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Abstract

Self-fitting scaffolds prepared from biodegradable poly(e-caprolactone)-diacrylate (PCL-DA)
have been developed for the treatment of craniomaxillofacial (CMF) bone defects. As a
thermoresponsive shape memory polymer (SMP), with the mere exposure to warm saline, these
porous scaffolds achieve a conformal fit in defects. This behavior was expected to be advantageous
to osseointegration and thus bone healing. Herein, for an initial assessment of their regenerative
potential, a pilot /n vivo study was performed using a rabbit calvarial defect model. Exogenous
growth factors and cells were excluded from the scaffolds. Key scaffold material properties were
confirmed to be maintained following gamma sterilization. To assess scaffold integration and
neotissue infiltration along the defect perimeter, non-critically sized (¢= 8 mm) bilateral calvarial
defects were created in 12 New Zealand white rabbits. Bone formation was assessed at 4 and 16
weeks using histological analysis and micro-CT, comparing defects treated with an SMP scaffold
(d=9 mmx £=1or 2 mm) to untreated defects (i.e. defects able to heal without intervention).
To further assess osseointegration, push-out tests were performed at 16 weeks and compared to
defects treated with poly(ether ether ketone) (PEEK) discs (&= 8.5 mm x =2 mm). The results
of this study confirmed that the SMP scaffolds were biocompatible and highly conducive to bone
formation and ingrowth at the perimeter. Ultimately, this resulted in similar bone volume and
surface area versus untreated defects and superior performance in push-out testing versus defects
treated with PEEK discs.
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1. Introduction

Confined, craniomaxillofacial (CMF) bone defects arise from a variety of clinical

scenarios, including trauma, tumor resection, congenital deformities, surgical burr holes, and
craniotomy [1]. Annually in the USA, ~10 million CMF trauma cases occur [2], including
>400,000 facial fractures [3]. Significant incidence rates have prompted a global CMF
device market valued at 1.6 billion USD in 2020, predicted to grow 9% annually [4]. Over
6% of the total 1.6 M bone grafts implanted annually were craniofacial bone grafts [5].
Indeed, autografting remains the “gold standard” of treatment despite numerous drawbacks,
including surgical harvesting, donor site morbidity, and limited availability [6-10]. However,
CMF defects frequently exhibit irregular geometries, such that rigid autografts are difficult
to shape and position within the defect, often resulting in insufficient bone-to-graft contact
leading to poor osseointegration and possible graft resorption [11-13].

The limitations of autografting have prompted alternative approaches, particularly those
based on biomaterials that can achieve a conformal fit [7,8,14,15]. Capable of in situ

cure, bone cements and putties that are typically comprised of poly(methyl methacrylate)
(PMMA) and a bioactive glass or glass ceramic filler, emerged in the 1940s [16-20].

These are limited by their slow setting times, brittle nature (leading to post-surgical
fracture), exothermic cures as high as 90 °C (leading to tissue necrosis), and post-cure
shrinkage (resulting in diminished tissue contact) [21-23]. While advances have been
made to improve their porosity and degradability [24—-26], tissue regeneration is generally
limited with cements and putties. Patient-specific implants (PSIs) have more recently been
developed, wherein an implant matching the defect geometry is created by preoperative
processing of a patient’s CT-scans, computer-aided design (CAD) of a virtual implant,

and 3D printing of the actual implant [27-31]. Polyetheretherketone (PEEK) is most often
utilized, favored due to its similar mechanical properties to bone tissue (e.g. modulus and
yield strength). However, in addition to the time intensive process to prepare PEEK CMF
PSls, the lack of porosity at the perimeter limits integration with adjacent bone. While recent
reports have described 3D printed PEEK with macroporosity with potential for improved
osseointegration [32,33], PSIs prepared as such would likewise be limited by an exhaustive
preparation process and the lack of degradability to permit complete tissue regeneration.

Tissue engineering (TE) is a promising alternative to treat CMF bone defects [34,35].

