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A B S T R A C T   

Facile and rapid 3D fabrication of strong, bioactive materials can address challenges that impede repair of large- 
to-massive rotator cuff tears including personalized grafts, limited mechanical support, and inadequate tissue 
regeneration. Herein, we developed a facile and rapid methodology that generates visible light-crosslinkable 
polythiourethane (PHT) pre-polymer resin (~30 min at room temperature), yielding 3D-printable scaffolds 
with tendon-like mechanical attributes capable of delivering tenogenic bioactive factors. Ex vivo characterization 
confirmed successful fabrication, robust human supraspinatus tendon (SST)-like tensile properties (strength: 23 
MPa, modulus: 459 MPa, at least 10,000 physiological loading cycles without failure), excellent suture retention 
(8.62-fold lower than acellular dermal matrix (ADM)-based clinical graft), slow degradation, and controlled 
release of fibroblast growth factor-2 (FGF-2) and transforming growth factor-β3 (TGF-β3). In vitro studies showed 
cytocompatibility and growth factor-mediated tenogenic-like differentiation of mesenchymal stem cells. In vivo 
studies demonstrated biocompatibility (3-week mouse subcutaneous implantation) and ability of growth factor- 
containing scaffolds to notably regenerate at least 1-cm of tendon with native-like biomechanical attributes as 
uninjured shoulder (8-week, large-to-massive 1-cm gap rabbit rotator cuff injury). This study demonstrates use of 
a 3D-printable, strong, and bioactive material to provide mechanical support and pro-regenerative cues for 
challenging injuries such as large-to-massive rotator cuff tears.   

1. Introduction 

Severe tendon injuries such as large-to-massive rotator cuff tears are 
challenging to repair due to the simultaneous requirements to withstand 
loading forces necessary for joint movement as well as enhance healing 
for restoring native tissue structure, often requiring complex fabrication 
approaches to develop mechanically strong and bioactive grafts. Tendon 
injuries can occur as a result of either acute trauma or chronic overuse in 
a wide demographic range that includes athletes, manual laborers, and 
the elderly [1–3]. The significance of such injuries is best appreciated 

from a broad survey of 3246 muscle-tendon-bone defects in 2823 pa-
tients [4]. This study showed that a majority (35%) of injuries occurred 
in the tendon midsubstance [4]. If left unaddressed, such tendon rup-
tures can pathologically progress into chronic multi-tissue injuries that 
include bone loss and skeletal muscle fatty degeneration [1–3,5,6]. 
Although rotator cuff surgeries have been estimated to save the United 
States economy approximately US$ 3.44 billion annually [7], biblio-
metric analyses [8,9] indicate that advances in biomaterial scaffolds are 
still being actively pursued, with existing tendon scaffolds possessing 
their own inherent advantages and disadvantages [10]. Therefore, there 
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exists a strong impetus to improve existing biomaterial performance. 
In this regard, key biomaterial specifications including mechanical 

properties, biological activity, and manufacturability should be 
considered. From a biomechanical perspective, tendons such as human 
SST have high mechanical attributes (tensile strength: 4–22 MPa, tensile 
modulus: 218–592 MPa [11,12]), which is crucial for efficient trans-
mission of muscle contractile force to bone. Indeed, mechanical attri-
butes such as subpar tendon stiffness have been shown to negatively 
impact the efficiency of musculoskeletal movement [13] while inade-
quate tensile strength [14] or poor suture retention [15] may predispose 
a tendon to failure even after surgical repair. From a biological 
perspective, tendons often do not fully regenerate and instead heal by 
fibrovascular scar tissue formation [6,16]. Given that tendon tissue 
structure, such as collagen fiber crimping, is important for tendon’s 
mechanical response [17], the loss of highly aligned, load-bearing 
collagen fibers results in mechanically weakened tissue, reducing ten-
don’s tensile strength by as much as 70% [18]. In large-to-massive ro-
tator cuff tears, poor mechanical integrity coupled with inadequate 
biologic healing is responsible for a high re-tear rate (up to 91%) even 
after surgical repair [19,20]. From a manufacturability perspective, 
advanced fabrication techniques that facilitate facile and rapid pro-
duction of patient-specific grafts are also desired. Rotator cuff tears may 
differ not only in the magnitude of their tear size but also their 
morphological shape. For example, rotator cuff tears can be classified as 
crescent-shaped, reverse L-shaped, L-shaped, trapezoidal-shaped, and 
massive full-thickness tears [21]. These morphological differences are 
important as they can differentially impact rotator cuff kinematics such 
as humeral internal rotation and superior translation [22] as well as 
patient outcomes in terms of pain and shoulder function [23]. Although 
customized rotator cuff grafts are not commercially available, it is 
common practice for orthopaedic surgeons to personalize a graft for a 
particular lesion size and shape [24], highlighting the need for rapid 
on-demand, low-volume production of customized grafts. Together, 
rapid and facile production of mechanically robust and bioactive 

tendon-like materials is highly desirable to address biological and me-
chanical deficits present in rotator cuff injuries as well as facilitate 
personalized graft fabrication for improving patient outcomes. 

To address these key issues, we developed a facile method for 
fabricating a mechanically robust, slow degrading, and bioactive, 3D- 
printable polythiourethane elastomer known as PHT polymer and per-
formed chemical, mechanical, and biological characterization to 
demonstrate its ability to restore native tendon-like biomechanical 
function and enhance tissue healing (Scheme 1). Facile synthesis of PHT 
polymer is attained by 30-min mixing of pentaerythritol tetrakis (3- 
mercaptopropionate) (P), hexamethylene diisocyanate (H), and trime-
thylolpropane triacrylate (T) under ambient, room temperature condi-
tions followed by visible light 3D-printing and heat curing, resulting in 
highly crosslinked, polythiourethane networks. Ex vivo, 3D-printable 
PHT polymer achieved robust tendon-like mechanical properties, 
including the ability to sustain 10,000 cycles of physiologic loading 
(0.2–3 MPa per cycle), exhibited slow degradation under alkaline and 
acidic conditions, and showed sustained growth factor release, specif-
ically tendon-promoting FGF-2 and TGF-β3. In vitro, PHT polymer 
exhibited minimal cytotoxicity, supported cell attachment, and facili-
tated tendon-like differentiation. In vivo, PHT polymer showed 
biocompatibility in a mouse subcutaneous implantation model and 
restored rotator cuff biomechanical function and enhanced tissue heal-
ing in a rabbit large-to-massive injury model. In the injury model, im-
plantation with PHT polymer containing a relatively low dose of FGF-2 
and TGF-β3 demonstrated higher ultimate load and similar stiffness as 
non-operated controls, and about 1-cm tendon regeneration was 
observed. These observed effects support the likelihood of achieving 
successful tendon repair outcomes using facilely produced PHT 
constructs. 

2. Results 

In this study, PHT polymer was first synthesized in a two-step 

Scheme 1. Facile and rapid fabrication of polythiourethane (PHT) polymer is attainable at room temperature via a 30-min reaction, yielding a pre-polymer resin 
suitable for visible light-mediated 3D-printing. This novel PHT polymer exhibits robust mechanical properties to support joint movement, is capable of delivering 
tenogenic bioactive factors to enhance tissue regeneration, and can be customizable for different patient tear morphologies. 
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reaction and subsequently characterized ex vivo (FTIR, mechanical, 
degradation, and growth factor retention/release studies), in vitro (cell 
viability, cell attachment, and tenogenic differentiation assays), and in 
vivo (mouse subcutaneous and rabbit large-to-massive rotator cuff defect 
models) (Fig. 1a). 

2.1. Synthesis and ex vivo chemical characterization of PHT polymer and 
3D-printed PHT scaffold 

2.1.1. Two-step fabrication of PHT polymer and chemical characterization 
of PHT polymer by FTIR 

PHT polymer was synthesized from P, H and T with a desired ratio 
through a facile two-step fabrication process (Fig. 1b). In the first step, 
PH pre-polymer was synthesized by simple mixing of P and H with the 
addition of a small amount of catalyst using a vortex mixer. In the second 
step, the PH pre-polymer was mixed and reacted with T under visible 
light exposure to form PHT polymer (Fig. 1b). The pre-polymer resin can 
be prepared via simple mixing in 30 min or less and subsequently 3D- 
fabricated under ambient, room temperature conditions. 

To monitor the fabrication of PHT polymer, Fourier transformed 
infrared (FTIR) spectroscopy was used to characterize the chemical re-
actions among P, H, and T monomers as well as under the presence of 
increasing visible light exposure (Fig. 1c and Fig. S1). The FTIR spectra 
of P/H, P/T and H/T indicated that chemical reactions occurred be-
tween P (-SH) and H (-N––C––O) as well as P (-SH) and T (-CH––CH2) to 
form thiocarbamate and alkyl sulfide bonds, respectively, but not be-
tween H and T (Fig. S2). Formation of thiocarbamate is evident from the 
complete loss of signals at 2220-2280 cm− 1 (-N––C––O) and reduced 
signals at 2550-2600 cm− 1 (-SH) (Fig. 1c), which were attributed to 
stretching vibrations of both isocyanate and of thiol groups [25–27], as 
well as the appearance of signals around 1176-1299 cm− 1 and 3359 
cm− 1 (Fig. 1c), which were attributed to stretching vibrations of 
carbamate carbonyl (-C––O) groups and carbamate amine (-NH) groups 
undergoing hydrogen bonding with carbonyl groups [25–27]. The 
complete loss of the isocyanate signal indicated complete reaction of H 
[25] (Fig. 1c). Formation of alkyl sulfide bonds is evident from loss of the 
aforementioned thiol (-SH) as well as acrylate alkene (-CH––CH2) signals 
(Fig. 1d). FTIR spectra of PHT pre-polymer under increased visible light 
exposure indicated increased reactions between the thiol group of PH 
pre-polymer and the acrylate alkene group of the T, which were re-
flected within two regions-of-interest (Fig. 1e and f). These two 
regions-of-interests include signals at 809 and 2566 cm− 1, which were 
attributed to the stretching vibrations of acrylate alkene (-CH––CH2) and 
thiol (-SH) respectively. To compare these signals, the wave number at 
780 ± 20 cm− 1, which was attributed to the bending mode of –CH [28] 
was used as an invariant peak for normalization [25]. In such compar-
isons, the ratio of the peak values at 809 ± 5 (-CH––CH2)/780 ± 5 (-CH), 
as well as 2566 ± 5 (-SH)/780 ± 5 (-CH) were gradually decreased with 
increased visible light exposure, indicating visible light-induced pho-
to-crosslinking between PH pre-polymer and T (Fig. 1e and f). Together, 
this facile mixing method demonstrated expected formation of poly-
thiourethane networks via a combination of chemical- and visible 
light-induced photo-crosslinking for rapid production of 
photo-crosslinkable 3D-printing resins. 

2.1.2. 3D-printing properties of PHT polymer 
To determine the 3D-printability of PHT polymer, we designed and 

3D-fabricated a tendon sheath-like scaffold with wavy topography and 
semi-spherical physical features followed by comparative assessment of 
3D-printing fidelity via digital photographs and reconstructed micro- 
computed tomography (microCT) images (Fig. 1g). The computer- 
aided design (CAD) model was engineered to mimic aspects of tendon 
structure and architecture such as its anisotropic nature and crimped 
tendon fibers [29] with the semi-spherical physical features as fiduciary 
markers to facilitate in vivo suturing (Fig. 1g). Digital photographs and 
reconstructed microCT images of 3D-printed PHT scaffolds showed good 

concurrence of scaffold morphology and porosity with the 
computer-aided design, demonstrating the pre-polymer’s resin fidelity 
for 3D-printing fabrication (Fig. 1g). Also, photoelastic stress analysis of 
3D-printed PHT scaffolds showed that 3D-fabricated specimens did not 
contain any internal residual stress following fabrication relative to 
standard tissue culture plasticware, as evidenced by the lack of induced 
colour birefringence (Fig. S3). Together, these data showed that PHT 
polymer was 3D-printable using visible light with high fidelity. 

