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A preclinical evaluation using a regenerative medicine methodology comprising an additively manufactured
medical-grade e-polycaprolactone B-tricalcium phosphate (mPCL-TCP) scaffold with a corticoperiosteal flap
was undertaken in eight sheep with a tibial critical-size segmental bone defect (9.5 cm®, M size) using the re-
generative matching axial vascularization (RMAV) approach. Biomechanical, radiological, histological, and im-
munohistochemical analysis confirmed functional bone regeneration comparable to a clinical gold standard
control (autologous bone graft) and was superior to a scaffold control group (mPCL-TCP only). Affirmative
bone regeneration results from a pilot study using an XL size defect volume (19 cm®) subsequently supported
clinical translation. A 27-year-old adult male underwent reconstruction of a 36-cm near-total intercalary tibial
defect secondary to osteomyelitis using the RMAV approach. Robust bone regeneration led to complete inde-
pendent weight bearing within 24 months. This article demonstrates the widely advocated and seldomly accom-
plished concept of “bench-to-bedside” research and has weighty implications for reconstructive surgery and

regenerative medicine more generally.

INTRODUCTION

A combination of functional and structural reconstruction of large-
volume bone loss in the load-bearing appendicular skeleton is de-
manding (1). Segmental large-volume bone loss in the tibia poses
the biggest challenge and arises from a range of causes including
infection, trauma, and malignancy. When the tibia is fractured, par-
ticularly in high-energy injuries, or instrumented to effect fixation,
the already limited soft tissue envelope and its vascularity are
further compromised (2). Current approaches to segmental bone
defects without an overlying soft tissue deficit are multiple and
include the following: limb shortening, nonvascularized autologous
bone graft (ABG) alone, delayed nonvascularized autograft placed
into an induced membrane (Masquelet technique) (3), distraction
osteogenesis (Ilizarov technique) (4), and vascularized bone (5)
with or without allograft (6). Surgical options become limited for
large bone defects because of prolonged length of treatment, infec-
tious complication’s high rates of non-union, and insufficient
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donor bone available to replace the volume of bone that is
missing (7). Therefore, it is expected that amputation is not an in-
frequent outcome for such patients (8). Given these shortcomings
and the increasing demand for bone regeneration in limb salvage
(non-unions, bone tumors, and revision surgeries of failed arthro-
plasties), bone tissue engineering has received considerable scien-
tific, economic, and clinical attention over the past two decades.
Despite this, only a small portion of this work has been clinically
translated (fig. S1).

Our work has focused on bench-to-bedside translation of a scaf-
fold-guided bone regeneration (SGBR) concept that is centralized
on three-dimensional (3D) printed biodegradable composite scaf-
folds (9). The scaffold in our study [medical-grade e-polycaprolac-
tone B-tricalcium phosphate (mPCL-TCP)] is undergoing approval
by the U.S. Food and Drug Administration (FDA) and as well as CE
(Conformité Européene) -marking. This composite scaffold has an
extensive preclinical evidence base (10-17) involving mesenchymal
stem cells, growth factors, and autologous and allogenic bone grafts
in a large animal critical-sized bone defect model developed by our
group (18). From this work, we concluded that critical-size bone
defects should be characterized by the volume of bone that is lost,
i.e., medium (M; 9.5 cm?), large (L; 14.25 cm®), and extra-large (XL;
19 cm?) (19). Furthermore, that scaffold vascularization remains a
key limitation to be addressed for both L and XL bone defects. A
variety of methods have been investigated to address the issue of
scaffold vascularization including prevascularization before trans-
plantation, vessel-based approaches for axial vascularization (arte-
riovenous loop and associated variations), and flap-based
approaches for axial vascularization (muscle flaps, periosteal flaps,
etc.) (20). Given the intimacy between angiogenesis and osteogen-
esis (21), it is reasonable to suggest that for predictable and repro-
ducible SGBR, both processes should be synchronized (20).

Regenerative capacity of vascularized corticoperiosteal tissue is
substantial (22, 23). Corticoperiosteal flaps (CPFs) have a robust
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blood supply and potential donor sites for distant transfer are plen-
tiful (5). For fast and uniform scaffold vascularization, an axial-
based intrinsic (internal) approach is considered key, and this has
been successfully performed using a vessel-based method (arterio-
venous loop) (24). To date, few studies have incorporated a flap-
based approach for scaffold vascularization (20, 25). None have ex-
ploited the innate capacity of vascularized corticoperiosteum for
SGBR and translated this clinically. We define an approach that in-
corporates the intrinsic axial vascularization strategy alongside a
flap for matched tissue regeneration as regenerative matching
axial vascularization (RMAV) (20). This study is an elegant
example of the RMAV approach, where a CPF is used not only to
vascularize the scaffold intrinsically but also to make available sub-
stantial numbers of mesenchymal progenitor cells within the scaf-
fold architecture and thereby stimulate bone regeneration (Fig. 1A).

We describe a preclinical animal study using an M critical-sized
bone defect model to establish the efficacy of the RMAV approach
compared with a scaffold control (mPCL-TCP only) and a clinical
gold-standard control (ABG; Fig. 1B). We then describe the results
of this integrative technique for an XL critical-sized bone defect in a
pilot study of two sheep. We also describe translation of this concept
in a 27-year-old patient with subtotal segmental loss (36-cm inter-
calary defect) of the tibia. The current study represents the rare
bench-to-bedside translation of a tissue engineering technique to
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reconstruct major bone loss in the load-bearing limb where con-
temporary surgical options are limited, taking the marriage
between SGBR and modern surgical practice to new heights.

RESULTS

In vivo study

Sheep model characteristics

Surgery was performed as described in detail elsewhere (18). Briefly,
of the tibial mid-diaphysis, 3-cm (M size, 9.5 cm?) and 6-cm (XL
size, 19 cm’) segmental defects were created and subsequently sta-
bilized using a 10-hole or 12-hole dynamic compression plate
(DCP; Synthes). At the time of surgery, weight ranged from 45 to
50 kg and all sheep were of mature age (6 to 8 years old) to ensure
that secondary remodeling of skeletal bone had occurred.

Three groups were evaluated as part of the primary preclinical
study involving the M size defect. These included defects treated
with (i) mPCL-TCP scaffold alone, (ii) mPCL-TCP scaffold and
CPF, and (iii) ABG alone (Fig. 1B and table S1). An additional
proof-of-principle study was performed using an increased XL
defect size, treated with mPCL-TCP scaffold and a CPF. In this
latter pilot study, one sheep was evaluated for a total study time
length of 15 months and the other for 12 months. Results of the
mPCL-TCP scaffold alone and ABG groups for the M size defect

.U

I 3-cm bone defect

@

mPCL-TCP
scaffold

mPCL-TCP
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Fig. 1. Schematic illustrating the M size defect study and the RMAV concept for bone regeneration. (A) The process of bone healing induced through the RMAV
concept is illustrated. (B) Different treatment groups in the M size (3 cm in length) segmental bone defect in vivo study. The different groups for reconstruction of the
segmental bone defect in the study included mPCL-TCP scaffold only, a CPF placed internally within the mPCL-TCP scaffold for RMAV and bone autograft from the iliac

crest as a gold standard comparator. Credit: Beth Croce.
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study were obtained from previous work by the research group (17).
All animals survived the study period of 12 months and were
healthy throughout. There were no infections, osteosynthesis
failure, or signs of foreign body reaction in those sheep where scaf-
fold implants were used.

