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a b s t r a c t 

Angiogenesis is critical for tissue healing and regeneration. Promoting angiogenesis in materials im- 

planted within dental pulp after pulpectomy is a major clinical challenge in endodontics. We demon- 

strate the ability of acellular self-assembling peptide hydrogels to create extracellular matrix mimetic 

architectures that guide in vivo development of neovasculature and tissue deposition. The hydrogels pos- 

sess facile injectability, as well as sequence-level functionalizability. We explore the therapeutic utility of 

an angiogenic hydrogel to regenerate vascularized pulp-like soft tissue in a large animal (canine) ortho- 

topic model. The regenerated soft tissue recapitulates key features of native pulp, such as blood vessels, 

neural filaments, and an odontoblast-like layer next to dentinal tubules. Our study establishes angiogenic 

peptide hydrogels as potent scaffolds for promoting soft tissue regeneration in vivo . 

Statement of Significance 

A major challenge to endodontic tissue engineering is the lack of in situ angiogenesis within intracanal 

implants, especially after complete removal of the dental pulp. The lack of a robust vasculature in im- 

plants limit integration of matrices with the host tissue and regeneration of soft tissue. We demonstrate 

the development of an acellular material that promotes tissue revascularization in vivo without added 

growth factors, in a preclinical canine model of pulp-like soft-tissue regeneration. Such acellular bioma- 

terials would facilitate pulp revascularization approaches in large animal models, and translation into 

human clinical trials. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In the human body, most cells are within 150 μm of a capillary 

due to inherent diffusion limits to the supply of nutrients and 

xygen [1] . Unsurprisingly, therapeutic angiogenesis is critical for 

issue regeneration [2–4] , especially after ischemic tissue damage 

5] . Specific vascularization strategies could be clinically relevant 

or ischemic diseases such as coronary artery disease [6] and 

ritical limb ischemia [7] , improving islet transplant tolerability 

8] , and optimizing vascularization of osteo-conductive implants 
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9] . Where pre-vascularized/pre-cellularized tissue-engineering 

trategies are not viable due to lack of oxygen/nutrient supply, in 

ivo vascularization may prove especially valuable [10,11] . Many 

romising vascularization strategies require cumbersome cell 

ourcing, or may result in rapid diffusion of bioactive factors from 

he delivery site with ectopic side effects [3,12] . There remains 

 significant need for an off-the-shelf material-based alternative 

hat is injectable, biodegradable, and capable of promoting in situ 

eovascularization and matrix deposition — for wider adoption, 

ower cost and clinical use. 

Injectable hydrogels that can assemble to conform to tis- 

ue defects in vivo can augment and repair injured soft tissues 

13] . Optimally, these gels would be injected by a needle or a 

https://doi.org/10.1016/j.actbio.2021.03.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2021.03.001&domain=pdf
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Table 1 

Comparison of relevant peptides. 

Peptide sequence format conformation 

SLan angiogenic target peptide K(SL) 6 K–G–KLTWQELYQLKYKGI hydrogel β-sheet ( Fig. 1 ) 

SLed dentinogenic control peptide E(SL) 6 E- G -TDLQERGDNDISPFSGDGQPFKD hydrogel β-sheet [13] 
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atheter to form in situ depots that integrate with the host tis- 

ue, biodegrade over time, and help regenerate vascularized soft 

issues [3,5] . 

Self-assembling peptides are a class of short (2-50 amino acid) 

mphiphilic peptides with the canonical sequence Z a -(XY) b -Z c , 

here a, b, and c can be tweaked to optimize material properties, 

llowing self-assembly into β-sheets (X and Y are hydrophilic and 

ydrophobic residues, respectively) — with demonstrated utility in 

umerous in vitro and in vivo applications [14–16] . These peptides 

ave demonstrated facile injectability as tissue depots, which can 

e used for wound healing, tissue regeneration, and in situ local 

rug delivery [16,17] . Self-assembly of amphiphilic peptides can be 

irected to yield ECM-mimic (ECM = extracellular matrix) nanofi- 

rous hydrogels [16–18] . The hydrogels can be injected directly 

nto the target tissue, where they re-gel after injection. The stor- 

ge moduli of the materials (generally 100–1000 Pa) are especially 

uitable for facilitating soft-tissue regeneration (e.g., dental pulp, 

one marrow, or brain parenchyma) [19] . 

The therapeutic utility of self-assembling peptides can be ex- 

ended via modification of the N- or C-terminus with bioactive do- 

ains [3,5,17,20] . We have recently reported the development of 

roangiogenic constructs with the addition of a bioactive mimic 

rom vascular endothelial growth factor (VEGF-165) termed QK to a 

elf-assembling domain [5,14] . These preliminary injectable angio- 

enic supports established a proof-of-principle for injectable self- 

ssembled growth factor mimics that remain localized for robust 

eovascularization [3,5,19] . 

Optimization of biophysical and biochemical properties of an- 

iogenic peptide hydrogels now allow for a versatile range of ap- 

lications to be explored [13,15,17,18,20,21] . In the previous design 

f the construct, an MMP-2 cleavage domain in the midblock re- 

ulted in rapid degradation [5] . Herein, we have optimized the de- 

ign of the angiogenic self-assembling peptide sequence ( Fig. 1 A) 

y removal of this domain. This angiogenic peptide (termed SLan, 

able 1 ) forms stiff, robust hydrogels, which promotes vasculariza- 

ion in both small and large animal models. 