2.2. Ex vivo mechanical characterization of PHT polymer and 3D-printed 
PHT scaffold 

To determine the mechanical properties of PHT polymer, static 
tensile, cyclic tensile, static creep tensile, and suture retention tests were 
performed with PHT polymer post-heat cured at 150 ◦C for 2, 4 and 8 h 
separately (Fig. 2). Heat curing of PHT polymers was performed to in-
crease tensile properties of the polymers [25]. 

2.2.1. Static tensile properties 
PHT polymers with 2-, 4- and 8-h of heat curing were mechanically 

assessed following the guidelines in American Society for Testing and 
Materials (ASTM) methods D638-10 (Tensile properties of plastics). 
With increased heat curing times, ultimate tensile stress increased from 
18.2 ± 0.49 MPa (2h-PHT) to 27.5 ± 0.41 MPa (8h-PHT) (Fig. 2a). 
Similarly, the tensile modulus increased from 184.8 ± 7.91 MPa (2h- 
PHT) to 843.7 ± 31.97 MPa (8h-PHT) (Fig. 2a). Conversely, the ultimate 
strain decreased with increased post heat curing time, with 4h-PHT and 
8h-PHT showing physiologically relevant strains of 10–20% (Fig. 2a). 
Also, 2h-, 4h-, and 8h-PHT showed a total work-to-failure of around 
0.15 J and tensile toughness of around 3 MPa (Fig. 2a). In addition, 
when tensile strength and tensile modulus were normalized using their 
respective tensile attribute for human supraspinatus tendon (SST), 4h- 
PHT polymer was identified to be most SST-like relative to the clini-
cally used rotator cuff patches and recently developed biomaterial 
scaffolds (Fig. 2a and Table S1) [30–33]. Together, these data demon-
strated that PHT polymer exhibited heat curing dependent tensile 
properties that were reminiscent of human SST tendon. 

2.2.2. Cyclic tensile properties 
To determine the mechanical robustness of PHT polymer, PHT 

polymers with 2-, 4- and 8-h of heat curing were mechanically assessed 
following the guidelines in ASTM methods D7791-12 (Uniaxial fatigue 
properties of plastics) (Fig. 2b). A physiologically relevant tension 
loading regimen of 0.2–3 MPa per cycle was chosen as this mimicked 
75% of the failure stress observed for human SST in Itoi et al. [11,25]. 
All samples sustained at least 10,000 loading cycles of 0.2–3 MPa tensile 
stress without failure (Fig. 2b). The maximum strain (%) observed 
during 10,000 loading cycles were within a physiologically relevant 
range (less than 3%) for 2h-PHT, 4h-PHT, and 8h-PHT with a relatively 
consistent dynamic, storage and loss moduli throughout testing 
(Fig. 2b). Together, these data showed that PHT polymer was mechan-
ically robust and exhibited stable tensile properties during cyclic fatigue 
testing. 

2.2.3. Static creep tensile properties 
PHT polymers with 2-, 4- and 8-h of heat curing and a clinically 

available acellular dermal matrix (ADM; GraftJacket™) were mechan-
ically assessed using a 30-min static creep hold at a physiologically 
relevant stress of 3 MPa [25] followed by rapid unloading to monitor its 
recovery performance (Fig. 2c). PHT polymers exhibited decreased 
creep strain (%) with increased heat curing time. The creep strain of 
4h-PHT (2.92 ± 0.12%) and 8h-PHT (0.85 ± 0.03%) were markedly 
lower than the strain change of ADM (4.90 ± 0.24%). Also, both 4h-PHT 
and 8h-PHT achieved more than 80% recovery (83.01 ± 1.45% for 
4h-PHT, 92.71 ± 4.04% for 8h-PHT) compared to 22.62 ± 2.54% re-
covery for ADM after a 10-min rest period (Fig. 2c). Together, these data 
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showed that PHT polymer exhibited robust mechanical performance in 
response to time-dependent stress and excellent recovery performance. 

2.2.4. Suture retention properties 
Suture tear through of tendon is the most frequent mode of failure in 

rotator cuff repair [25,34,35] and therefore vital for ensuring repair 
construct integrity post-surgery. To determine the suture retention 
properties of PHT polymer, ADM and 3D-printed PHT scaffold fabricated 
from 4h-PHT, which best mechanically mimics human SST, were 
assessed by measuring suture migration during load-to-failure tensile 
tests (Fig. 2d). At 15 N during load-to-failure, 3D-printed scaffold 
fabricated using 4h-PHT exhibited only 0.4 ± 0.03 mm suture migra-
tion, which was 8.62-fold lower than ADM (3.45 ± 0.21 mm) (Fig. 2d). 
Together, these data demonstrated that 3D-printed PHT scaffold 
exhibited excellent suture retention relative to ADM. 

2.2.5. Tensile properties of 3D-printed PHT scaffold 
To determine the tensile properties of mock repaired tendon con-

structs, ADM and 3D-printed PHT scaffold fabricated from 4h-PHT were 
mechanically assessed by ultimate load and total-work-to-failure during 
load-to-failure tensile tests (Fig. 2e). 3D-printed PHT scaffold exhibited a 
similar ultimate load (54.69 ± 2.26 N) as ADM (56.68 ± 1.38 N) but 
showed two-fold higher total work-to-failure (3D-printed PHT scaffold: 
0.24 ± 0.02 J, ADM: 0.12 ± 0.02 J) (Fig. 2e). Together, these data 
demonstrated that 3D-printed PHT scaffold exhibited excellent tensile 
properties relative to ADM. 

2.2.6. Summary of 3D-printed PHT scaffold mechanical properties 
In summary, PHT polymers showed increased mechanical charac-

teristics with increased heat curing. In particular, 4h-PHT polymer 
demonstrated competent biomechanical properties including human 
SST-like tensile strength (23.3 ± 0.50 MPa) and tensile modulus (459.4 
± 17.13 MPa), high mechanical robustness vis-à-vis withstanding at 
least 10,000 cycles of physiological loading without failure, physiolog-
ically relevant time-dependent mechanical response and recovery, and 
superior suture retention as well as tensile attributes relative to clini-
cally available ADM. On the basis of these findings, 4h-PHT polymer was 
used to fabricate 3D-printed PHT scaffold for subsequent degradation 
and swelling assays, growth factor retention/release experiments, as 
well as in vitro and in vivo studies. 

2.3. Ex vivo degradation and swelling studies of PHT polymer 

Degradation and swelling studies were performed to determine the 
physical integrity of PHT polymers and ADM under normal (neutral) or 
pathologic (acidic or alkaline or oxidizing) physiological conditions 
such as chronic wound environments and foreign body reaction to 
implanted materials (Fig. 3a). In swelling studies, PHT polymer samples 
were incubated under neutral (Hank’s buffered salt solution/HBSS), 
alkaline (5 N NaOH) and acidic (1 N hydrochloric acid/HCl) condition 
for 4 h and exhibited little-to-no swelling under neutral, alkaline, and 
acidic conditions (Fig. 3b). In accelerated degradation studies, PHT 
polymer and ADM samples were incubated under alkaline (5 N sodium 
hydroxide/NaOH) and acidic (2 N HCl) conditions for 5 days as well as 
oxidizing (30% hydrogen peroxide/H2O2) conditions for 1 week, which 
resulted in differential mass loss (Fig. 3c). Under acidic and oxidizing 
conditions, both PHT polymers and ADM exhibited little-to-no mass loss 
whereas under alkaline conditions, PHT polymers and ADM exhibited 

~69% and 100% mass loss, respectively (Fig. 3c). Static tensile testing of 
PHT polymers and ADM which showed little-to-no degradation 
following 5-days incubation in 2 N HCl exhibited similar changes in 
tensile properties when normalized to pristine samples (Fig. 3d). 
Together, these data showed that PHT polymers degraded more slowly 
compared to commercially available ADM graft under physiologically 
relevant, simulated body conditions. 

2.4. Ex vivo growth factor retention/release from 3D-printed PHT 
scaffold 

An essential characteristic of a biocompatible tendon tissue engi-
neered scaffold is its ability to retain and release relevant bioactive 
factors, e.g., FGF-2 and TGF-βs, which are known to bind to extracellular 
matrix molecules such as fibrinogen [36,37]. To assess the retention/-
release profile of tendon-promoting FGF-2 and TGF-β3 [1,29,38–40] 
from 3D-printed PHT scaffolds containing fibrin hydrogel, 
enzyme-linked immunosorbent assay (ELISA) kits were used to monitor 
growth factor release for up to 2 weeks (Fig. 4). To account for potential 
confounding variables such as growth factor half-life [41], masking of 
antibody recognition sites due to growth factor-soluble extracellular 
matrix interactions, etc., retention/release studies were limited to 6- and 
14-days for FGF-2 [42] and TGF-β3 [43,44], respectively, and termi-
nologies such as ‘ELISA-detectable FGF-2’ or ‘ELISA-detectable TGF-β3’ 
values were reported. For FGF-2, ELISA-detectable FGF-2 showed a burst 
release with the highest concentration of 4.285 ± 0.795 ng/mL during 
the initial 8 h and a steady release from day 2 until day 6 (Fig. 4a). The 
calculated cumulative mass and percentage of ELISA-detectable FGF-2 
released was 61.56 ng and 2.03 % after 6-days (Fig. 4a). For TGF-β3, 
ELISA-detectable TGF-β3 was gradually released from the fibrin gel, and 
reached a peak concentration of 24.865 ± 0.785 ng/mL at day 10 
(Fig. 4b). The calculated cumulative mass and cumulative percentage of 
ELISA-detectable TGF-β3 released was 309.5 ng and 51.11 % after 
14-days (Fig. 4b). Together, these data showed controlled, sustained 
release of FGF-2 and TGF-β3 from 3D-printed PHT scaffolds containing 
fibrin hydrogel. 

2.5. In vitro biocharacterization of 3D-printed PHT scaffold 

2.5.1. Cell attachment and cell viability assay on PHT polymer 
To assess the ability of PHT polymer to support cell attachment and 

viability, C2C12 cells and human mesenchymal stem cells (hMSCs) were 
independently cultured on the surface of PHT polymers with 2-, 4- and 8- 
h of heat curing or 3D-printed PHT scaffolds fabricated from 4h-PHT and 
subsequently subjected to cell counting, Live/Dead assay, and scanning 
electron microscopy (SEM) studies (Fig. 5a). C2C12 cells and hMSCs 
were used as model surrogates of muscle-derived stem/progenitor cells 
and mesenchymal stem cells, respectively. These cell types have been 
explored for their potential in cell-based therapeutics for tendon 
regeneration [39,45]. Cell counting studies at 3-h post-seeding indicated 
that the cell densities of C2C12 cells and hMSCs remained constant 
(2h-PHT: 7.31 × 104 cells/cm2, 4h-PHT: 7.45 × 104 cells/cm2, 8h-PHT: 
8.26 × 104 cells/cm2) and there was no difference among groups of 
different heat curing times (Fig. 5b). Live/Dead analysis showed that a 
majority of C2C12 cells and hMSCs were viable on all PHT polymers 
with few cell death, compared to the 70% methanol-treated negative 
controls (Fig. 5c). No obvious difference of cell viability was found 
among PHT polymers with different heat curing times. SEMstudies 

Fig. 1. Experimental design and synthesis of PHT polymer. PHT pre-polymer could be rapidly prepared under ambient room temperature conditions for 3D-printing. 
(a) Experimental design of the whole presented work. (b) Synthesis of PHT polymer via a two-step reaction. (c) FTIR spectra of individual PHT components (P, H and 
T) and PHT polymer without visible light exposure. (d) FTIR spectra of PHT polymer under different visible light exposure time. Region-of-interest 1 and 2 are 
indicated by purple and red dashed boxes, respectively. (e) Region-of-interest 1 showed a C––C signal around 809 wavenumber and ratio of C––C (809)/–CH (780) 
under different visible light exposure time. (f) Region-of-interest 2 showed an S–H signal around 2566 wavenumber and ratio of –SH (2566)/–CH (780) under 
different visible light exposure time. (g) Computer-aided designed (CAD) model with digital photograph and micro-computed tomography (microCT) reconstruction 
images of 3D-printed tendon sheath-like PHT scaffold. 

X. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 37 (2024) 439–458

444

(caption on next page) 

X. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 37 (2024) 439–458

445

further supported 3D-printed PHT scaffold cytocompatibility, with 
hMSCs adopting an elongated and well-spread morphology on the sur-
face of the PHT scaffold (Fig. 5d). Together, these results demonstrated 
that PHT polymer was cytocompatible. 

2.5.2. Tenogenic differentiation assay on PHT polymer 
To further assess the ability of PHT polymer to support tendon-like 

differentiation, hMSCs were cultured on the surface of PHT polymers 
in the presence or absence of tendon-promoting FGF-2 and TGF-β3 for 4 
days or 10 days followed by Picrosirius Red staining for collagen and 
immunostaining for tendon-associated markers including scleraxis 
(Scx), collagen type I (Col1), tenascin C (Tnc) and tenomodulin (Tnmd) 
(Fig. 5a). Increased Picrosirius Red staining was observed for hMSCs 
cultured on PHT polymers with FGF-2 and TGF-β3 (2h-PHTFGF-2+TGF-β3: 
0.50 ng/mL Col1, 4h-PHTFGF-2+TGF-β3: 0.58 ng/mL Col1, 8h-PHTFGF- 

2+TGF-β3: 0.44 ng/mL Col1) relative to untreated controls (2h-PHTControl: 
0.28 ng/mL Col1, 4h-PHTControl: 0.36 ng/mL Col1, 8h-PHTControl: 0.18 
ng/mL Col1), indicating increased collagen deposition (Fig. 5e). 

Immunofluorescence staining also revealed that hMSCs cultured on the 
surface of PHT polymers with FGF-2 and TGF-β3 showed a 2.6-, 520-, 
3.6-, and 29.7-fold increased expression for Scx (day 4), Col1 (day 10), 
Tnc (day 10), and Tnmd (day 10) relative to control (Fig. 5f). Together, 
these data demonstrated that PHT polymer supported hMSCs tendon- 
like differentiation. 

2.6. In vivo characterization of 3D-printed PHT scaffold 

2.6.1. Mouse dorsal subcutaneous implantation and histology 
To assess the in vivo biocompatibility of PHT polymer, ADM and 3D- 

printed PHT scaffolds fabricated from 4h-PHT were implanted subcu-
taneously in mice for 3 weeks and assessed histologically (Fig. 6). Mice 
implanted with either ADM or 3D-printed PHT scaffolds showed 
consistent weight gain and did not exhibit adverse clinical signs or 
mortality (data not shown) or detrimental reactions such as necrosis, 
infection, and granuloma around the implants as assessed by gross visual 
inspection (Fig. 6a). Hematoxylin and Eosin (H&E) staining showed that 

Fig. 2. Mechanical properties of PHT polymers and 3D-printed PHT scaffold. PHT polymers and 3D-printed PHT scaffold exhibited mechanically robust, tendon-like 
properties. (a) Load-to-failure test of PHT polymer post-heat cured for 2, 4 and 8 h separately (n = 28 for each group). Tensile strength, tensile modulus, ultimate 
strain, total work-to-failure, and toughness were determined. Ashby chart simultaneously comparing the tensile strength and tensile modulus of human supraspinatus 
tendon (SST) with 4h-PHT, clinical grafts, and recently developed tendon biomaterial scaffolds showed that 4h-PHT was most similar to human SST. ***: p ≤ 0.001; 
statistical significance was relative to 2h-PHT. #: p ≤ 0.05; ##: p ≤ 0.01; ###: p ≤ 0.001; statistical significance was relative to 8h-PHT. (b) Cyclic tensile test of 
PHT polymer post-heat cured for 2, 4 and 8 h separately (10,000 cycles from 0.2 to 3 MPa at 1 Hz, n = 4 for each group). Cycle-strain curve, maximum cyclic strain as 
well as dynamic, storage and loss moduli were calculated and analyzed. ***: p ≤ 0.001; statistical significance was relative to 2h-PHT. (c) Static creep tensile testing 
(3 MPa) of 2h, 4h, and 8h-PHT (n = 7 for each group). Representative images showing the ADM and PHT sample before testing (0 min) and at the end of testing (40 
min). Static creep strain (%) and creep recovery (%) were determined. ***: p ≤ 0.001; statistical significance was relative to 2h-PHT. ###: p ≤ 0.001; statistical 
significance was relative to ADM. (d) Suture retention of 4 h post-heat cured PHT polymer and ADM (n = 3 for each group). FiberWire suture migration at 15 N 
during load-to-failure was calculated for 4h-PHT and ADM. ###: p ≤ 0.001; statistical significance was relative to ADM. (e) Tensile testing of 3D-printed PHT 
scaffold post-heat cured for 4 h and ADM (4h-PHT: n = 5, ADM: n = 3). Ultimate load and total work-to-failure were determined for 4h-PHT and ADM. Error bars 
indicate standard error of mean. 

Fig. 3. Accelerated degradation and swelling studies of PHT polymer. PHT polymer degraded slowly under alkaline, acidic, and oxidizing conditions. (a) Experi-
mental design of accelerated degradation and swelling studies. (b) Swelling ratio of PHT polymers under aqueous (HBSS), alkaline (5 N NaOH) and acidic (1 N HCl) 
conditions after 4 h at room temperature (n = 6 for each group; 1 independent experiment). (c) Accelerated degradation of PHT polymers under alkaline (5 N sodium 
hydroxide/NaOH), acidic (2 N hydrochloric acid/HCl), and oxidizing (30% hydrogen peroxide/H2O2) conditions at room temperature over 5 days or 1 week (5 N 
NaOH – PHT polymer: n = 28, ADM: n = 9, 2 N HCl – PHT polymer: n = 14, ADM: n = 9, 30% H2O2 – PHT polymer: n = 6, ADM: n = 3; 1–2 independent ex-
periments). ****: p ≤ 0.0001; statistical significance was relative to ADM. (d) Percentage change in tensile strength, tensile modulus, and failure strain following 1- 
week incubation in 2 N HCl (PHT polymer: n = 14, ADM: n = 6; 1 independent experiment). Error bars indicate standard error of mean. 
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3D-printed PHT scaffold did not induce an overt inflammatory response 
as ADM (Fig. 6b). In support of this, negligible staining for inducible 
nitric oxide synthase (iNOS) and CD68 monocyte/macrophage marker 
was observed in tissues adjacent to both 3D-printed PHT scaffold and 
ADM (Fig. 6b). Although some positive iNOS and CD68 staining signals 
were observed, these largely originated from skeletal muscle fibers or 
non-specific staining of 3D-printed PHT and ADM as opposed to 
monocytes/macrophages (Fig. 6b). Together, these findings demon-
strated that 3D-printed PHT scaffold was biocompatible. 

2.6.2. Rabbit large-to-massive rotator cuff injury, tensile testing, and 
histology 

To assess the ability of bioactive PHT polymer to treat severe tendon 
injuries, 3D-printed PHT scaffolds were fabricated from 4h-PHT, com-
bined with fibrin hydrogel containing either no growth factor or with 
FGF-2 and TGF-β3 just prior to surgery, and implanted into a rabbit 
large-to-massive rotator cuff injury (0.3-cm segmental defect with 1-cm 
gap) for 8-weeks followed by biomechanical and histological assessment 
(Fig. 7). This study did not perform ADM-mediated repair since PHT 
polymer exhibited superior native tendon-like tensile properties and 
higher physical integrity relative to ADM and repair interventions were 
compared to contralateral intact/uninjured control as a gold standard. 
Also, this study protocol used a 1-cm gap to both simulate a large-to- 
massive injury with tendon retraction (Fig. 7a–b) as well as to reduce 
excessive repair tension, the latter of which has been shown to be 
detrimental to long-term repair integrity [46]. Rabbits implanted with 
3D-printed PHT scaffolds showed consistent weight gain and did not 
exhibit unrelated adverse clinical signs or mortality (data not shown). 

Mechanical testing of the supraspinatus muscle-tendon-bone units 8- 

weeks post-surgery (Fig. 7c–h) demonstrated that rabbits implanted 
with 3D-printed PHT scaffolds exhibited excellent restoration of shoul-
der mechanical properties. Specifically, PHT-GFs (PHT with FGF-2 and 
TGF-β3) showed higher ultimate load (Control: 55.33 ± 2.82 N; PHT: 
69.16 ± 6.22 N; PHT-GFs: 79.49 ± 3.96 N) and similar stiffness (Con-
trol: 13.30 ± 0.80 N/mm; PHT: 10.43 ± 1.13 N/mm; PHT-GFs: 10.44 ±
1.18 N/mm) when compared to the no surgery/uninjured control group 
(Fig. 7d and e). The ultimate displacement in both PHT and PHT-GFs 
groups were also higher (Control: 6.21 ± 0.44 mm; PHT: 12.69 ±
1.17 mm; PHT-GFs: 11.01 ± 1.29 mm) compared to no surgery/unin-
jured control group (Fig. 7f). This higher ultimate displacement resulted 
in a 2- to 3-fold increased total work-to-failure (Control: 0.22 ± 0.02 J; 
PHT: 0.59 ± 0.06 J; PHT-GFs: 0.54 ± 0.09 J), which endowed an 
additional factor of safety to avoid catastrophic failure of the repair 
construct (Fig. 7g). Similar results were attained with higher FGF-2 and 
TGF-β3 doses (data not shown). Notably, PHT scaffold with or without 
FGF-2 and TGF-β3 showed the highest normalized ultimate load and 
normalized stiffness when compared to recent tendon tissue engineering 
studies that reported both tensile strength and modulus along with un-
injured limb as control (Fig. 7h and Table S2-S3), highlighting 3D- 
printed PHT scaffold’s favourable mechanical properties [47–50]. 

