix. This reorganization could
enhance the material’s structural integrity, leading to the observed in-
crease in compressive stress and improved shape memory properties
[24,25]. Throughout the subsequent cyclic tests, there was a noticeable
improvement in both fixation rate (~95.6%) and shape recovery rate
(~99.5%). In addition, the PDA/Ca*"/Arg coating did not affect the
shape memory effects of SMP bone screws (data not shown).

To assess the mechanical performance of the bone screws during
implantation, we firstly performed the finite element analysis (FEA) of
the stress situation under torsional forces with a simplified model of the
bone defect and SMP screw (Fig. 2J). We found the torsional stress was
evenly distributed along the screw threads under forces, ensuring min-
imal localized stress concentrations that could lead to material failure
and provide sufficient resistance to torsional deformation (Fig. 2J).
Moreover, our SMP screw showed torsional strength sufficient to with-
stand the maximum torsional forces applied during surgical insertion
without cracking or breaking. Then, we assessed the tight-contacting
ability of SMP bone screw after implantation. When the temperature
was 20°C, there was no apparent stress in the stress nephograms. As the
temperature increased, the recovery stress generated by the bone screws
during their return to the original shape became apparent and pro-
gressively increased, attributable to the enhanced shape recovery rate of
the SMP screw (Fig. S8). At 20°C, no discernible recovery stress was
observed in the stress nephograms. However, with rising temperature,
recovery stress emerged and subsequently increased as a result of the
shape recovery behavior of the SMP screw (Fig. 2I and Fig. S8). Spe-
cifically, the SMP screw had nearly 2.219 kPa of the highest von Mises
stresses at the interface when the temperature increased to 37°C. The
equivalent stress distribution by finite element analysis during the re-
covery process of the SMP screw in the bone defect site demonstrated
that the compressive stress at the interface between the memory screw
and the bone was evenly distributed around the periphery of the screw.
During mechanical recovery of the SMP, compressive stress generated
by the bone screw exhibited a linear recovery trend, which could facil-
itate defective bone repair through the force stimulation of the bone
screw on the surrounding tissues. Furthermore, we chose the commer-
cial metal titanium bone screw and medical bone screw poly-
etheretherketone (PEEK) as commercial controls to compare the pull-out
tests with the SMP screw after implantation into the bone defect site
(Fig. 2K). The outcomes indicated that the pull-out force required for the
SMP screw significantly exceeded that of the commercial screw, signi-
fying the superior fixation capability of the SMP screw. These results
suggest the SMP screw’s robust adeptness in suitably fitting bone
defects.

2.3. Invitro cell viability, adhesion and proliferation

With the mechanical properties of SMP bone screw properly estab-
lished, we next evaluated the biocompatibility using rabbit bone
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marrow stromal cells (rBMSCs). The survival, adhesion and proliferation
of rBMSCs were measured by seeding the cells onto the surface of SMP
bone screw following ISO-10993 standard, as these cellular behaviors
are closely associated with the bone defect repair process. We found that
both SMP exhibited favorable biocompatibility, with cell viability
exceeding 90% (Figure S9C-D and Figure S9A). The F-actin/DAPI ex-
periments proved that cSMP material has relatively poor cell adhesion,
but the dopamine coating could effectively improve this performance
(Fig. S9B). In comparison to the ¢cSMP, the incorporation of Ca®"/Arg
significantly enhanced the cell adhesion and proliferation capabilities of
SMP-Ca/Arg2.

Notably, compared with the cSMP, SMP-PDA and SMP-Ca group, the
SMP-Ca/Arg2 group exhibited a significant enhancement in cell adhe-
sion, affirming the advantageous impact of the Arg component on cell
adhesion (Fig. S9E) [26]. These findings collectively substantiate the
potential of the L-Arginine coated SMP-Ca/Arg2 screws to create a
conducive microenvironment for bone defect repair.

2.4. In vitro osteogenesis and angiogenesis

Arg serves as a precursor to NO, while Ca®" regulate NOS activity,
activating the NO-cGMP signaling pathway, which promotes osteo-
genesis and angiogenesis during bone reconstruction [16,17,27,28]. Our
engineered SMP-Ca/Arg2 screw could release Arg and Ca" to active the
NOS in rBMSCs and human umbilical vein endothelial cells (HUVECs),
and promote generation of NO by catalytical decomposition of Arg. The
elevated NO production will trigger the expression of downstream
enzyme soluble guanylate cyclase (sGC), cGMP, and protein kinase G
(PKG) in the NO-sGC-cGMP-PKG pathway, fostering a coordinated
osteogenic-angiogenic effect during bone defect repair (Fig. 3A). The
sustained release of Ca?" and Arg from the SMP-Ca/Arg2 bone screw
lasted for over 30 days without burst release, which was advantageous
for the bone repair process (Fig. 3B and C).

To investigate the signaling pathways in promoting osteogenic and
angiogenic differentiation, the effects of SMP-Ca/Arg2 bone screw on
osteogenesis and angiogenesis of rBMSCs were evaluated. Alkaline
phosphatase (ALP) and alizarin red staining (ARS) analysis were adop-
ted to characterize early and later stage osteogenesis, respectively. As
shown in Fig. 3D and E, compared with ¢cSMP group, the osteogenic
capabilities of SMP-PDA, SMP-Ca, and SMP-Ca/Arg2 groups were all
enhanced, with SMP-Ca and SMP-Ca/Arg2 groups exhibiting better
osteogenic performance compared with SMP-PDA on day 3 and 7. In
addition, the SMP-Ca/Arg2 group showed a further increase in ALP
activity than the SMP-Ca at both time points. The mineral deposition
evaluated by ARS analysis showed a similar trend, with the mineral
deposition of SMP-Ca/Arg2 group exhibiting the highest ALP activity,
indicating optimal in vitro osteogenesis potential (Fig. 3F and G). As the
formation of tubular structure by endothelial cells plays a key role in
angiogenesis for functional vascular regeneration, we further carried out
the tube formation assay to evaluate the angiogenic potential of
different SMP materials (Fig. 3H). As the culture time increased, the
rBMSCs gradually formed the shape of blood vessels. The SMP-Ca/Arg2
and SMP-Ca group showed better vascularization performance than the
SMP-PDA and the cSMP group. The SMP-Ca/Arg2 group could induce
the most distinct and vascular-like network structures after incubation
with HUVECs for 12 h. Quantitative analysis also demonstrated that the
total length and the number of branch points of the formed blood vessels
were significantly elevated in the SMP-Ca/Arg2 group with the syner-
gistic effect of Ca®t and Arg (Fig. S10). These results collectively
confirmed that the SMP-Ca/Arg2 could promote rapid osteogenesis and
angiogenic coupling of rBMSCs and HUVECs.

