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Abstract

Despite serving as the clinical “gold standard” treatment for critical size bone defects, 

decellularized allografts suffer from long-term failure rates of ~60% due to the absence of the 

periosteum. Stem and osteoprogenitor cells within the periosteum orchestrate autograft healing 

through host cell recruitment, which initiates the regenerative process. To emulate periosteum-

mediated healing, tissue engineering approaches have been utilized with mixed outcomes. While 

vascularization has been widely established as critical for bone regeneration, innervation was 

recently identified to be spatiotemporally regulated together with vascularization and similarly 

indispensable to bone healing. Notwithstanding, there are no known approaches that have focused 

on periosteal matrix cues to coordinate host vessel and/or axon recruitment. Here, we investigated 

the influence of hydrogel degradation mechanism, i.e. hydrolytic or enzymatic (cell-dictated), on 

tissue engineered periosteum (TEP)-modified allograft healing, especially host vessel/nerve 

recruitment and integration. Matrix metalloproteinase (MMP)-degradable hydrogels supported 

endothelial cell migration from encapsulated spheroids whereas no migration was observed in 

hydrolytically degradable hydrogels in vitro, which correlated with increased neurovascularization 

in vivo. Specifically, ~2.45 and 1.84-fold, and ~3.48 and 2.58-fold greater vessel and nerve 

densities with high levels of vessel and nerve co-localization was observed using MMP degradable 

TEP (MMP-TEP) -modified allografts versus unmodified and hydrolytically degradable TEP 

(Hydro-TEP)-modified allografts, respectively, at 3 weeks post-surgery. MMP-TEP-modified 

allografts exhibited greater longitudinal graft-localized vascularization and endochondral 

ossification, along with 4-fold and 2-fold greater maximum torques versus unmodified and Hydro-

TEP-modified allografts after 9 weeks, respectively, which was comparable to that of autografts. 

In summary, our results demonstrated that the MMP-TEP coordinated allograft healing via early 

stage recruitment and support the recruitment of host neurovasculature. Future directions involve 
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investigating and optimizing the engineered TEP matrix to further emulate periosteal-mediated 

healing.

1. Introduction

Bone is the second most commonly transplanted tissue after blood.(1) More than one million 

bone grafts are performed annually in the United States with this number predicted to 

increase to 1.5 million by 2026.(2) Bone graft transplantation is required to treat critically 

sized bone defects resulting from trauma, tumors, or abnormal skeletal development.(3) 

Autografts cannot be used for massive bone defects due to volumetric constraints and 

associated donor site morbidity(4). In contrast, processed cadaveric allografts are readily 

available and fill the need for large volumes of graft material and also obviates donor site 

pain and morbidity(5). Allografts can also be shaped in the surgical suite to ensure proper 

defect placement, are osteoconductive, and offer similar mechanical support to live bone.
(6, 7) Additionally, the decellularization of allografts minimizes the possibility of immune 

rejection and a reduces the risk of disease transmission.(8) Therefore, decellularized bone 

allografts are considered the clinical “gold standard” of treatment for critically-sized bone 

defects. However, allografts suffer a 60%, 10-year post-implantation failure rate, which can 

be attributed to the absence of the periosteum.(6, 9, 10) Bone callus formation at bone 

autografts devoid of periosteum is ~3.5-fold lower compared to intact autografts and 

marrow-free autografts at 14 days post-surgery in critically-sized murine femur defects.(11)

The periosteum is composed of an outer fibrous layer, containing fibroblasts, collagen and 

elastin fibers, and micro vessels and an inner cambium layer containing mesenchymal-like 

periosteal stem cells, and osteoprogenitors (OPs).(12) After injury, cells within the 

periosteum rapidly proliferate and secrete cytokines (e.g., IL-1β, IL-6 and TNF-α)(13, 14) 

and bone morphogenetic proteins (BMPs)(15) to recruit host cells and stimulate angiogenesis 

and osteogenesis(16, 17). Later, during callus formation, periosteal and recruited 

mesenchymal stem cells differentiate into chondrocytes and osteoblasts to form the soft and 

hard callus, respectively.(18)

Numerous tissue engineering approaches have been taken to imitate periosteum-mediated 

autograft healing, which can be categorized by cell and/or growth factor delivery.(19–26) 

However, exogenous growth factor delivery from engineered periostea is limited by poorly 

characterized growth factor identity, dose, and temporal availability necessary to coordinate 

healing in vivo. Moreover, growth factors are susceptible to degradation and their release is 

challenging to control, altogether demanding delivery of supraphysiologic doses that may 

lead to off-target pathway activation.(27, 28) Hence, growth factor delivery results in highly 

variable regenerative outcomes inferior to autograft healing.(19–21) While cell transplantation 

is also a common approach, it too has resulted in negligible improvements in graft healing, 

possibly due to insufficient engineered extracellular matrix (ECM) design that focuses on 

exogenous cell survival rather than host tissue recruitment and integration.(22–26)

To emulate autograft healing within the context of decellularized bone allografts, our lab has 

pioneered the tissue engineered periosteum (TEP) based on poly(ethylene glycol) (PEG) 

hydrogels.(29) PEG-based hydrogels are attractive engineered ECMs for bone 
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regeneration(30–33) as they are biocompatible, exhibit water contents similar to many soft 

tissues, are resistance to nonspecific protein absorption, and are highly tunable 

biomechanically to match target tissue properties.(6, 34) Furthermore, the flexible chemistries 

used to form PEG hydrogels are amenable to incorporation of cell adhesive and/or growth 

factor epitopes(35, 36) as well as hydrolytically or enzymatically-tunable degradation 

kinetics(37). Our previous studies(29) exploited TEP comprised of hydrolytically-degradable, 

tri-block copolymers (methacrylate-poly(lactide)-b-PEG-b-poly(lactide)-methacrylate, PEG-

PLA-DM) functionalized with the fibronectin mimetic adhesive peptide, RGDS. Mouse 

mesenchymal stem cells (mMSCs) and OPs differentiated from mMSCs (mMSC-OPs) were 

entrapped within the TEP to emulate native periosteum cell populations and subsequent 

paracrine factor production.(29) mMSCs and mMSC-OPs within the TEP secreted autograft-

matched osteogenic (BMP2) and angiogenic (vascular endothelial growth factor (VEGF) 

and Angiopoietin 1 (ANG 1)) paracrine factors which are important for endothelial cell 

migration and vessel formation(38–42) associated with bone callus formation and 

remodeling(42–44). Despite the robust angiogenic factor production, the Hydro-TEP showed 

only modest increases in vascular volume compared to unmodified allograft controls.(29) 

Additionally, the Hydro-TEP modified allografts exhibited ~1.5 and 2-fold increases in bone 

callus formation and maximum torque versus unmodified allografts, respectively, at 9 weeks 

post-surgery. However, the maximum torque of Hydro-TEP modified allografts was only 

~40% of autografts, indicating delayed healing.(29)

To augment healing mediated by the TEP, the degradation mechanism of the PEG hydrogel 

was investigated. Specifically, we compared Hydro-TEP, which degrades via bulk processes, 

with PEG hydrogels crosslinked with a MMP degradable peptide sequence, GPQGIWGQ, to 

enable cell-dictated degradation. Importantly, GPQGIWGQ has susceptibility to MMP2,
(45, 46) MMP9,(46) and MMP14.(47) In bone regeneration, MSCs and endothelial cells (ECs) 

secrete MMP-2 and 9 critical for angiogenesis and tissue regeneration(48–50). MMP-14 

