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a b s t r a c t 

Discectomy is the surgical standard of care to relieve low back pain caused by intervertebral disc (IVD) 

herniation. However, there remains annulus fibrosus (AF) defect and nucleus pulposus (NP) degeneration, 

which often result in recurrent herniation (re-herniation). Herein, we develop a polyphenol-modified wa- 

terborne polyurethane bioadhesives (PPU-glues) to promote therapy prognosis after discectomy. Being 

composed of tannic acid (TA) mixed cationic waterborne polyurethane nanodispersions (TA/WPU+ ) and 

curcumin (Cur) embedded anionic waterborne polyurethane nanodispersions (Cur-WPU- ), PPU-glue gels 

rapidly ( < 10 s) and exhibits low swelling ratios, tunable degradation rates and good biocompatibility. Due 

to the application of an adhesion strategy combing English ivy mechanism and particle packing theory, 

PPU-glue also shows considerable lap shear strength against wet porcine skin ( ≈58 kPa) and burst pres- 

sure ( ≈26 kPa). The mismatched particle sizes and the opposite charges of TA/WPU+ and Cur-WPU- in 

PPU-glue bring electrostatic interaction and enhance particle packing density. PPU-glue possesses supe- 

rior reactive oxygen species (ROS)-scavenging capacity derived from polyphenols. PPU-glue can regulate 

extracellular matrix (ECM) metabolism in degenerated NP cells, and it can promote therapy biologically 

and mechanically in degenerated rat caudal discs. In summary, this study highlights the therapeutic ap- 

proach that combines AF seal and NP augmentation, and PPU-glue holds great application potentials for 

post discectomy therapy. 

Statement of significance 

Currently, there is no established method for the therapy of annulus fibrosus (AF) defect and nucleus 

pulposus (NP) degeneration after discectomy. Herein, we developed a polyphenol-modified biomimetic 

polyurethane bioadhesive (PPU-glue) with strong adhesive strength and superior bioactive property. The 

adhesion strategy that combined a particle packing theory and an English ivy mechanism was firstly 

applied to the intervertebral disc repair field, which benefited AF seal. The modified method of incor- 

porating polyphenols was utilized to confer with ROS-scavenging capacity, ECM metabolism regulation 

ability and anti-inflammatory property, which promoted NP augmentation. Thus, PPU-glue attained the 
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. Introduction 

Intervertebral disc (IVD) herniation is a prevalent spinal con- 

ition, which is a leading cause of low back pain that affects 

bout 60 %–80 % of all individuals during their lifetimes [ 1–3 ]. 

egenerated discs are generally considered as the main source 

f pain, since annulus fibrosus (AF) defect often leads to nu- 

leus pulposus (NP) extrusion, thus causing nerve compression 

nd injury [ 4–7 ]. Discectomy is the established surgical proce- 

ure for alleviating low back pain caused by IVD herniation. In 

his procedure, the extruded NP tissue is removed to decom- 

ress the affected nerve tissue [ 8 ]. However, this procedure nei- 

her can suppress NP degeneration nor seal AF defect, render- 

ng it only as a palliative treatment to alleviate clinical symptoms 

 9 , 10 ]. There still remains progressive structural failure, namely the 

esidual NP tissue may protrude through the persistent AF de- 

ect [ 11 ], which is likely to exacerbate IVD degeneration. Hence, 

ecurrent herniation (re-herniation) often occurs (with reported 

ates up to 25 %), which is a major reason for reoperation fol- 

owing primary discectomy [ 12–15 ]. Although re-herniation is an 

cknowledged problem, there is still no established method for 

he therapy of AF defect and NP degeneration after discectomy at 

resent. 