To confirm the activation of NO-cGMP signaling pathway by
releasing Ca>" and Arg, the key parameters in the signaling pathway of
rBMSCs and HUVECs were evaluated. Tubular structure formed by
endothelial cells is a key process in the functional regeneration of blood
vessels during angiogenesis. The endothelial NOS (eNOS) is



H. Liu et al.

(A)

Bioactive Materials 53 (2025) 314-328

(Cioo

cSMP = —+—SMP-Ca
Angiogensis |—*—SMmP-PDA - E SMP-CalArg0.5
g & s SMP-Ca _—4 o 801 SMP-CalArg1
Sl ,2% 30 SMP-CalArg0.5 @ —<—SMP-CalArg2
R ; © 1 SMP-CalArg1 g
' ;* \ %E —«—sMP-CaIAr:Z P mg 601
\ \ § ®20- ~ < o,
NOs @B “pke © g 2401
L & = ©
5 —<‘; Y s 3 210; ) Ezo.
§ NO K fe———t—t— 3 i
& P (o) i T T T T ¥ ¥ ¥ +
L-Arginine steogenesis 0 - 14 21 28 0 - 14 21 28
Days
(D) Control cSMP SMP-PDA SMP-CalArg2 (E)
i .'_;".- ’ . "ns : v "" 0 | 71 *k
¢ [, < 6l —=—
1338 °] 1
© & 41
a 23] I =
R e
§ < S 2] :
14 Z
LI
. G) Day 3 Day 7
g 10
g g 8 *kk
o ®
g g 6 ok __‘
5 3 E‘
"q', g 4 | =
Q a g
; : ol
4
< T T
Day 7 Day 14
() st ({)18 NO (K) CGMP
= 8‘ dekk a -
= & | B 151 kx| = . x|
0 n. dedek _I_ E ri“
e 6- o 124 I a = Fokk
g- *kk N E 9 - % 4 !
@ 4- z '\o" i —_ > 0
: t 8 Culll i) =<B L@
3, : o 2, g 1
o T 3| @t 0] - “H
= LCEll : W . i
rBMSC HUVEC rBMSC HUVEC rBMSC HUVEC
ontro c - -Ca -CalArg
Control SMP SMP-PDA SMP-C [ sMP-Cal/Arg2

Fig. 3. In vitro osteogenesis and angiogenesis potential of SMP bone screw. (A) Schematic illustration showing the released Ca®" and Arg synergistically activate
the NO-cGMP pathway, ultimately promoting both osteogenesis and angiogenesis. Release profiles of (B) Ca*t and (C) Arg from different SMP bone screws. (D)
Representative ALP staining images (with enlarged images inserted) and (E) quantitative analysis of ALP activity of rBMSCs on day 3 and day 7. (F) Representative
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constitutively expressed in endothelial cells lining the blood vessel,
which plays a major role in vascular and tissue protection. eNOS could
catalyze the production of NO, a key signaling molecule involved in
angiogenesis, from Arg. The expression of eNOS in rBMSCs and HUVECs
after co-culturing with different SMP screws for 3 days in Fig. 3I indi-
cated that the SMP-Ca group and the SMP-Ca/Arg2 group presented 2.8-

fold and 3.1-fold increase for rBMSCs and 4.1-fold and 7.1-fold increase
for HUVECs, compared to ¢cSMP group. Meanwhile, the level of NO
generation and the expression of cGMP, a downstream signaling mole-
cule, for rBMSCs and HUVECs were significantly elevated in the SMP-
Ca/Arg2 group due to the stimulation of NO production by Ca®* and
Arg (Fig. 3J and K). Ca* activated eNOS, catalyzing the decomposition
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of Arg within SMP-Ca/Arg2, facilitating NO production. Elevated NO
expression further induces the activation of downstream cascades such
as sGC, leading to the upregulation of downstream signaling molecules
such as cGMP and PKG, consecutively ensuring the continued activation
of the NO-cGMP signaling pathway and subsequent coupling
osteogenesis-angiogenesis during bone repair. Altogether, the above
results demonstrated that the SMP-Ca/Arg2 bone screw could promote
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the osteogenesis and angiogenesis through the coordinated activation of
NO-cGMP signaling pathway.

2.5. In vivo bone defect repair efficacy

To further examine the therapeutic efficacy of our SMP in bone
regeneration, we employed a rabbit femoral defect model to assess both
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Fig. 4. Invivo bone defect repair efficacy of different SMP screws. (A) Photographs showing rabbit femoral defects after implanting the PEEK screw or SMP screw
for 4- and 8- week (the circled regions are the implanting sites); (B) 3D reconstructed micro-CT images of defect areas showing the influences of different bone screws
on the new bone formation after implantation for 4- and 8- week. The size of the region of interest (ROI) is ¢ 2.2 mm x 5 mm; (C) Fusion scores of femoral defects
after implanting the PEEK screw or SMP screw for 4- and 8- week; Quantitative statistic of (D) BMAD and (E) BV/TV of the newly formed bone at week 4 and week 8.
BMAD: bone mineral apparent density; BV/TV: bone volume/total volume. Data were presented as mean + SD and analyzed by one-way ANOVA (n = 6 for each