(MT1-MMP) is also required for ECs to cleave extracellular matrix (ECM) to generate space 

for lumen formation(51) while MMP-2 and 9 are necessary to degrade ECM and enable 

axonal outgrowth and pathfindingof neural cells(52, 53). The ability of the MMP-degradable 

hydrogels to support endothelial cell migration was first tested in vitro using endothelial cell 

migration assays prior to in vivo experiments. As angiogenesis and innervation 

synergistically cooperate in bone regeneration(54), early stage neurovascularization within 

the TEP was assessed using immunostaining. Healing of MMP-TEP-modified allografts was 

evaluated versus unmodified allografts, Hydro-TEP-modified allografts, and autograft 

positive controls. Vascularization, bone callus formation, and tissue quality was also 

quantified histologically. Finally, biomechanical restoration of grafted femurs via TEP-

coordinated healing was assessed via measurement of maximum torque.

2. Materials and Methods

2.1 Synthesis of PEG macromolecular monomers

2.1.1. Synthesis of PEG-PLA-DM—Linear poly(ethylene glycol) (PEG, MW 10 kDa, 

Alfa Aesar) was functionalized with D,L-lactide using microwave-assisted methacrylation, 

as previous reported(6). The number of lactide units and methacrylate functionality (> 95%) 

Li et al. Page 3

Biomaterials. Author manuscript; available in PMC 2021 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



per PEG macromer was analyzed by 1H NMR (Bruker Avance 400 MHz, CDCl3): (PEG 

repeat unit, -CH2CH2O-, 908, ~3.6 ppm; PLA repeat unit, -OCH(CH3)COO-, 4H/PLA at 

~5.3 ppm, and OCH(CH3)COO-, 12H/PLA at ~1.5 ppm; CH2=C(CH3), 4H/macromer at ~ 

5.6 and 6.3 ppm, and CH2=C(CH3)-), 6H/macromer at ~ 1.9 ppm.

2.1.2. Synthesis of acrylate-PEG-RGDS—The cell adhesive peptide RGDS (Arg-

Gly-Asp-Ser; 433.3 Da, BACHEM Bioscience Inc., King of Prussia, PA, USA) and acrylate-

PEG-N-Hydroxysuccinimide (Acrylate-PEG-SVA, 3400 Da, Laysen Bio, Arab, AL, USA) 

was dissolved in dimethyl sulfoxide (DMSO), then a drop of N, N-Diisopropylethylamine 

(DIEA) was added to the solution. The reaction was stirred overnight and then the product, 

acrylate-PEG-RGDS, was dialyzed against deionized water (molecular weight cutoff = 1000 

Da, Spectrum Labs, Rancho Dominguez, CA, USA) and then lyophilized. Matrix-assisted 

laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF, Bruker 

AutoFlex III SmartBeam, solvent: 50% acetonitrile in H2O + 0.1% TFA; matrix: a-cyano-4-

hydroxycinnamic acid (TCI Europe); calibrant: Peptide Calibration Standard (Bruker, 

#206195)) was used to analyzed the product (m/z Cl-, 3854 Da).

2.2. Synthesis of 8-arm poly(ethylene glycol) (PEG)-Norbornene (PEG-NB)

The norbornene functionalization of 8-arm PEG was achieved through N, N’-
dicyclohexylcarbodiimide (DCC, Sigma, MO USA) coupling as previously described.(55, 56) 

Briefly, in one flask, 20 g of 8-arm 20 kDa PEG (Jenkem Technology, China), pyridine (5 

mol for 1 mol PEG-OH, Sigma) and 4-dimethylaminopyridine (DMAP, Fisher Scientific) 

(0.5 mol for 1 mol PEG-OH) were dissolved in 25 mL dichloromethane (DCM, Sigma, MO, 

USA) for 30 min. In a second flask, DCC (5 mol for 1 mol PEG-OH) and norbornene-2- 

carboxylate (10 mol for 1 mol PEG-OH, Alfa Aescar, MA, USA) were dissolve in 100 mL 

DCM with stirring for 30 min. Solutions were combined and allowed to stir overnight. The 

resulting solution was vacuum filtered to remove the solid salt precipitate. Finally, PEG-

norbornene was precipitated in cold diethyl ether, dissolved in 75 mL DCM, and precipitated 

anther two times in cold diethyl ether. The polymer was dialyzed for three days against 

deionized water (1000 MWCO dialysis tubing, Spectrum Laboratories) and lyophilized prior 

to storage at −20 °C. The structure and functionalization ratio (89%) of the 8-arm PEG-NB 

were determined by 1H-NMR [CDCl3]: δ= ~3.6 indicates PEG ether protons, δ= 5.9–6.3 

indicate norbornene vinyl protons.

2.3. Peptide synthesis

The MMP-degradable crosslinker GKKCGPQGIWGQCKKG and cell adhesive ligand 

CGRGDSG (RGD) were synthesized on Fmoc-Gly-Wang resin (EMD) using a Liberty 1 

automated peptide synthesizer with UV monitoring (CEM), as previously described(56, 57). 

Amino acids were dissolved at 0.2 M in N,N-Dimethylformamide (DMF, Fisher Scientific, 

NH, USA). 10 wt% piperazine (Alfa Aesar) in DMF with 10 vol% ethanol was used for 

deprotection. 0.5 M N’-Diisopropylcarbodiimide (DIC) in DMF was used as activator, and 

10 wt% Ethyl cyano(hydroxyimino)acetate (Oxyma Pure, Sigma) in DMF was used as 

activator base. A cleavage cocktail containing 92.5 vol% trifluoroacetic acid (TFA, Alfa 

Aesar), 2.5 vol% each triisopropylsilane (Alfa Aesar), 3,6-dioxa-1,8-octanedithiol (Alfa 

Aesar), distilled, deionized water (ddH2O) and thioanisol (Alfa Aesar, only for peptides 
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containing Arginine (R)) was used to cleavage peptides from resin for 2 h (4 h for peptides 

containing R). After cleavage, the peptide was precipitated in ice cold diethyl ether. Resin 

was removed by vacuum filtration, and peptides were collected by centrifugation. MALDI-

ToF was used to verify peptide molecular weight. To verify the concentration of MMP-

degradable crosslinker in solution for hydrogel synthesis, the MMP-degradable crosslinker 

was dissolved in ddH2O and peptide concentration was determined via absorbance at 205 

nm measured on an EvolutionTM UV-Vis detector (Thermo Scientific) as previously 

described(56).

2.4. Hydrogel characterization

To characterize hydrogel mechanical properties, 10 wt% PEG-NB, MMP-degradable 

crosslinker at a 0.6:1 thiol-ene ratio (12 mM), and 2 mM RGD were dissolved in phosphate 

buffered saline (PBS). 0.05 wt% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), 

synthesized as previously described(58), was then added to the hydrogel precursor solution. 

