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Abstract

Critical considerations in engineering biomaterials for rotator cuff repair include bone-tendon-like
mechanical properties to support physiological loading and biophysicochemical attributes that
stabilize the repair site over the long-term. In this study, UV-crosslinkable polyurethane based on
quadrol (Q), hexamethylene diisocyante (H), and methacrylic anhydride (M; QHM polymers),
which are free of solvent, catalyst, and photoinitiator, is developed. Mechanical characterization
studies demonstrate that QHM polymers possesses phototunable bone- and tendon-like tensile and
compressive properties (12-74 MPa tensile strength, 0.6-2.7 GPa tensile modulus, 58-121 MPa
compressive strength, and 1.5-3.0 GPa compressive modulus), including the capability to
withstand 10 000 cycles of physiological tensile loading and reduce stress concentrations via
stiffness gradients. Biophysicochemical studies demonstrate that QHM polymers have clinically
favorable attributes vital to rotator cuff repair stability, including slow degradation profiles (5-30%
mass loss after 8 weeks) with little-to-no cytotoxicity in vitro, exceptional suture retention ex vivo
(2.79-3.56-fold less suture migration relative to a clinically available graft), and competent tensile
properties (similar ultimate load but higher normalized tensile stiffness relative to a clinically
available graft) as well as good biocompatibility for augmenting rat supraspinatus tendon repair in
vivo. This work demonstrates functionally graded, bone-tendon-like biomaterials for interfacial
tissue engineering.
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ntroduction

The native bone-tendon interface is highly anisotropic, consisting of a compositionally- and
mechanically graded structure with bone- and tendon-like properties. Within this
functionally graded structure, multiple musculoskeletal cells, including osteoblasts and
tenocytes, secrete specialized extracellular matrices that fulfill the bone-tendon interface’s
biomechanically demanding role of simultaneously attaching compliant tendon to stiff bone
while reducing stress concentrations during musculoskeletal movement.[*21 Upon injury,
however, the bone-tendon interface often heals incompletely, resulting in disorganized and
biomechanically inferior scar tissuel34! prone to retear. Rotator cuff injuries are typically
repaired by affixing suture anchors to humeral bone followed by suture-mediated repair to
reestablish a contiguous bone-tendon unit.[®] However, even with surgery, repaired rotator
cuff tissues still experience extremely variable and high retear rates ranging from 22%[®! to
91%,[7] and in severe cases where massive tears are present, the damage is deemed
irreparable.?] Although natural and synthetic grafts are clinically available, they reportedly
have poor clinical outcomes.[8°] While the reasons for their lack of efficacy vary, materials
that better mimic native bone-tendon biomechanical propertiest:2:1%] and possess
biophysicochemical attributes that enhance repair stability are expected to reduce retear rates
and improve long-term clinical outcomes.

In order to restore biomechanical function to injured rotator cuff tissues, it is vital for grafts
to approximate the mechanical properties of bone-tendon tissues. This is because grafts with
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native tissue-like properties would permit shoulder movement at preinjury levels while
minimizing material failure. Clinically available grafts, which are marketed as tendon
substitutes, possess tensile strengths (11.9-32.7 MPa)[!1] that span or exceed human tendon
tissue, however, their tensile moduli (14-71 MPa)[11] are ~3-42 times lower than native
supraspinatus tendon (0.2-0.6 GPa),[*2] which is the most frequently injured tendon in
rotator cuff injuries.[>12] In addition, clinically available grafts at this time are not
mechanically tunable[®.11.13-17] and lack the capability to reduce stress concentrations via
mechanical-gradation. Within this context, prior research has adopted nongraded and graded
approaches toward developing improved tendon substitutes or novel bone-tendon grafts,
respectively. Promising tendon substitutes include anisotropically aligned collagen
biotextiles,[18:19] |ayered poly(L-lactic acid) scaffolds,[20:21] electrospun nanofibers with
crimped morphology,[22] collagen scaffolds crosslinked via hypoxia and lysyl oxidase,[23]
woven poly(L-lactic acid) scaffolds!?4] and tyramine substituted-hyaluronan enriched fascia
extracellular matrix[2%] while pioneering work on mechanically graded grafts include
multiphased scaffolds,26-28] anisotropic collagen-GAG scaffolds,[2%-31] “aligned-to-
random” nanofiber scaffolds,[32:33] poly(lactic-co-glycolic acid) or polycaprolactone
nanofibers with mineral gradients,[3435] and bone-tendon allografts.[38] However,
biomaterials that better approximate the stiffness gradient of bone-tendon tissues are needed.
For example, a gradient of calcium phosphate was applied across electrospun nanofibers to
mimic the transitional nature of the bone-tendon interface,[34:35] but the tensile moduli only
ranged between 40-120 MPa.[34] Although such work demonstrates substantial
advancement in mechanically graded graft fabrication, these values fall short of
physiologically relevant tendon and bone moduli by 5-15 and 92-242 folds, respectively.
[12,37-39] The importance of possessing physiological mechanical properties is underscored
in studies(4041] that demonstrate suboptimal tendon stiffness negatively impacts
musculoskeletal efficiency and performance. Thus, further improvements are essential
toward achieving grafts with bone-tendon-like mechanical properties.

In order to facilitate long-term repair stability, it is also vital for grafts to possess
biophysicochemical characteristics beneficial for clinical implementation. These include but
are not limited to good physical integrity (slow degradation), secure physical attachment
(good suture-retention) and graft competence (adequate biocompatibility and restoration of
shoulder function after repair). This is because grafts that degrade slowly, resist tears and
exhibit an optimal tissue response while sustaining shoulder function will maintain sufficient
repair integrity to allow a patient to resume daily activities while facilitating bone-tendon
healing. The importance of slow degradation was demonstrated when rapidly degrading
rotator cuff patches were used to treat massive rotator cuff tears.[17] These rotator cuff
patches degraded completely within 3—-6 months post-surgery and were associated with
failed repairs as well as other complications.[1”] Similar scenarios have been observed for
rapidly degrading suture anchors that resulted in clinical complications, such as loose suture
bodies,[#2] or were suspected of causing suture anchor migration.[43! Also, slow degradation
is desirable since it minimizes toxicity effects and adverse tissue responses. For example,
osteolysis, although uncommon, has been observed more frequently in fast-degrading
polyglycolide-based suture anchors[#4! compared to slow-degrading poly-L-lactic acid-based
suture anchors.[45] The importance of providing secure musculoskeletal attachment has been
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demonstrated by ex vivo biomechanical analysis of surgically repaired rotator cuff tears.
[46.47] Although the initial strength of rotator cuff repair can be improved by various repair
techniques, its integrity can still be compromised by gap formation between tendon and bone
even at low physiologic loads.[4€] Such repairs may subsequently fail by tendon pull-through
of the suture.[47] The importance of graft competence was demonstrated when xenografts
based on the small intestinal mucosa of pigs were used to treat rotator cuff tears.[?] No
clinically recognizable benefit was found as these rotator cuff patches presented similar
retear rates but with significantly less shoulder strength, lower range of motion and slower
pain resolution compared to the traditional repair group.[®] Also, poor graft biocompatibility
resulted in severe inflammatory reactions for several patients and additional surgical
treatment became necessary.[®] Thus, a graft that possesses long-term physical integrity,
security of tendon-to-bone attachment and competence in restoring shoulder function as well
as biocompatibility is highly desirable.