Here, we demonstrate the angiogenic efficacy of SLan in a 

uitable preclinical translational model — pulp revascularization 

n adult canine teeth. Pulp revascularization requires defined mi- 

rovascular regrowth within the tooth root chamber after extirpa- 

ion of inflamed pulp. The technique is useful for treating juvenile 

atients after traumatic dental injury and some cases of soft-tissue 

nfection and inflammation. Over-instrumentation of the apex may 

ead to formation of vascularized pulp-like tissue, if residual api- 

al papilla cells are viable (generally the case in juveniles). If those 

ells are not present (adults) or not viable (potentially due to apical 

eriodontitis), a muted regenerative response is observed — lead- 

ng to intracanal avascular ossified tissue formation by periodon- 

al ligament (PDL) or bone marrow cells [22] . Thus, in adults, gutta 

ercha is still widely used as the standard-of-care elastomeric filler 

or root obturation [23] . 

Harvested stem cell transplants have shown tremendous clinical 

otential in recreating intracanal soft tissue niche in large animal 

odels and humans [24] . In contrast, tissue-engineered materials 

ave had more mixed results in recapitulating native microenvi- 

onment [25,26] . In spite of showing promise in rodent models, 

urely materials-based regeneration of sustainable vasculature in 

he root canal has not been demonstrated in large animal mod- 

ls. We demonstrate that pulp revascularization can be stimulated 
110 
y implantation of the self-assembling peptide hydrogel SLan in 

n adult canine teeth after pulpectomy — presenting an acellular 

aterials-based approach to promote pulp-like soft tissue regener- 

tion in vivo . 

. Materials and methods 

All chemicals were purchased from SigmaAldrich (St. Louis, MO) 

nless otherwise specified. 

.1. Solid phase peptide synthesis 

Peptides were synthesized with a CEM LibertyBlue solid phase 

eptide synthesizer using standard Fmoc chemistry. The sequences 

sed are shown in Table 1 . All peptides were C-terminal ami- 

ated and N-terminal acetylated. The crude peptides were cleaved 

ith 2.5% each of H 2 O, Triisopropylsilane (TIS), and 3,6-dioxa-1,8- 

ctanedithiol (DoDT) and 92.5% Trifluoroacetic acid (TFA) (10 mL 

otal for 0.1mM scale synthesis) for 30 min at 37 °C. The cleaved 

eptides were crashed out in cold (–20 °C) ether, centrifuged, ether 

ecanted, and left to dry overnight. The resulting crude peptide 

ellets were dissolved in Milli-Q water at a concentration of ~1 

g/mL, pH adjusted to 7, and dialyzed with Spectra/Por S/P 7 RC 

ialysis tubing at a 20 0 0 Da cutoff tubing against DI water for 

 days. The purified peptides were frozen and lyophilized for at 

east 3 days, which resulted in a white cotton-like powder. Pep- 

ide mass and purity were verified > 85% by an Agilent 1100 se- 

ies HPLC instrument with an Agilent (Santa Clara, CA) C3 reverse 

hase column. The molecular weights of the peptides were verified 

ith an Orbitrap Q Exactive LC/MS (Thermo Scientific, Waltham, 

A) instrument. To verify commercial manufacturing potential, 

he peptides were manufactured at gram-scale with similar purity 

 > 90%) by AmbioPharm Inc (Beech Island, SC), a manufacturer of 

eptide APIs for the US market. 

.2. Fourier transform infrared spectroscopy (FTIR) 

1% w/v (10 mg/mL) hydrogel samples were prepared for SLan 

ith sucrose and 1X HBSS and were diluted in MilliQ water at 0.1 

g/mL. Samples were pipetted onto the IR plate for spectra anal- 

sis between 400 and 4000 cm 

−1 with a background of Milli-Q 

ater subtracted from each reading. The reported spectral region 

s 150 0–170 0 cm 

−1 to highlight the amide I and amide II regions. 

.3. Circular dichroism 

Circular dichroism (CD) experiments were performed using the 

asco J-810 spectropolarimeter (Oklahoma City, OK, USA). Experi- 

ents were conducted at room temperature using a 1 mm cuvette 

ith SLan samples at a concentration of 0.2 mg/mL in HBSS (10 

M HEPES, 150 mM NaCl pH 7.4) buffer at the wavelength range 

90–260nm. 

.4. Preparation of nano-porous peptide scaffolds (hydrogel) 

SLan was initially dissolved in 298mM sucrose to yield vis- 

ous 2% solution. Self-assembling peptides exhibit enhanced self- 

ssembly with the addition of multivalent counterions such as 
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Fig. 1. Biophysical properties of SLan hydrogel. (A) Self-assembly of SLan. In aqueous solution dimers and tetramers form assemble into a β-sheet based nanofibers. (B) 

1% SLan hydrogel, (C) FTIR spectrum shows β-sheet secondary structure (1624 cm 

−1 peak) confirmed by (D) Circular dichroism spectra (~195 nm maxima and ~217 nm 

minima. (E) Scanning electron micrograph of critical-point-dried SLan hydrogel. (F) Individual SLan nanofibers observed in atomic force microscopy. (G) 1% SLan hydrogels 

are thixotropic. At low strain (1%), G’ > G" (indicating solid-like elastic properties), at high strain (100%), G’ < G" (signifying liquefaction of the hydrogel and showing dominance 

of viscous modulus). The switch in rheological properties is fast and reversible (representative plot shown). (H) In vitro cytocompatibility (n = 4, p < 0.05, CCK8 dye absorbance) 

of HEPG2 cells shows that SLan did not exhibit cytotoxicity. 
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hosphate in PBS or HBSS (to form salt-bridges between the ter- 

inal lysines of peptides, Fig. 1 ). Equivalent volumes of HBSS were 

dded to SLan hydrogels to promote robust hydrogelation. 