X-ray analysis for M size defect

For the animals, internal fixation and proximal/distal segment
alignment were confirmed immediately postoperatively. Through-
out the 12-month radiographic assessment period, there was no
screw loosening, implant disruption, or valgus deformity of the
tibia observed. At 3 months, bone defect bridging was observed
in all eight sheep treated with ABG (100%; Fig. 2, A to H), in
seven of eight sheep treated with mPCL-TCP + CPF (88%; Fig. 2,
P to X), and in three of seven for the mPCL-TCP group (42%;
Fig. 2, I to O). Radiographic bone healing showed a clear trajectory
toward increased bone formation and remodeling throughout the
study period for mPCL-TCP + CPF and ABG groups [Fig. 2 (I to
O) and Fig. 2 (A to H), respectively]. By 12 months, bone formation
occupied 75 to 100% of the defect for these same groups and ap-
peared more uniform in distribution in most animals compared
to the mPCL-TCP group. In contrast to ABG where signs of remod-
eling were evident in most sheep at 12 months, remodeling was
delayed in mPCL-TCP + CPF (gross signs present in only two
sheep; Fig. 2, P to X). Remodeling was not observed in the
mPCL-TCP group because of a lack of gross bone formation
(Fig. 2, I to O). Interval radiographic assessment for the mPCL-
TCP + CPF group can be found in the Supplementary Materials
(fig. S2), with results for mPCL-TCP alone and ABG groups
found in the original work by our group (17).

Biomechanical strength for M size defect

Values for torsional stiffness were comparable for mPCL-TCP +
CPF and ABG groups (P = 0.46; Fig. 3A), with both having a sig-
nificantly higher torsional stiffness compared to the mPCL-TCP
group (P < 0.001 and P < 0.0001, respectively). In addition to
this, the mPCL-TCP + CPF group had a significantly stronger tor-
sional moment compared with the mPCL-TCP group (P < 0.001;
Fig. 3B), although this was less than the ABG group (P <
0.001; Fig. 3B).

Bone volume regenerate for M size defect

Total bone volume regeneration was highest in the mPCL-TCP +
CPF and ABG groups and was significantly different to the
mPCL-TCP group (P < 0.0002; Fig. 3C). Bone volume distribution
appeared to be predominantly in the proximal and distal sites of the
defect for all groups (Fig. 3D). For the mPCL-TCP + CPF group,
bone volume regenerate seemed to occur more predominantly in
the proximal component of the defect, although significant new
bone was also observed distally, which are results that were compa-
rable to the ABG group (Fig. 3D). A significant increase in bone
volume regenerate was observed between the middle portions of
the mPCL-TCP + CPF group compared with the mPCL-TCP
group (P < 0.003; not shown in figure). For axial distributive bone
volume (endosteal, scaffold wall, and periosteal; Fig. 3E), the mPCL-
TCP + CPF group had more bone regenerate within the scaffold wall
than within the endosteal (P = 0.0002) or periosteal areas (P =
0.0002) and substantially more than the scaffold wall of the
mPCL-TCP group (P < 0.0007).

Histological analysis and scanning electron microscopy
results for M size defect

Bone formation was seen in all specimens. For the M size defect
mPCL-TCP group, at 12 months, bone formation was mainly ob-
served proximally, around the scaffold struts along the fixation
plate (fig. S3). The M size defect ABG group had more uniform
bone growth throughout the defect, achieving notable remodeling
at 12-month time point (fig. S3). The M size critical-sized defect
mPCL-TCP + CPF group showed large amounts of bone formation
centrally and through the scaffold at 12 months after surgery (Figs.
4, B to D, and 5A, and fig. $4, C, D, and K). Further histological
analysis of this group using Goldner's trichrome revealed good in-
tegration of host bone with newly formed bone tissue emanating
from the CPF (Fig. 4, E to G, and fig. $4, E to G).

Scanning electron microscopy (SEM) and Picrosirius red (PSR)
polarized light images depicted an active healing response. At the
distal interface (Fig. 4H), osseointegration of the host bone
(green) with Haversian canals (red) advancing through the interface
of the newly formed bone tissue (Fig. 41, white arrows and arrow-
heads, respectively) could be observed. At the periphery of the
mPCL-TCP—coated scaffold wall, intussusceptive angiogenesis

12 months

mPCL-TCP

mPCL-CPF

Fig. 2. Representative 2D uCT at 12month images of an M size defect for all treatment groups. - M size defect group treated with ABG (A to H) (n = 8), the MN size
defect group treated with mPCL-TCP scaffold only (I to O) (n = 7), and the M size defect group treated with mPCL-TCP scaffold combined with CPF (P to X) (n = 8). Dotted

lines are delimitating the defect size. Scale bars, 1 cm
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Fig. 3. Results of biomechanics and pCT for all three groups in the M size defect study. Torsional stiffness (A) and torsional moment (B) graph comparing mPCL-TCP,
mPCL-TCP + CPF, and ABG groups. Total bone volume comparing mPCL-TCP, mPCL-TCP + CPF, and ABG groups (C). Longitudinal bone volume regenerate distribution in
the proximal, middle, and distal sites of the defect for the mPCL-TCP, mPCL-TCP + CPF, and ABG groups (D). Axial bone volume regenerate distribution within the end-
osteal, scaffold wall, and periosteal sites of the defect for the mPCL-TCP and mPCL-TCP + CPF groups (E). *P < 0.05, **P < 0.01, and ***P < 0.001.

forming two parallel capillaries (Fig. 4H, black arrows) from the
CPF axial vasculature was also seen.

Initial bone apposition was observed directly around the mPCL-
TCP—coated wall (Fig. 4], red arrowheads), with a highly ordered
canalicular network (Fig. 4K) running along the concentric lamellae
and perpendicular to the collagen fibers (Fig. 4L, white arrow-
heads). On closer inspection, osteocytes (fig. 4K, green) were in
direct contact with the mPCL-TCP scaffold (Fig. 4K, blue), with
its canaliculi extending toward the surface of the TCP-coated wall
(Fig. 4K, red arrow) and bone laid down outward from the implant
surface. In addition, the presence of the cement line (Fig. 4K, black
arrow) and the positioning of the perilacunar tissue around the
mPCL-TCP wall indicating de novo bone formation was also
seen. This was oriented to withstand loading transfer from the
mPCL-TCP interface and surrounding tissue. These results were
further confirmed by the polarized light microscopy around the

Sparks et al., Sci. Adv. 9, eadd6071 (2023) 5 May 2023

mPCL-TCP scaffold struts showing the presence of collagen fibers
aligned along the osteocytes long axis (Fig. 4L).

Differentiating osteogenic cells (osteoblast-osteocyte like,
Fig. 4M, red arrowheads) could be seen at the vicinities of the
CPF remnants (Fig. 4M, green porous tissue with spindle-shaped
osteocytes with reduced volume). Although the CPF was well incor-
porated into the scaffold wall (Fig. 3E), there was a large presence of
immature collagen fibers within the scaffold wall region as shown by
polarized light (Fig. 4L, green fibers) and at the new lamellar bone
formed at the middle region of the defect site (Fig. 4N, white
arrows). In areas of localized remodeling (Fig. 4], green color),
several osteoblast-osteocyte-like and collagen fibers that were
poorly ordered (Fig. 4], black head arrows at the green region)
were found. These localized areas with high proportion of osteo-
blast-osteocytes and immature structure were further confirmed
by immunohistochemical staining of collagen type I (Fig. 5B) and
type II (Fig. 5C), showing stronger reactivity at localized areas of
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Fig. 4. Cumulative radiological, histological, SEM, and light polarized results for a representative M size mPCL-TCP + CPF sheep at 12-month sacrifice. (A) Plain
x-ray and (B) uCT imaging reveals bony union alongside features of bone remodeling with trabecular formation throughout the internal defect component. Undecalcified
resin section stained with (C) von Kossa and (D) Goldner’s trichrome (GT) showing good integration of the host bone and newly formed bone tissue. (E) Higher mag-
nification of GT showing the interface between host bone (HB) and the new bone (NB) formed. (F and G) Higher magnification of GT showing the osteointegration of new
bone formed and scaffold (SC). (H and 1) SEM and LP images showing the ultrastructural morphology of newly formed bone and its interaction with host bone. (J)
Osteocyte network and neovascularization (red, blood vessels) within scaffold interstruts and areas of localized bone remodeling (green, woven bone). (K and L) Ultra-
structural morphology of the new tissue formed (white arrowheads) around the scaffold strut (blue) and an osteocyte (red arrow) in direct contact with the mPCL-TCP
scaffold. (N) lamellar bone. (M) Host tissue interface (green) with new bone, showing the porous characteristic of host tissue with spindle shaped osteocytes and reduced
body volume. (0) Osteocyte’s arrangement around long blood vessels, which appears to be etched deeper (orange line) than the adjacent tissue, indicating mineral
compositional differences; osteocyte encasement within osteoid (black arrow). Dashed line, defect site. Scale bars, (B to D) 5 mm, (E to H and J) 200 um, (I and L to O) 100
um, and (K) 20 um.
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Fig. 5. Cumulative immunohistochemistry results for a representative M size mPCL-TCP + CPF sheep at 12-month sacrifice. (A) Sections of hematoxylin and eosin
(H&E) were proximal (p), middle (m), or distal (d) when analyzed with IHC. Staining was as follows: (B) collagen type 1 (COL 1), (C) collagen type Il (COL II), (D) OC, (E) OPG,
(F) Sclerostin, (G) CD68, (H) iNOS, (I) mannose receptor, (J) CD31, (K) vVWF, (L) Notch, and (M) Noggin. Isotypes, fig. S10. Blue lines, scaffold; red lines: host and new bone
interface; yellow lines, blood vessels; green line, macrophages. Scale bars, (A) 5000 um and (B to M): 200 pm.