The scaffold plays an essential role to the success of this approach and must exhibit

key properties, including: (1) conformal fit within the defect to permit osseointegration,

(2) biodegradability and interconnected pores for osteoconduction, and (3) mechanical
robustness to prevent collapse or brittle fracture. To address this unmet need in CMF

bone regeneration, we have reported “self-fitting” shape memory polymer (SMP) scaffolds
based on biodegradable poly(e-caprolactone)-diacrylate (PCL-DA) [36,37]. The crystalline
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lamellae (T, or “Tirans” ~55 °C) serve as the switching segments, and the crosslinks form
the netpoints. Thus, the porous SMP scaffold becomes malleable when exposed to warm
saline or air (T ~55 °C) due to the lamellae melting. This allows the scaffolds to be
press-fitted into regular- or irregularly-shaped defects, wherein shape recovery promotes
scaffold expansion to the perimeter. With cooling (7 < Tyans), the lamellae recrystallize
and the scaffold undergoes shape fixity, locking it in its new shape within the defect. In
addition to the conformal fit and perimeter contact (for osseointegration) afforded by the
scaffold’s shape memory behavior, several other beneficial properties were also realized.
Fabrication using solvent-casting particulate leaching (SCPL) with a fused salt template
produced scaffolds with pores sizes associated with osteogenesis (~220 pm); [38] high
porosity (~70%) and interconnectivity for cellular and neotissue infiltration were also
achieved. The scaffolds were mechanically robust, and lacked brittleness, withstanding 85%
strain without fracture [39]. PCL-DA SMP scaffolds were shown to be non-cytotoxic and
to support the adhesion and proliferation of human osteoblasts [37]. Upon coating the
scaffolds with a bioactive polydopamine coating, there was approximately a 5-fold increase
in cellular adhesion and proliferation as well a 1.6-fold increase in expression of runX2.
The polydopamine-coated scaffolds also formed deposits of hydroxyapatite (HAp) upon
exposure to simulated body fluid (SBF, 1X). In subsequent studies, we demonstrated that
the PCL-DA scaffolds could be fabricated with an incorporated cell adhesion peptide (NH»-
Arg-Gly-Asp-Ser-COOH; RGD) [40]. When seeded with bone marrow-derived human
mesenchymal stem cells (h-MSCs) and cultured in the absence of osteogenic supplements,
polydopamine-coated and RGD-containing scaffolds improved osteogenesis relative to
uncoated scaffolds.

In this work, a pilot /7 vivo study was performed using a rabbit calvarial defect model

for a preliminary assessment of the healing potential of “self-fitting” PCL-DA scaffolds
(Fig. 1). To evaluate the inherent bone healing capacity of the scaffold, a cell adhesive
peptide and polydopamine coating were both excluded. Furthermore, exogenous cells and
growth factors were also not included. In this way, the scaffold represents a biologic-free
and bioactive coating-free, off-the-shelf surgical product. The scaffolds were subjected to
gamma irradiation sterilization prior to implantation, and so, key properties of the scaffold
were assessed before and after. A rabbit calvarial defect model is well-established in the
literature [14,41]. Bilateral calvarial defects (¢= 8 mm) were created in New Zealand

white rabbits. While not critically sized, this scenario enabled the assessment of scaffold
osseointegration and neotissue infiltration along the defect perimeter. This also reduced

the number of animals utilized as two bilateral defects could be produced, rather than

one central, critical-size defect (¢= 15 mm), thus demonstrating a commitment to the

3R’s principle of humane animal research [42,43]. Twelve rabbits were divided into three
treatment groups (4 per group, V= 8 defects per group) with the prior group completed
before beginning the next treatment group. Group | rabbits each received a SMP scaffold (¢
=9 mm x ¢£=1 mm) [right] and an untreated defect [left]; these were terminated at 4 weeks.
Group |1 rabbits each received a slightly thicker SMP scaffold (¢=9 mm x ¢=2 mm) [right]
and an untreated defect [left]; these were also terminated at 4 weeks. Group 11 rabbits (V=
2 rabbits, V= 4 defects) each received a SMP scaffold (d=9 mm x =2 mm) [right] and an
untreated defect [left]; these were terminated at 16 weeks. These specimens harvested from
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Groups I-111 were subjected to micro-CT and histological analysis. The remaining Group
I11 rabbits (V= 2 rabbits, N = 4 defects) each received a SMP scaffold (=9 mm x =2
mm) [right] and a PEEK disc (d= 8.5 mm x ¢= 2 mm) [left]. The PEEK disc represented
an established biomaterial implant with precedence in treating CMF defects. The diameter
was selected to provide good contact and an interference fit with the adjacent tissue. This
group was also terminated at 16 weeks, but was subjected to push-out tests using a custom
biomechanical testing system.