.5. Ultrastructural characterization 

.5.1. Scanning electron microscopy 

Sample preparation: 200 μL aliquots of 1% SLan hydrogel 

ere crosslinked overnight with 2% glutaraldehyde (Sigma). The 

rosslinked peptide hydrogels were washed three times with DI 

ater and ethanol dehydrated (50%, 75%, 90%, 95%, 99%, and 100% 

thanol/water ratio) for 15 min each. The samples were critical 

oint dried in a Tousimis AutoSambri-795 critical point drying in- 

trument (Rockville, Maryland). The chamber was filled with 100% 

thanol ¾ of the way to the top. The samples, submerged in 100% 

thanol, were added to the chamber and topped off with 100% 

thanol up. The lid on the chamber was secured and evenly tight- 

ned. The instrument was switched on and cooled to about 4 °C. 

iquid ethanol was exchanged for liquid CO 2 under high pressure 

or 20 min with continuous purging. Samples were maintained in 

iquid CO 2 for 1 h prior to another 20 min wash with continu- 

us purging. Samples were then heated to 37 °C and a pressure of 

1070 p.s.i. At the critical point, the chamber was slowly vented 

over 30 min) to prevent condensation of CO 2 . 

Imaging: The samples were then sputter coated with Au/Pd (8 

m thickness) using an EMS 150 TES sputter coater (Quorum, East 

ussex, UK) and imaged with an JSM-7900 (Jeol, Peabody, MA) 
111 
canning electron microscope at 5.0 kV accelerating voltage and a 

orking distance of 10 mm. 

.5.2. Atomic force microscopy 

Sample preparation: Atomic force microscopy was used to 

tudy nanostructure of the peptide. SLan hydrogels were diluted 

n DI water to 0.1%. Freshly cleaved Mica disks were prepared and 

dhered by the underside using double-sided tape to a thin metal 

isk. The diluted peptide solution spin coated by drop-casting 10 

L increments 3x and centrifuging to allow the peptide to evenly 

pread and dry on the Mica surface. 

Imaging: ScanAsyst mode on a Dimension Icon instrument 

Bruker, AZ) with sharpened silicon (0.2-0.8 N/m, Al reflective coat- 

ng) AFM tips (Bruker, AZ) was used to obtain images. 

.6. Rheometry 

The viscoelastic properties of the peptide hydrogels were tested 

ith a Kinexus oscillatory rheometer (Malvern Instruments, United 

ingdom). Two tests were run: the strain sweep which provides 

nformation regarding the injectability of the material, and shear 

ecovery which determines how viscoelastic the material is. In the 

train sweep test, 40 μL of hydrogel was pipetted onto the bottom 

late of the rheometer and pre-strained for 5 min at constant 1% 

train and frequency of 1 Hz with a 4 mm geometry and 250 μm 

ap (n = 4) for 5 min. Immediately after, a strain sweep was run 

or 5 min with increasing strain (0.1 – 100 % strain). The oscilla- 
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ory shear recovery test alternates between periods of low strain 

1%) and high strain (100%) under the same conditions. This indi- 

ates the shear thinning and shear recovery potential and kinetics 

f hydrogels. 

.7. In vitro cytocompatibility (HEPG2) 

Cytocompatibility of SLan peptides was evaluated at 0.1, 0.01, 

nd 0.001% with a mammalian (human) cell (line) that has been 

xtensively used prior: HEPG2 cells (ATCC, Manassas, VA). SLed cy- 

ocompatibility in vitro has been published [13] . The HEPG2 cells 

ere utilized after their first passage and seeded at a cell density 

f 10,0 0 0 cells/well in a 96 well plate (n = 5) in complete HEPG2

edia (90% DMEM, 10% FBM, 1% Pen-Strep, and 1% Gluta-max) for 

4 hours in an incubator maintained at 37 °C and 5% CO 2 . The com-

lete HEPG2 media was aspirated and the peptide conditions pre- 

ared in serum-free media (DMEM) and control (serum-free me- 

ia) were introduced. The peptide conditions and controls were 

ncubated for 6 h. The samples were aspirated, the wells were 

ashed with 200 μL of PBS, aspirated once more, 100 μL of PBS 

as added to each of the wells with 10 μL of CCK8 stain (Dojindo,

apan). After 1 h incubation, the 96 well plate was read in a TECAN 

200 Infinite plate reader at an absorbance of 450 nm against a 

eference wavelength of 650 nm. The results were analyzed and 

ormalized to the serum-free media control. 