To address the afore-mentioned challenges in rotator cuff repair, we developed a slow-
degrading, photo-tunable polymer with robust bone- and tendon-like mechanical properties.
To achieve this, a combination of chemical-crosslinking, photo-crosslinking, and heat-curing
was utilized to fabricate highly crosslinked, photo-tunable polyurethane networks with slow
hydrolyzable bonds. Here, quadrol (Q), hexamethylene diisocyanate (H) and methacrylic
anhydride (M) were used to develop solvent-, catalyst- and photoinitiator-free, UV-
crosslinkable polyurethane (QHM polymers) that possess robust, photo-tunable bone- and
tendon-like mechanical properties, including the ability to sustain at least 10,000 cycles of
physiologic loading as well as reduce stress concentrations via stiffness gradation. These
QHM polymers also exhibited slow degradation profiles, minimal cytotoxicity, exceptional
suture retention properties, and competent biomechanical as well as biocompatible attributes
in a rat supraspinatus tendon injury model.

2.1. Synthesis and Physicochemical Characterization of UV-Crosslinkable QHM Polymers

The fabrication of QHM polymers was monitored by *H-NMR and Fourier transformed
infrared spectroscopy (FTIR)- attenuated total reflection (ATR) spectroscopy (Figure 1).
QHM polymers were synthesized from Q, H, and M (Figure 1a). 1H-NMR spectra of Q/H/M
showed characteristic peaks observed in individual *H-NMR spectra of Q, H, and M (Figure
1b; Table S1, Supporting Information).[48:49] FTIR-ATR spectra of Q/H, Q/M, and H/M
prepolymers indicated chemical reactions between Q and H (Figure S1a, Supporting
Information) as well as Q and M (Figure S1b, Supporting Information) but not between H
and M (Figure S1c, Supporting Information). FTIR-ATR spectra of Q/H/M prepolymer
indicated reactions between the hydroxyl groups of Q and isocyanate groups of H to form
carbamate groups as well as the hydroxyl groups of Q and the anhydride carbonyl groups of
M to form ester groups (Figure 1c; Table S2, Supporting Information).[48-501 1H-NMR
spectra of QHM polymers indicated increased crosslinking with longer UV exposure (Figure
S1d, Supporting Information). Physiologically relevant, microscale mechanical-gradation
was exemplified by synthesizing alternating regions of 0 and 300 s UV QHM polymers
(Figure S2, Supporting Information). Together, these data demonstrated the presence of
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polyurethane carbamate groups, methacrylation, and UV-crosslinking during polymer
fabrication.

2.2. Effect of UV Exposure on the Mechanical Properties of QHM Polymers

The mechanical properties of QHM polymers were determined by tensile, compressive,
creep, and cyclic testing (Figures 2 and 3). Pilot studies showed increased strength and
elastic moduli with heat-curing (data not shown). Thus, heat-cured QHM polymers were
used for the remainder of this study.

QHM polymers exhibited photo-tunable tensile properties. The tensile strength and moduli
of QHM polymers increased with longer UV exposure, ranging from 12 to 74 MPa and 0.6
to 2.7 GPa, respectively, whereas those of QH polymer controls were largely unaltered
(Figure 2a; Tables S3-S5, Supporting Information). Tensile strain at yield or failure of QHM
polymers initially decreased with short (<90 s) UV exposure and remained unchanged
thereafter whereas QH polymer controls were largely unaltered (Figure 2a; Tables S3 and
S6, Supporting Information). QHM polymers exhibited phototunable compressive
properties. The compressive strength and moduli of QHM polymers increased with longer
UV exposure, ranging from 58 to 121 MPa and 1.5 to 3.0 GPa, respectively, whereas those
of QH polymer controls were largely unaltered (Figure 2b; Table S7-S9, Supporting
Information). Strain at maximum compressive stress of QHM and QH polymers was largely
unaltered with UV exposure (Figure 2b; Tables S7 and S10, Supporting Information).
Differential scanning calorimetry (DSC) indicated that at body temperature (37 °C), 0 s UV
and 90 s UV QHM polymers exhibit compliance whereas 180 s UV and 300 s UV QHM
polymers remain stiff (Figure S3, Supporting Information).

Tensile creep and cyclic testing determined the robustness of 0 s UV QHM polymer as a
tendon substitute. In static creep tests, 0 s UV QHM polymers exhibited 1.7% strain
following a 30 min hold at 3 MPa tensile stress and recovered 0.8% strain following a 10
min recovery period (Figure 3a). Creep rate was 0.035% per min. In cyclic tensile tests, 0 s
UV QHM polymers exhibited 2.4% strain, consistent dynamic (1.5-1.8 GPa), storage (1.5~
1.8 GPa), and loss moduli (0.3 GPa) as well as tan & (0.18-0.20) during 10 000 loading
cycles from 0.2 to 3 MPa tensile stress (Figure 3b and data not shown). Specimens reached
steady state response after ~4000 cycles. A single specimen tested for 100 000 loading
cycles exhibited 5.7% strain without failure and recovered following unloading (Figure S4,
Supporting Information).

Thus, QHM polymers demonstrated phototunable mechanical properties including increased
strength and modulus with longer UV exposure while 0 s UV QHM polymer showed robust
fatigue and recovery attributes.

2.3. Effect of Stiffness Gradients on Stress Concentration Reduction in QHM Polymers

The effect of stiffness gradients of QHM polymers on reducing stress concentrations was
determined by finite element analysis (FEA) and photoelastic tensile testing (Figures 4 and
5). In FEA (Figure 4a), the greatest stress concentration was observed in steeply graded
models at the intersection of the interface and free edge, with high stress levels primarily in
the model’s stiffer region near the interface and a centrally located stress decrease in the
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model’s compliant region near the interface (Figure 4b). Varying Poisson’s ratio yielded
similar results, primarily affecting stress magnitude (Figure S5, Supporting Information). In
photoelastic tensile testing (Figure 5a; Figure S6, Supporting Information), gradually graded
specimens reduced stress concentrations relative to more steeply graded specimens (Figure
5b), corroborating FEA results. Gradually- and steeply graded specimens subjected to tensile
testing failed in the bulk material of the weaker top half but not at the interface (data not
shown). Thus, gradual-gradation reduced stress concentrations.

2.4. Functionally Graded Biomaterial as a Hybrid Suture Anchor-Tendon Graft

Since the design of functionally graded biomaterials is crucial for seamless integration of
stiff bone with compliant tendon,[2] we briefly explored a potential form factor to facilitate
clinical translation. The mechanical-gradation of QHM polymers was demonstrated with
compliant regions exhibiting larger strain relative to stiffer regions in the presence of
mechanical loading (Figure 6a). Also, QHM polymers were fabricated into a functionally
graded, hybrid suture anchor-tendon graft that could be sutured as well as anchored to faux
bone (Figure 6b).

2.5. Degradation of QHM polymers

To determine the integrity of QHM polymers under simulated body conditions, including
chronic wound environments, foreign body reaction to implanted materials and normal
physiological conditions, degradation studies were performed. QHM polymer samples were
incubated under alkaline (5 N NaOH), acidic (2 N HCI), oxidizing (30% H,0,), and
aqueous (Hank’s buffered salt solution, HBSS) conditions for 8 weeks and their mass (dry
weight) was recorded (Figure 6c¢). Under alkaline, acidic, oxidizing, and aqueous conditions,
QHM polymers exhibited little to no mass loss, 5-30% mass loss, 10-30% mass loss, and 5-
10% mass loss after 8 weeks, respectively (Figure 6d). QHM polymers exhibited little to no
swelling under alkaline and aqueous conditions, whereas swelling ratios between 1.5 and 2.0
were observed under acidic and oxidizing conditions (Figure 6e). C2C12 cells cultured in 8
week HBSS degradation products (diluted 1:9) proliferated similarly to control (Figure 6f;
Table S11, Supporting Information) and exhibited myogenic differentiation (Figure 6g),
indicating unperturbed cell behavior. Thus, QHM polymers degraded slowly and their
degradation products exhibited little to no cytotoxicity.