Cylindrical hydrogels (diameter ~6 mm, height ~2 mm,) were fabricated via 

photopolymerization of 40 μL precursor solution under UV light (UVP Blak-Ray™ UV 

Benchtop Lamps, 365 nm, which was verified to deliver 5 mW/cm2 at 365 nm via a UVP 

UVX Radiometer) for 10 minutes. After incubation in PBS overnight, the compressive 

moduli of the hydrogels were determined using a MTS TestWork 4® (MTS System 

Corporation, MN, USA) with a 5 N load cell while compressing at a rate of 0.1 mm/s at up 

to 10% strain(59). The mesh size of the hydrogel was measured based on Flory-Rehner 

equation(59). To perform the mesh size calculation, the volumetric swelling ratio (Q) is first 

calculated from equation 1:

Q = 1 + ρs
ρp

Ms
MD

− 1 Eq. 1

where ρs is density of water (1 g/ml), ρp is density of PEG (1.12 g/ml), Ms and MD are dry 

and wet mass of the hydrogel respectively. The molecular weight between crosslinks (Mc, in 

g/mol) is then calculated from equation 2:

1
MC

= 2
MN

−
V
V 1

(ln 1 − V 2) + V 2 + X1V 2
2

V 2

1
3 − V 2

2

Eq. 2

where MN is the number-average molecular weight (MW) of PEG (20,000 g/mol),   V  is the 

specific volume of the polymer V =
ρs
ρp

 , V1 is the molar volume of water (18 ml/mol), V2 

is the equilibrium polymer volume fraction of the hydrogel V 2 = 1
Q , and X1 is the polymer-

solvent interaction parameter for PEG and water (0.426). The number of bonds between 

crosslinks (n) is then calculated from equation 3:

n = Nb
Mc
Mr

Eq. 3
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where Nb is the number of bonds in the PEG repeat and Mr is the MW of the PEG repeat 

unit (44 g/mol). This allows the root-mean-square end-to-end distance of the polymer chain 

r0
2 1/2

 in nm) to be calculated from equation 4:

r0
2

1
2 = ICn

1
2n

1
2 Eq. 4<

where I is the average bond length (0.146 nm, calculated based on C-C and C-O bond 

lengths) and Cn is the characteristic ratio of the polymer (4.0 for PEG). The mesh size of the 

hydrogel (ε) can be calculated from equation 5:

ε = V 2
− 1

3 r0
2

1
2 Eq. 5

2.5. Endothelial cell sprouting in hydrogels

The ability of hydrolytically-degradable and MMP-degradable hydrogels to support 

endothelial cell infiltration was evaluated with a 3D co-culture spheroid sprouting assay.(60) 

Since the elongation and maturation of blood vessels is associated with mural cells, i.e. 
vascular smooth muscle cells (VSMCs) or pericytes(60–62), human MSCs (hMSCs), as 

pericyte-like cells(63), were used in this study. hMSCs isolated from bone marrow aspirates 

obtained from Lonza as previously described(64) were expanded in Low Glucose DMEM 

(Dulbecco’s Modified Eagle Medium, ThermoFisher) with 10% Fetal Bovine Serum (FBS), 

and 1% antibiotic-antimycotic (Gibco). Human umbilical endothelial cells (HUVECs, 

Lonza, GA, USA) were cultured and maintained in endothelial growth media (Medium 200, 

Low Serum Growth Supplement (LSGS), 1% antibiotic-antimycotic, and 2% FBS, Gibco). 

Prior to spheroid formation, hMSCs and HUVECs were labeled with 10 μM CellTracker™ 

Orange (C34551, Thermo Fisher) and CellTracker™ DeepRed (C34565, ThermoFisher) 

respectively. hMSCs and HUVECs in a 1:1 ratio were then suspended in endothelial growth 

media containing 0.24 wt% methyl cellulose (M0512, Sigma) in untreated round bottomed 

96-well plates to allow spheroid formation (~3000 total cells/spheroid/well)(60). After 

overnight incubation at 37 °C and 5% CO2, media was aspirated and individual spheroids 

were resuspended in 40 μL of either hydrolytically-degradable (10 wt% PEG-PLA-DM, 2 

mM Acrylate-PEG-RGDS, 0.05 wt% LAP in PBS) or MMP-degradable (10 wt% 8-arm 

PEG-NB, 12 mM MMP-degradable crosslinker, 2 mM CRGDSG, 0.05 wt% LAP in PBS) 

hydrogel precursor solutions. Hydrogels were polymerized within cylindrical molds 

(diameter ~6 mm) with UV light (365 nm light at 5 mW/cm2) for 10 minutes. The 

spheroid/gel systems were incubated in endothelial growth media (including 2 ng/mL VEGF 

and 4 ng/mL FGF), where 50 μM Marimastat(65–67) (Tocris Bioscience, MN US), a broad 

spectrum inhibitor of MMPs (MMP-1, 2, 7, 9, and 14), was added to the media as a control 

to verify MMP-specific degradation. Spheroid/gel systems were monitored using brightfield 

(Motic AE20) and confocal microscopy (Dragonfly Spinning Disc Confocal Microscope, 

Oxford Instruments Andor, CT, US). ImageJ was used to quantify endothelial cell sprouting.
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2.6. Cell culture

2.6.1. mMSC isolation—All animal experiments were approved by the University 

Committee on Animal Resources at the University of Rochester and complied with the 

National Institutes of Health guide for the care and use of Laboratory animals. Bone marrow 

cells were isolated from 10–14 week old C57BL6/J mice (The Jackson Laboratory, ME, 

USA) as previously described.(68) Mice were sacrificed and both femurs and tibias were 

dissected. Bone marrow was flushed out using MSC culture media (Low Glucose DMEM 

with 10% FBS, and 1% antibiotic-antimycotic). Cells were filtered through a 70 μm cell 

strainer (Fisher Scientific), and then collected by centrifugation at 1000 RPM, 4 °C, for 10 

min. The collected cells were resuspended in 10 mL MSC culture media (200,00 cells/mL) 

and plated at cell culture dish (100 × 17 mm, ThermoFisher). When cells achieved about 

60% confluence, they were detached using a cell scraper and transferred to 6-well plates (~ 

0.4 ×106 cells/cm2) for characterization and differentiation. mMSCs were characterized for 

putative mesenchymal stem cell markers (positive markers: CD44, CD51 and Sca-1; 

negative markers: CD45 and CD11b).(69, 70) Data demonstrated that ~90%, ~86% and ~95% 

of mMSCs were positive for CD51, Sca-1, and CD44 respectively, ~84% of mMSCs were 

positive for all the three stem markers, and <8% mMSCs were positive for CD45 and CD11b 

(Supplemental Fig. 3).

2.6.2. Osteogenic differentiation of mMSCs—Passage 1 mMSCs were 

differentiated into osteoprogenitors (mMSC-OPs) using osteogenic induction media Low-

glucose DMEM with 10% FBS, 1% antibiotic-antimycotic, 50 μg/mL ascorbic acid and 10 

mM β- glycerophosphate) for 10 days. Osteogenic differentiation was confirmed by gene 

expression of housekeeping gene (beta-2-microglobulin (B2M)(71, 72)) and osteogenic 

markers Alkaline phosphatase (ALP) and Osteocalcin (OCN) using reverse-transcription 

polymerase chain reaction (RT-PCR)(73, 74), and ALP staining using the 1-Step™ NBT/BCIP 

Substrate Solution (ThermoFisher)(75). mMSC cultured under osteogenic conditions for 10 

days (mMSC-OPs) demonstrated significantly higher ALP expression (Supplement Fig. 