sample, *p < 0.05, **p < 0.01, and ***p < 0.001).
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osteogenesis and angiogenesis potential of shape recovery bone screw.
Similarly, in total, five groups were tested including: (1) PEEK screw as a
clinical control (PEEK), (2) the control naked SMP screw (cSMP), (3) the
compressed naked SMP screw (SMP/P), (4) the cSMP screw with opti-
mized Arg and Ca®t coating (SMP-Ca/Arg2), and (5) the compressed
SMP-Ca/Arg2 screw, capable of shape recovery and generating recovery
stress (SMP-Ca/Arg2-P). Firstly, we extracted rabbit femur samples at 4-
and 8-week post-surgery following screw implantation (Fig. 4A) and
conducted Micro-CT scanning and reconstruction to analyze the for-
mation of new bone (Fig. 4B). Gross observation of rabbit femur after
implanting screws were photographed and evaluated according to the
adjusted Oswestry Arthroscopy Score (OAS) macroscopic assessment
(Fig. 4C). After implantation for 4 weeks, little bone tissue was found
around the PEEK screws. Moreover, no significant improvement was
found after implantation for 8 weeks. In contrast, bone tissue growth
could be observed clearly around the SMP-Ca/Arg2-P bone screw site
after implantation for 4 weeks, and the degree of fusion between the
SMP-Ca/Arg2-P screw and bone tissue obviously improved overtime.
Quantitatively, at each time point, the repair site of the SMP screws had
significantly higher scores than that of PEEK screws, indicating much
better fusion performances and biocompatibility. It can be easily found
that the SMP-Ca/Arg2-P group showed better osteogenesis effect than
the cSMP, SMP/P and the SMP-Ca/Arg2 group. At 4- and 8- week post-
operation, the new bone formation was analyzed by Micro-CT scanning
and reconstruction. Newly formed bone tissues at the defect site could be
found in all groups and the SMP-Ca/Arg2-P group showed the maximum
amount of dense calcified tissue compared with other groups (PEEK,
c¢SMP, SMP/P, and SMP-Ca/Arg2), indicating the biomechanical and
biochemical synergistic effect on promoting osteogenesis (Fig. 4B). For
quantitative analysis, the bone mineral apparent density (BMAD) and
bone tissue volume/total tissue volume (BV/TV) were calculated
(Fig. 4D and E). The BMAD and BV/TV results of the SMP/P and the
SMP-Ca/Arg2 group had indicative improvements compared with that
of the PEEK group and the SMP group. As for SMP-Ca/Arg2-P group,
both the BMAD and BV/TV had a significant enhancement than those in
the PEEK and c¢SMP groups at 4- and 8- week after implantation. For
instance, the BMAD and BV/TV of the SMP-Ca/Arg2-P group were 0.74
g/cm3 and 35.2 %, respectively, at 8 weeks, compared to 0.36 g/ em® and
13.7 % for the cSMP group and 0.26 g/cm® and 10.4 % for the PEEK
group. The SMP-Ca/Arg2-P group demonstrated the maximum new
bone formation with highest BMAD and BV/TV values, implying the
synergistic influence of Ca?t/Arg and the mechanical stress generated
by shape memory material on accelerating bone regeneration.

The histological analysis of hematoxylin and eosin (H&E) and Mas-
son’s trichrome staining were further carried out to analyze the micro-
scopic detail in the defect site (Fig. 5). The red line in the figure marked
means the outline of the uncompressed bone screw, demonstrating that
the bone defect was tightly interlocked with bone screw in all groups. No
significant enrichment of inflammatory cells was found in all groups. In
H&E staining, compared with the PEEK group, more new bone tissues
could be found in the SMP groups at each time point due to the better
matching of the mechanical properties (Fig. 5A). Moreover, the SMP-Ca/
Arg2-P group had significantly larger area of the new bone tissues after
implantation for 4- and 8- week compared to the cSMP screw group,
suggesting the synergistic effect of the mechanical stress and the Ca®*/
Arg release for osteogenesis promotion. More importantly, significant
angiogenesis can be seen in the contact area of bone screw and defect.
New vessel density in the SMP-Ca/Arg2-P group (79.02 + 7.12 vessels/
mm?2) was 116% higher than that in the SMP-P (36.51 + 5.91 vessels/
mm?) and 63 % higher than that in the SMP-Ca/Arg2 (48.51 + 5.35
vesselsymm?) for 8 weeks (Fi g. 5C). Similarly, Masson’s trichrome
staining also revealed more new bone formation in the SMP-Ca/Arg2-P
group (Fig. 5B). It can be clearly interpreted that the SMP-Ca/Arg2-P
bone screw effectively promoted the formation of well-organized
mature lamellar bone and deposition of collagen fiber in bone defect
area. Consistent with the micro-CT results, the histological analysis
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presented that the SMP-Ca/Arg2-P group had the highest new bone area
fraction (74.71 % + 6.35%) compared with the SMP-P (29.25 % +
4.51%) and the SMP-Ca/Arg2 (51.06 % =+ 5.47%) group for 8 weeks
(Fig. 5D). Histological staining sections also revealed an increase in the
number and surface of osteoblasts (Fig. S5E and F) and in the density of
viable osteocytes in the defect bone of 4- and 8-week rabbits (Fig. 5G).

Moreover, the screw boundary in the SMP-Ca/Arg2-P and SMP-Ca/
Arg2 groups did not completely coincide with the bone ingrowth,
likely due to the gradual degradation and release of the bone screw
coating and the 0.05 % non-recovery rate of SMP bone screw
compression. Biomechanical experiments were further adopted to
investigate the effects of the shape memory screws on the compressive
strength of the bones. As shown in Fig. S11, at 4- and 8- week after the
surgery, the defective bone implanted with coated SMP screws exhibited
significantly enhanced mechanical performance, with strength mark-
edly higher than that observed in the ¢SMP and PEEK groups. This
improvement can be attributed to the superior bone repair capacity of
the coated SMP screws.

2.6. Mechanism of SMP-ca/arg2-P screw on bone defect repair

As for the SMP-Ca/Arg2-P screw-repaired bone, the stiffness was
significantly higher than that of the c¢SMP screw-repaired bone,
providing a good supporting and osseointegration ability to the defec-
tive sites. Taken together, the SMP-Ca/Arg2-P could synergistically
achieve Arg and Ca®?" activated NO-cGMP signaling pathway and
compressive stress induced activation of calcium signaling pathway, and
finally enhance the formation of new bone and blood vessels.