2.6. Suture retention of 0 s UV QHM polymer

Since rotator cuff repairs frequently fail by tendon pull-through of suture,[4] suture
retention studies were performed to assess the ability of tendon-like 0 s UV QHM polymer
to sustain surgical repair. 0 s UV QHM polymer exhibited 2.79-fold less suture migration
after 500 loading cycles from 0.0 to 7.5 N (Figure 7a; Table S12, Supporting Information; o
= 0.002) and 3.56-fold less suture migration during pull-to-failure (at 25 N) relative to a
clinically available acellular dermal matrix (ADM) (Figure 7b; Table S13, Supporting
Information; p=0.001). Thus, 0 s UV QHM polymers demonstrated superior suture
retention properties relative to ADM.
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2.7. Biomechanical and Biocompatible Properties of 0 s UV QHM polymer

To determine the ability of 0 s UV QHM polymer to function as a tendon substitute, rat
rotator cuff injury studies were performed. In these studies, rat supraspinatus tendons were
transected and repaired with either 0 s UV QHM polymer or ADM (Figure 8). Both 0 s UV
QHM polymer and ADM contained growth and differentiation factor-7 (GDF-7), which has
been shown to induce ectopic tendon or ligament formation in rats and has shown promise as
an adjuvant for rotator cuff repair in clinical studies.[51:52] Rats implanted with either 0 s UV
QHM polymer or ADM showed consistent weight gain and did not exhibit adverse clinical
signs or mortality, including detrimental reactions such as necrosis and infection around the
implants (data not shown). Paired biomechanical testing of supraspinatus muscle-tendon-
bone units 8 weeks postsurgery demonstrated that although 0 s UV QHM polymer and ADM
exhibited similar ultimate load (Figure 8a; Table S14, Supporting Information; p=0.919), 0
s UV QHM polymer showed increased normalized tensile stiffness (Figure 8b; Table S14,
Supporting Information; p = 0.040). Histological staining demonstrated the presence of
elongated tendon-like cells (hematoxylin and eosin stain) embedded within aligned and
wavy collagen fibers (Trichrome stain) adjacent to 0 s UV QHM polymer (Figure 8c).
Histological staining also showed high levels of cell infiltration in ADM (Figure 8c). Thus, 0
s UV QHM polymers demonstrated competent biome-chanical and biocompatible properties
for augmenting repair of rat supraspinatus tendon.

3. Discussion

Rotator cuff tears are common shoulder injuries with over 200 000 surgeries performed
annually in the United States at an estimated cost of USD 3.44 billion.[®3] Engineering
biomaterials that provide adequate biomechanical function as well as promote better repair
stability hold great promise to mitigate this burden. This study developed a solvent-,
catalyst- and photoinitiator-free UV-crosslinkable biomaterial (Figure 1) that recapitulated
several vital features of bone-tendon tissues, however, to reduce material complexity[?! and
facilitate clinical translation, the native bone-tendon interface was not reproduced in its
entirety. Major features of our graft addressed here include: (1) robust, phototunable bone-
and tendon-like mechanical properties (Figures 2 and 3), including the capability to reduce
stress concentrations via stiffness gradients (Figures 4 and 5); and (2) biophysicochemical
characteristics favorable for clinical translation, including slow degradation with minimal
cytotoxicity (Figure 6), excellent suture retention capabilities (Figure 7), and capability to
function as a tendon substitute (Figure 8).

Development of a novel biomaterial with native tissue-like mechanical properties is vital for
restoring biomechanical function. Specifically, the human supraspinatus tendon, which is
commonly torn in rotator cuff injuries,>12] has tensile strength ranging from 4 to 22
MPal1237] and a tensile modulus ranging from 0.2 to 0.6 GPal12:37] while cortical bone has
tensile strength ranging from 66.0 to 170.0 MPa,[38:3% a tensile modulus ranging from 11.0
to 29.0 GPa, compressive strength ranging from 167 to 213 MPa and a compressive modulus
ranging from 14.7 to 34.3 GPa.[38:3%] These properties are important since bone is often
subjected to compressive and tensile forces, while tendon and fibrocartilaginous transitional
regions experience both tensile and compressive stress particularly at locations they wrap
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around bony or fibrous pulleys.[455] Moreover, tendons that are overly or insufficiently stiff
relative to physiological values decrease the efficiency of joint motion.[4041] QHM polymers
exhibited phototunable tensile strength (12—74 MPa) and moduli (0.6-2.7 GPa) that
approximated bone and tendon tissues (Figures 2 and 3; Figures S4 and S5, Supporting
Information). This represents a marked improvement over clinically available grafts,[11]
which are not mechanically tunable, as well as those previously reported in other research
efforts,[34] which did not approximate the moduli of mature bone-tendon tissues. Thus,
bone- and tendon-like mechanical properties of QHM polymers are expected to sustain
physiological loading.

QHM polymers were able to approximate the mechanical properties of bone and tendon
tissues due to its unique fabrication approach. In general, highly crosslinked polymers
possess increased molecular weights and mechanical properties.[®8] Q is a tetrafunctional
monomer with hydroxyl groups that react with the isocyanate and anhydride groups of H
and M, respectively, producing a highly crosslinked polyurethane network with high
mechanical properties (Figures 1 and 2; Figure S1, Supporting Information). The
phototunable capability arises from vinyl methine groups of M that participate in UV-
crosslinking. Solvents, catalysts or photoinitiators were not required as monomer(s) were
miscible, able to pseudocatalyze polyurethane reactionsl®’] and self-initiate
photopolymerization,[58] respectively. By selecting a desired ratio of Q, H, and M monomers
as well as varying UV exposure, the desired level of chemical- and photo-crosslinking
within QHM polymer chains were attained. Post-processing of QHM polymers by heat-
curing likely promoted physical chain entanglements that further contributed to increased
mechanical properties (data not shown). Ultimately, these two modes of crosslinking
together with heat-curing allowed QHM polymers to achieve high, photo-tunable
mechanical properties.

In addition to bone- and tendon-like strength and moduli, a bone-tendon biomaterial that
exhibits robustness and reduces stress concentrations will be advantageous for restoring
biomechanical function and minimizing material failure. These properties are important
since bone and tendon tissues can typically withstand numerous and challenging loading
regimens without failure.[3%59.60] |n particular, the functional attachment of bone to tendon
requires tissue architectures that mitigate increased stress concentrations due to their
mechanical mismatch. In healthy, native attachment sites, this is accomplished, in part, by
gradations in mineral content and collagen fiber orientation along the bone-tendon interface
to create a resilient and functionally graded interface.[1:55:61-63] |ndeed, bone-tendon repairs
that fail to restore native tissue mechanical properties show little to no regeneration of its
graded fibrocartilaginous transition.[*~4] In cyclic tensile tests, 0 s UV QHM polymer
demonstrated robust, tensile properties by withstanding at least 10 000 cycles of physiologic
loading (Figure 3; Figure S4, Supporting Information). In addition, the dynamic modulus
(1.5-1.8 GPa) and tan 6 (0.18-0.20) of 0 s UV QHM polymer (Figure 3; Figure S4,
Supporting Information) approximated the dynamic modulus of sheep plantaris tendon
(1.37-1.99 GPa)[64] as well as the tan & for rabbit Achilles tendon (0.108-0.180).[65] DSC
studies showed that 0-90 and 180-300 s of UV light exposure resulted in QHM polymers
with glass transition temperatures below and above 37 °C, respectively (Figure S3,
Supporting Information). Given that polymers exhibit compliance and stiffness at
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temperatures above and below their glass transition temperatures, respectively, 6]
mechanical-gradation of QHM polymers is expected to approximate the compliant-to-stiff
transition of a contiguous bone-tendon unit (Figure 6). Since QHM polymers are
phototunable and current photolithography techniques can achieve nanometer-scale
resolutions, such stiffness gradients can be fabricated at physiologically relevant lengths
(Figure S2, Supporting Information). In addition, FEA and photoelastic tensile testing of
QHM polymers showed that gradual stiffhess gradients reduced stress concentrations
(Figures 4 and 5; Figures S5 and S6, Supporting Information). Thus, the robustness and
ability of QHM polymers to reduce stress concentrations via gradual gradation is expected to
minimize material failure during physiological loading.