.8. Subcutaneous (sub-Q) implantation 

All animals were treated in accordance with NJIT-Rutgers 

ewark Institutional Animal Care and Use Committee (IACUC) and 

ALAC guidelines. Female Wistar rats (250-275 g) were used for 

orsal subcutaneous implantation. The rats were anesthetized us- 

ng 2.5% isoflurane for induction and 1.5% for maintenance, fol- 

owed by shaving of dorsal regions, isopropanol, and betadine 

terile-preparation of the surgical site. For sub-Q hydrogel im- 

lants, 200 μL boluses of SLan 1% hydrogels were injected in n = 4

er timepoint – 7, 14, and 28 days. At 7 (acute), 14, and 28 

ays rats were sacrificed, and implant regions were excised. Har- 

ested tissue sections were immediately fixed with 10% formalin. 

amples were then processed by the histology core at the Rut- 

ers Cancer Institute of New Jersey. The formalin embedded sec- 

ions were ethanol series dehydrated, solvent exchanged for xy- 

ene, and then paraffin using a tissue processor. Samples were 

locked in paraffin, sectioned to 6–8 μm sections, and stained us- 

ng hematoxylin and eosin (H&E) or Masson’s Trichrome (MT) (Sig- 

aAldrich, St. Louis, MO). Other sections were deparaffinized and 

mmuno-stained (protocol and reagents detailed below). 

.9. Pulp revascularization model 

All studies were approved by the Rutgers-NJIT IACUC committee 

nd followed USDA guidelines. Adult male Beagles’ incisors were 

sed to evaluate pulp revascularization after a full pulpectomy. 

n two Adult Beagles’ (22–26 months of age, male), 6 maxillary 

nd 6 mandibular incisors were cleaned and exposed (n = 12 im- 

lant sites for each canine). Using this model, we were able to 

ee clear differences in the tissue regenerative response in each 

ooth, independent of adjacent teeth – minimizing the number of 

anines used. Animals were sedated with ketamine and diazepam, 

nesthetized with isoflurane and intubated. They were dosed peri- 

peratively and post-operatively with buprenorphine for pain man- 

gement and convenia for potential infections. 

The oral cavity (including teeth) was cleaned by Peridex (0.12% 

hlorhexidine rinse). A round diamond bur attached to a high- 

peed handpiece was used to drill through to the pulp chamber. 

he pulp tissues were removed by H-files (#10). At same time, 
112 
he working length was measured by an Apex locator. The canal 

paces were expanded by K-files (#10-30). The canal space and 

pical area were widened by the Rotary Niti files (S1-F3) with Endo 

otor handpiece. The canal space was irrigated by 5.25% sodium 

ypochlorite and then PBS. As is standard procedure, to induce 

rowth factors from the dentin matrix, 17% EDTA was soaked in 

he canal space for 5 min. The canal space was then irrigated with 

hosphate buffered saline (PBS). To manage apical breeding, paper 

oints were utilized. Uniform root canals were filled with 10–25 

L of hydrogels (SLan, SLed, SLan + SLed (50:50)), PBS). Composite 

esins were sealed at the top of canal spaces. At 28 days, animals 

ere sedated and anesthetized as above, the 12 teeth were ex- 

racted, washed in PBS and immediately placed in formalin for 24 

ours followed by decalcification using 10% EDTA for 21 days. Sam- 

les were processed by the histology core at the Rutgers Cancer In- 

titute of New Jersey. The decalcified teeth samples were blocked 

n paraffin, sectioned to 5-8 μm sections and stained using H&E, 

T, or immuno-stained, as above. 

.10. Immunostaining 

Sections were de-paraffinized in 5% xylene for 10 min, then 

00%, 95%, 90%, 70%, 60%, 50% ethanol, and water and then im- 

ersed in PBS three times at 3 min each. The de-paraffinized sam- 

les were washed with PBS for 5 min. Then 2% bovine serum 

lbumin was used to block non-specific absorption for 30 min. 

amples were then immuno-stained with 3 different antibodies 

nd counterstained with DAPI: i) Dental sialoprotein (DSP, Santa 

ruz Sc33587) at 1/400 dilution in antibody buffer, 4 °C overnight; 

econdary: Dk-anti-rb-FITC (Invitrogen 488 Alexa Fluor A21206), 

t 1/10 0 0 dilution for 30 min. ii) S-100 (ab14 84 9, Ms-anti-rb) at

/400 dilution in antibody buffer, 4 °C overnight; secondary: Dk- 

nti-ms-NL557 at 1/200 dilution for 30 min. iii) PECAM (bs-0468R, 

b anti-Rt) at 1/400 dilution in antibody buffer, 4 °C overnight; sec- 

ndary: Dk-anti-rb-FITC (Invitrogen 488 Alexa Fluor A21206), at 

/10 0 0 dilution for 30 min. Then the samples were washed with 

BS again 3 times for 5 min each. Mounting media with DAPI 

Invitrogen SlowFade Diamond Antifade Mountant with DAPI) was 

sed as a mountant in coverslipping. A Leica SP8 microscope (Le- 

ca, Switzerland) was used to image samples using conventional 

onfocal and fluorescent microscopy techniques. 