Finally, transcriptomic analysis of rabbit femoral defect tissue grown
on various bone screws were performed to identify the underlying
mechanism about how shape memory effect and NO production coating
of SMP screw impact bone healing. Principal component analysis gen-
erates two separate clusters, indicating that the global gene expression
pattern of the SMP-Ca/Arg2-P group exhibited significant difference
with the ¢cSMP group as demonstrated by their larger distance between
them (Fig. 6A). Consistent with this, the Venn diagram demonstrated a
wide range of significant differential gene expressions between the cSMP
group and the SMP-Ca/Arg2-P group (Fig. 6B and Fig. S12). Moreover,
the SMP-Ca/Arg2-P group presented 22084 total differential expressions
genes (DEGs) and 14783 intersecting gene expressions compared with
the cSMP group. Specifically, for bone-related genes, the SMP-Ca/Arg2-
P group showed extensive differential gene expressions compared to the
c¢SMP group (cSMP vs. SMP-Ca/Arg2-P 1668 genes) with 1222 inter-
secting genes (Fig. 6B). These results reflected that although both the
c¢SMP bone screw and SMP-Ca/Arg2-P bone screw could promote the
bone regeneration, the innate mechanism and the related activation
pathways may be vastly different. Additionally, the analysis of DEGs was
applied and the volcano plots showed 263 down-regulated DEGs and
1399 up-regulated DEGs in SMP-Ca/Arg2-P group compared with the
c¢SMP group (Fig. 6C).

Then, the Gene Ontology (GO) database evaluation was performed
on the DEGs to analyze the functions of DEGs and the role of DEGs in
bone regeneration at biological process, cellular component and mo-
lecular function level. Compared with the cSMP group, the G protein-
coupled receptor signaling pathway, the positive regulation of cell
population proliferation, ATP binding, calcium ion binding, and metal
ion binding were upregulated in the SMP-Ca/Arg2-P group (Fig. S13).
These genes exhibit a close association with translation, signal trans-
duction, cell differentiation, cell adhesion, and intracellular signal
transduction, and they play an integral role in the intricate process of
new bone formation.

In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis of the DEGs was further performed to
reveal the functions of DEGs. Compared to the cSMP group, the results
indicated calcium signaling pathway, PI3K-Akt and cGMP-PKG
signaling pathway related to osteogenesis and angiogenesis were
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significantly enriched in the SMP-Ca/Arg2-P group (Fig. 6D). The above
GO and KEGG results matched well with the bone defect repair efficacy
and the histomorphological results (Figs. 4 and 5). The bone regenera-
tion process started with the formation of mature lamellar bone and
deposition of collagen fiber in the defect sites in the SMP-Ca/Arg2-P
group, and the cell surface, cell chemokine, absorption, metabolism,
osteogenesis, and angiogenesis related GO terms and KEGG pathways
were all enriched. Therefore, the main function of the SMP-Ca/Arg2-P
bone screw to promote bone defect repair was embodied in the devel-
opment and regeneration, metabolism, and signal transduction.

Furthermore, the heatmap analysis was performed on the DEGs be-
tween the SMP-Ca/Arg2-P group and the ¢cSMP group (Fig. 6E). The
genes were selected based on GO and KEGG pathway enrichment ana-
lyses, specifically focusing on pathways associated with mechanosensi-
tive signaling, calcium signaling pathway, metabolism, and osteogenesis
and angiogenesis pathways. Consequently, we identified a series of
genes (e.g., TRPV1, PIEZO2, CACNA1D, CaM, ATP1A2, ATP2A1, RyR,
NOS3, and CaMK) that were significantly upregulated in the SMP-Ca/
Arg2-P group. These genes indicated that the implantation of SMP-Ca/
Arg2-P screws was not only associated with the activation of osteo-
genesis and angiogenesis related signaling pathways but also played a
pivotal role in modulating cellular metabolism toward tissue regenera-
tion. To confirm the RNA sequencing results, we performed qRT-PCR
experiments with a subset of genes most closely related to the mecha-
nosensitive calcium channel signaling pathway and the NO-cGMP
signaling pathway, which were critical for understanding how biome-
chanical and biochemical cues synergistically regulated osteogenesis
and angiogenesis. Specifically, we selected genes that serve as key in-
dicators of these pathways, including TRPV4 (transient receptor po-
tential vanilloid 4), PIEZO2 (Piezo-type mechanosensitive ion channel
component 2), and CaM (calmodulin) from the mechanosensitive cal-
cium channel signaling pathway, and eNOS (endothelial nitric oxide
synthase), sGC (soluble guanylate cyclase), and PKG (protein kinase G)
from the NO-cGMP signaling pathway. The qRT-PCR results showed that
the expression of these genes in the SMP-Ca/Arg2-P group was markedly
higher than in the cSMP, SMP/P, and SMP-Ca/Arg2 groups, which were
consistent with the RNA sequencing results (Fig. 6F and G). To further
validate our findings, we performed Western blot (WB) analyses to
assess the expression levels of key proteins involved in these pathways
(Fig. S14). The WB results demonstrated excellent consistency with the
qRT-PCR data, confirming that the upregulation observed at the tran-
scriptional level was also reflected at the translational level. This vali-
dation reinforced our conclusion that the SMP-Ca/Arg2-P group
effectively activated mechanosensitive calcium channel and NO-cGMP
signaling pathways, thus promoting osteogenesis and angiogenesis.