Materials and methods

Materials

PCL-diol (M, = 10k g/mol per manufacturer specifications), 4-(dimethylamino)pyridine
(DMAP), triethylamine (Et3N), acryloyl chloride, potassium carbonate (K,CO3), anhydrous
magnesium sulfate (MgSQ,), sodium chloride (NaCl, salt) 2,2-dimethoxy-2-phenyl
acetophenone (DMP), 1-vinyl-2-pyrrolidinone (NVP), dichloromethane (DCM), and other
solvents were purchased from Sigma-Aldrich. All solvents were dried over 4 A molecular
sieves prior to use and all reagents were vacuum dried overnight prior to use. Salt was sieved
using an ASTM E-11 no.40 sieve with 425 um openings; scanning electron microscopy
(SEM) and ImageJ showed an average salt size of 460 + 70 ym. PEEK discs (d=8.5mmx ¢
=2 mm) used for push-out tests were prepared from PEEK blocks (source: KLS Martin) that
were milled to the desired thickness and then cut to the targeted diameter with a CNC. Prior
to implantation, PEEK discs were EtO-sterilized (Anderson Anprolene Sterilization Cabinet,
AN-74i).

2.2. Scaffold fabrication

PCL-diacrylate (PCL-DA) was prepared per an established protocol [44]. PCL-DA scaffolds
(Fig. 1b) were prepared using a SCPL protocol (Fig. 1c) as previously reported [37,45].
Briefly, a fused salt template was formed from 10.0 g of sieved salt and 7.5 wt% DI

water within a 20 mL glass vial (1.D. = 25 mm) that was sequentially mechanically stirred,
centrifuged (3220 x g, 15 min), and dried under vacuum (30 in. Hg, room temperature [RT],
overnight [ON]). A PCL-DA solution (0.15 g per mL of DCM) was combined with a 15
vol% photoinitiator solution (10 wt% DMAP in NVP). The vortexed macromer solution

(~5 mL) was added to the fused salt template, and centrifuged (1260 x g, 10 min) to
promote solution diffusion throughout the template. Next, the vial exposed to UV-light
(UV-Transilluminator, 6 mW cm™2, 365 nm, 5 min) to cure the PCL-DA. Following solvent
evaporation at RT ON, the cylindrical specimen was removed from the vial, and the salt
template leached by soaking in water/ethanol (1:1 vol:vol) for 4 days with daily solution
changes. Following air-drying (RT, 12 h), the specimen was annealed (30 in. Hg, 85 °C, 1 h).
The resulting porous scaffold cylinders were then sliced (#= 1 or 2 mm) using a vibratome
and were finally biopsy punched to a diameter of 9 mm (Fig. S1).

2.3. Scaffold characterization

Scaffold specimens (d=9 mm x £=1 mm) were evaluated having previously been subjected
to gamma irradiation sterilization (KLS Martin, Germany), and compared to analogous
non-sterilized specimens. Pore size was examined via scanning electron microscopy (SEM,
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accelerating voltage ~10 kV, Au-Pt coating ~7 nm) and resultant images (V= 4) were
analyzed (ImagelJ). Pores on the diagonal midline were measured to obtain average pore
diameter or average pore size. Scaffold specimen% porosity (V= 3) was calculated
gravimetrically per Eq. (1), where the density of the analogous solid film (V= 3) is 1.19
g/mL:

Porosity (%) = Psolid film — Pporous scaf fold 100 )
Psolid film

The T pcL (i.. Tyrans) and PCL% crystallinity of the scaffolds was determined by
differential scanning calorimetry (DSC, TA Instruments Q100). Scaffold specimens (~10
mg; NV = 3) were sealed in hermetic pans that were heated from RT to 80 °C at a rate of 5
°C/min. Values were taken from the first cycle. TA Universal Analysis software was used

to determine the Ty pc. onset, and Ty, pc. midpoint from the onset and the maximum of

the endothermic melt peak, respectively. PCL% crystallinity was determined with Eqg. (2),
where the enthalpy of fusion (AH,;) is the area of the endothermic melt peak, the enthalpy of
crystallization for the exothermic cold crystallization peak (AH,), and the theoretical value
for 100% crystalline PCL (AH ;) is 139.5 J/g [46].