Histological assessment of the supraspinatus muscle-tendon-bone 
units 8-weeks post-surgery demonstrated the presence of at least 1-cm 
of regenerated tendon tissue in 67% of rabbits (n = 4/6) in PHT group 
and 100% of rabbits in PHT-GFs group (n = 6/6) as shown in the H&E, 
Masson’s Trichrome, and Picrosirius Red stains (Fig. 7i). Elongated cells 
with flattened nuclei embedded within aligned and wavy collagen fibers 
were observed in all 3D-printed PHT scaffold groups as shown in the 
H&E staining, and Picrosirius Red staining showed increased collagen 

Fig. 4. Growth factor release profile from 3D-printed PHT scaffold. 3D-printed PHT scaffolds containing fibrin gels mediated controlled release of FGF-2 and TGF-β3. 
(a) Concentration, cumulative mass and cumulative percentage of FGF-2 released from the fibrin gel inside the PHT scaffold. (b) Concentration, cumulative mass and 
cumulative percentage of TGF-β3 released from the fibrin gel inside the PHT scaffold. Experiments were repeated twice with n = 2 independent experiments for each 
time point. 
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content in the region of interest (ROI) for the PHT-GFs group relative to 
the PHT group (Fig. 7i), whereas the two groups showed similar level of 
collagen alignment in the ROI (Fig. S4). Blinded histological scoring 
showed that the PHT-GFs group exhibited a favourable lower macro-
scopic histopathological score (closer to no surgery/uninjured group) 
than the PHT group indicating the application of FGF-2 and TGF- β3 
improved the regeneration of tendon tissue 8 weeks after surgery (Fig. 7j 
and Table S4). However, the microscopic histopathological scores be-
tween the two groups were similar (Fig. S4 and Table S5). In addition, 
immunofluorescence staining of tendon-associated markers showed 
positive staining for Scx, Col1 and Tnmd peri-implant in all 3D-printed 
PHT scaffold groups, with higher Scx expression in the PHT-GFs group 
(Fig. 7k). 

Together, these data demonstrated that 3D-printed PHT scaffold 
with FGF-2 and TGF-β3 fully restored SST rotator cuff tensile properties 
and promoted at least 1-cm of tendon regeneration. 

3. Discussion 

3.1. Goal of this work 

The primary motivation in this work was to develop an easily man-
ufactured, mechanically robust, and pro-regenerative tendon 

biomaterial that addresses mechanical and biological deficits in rotator 
cuff injuries whilst avoiding a complex and laborious production pro-
cess. From a manufacturing perspective, PHT pre-polymer resin could be 
rapidly prepared in under 30 min at ambient room temperature condi-
tions for 3D-printing (Fig. 1). From a mechanical repair perspective, 3D- 
printed PHT polymer was mechanically strong and tendon-like (Fig. 2), 
exhibiting slow degradation to facilitate physiological shoulder move-
ment and preserve surgical repair integrity (Fig. 3). From a biological 
repair perspective, 3D-printed PHT polymer was amenable to controlled 
growth factor delivery (Fig. 4), supported growth factor-mediated 
tenocyte differentiation in vitro (Fig. 5), and exhibited similar biocom-
patibility as tendon clinical grafts in an ectopic mouse subcutaneous 
model (Fig. 6), which are crucial requirements for enhancing tissue 
healing. Notably, 3D-printed PHT polymer with growth factors 
demonstrated at least 1-cm of tendon regeneration with native-like 
biomechanical attributes as uninjured shoulder in an orthotopic rabbit 
rotator cuff injury model (Fig. 7). Together, this study shows that 3D- 
printed PHT polymer has potential for rapid and seamless manufac-
ture of patient personalized grafts whilst simultaneously addressing 
mechanical and biological deficits in rotator cuff injuries. 

Fig. 5. Effect of PHT polymers on hMSC and C2C12 cell attachment, hMSC and C2C12 cell viability and hMSC tendon-like differentiation in vitro. PHT polymers 
exhibited cytocompatibility with hMSCs and C2C12 cells and supported growth factor-mediated tenogenic differentiation. (a) Experimental design. (b) Cell 
attachment assay. hMSCs and C2C12 cells exhibited similar attachment number on the surface of PHT polymer post-heat cured for 2, 4 and 8 h (hMSCs: n = 10, 
C2C12 cells: n = 24, 2 independent experiments). (c) SEM images of 3D-printed PHT scaffold with and without hMSCs. (d) Cell viability assay. hMSCs and C2C12 
cells maintained high viability on PHT polymers after 3 days culture (n = 2 for each group, 2 independent experiments). Viable cells (Calcein) stained the cytoplasm 
whereas dead cells (EthD-1; ethidium bromide) stained the nucleus. (e) Picrosirius Red staining of control and differentiated hMSCs cultured on the surface of PHT 
polymer post-heat cured for 2, 4 and 8 h separately. Collagen expression level was normalized with cell densities (n = 5 for each group, 2 independent experiments). 
*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001, statistical significance was relative to control group. (f) Representative immunofluorescence images of Scx, Col1, Tnc and 
Tnmd expression on hMSCs after 4- (Scx) and 10-days (Col1, Tnc and Tnmd) culture on PHT polymer with 4 h post-heat curing in control and differentiation medium. 
Expression level was normalized to cell density (n = 3 for each group, 2 independent experiments). Error bars indicate standard error of mean. *: p ≤ 0.05; **: p ≤
0.01; ***: p ≤ 0.001, statistical significance was established relative to the control group. 

Fig. 6. In vivo characterization of 3D-printed PHT scaffold in mouse dorsal subcutaneous implantation model. 3D-printed PHT scaffold and ADM exhibited 
biocompatibility. (a) Representative photos of mouse dorsal subcutaneous implantation of 3D-printed PHT scaffold and ADM and samples collected 3-weeks post- 
surgery. (b) Representative H&E images and immunohistochemistry staining images of inducible nitric oxide synthase (iNOS) and CD68 inflammation-associated 
markers. Yellow dotted lines indicate the border between 3D-printed PHT scaffold or ADM with adjacent mouse skin tissue. Sample number n = 3 for each 
group. Scale bars as indicated in the images. 
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3.2. Prior advances in tendon biomaterial scaffolds 

In recent years, numerous tissue engineering studies have made 
significant technical and conceptual advancements and contributions to 
tackle the development and fabrication of mechanically competent and 
pro-regenerative tendon biomaterial scaffolds for clinical repair. These 
include novel strategies based on cells [51–58], biological/biochemical 
cues [51,59–66], and biomaterial scaffolds [25,30,40,51,54,55,67–73] 
as well as commercially available collagenous matrices such as Graft-
Jacket™, Restore Orthobiologic Implant™ and Zimmer® Collagen 
Repair Patch [30] or commercially available synthetic polymers such as 
polyurethane-based SportsMesh Soft Tissue Reinforcement/Artelon® 
[30]. This body of work has made significant progress in the develop-
ment of next-generation tendon therapeutics. For example, anisotropic 
composite hydrogels comprised of stiff aramid nanofibers and soft 
polyvinyl alcohol achieved high tendon-like tensile strength and 
modulus of 72 MPa and 1.1 GPa, respectively [33], while growth factors 
such as GDF-5, GDF-6, and GDF-7 have been shown to induce ectopic 
tendon in vivo [64]. However, it is worth noting that several advance-
ments in this field involve time-consuming and labor-intensive fabrica-
tion processes. These may include, for example, prolonged high 
temperature stirring for several days to attain dispersion solutions that 
produce scaffolds with robust tendon-like mechanical properties. 
Additionally, complex combinations of cells, multi-material scaffolds, 
and biological/biochemical cues are often employed to stimulate 
pro-tendon regenerative activity. Unfortunately, these intricate fabri-
cation methods can escalate production costs and impede swift clinical 
implementation. Overall, there is a scarcity of facile and rapid fabrica-
tion techniques that can produce pro-regenerative biomaterial scaffolds 
with mechanical characteristics similar to native tendon tissue for 
treating large-to-massive rotator cuff injuries. 

3.3. 3D-printed PHT scaffold addresses facile manufacturability 

Considering that typical synthesis of polyurethane-based elastomers 
takes place at elevated temperatures for extended durations [74], the 
ability to prepare visible light-crosslinkable resins in as little as 30 min 
via simple mixing under ambient room temperature conditions is highly 
attractive in terms of enabling on-demand, on-site manufacturing and 
increased occupational safety. 

From a facile manufacturing perspective, the rapidity of this reaction 
in the absence of heating under an inert atmosphere is due to the fast and 
oxygen-permissive nature of thiol-isocyanate and thiol-acrylate re-
actions, which results in the formation of a polythiourethane acrylate 
network (Fig. 1, S1, and S2) [75–79]. Concurrent with these 
thiol-Michael addition click reactions, acrylate-acrylate homopolyme-
rization reactions are likely to occur and have been reported in similar 
polymerization systems [75–78]. Furthermore, as an on-site, additive 

manufacturing technology, 3D-printing can eliminate costly logistical 
transportation, reduce material wastage for low-volume, on-demand 
production, 3D-fabricate complex scaffold geometries personalized for a 
patient’s specific shoulder anatomy and rotator cuff lesion (i.e., tear size 
and shape) [22,23], and control porosity for cell colonization and 
incorporation of tendon-promoting growth factors and drugs [80,81]. 
Indeed, prior studies have elucidated how different tendon tear shapes 
generate different strain profiles during shoulder movement [22]. As 
such, 3D-printed tendon graft can be customized for particular tear 
morphologies to reduce stress via in silico methods such as finite element 
analysis [82] and minimize the likelihood of re-tears. As such, a pho-
tocrosslinkable resin that can be easily prepared within a relatively short 
duration would aid on-site and on-demand production of 3D-printed 
tendon grafts with the potential to address patient-specific tear 
morphologies. 

From an occupational safety perspective, reduced exposure to 
harmful substances or radiation during biomaterial fabrication is highly 
desired. In the industrial manufacture of polyurethane polymers, two- 
step chemical reactions involving excess isocyanate stoichiometry are 
typically employed to achieve robust control of chemical reactivity [74]. 
However, such an approach may pose health hazards to workers via 
accidental skin contact with highly toxic isocyanates [83]. Our approach 
is distinct from current convention in that PHT pre-polymer resin is 
prepared with excess thiol stoichiometry, which similarly allows for 
robust control of chemical reactivity while ensuring that isocyanates are 
mostly or fully reacted prior to 3D-printing (Fig. 1). This same approach 
can be applied using other multi-functional thiols (-SH) and polyols 
(-OH) to generate a versatile library of photo-crosslinkable poly-
urethanes with desired material attributes. Furthermore, the ability to 
3D-print PHT polymer using abundant and relatively innocuous visible 
light overcomes disadvantages typically associated with high-energy UV 
systems such as increased cost and occupational harm [79,84]. As such, 
a visible light-crosslinkable resin employing excess thiol stoichiometry 
can achieve robust control of chemical reactivity whilst reducing 
exposure to hazardous UV radiation and toxic isocyanates. 

3.4. 3D-printed PHT scaffold can address mechanical deficits 

To facilitate shoulder recovery, rotator cuff scaffolds must exhibit 
clinical characteristics conducive for maintaining the integrity of a 
surgically repaired tendon as well as native tendon-like mechanical 
properties for facilitating joint movement. 