woven bone (Fig. 5B, black lines) next to areas of lamellar bone
(Fig. 5B, red lines), as well as remnants of cartilage containing os-
teocytes in lacunae (Fig. 5C). In areas adjacent to the mPCL-TCP—
coated scaffold wall, osteocytes were arranged around long blood
vessels, which appeared to be etched deeper than the adjacent lamel-
lae with clear mineral compositional differences between the two
areas (Fig. 40, orange line). On closer evaluation, osteoid-osteocyte
(osteoblasts within osteoid) appeared to have a smaller number of
canaliculi, and an osteoid-osteocyte was encased in the bone matrix
(Fig. 40, black arrow).

Large vessels sprouting along the CPF axial vasculature were seen
throughout the defect, and immediate vascular supply at the vicinity
of the mPCL-TCP was also seen (Fig. 4], yellow arrows). Further-
more, an extensive osteocytic network was observed throughout
the newly formed bone. Secondary osteon bone formation was
present at the interface of the mPCL-TCP scaffold struts and CPF
remnant with osteocytes in direct contact with the blood supply
(Fig. 40). Further SEM results for all animals of the mPCL-TCP
+ CPF group can be found in the Supplementary Materials (fig. S5).

Sparks et al., Sci. Adv. 9, eadd6071 (2023) 5 May 2023

Immunohistochemistry analysis for M size defect
Large volumes of collagen type I deposition was broadly found
within the newly formed bone, at the proximal (Fig. 5B, p),
middle (Fig. 5B, m), and distal sites of the defect (Fig. 5B, d) and
invaginating the mPCL-TCP scaffolds. The synthesis of collagen
type I appeared to have greater immunohistochemical reactivity at
localized areas of bone remodeling [Fig. 5B (m), black lines]. These
areas displayed high proportion of osteoblast-osteocytes surround-
ed by randomly oriented collagen fibers [Fig. 5B (m), black lines]
next to areas of lamellar bone with collagen fibers arranged in lon-
gitudinal fashion [Fig. 5B (m), red lines]. Positive collagen type II
reactivity was seen at areas of calcified cartilage next to these woven
bone regions and at the vicinities of the mPCL-TCP—coated scaffold
wall (Fig. 5C, p to d), indicating extracellular matrix shift from
woven bone to lamellar via chondro-osseous accumulations.
Osteocalcin (OC) expression was detected at osteocytes at the
proximal (Fig. 5D, p) and distal (Fig. 5D, d) sites of the defect
and at the osteoblasts lining the extracellular and cytoplasmic
content of the newly formed bone and herein was also found
along the mPCL-TCP scaffold walls (Fig. 5D, m). Osteoprotegerin
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(OPQ) is an osteoclast inhibiting factor and growth factor secreted
by the extracellular matrix in ABG, which is a key regulator in os-
teoclast differentiation and activation (26). OPG is therefore essen-
tial for bone resorption and was highly expressed at the proximal
and distal sites at the defect, specifically in the host bone [Fig. 5D
(pand d), red lines]. Sclerostin as one of the first mediators between
osteocytes, osteoblasts, and osteoclasts talk is critical for bone re-
modeling, especially by antagonizing bone and cartilage formation.
High sclerostin expression was observed at the middle site (Fig 5F,
m) of the defect at areas of lamellar bone deposition within osteo-
blasts potentially reaching the osteocytic stage, at osteocytes within
the proximal and distal sites of the defect (Fig 5F, p and d), as well as
at small islands of mineralized cartilage. Sclerostin signal was also
observed at the extracellular and cytoplasmic content of future Har-
versian canals of the newly regenerating bone and at the mPCL-
TCP—coated scaffold walls (Fig 5F, m).

Staining for CD68 was strong in all specimens, especially at re-
sorption sites and around the mPCL-TCP~-coated scaffold struts
demonstrating osteoclastic and phagocytic activity (Fig. 5G, p to
d). These results were further confirmed by local infiltrate of M1
[inducible nitric oxide synthase (iNOS)] around the mPCL-TCP—
coated scaffold wall and within the endothelial content of future
Harversian canals and blood vessels [Fig. 5H (p to d), blue line
and yellow line, respectively] and M2 (mannose receptor) macro-
phages, especially at osteoclasts at resorption areas and at the vicin-
ity of the mPCL-TCP-coated wall [Fig. 5I (p to d), green lines].
These results further demonstrate the macrophage importance in
the suppression of inflammation, in the synthesis of vascular
growth, and also contribution to tissue repair and remodeling.

Blood vessels mediating angiogenesis express high levels of
CD31 (platelet endothelial cell adhesion molecule 1). These types
of capillaries (defined as type H) (26) are intermittently present at
corticoperiosteal regions of long bones. Endothelial cells lining
newly forming blood vessels within the regenerating bone were
heavily stained with CD31, especially within the central regions
and around the mPCL-TCP scaffold architecture (Fig. 5], p to d).
Similarly, von Willebrand factor (vWF) staining, was seen at the
basement membrane of new blood vessels within forming osteons
and within the central regions and wall of the mPCL-TCP scaffold
architecture throughout the defect site (Fig. 5K, p to d). Notch,
derived from endothelial precursors, is a key mediator involved in
bone remodeling, osteoclast activation, and differentiation of oste-
oblasts into functional osteocytes (27). Notch activity was present at
the endothelial wall of blood vessels surrounding the mPCL-TCP
struts, as well as within the endothelial wall of blood vessels at
bone resorption sites (Fig. 5L, p to d). However, noggin activity
was found to be neglected (Fig. 5M, p to d).

Proof-of-principle study results for XL size defect

Bone non-unions can be temporally, clinically, and radiologically
diagnosed. Yet, ill-defined, non-union can be regarded as the com-
plete failure of the bone regenerative capabilities. The FDA has es-
tablished fracture non-union as the arrest of bone healing within a
period of 9 months after injury, followed by the absence of progres-
sive signs of bone repairing within the successive next 3 months
(28). However, variations of these temporal parameters have been
described (29). Therefore, after consultation with orthopedic and
plastic/reconstructive surgeons, we performed a proof-of-principle
study doubling the segmental defect size with the aim to reproduce a
non-union.