Various biomaterials have been designed for the repair of AF, 

P and total IVD. For instance, an injectable and photocurable TGF- 

1-supplemented decellularized annulus fibrosus matrix hydro- 

el was developed to seal AF defect [ 16 ]. Fucoidan-loaded nanofi- 

rous scaffolds were also fabricated by electrospinning for AF re- 

air [ 17 ]. Previous studies have reported that injectable hydro- 

el microspheres could regulate NP degenerative microenviron- 

ent, such as overactive inflammation and extracellular matrix 

ECM) metabolism imbalance [ 18 , 19 ]. Besides, a bioinspired tissue- 

ngineered IVD was constructed for total disc replacement target- 

ng late-stage IVD degeneration [ 20 ]. Undoubtedly, these biomate- 

ials have exhibited remarkable repair effecacy in the correspond- 

ng disease models. However, considering the anatomical structure 

nd physiological status of the IVD after discectomy, biomaterials 

hat can seal AF defect and suppress NP degeneration are urgently 

eeded [ 21–23 ]. 

Bioadhesives are widely applied for tissue wound healing, and 

ommonly classified as adhesives, hemostats and sealants in terms 

f function [ 24 , 25 ]. Given the practical application for post discec-

omy therapy, there is a need for an injectable bioadhesive that 

an act both as a tissue adhesive and a sealant [ 21 ]. As an adhe-

ive, it can adhere to the native fibrocartilage and minimize the 

ikelihood of implant shedding. Simultaneously, as a sealant, it can 

eal AF defect and prevent IVD re-herniation. Recently, an alginate- 

ased tissue-mimetic hybrid bioadhesive was developed for IVD re- 

air, serving as both a NP glue and an AF sealant [ 26 ]. Besides,

 glue composed by two parts, oxidized and methacrylated gly- 

osaminoglycan and fibronectin-conjugated fibrin plus poly (ethy- 

ene glycol) diacrylate (PEGDA), was designed for AF repair to pro- 

ide tissue adhesion and stress buffer separately [ 27 ]. Remarkably, 

 super-strong English ivy-inspired aqueous glue was reported and 

pplied for dura seal and repair [ 28 ]. Inspired by various biolog- 

cal, chemical and physical adhesion strategies employed by an- 

mals and plants, biomimetic bioadhesives could produce strong 

dhesion to tissues [ 28 , 29 ]. For physical adhesion strategy, previ- 
117
y therapy, and the design principle could be universally expanded to the

uses. 

 Published by Elsevier Ltd. All rights are reserved, including those for text

and data mining, AI training, and similar technologies. 

us studies have clarified that English ivy can secrete spherical 

lycoprotein nanoparticles, which can permeate into the crevices 

f vertical walls to form mechanical interlock after film formation, 

eanwhile, the film is further strengthened by calcium ion-driven 

lectrostatic interaction [ 30 ]. Certainly, besides the outstanding ad- 

esion property, bioactivity should be taken into account [ 31 ], be- 

ause IVD is the largest avascular organ with poor self-healing 

roperty in humans [ 32 ]. As reported, oxidative stress may be a 

chief culprit” in degenerated discs [ 33 ], which is usually triggered 

y reactive oxygen species (ROS) overproduction [ 33 , 34 ]. Neverthe- 

ess, current studied and existing commercially bioadhesives gen- 

rally lack ROS-scavenging capacity. Thus a bioadhesive that pos- 

esses certain adhesive strength and bioactivity should be an ideal 

andidate for post discectomy therapy. 

Polyphenols have become increasingly attractive to biomaterials 

ith good anti-oxidant and anti-inflammatory properties [ 34–36 ]. 

mong them, tannic acid (TA) and curcumin (Cur) have showed 

heir protective effects in the IVD therapy field, mainly aim at 

P degenerated microenvironments such as ECM metabolism im- 

alance [ 37–41 ]. Herein, inspired by the nanoparticle permeation, 

echanically interlock and electrostatic interaction strategies em- 

loyed by English ivy, cationic waterborne polyurethane nanodis- 

ersions (WPU+ ) with larger particle sizes and anionic waterborne 

olyurethane nanodispersions (WPU- ) with smaller particle sizes 

ere synthesized and nanodispered in water by self-emulsification. 