AH,- AH

%ox. = £#100 @

°

m

Compression tests were performed on scaffold specimens (V=3, d=9 mm x £=1 mm)
with an Instron 5944 at RT. Specimens were subjected to a constant strain (1.5 mm/min)

up to 85% strain. Due to their non-brittle nature, fracture did not occur. From the resulting
stress versus strain curves, the compressive modulus (E) was determined from the slope of
the initial linear region (< 10% strain). The compressive strength (CS) was determined from
the stress at 85% strain. The E of PEEK discs (¢= 8.5 mm x =2 mm) were similarly
determined.

2.4. Implantation

This study was approved by the Texas A&M University IACUC (AUP 2015-0240/2018-
0403). Six-month-old New Zealand White rabbits (V= 4 rabbits per treatment group) were
anesthetized using 40 mg/kg ketamine, 5 mg/kg xylazine, and 0.05 mg/kg acepromazine
administered intramuscularly. Following induction, 0.12 mg/kg buprenorphine sustained
release (Simbadol™ Zoetis) and 2 mg/kg carprofen (Rimadyl® Zoetis) were administered
subcutaneously for analgesia. Additionally, 5 mL/kg Lactated Ringer’s solution was
administered subcutaneously. A surgical plane of anesthesia was maintained via isoflurane
mask inhalation (1-3%, to effect). The hair coat of the dorsal aspect of the skull was clipped
and removed and then aseptically prepared using alternating scrubs of 7.5% betadine and
sterile saline solutions.

A 4 cm skin incision was created along the midline of the skull. The periosteum was
carefully incised and elevated and retracted with Gelpi retractors. Bilateral full-thickness
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calvarial defects were created in the parietal bones with an 8.0 mm diameter trephine burr
(Ace Surgical Supply, Brockton, MA) under saline irrigation, with one defect positioned on
either side of midline. To ensure proper placement, defects were created 1 to 2 mm from
the sagittal and coronal sutures in all rabbits. The defects were either untreated, treated
with a scaffold, or treated with a PEEK disc (Fig. 1a). For Groups | and Il as well as
designated Group Il animals, the scaffolds were implanted into right calvarial defects, and
left calvarial defects served as untreated defect controls. For Groups 111 animals reserved
for biomechanical testing, the scaffolds were likewise implanted into right calvarial defects,
and left calvarial defects were each treated with a PEEK disc. For scaffold implantation,
individual specimens were placed in a sterile 55 °C saline bath for 30-60 s during defect
drilling. The scaffolds were then assessed manually to ensure a malleable state, followed by
brief wicking of warm saline and placement into each defect. In some instances, scaffolds
were adjusted within the defect using sterile cotton tip applicators until they cooled and
locked into position. Neither the surgical site or defects were irrigated or lavaged with

55 °C saline. The surgical site was lavaged with 37 °C saline prior to routine closure of
deep tissues with 3-0 Monocryl in a simple continuous patterns. Skin was closed in a
single layer using 4-0 Monocryl in an intradermal pattern. Group | and 1l rabbits were
terminated at 4 weeks, and Group 11 rabbits were terminated at 16 weeks. At termination,
rabbits were first sedated using ketamine, xylazine, and acepromazine as described above,
followed by euthanasia with 100 mg/kg pentobarbital sodium (Euthasol® Virbac, Carros,
France). Decapitation was performed postmortem, and skulls were submerged in 10%
neutral buffered formalin at a minimum of 1:10 tissue to formalin ratio.

2.5. Gross examination, micro-CT, and histology

Gross dissection, histology, and micro-CT was performed on a fee-for-service basis

by the Cardiovascular Pathology (CVP) Laboratory at Texas A&M University. Prior

to manipulation, calvaria were assessed via micro-CT (NSI X50 micro-CT; North Star
Imaging, Rogers, MN). Calvarial defects and adjacent healthy calvaria were excised using
a Mopec Stryker Saw (Oak Park, MI). Calvarial samples were decalcified in Formical-4
solution (Fisher Scientific) and processed for histological evaluation by routine 5 pm thick
sections and H&E or Masson’s trichrome stains. Calvaria were assessed using qualitative
and quantitative observations by a board-certified veterinary pathologist at the CVP.