In addition to engineering robust, native tissue-like mechanical properties that reduce stress
concentrations via stiffness gradients, clinical translation would benefit from a bone-tendon
biomaterial that maintains repair stability in synchronicity with healing duration. This
includes slow and tunable degradation properties, the capacity for secure suture attachment
and adequate restoration of shoulder function following repair. To facilitate clinical
translation, QHM polymers were fabricated into a mechanically graded, continuous bone-
tendon graft (Figure 6). This design concurs with calls for multiphasic or gradient-based
scaffolds that strategically mimic complex musculoskeletal tissue interfaces?l and was
based, in part, on our FEA and photoelastic studies which showed that gradual stiffness
gradients reduced stress concentrations (Figures 4 and 5; Figures S5 and S6, Supporting
Information). Although suture anchor-mediated repair facilitates the reapproximation of torn
tendon back to its original anatomical location,[®] the continuity of the bone-tendon unit is
disrupted and potential failure modes are introduced, including suture breakage at the
eyelet[®8] and loosening of suture eyelets as a result of degradation.[87] These failure modes
are eliminated by fashioning QHM polymers into a continuous compliant-to-stiff form
factor. While there are numerous design permutations for a continuous bone-tendon graft,
this particular form factor was inspired by combining two existing medical devices used in
rotator cuff repair—a suture anchor and a tendon graft. This design will be familiar to
surgeons and may promote end user adoption. This continuous design also innovates upon
suture anchors, whose role has not fundamentally changed since their introduction in 1906
as a bone anchoring device, 8] into one that is simultaneously both a bone anchor and
tendon graft. However, regardless of form factor or design, further studies are required to
determine whether such bone-tendon devices may be used in an interpositional fashion
(which only bridges the tear gap) or augmented fashion (which bridges the tear gap as well
as overlaps with remaining tendon). Such testing was not feasible within the small confined
shoulder space of our rat injury model. To ensure good physical integrity, a bone-tendon
biomaterial must exhibit degradation characteristics in synchronicity with the healing
duration. Although optimal degradation rates are patient- and injury-dependent, slow
degradation rates are ideal(1742] given the lengthy recovery periods for rotator cuff injuries.
[5] Premature degradation would compromise the graft’s integrity and mechanical properties
to sustain physiological loading[?7:42] and has been suggested as a possible reason for the
failure of graft-mediated rotator cuff repair.l1”] Our degradation studies showed that QHM
polymers degraded slowly under aqueous, acidic, alkaline, and oxidizing conditions (Figure
6), which was likely attributed to its high content of slow-to-hydrolyze carbamate groups.
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[56.57] These conditions were selected to approximate normal physiological conditions,
chronic wound healing conditions (where either acidic or alkaline pH persist)[®9] as well as
foreign body reaction to biomaterials (where reactive oxygen species are generated in a low
pH environment by macrophages and foreign body giant cells).[7% Also, in vitro studies
indicate that the degradation products of QHM polymers exhibited little to no cytotoxicity
(Figure 6). Further studies are required to characterize the degradation of QHM polymers in
vivo and determine how loss of physical integrity correlates with important considerations
such as biomechanical strength. To ensure secure physical attachment to musculoskeletal
tissues, a bone-tendon biomaterial must resist suture tear through since this is a frequently
observed mode of failure for rotator cuff repair.[4”] In suture retention tests, 0 s UV QHM
polymer demonstrated 2.79- and 3.56-fold less suture migration after 500 cycles of loading
and during load to failure when compared to a popular, clinically available ADM marketed
for rotator cuff augmentation (Figure 7). To ensure adequate graft performance, a bone-
tendon biomaterial should exhibit good biocompatibility and restore shoulder function
following repair. Frequently, this parameter is assessed by histological and biomechanical
testing of the repaired bone-tendon unitl”%:72] although ambulatory measures such as medial/
lateral forces, braking, propulsion, and step width[”3] may better approximate clinical
measurements of patient outcome.[”41 When employed as a tendon substitute to augment
repair of rat supraspinatus tendon, 0 s UV QHM polymer demonstrated competent
biomechanical properties including similar ultimate load but higher normalized tensile
stiffness compared to ADM (Figure 8). Both 0 UV QHM polymer and ADM also contained
GDF-7, a tendon-promoting growth factor,[32] to supplement tissue healing. GDF-7 was
chosen since subcutaneous implantation of an inert carrier containing this growth factor
resulted in ectopic formation of tendon/ligament in rats.[52] Also, there is tremendous
clinical interest in using GDF-7 for rotator cuff repair—a randomized, multicenter clinical
trial employing this growth factor as an adjuvant therapy showed decreased pain as well as
improved shoulder strength and range of motion following surgery.[51] Supplementation of
such biological cue(s) aim to reestablish resident musculoskeletal cells to regenerate and
maintain native tissue phenotype(s). Prior efforts in this regard included delivering bone- and
tendon-promoting growth factors as well as extracellular matrices,[31:52.75-78] ysing
unmodified(8] or genetically engineered stem cells,[7%-83] and platelet-rich plasma.[7]
Preliminary histological analysis demonstrated the presence of tendon-like tissue (elongated
cells with flattened nuclei embedded within aligned and wavy collagen fibers) adjacent to 0
s UV QHM polymer while high levels of cell infiltration were observed in ADM (Figure 8).
Exuberant levels of inflammation were not observed, indicating both 0 s UV QHM polymer
and ADM were biocompatible. However, further work such as inclusion of grafts without
GDF-7 as well as using polarized light microscopy and immunostaining of tendon-specific
markers will be required to ascertain the effect of 0 s UV QHM polymer (with or without
GDF-7) on tendon healing and regeneration. Understanding this will be crucial in
determining whether there is a need to optimize growth factor choice, dose and delivery
prior to attempting a larger injury or animal model. Ultimately, QHM polymers possessed
biophysicochemical characteristics favorable for repair stability and clinical translation,
which are expected to facilitate eventual integration between graft and host tissue.
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4. Conclusion

In summary, a mechanically graded polyurethane has been developed using a unique
approach that achieved bone- and tendon-like mechanical properties and biophysicochemical
characteristics favorable for bone-tendon repair.