A and Cur were also introduced via physical mixture and chemi- 

al bonding separately to prepare TA/WPU+ (physical mixing) and 

ur-WPU- (Cur chemically integrated in polymer backbone). Then 

 polyphenol-modified waterborne polyurethane bioadhesive (PPU- 

lue) was developed by simply mixing TA/WPU+ and Cur-WPU- 

ith a volume ratio of 1/1. Benefiting from the English ivy adhe- 

ion strategy and particle packing theory that the mismatched par- 

icle sizes and the electrostatic interaction between cationic and 

onic nanodispersions will enhance particle packing density [ 28 ], 

PU-glues exhibited strong adhesive strength conduciving to seal 

F defect. The incorporation of polyphenols conferred PPU-glues 

ith superior ROS-scavenging capacity, ECM metabolism regula- 

ion ability and anti-inflammatory property, which are beneficial 

o suppress NP degeneration. The swelling behavior, degradation 

nd polyphenols release profiles, tissue adhesion strength, biocom- 

atibility and bioactivity were thoroughly investigated, and thera- 

eutic effecacy to seal AF defect and ameliorate nucleus pulposus 

NP) degeneration after discectomy was also evaluated on a degen- 

rated rat model via radiological, histological and biomechanical 

pproaches. 

. Materials and methods 

.1. Materials 

Polycaprolactone diol (PCL diol, Mw = 10 0 0 Da) was ob- 

ained from DAICE. Isophorone diisocyanate (IPDI), 1, 4-butanediol 

BDO), Cur and TA were purchased from Macklin. Dimethylol 

ropionic acid (DMPA) was gained from Shanghai yuanye Bio- 

echnology Co., Ltd. N-methyl diethanolamine (MDEA) was ac- 

uired from Meryer. Ethylenediamine monohydrate (EDA ·H2 O) and 

-dimethylaminoethanol (DMAE) were provided by Aladdin. 
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.2. Synthesis and characterizations of WPU nanodispersions 

For the synthesis of WPU- , PCL was added in a dried four- 

ecked, round-bottomed flask, then was stirred and removed wa- 

er under vacuum at 100 ºC for 3 h. Subsequently, the temperature 

as reduced to 60 ºC, then IPDI in dried acetone was added and 

he reaction was conducted at 60 ºC under nitrogen atmosphere 

or 1 h. Next, DMPA in acetone and BDO were added at 60 ºC and

he reaction was continued with stirring for 4 h. Acetone was re- 

uxed by a graham condenser and was supplied when the system 

iscosity increased. Afterwards, DMAE was added to neutralize the 

ide chain carboxyl groups from DMPA (the neutralization degree 

NDMAE /NDMPA ×100 %, N means molar amount] close to 100 %) at 

0 ºC for 30 min. After reducing the temperature to 30 ºC, the re- 

ction mixture was transferred to a beaker. EDA in deionized water 

as poured into the system with stirring at 30 0 0 rpm for 10 min

sing an emulsifying machine (IKA T18 Digital Packag, Germany) to 

btain WPU- nanodispersion. For Cur-WPU- , the amounts of DMPA 

nd BDO were adjusted, and Cur in acetone was added into the 

eaction system after chain extension by DMPA and BDO, and the 

eaction was continued for another 3 h at 60 ºC. For WPU+ , MDEA 

as used to replace DMPA being used in WPU- , and acetic acid 

HAc) was used as counterion containing compound. For WPU- , 

he molar ratio of PCL/IPDI/DMPA/BDO/EDA was 4:9:2.9:1.0:0.67. 

or Cur-WPU- , the molar ratio of PCL/IPDI/DMPA/BDO/Cur/EDA 

as 4:9:2.84:1.0:0.06:0.67. And for WPU+ , the molar ratio of 

CL/IPDI/MDEA/BDO was 4.17:13.5:5.87:3.11. 

The particle sizes and zeta potentials of WPU+ , WPU- and 

ur-WPU- were determined by dynamic light scattering (DLS) 

Malvern, Zetasizer Advance Range, UK). The solid contents of 

PU+ , WPU- and Cur-WPU- were measured by mass change be- 

ore and after vacuum freeze-drying. The chemical structures of 

PU+ , WPU- , Cur-WPU- , IPDI and Cur were characterized using an 

ttenuated total reflectance Fourier transform infrared (ATR-FTIR) 

pectrometer (Thermo Fisher Scientific Nicolet iS10, America). 