2.6. Quantification of bone volume and surface area

2.7.

Upon completion of micro-CT, quantification of bone formation was performed using.
Mimics 20.0 (materialise, Plymouth, MI). Untreated control defects were used to optimize
reconstruction parameters, and Hounsfield units (HU) were set between 24,518-34,952 HU
for all reconstructions. New bone formation within the surgical defect was quantified by first
generating a digital cylinder (d= 8 mm) within each defect. Tissue within each cylinder was
thresholded using 24,518-34,952 HU to quantify bone volume (mm?3) and bone surface area
(mm?2).

Biomechanical push-out testing

At 16 weeks, rabbits (V= 2) were terminated and calvaria were removed using a dremel
diamond wheel and wrapped in an isotonic saline or 0.9% saline-soaked gauze sponges,
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placed in specimen bags, and placed in a =20 °C freezer until testing. Push-out tests were
performed with a custom biomechanical testing system that affords a comparative evaluation
of shear stress (Fig. 2, Fig. S2) [47]. The push-out method was designed to meet four design
objectives: (i) rigidly fix calvarial samples, (ii) minimize lateral bending, (iii) position the
defect accurately, and (iv) permit verification of the coaxial alignment of the defect with

the push-out rod. The core component of our design is a custom 3D printed hinged clamp
with a 9.5 mm through-hole that circumferentially clamps the calvarial sample, constraining
sample deformation. This clamp was affixed around the defect on the sample and centered
under a flat-bottomed stainless steel push-out rod (&= 7.5 mm) that was attached to the

end of the linear actuator on the custom biomechanical testing system. Displacement was
zeroed at 5 N compressive preload then advanced at a rate of 5 mm/min (0.0083 mm/s) [48].
Force and displacement were measured with 100 Ibf (444 N) load cell and 2 inch stroke
linear variable differential transformer (LVDT), respectively. Failure load (N) and stiffness
(N/mm) were calculated from the resulting load-extension curve. Stiffness (i.e., resistance
to push-out force) was defined as the slope of the linear regression obtained from the most
linear portion of the load-extension curve.

2.8. Statistical analysis

For scaffold material characterization before and after sterilization, data were reported as

the mean + standard deviation. Values were compared using Student’s #test and a p-value

of <0.05 was considered statistically significant. Quantified bone volume and surface area
were reported as mean * standard deviation. Bone healing data between untreated control
defects and PCL-DA implants were analyzed within each group using GraphPad Prism

using two-way ANOVA with Sidak’s multiple comparisons post-hoc test. Significance was
established at p < 0.05. For the biomechanical push-out test, both load to failure and stiffness
were assessed using a Students paired £test and difference of means (i) was reported; a
p-value of <0.05 was considered statistically significant.

3. Results and discussion

3.1. SMP scaffold characterization

The scaffold specimens were prepared with a diameter (¢= 9 mm) that was slightly larger
than that of the calvarial defect (¢=8 mm, Fig. S3a). This was intentional in order to
achieve circumferential scaffold contact with the defect perimeter during press-fitting. Prior
to implantation into rabbit calvarial defects, scaffolds were sterilized via gamma irradiation.
Thus, scaffold properties were assessed prior to sterilization and following sterilization
(Table 1). Sterilization did not impact pore features; porosity (~70%) and average pore size
(~220 um) was maintained. PCL crystallinity is essential to shape memory behavior and thus
to self-fitting capabilities, as well as to scaffold mechanical properties. DSC thermograms
did not show any impact from sterilization (Fig. S4). Furthermore, the scaffold Ty, pcy_ (i.e.
Tirans) Was determined to be ~52 °C (T, onset) and ~58 °C (T, midpoint), irrespective of
prior sterilization. PCL% crystallinity was likewise not significantly changed (~60%). The
robust mechanical properties of the scaffolds were also maintained with E ~20 MPa, and
CS (at 85% strain) ~26 MPa. Owing to the retention of PCL% crystallinity, the ability of
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scaffolds to be press-fitted into a model calvarial defect (¢= 8 mm) was demonstrated (Fig.
S3h).