From a repair integrity perspective, important clinical attributes a 
biomaterial scaffold should possess include high suture retention, high 
total-work-to-failure, and slow degradation. The former two character-
istics are indicative of a graft’s ability to resist suture pullout/tearing 
and the amount of energy a graft can sustain before physical failure 
while the latter preserves graft integrity over the long durations required 

Fig. 7. Biomechanical properties and histological assessment of the rabbit humeral bone-SST tissue samples 8-weeks post-surgery. 3D-printed PHT scaffolds con-
taining FGF-2 and TGF-β3 (PHT-GFs) facilitated at least 1-cm of tendon regeneration and exhibited native supraspinatus tendon (SST)-like mechanical properties. (a) 
Experimental design for in vivo characterization of 3D-printed PHT scaffold in rabbit SST injury model. (b) Rabbit SST surgery procedures. (c) Representative force- 
displacement curve. (d) Ultimate load was increased in PHT-GFs group compared to the intact control group. (e) Stiffness was similar between PHT and PHT-GFs 
compared to the intact control group. (f) Ultimate displacement was increased in PHT and PHT-GFs compared to the intact control group. (g) Total work-to-failure 
was increased in PHT and PHT-GFs compared to the intact control group. (h) Ashby chart simultaneously comparing ultimate load and stiffness of repaired tendon 
constructs normalized to their uninjured tendon control showed that this work (PHT and PHT-GFs) attained the highest normalized ultimate load and stiffness. Panels 
(d), (e), (f), and (g) – Control: n = 16, PHT: n = 8, PHT-GFs: n = 8. *: Statistical significance (p ≤ 0.05), **: p ≤ 0.01; ***: p ≤ 0.001 relative to intact control group. 
(i) Representative H&E, Masson’s Trichrome and Picrosirius Red (brightfield and under polarized light microscopy) staining of PHT and PHT-GFs samples. Lon-
gitudinal sections showing humeral bone and SST were used. Black, orange and blue rectangles represent the region-of-interest (ROI) used for semiquantification 
(left). Dotted lines demarcate regions of 3D-printed PHT scaffold and are labeled with ‘PHT’. Scale bar = 5000 μm. Representative high magnification images of H&E, 
Masson’s Trichrome and Picrosirius red staining (polarized light images) showing the regenerated tendon fibers in PHT and PHT-GFs group (right). Collagen 
expression was semi-quantified by the signal intensity in the ROI of Picrosirius Red-stained brightfield images. (j) Macroscopic histopathological score. Radar charts 
showed that PHT-GFs attained macroscopic histopathological scores similar to normal SST relative to PHT group. (k) Representative images of immunofluorescence 
staining for tendon-associated markers Scx, Col1 and Tnmd with no primary antibody control. Orange dotted lines indicate the border between PHT scaffold and 
adjacent tissues. Red lines indicate the enlarged region. Semiquantification of tendon markers expression. Scale bars as indicated in the images. Panels (i) and (j) – 
Sample number n = 6 for each group. *: Statistical significance (p ≤ 0.05); **: p ≤ 0.01. 
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for tissue healing to complete. In this respect, the ability of 4h-heat 
cured, 3D-printed PHT scaffold to resist suture tearing (8.62-fold 
lower suture migration) and absorb 2-fold higher energy before physical 
failure relative to clinically available ADM underscores the mechanical 
resilience of 3D-printed PHT scaffold in ensuring surgical repair integ-
rity (Fig. 2). Given that the wound microenvironments fluctuate be-
tween acidic and alkaline conditions during different stages of healing 
with chronic wounds typically showing increased alkalinity (e.g., pH 
7.2–8.9) [85–88] and foreign body reactions comprising of oxidative 
environments [25], the slower degradation of PHT polymers indicate 
prolonged maintenance of physical integrity including tensile properties 
relative to ADM (Fig. 3). The slower degradation under alkaline condi-
tions is notable given that a significant portion of rotator cuff tears are 
chronic in nature [1–3]. Such prolonged graft integrity is expected to 
better support surgical repair owing to longer maintenance of tensile 
strength and additional time to facilitate host cell in-growth and healing 
following implantation [88]. Indeed, porcine-based collagen matrices 
that degrade too rapidly have been reported to fail within 3–6 months 
post-treatment [89]. For this reason, numerous implant materials used 
in rotator cuff repair such as sutures (e.g., Arthrex FibreWire®) and 
suture anchors (e.g., Corkscrew®) are made of slowly degrading or 
non-degradable biomaterials such as ultra-high molecular weight poly-
ethylene and polyether ether ketone/PEEK. As such, 3D-printed PHT 
scaffolds exhibit excellent resistance against suture tearing and durable 
scaffold integrity for maintaining the long-term integrity of a surgically 
repaired rotator cuff construct. 

From a physiological loading perspective, mechanical properties 
including native tendon-like tensile attributes and robustness to both 
static as well as cyclic tensile forces are necessary for enabling/restoring 
shoulder movement. Given that tendon midsubstance was identified as 
the predominant location for muscle-tendon-bone injuries [4], this study 
specifically aimed to address large-to-massive tendon-only tears. This 
work does not belie the significance of bone-tendon repair or that rotator 
cuff tissues are mechanically inhomogeneous [70]. Although not 
explored in this study, these concerns can be addressed by combinatorial 
use of finite element analysis with biomaterials that possess 
photo-tunable mechanical properties for a geometrically- and 
mechanically-optimized graft [25,70,82]. In this respect, the tensile 
strength (23.3 ± 0.50 MPa) and tensile modulus (459.4 ± 17.13 MPa) of 
4h-PHT were well-matched with those of human SST (tensile strength: 
4–22 MPa, tensile modulus: 218–592 MPa [11,12]), while 8h-PHT’s 
tensile modulus (843.7 ± 31.97 MPa) was well-matched with those of 
human Achilles tendon (tensile modulus: 816 ± 218 MPa) [90]. 
Although clinically available tendon grafts may have similar tensile 
strength as PHT polymer (11.9–32.7 MPa), they possess markedly lower 
tensile moduli (14–71 MPa) [30], which is expected to impede the ef-
ficiency of musculoskeletal movement [13]. As evidence of robustness to 
static and cyclic tensile forces, 2h-, 4h-, and 8h-PHT polymers sustained 
at least 10,000 cycles of tensile loading at levels comparable to 75% of 
the failure stress observed for human SST (as reported by Itoi et al.) [11, 
25] with stable dynamic, storage and loss moduli, whilst 4h- and 8h-PHT 
exhibited 3.67- to 4.10-fold faster creep recovery relative to clinically 
available ADM (Fig. 2). These robust tensile properties enabled 
3D-printed PHT scaffold to biomechanically restore injured supra-
spinatus rotator cuff units to levels comparable with uninjured contra-
lateral limbs following 8-weeks implantation in a large-to-massive (1-cm 
gap) rabbit SST injury model (Fig. 7). As such, 3D-printed PHT scaffolds 
exhibit robust tendon-like tensile properties ex vivo and in vivo to restore 
shoulder biomechanical functionality. 

3.5. 3D-printed PHT scaffold with growth factors can address biological 
deficits 

To enhance tissue healing, rotator cuff biomaterial scaffolds must 
avoid a strong immune response that would ultimately lead to graft 
rejection whilst possessing the ability to control the release of bioactive 

factors for inducing robust tendon-like differentiation. 
From a biocompatibility perspective, 3D-printed PHT scaffold 

exhibited similar immune response as clinically available ADM in terms 
of gross morphology as well as iNOS and CD68 staining following three- 
week subcutaneous implantation in mice (Fig. 6). Although overt 
inflammation was not observed for 3D-printed PHT scaffolds and clini-
cally available ADM, Tu et al. and others have posited that engineering 
biomaterials with the ability to control inflammation offers a novel 
strategy for enhancing therapeutic effect [91–96]. For example, matrix 
metalloproteases (MMPs) are extracellular matrix remodelling enzymes 
found in high abundance during inflammation and can regulate immune 
cell responses during disease [95] or injury [93]. Taking advantage of 
this knowledge, Cai et al. developed an MMP-2 responsive 
hydrogel-electrospun patch that delivers TGF-β1 siRNA to reduce un-
desired fibroblast proliferation and peritendinous adhesions [91] while 
Zhang et al. similarly developed MMP-responsive polyethylene 
glycol-based hydrogels that release phosphatidylserine to accelerate 
macrophage transition towards an anti-inflammatory M2 phenotype for 
improved bone regeneration [96]. Given that 3D-printed PHT scaffold 
can be combined with hydrogels for controlled bioactive factor delivery, 
a similar strategy incorporating use of immunomodulatory factors can 
be implemented in future work. As such, 3D-printed PHT scaffold is 
biocompatible. 

From a drug delivery perspective, the combination of 3D-printed 
PHT polymer with fibrin extracellular matrix endowed our tissue engi-
neered scaffold with the ability to retain and release bioactive factors 
such as FGF-2 and TGF-βs in a controlled manner (Fig. 4). These growth 
factors are known to exhibit a natural affinity for extracellular matrix 
molecules such as fibrinogen and bind to them in a non-covalent manner 
[36,37]. Such affinity-based binding has been successfully utilized for 
immobilizing growth factors in situ for spatial control of cell differenti-
ation [38–40,71]. This versatile approach also allows for drugs, growth 
factors, and other biochemical cues to be combined with 3D-printed PHT 
scaffold at the time of surgery, which can preserve bioactivity for 
maximal therapeutic effect (Fig. 7). Alternatively, other methods of 
controlled bioactive factor delivery may be considered for use with 
3D-printed PHT scaffolds. For example, metal-phenolic-based materials 
such as nanofillers, nanosponges, and nanocloaks have been reported 
[97–100]. These metal-phenolic-based materials can undergo 
self-assembly into hierarchical supramolecular structures and when 
embedded within hydrogels, exhibit targeted and controlled drug 
release in response to specific environmental triggers [97–100]. In 
agreement with prior tissue engineering studies [1,29,38–40,62,63], 
FGF-2 and TGF-β3 were tenogenic and promoted tendon-like differen-
tiation of human mesenchymal stem cells in vitro (Fig. 5) and in vivo 
(Fig. 7). Notably, 3D-printed PHT scaffold with growth factors showed at 
least 1-cm of neotendon regeneration across the injury gap in a 
large-to-massive rabbit rotator cuff injury model, demonstrating a 
strong and robust healing response, which included increased collagen 
content and a histological score that was more similar to native SST 
relative to no growth factor control (Fig. 7). As such, 3D-printed PHT 
scaffold can be used for controlled delivery of growth factors to bio-
logically augment tendon-like regeneration in vitro and in vivo for 
accelerating the slow and oft-incomplete tendon healing process. 

4. Conclusion 

In summary, we have developed a rapid and facile approach that 
produces 3D-printable resins in about 30 min under ambient, room 
temperature conditions. With this technique, mechanically robust slow 
degrading polythiourethane elastomer known as PHT polymer was 3D- 
fabricated and used to deliver bioactive FGF-2 and TGF-β3 for large-to- 
massive tendon repair. Notably, 3D-printed PHT polymer/scaffold was 
(i) mechanically robust with human supraspinatus tendon-like tensile 
attributes and withstood 10,000 cycles of physiologic tensile loading 
without failure and (ii) delivery of FGF-2 and TGF-β3 fully restored 

X. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 37 (2024) 439–458

452

tendon biomechanical function to native, uninjured levels and regen-
erated 1-cm of rotator cuff tendon tissue. Altogether, the technical ad-
vances developed here demonstrate rapid and facile production of 3D- 
printable pre-polymer resins, with PHT polymer holding significant 
potential for treatment of large-to-massive rotator cuff repair as well as 
other soft tissue injuries. 

5. Materials and methods 

5.1. Synthesis and ex vivo chemical characterization of PHT polymer and 
3D-printed PHT scaffold 

5.1.1. Synthesis of PHT polymer 
The fabrication of PHT polymer involved a two-step reaction. Pen-

taerythritol tetra (3-mercaptopropionate) (P; Sigma Aldrich, USA, 
#381462), hexamethylene diisocyanate (1,6-Diisocyanatohexane) (H; 
TCI Chemicals, USA, TCI-H0324), trimethylolpropane triacrylate (sta-
bilized with MEHQ) (T; Sigma Aldrich, USA, #246808), N,N,N′,N′-tet-
rakis(2-hydroxy-propyl) ethylenediamine (quadrol or Q; Sigma Aldrich, 
USA, # 122262), 1,2-dicyclohexyl-4,4,5,5-tetramethylbiguanidium n- 
butyltriphenylborate (FUJIFILM Wako Pure Chemical Co., Japan, 
WPBG-300), 2-isopropylthioxanthone (FUJIFILM Wako Pure Chemical 
Co., Japan, IPTX) and acetone (RCI Labscan, Thailand, #AR1003) were 
used as received without purification. In the first step, P was first mixed 
with 10 μL Q solution (33.3% v/v, in acetone) as catalyst in a 50 mL 
conical tube and vortex for 30 s for mixing. Subsequently, H was added 
to the mixture at a molar ratio of 5:1 (-SH: NCO) of the functional group, 
and vortex at 2500 revolutions per minute (rpm) at room temperature 
(RT) for 20–30 min to allow complete reaction of H and generate a PH 
pre-polymer. In the second step, T was added to form a mixture that 
contained achieve a functional group ratio of 5:1:6 for thiol:isocyanate: 
acrylate for subsequent photocrosslinking. To facilitate photo-
crosslinking, acetone (10 % of total volume) was added to the PHT 
mixture for reducing viscosity whereas WPBG-300 photocrosslinker 
solution (10% w/v, in acetone) and IPTX photosensitizer solution (10% 
w/v, in acetone) were added in a 5:1 WPBG-300:IPTX volumetric ratio 
to facilitate photocrosslinking under ambient conditions with visible 
light. This final mixture was ready for 3D printing and referred to as PHT 
resin. 