Sparks et al., Sci. Adv. 9, eadd6071 (2023) 5 May 2023

Two sheep received an XL size mid-diaphyseal segmental bone
defect of the tibia using the established surgical approach (18), sta-
bilized with a 12-hole DCP (Depuy, Synthes). These sheep were
both treated with an mPCL-TCP—-coated scaffold combined with
a CPF. Uniform bone formation was found throughout the defect
with bridging of the defect site observed as early as 3 months and
complete union achieved after 12 months for both sheep (Fig. 6A
and fig. S6A). Bone volume regenerate was robust throughout the
scaffold, further confirmed by micro—computed tomography
(ULCT) analysis (Fig. 6B and fig. S6B). Histological evaluation
using Safranin O/von Kossa (fig. S6C) and Goldner's trichrome
(fig. S6, D to G) revealed substantial mineralized formation both
throughout the scaffold and at the proximal and distal interfaces
with the newly formed bone. High magnification images of the
Goldner's trichrome staining revealed good integration of the
host tissue with the new tissue formed, as well as bone formation
around the mPCL-TCP scaffold struts (fig. S6, E to G). SEM analysis
reflected an active healing process with clear distinguishable sec-
ondary osteon formation and the presence of osteocytes and
blood vessel supply (fig. S6, H to J). The new bone tissue formed
stained positive for collagen type I [fig. S6, L (p) to P (d)], where
unorganized cancellous/trabecular bone could be observed, espe-
cially at the middle site of the defect (fig. S6L, m). Some extent of
mineralized cartilage was detected by collagen type II staining
within the proximal, middle, and distal sites of the defect (fig.
S6M, p to d). OC expression was detected in osteocytes and at re-
sorption regions of the defect site (fig. S6N, p to d). For the 15-
month time point (XL size defect; Fig. 6), the expression of the col-
lagen I [Fig. 6, L (p) to P (d)] and OC (Fig. 6N, p to d) were lesser
than the 12-month sample; however, the collagen type II expression
was higher (Fig. 6M, p to d). OPG and sclerostin expression were
similar for the 12- and 15-month time point, as well as for the M
size volume defect (fig. S6, O and P; Figs. 6, O and P, and 5, Eand F,
respectively). Macrophagic activity, depicted by CD68 staining, was
mainly observed at the outer surface of the mPCL-TCP scaffold
struts and at resorption areas where osteoclastic activity was occur-
ring (fig. S6Q and Fig. 6Q). M1 (fig. S6R and Fig. 6R) and M2 (fig.
S6S and Fig. 6S) macrophage activities were mainly observed
around the mPCL-TCP—coated scaffold. The new tissue formed
was well vascularized, showing CD31- and vWEF-positive reaction
at the vascular endothelial tissue within resorption sites and
within the Haversian canals of the bone tissue (fig. S6, T and U,
and Fig. 6, T and U). Strong expression of Noggin was observed
also within the vascular tissue within resorption sites (fig. S6W
and Fig. 6W), and Notch activity was negligible (fig. S6V
and Fig. 6V).

Case report

On the 6 August 2017, the patient underwent reconstruction of a
36-cm intercalary defect of the tibia secondary to osteomyelitis.
This was performed with definitive bony stabilization, insertion of
a 3D-printed scaffold augmented with CPFs, rhBMP-7 (recombi-
nant human bone morphogenic protein-7; Stryker Biotech, Hop-
kinton, USA), and soft tissue coverage (Fig. 7, A to F). The
scaffold was designed on the basis of CT images conducted on
both lower limbs and manufactured using the same mPCL-TCP
scaffold used in the preclinical study (see Materials and Methods).
The technical aspects of this procedure were informed by the work
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Fig. 6. Representative overview of the XL size tibial CPF pilot study results. (A) X-ray image at 15 months' time point. (B) Sagittal plane of the pCT 3D reconstruction.
(€) Von Kossa—stained resin section showing good integration of the host bone and newly formed bone tissue. (D to G) Undecalcified resin section stained with Goldner’s
trichrome showing excellent osteointegration of host bone, scaffold, and newly formed bone. (H) SEM images showing the osteocyte network of the newly formed tissue
with newly formed bone in the middle of the defect site (I) and clear neovascularization marginating alongside new bone formation (J). (K) Sections of H&E were proximal
(p), middle (m), or distal (d) when analyzed with IHC. Staining was as follows: (L) collagen type 1 (COL I), (M) collagen type Il (COL Il), (N) OC, (O) OPG, (P) Sclerostin, (Q)
CD68, (R) iNOS, (S) mannose receptor, (T) CD31, (U) vVWF, (V) Notch, and (W) Noggin. Scale bars, 200 um. Dashed line, defect site. Scaffold collapse in (C) resulting from
sample processing. Blue lines, scaffold; red lines, host and new bone interface; green line, macrophages. Isotypes, fig. S11. Scale bars, (B, C, and K) 5 mm, (D) 10 mm, (Eto |
and L to W) 200 pm, and (J) 500 um
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Fig. 7. Representative overview of the clinical case including intraoperative imagery, histological and scanning electron microscopy results. (A) The patient’s
limb at presentation with the area of exposed tibia indicating clinical osteomyelitis (white arrow), which, following resection, left a 36-cm segmental defect of the tibia (B).
The defect was 3D modeled from reconstructed CT imaging to create the mPCL-TCP scaffold construct (C) for formal reconstruction. After intramedullary nail fixation, the
posterior scaffold was inset to the defect before placement of the cutaneous-CPF and the cutaneous-corticoperiosteal medial femoral condyle flap (black arrow). Fol-
lowing this, the anterior scaffold was inset to the defect (D) (black arrow), and the skin was closed (E and F) using the skin paddles from the flaps for additional soft tissue
coverage and flap monitoring (white arrows). (I) One-year time point biopsy. During the change of internal nail fixation at 1-year time point, a core biopsy was taken,
which confirmed functional bone healing. (G to I) Undecalcified resin section stained with Goldner's trichrome. (J to L) Undecalcified resin section stained with von Kossa
McNeal's trichrome. (M) SEM image showing the osteocyte network of the newly formed tissue (red line scaffold). (N) An island [bottom green line image (M)] of oste-
ocytes in the vicinity of a scaffold strut. (O) Higher magnification of the osteocyte network. Scale bars, (G to L) 200 pm, (M) 1 mm, (N) 100 um, and (O) 50 pm.

done in the animal studies. Briefly, this involved retrograde intra-
medullary nail fixation of the tibia followed by insertion of the scaf-
fold in two halves (anterior and posterior components). An
ipsilateral fibula CPF was placed inside the proximal scaffold with
its pedicle in continuity with a medial femoral condyle CPF, which
was anastomosed in a “flow-through” configuration with the distal
peroneal vessels and placed in the distal scaffold. BMP-7 was im-
pregnated into the scaffold alongside fibrin glue. As part of the
flap reconstruction, two skin paddles (one from each flap) were

Sparks et al., Sci. Adv. 9, eadd6071 (2023) 5 May 2023

used for soft tissue coverage of the leg and to facilitate postoperative
monitoring. There were no intraoperative or postoperative compli-
cations; both skin paddles were viable throughout the postoperative
course and, as a surrogate, were considered to validate buried cor-
ticoperiosteal tissue viability. A schematic of the operative sequence
can be found in the Supplementary Materials (fig. S7).

The patient’s weight-bearing status was gradually increased
commensurate with bone regeneration. An exchange of the intra-
medullary nail was performed at 12 months postoperatively, and a
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small unicortical non-union involving part of the distal scaffold-
bone regenerate was debrided and grafted with iliac crest ABG at
18 months. The debrided specimen was analyzed using Goldner's
trichrome, von Kossa MacNeil's stains, and SEM (Fig. 7, G to O).
New bone and soft tissue formation were observed within the
mPCL-TCP scaffold struts remnants (Fig. 7, G to L). The SEM anal-
ysis revealed a viable network of osteocytes, as well as the presence of
new blood vessel formation (fig. 7M - O). Following this procedure,
the patient commenced partial weight bearing and had achieved full
weight bearing at 24 months postoperatively. The residual restric-
tion in range of motion at the knee and ankle joints has resulted
in a gait that is antalgic but functional (movie S1). The patient
has been reviewed at clinically appropriate intervals now for the
past 4 years without complication (movie S2).