Implantation

Sterilized scaffolds (¢=9 mm x =1 or 2 mm) were successfully implanted into bilateral
calvarial defects (d= 8 mm) of New Zealand white rabbits (Fig. 1a, Fig. 3). To afford self-
fitting, the scaffold specimens were exposed to warm saline near the Tyyans (T ~55 °C) for
30-60 s prior to implantation. The malleable scaffolds were able to be gently pressed within
the defects. There, the scaffold underwent shape recovery towards returning to its original
shape and dimensions, expanding to the perimeter. The slightly larger original diameter of
the scaffold further promoted good tissue contact. As the scaffold temperature cooled (7 <
55 °C), it reverted to its relatively rigid state and so became shape fixed within the defect.
From a surgical perspective, the scaffolds exhibited exceptional handling properties and
press-fitting was readily achieved in all cases. Performed first, the Group | rabbits revealed
important details on desired scaffold thickness. Based on literature values of rabbit calvaria,
scaffold specimens were prepared with a thickness of 1 mm. However, when the defects
were created, the excised tissue was observed to be nearly 2 mm thick (Fig. 4a). Upon
implantation of these scaffolds (#= 1 mm), some slight buckling was observed. This was
subsequently shown in a model defect, although contact with the perimeter was achieved
(Fig. S5). Thus, for subsequent Groups Il and 111, scaffold thickness was increased to 2 mm
(Fig. 5a). Upon press-fitting, these scaffolds did not exhibit any buckling as likewise shown
with a model defect (Fig. S5). In the case of PEEK implants (&= 8.5 mm x £= 2 mm), the
selected diameter provided the intended good tissue contact and an interference fit (Fig. S6).
Because of their rigidity, greater pressure was required to insert PEEK discs into the defects
versus the SMP scaffolds.

3.3. Gross examination and histology

Gross examination of Group | specimens (N = 4; 4 weeks) showed no appreciable
differences in cerebral tissue for the defects treated with SMP scaffolds (compared to the
untreated defect control (Fig. 4b). Histology revealed an expected amount of woven bone
formation circumferentially around the defect controls, due to the non-critical defect size
(Fig. 4c). Scaffolds contained islands of woven bone circumferentially around each implant.

For Group Il (V= 4; 4 weeks), the increased scaffold thickness better paralleled the calvarial
thickness (Fig. 5a). Gross examination revealed that, similar to Group I, no appreciable
differences in cerebral tissue for the defects treated with scaffolds compared to untreated
defects (Fig. 5b). Histology showed coalescing islands of eosinophilic to amphiphilic woven
bone and complete bridging by new woven bone (Fig. 5¢). For Group Il defects treated with
scaffolds, bone healing primarily occurred in the form of woven bone at the periphery

of each scaffold, but a majority of the tissue intercalating and replacing the scaffold

was non-ossified fibrous connective tissue. Red blood cells, implant detritus, and their
clearing by phagocytic cells were also evident. This response is consistent with the expected
healing response at 4 weeks. Notably, the implementation of thicker scaffolds improved the
positioning of scaffolds and the ability to adequately fill the defect as evident in their lack of
bowing.

Acta Biomater. Author manuscript; available in PMC 2022 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pfau et al.

Page 9

For Group Il (V= 2; 16 weeks), gross examination revealed expected smooth, regular
contours for the untreated defect sites (Fig. 6a). In contrast, the defects treated with the
SMP scaffolds showed evidence of a tan colored material, identified likely as the persisting
SMP scaffold, bulging on the ventral surface. This slight bulging may be attributed to

the manner in the scaffold (d ~ 9 mm) must occupy a somewhat smaller defect (d ~ 8

mm). In one animal, tan bone discoloration in surrounding tissue was observed. Histology
(H&E staining) revealed that the SMP scaffolds were biocompatible (i.e., did not exhibit
any long-term evidence of a protracted inflammatory response) (Fig. 6bc). Additionally,
the defects treated with SMP scaffolds exhibited tissue ingrowth, both of blood vessels

and fibrous tissue, with modest evidence of bone ingrowth into pores, particularly near the
periphery at the site of bone-scaffold contact. These areas were characterized by an orderly
layer of woven bone with typical marrow spaces, covered by variable amounts of orderly
skeletal muscle, adipose tissue, and fibrous connective tissue. Trichrome staining further
confirmed a modest amount of collagen within the sites treated with the scaffolds (Fig. 6d).
While these findings were promising, there was a lack of bone in the center of the implant,
likely impeded by PCL’s slow degradation. Collectively, these results suggest that the SMP
scaffolds were biocompatible at 4 and 16 weeks, and that bone growth was present within
scaffold pores, particularly at the scaffold/defect interface.