This study employed 3D-printed samples and mechanical testing 
samples, which were fabricated using a Kudo Titan 2 HR 3D printer 
(Kudo3D, https://www.kudo3d.com/) according to the manufacturer’s 
instructions. For synthesizing 3D-printed samples, the desired 3D model 
was sliced at a thickness layer of 0.5 mm using Creation Workshop 
software (Envision Labs, USA) and uploaded into the 3D printer. Sub-
sequently, PHT resin was transferred into a resin container and each 
layer received visible light (405 nm) exposure for 150 s. For synthesizing 
mechanical testing samples, the PHT resin was transferred into a 
modified Type V mold (ASTM D638-10) and photocrosslinked using the 
Kudo Titan 2 HR 3D printer as a light source for 150 s. Subsequently, 
photocured PHT polymer samples were heat cured in a vacuum oven 
(SVAC1-2 Compact Vacuum Drying Oven, Shel Lab, USA) at 150 ◦C for 
2, 4, or 8 h separately to produce 2h-PHT, 4h-PHT, and 8h-PHT, 
respectively. Samples were washed with 5 N NaOH (Thermofisher, 
USA) for 1 h and 1 × phosphate buffered saline (PBS; Thermofisher, 
USA) buffer three times. Before in vitro and in vivo use, samples were 
sterilized under UV light for 30 min in a cell culture hood (Thermofisher, 
USA). 

5.1.2. 3D computer aided design (CAD) modelling of PHT scaffold 
CAD of PHT scaffold was performed using Micorosoft 3D Builder 

software (Microsoft Corporation, USA). The scaffold was designed as a 
sheath-like structure with dimensions of 14 × 6.5 × 14 mm (length ×
width × height) and thickness of 0.8 mm. Five connected strips of 
hemicylindrical shape with a radius of 0.5 mm were designed at the two 
inner sides to act as topographical cues for cells. Four hemispherical 

shapes were added on each side to serve as landmarks for suturing. 3D 
CAD models were processed for 3D-printing as described in ‘Synthesis of 
PHT polymer’. 

5.1.3. Fourier transformed infrared (FTIR) spectroscopy 
FTIR was performed by Nicolet Is10 FT-IR spectrometer (Thermo-

fisher, USA) according to the manufacturer’s instructions. PHT pre- 
polymer samples were prepared at a functional group ratio of 5:1:6 for 
thiol:isocyanate:acrylate. P, H, T and PHT pre-polymer samples were 
placed between two salt plates, which were subsequently mounted onto 
the sample holder. The chamber was filled with inert nitrogen gas for 1 
min before acquiring spectra. All spectra were recorded (7800–350 
cm− 1 spectra range) at a resolution of better than 0.4 cm− 1. Spectra were 
baseline-corrected and analyzed in OMNIC™ Series Software (Ther-
mofisher, USA). 

For studies of PHT polymer samples under conditions of increased 
photocrosslinking, thin polymer films were generated. These thin films 
were created by placing PHT pre-polymer on the top of a small piece of 
parafilm, which was subsequently sandwiched between two glass slides, 
and photo-crosslinked using the Kudo Titan 2 HR 3D printer as a light 
source for 10, 20, 30, or 60 s. Samples were similarly placed between 
two salt plates and mounted onto the sample holder. Spectra were 
recorded (350–7800 cm− 1 spectra range) at a resolution of better than 
0.4 cm− 1. Spectra were baseline-corrected and analyzed in OMNIC™ 
Series Software (Thermofisher, USA). For analysis of photocrosslinking- 
induced changes, the area under peaks-of-interest were computed, 
normalized to the peak at 780 ± 5 cm− 1 (attributed to the bending mode 
of –CH), and data were fitted using a polynomial (order 2) model. 

5.1.4. MicroCT imaging 
The microCT image reconstruction of the 3D-printed PHT scaffold 

was performed with Scanco Medical μCT 35 (SCANCO Medical AG, 
Switzerland). The PHT scaffold was placed in a holder (Φ 20 mm × H 75 
mm) and scanned with the following X-ray settings (Energy/Intensity: 
45 kVp, 88 μA, 4 W; Integration time: 300 ms) at medium resolution. The 
3D images were reconstructed using the Scanco Medical μCT 35 soft-
ware (SCANCO Medical AG, Switzerland). 

5.2. Ex vivo mechanical characterization of PHT polymer and 3D-printed 
PHT scaffold 

PHT samples were mechanically tested using either a Tinius Olsen 
H25KS tensile testing machine (MTX0280-Model-H25KS, Tinius Olsen, 
USA) equipped with a 250 N load cell or an ADMET mechanical tester 
(ADMET, USA) equipped with a 100 lb (445 N) load cell, with data 
analyzed using Microsoft Excel (Microsoft Corporation, USA). Static 
tensile, cyclic tensile, static creep tensile test samples were fabricated 
similar to the guidelines in the American Society for Testing and Ma-
terials methods (ASTM-D638-10). These samples were fabricated as type 
V dog bone-shaped specimens with an overall length of 36.12 mm and 
the narrow region of 1.82 mm (thickness) × 1.76 mm (width) × 5.42 
mm (length). The cross-sectional area of dog bone-shaped specimens 
was determined at its narrowest region at three different locations using 
a digital caliper (Digimatic 500-196-30, Mitutoyo, Japan). PHT scaffold 
static tensile test samples were fabricated according to the 3D CAD 
model. Acellular dermal matrix (ADM; GraftJacket™), which is used in 
clinical repair of rotator cuff injuries was cut into rectangular specimens 
of 10 mm (length) × 10 mm (width) × 1.20 mm (thickness). Suture 
retention samples were fabricated as rectangular specimens of 15 mm 
(length) × 5 mm (width) × 1 mm (thickness). 

5.2.1. Static tensile testing 
Static tensile testing was performed by first preloading PHT polymer 

samples to 5 N followed by uniaxially loading at a rate of 0.1 mm per 
second until failure. Tensile strength was defined as the tensile stress at 
which the PHT polymer samples break. Tensile modulus was defined as 
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the initial linear slope of the stress-strain curve and calculated from 0% 
to 2% strain. Strain-at-failure was defined as the percentage of strain 
change of the PHT samples when loaded to break. Total work-to-failure 
was calculated as the total area under the force-displacement curve. 
Tensile toughness was calculated as the total area under the stress-strain 
curve. For the tensile test with 3D-printed PHT scaffold, the PHT scaffold 
was pre-drilled with 4 holes at each side and two knots were tied with 
FiberWire suture (4-0) (AR-7230-01, Arthrex, Inc. US). The same knots 
were tied at the two sides of the ADM samples. Samples were loaded 
until failure (pull out from the suture). Ultimate load was defined as the 
maximum load before or at failure. Total work-to-failure was defined as 
the total area under the load-displacement curve. 

5.2.2. Cyclic tensile testing 
Cyclic tensile testing was performed by loading PHT polymer sam-

ples sinusoidally from 0.2 to 3 MPa for 10,000 cycles at 1 Hz. The lower 
and higher loading stress were estimated to be the passive tension and 
around 75% of the maximum stress generated by supraspinatus muscle 
[25,101]. The ultimate strain was defined as the percentage of strain 
change of the PHT samples after loading for 10,000 cycles. 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. 

5.2.3. Static creep testing 
Static creep testing was performed by loading PHT polymer and ADM 

samples to 3 MPa and holding specimens under tension for 30 min, 
followed by rapid unloading to 0 MPa and monitoring of recovery for 10 
min. Static creep was defined as the changes in strain (in percentage) 
between the initial and final time points during the 30 min holding at 3 
MPa. Creep recovery was defined as the percentage change in strain 
after the 10 min recovery period at 0 MPa compared to the strain after 
holding at 3 MPa for 30 min. 

5.2.4. Suture retention testing 
Suture retention was performed on PHT polymer samples with 4 h 

post-heat curing (4h-PHT) and ADM samples. A suture hole was created 
3 mm from the edge of the samples using a Micromot pen drill (MNT- 
070309, Proxxon, Germany) equipped with a 0.45 mm drill bit. Fiber-
Wire (4-0, Arthrex Inc., USA) was passed through the suture hole and 
secured in a 5 cm diameter loop using a simple, interrupted suture 
pattern. ADM samples were soaked in saline for 10 min prior to testing. 
All the samples were preloaded to 0.1 N, and then uniaxially loaded at a 
rate of 0.1 mm per second until failure. Fiberwire suture migration at 15 
N was calculated during load-to-failure. 

5.3. Ex vivo degradation and swelling of PHT polymer 

5.3.1. Accelerated degradation studies 
Accelerated degradation studies were performed on PHT polymer 

samples and ADM samples using similar geometry (type V dog bone- 
shaped specimen) under alkaline, acidic, and oxidizing conditions. 
PHT (mass of ≈300 mg) and ADM (mass of ≈70–90 mg) samples were 
weighed and placed separately in the following solutions with approx-
imately 1:40 mass-to-volume ratio at room temperature for 5 days: (1) 5 
N NaOH, (2) 2 N HCl (Duksan, Korea), and for 1 week: (3) 30% H2O2 
(Merck, Germany). These reagents simulated body fluids under neutral 
(HBSS), alkaline (sodium hydroxide), acidic (hydrochloric acid), and 
oxidizing (hydrogen peroxide) conditions and have been previously 
used in similar studies [25]. No media change was performed during the 
incubation. After 1 week, wet and dry weights of PHT samples were 
recorded. For ADM samples, only dry weights were recorded. To obtain 
dried specimens, all the samples were washed in deionized water for 1 h 
and placed under low vacuum in a desiccating chamber overnight. By 

visual inspection, this drying procedure did not affect the mass of PHT or 
ADM samples. The amount of degradation was determined by calcu-
lating the percentage of remaining dry mass relative to its original mass. 
After sample drying, static tensile testing was performed for 2 N 
HCl-incubated PHT and ADM samples as described in Section 5.2. 
Samples were normalized to pristine PHT and ADM samples to deter-
mine percentage changes in tensile strength, tensile modulus and failure 
strain. 

5.3.2. Swelling studies 
Swelling studies were performed on PHT polymer samples under 

aqueous, alkaline and acidic conditions. PHT (mass of ≈300 mg) sam-
ples were placed separately in 10 mL and 5 mL of the following solutions 
at room temperature for 4 h: (1) HBSS (ThermoFisher, USA), (2) 5 N 
NaOH, and (3) 1 N HCl (Duksan, Korea). Swelling ratios of PHT samples 
after immersion at the 4 h time point were determined by calculating the 
ratio between wet and dry weights. 