In our study, the SMP-Ca/Arg2-P bone screw released Ca®" and Arg
while concurrently exerting mechanical forces for activation of mecha-
nosensitive pathways through the shape memory effect, leading to
synergistical facilitation of bone tissue regeneration. The mechano-
sensitive ion channels on the surface of cell membrane represent a
family of proteins that can act as both effectors and sensors. They can
translate the mechanical forces that are applied onto the cellular signals
to impact bone metabolism [29]. The compressive force exerted by
shape memory effect of SMP could activate mechanosensitive calcium
signaling pathway (e.g., TRPV4, PIEZO2, and CaV) and promote the
inward flow of Ca%*. Meanwhile, the CaV membrane channel protein
directly upregulates the ryanodine receptor (RyR) protein, leading to the
efflux of Ca®* into the cytoplasm. Therefore, this leads to a continued
rise in Ca*, stimulating the production of CaM protein and activation of
the NO-cGMP pathway, expediting the cellular ATP synthesis. ATP,
through phosphorylation, can regulate multiple ion channels and
transporters when the extracellular ATP concentration increases. An
elevation in extracellular ATP concentration prompts its binding to
TRPV4 and CaV channel proteins, resulting in their activation and
subsequent Ca?* influx, triggering a positive feedback loop that further
promotes the production of CaM protein. Meanwhile, the membrane
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protein cationic amino acid transporter (CAT) facilitates the influx of
Arg by utilizing the released Arg from the SMP-Ca/Arg2-P. The coop-
eration of Arg influx and upregulation of CaM enhances the expression
of the NOS protein, resulting in the production of NO. This also triggers
the NO-cGMP pathway, activating downstream enzymes such as sGC,
c¢GMP, and PKG. Furthermore, Arg has been confirmed to reverse the
TNF-a-induced blockade of oxidative phosphorylation, leading to a
reduction in osteoclastogenesis [30]. Arg is converted into 2-oxogluta-
rate (also known as a-ketoglutarate), acting as a precursor for glucose,
and then directly participates in the energy metabolism through
oxidative phosphorylation. The supplementation of Arg could signifi-
cantly decrease glucose consumption, while the level of glycolysis and
ATP production remain stable. Consequently, ERK1/2 in the nucleus is
regulated, facilitating angiogenic functions.

Concurrently, the Ca?* influx induced by the mechanical force can
modulate osteogenesis by activation of related osteogenic channels (e.g.
Calcium signaling pathway, PI3K/Akt and cGMP-PKG signal pathway).
It is considered that this is the first instance of functionalizing bone
transplant materials to activate mechanosensitive and NO-cGMP path-
ways, enabling them to provide robust support while synergistically
enhancing osteogenesis, angiogenesis, and regulation of cellular meta-
bolic processes.

These processes also impact cellular metabolic activities, for
instance, by promoting the generation of ATP through the activation of
AMPK and PI3K/Akt signaling pathway. PI3K/Akt pathway plays a
major role in regulating the cellular uptake of glucose and membrane
synthesis. The activated PI3K/Akt could promote lipid synthesis from
glucose carbon by multiple mechanisms, increase the overall glycolytic
rate in the cell, enhance ATP consumption, and coordinate cellular
growth and division [31]. Meanwhile, the AMPK and mTOR signaling
are key regulator of cellular metabolism, both of which play key roles in
cell proliferation, growth regulation and metabolism reprogramming
[32,33]. Upon activation of AMPK, catabolism is enhanced to provide
more energy, and anabolism is slowed down to avoid overdraft of the
ATP. Therefore, cells maintain energy homeostasis with the assistance of
the glucose and energy sensor AMPK, which is essential for cell prolif-
eration and cellular metabolism. Altogether, these studies indicate that
the SMP-Ca/Arg2-P bone screws not only activate the NO-cGMP
pathway through the synergistic effects of Ca%*/Arg release and me-
chanical force stimulation, but also regulate cellular metabolism. This
enhanced the cellular glycolytic rate, regulated cell proliferation and
differentiation, and ultimately promoted bone tissue regeneration. This
study, for the first time, elucidated the synergistic regulatory mechanism
of mechanical forces and Arg/Ca®" in osteogenesis and angiogenesis for
bone regeneration. It demonstrated that this process was dependent on
cellular metabolism regulation, affecting cell proliferation and differ-
entiation, and promoting bone tissue regeneration. This mechanism has
significant implications for the therapeutic use of mechanical
force-signaling pathways and cellular metabolism in treating bone
fractures and osteoporosis.

3. Conclusions

In the present study, a programmable bone screw fabricated by PU,
HA, Arg and Ca®' with strong internal fixation and effective repair
ability has been developed for bone regeneration. The SMP bone screw
exhibit outstanding mechanical properties and shape memory perfor-
mance with a compressive modulus of approximately 230 MPa, and
fixation ratio and shape recovery rate close to 95.6 % and 99.5 %.
Consequently, the SMP bone screw can be easily compressed at 60°C
into a smaller size for minimally invasive implantation, and subse-
quently expand at 37°C to exert stress on the surrounding tissues
(approximately 80 MPa). The in vivo and in vitro experiments demon-
strate that SMP-Ca/Arg2 bone screw shows good biocompatibility and
does not appear to elicit inflammatory responses. The SMP-Ca/Arg2
bone screw can long-term release Arg and Ca2' to active the NO-
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c¢GMP signaling pathway and promote bone tissue formation. Moreover,
the mechanical force released by the shape memory process of SMP-Ca/
Arg2-P bone screw can activate the mechanosensitive calcium ion
channel (e.g., TRPV4, PIEZO2, CaM, and CAT), promoting the inward
flow of Ca®* and further switch on the NO-cGMP pathway. The syner-
gistic effect of mechanical force and Arg/Ca®" could accelerate bone
healing by osteogenesis-angiogenesis coupling to promote bone and
vascular regeneration. This study is the first to propose that mechanical
force-induced Ca®" influx, along with Arg/Ca®" release, can activate
mechanosensitive and NO-cGMP signaling pathways, thereby achieving
coordinated regulation of osteogenesis and angiogenesis during bone
regeneration. We demonstrate that this process is dependent on cellular
metabolic regulation, ultimately affecting cell proliferation and pro-
moting osteogenesis. This theoretical mechanism has significant impli-
cations for the application of mechanotransduction-signaling pathways-
cell metabolism in disease treatment, e.g., bone fracture and osteopo-
rosis. Considering the noteworthy advantages of SMP-Ca/Arg2-P bone
screw including shape memory effect, cytocompatibility, fixation and
osteogenic and angiogenic properties, we believe that the shape memory
composite bone screw could provide a novel treatment with enhanced
efficacy in repairing bone defects.