3.4. Micro-CT analysis

Bone growth present in the scaffold pores and within the untreated defects of Groups I,

I1, and 111 was quantified by micro-CT (Fig. 7a) using generated 3D reconstructions (Fig.
7b). At 16 weeks, bone growth was markedly more substantial versus at 4 weeks. More
bone was qualitatively apparent in the center of untreated defects versus within the central
portion of the SMP scaffolds, expected in this non-critically sized defect model. However,
when assessed quantitatively, there was no detectible difference in terms of the overall bone
volume or surface area (Fig. 8, Table S1, Table S2). The explanation for these results is that
while defects treated with SMPs did not have large amounts of bone within the center of the
defects/SMPs, there was robust bone formation, osseointegration, and bone on-growth at the
margins of the defects. These results suggest that the SMP scaffolds led to similar amounts
of bone healing as compared to untreated defects (i.e., the scaffolds did not inhibit bone
healing), with bone deposited more robustly at the interface between the SMPs and defects.
These results are consistent with the histologic findings of new bone formation, particularly
at the periphery of the SMP scaffolds. This is expected to promote scaffold osseointegration
and stability, as assessed using push-out testing as described below.

3.5. Biomechanical push-out testing

For the other two animals from Group I11, the scaffolds were likewise implanted into right
calvarial defects, and left calvarial defects were each treated with a PEEK disc. Push-out
tests were performed at 16 weeks. The pre-implantation modulus of the PEEK implants (£
=220 + 19.0 MPa) was orders of magnitude higher than that of the SMP scaffold (E ~20
MPa). Yet, the partially healed defects treated with SMP scaffolds were noticeably more
resistant to pushout than the contralateral PEEK implants in terms of both the maximum
load required (Fig. 9a) and stiffness (Fig. 9b). This is attributed to the favorable bone

tissue ingrowth at the scaffold/defect perimeter, as observed histologically and by micro-CT.
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Differences in failure load and stiffness were calculated for each rabbit as the value of

the SMP scaffold treatment minus the value of the PEEK treatment (Table S3 and Table
S4). A Students paired #test performed on both the failure load (i = 85.7, 0=2.90, p=
0.0152) and the stiffness (U = 85.3, o= 5.94, p=0.0313) showed the measured differences
to be statistically significant. The porous SMP scaffolds likely surpassed the solid PEEK
controls biomechanically due to tissue ingrowth especially at the perimeter, consistent with
histological and micro-CT findings. Moreover, these findings support the notion that the
self-fitting SMP scaffold offer clinical advantages for treatment of CMF defects due to
improved osseointegration.

4. Conclusion

The healing potential of a “self-fitting” scaffold was assessed in a pilot study utilizing

a rabbit calvarial defect model. Based on biodegradable PCL, the porous scaffold’s

shape memory nature uniquely affords press-fitting and conformability into defects.

Devoid of exogeneous growth factors or bioactive coatings, the scaffold is reliant on the
unique mechanism to achieve good contact with the defect perimeter as well as pore
interconnectivity to achieve osseointegration. Prior to implantation, scaffolds were sterilized
with gamma irradiation and shown to retain key material properties. The study was design
to assess initial bone ingrowth and infiltration at the scaffold/defect interface and the
resulting osseointegration. Thus, a non-critical size defect model was employed, wherein the
untreated defect control would undergo healing. In general, the SMP scaffolds were shown
to support woven bone formation particularly at the scaffold periphery, and to support bone
ingrowth comparable to the untreated control, determined via microCT at 4 and 16 weeks of
healing. At 16 weeks, the SMP scaffold outperformed implanted PEEK discs when assessed
via push out-test tests. While PEEK is much more rigid, the scaffold supported superior
osseointegration and thus greater implant biomechanical stability. Collectively, these results
support the potential of SMP scaffolds to treat CMF bone defects. Future work will assess
its performance in larger defects and/or other models towards an off-the-shelf regenerative
CMF device.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of significance