.11. Implant image analysis (QuPath) 

The cell density, infiltration, collagen deposition, blood ves- 

el density and degree of regeneration for subcutaneous and 

ulp revascularization samples were calculated using the program 

uPath [27] . The polygon tool was used to draw along the border 

f the entire implant. The cell detection tool was selected to adjust 

hreshold and minimum area parameters to get the most accurate 

ount of cells (threshold usually set between 10 and 15 and area 

et between 5 and 10). Cell detection was executed with the area 

f region and number of cells recorded. The area was converted 

rom pixels to mm based on image scale bar size conversion fac- 

ors. The cell density was determined by dividing the number of 

ells by outlined area in mm 

2 . The blood vessel density was cal- 

ulated within each region and determined by dividing the num- 

er of blood vessels by outlined area in mm 

2 . Analyses were per- 

ormed across all the regions within each slide (n = 4 regions per 

lide), and then all slides (n = 4 different implants per group) for 

-day, 14-day, and 28-day samples. 

.12. Data analysis and statistical evaluation 

Data is represented as Mean ± standard deviation. Differences 

etween paired data were compared using Student’s t-test. ANOVA 
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ith Tukey post hoc analysis was used for multiple comparisons of 

arametric data, and Kruskal Wallis ANOVA with Dunn’s post hoc 

nalysis was used for non-parametric data. Values of p < 0.05 were 

onsidered statistically significant. 

. Results 

.1. Facile synthesis of an angiogenic cytocompatible hydrogel 

SLan (an acronym derived from the midblock ( S erine- L eucine) 

epeats with an appended an giogenic domain) has a central self- 

ssembling domain with a high β-sheet propensity ( Fig. 1 A). The 

eptide is easily synthesized and purified by standard solid-phase 

eptide synthesis to yield a lyophilized powder. Lyophilized SLan 

elf-assembles into nanofibers in aqueous solution as shown in 

ig. 1 A, forming a hydrogel ( Fig. 1 B). These peptides self-assemble 

hrough β-sheet formation, as shown via the FTIR peak at 1624 

m 

−1 ( Fig. 1 C) and circular dichroism (CD) minima at 217 nm, at 

oth room temperature (25 °C) and at physiological temperature 

37 °C) ( Fig. 1 D). The cross-linked nanofibrous mesh constituting 

he hydrogel was imaged by scanning electron microscopy (SEM) 

 Fig. 1 E), and the individual self-assembled nanofibers were ob- 

erved by atomic force microscopy (AFM) ( Fig. 1 F). 

The underlying nanofibrous architecture corresponds to a 

hixotropic hydrogel at the bulk scale. The hydrogel is reversibly 

hear-responsive ( Fig. 1 G) [18] ; thus can be easily injected in vivo ,

here it is re-constituted into a stiff bolus. SLan has similar bio- 

hysical properties to other self-assembling peptides within this 

latform ( Table 1 ) [13,14,18,20,21] . SLan has a proangiogenic “QK”

omain derived from VEGF-165, presented at a constitutively high 

pitope density within self-assembled nanofibers ( Fig. 1 A) [28] . 

ptimization of SLan over previous angiogenic SAP [5] by removal 

f an MMP-2 susceptible –LRG– midblock sequence promotes ro- 

ust hydrogelation and prolongs in vivo persistence. In vitro cyto- 

ompatibility utilizing the CCK8 metabolic dye showed compatibil- 

ty with mammalian HEPG2 cells ( Fig. 1 H); SLan did not exhibit 

ny cytotoxicity normalized to serum-free media control. 

.2. Biocompatibility 

Biocompatibility of SLan was confirmed in vivo our bench- 

arked subcutaneous biocompatibility model [5] ; 200 μL boluses 

ere injected subcutaneously (sub-Q) under the backs of adult 

ats. Peptide hydrogels degraded over a 1-month period ( Fig. 2 A–

). Cells rapidly infiltrated scaffolds (without any fibrous encapsu- 

ation) and promoted the development of vasculature and depo- 

ition of collagen within implants ( Fig. 2 G–L). Cell density within 

mplants decreased over time owing to the degradation of the 

ydrogel ( Fig. 2 M). The number of blood vessels increased from 

-14 days but resorbed by 28 days ( Fig. 2 N). The degree of infiltra-

ion consequently showed a marked decrease after scaffolds had 

egraded ( Fig. 2 O). These results show that the bolus angiogenic 

eptide hydrogels stay localized after injection and degrade leav- 

ng native tissue over a 28 day period. Notably, no animals tested 

ith these scaffolds (of the hundreds of rodents tested within the 

AP platform) have shown incidence of systemic side effect, tu- 

origenicity or adverse side effect (up to 10 mg SC in a 200-250 g 

at) [5,13,15,17] . The use of the rat sub-Q model allows for determi- 

ation of preliminary safety to large doses (~10 mg/kg) compared 

o intratooth canine implants below (~0.05 mg/kg). 