3A). In addition, mMSC-OPs exhibited a 3 and 5-fold increase in expression of ALP and 

OCN compared to undifferentiated mMSCs (Supplemental Fig. 2B and C).

2.7. TEP-modified allograft fabrication

2.7.1. Preparation of decellularized allografts—Allografts were produced from 

femurs dissected from BALB/c mice (The Jackson Laboratory). The method utilized in this 

study to prepare allografts was adapted from previous studies(11, 76–79), whereby femurs 

were decellularized by flushing bone marrow with PBS and thorough removal of periosteal 

tissue using gauze and scraping. Allografts were cut into 4 mm segments, sterilized in 70% 

ethanol for 30 min, rinsed in PBS, stored at −80 °C for several hours, and then transferred to 

−20 °C until use.

2.7.2. TEP formation—For Hydro-TEP fabrication, 10 wt% PEG-PLA-DM and 2 mM 

Acrylate-PEG-RGDS were dissovled in PBS. mMSCs and mMSC-OPs (at 1:1 ratio) were 

then suspended in the hydrogel precusor solution at a final concentration of 25×106 cells/mL 

(Fig. 1A). This cell concentration is comparable to the periosteal cell density at early stages 

of autograft healing.(29) For MMP-TEP fabrication, hydrogel precursor solutions were 
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prepared by dissolving 2.5 mM 8-arm PEG-norbornene, 12 mM MMP-degradable 

crosslinker, and 2 mM CRGDSG in PBS with mMSCs and mMSC-OPs (at 1:1 ratio) 

suspended within the hydrogel precursor solution at 25×106 cells/mL (Fig. 1B). The photo-

initiator LAP was then added to each cell/hydrogel solution at a final concentration of 0.05 

wt%. 20 μL of PEG/cell solution was pipetted around each allograft within a custom 

cylindrical mold, which was subsequently exposed to 365 nm light at 5 mW/cm2 for 10 

minutes to form the TEP-allograft.(29)

2.8. Graft transplantation

A murine segmental femoral graft model was used to assess in vivo bone graft healing as 

previously described.(11, 76, 80) Mice were injected with sustained-release buprenorphine 1 

hour before surgery. An 8–10 week old C57BL/6 mouse was anesthetized via isoflurane 

(M3000 Table Top, Non-Rebreathing Anesthesia Machine, SUPERA, Clackamas, OR, 

USA). An 8 mm-long incision was made, and the mid-shaft of the femur was exposed via 

blunt dissection. The femoral defect was made by using a Dremel with double diamond 

blades (with 4 mm spacing). An autograft, unmodified allograft, Hydro-TEP-modified 

allograft, or MMP-TEP-modified allograft was transplanted into the defect and stabilized 

with 25-gauge spinal needles (VWR, PA, USA). For autografts, dissected segments were 

flipped and immediately transplanted back into the same mouse. After placement, the 

skeletal muscle and skin were sutured. After surgery, mice were allowed to mobilize without 

restriction.

2.9. Assessment of graft healing in vivo

2.9.1. Micro-perfusion and quantification of vascularization via micro-
computed tomography (μCT)—At 3, 6, and 9 weeks after implantation, a radiopaque 

lead chromate silicon rubber contrast agent (MicrofilMV-122, Flow Tech; Carver, MA,USA) 

was perfused into mice(29). Grafted femurs were dissected after perfusion and scanned using 

μCT (Explore; GE HealthCare) to image both blood vessels and bone tissue. Subsequently, 

femur samples were decalcified in 14% ethylenediaminetetraacetic acid (EDTA) for 14 days 

and scanned again to image the remaining vessels. Graft vascularization was quantified 

using μCT images volumes of interest (VOI) before and after decalcification.

2.9.2. Bone callus volume quantification via μCT—The μCT system was used to 

analyze bone callus formation. Consistent VOI were selected for two-dimensional (2D) 

images reconstruction with the same threshold. Both host cortical bone and transplanted 

graft were included in the contour lines during the measurement of new bone callus volume. 

New bone callus volume in a VOI spanning the entire length of the transplanted bone graft 

and 1 mm of the proximal and distal host cortical bone was used to evaluate graft healing.

2.9.3. Histological staining and histomorphometric analysis—At 3, 6, and 9 

weeks post-surgery, grafted femurs were harvested, and fixed in 4% neutral buffered 

formalin (NBF) for 72 hours, washed with PBS, and then decalcified in 14% EDTA for two 

weeks. Decalcified samples were horizontally embedded in paraffin and then sectioned at 5 

μm from three nonconsecutive levels. Tissues were stained with Alcian Blue (pH 2.4) (blue, 

glycosaminoglycans/proteoglycans) and Orange G (pink, bone/soft tissue). Stained sections 
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were scanned by Olympus VS110 Virtual Microscopy System. Subsequently, Visiopharm® 

was used to perform the histomorphometric analysis, wherein mesenchyme, cartilage, and 

woven bone area were reported based on color threshold intensities(81). Visiopharm® was 

used to perform the histomorphometric analysis of high resolution images, such as those in 

Figure 6, wherein mesenchyme, cartilage, and woven bone area were reported based on 

color threshold intensities(81, 82). The histomorphometric algorithm was development based 

on a previous study(82). First, newly formed woven bone, cartilage, and mesenchymal tissues 

are assigned to different colors via manual selection. As more areas of the tissue type are 

sampled, the program “learns” the range of colors within that tissue. The same color 

assignments for tissues were used for all samples. Then, regions of interest (ROI) were 

defined and the program automatically measures tissue area.

2.9.4. Immunohistochemical staining and analysis—3 weeks post-surgery tissues 

were embedded in paraffin vertically and 5 μm sections were obtained at three 

nonconsecutive levels proximal, medial, and distal to the allograft region to capture cross 

sections spanning the graft callus area (Supplemental Fig. 1). To qualitatively analyze 

neurovascularization during early-stage graft healing, sections were immunostained for 

CD31 (platelet endothelial cell adhesion molecule; PECAM), an endothelial marker(83, 84), 

and beta tubulin III (β3-tubulin), a neuronal marker which has previously been associated 

with neurogenesis(85). Briefly, slides were deparaffinized and heat induced antigen retrieval 

was performed using Tris-EDTA buffer (pH = 9). Sections were blocked with 10% normal 

goat serum (NGS) for 1 hour then incubated with rabbit polyclonal CD31 antibody (1:200 

dilution, ab28364, Abcam) in PBSA (bovine serum albumin (BSA, heat shock fraction, 

powder, Sigma) in PBS (0.1% (w/v)) buffer overnight at 4 °C. After washing with PBS, 

slides were incubated in goat anti-rabbit secondary antibody (1;500 dilution, A-21245, 

ThermoFisher) for 1 hour. A second block with 10% normal rabbit serum was performed for 

30 min at room temperature, and sections were washed in PBS for 1 hour and stained with 

unconjugated goat anti-rabbit Fab-fragment (dilution to 30 μg/mL in 0.1% PBSA, Jackson 

ImmunoResearch, PA, USA) for 1 h at room temperature. Followed by the second primary 

antibody β3-Tubulin (1:200 dilution in 0.1% PBSA, Ab18207, Abcam). Subsequently, slides 

were incubated with the second secondary antibody (1:500 dilution in 0.1% PBSA, F2765, 

ThermoFisher). After wash in PBS, slides were incubated with DAPI (1:500 dilution, 

ThermoFisher) for 5 min then TrueBlack (1:20 dilution in 70% ethanol, Biotium, CA, US) 

for 5 min. After a final wash with PBS, slides were mounted using Immu-Mount™ 

(ThermoFisher) and imaged using a Dragonfly Spinning Disc Confocal Microscope (Oxford 

Instruments Andor, CT, US). ImageJ was used to quantify the vessel and nerve densities and 

identify colocalization.