DISCUSSION
Today, therapeutic approaches for the reconstruction of large bone
volume defects have outcomes that are inconsistent. Surgical ap-
proaches are many, and there is no clear indication for the use of
one over another for a given set of circumstances. As a result, re-
search has focused on the development and translation of patient-
specific therapeutic concepts for bone regeneration. Tissue engi-
neering is a research frontier in this regard. However, bench-to-
bedside translations are rare (fig. S1). In this study, we show that
the combination of a 3D printed biodegradable scaffold in combi-
nation with a CPF can regenerate M size critical bone defects in a
long-term large animal model with near equivalence to the clinical
gold-standard ABG and can be safely extended to an XL size bone
defect to produce robust bone healing. Furthermore, we successfully
translate the RMAV approach to reconstruct the largest long bone
defect reconstructed using a 3D printed scaffold to date.
Vascularization precedes the creation of new bone and cartilage
during development and is key to ongoing bone viability and re-
modeling capacity (30). In neo-osteogenesis, vascularization
ensures sufficient delivery of osteoclast precursors and osteoproge-
nitor cells to the site of osseoinduction (31), and certainly, the ex-
istence of direct molecular interactions between endothelial and
osteoblastic cell lineages provides further credence to the concept
of coupling between new blood vessel formation and osteogenesis
(27). Hence, the osseoinduction in SGBR is based on sufficient and
uniform neovascularization, with cell function severely limited by a
diffusion distance greater than 200 um from a blood vessel (32).
Most previous approaches to axially vascularize scaffolds for
tissue regeneration, use an “extrinsic” approach whereby the scaf-
fold is vascularized externally from surrounding vascular tissue
(20). The internal aspect of the scaffold, particularly for a large con-
struct (as for XL defects), is vulnerable to insufficient vasculariza-
tion and thus limits regenerative potential. Clinical use of the
extrinsic approach has been implemented by Warnke et al. (33)
with the use of the latissimus dorsi muscle for prelamination of a
scaffold in the reconstruction of a mandibular critical-sized bone
defect in 2004. An alternative to the extrinsic vascularization ap-
proach is the use of an arteriovenous axis to provide an “intrinsic”
blood supply to the construct. The intrinsic approach is not new.
Erol and Spira (34) developed the arteriovenous loop model in
1980, and this concept was further expanded upon by Cassell and
co-workers (35). Most recently, Horch and co-workers (36) used the
arteriovenous loop technique alongside a 3D printed scaffold for the
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reconstruction of a critical-size tibial defect secondary to osteomy-
elitis as in our case (36).

What makes our concept unique is what we term RMAV (20),
where the integration of an ideal axially vascularized autologous
tissue source is “matched” to the intended tissue type for regenera-
tion. This process is combined with a scaffold, which serves, in this
case, as an osseoconductive conduit to accelerate and guide the
tissue regenerative process. In essence, vascularized precursor
tissues of the required tissue type(s) for reconstruction are incorpo-
rated into the approach for axial vascularization of the scaffold. This
is in the form of a flap and makes use of a patient’s tissue regener-
ative capacity by directing autologous growth factors and regenera-
tive cells already endogenous to the host tissue into the scaffold,
while providing an arterial supply and venous drainage. The regen-
erative capacity of the periosteum is well known (22), and the
harvest of a thin layer of cortical bone alongside the periosteum
helps preserve the inner cambium layer (22), known to be a high-
density source of precursor cells for new bone formation (37). The
mPCL-TCP scaffold (fig. S8) is known to support attachment, mi-
gration, and proliferation of bone precursor cells (15). In combina-
tion with corticoperiosteal tissue transfer, we were able to
demonstrate robust bone regeneration in preclinical 3-cm (M
size) and 6-cm (XL size) segmental bone defect models.

Our results support the bone regenerative process in a stepwise
manner (Figs. 1B and 4 to 6 and figs. S2 to S6) with angiogenesis,
stimulation of osteoprogenitor cells, and new woven bone forma-
tion from the CPF internally through the scaffold followed by a
gradual remodeling process into lamellar bone alongside scaffold
degradation (fig. 8). Specifically, new vessel formation is seen
sprouting from the CPF axial vasculature (Fig. 4H, black arrows
and | yellow arrows) with woven bone deposition surrounding
vessels and scaffold struts (Fig. 4, ] and O, green-colored tissue;
Fig. 5B, d) and integrating with host bone from the CPF (Fig. 5B,
p and d). The new bone formation is supported by endothelial in-
growth within the bone-scaffold composite (Fig. 4], yellow arrows)
with diffusely positive CD31 from H-type vessels (Fig. 5], p to d)
and diffuse VWF staining throughout the new bone regenerate
(Fig. 5K, p to d). The coupling between angiogenesis and neo-oste-
ogenesis is well reported (27), and the expression of Notch is key
throughout this process. The presence of Notch supports bone re-
generation and helps initiate the remodeling process. Our study
demonstrated Notch expression at endothelial cells within the scaf-
fold and at areas of bone remodeling (Fig. 5L, p to d) and helps link
the process of new vessel formation, bone regeneration, and
remodeling.

The osseoconductive PCL-TCP scaffold helps direct and support
autologous precursor cells from the flap and new bone formation
from the free ends of residual tibia above and below the defect.
We observed a highly organized canalicular network (Fig. 4K)
running perpendicular to collagen type I fibers (Fig. 4L, white
arrows) and osteocytic interactions with scaffold struts that were
obvious (Fig. 4K, red arrow). The aforementioned process support-
ed the presence of ongoing bone formation with differentiating os-
teogenic cells (osteoblast-osteocyte like; Fig. 4], red arrowheads)
marginating the CPF host bone remnants (fig. 4], green tissue).

Large volumes of bone regenerate with extensive mineralization
were seen for the mPCL-TCP + CPF group (Fig. 3C). However, the
bone appeared to be in the earlier stages of remodeling in certain
parts (Fig. 4, ] and O), as evidenced by poorly ordered collagen
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fibers (Fig. 4], black head arrows at green region) and a slower
process of remodeling led by osteoblast-osteocyte invasion at the
surface of the CPF [Fig. 5B (m), black line]. Despite this observa-
tion, in some portions of established woven bone and scaffold
wall, collagen type II deposition was seen in areas of calcified carti-
lage (Fig. 5C, p to d), indicating that the transition to lamellar bone
remodeling was well underway. This delayed remodeling was some-
what reflected in the biomechanical maturity of the M size bone
defects when comparing the mPCL-TCP + CPF group with ABG
(Fig. 3, A and B), where torsional stiffness was equivalent (P =
0.46) although torsional moment was significantly less (P <
0.001). Delayed remodeling of the mPCL-TCP + CPF group was
considered to be related to the large portion of cortical bone
tissue (naturally more resistant to remodeling than cancellous
bone) placed inside the scaffold. In concert with progressive degra-
dation of the mPCL-TCP scaffold, ongoing bone regeneration and
remodeling is expected to continue in the years following the final
experimental time point (16) with expected medullary cavity forma-
tion. It is recognized that the hallmark of functional bone regener-
ation is restoration of mechanical integrity (38). With a lack of
structural integrity often seen with woven bone compared to lamel-
lar bone, the delay in remodeling seen in the mPCL-TCP + CPF
group may also help explain these biomechanical results.