4. Methodology
4.1. Design, fabrication, and characterization of SMP materials

4.1.1. Synthesis of SMP materials

The synthesis process of SMP materials has been discussed in our
previous work [19]. In brief, a mixture of the dried polycaprolactone
diol (PCL-diol) 10 mmol (Mn: 530, Sigma-Aldrich) and methylene
diphenyl diisocyanate (MDI) 42 mmol (Mw: 250.25, Sigma-Aldrich)
were poured into a 150 mL flask and reacted at 85 °C for 2 h with me-
chanical stirring at 200 rpm under nitrogen protection to synthesize the
PU prepolymer. Then, 2.4 wt% HA (Mw: 1004.62 g/mol, Sigma-Aldrich)
was dispersed in the above flask with mechanical stirring at 200 rpm for
1 h followed by removal of oxygen at 85°C under vacuum for 1 h. Pu-
rified 1,4 Butanediol (BDO) 30 mmol (Mw: 90.12 g/mol, Sigma-Aldrich)
was then added and mechanically agitated for 40 s at 1000 rpm to
polymerize the mixture, and the resultant mixture was gently poured
onto a glass slide, respectively, to manufacture SMP film (Fig. S15).

Subsequently, we designed the size of SMP screw following the
modified intercondylar fractured rabbit model as shown in Fig. S16. An
appropriate silicone screw mold was manufactured using this design as a
template to hold the fabricated SMP bone screws, which were produced
through hot press molding, and underwent a sequential coating process
as specifically described below. The hot press molding process used to
fabricate the SMP bone screws involved heating to 85°C for 30 s to
achieve the initial curing and shaping. However, to ensure the required
mechanical strength, the SMP bone screws were subsequently main-
tained at 85°C for 24 h, allowing for complete curing and optimal me-
chanical properties.

4.1.2. Ca®>" and Arg coating on PU/HA substrate

The PU/HA (SMP base material) film (size: 10 x 50 x 1 mm) and
screw substrate were used to conduct the surface modification. The SMP
base materials were immersed in a 2 mg/mL of dopamine-Tris-HCL so-
lution (pH: 8.0) for 24 h to form a uniform, dense and adhesive PDA
layer and named as SMP-PDA. The samples were washed with 50 mL of
ultrapure water three times, and then allowed to dry in air. Then, SMP-
Ca materials were fabricated by coating in a solution containing CaCl,
(2 mg/mL) for 24 h utilizing the adhesion effect of polydopamine. Final
SMP-Ca/ArgX samples were fabricated by a subsequent coating in a
solution containing CaCl, (2 mg/mL) and Arg (X mg/mL, X = 0.5, 1, and
2) for 24 h utilizing the adhesion effect of polydopamine, thoroughly
rinsed with ultrapure water as indicated above, and dried under vacuum
for 24 h.
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4.2. Characterization of SMP and its composite

The Fourier transform infrared (FTIR) spectra were recorded to
validate the synthesized SMP materials and the PDA, Ca®*, and Arg
coating by using an attenuated total reflectance Thermo Scientific
Nicolet iS2 spectrometer [34,35]. The Raman spectra were adopted to
evaluate the chemical structures of the synthesized SMP and its coatings
by using a Renishaw Micro-Raman Spectroscopy System with a 785 nm
laser excitation wavelength in a wavenumber range of 100-3200 cm L.
An X-ray photoelectron spectroscopy spectrometer (XPS, Thermo Fisher
Nexsa) was employed to evaluate the elemental compositions of SMP
materials (sample size: 5 x 5 x 1 mm) [36]. A goniometer (OCA-20) was
applied to measure the water contact angle of SMP samples to determine
the surface wettability of the materials [36]. The general surface mor-
phologies of SMP films and screws could be observed by scanning
electron microscopy (SEM, Tescan VEGA3).

The shape memory effects of the SMP materials were evaluated in the
form of the block samples (size: 10 x 10 x 10 mm) and the screw
samples using an INSTRON 5566 universal testing machine. The cyclic
compression was performed at 60°C with a compressive rate of 1.0 mm/
min. The screw cap was removed for even stress before testing, and the
SMP block and screw samples were positioned horizontally before
compression. The samples were fixed and relaxed through the clamps
and the shape memory effect was carried out as follows [12,37,38]. The
compressive process of the SMP samples was performed systematically
to achieve circumferential deformation. Specifically, the steps were as
follows: (a) Fixing and heating: The SMP screw samples were securely
held in place using clamps to ensure uniform stress distribution. The
samples were then heated to 60°C for 10 min to eliminate any potential
thermal phase transition and ensure the material was in a pliable state
for deformation. (b) Compression: The screws were compressed cir-
cumferentially to 50% deformation (e) under 60°C using a
custom-designed setup. This was achieved by applying radial compres-
sive force that uniformly reduced the diameter of the screw while
maintaining its axial alignment. (c) Cooling to lock the temporary shape:
While maintaining the compressed state at ey, the samples were cooled
down to 25°C for 10 min. This cooling step allowed the shape memory
polyurethane (PU) to lock into its temporary compressed configuration,
making the screw slimmer. (d) Releasing the Clamps: After cooling, the
clamps were released (6 = 0), and the strain of the sample in its
temporarily compressed shape was recorded as ¢,. (e) Shape Recovery:
To evaluate the shape memory effect, the compressed samples were
heated to 37°C (body temperature) and maintained for 10 min. During
this step, the screws reverted to their original shape due to the activation
of the shape memory effect, and the recovered strain was recorded as &p,.
The procedures were repeated 10 times to generate the thermal cyclic
compressive curves. The shape fixation rate (Rf) and shape recovery
ratio (Rr) represented the performance of the final fixed deformation
and the ability to memorize the original size of a sample, respectively.
Therefore, Rf and Rr, as the most two important parameters for inves-
tigating the ability of shape memory properties, were calculated by
using the following Equations (1) and (2) with the above strain and
stress data [12].

rF V)= 1009 )
€m - & (N)

Rr (N) = P < 100% )
m~ ¢p -

where N stands for the repeat times (N > 1).