To evaluate endochondral ossification at early stages of graft healing to correlate with 

histology analysis, two serial sections of the same tissue used for histology at 3 weeks post-

surgery were immunostained for Col2a1 and Col10a1. Briefly, slides were deparaffinized 

and antigen retrieval was performed at 37 °C using 0.01 M HCl with 4 mg/ml of pepsin for 

10 min. Sections were blocked with 10% NGS for 30 min then incubated with Col2a1 

(mouse monoclonal primary antibody, 1:100 dilution, MS235, ThermoFisher) or Col10a1 

(mouse polyclonal primary antibody, 1:500 dilution, Quartett antibody, # 2031501005) 
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overnight at 4 °C. After washing with PBS, slides were incubated in goat anti-mouse 

secondary antibody (Alexa Fluor 488, A-11001, ThermoFisher) for 1 hour at room 

temperature. After wash in PBS, slides were incubated with DAPI (1:500 dilution, 

ThermoFisher) for 5 min. After a final wash with PBS, slides were mounted using Immu-

MountTM (ThermoFisher) and imaged using a Dragonfly Spinning Disc Confocal 

Microscope (Oxford Instruments Andor, CT, US).

2.9.5. Assessment of graft torsional biomechanics—Grafted femurs along with 

the contralateral intact femur were harvested after 6 and 9 weeks. Proximal and distal femur 

ends were cemented into an aluminum tube using a custom jig to ensure axial alignment and 

maintain a gauge length of 6 mm for all samples. Samples were mounted on an EnduraTec 

TestBench system (200 N·mm torque cell; Bose Corp., Minnetonka, MN) and tested in 

torsion at a rate of 1°/sec until failure to determine maximum torque.(6, 29)

2.10. Rationale for using previous data set

In an effort to significantly reduce the use of animals in this study(86, 87), graft healing data, 

including vascularization, bone callus formation, histology, and biomechanical analyses of 

autografts, allografts, and Hydro-TEP modified allografts at 6 and 9 weeks post-surgery are 

derived from the same data set of our previous published study(29), as experimental methods 

and animal strains did not differ from the current investigation. However, different 

representative images are shown herein(29). Additionally, alternative data analysis 

approaches were performed to yield additional insight for this study. For example, 

vascularization VOI was chosen to be within the graft area instead of the entire tissue 

volume, as previously published(29). Additionally, maximum torque strengths were 

normalized to intact femurs to better reflect the extent of healing versus unaltered controls.

2.11. Statistical analysis

Raw data was plotted in GraphPad Prism Software and shown in figures as mean ± standard 

deviation. Replicate number of samples were determined based on previous data(6, 29) using 

power analysis(88). GraphPad Prism software was also applied for statistical analysis of data, 

where one-way or two-way ANOVA with Dunnett’s and Tukey’s post-hoc testing analysis 

respectively, as noted in figure legends, was used identifying significant differences with p < 

0.05 considered statistically significant.

3. Results

3.1. Endothelial cell migration into hydrogels

To test the hypothesis that MMP-degradable hydrogels support endothelial cell migration, 

HUVEC/hMSC spheroids were encapsulated into either hydrolytically degradable (Hydro 

Gel) or MMP-degradable (MMP Gel) hydrogels with MMP inhibitor as a control. Migration 

distances from the spheroids were measured after 1, 3, and 5 days of culture to determine if 

the mode of hydrogel degradation affected endothelial migration. Note that neither bulk 

hydrogel modulus nor mesh size differed between Hydro and MMP gels (Supplemental Fig. 

2), which ensures that cell behaviors were only impacted by degradation mechanism and not 

initial hydrogel mechanical properties. Additionally, spheroids encapsulated in gels were 
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verified to have similar sizes (Supplemental Fig. 3). Confocal microscopy images (Fig. 2B) 

illustrate that HUVECs (in yellow) and hMSCs (in red) concomitantly (orange) migrated 

into the MMP Gels, indicative of endothelial cell migration. Specifically, within the MMP 

Gel group, cell migration lengths of 118 ± 17 μm were observed after 3 days which reached 

347.6 ± 20.1 μm at day 5 (Fig. 2 C–E). Very limited cell sprouting can be observed when 

MMP inhibitor was added in the media (Fig. 2B and E), indicating the degradation of the 

MMP-Gel is MMP-mediated. In contrast, no cell migration was observed even at day 5 (Fig. 

2 C and D) in the hydrolytically degradable gel, which supports the hypothesis that the rate 

and/or mechanism of hydrolytic gel degradation does not support endothelial cell migration 

and may inhibit host tissue infiltration during healing.

3.2. Early-stage neurovascularization of autografts, allografts, and TEP-modified 
allografts in vivo

The MMP-degradable hydrogel was shown to support EC migration in vitro (Fig. 2), which 

may support host tissue infiltration in vivo(89, 90). To test this hypothesis, MMP-degradable 

hydrogel precursors with mMSCs and mMSC-OPs were photopolymerized under UV 

around allografts to form the MMP-TEP modified allograft, which was then implanted into a 

critically-sized murine femur defect. Angiogenesis, the sprouting of new capillaries from 

existing blood vessels(91), is activated by hypoxic stress immediately following injury, and is 

critical for healing in bone and other tissues(92). Angiogenesis and innervation are 

anatomically coupled in bone tissue and synergistically coordinate bone regeneration.(93, 94) 

Therefore, it is important to evaluate if early-stage neurovascularization is coordinated by 

the TEP. Compared to unmodified and Hydro-TEP-modified allografts, the MMP-TEP 

supported significantly increased blood vessel and nerve densities at all three levels 

(Supplemental Fig. 1) after 3 weeks, which was comparable to the vessel and nerve density 

observed in autografts (Fig. 3B and C). Positive staining of CD31 and β3-tubulin at all 3 

levels measured (Supplemental Fig. 1) within the graft callus indicated successful host 

vascular infiltration and innervation, respectively. Additionally, co-localization of vessels 

and nerves was observed for both autografts and MMP-TEP-modified allografts (Fig. 3A, 

white arrows), while co-localization was not observed within either unmodified allografts or 

Hydro-TEP-modified allografts (Fig. 3A). These findings indicate that the MMP-TEP 

promotes early-stage neurovascularization, which, in turn, may improve overall healing.