Bone morphogenic activity is regulated by several antagonists in-
cluding Noggin (immature cells) and Sclerostin (mature cells)
(Fig. 8). At sites of high expression of collagen type II, bone forma-
tion is still desired, which may have contributed to a greater rate of
mesenchymal stem cell (MSC) differentiation, and thus would
explain the lack of Noggin expression. These results are further sup-
ported by Sclerostin and OPG expression at osteocytes and at oste-
ocyte cell processes. Sclerostin, only expressed by osteocytes that
have reached the osteocytic stage, is a key regulator of bone remod-
eling, facilitating the signaling between osteocytes, mature osteo-
blasts, and bone resorbing osteoclast. OPG is also important for
the balance of osteoclast differentiation and activation, playing a
major role in inhibiting osteoclastogenesis and bone resorption.
OC is considered a late and specific osteogenic marker determining
osteoblast differentiation, regulating bone crystal formation, specif-
ically binding to hydroxyapatite crystals and down-regulating min-
eralization. Strong OC expression was detected in osteocytes within
lacunae, at resorption pits, and in close apposition to the mPCL-
TCP scaffold struts (Figs. 5D and 6N and figs. S4 and S6M). This
observation confirms an emerging peak in the early phases of
bone remodeling occurring at the 12-month sacrifice time point.
Our results suggest that this coordinated function of Noggin, scle-
rostin, and OPG all together play a pivotal role in bone remodeling,
osteoclastogenesis, and overall bone homeostasis (39) with OC
serving as a marker of this remodeling process.

The 3D printed and patient-specific mPCL-TCP scaffold used in
our case study has a robust preclinical (10, 14, 17, 18) and clinical
efficacy base, with approval for use in the craniofacial region by the
FDA and CE. More than 60 published clinical cases as well as more
than 100,000 mPCL scaffolds being implanted globally confirm
both efficacy and safety of the construct (fig. S8) (40-48). Within
both the preclinical studies and the clinical case, SGBR was found
radiologically and confirmed biomechanically and histologically
(Fig. 4, A to O), with healthy osteocytic networks identified
within the new bone and interacting with the struts of the mPCL-
TCP scaffold (Fig. 4, J, K, and O) alongside new blood vessel
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formation [Figs. 5, J (red color, yellow arrows) and O (red color),
and 6, ] and K]. Osteocytes were seen in close proximity to TCP
crystals that lined the PCL struts, supporting the osseoconductive
nature of the mPCL-TCP scaffold and SGBR concept (Fig. 4K). In
preclinical work, scaffold degradation for the mPCL-TCP scaffold
has been studied extensively (13, 49). In our study expression of
CD68, a marker of macrophagic activity, was strong along the scaf-
fold struts and at bone remodeling surfaces (Fig. 5G). M1 pheno-
type expression (a marker of inflammatory macrophage activity)
was sparse and only seen at the endothelial tissue within blood
vessels (Fig. 5H, p to d), whereas M2 anti-inflammatory phenotype
expression (known to down-regulate inflammation and improve
tissue repair) was strong at the mPCL-TCP—coated scaffold wall
and at areas of bone remodeling (Fig. 51, p to d), suggesting that
the high mannose receptor expression was representative of a
tissue remodeling/regenerative response (50, 51).

Scaffold degradation alongside bone remodeling was seen
throughout the uCT analysis at the 12-month time point for both
the M and XL size preclinical groups (Figs. 4B and 6B and figs. S4B
and S6B). This process was also confirmed in both SEM and PSR
(Fig. 4, H to O, and fig. S5) and immunohistochemistry (IHC)
results (Fig. 5), particularly in our XL size defect pilot study
where the expression differential between Notch and Noggin sup-
ported a trend to remodeling when comparing 12- and 15-month
animal data (Fig. 6, V to W, and fig. S6, P to Q). For in vivo work,
degradation of the mPCL-TCP scaffold material occurs over 24 to
36 months (16), and in this proof-of-concept study, incomplete
scaffold degradation may have contributed to incomplete secondary
bone remodeling by the study end point (12 months). In our clinical
case, bone samples taken from the distal site of the scaffold at the 12-
month time point highlight delayed scaffold degradation despite the
newly formed bone (Fig. 7, G to O). It is expected that this may be
related to a relative lack of vascularity to this portion of the scaffold,
which, in turn, affects macrophage-driven degradation. Further-
more, the printed porosity of the mPCL-TCP scaffold at the distal
and proximal ends was less than the diaphyseal portion to facilitate
more structural integrity at these sites in the construct. Neverthe-
less, this did not limit the patient achieving the functional
outcome of full weight-bearing at the 24-month time point
(movie S1).

The convergence of microvascular corticoperiosteal tissue trans-
fer into SGBR has several advantages. Incorporating the mPCL-
TCP scaffold, the RMAV concept also provides lower donor site
morbidity. It is only the outer edge of the cortex that is harvested
with the periosteum (movie S3), and thus, the integrity of the resid-
ual bone is largely unaltered. Donor site morbidity is a major dis-
advantage associated with vascularized bone transfer for large-
volume segmental bone defects (5), where an entire fibula is har-
vested en bloc with its blood supply rather than just its very outer
cortex in our case. For defects encountered like the clinical case pre-
sented, no current contemporary surgical options would suffice.
The harvest of two vascularized fibula flaps poses major bone loss
and would have insufficient volume to bridge the defect. Further-
more, such an approach takes from his remaining functional
limb. Other options include distraction osteogenesis (4), which
would have been unsuitable for this defect size because of the
time and morbidity associated with acquiring that extent of distract-
ed bone length. Despite the fact that success using the Masquelet
technique has been reported for the mPCL-TCP scaffold system
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Fig. 8. lllustration demonstrating proposed sequence of events for the RMAV approach in bone regeneration based on work performed by our group (173, 15—
18, 25, 40, 50) and others (57). M2, type 2 macrophages (anti-inflammatory). Credit: Beth Croce.

(46), it would be insufficient for the extent of bone loss seen in our
case without a more predictable blood supply to support bone re-
generation. If the Masquelet technique was performed with ABG
alone, such volume of bone graft in of itself would carry consider-
able morbidity at a price not justifying its use, notwithstanding the
lack of vasculature to ensure bone healing.

There are a number of limitations for the preclinical evaluation.
Comparison of prospectively collected data between a retrospective
dataset reduces the use of animals at the expense of introducing stat-
istical bias. In sheep from mPCL-TCP only and ABG groups, the
defect was stabilized with a 10-hole DCP compared with a 12-
hole DCP in the mPCL-TCP + CPF group. We attempted to
control for this difference in the prospective study by placing
screws further away from the defect, thereby lengthening the
working force of the plate to ensure biomechanical equivalence
between the groups. We used vascularized corticoperiosteal tissue
transfer with additive thBMP-7, as we had independent validation
from extensive preclinical work that, individually, these modalities
enhanced bone regeneration with the mPCL-TCP scaffold (17, 25).
Amalgamation of the two techniques in the clinical arena was
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considered to be the optimal approach for bone regeneration,
with the lack of bone regeneration in humans using rhBMP-7
serving to support the larger role of the CPF in our positive study
results. Vascularity of the flap at the terminal study end point was
not validated in vivo using direct measures (microspheres, etc.), al-
though bone formation, its pattern of regeneration. and the pres-
ence of new blood vessel formation emanating from the CPF
serve as indirect measures (Fig. 4]). In the in vivo study, the
mPCL-TCP + CPF group is compared against a scaffold control
group (mPCL-TCP) and the clinical gold standard for small
segment bone defects (ABG). No comparison was made to a
CPF-only control group, as this was a proof-of-principle study,
and the clinical application of this method was intended for exten-
sive bone defects where a scaffold would inherently be required to
guide the bone regenerative process. A recent clinical trial by Mor-
rison and co-workers (52) using a tissue engineering chamber to
create larger volumes of adipose tissue further supports this
concept. Only one of five patients developed sufficient adipose
tissue for breast reconstructive purposes (210 ml), and the
authors attribute this to the lack of scaffold guidance among
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other limitations. Reviewing our own pilot study results, incorpora-
tion of the mPCL-TCP scaffold with the CPF showed substantial
bone regeneration (Figs. 4 and 5 and figs. S4 and S6), supporting
the concept of SGBR (20).