Current treatments of craniomaxillofacial (CMF) bone defects include biologic and
synthetic grafts but they are limited in their ability to form good contact with adjacent
tissue. A regenerative engineering approach using a biologic-free scaffold able to achieve
conformal fitting represents a potential “off-the-shelf” surgical product to heal CMF
bone defects. Having not yet been evaluated /7 vivo, this study provided the preliminary
assessment of the bone healing potential of self-fitting PCL scaffolds using a rabbit
calvarial defect model. The study was designed to assess scaffold biocompatibility as
well as bone formation and ingrowth using histology, micro-CT, and biomechanical
push-out tests. The favorable results provide a basis to pursue establishing self-fitting
scaffolds as a treatment option for CMF defects.
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Fig. 1.

(a;;An overview of the pilot studied performed using three groups of New Zealand white
rabbits (A = 4 per group) with bilateral calvarial defects (¢=8 mm); (b) porous SMP
scaffolds prepared from PCL-DA (M = 10k g/mol); (c) fabrication of SMP scaffolds
via solvent casting particulate leaching (SCPL) with a fused salt template to afford
interconnected pores [~220 um pore diameter, ~70% porosity].
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Fig. 2.
Schematic of custom biomechanical testing apparatus.
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Fig. 3.
“Self-fitting” SMP scaffolds were readily implanted by briefly warming in saline (T ~55 °C)

and then press-fitting into the calvarial defect.
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Fig. 4.

G?oup I: For each animal (V= 4), bilateral defects (¢'= 8 mm) were treated with a scaffold
(d=9 mm x t=1 mm) [left], or remained untreated [right]; healing was assessed at 4 weeks.
(a) The SMP scaffold was somewhat thinner versus the removed calvarial defect tissue; (b)
Gross examination did not show appreciable difference between the defects treated with an
SMP scaffold and untreated defects; (c) Histology (H&E staining) showed signs of SMP
scaffold bowing, attributed to the thickness mismatch.

Notes. Two representative gross images and two representative histological images were
selected. ‘Black dashed lines’” were used to outline the defect site in gross examination
photos and to demonstrate scaffold positioning in histology sections.
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Group II: For each animal (V= 4), bilateral defects (¢= 8 mm) were treated with a scaffold
(d=9 mm x t=2 mm) [left], or remained untreated [right]; healing was assessed at 4
weeks. (a) SMP scaffold thickness was similar to the removed calvarial defect tissue; (b)
Gross examination did not show appreciable difference between the defects treated with an
SMP scaffold and untreated defects; (c) Histology (H&E staining) showed no signs of SMP
scaffold bowing.

Notes. Two representative gross images and two representative histological images were
selected. ‘Black dashed lines’” were used to outline the defect site in gross examination
photos and to demonstrate scaffold positioning in histology sections.
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_1, :

SMP Scaffold Untreated Defect

Fig. 6.
Group I1I: For each animal (V= 2), bilateral defects (¢= 8 mm) were treated with a scaffold

(d=9 m x t=2 mm) [left], or remained untreated [right]; healing was assessed at 16
weeks. (a) Gross examination showed evidence of scaffold persistence and slight bulging
on ventral surface; (b) Low magnification histology (H&E staining) confirmed presence of
SMPs with fibrous and bony tissue formation adjacent to the dorsal and ventral surfaces

of the implants. Untreated defects contained fibrous tissue within the defect (c) H&E and
(d) Trichrome staining high magnification histology confirmed biocompatibility as well as
fibrous and bony ingrowth at the periphery.
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Notes.: Two representative gross images and two representative histological images were
selected. ‘Black dashed lines’ were used to outline the defect site in gross examination
photos and to demonstrate scaffold positioning in histology sections.
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Fig. 7.
Micro-CT of Groups I, I, and I11. (a) A representative micro-CT; (b) 3D reconstructions

generated for all animals.
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Fig. 8.
Overall bone quantification based on micro-CT reconstructions in terms of (a) volume and

(b) surface area, n.s. indicates no statistical difference (*p < 0.05) compared to untreated
defects within the same surgical group.
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(a) Failure load and (b) stiffness determined via biomechanical push-out tests, *p < 0.05.
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