3.3. Graft-localized vascularization of autografts, allografts, and TEP-modified allografts 
in vivo

In addition to staining to detect early-stage neurovascularization, μCT analysis was used to 

longitudinally evaluate graft-localized vascularization. μCT images demonstrated extensive 

vascularization for both autografts and MMP-TEP-modified allografts at 3, 6, and 9 weeks 

post implantation, with the entire graft area completely infiltrated by blood vessels at 9 

weeks post-implantation in both groups (Fig. 4A). In contrast, both unmodified and Hydro-

TEP-modified allografts showed few blood vessels in the callus and graft area even after 6 

and 9 weeks (Fig. 4A). At 3 and 6 weeks post-implantation, the graft-localized vascular 

volume of MMP-TEP-modified allografts (0.216 ± 0.77 mm3 and 0.20 ± 0.076 mm3) was 

significantly greater than that of allografts (0.002 ± 0.0004 mm3 and 0.053 ± 0.048 mm3) 

and Hydro-TEP-modified allografts (0.056 ± 0.004 mm3 and 0.023 ± 0.015 mm3) (Fig. 4B). 
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At 9 weeks post-implantation, the graft-localized vascular volume for Hydro-TEP-modified 

allografts (0.045 ± 0.019 mm3) was significantly lower than that of autografts (0.22 ± 0.112 

mm3) and of MMP-TEP-modified allografts (0.09 ± 0.067 mm3), with no significant 

difference between the latter two groups. These data indicate that the MMP-TEP improved 

graft-localized vascularization during allograft healing.

3.4. Bone callus formation of autograft, allograft, and TEP-modified allografts in vivo

Bone callus volume and mineralization, important indicators of graft healing, were 

quantified for autografts, allografts, and Hydro/MMP-TEP-modified allografts at 3, 6, and 9 

weeks post-surgery (Fig. 5). In agreement with previous studies(11, 29, 95, 96), bridging callus 

(volume of 4.6 ± 0.6 mm3) was observed in autografts by 3 weeks, with subsequent graft 

and callus resorption and remodeling at 6 (3.5 ± 0.6 mm3) and 9 weeks (2.6 ± 0.9 mm3) 

(Fig. 5A and B), resulting in reduced vascular volume (Figure 4B) to that of naïve bone 

(Figure 5B) (6). On the contrary, only modest callus formation was observed in unmodified 

allograft-treated defects, which was limited to proximal and distal sites of the graft after 3 

weeks (1.3 ± 0.2 mm3) with no sign of callus bridging even after 6 (1.4 ± 0.2 mm3) and 9 

weeks (2.0 ± 0.4 mm3) (Fig. 5A and B). Compared to allografts, both Hydro-TEP and 

MMP-TEP supported significantly enhanced bone callus volume (Fig. 5B). Hydro-TEP-

modified allografts exhibited 3.5 (4.6 ± 0.5 mm3), 3.6 (5.0 ± 0.8 mm3), and 2.9-fold (5.7 ± 

1.6 mm3) increases in average bone volume versus unmodified allografts at 3, 6, and 9 

weeks post-implantation, respectively (Fig 5B). MMP-TEP-modified allografts showed 4.5 

(5.8 ± 1.4 mm3), 4.6 (6.5 ± 1.9 mm3), and 2.8-fold (5.6 ± 1.6 mm3) higher average bone 

volume versus unmodified allografts at 3, 6, and 9 weeks post-implantation, respectively 

(Fig. 5B). There were no significant differences in bone callus volume between Hydro-TEP 

and MMP-TEP-modified allografts at any point. However, since endochondral callus 

formation is reflected by the volume, shape, and mineralization of the callus, robust bone 

regeneration cannot be determined only through bone callus volume(97, 98). Rather, 

mineralized callus that bridges the defect is necessary for bone healing and ultimate 

restoration of bone biomechanics(99). Bridging callus of MMP-TEP can be observed both 

proximally and distally from week 3 to week 9 (Figure 5A) with higher mineralization 

(987.7 ± 48.7 mg HA/ccm) versus Hydro-TEP-modified allografts (810.1 ± 201.7 mg HA/

ccm) (Figure 5C), while very limited bridging callus can be observed for unmodified and 

Hydro-TEP-modified allografts even after 9 weeks (Figure 5A). Taken together, these data 

demonstrate MMP-TEP enhanced bridging callus formation and mineralization in 

comparison to unmodified allografts versus and Hydro-TEP functionalized allografts.

At 3, 6, and 9 weeks post-implantation, histological analysis of grafted femurs was 

performed using Alcian blue and Orange G staining. Consistent with the μCT results (Fig. 

5), autografts were almost completely bridged by newly formed bone (orange arrow) with 

minimal cartilage (black arrow) after 3 weeks (Fig. 6A). Graft and callus remodeling was 

observed after 6 and 9 weeks (Fig. 6A), where hard and total callus areas were significantly 

decreased after week 6 (Fig. 6B ii and vi respectively). In contrast, minimal soft (black 

arrow) and hard (orange arrow) callus had formed at the proximal and distal ends of 

unmodified allografts with obvious fibrotic tissue (green arrow) at 3 weeks post-surgery 

(Fig. 6A). Similarly, after 6 and 9 weeks, unmodified allografts had limited hard and total 
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callus area (Fig. 6A, B ii and vi). Histology revealed that Hydro-TEP modified allografts 

exhibited minimal hard callus formation and significant fibrotic tissue (Fig. 6A, green arrow) 

at 3 weeks post-implantation at levels comparable to unmodified allografts (Fig. 6B ii). 

Despite an increased hard callus area for Hydro-TEP modified allografts at weeks 6 and 9 

(Fig. 6B), modest bridging callus (orange arrow) was observed along with the presence of 

considerable fibrotic tissue (green arrow) (Fig. 6A). After 3 weeks, produce of Col II and X 

can be observed in the MMP-TEP group, indicating the advanced endochondral ossification, 

while only produce of Col II can be observed in allograft and Hydro-TEP groups, indicating 

immature ossification(100). Moreover, the hard callus (orange arrow) had begun to bridge 

from both ends of the graft at 3 weeks post-surgery (Fig. 6A), exhibiting significantly 

increased hard callus area (2.04 ± 0.61 mm2) relative to unmodified allografts (0.71 ± 0.17 

mm2) (Fig. 6B ii). After 6 and 9 weeks, MMP-TEP-modified allografts displayed extensive 

bridging callus (orange arrow, Fig. 6A) with areas (3.42 ± 1.39 mm2, 2.23 ± 0.41 mm2) 

comparable to those of autografts (3.66 ± 1.1 mm2, 2.67 ± 0.63 mm2) (Fig. 6B) at 6 and 9 

weeks post-implantation.

3.5. Mechanical properties of autografts, allografts, and TEP-modified allografts

As an indicator of biomechanical stability and maturation of bone during graft healing, 

maximal torsion strength (maximum torque) of grafted femurs was measured at 6 and 9 

weeks post-implantation (Fig. 7). Maximum torques of autografts were 79% and 77% of 

intact femurs after 6 and 9 weeks, which was 7 and 6-times greater than those of unmodified 

allografts, respectively. Hydro-TEP-modified allografts exhibited only 5% and 28% of intact 

femur maximum torque at 6 and 9 weeks post-surgery. While Hydro-TEP showed a higher 

maximum torque than unmodified allografts after 9 weeks, values were still significantly 

lower compared to autografts. The MMP-TEP significantly increased biomechanical 

stability of allografts at both 6 (40.9 ± 27.8 %) and 9 (52.5 ± 29.7%) weeks post-

implantation, reaching a statistically comparable maximum torque to that of autografts at 9 

weeks post-surgery. Hence, the MMP-TEP significantly enhanced the biomechanical 

stability of femur allografts, indicating improved and more mature healing.