4.3. Mechanical and shape memory properties of SMP

The pull-out experiments were conducted employing the INSTRON
5566 universal testing machine for evaluating the fixation performance
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of the SMP samples [13,34]. To simulate minimally invasive surgery that
involves implanting bone screws, the SMP samples were programmed as
a smaller temporary shape (diameter: 1.8 mm) and implanted into the
bone defect (diameter: 2.0 mm) in a PU foam [39]. The screw pull-out
experiment was conducted. Initially, the bone screw was compressed
to 50% deformation at 60°C, and then cooled to 25°C and fixed for 10
min by using the clamp. The screw was then implanted into the defect of
the model, and the clamp was removed. Next, the bone screw was heated
at 37°C for 10 min to trigger shape memory recovery, followed by
cooling to room temperature for an additional 10 min. Subsequently, a
clamp was used to secure the screw cap, and the screw was subjected to
axial tensile testing at a rate of 1 mm/min, parallel to the direction of
insertion. The extraction forces were measured and compared for the
SMP, PEEK, and titanium metal screws to evaluate their fixation per-
formance and the stability of the bone-screw interface. For the scratch
test, the friction stroke was set to 3 mm, with a total friction time of 120
min. This corresponded to repeatedly applying a 3N force over the same
area of the coating, simulating the mechanical stresses experienced
during implantation. The wear rate was then calculated by measuring
the mass loss of the coating under these condition.

4.4. In vitro release of Arg and Ca®"

The SMP-Ca/Arg0.5, SMP-Ca/Argl, and SMP-Ca/Arg2 screws were
placed into 2 mL of Ca®"/Mg?"-free phosphate-buffered saline (PBS)
solution and incubated for 4 weeks to measure the Arg and Ca>" release
profiles [40]. At predetermined time points, 50 pL of solution was
collected for analysis, while the same volume of fresh PBS was supple-
mented to continue the experiment. The releasing dosage of Ca?" was
calculated using the collected solution by inductively coupled plasma
mass spectrometry (ICP-MS) Agilent 7700 [17]. For testing the property
of SMP-Ca/Arg screw in releasing Arg, the total loading dosage of
SMP-Ca/Arg0.5, SMP-Ca/Argl, and SMP-Ca/Arg2 were determined
using an Agilent 1260 Infinity II high performance liquid chromatog-
raphy system, operating with the openlab CDS acquisition. For testing
the property of SMP-Ca/Arg screw in releasing Arg, the total loading
dosage of SMP-Ca/Arg0.5, SMP-Ca/Argl, and SMP-Ca/Arg2 were
determined using an Agilent 1260 Infinity II high performance liquid
chromatography (HPLC) system, operating with the openlab CDS
acquisition. The bone screws were firstly immersed in 2 mL of an Arg
solution (X mg/mL, X = 0.5, 1, and 2) for 24 h. After that, the screw was
rinsed with 2 mL of ultrapure water for three times. The washing solu-
tion and the soaking solution were combined, and 5 pL of the mixed
solution was analyzed using HPLC. The chromatographic separation was
performed using an Agilent TC-C18 column with dimensions of 4.6 x
250 mm and a particle size of 5 pm. The mobile phase consisted of
acetonitrile and a 0.02 mol potassium dihydrogen phosphate solution
(with phosphoric acid to adjust the pH value to 3.0) in a ratio of 70:30.
The flow rate was set at 1.0 mL/min, and the column temperature was
maintained at 30°C. A sample injection volume of 5 pL was used, and the
detection wavelength was set at 206 nm. The loading amount of Arg was
then determined by comparing the initial concentration and volume
with the residual concentration following Equation (3). To ensure the
accuracy of the findings, each independent Arg release test was con-
ducted at least three times, and the results were expressed as the mean

+ standard deviation for eliminating experimental error.

amount of release SMP
total amount of loaded SMP

x 100% 3)

Drug release percentage =

4.5. In vitro biocompatibility characterization

Rabbit bone marrow stromal cells (rBMSCs, Cyagen, Hong Kong)
were selected to investigate cell viability, adhesion, and proliferation of
the SMP materials. Five groups, including control (PBS), cSMP (control
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naked PU/HA material), SMP-PDA (shape memory PU/HA materials
with PDA coating), SMP-Ca (shape memory PU/HA materials with Ca%*
by PDA adhesion), SMP-Ca/Arg2 (shape memory PU/HA materials with
Ca®* and Arg by PDA adhesion) were involved in the test. The
biocompatibility experiments were conducted by using rBMSCs with
o-Minimum Essential Medium (a-MEM, Gibco, Hong Kong) supple-
mented with 10 % (v/v) fetal bovine serum (FBS, Gibco, Hong Kong) and
1 % (v/v) Penicillin-Streptomycin (P/S, Gibco, Hong Kong) in the
incubator following the standard of ISO-10993. Briefly, all samples were
cut into small pieces (size: 10 mm x 50 mm x 0.5 mm). Before cell
seeding, the samples were sanitized and placed in 4 mL of culture media
for 24 h. After that, the extraction solutions were applied into the plate
wells for further investigation. The rBMSCs were seeded using the
extracted tissue culture media at 1 x 10* cells/cm? and incubated for 3
days. The Live/Dead assay kit (Thermo Fisher) and PicoGreen assay kit
(Thermo Fisher) were adopted at pre-determined time points [41]. The
cell viability and morphological images were captured using the Nikon
ECLIPSE Ts2R microscope, while the quantitative assessment of cell
viability and proliferation was performed using the SYNERGY HTX
multi-mode reader. Furthermore, cell adhesion and morphology were
conducted on the surface of the samples at 1 x 10* cells/cm™2 after
incubating for 3 days using a Leica TCS SPE confocal microscope. The
quantitative data of the cell spreading area for investigating cell adhe-
sion performance was analyzed by using Fiji Image J software [42].

4.6. Osteogenic differentiation and angiogenesis paracrine potential
assessment

4.6.1. Osteogenic differentiation potential of SMP materials

The effect of SMP on rBMSCs osteogenesis was evaluated based on a
co-culture system. Briefly, 2 x 10 cells/cm? rBMSCs were seeded on the
surface of a variety of SMP substrates (size: 10 mm x 10 mm x 0.5 mm)
in 1 mL osteogenic medium (Cyagen, China). On day 3 and 7, the ALP
activity was measured using an ALP quantification kit (Beyotime,
China). After 7 and 14 days of incubation, using the manufacturer’s
provided protocol of ARS staining kit (Solarbio, China), the generation
of mineralized matrix on the SMP materials was further assessed [43].