.3. Material-guided dental pulp revascularization 

After full pulpectomies, the pulp canals of the canines were irri- 

ated. Bleeding was managed using paper points before filling the 
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xtirpated canals with 15–50 μL of SLan, carrier, control peptide 

Led, or 1:1 SLan + SLed ( Fig. 3 , S1). Terminal explants at 28 days

howed poor disorganized tissue in growth in carrier and non- 

Lan SAP (SLed, Table 1 ) filled teeth ( Fig. 3 D,G). SLan-filled teeth 

howed organized soft tissue in the canal ( Fig. 3 E,F,H,I), with colla- 

en deposition and large, clearly visible vessels carrying red blood 

ells ( Fig. 3 H–I). Nerve bundles are visible ( Fig. 3 I (#), L) with an

dontoblast-like layer apposed to the intracanal dentin ( Fig. 3 I–K, 

2), representing tissue regeneration within implants ( Fig. 3 N). Im- 

ortantly, in all 8 SLan treated teeth, at Day 28, implants were 

ree of any observable calcification or disorganized hard tissue, and 

ll had significant cellular infiltration, matrix deposition, and DSP + 

ells (with signs of protrusions into dentinal tubules, Fig. 3 J,K). 

hese findings, along with robust revascularization ( Fig. 3 O) fulfill 

ey features of biomaterials needed for targeted in situ regenera- 

ion of the dental pulp [13,29] (Table S1). Overall, we show that 

Lan is capable of consistently regenerating vascularized tissue in 

he canine pulp space. Prior to the canine studies, we screened and 

liminated a number of self-assembling peptides in rodent sub-Q 

tudies, as they did not fulfill our target criteria. We have previ- 

usly shown that a pro-dentinogenic SAP (SLed, Table 1 ) promotes 

n vitro dental pulp stem cell proliferation [13] , but in our canine 

n vivo experiments, SLed failed to revascularize pulp, compared to 

he angiogenic peptide SLan, despite having similar material prop- 

rties ( Fig. 3 M–O). 

. Discussions 

.1. Optimal biophysical properties 

Self-assembly of SLan into a thixotropic hydrogel ( Fig. 1 A–B) 

ields a cytocompatible material that not only has an ECM-mimetic 

ltrastructure ( Fig. 1 E–F), but also contains a VEGF-mimicking 

ioactive domain in its primary sequence. Our work builds on a 

rowing literature of acellular supramolecular biomaterials [30,31] , 

specially those with bioactive domains encoded directly in the 

caffold [5,14,20,32] . The β-sheet conformation of the supramolec- 

lar nanofiber leads to presentation of this active moiety at a 

igh density to cell-surface receptors [3] . Such functionalizability 

s the principal advantage of the therapeutic platform. However, 

he functionalization strategy rests on the high propensity of the 

ore amphiphilic domain to form nanofibers in physiological pH 

nd ionic strength [16–18,33] . The nanofibrous architecture is key 

o mimicking native extracellular matrix at a subcellular scale, and 

he resultant hydrogels have viscoelastic properties similar to soft 

issues. 

.2. Establishment of angiogenic niche in vivo 

SLan presents a versatile platform to develop tailorable vascu- 

arized tissues in vivo that may have broad impact in vascularizing 

schemic tissue, wound healing, and replacing injured soft tissue. 

lone, SLan results in robust angiogenesis and rapid vasculariza- 

ion of mature blood vessels within 7 days. In the subcutaneous 

iche, SLan induced formation of new vasculature and matrix de- 

osition in 28 days. When supporting tissue ingrowth in tissue 

oids (tooth root canal), SLan promotes robust and sustained vas- 

ularization and soft tissue regeneration via scaffold-based signal- 

ng ( Fig. 2 ). It’s interesting to note that the degradation of SLan hy-

rogels seem to be faster in the subcutaneous niche ( Fig. 2 ), com-

ared to the intra-dental microenvironment ( Fig. 3 ). We ascribe the 

ifference to the variance of access to peripheral circulation (and 

ence clearance by immune cells such as macrophages). 
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Fig. 2. Dorsal subcutaneous implants of SLan in rats. Implants (n = 4) showed rapid infiltration of cells - H&E images of 200 μL bolus implants in Wistar rats as early as 

Day-7 (A: 500 μm, region magnified in D: 100 μm), completely into the center of implants by Day 14 (B: 500 μm, E: 100 μm), and fully degraded by Day 28 (C: 500 μm, F: 

100 μm). Similarly, extracellular matrix (ECM) deposition (collagen, blue) was noted in Masson’s Trichrome staining, with infiltration of blood vessels as early as 7 days (G: 

500 μm, J: 100 μm), Day 14 (H: 500 μm, K: 100 μm), with complete resorption of superfluous collagen and vasculature by 28 days (I: 500 μm, L: 100 μm). (M) Cell density 

analysis of 7,14, and 28 day SLan rat subcutaneous samples. (N) Blood vessel density analysis of 7,14, and 28 day SLan rat subcutaneous samples. (O) Degree of infiltration 

analysis of 7, 14, and 28 day SLan rat subcutaneous samples. 

Fig. 3. Regeneration of vascularized soft tissue in canine root canals. (A) Caries and trauma may lead to the inflammation and necrosis of the pulp (A). (B) After pulpectomy, 

implantation of injectable angiogenic SLan hydrogels help regenerate (C) vascularized pulp-like soft tissue in 28 days, unlike inert materials such as gutta percha. In a canine 

pulpectomy model, disorganized blood clots form for over-instrumentation carrier filled (sucrose-HBSS) control (D). H&E staining of tooth roots of SLan filled teeth showed 

rapid infiltration of cells and tissue (E), and within crevices in the canal space (@), along with an odontoblast-like layer in apposition to the dentin wall (F - %). In contrast, 

control dentinogenic SLed hydrogels lead to disorganized tissue (G). Trichrome staining of SLan implants reveals blood vessels (H, I) with collagen deposition (blue); and 