Over a 7-year period (fig. S9), the work presented highlights the
successful transition from a preclinical proof-of-principle study to a
clinical case (Fig. 7). For the patient, there were very limited recon-
structive options for the affected limb, and therefore, this approach
was offered, as a limb-salvage procedure, given its perceived efficacy
in humans at the time. To our knowledge, our case represents the
most extensive load-bearing bone reconstruction in the literature
using a SGBR approach, and it is the first to incorporate the
RMAYV approach. The second largest comparable size long bone re-
construction using a 3D printed scaffold was described by Horch
et al. (8 cm in length and 2.5 cm diameter) with a scaffold (36),
also performed for osteomyelitis. In their report, they used an arte-
riovenous loop model to vascularize the scaffold intrinsically axially
and reported satisfactory bone healing at 2-year follow up. Other
studies with less extensive long bone defects have been successful
using a scaffold-guided approach (46, 53, 54), which validates the
SGBR concept in bone regeneration (20). Clinical follow up for
our case study was 48 months, and last imaging at 36 months
after surgery supported success of the RMAV reconstruction
(movie S2). Given the success of our approach to bone regeneration,
a phase IIa clinical trial in Brisbane at a major trauma center is reg-
istered and approaching the enrolment phase (ANZCTR no.
12620001007921).

This study introduces an original approach for SGBR with clin-
ical translation in the most extensive bone reconstruction per-
formed to date with the use of a 3D printed scaffold. This opens
new avenues to the reconstructive surgical community with an in-
terest in regenerative medicine to take the marriage between tissue
engineering and modern surgical practice to new heights.

MATERIALS AND METHODS

In vivo study

Study design

The objective of this research was to confirm the efficacy of an in-
tegrative approach to M size critical bone reconstruction in a vali-
dated preclinical model and to show that this approach can be safely
extended to a larger XL defect size. The in vivo work is reported in
line with the Animal Research: Reporting of In Vivo Experiments
guidelines (55), and relevant Institutional Animal Care and Use
Committee guidelines were followed for animal subjects. Specifi-
cally, ethics approval was obtained from the Queensland University
of Technology (QUT) University Animal Ethics Committee (ap-
proval numbers: 1600000280, 700000915, and 900000906). The in
vivo component of this paper was performed using our well-estab-
lished M size segmental bone defect sheep model (10, 14, 17-19). A
total of 10 healthy castrated male merino sheep (Ovis aries, 6 to 8
years of age, body weight of 45 to 65 kg) were procured for the study
through the QUT Medical Engineering Research Facility (MERF) at
Prince Charles Hospital (Chermside, Queensland, Australia),
without genetic modification or previous medical/surgical proce-
dures. Sheep were chosen as the animal model for this study
because of the research unit experience and also the extensive use
of this model in bone tissue engineering due to notable crossover in
bone morphology and physiology to humans (56, 57). As
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realistically as possible, large animal models also provide a means
to reproduce the relevant loading conditions and surgical technique
as used in the final procedure in humans (56, 57).

The first phase of the study involved three groups of sheep (n =
23) with M size segmental defects of the tibial diaphysis. Experi-
mental groups included defects treated with either (i) an mPCL-
TCP scaffold alone (n = 7), (ii) mPCL-TCP scaffold with a CPF
(n = 8), or (iii) ABG (n = 8). Data involving animals from the
groups with mPCL-TCP alone and ABG were collected from a ret-
rospective dataset using the same large animal protocol (17), in line
with the three “R" concept of ethical animal research (replacement,
reduction, and refinement). We chose a comparable number for our
mPCL-TCP + CPF study group in line with previous work (17), and
no randomization or blinding was performed as part of this in vivo
study. The study period was a 12-month time interval during which
all animals were able to weight-bear immediately following the op-
eration in a sling for 2 weeks. Following this, animals were freed to
mobilize. The delayed end point of 12 months was decided upon to
enable the evaluation of the long-term effects of vascularized corti-
coperiosteum on bone regeneration and remodeling, as well as the
evaluation of the mPCL-TCP scaffold material, and to compare
against existing retrospective datasets for mPCL-TCP alone (scaf-
fold control) and ABG (clinical gold standard control). Progressive
x-ray was performed on the sheep during the study period at the
following intervals: 6 weeks, 3 months, 6 months, 9 months, and
12 months. Radiographic (x-ray and uCT), biomechanical, histolog-
ical, immunohistochemical, polarized light microscopy (LPM), and
SEM analyses of the hindlimbs were then performed following
animal sacrifice.

Outcome measures for analysis in the M size study included ob-
jective measures of bone healing such as torsional stiffness and tor-
sional moment, as well as bone volume regenerate characteristics of
the defect as measured with uCT. Plain radiography, histological,
and immunohistochemistry analyses were performed in a descrip-
tive fashion for this study.

Pilot study

The second phase of the study involved a pilot evaluation the
mPCL-TCP scaffold and CPF (n = 2) in the same animal model
using a larger XL defect size (6 cm in length). Only two sheep
were used for this component of the study, as it was sufficient to
confirm feasibility of the approach and was consistent with pilot
study sample size requirements by our institution (QUT). This
was performed to determine the role of this method in regenerating
bone for a more clinically relevant defect size as an antecedent to
clinical translation. Sheep bone regeneration was analyzed in an
identical fashion to the M size defect study (x-ray, biomechanics,
uCT, histology, SEM, and IHC), although no comparison to an al-
ternative treatment group could be performed. One sheep was eval-
uated for a total study time length of 15 months and the other for 12
months, to compare bone remodeling at a later time point.
Scaffold preparation

The mPCL-TCP scaffold was additively manufactured as described
previously (17). Briefly, for the M size defect, the cylindrical and
centrally fenestrated mPCL-TCP scaffolds were manufactured
using an outer diameter of 20 mm, an inner diameter of 8 mm,
and a height of 30 mm (Osteopore International Pty Ltd., Singa-
pore). For the XL size defect, the height of the scaffold was raised
to 60 mm. For both M and XL size studies, the scaffold was halved
into two pieces to facilitate placement of the CPF and tied back
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together using a 3/0 Vicryl tie (Ethicon, Bridgewater, USA). The
scaffold was placed into the defect en bloc for the mPCL-TCP—
only group. Scaffold characteristics included a porosity of 70%
with fully interconnected pores of dimension determined by the fil-
ament diameter (300 um) and separation (1200 pm) with a 0/90° lay
down pattern.

Operative approach

After induction of anesthesia, the sheep was placed in right-sided
recumbency, the left hind leg was tied, and the medial right hind
leg was exposed for surgery. The sheep's right tibia was exposed
and preplated with a DCP to delineate the defect and definitive fix-
ation in advance. In the mPCL-TCP CPF group, the cranial tibial
vascular pedicle was identified and dissected free from the tibial
nerve before raising the CPF, effectively periosteal tissue from the
tibial defect with a thin layer of cortical bone with its blood
supply intact (fig. S10, A to D, and movie S3). A longitudinal
length of 3 cm was harvested with a 4-cm standardized circumfer-
ential width of resection from the anterior surface of the tibia (fig.
$10, A to D). For two sheep, this was increased to a longitudinal
length of 6 cm in the large-defect pilot study, with the same circum-
ferential width of resection (4 cm). Next for all groups, using an os-
cillating saw and a saw guide, proximal and distal osteotomies were
performed to excise 3 cm of tibia in the mid-diaphysis (fig. S10C).
The defect was increased to an XL size (6 cm length) in the pilot
study. Care was taken to completely remove the periosteum in the
defect area 1 cm proximal and distal to the defect and from the mus-
cular septum and to not damage the neurovascular bundle. The
CPF was then inserted inside the endosteal surface of the mPCL-
TCP scaffold with the pedicle entering from a custom segment ex-
cision in the proximal end of the cortical bone (fig. S10E). Before
plating, flap perfusion was confirmed visually by observation of
visible pulsatility of the flap pedicle in the distal scaffold.