4.6.2. Angiogenesis paracrine potential of SMP materials

Similarly, the effect of the prepared SMP samples on angiogenesis of
human umbilical vein endothelial cells (HUVECs, Cyagen, Hong Kong)
was evaluated based on ISO 10993 standard. In brief, HUVECs were
seeded onto a 24-well plate coated with Matrigel at a density of 5 x 10*
cells/cm? using 1 mL extracted SMP material tissue culture medium as
used in the cell viability assay. After 6 and 12 h, the HUVECs were
stained with Calcein AM (Thermo Fisher, China), and the images were
captured using a Nikon ECLIPSE Ts2R microscope. Subsequently, the
total length and average number of branching points were analyzed
using Fiji Image J software.

4.6.3. Mechanism study of SMP on angiogenesis

Arg and Ca®" affect NO production by regulating the expression of
proteins in the NO-cGMP signaling pathway. To assess the expression of
significant signaling protein in the NO-cGMP signaling pathway, the
eNOS level was measured by enzyme-linked immunosorbent assay
(ELISA) and the NO production was quantified employing the total NO
kit (Beyotime, China). Briefly, the rBMSCs/HUVECs were seeded at 5 x
10* cells/cm? on a variety of SMP samples cultured in the medium. The
nitrite content in the culture supernatants of the rBMSCs/HUVECs was
determined after 3 days of incubation using total NO assay kit [44]. By
using the Griess technique to measure the concentration of nitrite, the
NO production was investigated [45]. Similarly, on day 3, the cGMP
ELISA kit (Bioss, China) was used to measure the amount of cGMP.
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4.7. In vivo bone regeneration assessment

We performed the rabbit femoral defect model to assess the thera-
peutic efficacy of bone regeneration of the SMP bone screws [46]. All
animal evaluation was performed with approval from the Ethics Com-
mittee of the Affiliated Suzhou Hospital of Nanjing Medical University
(K-2023-044). A total of 60 New Zealand white rabbits (male, 2.5-3 kg)
were adopted and randomly divided into five groups and two times (4
weeks and 8 weeks), PEEK (positive control), cSMP, SMP/P,
SMP-Ca/Arg2, and SMP-Ca/Arg2-P (n = 6 per group for each time
point). This is because the acceptable range of degree of freedom (DF)
was between 10 and 20 and n = 6 could satisfy the power analysis [47].
We then anesthetized the rabbits with pentobarbital sodium and created
a 6-cm skin incision to expose the femoral condyle. Next, a dental drill
was used to create a 2.0 mm diameter round defect on the exposed
femoral condyle. We then implanted the PEEK and programmed SMP
screws (size: 10 mm x 1.8 mm) and sutured the defect sites of the
rabbits. After 4- and 8- week post-operation, the rabbits were sacrificed
with COy suffocation and the femur samples were harvested. The
high-resolution micro-CT (SkyScan 1176, Belgium) was applied to
quantify the bone repair [48]. The different thresholding ranges
(threshold for new bone = 80 ~ 140, screw = 140) were applied to
distinguish the new bone and the screw [49,50]. The ROI was selected
around the bone defect where the screw was located (size: ¢2.2 mm x 5
mm), and quantification results such as bone density and volume within
this ROI were calculated by the CTAn software (Bruker, Belgium). The
3D images were reconstructed by the NRecon software (Bruker,
Belgium). Then, the biomechanical behaviors were evaluated by the
INSTRON 5566 universal testing machine to evaluate bone regeneration
performance. Briefly, the upper and lower surfaces of the femur were in
complete contact with the fixtures. A preload of 10 N was applied, fol-
lowed by a loading rate of 2 N/s. The test was terminated upon failure of
the samples. The testing machine continuously recorded the
load-displacement changes and the stiffness among different groups was
compared. Furthermore, the femur tissue sample was fixed and pro-
cessed, and then embedded and sectioned using an AICA300 hard tissue
slicer. Subsequently, H&E and Masson staining were conducted to
investigate the formation of new bone tissues in the defect sites. The
gene sequence analysis of the femur samples was performed to analyze
the bone regeneration coupling effect and the potential downstream
signal pathways activated in the regeneration sites. The NEBNext®
Ultra™ RNA Library Prep Kit was used to create the RNA-Seq libraries
[36]. The Illumina HiseqX-ten platform sequenced the pooled library.
Then, we performed the qRT-PCR to analyze the osteogenic gene
expression (TRPV4, PIEZO2, CaM, Enos, sGC, and PKG) [51]. Briefly,
total RNA was isolated from rabbit femoral defect tissue implanted with
PEEK and SMP screws using trizol reagent (Genstar, China). We per-
formed qRT-PCR after utilizing reverse transcription to generate cDNA
with the CFX 96 detection system (Bio-Rad, USA). Primers of target
genes were listed in Table 1 (support information). Western blot (WB)
analysis was performed to validate the protein expression levels of key
genes identified through RNA sequencing and qRT-PCR. Total protein
was extracted from samples using RIPA lysis buffer supplemented with
protease and phosphatase inhibitors. Protein concentrations were
measured using a BCA protein assay kit. Equal amounts of protein (20
ng) were separated via SDS-PAGE and transferred onto PVDF mem-
branes. The membranes were then blocked with 5 % non-fat milk and
incubated with primary antibodies overnight at 4 °C, followed by in-
cubation with HRP-conjugated secondary antibodies. Protein bands
were visualized using an enhanced chemiluminescence (ECL) detection.

4.8. Statistical analysis
Each test was conducted four times unless otherwise stated, and the

results were provided as mean + standard deviation. GraphPad Prism
Software (GraphPad Software Inc.) was used to investigate statistical
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comparisons between each group using one-way ANOVA with Tukey
post-hoc. Statistical significance was defined as a difference at *p <
0.05, **p < 0.01, or ***p < 0.001.
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