4. Discussion

To identify the critical cues that coordinate periosteal-mediated healing, we have pioneered 

the development of a TEP(29) using an engineered ECM based on PEG hydrogels that 

localize regenerative MSCs and OPs to the graft surface, akin to native periosteum(29). The 

TEP emulates the level and cascade of periosteal angiogenic factors but only modestly 

increases angiogenesis and healing of allografts(29). To investigate the hypothesis that the 

underlying degradation mechanisms of the engineered periosteum are critical for 

coordinating host tissue infiltration necessary for successful bone healing, MMP-degradable 

crosslinkers were incorporated within the engineered periosteal matrix to provide cell-

dictated degradation, thus enabling structural support of infiltrating host tissue. In 

comparison to unmodified and Hydro-TEP-modified allografts, the MMP-TEP significantly 

promoted early stage neurovascularization within the MMP-TEP-modified allografts. 

Additionally, greater levels of bridging hard callus formed around MMP-TEP-modified 

allografts with greater mineralization density (Fig. 5 A and C) and minimal fibrous tissue 
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(Fig. 6A) were observed after 6 and 9 weeks, likely due to the robust early stage 

neurovascularization (Fig. 3) and longitudinal graft-localized vascularization (Fig. 4) of 

MMP-TEP-modified allografts compared to unmodified and Hydro-TEP-modified 

allografts. Consequently, enhanced mineralization of bone callus (Fig. 5) lead to 4-fold, 2-

fold increased maximum torques for MMP-TEP-modified allografts versus unmodified and 

Hydro-TEP-modified allografts after 9 weeks, respectively (Fig. 7).

The periosteum is essential for autograft healing. After injury, periosteal stem cells within 

the periosteum undergo robust proliferation and secrete pro-inflammatory cytokines to 

recruit angiogenic and regenerative cells and initiate angiogenesis.(101, 102) New capillaries 

sprout and inosculation occurs between the host tissue and live periosteum to provide 

oxygen and nutrients required for cell recruitment and proliferation, differentiation, and 

tissue production consistent with successful regeneration.(103, 104) In particular, type H 

capillaries, characterized by high expression of CD31, can direct bone regeneration by 

stimulating the proliferation and differentiation of osteoprogenitors recruited into the injury 

site(105, 106) and promote chondrocyte maturation and hypertrophy during soft callus 

formation(83). Periosteal nerve regeneration is initiated by the injury in parallel with and in 

close proximity to the regenerating vascularization, a process coordinated by the production 

of chemotactic cues including nerve growth factor by Schwann cells and 

macrophages(107–109).

Unlike autografts, the healing of allografts cannot rely upon coordination by preexisting 

cells, vessels, and nerves within the collagenous periosteal matrix, which can be remodeled 

by infiltrating host tissues. Rather, the TEP must imbibe the critical facets of this complex 

niche to initiate healing. It is clear that cells transplanted within the TEP are necessary to 

initiate healing either directly through differentiation(110–112) or indirectly, through paracrine 

factor production(6, 22, 81), or some combination thereof. However, our data indicate the 

mechanism of TEP degradation is also a critical design parameter. Angiogenesis within 

hydrolytically-degradable matrices (Hydro-TEP) paled in comparison to autografts and 

MMP-degradable matrices (MMP-TEP) (Fig. 3 and 4). This outcome was likely due to 

inhibition of initial vessel recruitment within Hydro-TEP, as the mesh size (~15 nm)(29) is 

smaller than that of the leading filipodia of migrating cells (0.2–0.4 μm)(113) (Fig. 2C). Our 

previous data(114) suggest that a > 90% mass loss of PEG-PLA-DM hydrogels is required 

for the mesh size to approach 0.2 μm. At this point, the hydrogel would be very close to 

reverse gelation and, thus, would be unable to support infiltrating vessels, undermining 

angiogenic network stability. Even though the MMP-degradable hydrogels (MMP-Gel) have 

similar initial mesh size to their hydrolytically degradable counterparts (Supplemental Fig. 

2B), the MMP-Gel can support EC migration (Figure. 2A, B and D) via pericellular 

secretion of MMPs. During angiogenesis and innervation, MMP-TEP is locally degraded by 

cells during endothelial cell and axonal migration and extension(51, 52). Hence, unlike the 

hydrolytically degradable hydrogel, cells and axonal migration and vessel infiltration do not 

require bulk degradation of the MMP degradable hydrogel to attain the threshold mesh size. 

Along with mediating ECM remodeling, MMPs have other functional implications in 

angiogenesis and innervation. MMP1, 9, and 10 can regulate EC invasion and lumen 

formation(115, 116). MMP9 modulates VEGF expression(117) and MMP9-deficient mice 

exhibit delayed angiogenesis with growth plate abnormalities in the long bones during 
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skeletal development(118–120). MMP2 and 9 have been reported to regulate axonal outgrowth 

and guidance.(121, 122)

Angiogenesis and innervation are coordinated processes during bone regeneration(54). 

During this process, nerve fibers secrete vasculogenic neuropeptides, such as substance P 

(SP) and calcitonin gene-related peptide (CGRP), to stimulate angiogenesis.(93, 123) 

Concurrently, neuropeptides, such as CGRP(124) and vasoactive intestinal polypeptide (VIP),
(125, 126) enhance the proliferation and osteogenic differentiation of MSCs and production of 

osteoblasts. Endothelial cells secrete artemin and neurotrophin 3 (NT-3) to recruit axons to 

track alongside vessels(127, 128), and Schwann cells can produce VEGF to encourage 

angiogenesis and track blood vessels alongside nerve fibers(129). In accordance with these 

findings, in vitro endothelial sprouting within MMP-degradable hydrogels (Figure. 2C, D, 

and E) paralleled significantly enhanced vessel and nerve densities observed in vivo (Fig. 3B 

and C), along with co-localized vessels and nerves, comparable to autograft controls (Fig. 

3A), and longitudinal graft-localized vascularization (Fig. 4). Endochondral callus formation 

and ossification are also regulated by blood vessel infiltration(17, 130) and 

innervation(16, 17, 93, 123). Consequently, the robust neurovascularization of MMP-modified 

allografts significantly increase mineralized endochondral callus formation versus 

unmodified and Hydro-TEP modified allografts (Figs. 5 and 6), leading to enhanced 

maximum torque strengths of grafted femurs which was comparable to that of autografts at 9 

weeks post-surgery (Fig. 7). In summary, these data indicate that the MMP-TEP effectively 

coordinates allograft healing via early stage recruitment and support of host 

neurovascularization.