The DCP and screws were reinserted to stabilize the M size defect
site, which was filled with an mPCL-TCP + CPF (fig. S10F). In the
XL size pilot study, the defect was also filled with an mPCL-TCP +
CPF. After mPCL-TCP scaffold implantation and defect stabiliza-
tion, the muscular fascia and panniculus carnosus were repaired
using 3/0 Vicryl (Ethicon, Bridgewater, USA) in a layered manner
to achieve full soft tissue coverage of the tibial bone and the defect
site. Following this, the skin was closed using the same suture ma-
terial. After completion of the surgical procedure, x-ray images in
two planes (anteroposterior and true lateral) were taken to ensure
correct implant placement and exclude any bony pathology.

A soft-ban synthetic cast (BSN Medical, Mount Waverly, Austra-
lia) was placed over the leg for 6 weeks postoperatively. During the
first postoperative week, the animals were kept in a load-sharing
harness to limit weight bearing on the limb. Next, the animals
were permitted to weight bear and mobilize in a controlled
manner within a penned area. They were gradually transferred to
a larger outside penned area at MERF for up to 12 weeks postoper-
atively for free mobilization before transfer back to the farm until
the study period had concluded (12 months after surgery).

Plain radiography

Medial-lateral and anterior-posterior views using plain radiography
(3.2 mA-s and 65 kV) were performed to progressively assess the
extent of bone regeneration across the defect following surgery (¢
=0days) at 1, 3, 6, 9, and 12 months to determine radiographic fea-
tures of regenerate bone formation and bony union. The time to
defect bridging was also recorded.

Sparks et al., Sci. Adv. 9, eadd6071 (2023) 5 May 2023

Biomechanical testing

After animal sacrifice, the operated tibiae were disarticulated from
the hindlimb and assessed as described previously (17, 18). Briefly,
both tibial ends were embedded in 80 ml of deformable Paladur
(Kulzer; Emgrid, catalog no. 64707938) and mounted into a
biaxial testing machine (Instron 8874). Torsion under angular dis-
placement at a targeted velocity of 0.5/s and constant compression
load of 0.05 kN was performed until the first signs of fracture were
observed. The contralateral tibia was used as a paired reference.
Values for torsional stiffness and torsional moment were calculated
and normalized against the values of the contralateral tibiae.
Micro—computed tomography

A puCT40 (M size, mPCL-TCP and ABG groups) or pCT50 (M and
XL, mPCL-TCP + CPF groups) uCT (Scanco Medical AG) was used
to image and quantify the newly formed mineralized tissue after
animal sacrifice. Specimens were placed in a tube filled with
ethanol and scanned at a voltage of 70 kilovolt peak (kVp), a
current of 114 mA, and an isotropic voxel size of 18 and 17.2 um
for uCT40 and uCT50, respectively. The analyzed volume of interest
included the defect region only. Acquired images were segmented
with a Gaussian filter of a width of 0.8 and support of 1.0. Thresh-
olds were determined by visual evaluation of 20 random tomo-
grams/specimen of four samples per group and then kept
constant for all samples. The bone volume (BV; mm?) of defects
was analyzed for total volume (BV 1), and this was subdivided
into three equal divisions axially (proximal, middle, and distal)
and radially (inside scaffold, scaffold wall, and outside scaffold)
for further characterization of bone regeneration as described pre-
viously (17, 19).

Histology and IHC analysis

Histology and immunohistochemistry were performed according to
Sparks et al. (18). The antibodies used for this study are detailed in
table S2.

Scanning electron microscopy

For visualization of the osteocyte network in the mPCL-TCP + CPF
group, resin sections were ground at 100 um and acid-etched with
37% phosphoric acid (Ajax Finechem, Albany, NZ, catalog no.
AJA371-2.5LPL) for 3 s and in 12.5% sodium hypochlorite (Ajax
Finechem, Albany, NZ, catalog no. AJA82-500G) for 5 min. Resin
sections were then gold-sputtered at 30 mA for 95 s (Leica EM
SCDO005, Leica Microsystems, New South Wales, Australia). A
TESCAN MIRA 3 (Tescan, Brno, Czech Republic) high-resolution
electron microscope was used to image the resin sections using an
accelerating voltage of 5.0 kV and beam intensity of 8.0 at a constant
8-mm working distance.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism version
7.03 (GraphPad Software, La Jolla, CA, USA) for the in vivo
study. Comparison was made between mPCL-TCP only, mPCL-
TCP + CPF, and ABG groups. Outcome measures assessed included
pCT evaluation (bone volume total, bone volume axial, and bone
volume radial) and biomechanical characteristics (maximal torsion-
al stiffness and polar moment of inertia, i.e., torsional moment) of
the healed bone. The Mann-Whitney U and one-way analysis of
variance (ANOVA) tests were used to compare individual treatment
groups where necessary. Significance was defined as P < 0.05.
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Clinical case

Study design

In conjunction with our interdisciplinary team, the objective of this
part of the study was to confirm the results of the pre-clinical large
animal study in a challenging clinical case where no alternative re-
constructive option was available to the patient. The clinical case
was reviewed for suitability to undergo an experimental procedure
by the Metro South Health Clinical Ethics Committee (31.3.2017).
Regulatory approval for use of the mPCL-TCP scaffold (Osteopore
International Pty Ltd., Singapore) was granted through the Special
Access Scheme of the Therapeutic Goods Administration Australia.
The patient provided informed consent for the experimental
procedure.

3D bone reconstruction and scaffold design

Once tissue culture test results of specimens taken from the proxi-
mal and distal residual tibia were reported clear, this rendered the
defect unmistakably defined. The patient’s lower extremities were
reimaged with CT angiography (Siemens SOMATOM Definition
Flash, Erlangen, Germany) using iodinated contrast medium (350
mg/ml; Optiray 350, Liebel-Flarsheim Company, Oceanside, CA,
USA). The voxel size was set at 0.826 mm by 0.826 mm by 0.5
mm. The stack of 2D grayscale CT images was processed using
Amira (version 6.2.0, FEI-Thermo Fisher Scientific, Oregon,
USA). The tibia and fibula of both legs were segmented by applying
a global threshold to create 3D models of the affected and the intact
contralateral tibiae. The 3D models were converted into STL file
format and imported into Netfabb (Autodesk Inc., San Rafael,
CA, USA) for design of the 3D printed scaffold. The intact contra-
lateral tibia model was mirrored, rotated, and remodeled to align
anatomically with the defect, which served as a template for the scaf-
fold design. Proximal and distal endosteal extensions of the scaffold
were incorporated into the design to reduce the risk of implant dis-
location. The scaffold model was then split into posterior (2/3 cir-
cumference) and anterior (1/3 circumference) components and
hollowed to accommodate the intramedullary nail and CPFs.
After the final geometry and fit of the scaffold model were con-
firmed through prototype 3D printing of the defect site and the scaf-
fold, the 3D model of the scaffold was rendered porous. The
porosity of the body of the scaffold was set at 80% to facilitate vas-
cularization and cell attachment. The porosity of the endosteal ex-
tensions was set at 40% to neutralize forces tending to dislocate the
implant at its interface with host bone. Implant stability was en-
hanced by defining a specific fiber lay down pattern (0°/60°/120°)
during the 3D-printing process. The final scaffold design for im-
plantation was then 3D-printed in an mPCL-TCP by Osteopore
(Osteopore International Pty Ltd., Singapore; fig. S8). The 3D
printed scaffold was gamma-sterilized and shipped.

Sparks et al., Sci. Adv. 9, eadd6071 (2023) 5 May 2023
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