5. Experimental Section

Material Fabrication

N,N,N,N -tetrakis(2-hydroxy-propyl) ethylenediamine (quadrol or Q; Sigma Aldrich, St.
Louis, MO), 1,6-diisocyanatohexane (H; Sigma Aldrich, St. Louis, MO), and methacrylic
anhydride (MA or M; Sigma Aldrich, St. Louis, MO) were used as received without further
purification. Q, H, and M were mixed in a 50 mL conical tube at a molar ratio of 1:1.5:0.5,
respectively, prior to vigorous vortexing for 1-2 min. Subsequently, the QHM mixture was
degassed in a vacuum desiccating chamber (Bel-Art Products, Wayne, NJ) using a Welch
DuoSeal 1405 vacuum pump (Welch-limvac, Niles, IL) for 0.5-1 min and transferred into
the appropriate mold(s). The mold(s) were degassed for an additional 20 to 30 min and
placed in a custom-made light cabinet (42 cm x 22 cm x 62 cm) equipped with an
OmniCure Series 2000 UV system (Excelitas Technologies Illumination, Fremont, CA) and
a collimating adapter (Excelitas Technologies Illumination, Fremont, CA). Irradiance at the
emitting end of the 5 mm OmniCure light guide was adjusted to 7 W cm=2 using an
OmniCure R2000 radiometer (Excelitas Technologies Illumination, Fremont, CA). Molds
were positioned 60 cm from the collimating adapter, UV-crosslinked for the indicated
durations (0, 90, 180, 300, or 0-300 s; where necessary, aluminum foil was used as a
photomask) and placed in a pressure pot chamber (Finish Systems, New Berlin, W1) at 40
psi under nitrogen atmosphere overnight. The following day, QHM polymer samples were
released from their molds, sanded using a Ryobi Belt Sander (80-120 grit; Ryobi Limited,
Fuchu-Shi, Japan) and heat-cured between 85-100 °C for 5-6 h in a heating oven (Thermo
Fisher Scientific, Waltham, MA). Subsequently, QHM polymer samples were washed once
in 5 N sodium hydroxide (Ricca Chemical Company, Arlington, TX) for 1 h, washed five
times in deionized water and air-dried. Specimen dimensions are described below for each
study.

Nuclear Magnetic Resonance Spectroscopy (NMR)

1H-NMR was performed using a Varian Inova 300 instrument (Varian Inc., Palo Alto, CA) at
ambient conditions. Samples of QHM prepolymer or UV-crosslinked QHM polymer were
dissolved overnight at 4 °C in deuterated chloroform (CDCl3; 99.8% deuterated, Sigma
Aldrich, St. Louis, MO) to obtain maximum solubility. Pure CDCI3 was used as an internal
standard. NMR spectra prediction was performed with ChemBioDraw Ultra 13.0 software
(CambridgeSoft, Waltham, MA). NMR data were analyzed with MestReNova 10.0 NMR
software (Mestrelab Research, Escondido, CA).

Fourier Transformed Infrared Spectroscopy

FTIR was performed using a Bruker Vertex 70 spectrometer (Bruker Optics Inc., Billerica,
MA) and analyzed with OPUS optical spectroscopy software (Bruker Optics Inc., Billerica,
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MA). For Q/H prepolymer solutions, Q and H were mixed at a molar ratio of 1:2,
respectively. For Q/M prepolymer solutions, Q and M were mixed at a molar ratio of 1:4,
respectively. For H/M prepolymer solutions, H and M were mixed at a molar ratio of 1:1,
respectively. For QHM prepolymer solutions, Q, H, and M were mixed at a molar ratio of
1:1.5:0.5, respectively. Prepolymer solutions were mixed vigorously for 5-10 min and
samples were placed in the holder directly in the IR laser beam. Degassing and longer
prepolymer reaction times were not attempted to avoid polymer solidification within the
sample holder. All spectra were recorded (40 averaged scans, 800-4000 cm™1) at a
resolution of 4 cm™L. Spectra were baseline-corrected and smoothed in the OPUS
spectroscopy software.

Mechanical Testing

QHM polymer samples were mechanically tested under dry conditions at room temperature
following the guidelines in the American Society for Testing and Materials methods
D638-10 (Tensile properties of plastics), D695-10 (Compressive properties of rigid plastics),
and D7791-12 (Uniaxial fatigue properties of plastics). Although tendons are predominantly
subjected to tensile stress, there are locations where tendons experience compressive
stresses, most notably where they wrap around bony or fibrous pulleys and at the bone-
tendon interface. Consequently, both tension and compressive tests were performed on the
QHM polymer samples. Tensile testing samples were fabricated as dog bone-shaped
specimens with an overall length of 115 mm with the narrow region measuring 3 mm
(thickness) x 7.5 mm (width) x 33 mm (length). Compression testing samples were
fabricated as rectangular specimens measuring 25 mm (height) x 6 mm (width) x 8 mm
(length). The average cross-sectional area was determined from three locations along the
specimen length using digital calipers (Digimatic IP67 Coolant-Proof Caliper; Mitutoyo
American Corporation, Aurora, IL). A Model 5944 test system equipped with a 2 kN load
cell (Instron Corp., Norwood, MA) was used for tensile testing whereas an ElectroPuls
E10000 test system (Instron Corp., Norwood, MA) was used for compressive, creep and
cyclic testing. Compression tests were performed using a 10 kN load cell whereas creep and
cyclic tests incorporated a 250 N load cell. Strain was determined using an extensometer
(Model: 3442-0064-050-ST, Gauge length: 16.3 mm, Epsilon Technology Corp, Jackson,
WY).

For tensile testing, QHM polymer samples were preloaded to 5 N and subsequently
uniaxially loaded at a rate of 0.65 mm per second until failure. This displacement rate
corresponds to a strain rate of ~1% strain per second during loading in the initial region of
linear response. For QHM polymer samples that did not fail (break) before 50% strain, the
extensometer was removed and testing was continued until failure. Tensile strength at yield
or break was defined as tensile stress at which QHM polymer samples yielded (slope where
the stress—strain curve equals zero) or failed, respectively. Tensile strength at break was
reported for samples that did not yield. Tensile modulus was defined as the initial linear
slope of the stress—strain curve and calculated from 0% to 1% strain. Tensile strain at yield
or break was defined as the strain at which QHM polymer samples yielded or failed,
respectively. Tensile strain at break was reported for samples that did not yield. Failure strain
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for QHM polymer samples that did not break before 50% strain was calculated using the
machine readout of grip separation.

For compressive testing, QHM polymer samples were preloaded to 10 N and then uniaxially
loaded at a strain rate of 1% s~ until failure. Compressive strength was defined as the
maximum compressive stress achieved during the test as QHM polymer samples failed by
buckling. Compressive modulus was defined as the initial linear slope of the stress-strain
curve and calculated from 1% to 2% strain. Compressive strain at maximum stress was
defined as the strain at which maximum compressive stress was achieved during the test.

For static creep tensile testing, QHM polymer samples were loaded in tension to 3 MPa
(which was estimated[12:37.:84] to be 75% of the maximum stress generated by supraspinatus
muscle) for 30 min. Specimens were then rapidly unloaded to 0 MPa and recovery was
monitored for 10 min. Static creep was defined as the difference in strain between the initial
and final time points during the 30 min hold at 3 MPa. Creep recovery was defined as the
difference in strain after the 30 min hold at 3 MPa and the 10 min recovery period at 0 MPa.
Creep rate was determined from the linear slope of the strain—time curve between 10 and 30
min during loading at 3 MPa.

For cyclic tensile testing, QHM polymer samples were loaded from 0.2 to 3 MPa for 10 000
cycles at 1 Hz. The lower loading limit of 0.2 MPa was selected as an estimate of the passive
tension generated by the supraspinatus muscle.[8%] The dynamic, storage and loss modulus
as well as tan & were calculated at various time points during cyclic loading using
WaveMatrix software (Instron Corp., Norwood, MA). The dynamic modulus was defined as
the ratio of the stress range to strain range of the hysteresis loop for a given loading cycle.
The storage modulus was defined as the dynamic modulus multiplied by the cosine of the
loss angle. The loss modulus was defined as the dynamic modulus multiplied by the sine of
the loss angle. tan 6 was defined as the ratio of the loss modulus to the storage modulus.
Cyclic creep was defined as the difference in strain at 3 MPa between cycle 10 and cycle 10
000.