an odontoblast-like layer (I - %) which stains with dental sialoprotein (DSP) (J) with cytoplasmic protrusions into dentinal tubules (K). S100 + Nerve bundles (Trichrome I-#) 

were regenerated along the length of the canal (L and inset). (M) Degree of infiltration, (N) degree of tissue regeneration, and (O) densities of blood vessels were similar 

for SLan and native teeth but significantly greater than controls. (n = 8 for SLan, n = 4 for all other groups; values are reported as mean ± standard deviation; different Greek 

letters indicate statistical significance between groups p < 0.05). 
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.3. Challenges for dental pulp tissue engineering & 

ulp-revascularization therapy 

Teeth are complex organs as a target for tissue regeneration. It 

osts one of the softest tissues in our body (pulp) right next to 

he hardest tissues (enamel and dentin). It has been recognized 

s early as 1931 that dentinal injury adversely affects the dental 
114 
ulp and the pulp-dentin complex [34] , and recent investigations 

emonstrate the active role of dental pulp cells in repairing dentin 

fter traumatic injury [35] . Both enamel and dentin are avascular 

nd the apical foramen is the sole source of blood supply to the 

ulpal soft tissue [36] . If the dental pulp is replaced, the nutrient 

upply to the remodeled tissue may be disrupted, unless the tis- 

ue facilitates angiogenic sprouting into the niche. The peripheral 
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irculation is also a potential source for infiltrating immune and 

rogenitor cells into the pulpal cavity. 

Pulp revascularization therapy is currently accepted by the 

merican Dental Association and the American Association of En- 

odontics as a treatment modality to revitalize the tooth after 

ulp damage [37] . Over-instrumentation can be used over root ob- 

uration (blocking/filling with gutta percha), especially in young 

atients, as the inert elastomeric material is an impediment to 

issue remodeling in patients with open root apices [38] . Over- 

nstrumented teeth result in blood clots (fibrin scaffolds) that re- 

orb (~7 days) and allow tissue infiltration. Periapical tissues in- 

luding survived apical papilla cells and periodontal ligament cells 

an proliferate in the pulp space afterwards. Infiltrating tissue 

eads to markedly differential responses depending on the age of 

he animals and procedural technique used. In adult humans, over- 

nstrumentation has poor success rates, due to the absence of api- 

al papilla cells and a lack of suitable matrix to support infiltrating 

ells and essential vasculature [23] . An off-the-shelf material-based 

trategy that consistently regenerates vascularized pulp like tissue 

s critically needed. 

.4. Features of the regenerated soft tissue 

We demonstrate that acellular SLan hydrogel scaffolds consis- 

ently regenerate vascularized organized soft tissue in the canal 

pace post-pulpectomy in adult canines ( Fig. 3 ). As we combined 

ver-instrumentation with material implantation, we were able to 

se an acellular formulation, as the matrix then has access to 

nfiltrating cells. In SLan hydrogel implants, a column of DSP + 

dontoblast-like cells (DSP = dental sialoprotein) formed apposed 

o the dentinal tubules ( Fig. 3 F,I,J, also see Fig. S3 and Fig. S4 in the

upplementary Information). Such an odontoblast layer is present 

n native tissue and similar layers have been recapitulated by stem 

ell delivery in minipig models [24,39] . The DSP + cells formed at 

he periphery of the SLan implant send cellular protrusions into 

entinal tubules ( Fig. 3 K), similar to odontoblast processes ob- 

erved in native tissue [40] . The identity, source, and lineage of 

he DSP + cells need further investigation, to distinguish them from 

steo-odontogenic cells. Longer term studies may help define sta- 

ility of the regenerated soft tissue and possible induction of os- 

eogenesis/mineralization by infiltrating cells. 

An unexpected but encouraging observation in our studies was 

hat the regenerated soft tissue in the canal not only contained 

lood vessels, but also S100 + peripheral nerve fascicles ( Fig. 3 I,L) 

41] . In retrospect, this data conforms to previous reports of co- 

ormation of nerve filaments and blood vessels in implanted self- 

ssembling hydrogel scaffolds [17] . In addition, angiogenic factors 

lso tend to be nerve-guiding factors, and axonal growth cones 

hare structural similarities with endothelial tip cells crucial for 

ngiogenesis [42] . Nerves in the dental pulp detect pain sensa- 

ion [43] and the perineural niche has been identified as a source 

f stem cells [44,45] — thus innervation of the scaffold has func- 

ional implications. Based on prior studies, the odontoblast-like 

ayer, blood vessels, and the nerve filaments may be potentially 

erived from stem cells recruited from the apical papilla, the peri- 

dontal ligament, or the bone marrow (via peripheral circulation) 

23,46–48] . 

.5. Choice of the animal model 

Ectopic subcutaneous implantation of tooth slices in immuno- 

ompromised mice remains an important model for testing materi- 

ls and stem cells for pulp and dentin regeneration [25,49–54] , and 

or exploring mechanistic pathways to facilitate cellular reprogram- 

ing into regenerative phenotypes [48,55] . However, for transla- 

ional purposes they are inferior to orthotopic models [24,48] , such 
115 
s the one employed in this study — since the latter exposes the 

ulpal chamber to naturally occurring signals present in its native 

nvironment. The immunocompromised mouse models often lack 

daptive immune responses and thus cannot recapitulate a critical 

omplexity of human pathology. 