5.4. Ex vivo growth factor retention/release from 3D-printed PHT 
scaffold 

Retention/Release profile of FGF-2 and TGF-β3 from fibrin gels 
embedded within PHT scaffold was assessed ex vivo using ELISA kits 
according to the manufacturer’s instructions. Fibrin gel were prepared 
as follows: 0.15 mL of soluble fibrinogen solution (20 mg/mL, Enzyme 
Research Laboratories, USA) and 0.024 mL α-thrombin (8 U/mL, 
Enzyme Research Laboratories, USA) were mixed simultaneously with 3 
μg FGF-2 (1 mg/mL), 0.6 μg TGF-β3 (0.2 mg/mL), and 0.12 mL PBS to 
form the 0.3 mL fibrin gel within the central porous regions of PHT 
scaffold at 37 ◦C for 30 min. Once formed, PHT scaffolds containing 
fibrin hydrogel were immersed in 3 mL PBS in a 12-well plate. The plate 
was kept at 37 ◦C and samples (0.25 mL) were collected with media 
replenishment at the following time points (1, 2, 4, 8 and 24 h, day 2, 4, 
6, 8, 10, 12 and 14) and stored at − 80 ◦C immediately. The whole plate 
was sealed with parafilm to minimize solution evaporation at 37 ◦C 
during the 14-day assessment period. Lastly, the amount of released 
FGF-2 and TGF-β3 in the PBS was determined by ELISA kits (Abcam, 
USA, #ab246531 and #ab272203) according to the manufacturer’s in-
structions. The concentration, cumulative mass and cumulative per-
centage of ELISA-detectable FGF-2 and TGF-β3 at different time points 
were calculated. 

5.5. In vitro characterization of 3D-printed PHT scaffold 

5.5.1. Cell culture 
Two different types of cells were used to model stem/progenitor cells 

for in vitro studies. Multipotent mouse C2C12 myoblasts (ATCC® CRL- 
1772™, Manassas, VA, US) were cultured in Dulbecco’s modified Ea-
gle’s media (DMEM, Thermo Fisher Scientific Inc.) with 10% fetal 
bovine serum (FBS; Thermo Fisher Scientific Inc.) and 1% penicillin- 
streptomycin (PS, 10,000 U/mL, Fisher Scientific). Poietics™ human 
mesenchymal stem cells (hMSCs) (PT-2501, Lonza Walkersville Inc. MD) 
were cultured with mesenchymal stem cell growth medium (MSCGM™ 
BulletKit™, PT-3001, Lonza Walkersville Inc. MD). All the cells were 
kept at 37 ◦C, 5% CO2 in a humidified incubator. No mycoplasma 
contamination was found in cell cultures, which was monitored using a 
mycoplasma detection kit (Nanjing Vazyme Biotech Co., Ltd. China, 
MycoBlue, #D101-02) and Hoechst 33342 (Anaspec, USA) staining. 

5.5.2. Cell attachment assay 
Cell attachment assays were performed as similarly described [71]. 

C2C12 cells and hMSCs were seeded into low cell attachment poly-
styrene 48-well plates (SPL Life Sciences, South Korea, SPL-32048) 
containing circular 2h-, 4h-, and 8h-PHT polymer samples (8 mm 
diameter and 0.6 mm height) at a density of 13.3 × 104 cells per cm2 

followed by cell counting at 3 h post-seeding. To count cells, wells were 
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gently washed with PBS to remove unattached cells, then incubated with 
0.2 mL of 0.05% Trypsin-EDTA (ThermoFisher, USA) for 15 min to 
detach cells. Subsequently, 0.5 mL of growth medium was added to 
inhibit the actions of trypsin and cell number was counted using a he-
mocytometer. Cell counts were normalized to the available surface area 
of PHT polymer samples. 

5.5.3. Cell viability assay 
C2C12 cell and hMSC viability was determined using Live/Dead 

staining kit (Thermofisher, USA, #L3224) as previously described [71]. 
Cells were seeded in 24-well plates containing circular 2h-, 4h-, and 
8h-PHT polymer samples (8 mm diameter and 0.6 mm height) at a 
density of 0.5 × 104 cells per cm2 for C2C12 cells and 2.5 × 104 cells per 
cm2 for hMSCs in their respective growth medium. Medium was 
changed after overnight seeding and every 48 h thereafter. Live/Dead 
assay was performed on day 3. Cells cultured on tissue culture-grade 
polystyrene (TCPS) without PHT polymer and cells treated with 70% 
ice-cold methanol were stained as positive and negative controls, 
respectively. Fluorescence images were acquired with Olympus 
IX83-ZDC Inverted Microscope (Olympus Corporation, Tokyo, Japan) 
equipped with a metal halide light source (Excelitas Technologies, USA, 
X-Cite 120 PC), GFP- and Cy3-equivalent Olympus IX83 FL Chroma filter 
sets, and a DP80 Double-CCD monochrome/colour camera. 

5.5.4. Scanning electron microscopy (SEM) 
SEM was performed using a Hitachi SU8010 Scanning Electron Mi-

croscope (Hitachi High-Technologies Corporation, Japan) as similarly 
described [29]. PHT scaffold samples (approximately 5 mm × 5 mm) 
with or without hMSCs (cultured for 48 h) were fixed with 2.5% 
glutaraldehyde (Electron Microscopy Sciences, USA). After thorough 
washing with 0.1 M Sorensen’s phosphate buffer, pH 7.2, the samples 
were post-fixed in 1 % osmium tetroxide for 30 min and rinsed three 
times in distilled water (10 min each time). The specimens were dehy-
drated in a graded ethanol series, critically point dried with CO2, and 
sputter coated with gold-palladium before SEM observation. Images of 
PHT scaffold were acquired using a Hitachi SU8000 Cold Field Scanning 
Electron Microscope (Hitachi High-Tech, Japan) and images with low 
magnification mode (30 × – 2000 × ) and high (400 × – 800,000 × ) 
magnification were captured using PE-PC SEM software (Hitachi 
High-Tech). 

5.5.5. Tenogenic differentiation assay 
Tendon differentiation was assessed using hMSCs cultured under 

tenogenic conditions followed by Picrosirius Red staining for total 
collagen and immunofluorescence staining for tendon-associated 
markers Scleraxis (Scx), Collagen type I (Col I), Tenacin C (Tnc) and 
Tenomodulin (Tnmd) at various timepoints as previously described [29, 
38,39]. PHT polymer in MSCGM medium with the supplement of growth 
factors and performed with Picrosirius Red staining for total collagen 
expression at day 10, immunofluorescence staining for Scleraxis (Scx) at 
day 4 and Collagen type I (Col I), Tenacin C (Tnc) and Tenomodulin 
(Tnmd) at day 10. hMSCs were seeded in 48-well plates containing 
circular 2h-, 4h-, and 8h-PHT polymer samples (8 mm diameter and 0.6 
mm height) at a density of 6.6 × 104 cells per cm2 in growth medium 
(MSCGM). The following day (Day 0), medium was changed to either 
control (MSCGM) or tenogenic differentiation medium (MSCGM with 
50 ng/mL FGF-2, 10 ng/mL TGF-β3, and 50 μg/ml ascorbic acid, and 
changed every 72 h afterwards. On day 4 (Scx) or day 10 (Picrosirius 
Red, Col I, Tnc, and Tnmd), cells were fixed with 4% paraformaldehyde 
(Sigma Aldrich, USA) for 15 min and washed with PBS twice. Picrosirius 
Red staining was performed by incubating samples with 0.1 % Pic-
rosirius Red (Sigma Aldrich, USA, Direct Red 80, #365548) for 1 h to 
visualize the collagenous matrix and then washed in two changes of 
acidified water (0.5% acetic acid) followed by a quick wash in tap water. 
Immunofluorescence staining were performed by blocking samples with 
10% donkey serum (Jackson Immunoresearch, USA) at RT for 1 h 

followed by overnight incubation at 4 ◦C with primary antibodies, which 
included rabbit polyclonal anti-collagen I antibody (COL1; Abcam, USA, 
#ab21286) rabbit polyclonal scleraxis antibody (SCX; Abcam, USA, 
#ab58655), rabbit recombinant monoclonal anti-tenascin antibody 
(TNC; Abcam, USA, #ab108930), and rabbit polyclonal 
anti-tenomodulin (TNMD; Abcam, USA, Abcam, #ab203676). The 
following day, samples were incubated with donkey anti rabbit IgG (H 
+ L) highly cross adsorbed, Alexa Fluor 647 (Thermofisher, USA) sec-
ondary antibody at RT for 1 h. Fluorescence images were acquired with 
Olympus IX83-ZDC Inverted Microscope (Olympus Corporation, Tokyo, 
Japan) equipped with a metal halide light source (Excelitas Technolo-
gies, USA, X-Cite 120 PC), Cy5-equivalent Olympus IX83 FL Chroma 
filter sets, and a DP80 Double-CCD monochrome/colour camera. 

5.6. In vivo characterization of 3D-printed PHT scaffold 

5.6.1. Mouse dorsal subcutaneous implantation 
Mouse subcutaneous implantation surgeries were performed as 

previously described [40]. The study was performed according to the 
guidelines established by The Chinese University of Hong Kong’s Animal 
Experimentation Ethics Committee (approved protocol: 
18/211/MIS-5-C). Wild-type C57BL/6 mice (both male and female) 
from 8 to 12 weeks old were used and maintained in a 12:12 h light-dark 
cycle with free access to standard laboratory food as well as water and 
housed for one week before surgery. 

In brief, mice were anesthetized by inhalation with isoflurane (4% 
for induction, 2% for maintenance) and oxygen (0.6 L/min) followed by 
subcutaneous injection of 0.05 mg/kg buprenorphine (Bupaq, Richter 
Pharma, Austraia) and 25 mg/kg cephalexin (Santa Cruz Biotechnology, 
USA) as an analgesic and anti-infective, respectively. The surgical area 
was shaved and disinfected with alternating applications of betadine 
and 70% alcohol. Using aseptic technique, a 2-cm incision was made on 
the dorsal skin with a surgical scalpel and subcutaneous pockets were 
created using a blunt scissors. Thereafter 3D-printed PHT scaffold (14 ×
6.5 × 14 mm) was implanted on one side/flank of the body and ADM of 
similar size (10 × 10 × 1.20 mm) on the other side/flank. The PHT 
scaffold and ADM were sutured to the skin subcutaneously with 4- 
0 nylon sutures. After surgery, mice were allowed to recover on a 
heating pad and allowed free-cage activity. Buprenorphine (0.05 mg/ 
kg) was administered subcutaneously twice a day for 2 days for post- 
operative analgesia. At 3-week post-surgery, mice were euthanized via 
carbon dioxide overdose. Skin samples with PHT scaffold and ADM were 
collected for histological analysis. 

5.6.2. Mouse subcutaneous implantation histology 
Histological analysis was performed on paraffin-embedded and 

sectioned mouse subcutaneous implantation samples as previously 
described [40,71]. Freshly harvested samples were fixed in 4% para-
formaldehyde for 24 h. To produce paraffin embedded tissue blocks, 
samples were dehydrated through a graded ethanol series (50%, 70%, 
90%, 95% and 100% ethanol, 1 h for each wash at 25 ◦C), washed with 
xylene, and infiltrated with paraffin at 60 ◦C under vacuum. 
Paraffin-embedded samples were sectioned at 5 μm using a Leica 
RM2235 microtome (Leica Biosystems, Germany), deparaffinized, 
rehydrated, and processed for H&E and immunohistochemical staining. 

For H&E staining, the protocol was performed according to manu-
facturer’s instructions (Electron Microscopy Science, USA). Histological 
images were acquired with Olympus IX83-ZDC Inverted Microscope 
(Olympus Corporation, Japan) equipped with a DP80 Double-CCD 
monochrome/colour camera. 