Differential Scanning Calorimetry

DSC was performed using a Q100 instrument (TA Instruments, New Castle, DE) under
nitrogen atmosphere and analyzed with Universal Analysis software (TA Instruments, New
Castle, DE). QHM polymer samples were crushed with a hammer to obtain samples
weighing 10-20 mg and sealed in an aluminum pan. QHM polymer samples were subjected
to cool- heat—cool-heat treatment over a temperature range of —40 to 100 °C. The first run
started from room temperature cooling to —40 °C, holding isothermally for 5 min, followed
by heating from —-40 to 100 °C and holding isothermally at 100 °C for 5 min. The second
run started from 100 °C cooling to —40 °C, holding isothermally for 5 min, followed by
heating from —40 to 100 °C. Heating or cooling was performed at a rate of 20 °C min~. The
glass transition temperature (74) was measured at the midpoint of the transition process from
the second run.
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Finite Element Analysis

Linear static FEA of a mechanically graded specimen containing a single bonded interface
was performed using SolidWorks Simulation (Dassault Systemes, Waltham, MA). While
simplistic, a single interface was simulated since gradients can be approximated by a
continuous series of discrete intervals. Moreover, this setup facilitated ease of comparison
with photoelastic tensile testing. Due to symmetry, a quarter model was developed with
similar geometry to QHM polymer samples used for tensile testing. The dimensions were 10
mm (overall length) x 3 mm (half-width) x 1.5 mm (half-thickness). The 10 mm overall
length was selected to analyze the loading distribution in the vicinity of the interface. Roller
boundary conditions were modeled along the midplanes of the model (right and back faces).
An additional roller boundary condition was applied to the bottom face of the model to
prevent vertical (y axis) displacement. A uniform tensile stress (10 MPa) was applied to the
model’s top face to simulate a physiologically relevant load close to the tensile strength of
supraspinatus tendon.[37]

The model mesh was created using second-order tetrahedral elements varying in size from
0.125 mm away from the interface down to 0.005 mm along the periphery of the interface.
Due to the stress singularity at the interface, convergence of the model was not reached with
further mesh refinement. The elastic moduli and Poisson’s ratio were defined using linear
elastic isotropic material models. A Poisson’s ratio of 0.3 and an elastic modulus of 0.5 GPa
were used for the top rectangular cuboid while a Poisson’s ratio of 0.3 and elastic moduli
between 0.5 and 10 GPa were used for the bottom rectangular cuboid to study the effect of
different elastic moduli on nonuniform, mechanically graded specimens. The magnitude and
von Mises stress distribution were determined for the different combinations of elastic
moduli and Poisson’s ratio.

Photoelasticity Tensile Testing

Photoelastic tensile testing was performed as previously described with minor modifications.
[86] Specimens (2.2 cm x 12.7 cm x 0.6 cm) consisting of either uniform, nongraded QHM
polymer samples (90 s UV, 120 s UV, or 300 s UV) or nonuniform, mechanically graded
QHM polymer samples containing a single interface (90 s:120 s UV or 90 5:300 s UV) were
fabricated. These dimensions were used to produce a wide QHM polymer sample to increase
reproducibility by reducing the impact of a curved meniscus at the edges of the mold. While
simplistic, a single interface was tested since gradients can be approximated by a continuous
series of discrete intervals. Also, this setup facilitated ease of comparison with FEA
simulations. Nonuniform, mechanically graded QHM polymer samples were fabricated by
varying UV exposure to different halves of the same specimen. The average cross sectional
area of QHM polymer samples was determined from three locations along the specimen
gauge length using digital calipers. Photoelastic tensile testing was performed on a custom
setup consisting of a Model 5944 test system (Instron Corp., Norwood MA) with the QHM
polymer sample mounted in-between two left-handed, circularly polarized films (Edmund
Optics Inc., Barrington, NJ). The films were oriented such that their polarizing axes were
~90° relative to each other. The setup was backlit with a light box (Universal Medical Inc.,
Norwood, MA) and images of the photoelastic tensile testing were acquired using a Canon
PowerShot S95 camera (Canon Inc., Melville, NY). Uniform, nongraded QHM polymer
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samples were uniaxially loaded at constant loads (0-500 N at intervals of 50 N) and used to
construct a tensile-color interference chart (Figure S5, Supporting Information). This chart
quantified stress distributions in nonuniform, mechanically graded QHM polymer samples
with gradually graded (90 s:120 s UV) and steeply graded (90 s:300 s UV) interfaces. The O
s UV QHM polymers were not used in these experiments as their high flexibility resulted in
necking deformations at the interface of mechanically graded samples, posing difficulties in
obtaining accurate stress and strain measurements due to the local decrease in cross sectional
area.

Multipotent mouse C2C12 myablasts (ATTC, Manassas, VA) were grown in Dulbecco’s
modified Eagle’s media (DMEM,; Life Technologies, Carlshad, CA), 10% fetal bovine
serum (FBS; Life Technologies, Carlshad, CA) and 1% PS. Cells were kept at 37 °C, 5%
CO», in a humidified incubator. These cells were used as they serve as surrogate models of
muscle-derived stem cells. Also, use of these cells minimizes the heterogeneous nature of
primary cells, which often have varied proliferation rates depending on the source, methods
of isolation, and characteristic marker profile. Hoechst staining (Anaspec, Fremont, CA)
determined that cell cultures were free of mycoplasma contamination.

Degradation Studies

Degradation studies were performed on QHM polymer samples (circular discs ~ 1 cm in
diameter) under aqueous, alkaline, acidic, and oxidizing conditions. QHM polymer samples
with a mass of 150 mg were weighed using a Mettler Toledo XS105 Dual Range weigh
balance (Mettler Toledo International, Columbus, OH) and placed in 1.5 mL of the
following solutions at 37 °C for 4 h, 1 week, 2 weeks, 4 weeks, or 8 weeks: (1) Hank’s
buffered salt solution (HBSS; Mediatech Inc, Manassas, VA), (2) 5 N sodium hydroxide, (3)
2 N hydrochloric acid (EMD Chemicals, Billerica, MA), and (4) 30% hydrogen peroxide
(Thermo Fisher Scientific, Waltham, MA). No media change was performed. These
conditions potentially approximated normal and chronic tissue microenvironments as well as
potential foreign body reaction toward biomaterials. At each time point, wet weights were
recorded, supernatants containing degradation products were collected and QHM polymer
samples were processed to record dry weights. To obtain dried specimens, QHM polymer
samples were washed in deionized water for 1 h followed by a series of graded ethanol
washes (20% ethanol, 50% ethanol, 80% ethanol, and 100% ethanol; 10 min each) and
placed under low vacuum in a desiccating chamber overnight. Degradation was determined
by calculating the percentage of remaining mass at each time point. Swelling ratios at the 4 h
time point were determined by calculating the mass difference between wet and dry weights
and subsequently dividing the result by the dry weight.

Supernatants from the HBSS groups at 8 weeks were used for determining cell proliferation
and differentiation in the presence of degradation products. HBSS supernatants from
degradation studies were diluted in DMEM, 10% FBS and 1% PS media at a ratio of 1:9 to
yield DMEM media containing degradation products. Dilution was necessary since QHM
polymer samples were incubated in HBSS for an extended duration without media change (8
weeks) and a relatively low degradation solution to QHM polymer ratio (10:1) was used. A
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1:9 dilution of HBSS supernatant to DMEM media was chosen to maintain cell culture
media at pH 7.4. C2C12 cells were seeded into 48 well plates at a density of 3.75 x 104 cells
per cm? overnight. The following day (Day 0), media were changed to DMEM media
containing degradation products. Cells were counted every 24 h using a Beckman Coulter
Z2 Particle Counter. Cell differentiation was assessed using phase-contrast images acquired
on an inverted Zeiss AxioObserver Z1 microscope equipped with an AxioCam MRm
camera.