We selected a non-immunocompromised orthotopic canine 

odel as our preclinical model since: (a) the anatomy and size 

f canine teeth closely mimic human teeth [56] , (b) the heal- 

ng process is similar, and (c) adult canines have tapered growth 

urves and maturation into adulthood like humans (vs. teeth of 

odents that continue to grow till death) [13,29,57–59] . Our se- 

ection is congruent with the use of the canine models for pre- 

linical studies [29,59–65] , although we acknowledge the limita- 

ion that dogs have dental radicular anatomy distinct from humans 

e.g., spider-webbed foramina instead of a single foramen), and 

lternative minipig models have been successfully used for other 

re-clinical studies [24,48] . Our animal model of choice is also su- 

erior to orthotopic rodent models [66,67] , as rodent teeth have 

ermanent open apices and show dental pulp regeneration after 

ver-instrumentation in mature animals, unlike adult dogs (and 

umans). 

.6. Comparison with previous tissue-engineering strategies 

Stem cell delivery, with or without added growth factors and 

caffolds, have been the major thrust of dental pulp tissue engi- 

eering [24–26,39,4 9,50,52–54,61–65,6 8] . Choice of stem cells, es- 

ecially after full pulpectomy, is appealing as they can differentiate 

nto both the parenchyma and the stroma of the dental pulp. Stem 

ell therapy has been tested for dental pulp regeneration in large 

nimals [24,39,61–65,68] and in a preclinical human trial [24] . As 

ur approach does not involve added stem cells, we attribute the 

uccess of our strategy to migration of endogenous cells into the 

mplanted scaffold, thus the combination of material implantation 

ith over-instrumentation can yield some of the same regenerative 

enefits as stem cell transplantation. 

Implanted scaffolds may help support soft tissue remodeling. 

ome of the materials that have been used for pulp regenera- 

ion include peptide hydrogels [25,26,49] , collagen [4 8,4 9] , silk 

broin [65] , and various polymeric scaffolds [39,51,67,69] . The 

unctional self-assembling peptide hydrogel that we characterized 

uilds on these advances by encoding bioactive signals directly in 

he sequence. Although VEGF-loaded scaffolds have shown limited 

romise in ectopic tooth slice models [25,51,69] , we improve on 

hese results by demonstrating success of scaffolds with VEGF- 

imicking functionality in a large animal model. Similar VEGF- 

imic scaffolds have demonstrated ability to facilitate formation 

f smooth muscle lined mature blood vessels in implants [5,14] . 

Mao and colleagues have reported that recombinant Wnt3a de- 

ivered in a decellularized collagen gel can help regenerate vascu- 

arized pulp-like tissue post-pulpectomy (by recruiting endogenous 

ells) in an orthotopic pig model [48] . The study unequivocally 

emonstrates that it’s possible to regenerate pulpal vasculature af- 

er complete removal of the pulp without cell transplantation, in a 

arge animal model . Similar to our work, this acellular formulation 

nabled formation of S100 + nerve filaments in the regenerated soft 

issue [48] . 

Stem cells, recombinant factors, and decellularized matrices 

ave batch-to-batch variabilities, sourcing issues, and problems 

ith scaling up, all of which can be avoided by synthetic 

iomimetic matrices such as SLan. Scaffold-based signaling, as em- 

loyed by SLan, obviates two elements of the cell-signal-scaffold 

riad [70] in cases where the scaffold has access to infiltrating en- 

ogenous cells [71] , and thus has an operational elegance that may 

e useful for clinical applications and the economy of scale. 
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.7. Limitations & future direction 

While SLan addresses key features of pulp regenerative mate- 

ials (Table S1), further experiments are needed to evaluate ra- 

iographic root thickening, root lengthening, and pulp sensitiv- 

ty. Bridging a critical barrier in the field, SLan-based angiogenesis 

resents a crucial step in developing intracanal materials, provid- 

ng an option for patients who do not have the time to wait for the

xpansion of autologous stem cells, and who may have immune 

ensitivity to recombinantly expressed biologics, or who can’t af- 

ord costly transplant treatments. The low cost of material synthe- 

is indicates the potential for widespread translatability in clinical 

are [13,29,57,59] . 

Critically, we demonstrate the versatility of injectable off-the- 

helf SLan for vascularized tissue regeneration and material only 

fficacy in pulp revascularization in a large animal (adult canine) 

odel. Overall, SLan may present a robust vascularizing hydrogel 

ith demonstrated utility and efficacy in a variety of tissue re- 

eneration strategies. The clinical potential of the acellular bioma- 

erial approach may be extended to include antimicrobial activity 

18] and neuroprotective functionality [20] in the scaffold and en- 

apsulating complementary soluble factors [72] . 

. Conclusions 

We demonstrate that a soft biomimetic acellular peptide hydro- 

el can recapitulate the vascular niche in the dental root canal af- 

er pulpectomy. Presentation of a growth-factor mimic within the 

rimary sequence of the constituent peptide enables retention of 

ngiogenic functionality in vivo for up to a month. The material 

roperty of the hydrogel is similar to native dental pulp and in 

 canine pulpectomy model the material facilitates excellent bio- 

ntegration and soft tissue regeneration. Supramolecular peptide 

ydrogels promise to be a great addition to our tools for tissue en- 

ineering [3,16,31,73,74] , as functional acellular biomaterials [30] . 
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