For immunohistochemical staining, CD68 and iNOS were detected 
using the VECTASTAIN® ABC-HRP Kit (Vector Laboratories, Inc. United 
States) and Pierce™ DAB Substrate Kit (Thermofisher, USA). In brief, 
deparaffinized and rehydrated sections were incubated in 10 mM so-
dium citrate buffer (pH 6.0) at 98 ◦C for 20 min for antigen retrieval. 
Thereafter, sections were blocked with 10% goat serum for 30 min 
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followed by incubation with primary antibodies including mouse anti- 
CD68 and rabbit anti-iNOS (1:200, Arigo Biolaboratories Corp., 
Taiwan) at 4 ◦C overnight, followed by biotinylated goat anti-mouse IgG 
antibody for 30 min and ABC-HRP reagent for 30 min at RT prior to 
staining with DAB reagents. Histological images were acquired with 
Olympus IX83-ZDC Inverted Microscope (Olympus Corporation, Japan) 
equipped with a DP80 Double-CCD monochrome/colour camera. 

5.6.3. Rabbit large-to-massive rotator cuff injury 
Rabbit rotator cuff injury was performed according to the guidelines 

established by The Chinese University of Hong Kong’s Animal Experi-
mentation Ethics Committee (approved protocol: 18/006/ECS and 21- 
160-GRF). New Zealand White rabbits (both male and female) from 3 
to 4 months old with body weight of 3.2–4 kg were used in the current 
study and maintained in a 12:12 h light-dark cycle with free access to 
standard laboratory food as well as water and housed for one week 
before surgery. The rabbits were randomly divided into two groups, PHT 
only and PHT with low dose growth factors (PHT-GFs). Both gender and 
the surgical side were randomized. The contralateral side was used as an 
uninjured, no surgery control. 3D-printed PHT scaffold was prepared 
similarly as described in ‘Synthesis of PHT polymer’. 

In brief, rabbits were initially anesthetized by intramuscular injec-
tion of 35 mg/kg ketamine (10%) and 5 mg/kg xylazine (2%) with a 
supplemental dose of 10 mg/kg Ketamine (10%) and 3 mg/kg Xylazine 
(2%) via a cannulated ear vein every 20 min as needed. Subcutaneous 
injection of 0.05 mg/kg buprenorphine (Bupaq, Richter Pharma, 
Austria) and 20 mg/kg cephalexin (Santa Cruz Biotechnology, USA) was 
administered as an analgesic and anti-infective, respectively. Rabbits 
were placed on a covered heating pad during surgery to maintain body 
temperature. The surgical area was shaved and disinfected with alter-
nating applications of betadine and 70% alcohol. Using aseptic tech-
nique, a 3-cm longitudinal skin incision was made above the humerus 
head and the rotator cuff tissue was exposed. As an intraoperative 
analgesic, 2 mg/kg bupivacaine was locally infiltrated. Thereafter, the 
triceps muscle and the deltoid muscle were split to identify and isolate 
the supraspinatus muscle and supraspinatus tendon (SST). To introduce 
a tendon segmental defect and prepare for graft implantation, the SST 
was first pre-loaded with 4-0 non-absorbable FiberWire® sutures 
(Arthrex, USA, #AR-7230-01) using the continuous lock suture tech-
nique, which were passed through the SST tendon at its proximal and 
distal ends about 7 mm apart (leaving four long suture arms at each 
side), and followed by removal of a 3 mm length of tendon between the 
SST proximal and distal ends. The defect was then immediately repaired 
by passing the long arms of the sutures through 3D-printed PHT scaffold 
containing fibrin hydrogel with or without growth factors (FGF-2 and 
TGF-β3). Square knots were tied on the top and bottom faces of 3D- 
printed PHT scaffold for secure attachment with the proximal and 
distal SST defect margins. Fibrin hydrogel was formed within the central 
porous regions of PHT scaffold just prior to surgery by addition of 0.15 
mL of soluble fibrinogen solution (20 mg/mL, Enzyme Research Labo-
ratories, USA), 0.024 mL α-thrombin (8 U/mL, Enzyme Research Lab-
oratories, USA), and about 0.12 mL PBS with or without growth factors 
(3 μg FGF-2 and 0.6 μg TGF-β3) at 37 ◦C for 30 min. The deltoid muscle 
and skin were re-approximated and closed with 4-0 absorbable Poly-
sorb™ suture (eSutures, USA) and 4-0 nylon suture (eSutures, USA), 
respectively. After surgery, rabbits were allowed to recover on a heating 
pad and allowed free-cage activity. Buprenorphine (0.05 mg/kg) was 
administered subcutaneously twice a day for 2 days for post-operative 
analgesia. At 8 weeks post-surgery, rabbits were euthanized via intra-
muscular overdose of pentobarbital. The supraspinatus muscle-tendon- 
bone units were collected for biomechanical (n = 8 for each group) 
and histological analysis (n = 6 for each group). 

5.6.4. Rabbit rotator cuff tensile testing 
Harvested supraspinatus muscle-tendon-bone tissue samples were 

biomechanically tested using an ADMET mechanical tester (ADMET, 

USA) equipped with a 100 lb (445 N) load cell with data analyzed using 
Microsoft Excel (Microsoft Corporation, USA) as similarly described 
[25]. 

The supraspinatus muscle-tendon-bone units were freshly harvested, 
wrapped in gauze, moistened with PBS solution, and stored at − 20 ◦C 
until tensile testing. On the day of testing, SST sample with humerus 
head was isolated by careful dissection. The humerus head was mounted 
onto a custom holder that was gripped on one end while the tendon end 
was gripped on the other end using 60-Grit sandpaper. The whole setup 
was immersed in a 37 ◦C saline-containing water bath before and during 
testing. Humeral bone-SST samples were preloaded to 5 N, and then 
uniaxially loaded at a rate of 0.25 mm per second (1% strain per second) 
until failure. Ultimate load, stiffness (N/mm), ultimate displacement 
and total work-to-failure were recorded and calculated. All the values 
were normalized to the contralateral uninjured (no surgery) limb. 

5.6.5. Rabbit rotator cuff histology 
Histological analysis was performed on paraffin-embedded and 

sectioned rabbit tissue samples as similarly described [25,40,71]. 
Freshly harvested samples were fixed in 4% paraformaldehyde for 
72–96 h at 4 ◦C and further decalcified in 10% EDTA, pH7.4 (Sigma 
Aldrich, USA) for 3–4 weeks. To produce paraffin embedded tissue 
blocks, samples were dehydrated through a graded ethanol series (50%, 
70%, 90%, 95% and 100% ethanol, 1 h for each wash at 25 ◦C), washed 
with xylene, and infiltrated with paraffin at 60 ◦C under vacuum. 
Paraffin-embedded samples were sectioned at 16 μm using a Leica 
RM2235 microtome (Leica Biosystems, Germany). To transfer large 
tissue sections, an adaptation of the Kawamoto film method was adopted 
in which sections were transferred by a 3 M tape to a glass slide freshly 
coated with adhesive glue (Norland Optical Adhesive NOA 63) and 
subjected to UV exposure for 20 s. Thereafter, sections were deparaffi-
nized, rehydrated, and processed for H&E, Picrosirius Red, and tri-
chrome staining as well as immunofluorescence staining. 

For H&E, Picrosirius Red, and Masson’s Trichrome staining, the 
protocols were performed according to manufacturer’s instructions 
(Electron Microscopy Science, USA). Macroscopic and microscopic 
scoring were performed with H&E images using the self-defined pa-
rameters (Tables S4 and S5) modified based on the revised Bonar score 
[102]. The scoring was done by at least two individuals that were 
familiar with tendon morphology and histology but were blinded as to 
the grouping information for each sample. For collagen quantification, 
signal intensity from a defined region of interest (ROI) from Picrosirius 
Red-stained brightfield images were measured by using the image his-
togram tool of Adobe Photoshop 20.01 software to determine average 
pixel intensity (Adobe Inc., USA). Collagen alignment was analyzed by 
quantify the orientation and anisotropy of fiber arrays of the ROI in 
polarized light image by FibrilTool of NIH ImageJ plug-in Ref. [103]. 
Histological images were acquired with Zeiss Axioscan 7 Automatic 
Slide Scanner (ZEISS, Germany) equipped with Colibri 7 Type RGB-UV 
and illuminator VIS-LED and Axiocam 705 colour camera (for 
large-scale images) and Olympus IX83-ZDC Inverted Microscope 
(Olympus Corporation, Japan) equipped with a DP80 Double-CCD 
monochrome/colour camera. 

For immunofluorescence staining, the protocol was performed as 
previously described with minor modifications [39,40,71]. In brief, 
rehydrated sections were first incubated in 0.1% trypsin at 37 ◦C for 30 
min and Tris-EDTA buffer (pH 9.0) at 98 ◦C for 20 min for antigen 
retrieval. Thereafter, sections were washed three times in wash buffer 
(PBS and 0.1% BSA), blocked with 10% donkey serum (Jackson 
Immunoresearch, USA) for 1 h at 25 ◦C, followed by incubation with 
primary antibodies at 4 ◦C overnight. Primary antibodies included goat 
anti-type I collagen-UNLB (Col1, 4 μg/mL, SouthernBiotech, USA, 
#1310-01), mouse anti-Scleraxis (A-7) (Scx, 2 μg/mL, Santa Cruz 
Biotechnology, USA, #sc-518082), rabbit anti- Tenomodulin (Tnmd, 2 
μg/mL, Abcam, USA, #ab203676). For Tnmd, tissue sections were 
further blocked with Background Buster (Innovex Biosciences Inc., USA, 
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#NB306-50). ‘No primary antibody’ samples were used as a negative 
control. Following primary antibody staining, samples were rinsed three 
times in wash buffer (5 min each) and incubated with secondary anti-
bodies for 1 h at 25 ◦C. Secondary antibodies included Alexa 555-labeled 
donkey anti-goat, Alexa 647-labeled donkey anti-mouse, and Alexa 
647-labeled donkey anti-rabbit secondary antibody (Thermofisher, 
USA). Thereafter, sections were incubated with Hoechst dye (1:5000) 
for 15 min, and rinsed three times in wash buffer (5 min each). Fluo-
rescence images were acquired on a Nikon Ti2-E Inverted Fluorescence 
Microscope equipped with fluorescence light source (Lumencor 
SPECTRA III Light Engine), Hoechst- Cy3-, and Cy5-equivalent fluores-
cent filters, and a DP80 Double-CCD monochrome/colour camera. 

5.7. Statistical analysis 

Sample sizes for each experiment are indicated in each figure legend 
and were estimated to detect a group mean difference of 50% ± 1 to 2 
standard deviations with a power (1-β) of 0.8 and α = 0.05. Quantitative 
data was presented as means ± standard error of mean (mean ± SEM). 
Statistical significance was analyzed using SPSS Statistics 24.0 (IBM., 
USA) software. The Shapiro–Wilk test and the Levene test were used to 
determine whether the data were normally distributed and had equal 
variances among groups, respectively. Unpaired t-test was performed to 
determine statistical significance between two groups whereas for 
multiple comparisons, one-way analysis of variance (ANOVA) was per-
formed. For one-way ANOVA, pairwise comparisons were performed 
using Tukey’s honestly significant difference post hoc test (on data that 
satisfied normality or equal variance assumptions) or Dunnett T3 post 
hoc test (on data that did not satisfy both normality and equal variance 
assumptions to enable improved control of Type I error and greater 
power under conditions of non-normality and heterogeneity of vari-
ance). Statistical significance was established at a p-value of <0.05. 
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