Our findings regarding hydrogel degradation mechanism and its impact on tissue 

regeneration are not unique. Altering the mechanism of hydrogel degradation from 

hydrolytic to MMP-sensitive has been reported to promote cell proliferation and migration 

necessary for bone regeneration.(34, 56, 131) Indeed, MMP-degradable hydrogels effectively 

supported blood vessel infiltration via VEGF delivery, though this approach ultimately failed 

to enhance bone regeneration, likely due to reliance solely on VEGF to initiate healing.(19) 

Baldwin et al.(25) transplanted MSCs/HUVECs within heparin-functionalized PEG 

hydrogels to treat rabbit tibia defects, whereby overall vascularization and bone regeneration 

was improved. MMP-degradation, in particular, was suggested to support the high level of 

host cell infiltration and modulation of angiogenesis, osteogenesis, and healing.(25) The 

underlying implications of degradation mechanism does not only apply to mesenchymal 

tissue regeneration; MMP-degradable hydrogels enhanced salivary gland epithelial tissue 

apicobasolateral organization and function versus hydrolytically degradable hydrogels.(56)

Although the MMP-TEP improved allograft healing, overall outcomes still lagged behind 

that of autografts. Since PEG-based hydrogels offer synthetic flexibility(132–134), additional 

matrix cues can be explored to further improve healing. For example, additional or 

alternative ECM-derived peptides beyond RGD, e.g. GFOGER and YIGSR, can be 

covalently linked into hydrogel scaffolds to support specific matrix-integrin binding 

interactions which mediate angiogenesis and innervation during bone regeneration(135–137). 

Additionally, TEP-mediated healing can be further investigated as a function of MMP-

degradable crosslinker susceptibility by changing peptide sequences to alter crosslinker 
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degradation rates or sensitivity to specific MMPs associated with angiogenesis and/or 

innervation(46, 138–140).

Conclusions

A cellularly-degradable (i.e. MMP-degradable) PEG hydrogel-based tissue engineered 

periosteum was investigated to coordinate the infiltration of critical regenerative host cells 

during bone allograft graft healing. As a result, early stage neurovascularization was 

enhanced, and hard bone callus formation was improved versus unmodified allografts via 

effective support of cell recruitment and migration. In comparison to unmodified allografts, 

the MMP-TEP supported significantly increased numbers of blood vessels and nerve 

densities, vessel and nerve co-localization, and graft-localized vascularization comparable to 

autograft-mediated healing. Additionally, a more mature hard callus formed around MMP-

TEP-modified allografts versus Hydro-TEP-modified allografts. Consequently, MMP-TEP-

modified allografts exhibited enhanced biomechanical stability (maximum torque) 

comparable to that of autografts at 9 weeks post-surgery. These results indicate the MMP-

TEP successfully improved allograft healing by promoting early-stage neurovascularization. 

Despite improvements in allograft healing via the MMP-TEP, outcomes still fall below those 

from autografts. Thus, future experiments will focus on optimizing TEP matrix cue to 

promote more effective allograft healing.
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Figure 1. 
Scheme of (A) Hydro-TEP: MSCs and OPs (at 1:1 ratio) were encapsulated in hydrolytically 

degradable PEG-PLA-DM hydrogel where Acrylate-PEG-RGDS was used as cell adhesion 

ligand, and (B) MMP-TEP: MSCs and OPs (at 1:1 ratio) were encapsulated in PEG-

norbornene hydrogel where MDC and CGRGDSG were used as MMP-degradable 

crosslinker and cell adhesion ligand, respectively.
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Figure 2. 
Representative images of HUVEC/hMSC spheroids within (A) hydrolytically degradable 

hydrogels (Hydro-Gel), (B, C and D) MMP-degradable hydrogels (MMP-Gel) with and 

without MMP inhibitor respectively after 5 days. Confocal microscopy (D) illustrates that 

HUVECs and hMSCs concomitantly sprouted in MMP-Gel. (E) Cell sprouting in different 

gels was quantified as average sprouting length after 1, 3, and 5 days using one-way 

ANOVA with Dunnett’s post-hoc analysis, where n =3, scale bar = 200 μm, p < 0.0001 

indicates significant differences compared to Hydro-Gel (****) and MMP-Gel plus inhibitor 

(####) at the same time points and, p < 0.001 and p < 0.0001 indicates significant 

differences between same type of gel at different time points (&&&, &&&&).
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Figure 3. 
(A) Representative confocal images of co-stained of CD31 (blood vessels, red) and β3-

tubulin (nerves, green) on the crossections of allograft at levels proximal (Supplemental Fig. 

1, Level 1), medial (Supplemental Fig. 1, Level 2), and distal (Supplemental Fig. 1, Level 3) 

in relation to the femoral head (scale bar = 20 μm). (B-C) Quantification of blood vesssel 

and nerve density in three levels repectively using one-way ANOVA with Dunnett’s post-

hoc analysis, where n = 3, p < 0.05, p < 0.01, p < 0.001, p < 0.001 indicates significance 

compared to MMP-TEP (*, **, ***, ****).
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Figure 4. 
(A) Representative μCT images and (B) quantification of graft-localized vascularization for 

autografts, allografts, and TEP-modified allografts at 3, 6, and 9 weeks post-surgery (B) 

using two-way ANOVA with Tukey’s post-hoc analysis, where n = 3–4, error bars represent 

standard deviation; p < 0.05, p < 0.01, p < 0.001, p < 0.00001, indicates significance 

compared to allograft (*, **, ***, ****), autograft (#, ##, ###, ####) and Hydro-TEP ($, $$, 

$$$, $$$$).
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Figure 5. 
Bone callus formation at 3, 6, and 9 weeks post-surgery were measured using μCT: (A) 

reconstructed images of bone callus in both intact and sagittal cut views; subsequent 

quantification of (B) volume and (C) mineralization density of bone callus using two-way 

ANOVA with Tukey’s post-hoc analysis, where n = 5–6; error bars represent standard 

deviation; p < 0.001 and p < 0.0001 indicates significance compared to allograft (***, ****), 

autograft (###, ####) and Hydro-TEP (p < 0.01, $$)). (Images and data for autograft, 

allograft, and Hydro-TEP callus volume and mineralization after 6 and 9 weeks are derived 

from our previous study(29).)
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Figure 6. 
Representative images (A) and quantification of callus area (B) using two-way ANOVA with 

Tukey’s post-hoc analysis, where n = 3–6; error bars represent standard deviation; p < 0.05, 

p < 0.01, p < 0.001, and p < 0.0001 indicate significances compared to allograft (*, **, ***, 

****), autograft (#, ##, ###, ####) and Hydro-TEP ($$$$$)). Histological analysis of 

grafted femur sections was performed using Alcian Blue (blue: glycosaminoglycans and 

proteoglycans, black arrow) and Orange G staining (orange: bone; pink: surrounding fibrotic 

tissue, orange arrow), where green arrow indicates mesenchymal callus (some quantification 

data are derived from our previously study(29).)

Li et al. Page 30

Biomaterials. Author manuscript; available in PMC 2021 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Maximum torque of autogtaft, allograft, and TEP-modified allografts compared to intact 

femurs after 6 and 9 weeks using two-way ANOVA with Tukey’s post-hoc analysis, where n 
= 6–8 and p < 0.05, p < 0.001, p < 0.0001 indicates significance compared to allograft (*, 

***, ****), autograft (#, ###, ####) and Hydro-TEP ($, $$$, $$$$)). (Some comparison data 

are derived from our previous study(29)).
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