Suture Retention Testing

Suture retention testing was performed on 0 s UV QHM polymer and ADM samples.
Samples were cut into rectangular specimens 20 mm (length) x 5 mm (width) x 1 mm
(thickness). A suture hole was created 3 mm from the edge of the specimen using a
Micromot 50/EF pen drill (Proxxon GmbH, Féhren, Germany) equipped with a 0.71 mm
drill bit. Arthrex 4-0 FiberWire (Arthrex Inc., Naples, FL) was passed through the suture
hole and secured in a 5 cm diameter loop using a simple, interrupted suture pattern. The
suture loop was attached to a metal S-hook, which was subsequently mounted on a Model
5944 test system fitted with a 100 N load cell (Instron Corp., Norwood, MA). The other end
of the sample was gripped between serrated jaws 5 mm from the sample edge. Samples were
soaked in saline for 10 min prior to testing.

For suture retention testing, samples were preloaded to 0.1 N followed by loading between 0
and 7.5 N for 500 cycles at 0.5 Hz. The maximum value of this loading cycle was chosen to
simulate one-third of the ultimate load for rat supraspinatus tendon.[”1.72] Following cyclic
testing, samples were pulled at a rate of 1 mm s~1 until failure. Suture migration was
measured based on the change in suture position relative to the center of the suture hole.
This migration was a result of suture hole stretching as well as suture tearing through the
suture hole. Suture migration was monitored with a Model acA1600-20 g CCD camera
(Basler Inc., Exton, PA). Suture retention testing and image data were synchronized and
acquired at 20 Hz. Due to suture knot loosening and/or breakage, suture migration during
load to failure was reported at 25 N, which was in excess of prior reports regarding the
tensile strength of rat supraspinatus tendon.[71.72]

Rat Rotator Cuff Surgery

Tendon grafts containing recombinant human growth and differentiation Factor-7 (GDF-7;
Sino Biological Inc., Beijing, China) for rat rotator cuff surgeries were prepared. 0 s UV
QHM polymer or ADM were cut into square specimens ~4.5 mm (length) x 4.5 mm (width)
x 1 mm (thickness) and four suture holes were prefabricated using a Micromot 50/EF pen
drill equipped with a 0.71 mm drill bit. GDF-7 was manually deposited onto tendon grafts
using a micropipette (3 pL of a 1 mg mL~1 GDF-7 solution; 3 ug) the day before surgery.
After deposition, samples were allowed to dry and then stored at 4 °C. Prior to implantation,
GDF-7 containing tendon grafts were preloaded with 4-0 FiberWire sutures and immersed in
phosphate buffered saline for 5 min to wash off unbound growth factor.

Rat rotator cuff surgeries were performed in accordance with the guidelines established by
Stanford University’s Administrative Panel on Laboratory Animal Care. Sprague Dawley

Adv Funct Mater. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ker et al.

Page 18

rats (Charles River Laboratories, Wilmington, MA) between 20 and 23 weeks of age (500-
675 g) were used in this study. All rats were maintained in the Stanford Animal Facility,
with a 12:12 h light-dark cycle and free access to standard laboratory food and water. Rats
were anesthetized by inhalation with isoflurane (4% for induction, 2% for maintenance,
Abbott Laboratories, Chicago) and administered 2 mg kg1 bupivacaine (Sigma Aldrich, St.
Louis, MO) as a preoperative analgesic. Bilateral defects were created to facilitate paired
analysis between 0 s UV QHM polymer and ADM tendon grafts. Under sterile conditions, a
3.5 cm skin incision was made and the rotator cuff tissues were exposed. Acromionectomy
was performed and the supraspinatus tendon was detached at its insertion on the greater
tuberosity. Following this, a Micromot 50/EF pen drill equipped with a 0.9 mm drill bit was
used to create a suture hole in the humeral bone. Subsequently, the preloaded 4-0 FiberWire
sutures of tendon grafts were passed through humeral bone and tendon to reapproximate
tendon back to bone and augment the repair. Due to the small graft size and space
constraints of the rat shoulder, simple interrupted suture patterns were used. Subsequently,
the deltoid muscle and skin were reapproximated and closed with 3-0 poly glycolic acid and
3-0 nylon sutures, respectively. Rats were administered 25 mg kg1 Cefazolin (Thermo
Fisher Scientific, Waltham, MA) and 0.05 mg kg~ Buprenorphine (Hospira Inc., Lake
Forest, IL) as an antiinfective and postoperative analgesic, respectively. Rats were allowed to
recover on a heating pad and returned to their cages without immobilization. At 8 weeks
post-surgery, samples were harvested for biomechanical testing and histological analysis.

For biomechanical testing, samples comprising only of supraspinatus tendon, tendon graft,
and humeral bone were obtained following rat shoulder dissection to remove extraneous soft
tissues. The humerus was embedded in a hollow aluminum cylinder using
polymethylmethacrylate. Testing was performed with the supraspinatus tendon loaded 90°
relative to the long axis of the humerus using a custom set-up attached to a Model 5944 test
system equipped with a 100 N load cell (Instron Corp., Norwood, MA) (Figure S7a,
Supporting Information). Specimens were immersed in a phosphate buffered saline bath
maintained at 37 °C throughout testing. The humerus was clamped with its long axis in the
horizontal plane. The origin of the supraspinatus tendon was bonded between two pieces of
sandpaper with cyanoacrylate glue. The sandpaper-tendon segment was then clamped
vertically in a grip affixed to the testing machine (Figure S7b, Supporting Information).
Digital calipers were used to determine the distance from the clamp to the tendon insertion
(gauge length).

The test protocol was similar to that used in previous studies.[87-8%] Specimens were
preloaded to 0.2 N and preconditioned for five cycles to 5% strain at a rate of 1% strain/s. A
stress relaxation test was then performed by ramping at 10% strain/s to 5% strain,
maintaining 5% strain for 300 s, followed by 300 s of recovery. Specimens were then tested
to tensile failure at a rate of 1% strain s™1. Normalized tensile stiffness, ultimate load, and
failure mode were determined for each specimen. Normalized tensile stiffness was defined
as the slope of the load versus strain curve between 5% and 10% strain during load to failure
tests. Ultimate load was the peak force achieved during the load to failure test.

For histological analysis, samples comprising of the rat shoulder joint with its respective
implanted grafts were isolated for paraffin embedding, sectioning and staining. Samples
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were fixed in 4% paraformaldehyde (Sigma Aldrich, St. Louis, MO) for 1.5 d, decalcified in
10% ethylenediaminetetraacetic acid (EDTA), pH 7.4 (Sigma Aldrich, St. Louis, MO) for
several weeks followed by a series of graded washes to allow for paraffin infiltration. This
graded series included 1 h washes in 70% ethanol (1 wash at 25 °C), 85% ethanol (1 wash at
25 °C), 95% ethanol (2 washes at 25 °C), 100% ethanol (3 washes at 25 °C), 100% xylene
(2 washes at 25 °C), and 100% paraffin (4 washes at 60 °C under vacuum) for an hour each.
Paraffin-embedded samples were then sectioned (5-6 um) using a Leica RM2235 microtome
(Leica Biosystems, Wetzlar, Germany), deparaffinized and stained with either H&E or
Masson’s Trichrome. Tissue healing was assessed using brightfield images acquired on an
inverted Olympus 1X83 microscope equipped with a DP80 Double-CCD camera.

Statistical Analysis

All experiments were performed with at least 3 replicates per condition. Sample sizes were
estimated to detect a group mean difference of 50% + 1 to 2 standard deviations with a
power (1 — B) of 0.8 and a = 0.05 (http://powerandsamplesize.com/Calculators/Compare-k-
Means/1-Way-ANOVA-Pairwise). Quantitative data was presented as means + standard error
of mean (mean + SEM) where appropriate. The Shapiro-Wilk test and the Levene test were
used to determine whether data were normally distributed and contained equal variances
among groups, respectively. To determine statistical significance for multiple comparisons,
one-way analysis of variance followed by Tukey’s honestly significant difference post hoc
test was performed using SYSTAT 12 software (Systat Software Inc., Richmond, CA). For
data that did not satisfy both normality and equal variance assumptions, Welch’s analysis of
variance followed by Games—Howell post hoc test was performed using IBM SPSS Statistics
23 software (SPSS Inc., Chicago, IL). This approach enables improved control of Type |
errors and greater power under conditions of non-normality and heterogeneity of variance.
[90] A pvalue < 0.05 was considered statistically significant.
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Figurel.
Synthesis of QHM polymer. a) Hypothetical reaction scheme for QHM polymer synthesis.

b) IH-NMR spectra of individual QHM polymer components and QHM prepolymer. 1H-
NMR peaks indicated by letters were assigned to their respective protons in the chemical
structures. c) FTIR-ATR spectra of individual QHM polymer components and QHM
prepolymer. Regions of interest 1 and 2 are indicated by orange and magenta dashed boxes,
respectively.
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testing of QHM polymers (n = 6; 3 independent experiments). Statistical significance (p <
0.05) as indicated. Error bars indicate standard error of mean.

Adv Funct Mater. Author manuscript; available in PMC 2019 May 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ker et al.

Strain (%)
o . g
L4 (.ITI o

o
o

b

Strain (%)
[3%]

-
o

Representative Graph

10

20 30 40
Time (Min)

Representative Graph

7

4

0

2500

5000 7500 10000
Cycles

Figure 3.
Static and cyclic tensile properties of 0 s UV QHM polymer. a) Static creep tensile testing (3

MPa) of 0 s UV QHM polymer (n = 3). b) Cyclic tensile testing (10 000 cycles from 0.2 to 3
MPa at 1 Hz) of 0 s UV QHM polymer (= 3). Error bars indicate standard error of mean.
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A 3D Finite Element Model b Finite Element Analysis
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Figure 4.
Finite element analysis of gradually- and steeply graded specimens. a) 3D finite element

model used in simulations. Finite element analysis of uniform or mechanically graded
quarter models with gradually- and steeply graded interfaces subjected to 10 MPa tensile
stress. A Poisson’s ratio of 0.3 was used for top and bottom halves of each model. b) The
effect of different stiffness gradients on stress concentrations in finite element simulations.
Peak values of concentrated stress not presented in color plot.
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Photoelastic stress analysis of gradually- and steeply graded QHM polymers. a)
Experimental setup of photoelastic stress analysis. b) The effect of different stiffness
gradients on stress concentrations in QHM polymers. Representative images of photoelastic
tensile analysis for mechanically graded specimens with gradually- and steeply graded
interfaces from 3 independent experiments. Dashed boxes indicate photoelastic specimens.

Adv Funct Mater. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ker et al. Page 29

a Mechanical-Gradation b Hybrid Suture Anchor-Tendon Graft
> ol

Before Loading During Loading Schematic Side View Te Side Vi

Anchor Placement Suture Placement

Flexibility

approx. 2cm
—

Cc Experimental Setup d Degradation of QHM Polymers in
- 5N NaOH o 2N HCI
5 En BE w0
5 N NaCH g5 ¢ e | e
Incubate in ggu:'gio; is o E-E »
f— — HBSS Measure EE i ?,E g
: = " diyweight &3 = £y
40 £
QHM polymers E = 5 »
Collect fa @ go = Legend
degradation b i [ os uv
products ah wk 2wk dwk Bwk P an twk 2wk 4wk Bwk [ 90 UV
- % H,0, - BSS B 1805 UV
BEm SEm B 300s UV
; o A o | gEm —
DTS cucony 1FESEEES fp B
Media change every 481 g ar. G & « 8% w
%x 50 ?E“E =
Seed 0.7 x 10* cells §§: 58 -
&0 28 %
" Uah Twk 2wk dwk Bak ®Tah iwk 2wk dwk Bk
e Swelling Ratio of QHM f Effect of HBSS Degradation Products
Polymers on C2C12 Myoblast Growth
25 | 7
2 | g g
[=] 1 [=]
B i ! Legend b Legend
15 | e B vess et I D=y
= I 5N NaOH T Day3
£ ! B 2 HCl 8 B Day s
§ 1 | B 305 HO, s
a M | 2
o Os UV G0s UV 180s UV 300s UV HBSS 0OsUV  90sUV 180s UV 300s UV
g C2C12 Myoblasts in HBSS Degradation Products of QHM Polymers
Control (1:9) HBSS degradation products (1:9)

HBSS:Media 0s UV:Media 90s UV:Media 180s UV:Media 300s UV:Media

Figure 6.

Mechanically graded, hybrid suture anchor-tendon graft and degradation of QHM polymers.
a) Representative images of mechanically graded QHM polymer. b) Representative images
of mechanically graded QHM polymer fabricated as a hybrid suture anchor-tendon graft. c)
Experimental setup of degradation studies. d) Degradation of QHM polymers under alkaline
(5 N NaOH), acidic (2 N HCI), oxidizing (30% H,0,), and aqueous (HBSS) conditions at
37 °C over 8 weeks (n7= 6; 1 independent experiment). ) Swelling ratio of QHM polymers
under alkaline (5 N NaOH), acidic (2 N HCI), oxidizing (30% H,0,), and aqueous (HBSS)

Day 5
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conditions after 4 h at 37 °C (n= 6; 1 independent experiment). f) Proliferation of C2C12
cells in 8-week HBSS degradation products (diluted 1:9 in media) of various QHM
polymers during 5 d of culture (7= 6; 2 independent experiments). g) Spontaneous
differentiation of C2C12 cells into myotubes (red arrows) after 5 d of proliferation in 8-week
HBSS degradation products (diluted 1:9 in media). Scale bars as indicated. Error bars
indicate standard error of mean.
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Figure7.
Suture retention of 0 s UV QHM polymer and ADM. a) Cyclic suture retention testing (500

cycles from 0 to 7.5 N at 0.5 Hz) of 0 s UV QHM polymer and ADM (n7=5). b) 0 s UV
QHM polymer and ADM were loaded to failure following cyclic suture retention testing (n
=5). Error bars indicate standard error of mean. *: Statistical significance (p < 0.05) relative
to ADM.
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Figure8.
Biomechanical properties and histology of rat supraspinatus muscle-tendon-bone unit 8

weeks after tendon resection and graft-augmented repair. a) Ultimate load of rat
supraspinatus muscle-tendon-bone unit 8 weeks after 0 s UV QHM polymer- or ADM-
mediated repair (7= 6, 3 independent experiments). b) Normalized tensile stiffness of rat
supraspinatus muscle-tendon-bone unit 8 weeks after 0 s UV QHM polymer- or ADM-
mediated repair. Stiffness is normalized by taking the slope of the load versus strain
(specimen displacement/original length) for equal area (7= 6, 3 independent experiments).
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¢) Hematoxylin and eosin (H&E) and trichrome staining of rat bone-tendon tissue 8 weeks
after 0 s UV QHM polymer- or ADM-mediated repair. In H&E images, cell nuclei stained
purple whereas cell cytoplasm and extracellular matrix stained pink. 0 s UV QHM polymer
and ADM stained red and pink, respectively. In Trichrome images, cell nuclei stained black,
cell cytoplasm as well as muscle fibers stained red/pink whereas collagen fibers stained blue.
0 s UV QHM polymer and ADM stained yellow and blue, respectively. Dark green arrows
indicate sutures (circular light gray structures). Black arrows indicate aligned and wavy
extracellular fibers embedded with elongated tendon-like cells (7= 3, 1 independent
experiment). Scale bars 50 pm. Error bars indicate standard error of mean. *: Statistical
significance (p < 0.05) relative to ADM.
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