The macroscopical migration of WPU- , Cur-WPU- (chemical 

odification) and Cur/WPU- (physical blend) was observed to fur- 

her confirm whether Cur was chemically introduced to Cur-WPU- 

r not. Briefly, they were diluted by deionized water and equiv- 

lent chloroform were added in the bottom, then were stirred for 

2 h. Finally, the color and transparency of bottom layer liquid was 

ecorded. 

.3. Preparation of bioadhesives (PPU-glue) 

PPU-glue was composed of anionic nanodispersions and 

ationic nanodispersions. There were 4 kinds of combinations used 

n the study as follows: (i) WPU- and WPU+ were mixed at a vol- 

me ratio of 1:1 to obtain a polyurethane bioadhesive (namely 

U); (ii) TA solution (10 wt %) was added to WPU+ at a volume ra-

io of 0.1:1 (TA/WPU+ ), and then WPU- and TA/WPU+ were mixed 

t a volume ratio of 1:1 (PUT); (iii) Cur-WPU- and WPU+ were 

ixed at a volume ratio of 1:1 (PUC); (iv) Similar to PUT, Cur-WPU- 

nd TA/WPU+ were mixed at a volume ratio of 1:1 (PUCT). 

.4. Characterizations of PPU-glue 

The swelling ratios of PPU-glues were measured by immersing 

ried PPU-glue films in deionized (DI) water until fully swollen. 

he weight ratios of the swollen parts and the dry films were 

alculated to be the swelling ratios (in percentage). The degrada- 

ion property of PPU-glue was investigated by recording the mass 

oss of dried PPU-glue films in PBS at 37 ºC for 12 weeks, and 

BS was changed every two weeks. The cumulative release pro- 

les of TA and Cur were detected by UV-vis spectrophotometry 
118
Shimadzu UV-2550, Japan). Briefly, freeze-dried samples were im- 

ersed in PBS at 37 ºC. The supernatant liquid was collected at 

re-determined time points (2, 4, 6, 8, 10, 14, 20, 28 and 30 d), 

nd the absorbances of TA and Cur were separately recorded at 

78 nm and 426 nm. Three specimens were set in each group, and 

he results were averaged. 

To evaluate the adhesion property, we conducted lap shear tests 

nd burst pressure tests according to ASTM F2255-05 and ASTM 

2392-04 respectively. For lap shear tests, the porcine skin was 

ut into rectangle strips after removing the fat of inner layer. 200 

L anionic dispersions and 200 μL cationic dispersions were ap- 

lied to two slides separately. Subsequently, the two slides were 

verlapped with a bonding area of 10 × 10 mm2 , and were com- 

ressed to form a compact adhesive layer. The samples were set 

n the Instron machine (34TM-10, USA) and stretched until the ad- 

ered procine skins were seperated from each other. The tensile 

ate was 5 mm min-1 . The lap shear strength was calculated as 

he maximum load / the bonding area. For burst pressure tests, 

 piece of porcine skin was made a 3-mm-diameter circular de- 

ect in the middle. Afterwards, 50 μL anionic dispersions and 50 μL 

ationic dispersions were applied and mixed instantly, then formed 

 plug to seal the defect. The substrate was sandwiched between 

wo stainless steel discs, one of them was linked with a syringe by 

ipes. Force was applied to the syringe plunger and the rate was 

 mm min-1 . The peak pressure was measured and recorded using 

he Instron 34TM-10. The burst pressure strength was calculated as 

he peak pressure / the sectional area of syringe. The fibrin glue, 

omposed of 80 mg mL-1 fibrinogen and 500 units mL-1 thrombin, 

as used as control. Eight specimens were set in each group and 

he results were averaged. 

.5. ROS-scavenging capacity of PPU-glue 

To examine ROS-scavenging capacity of PPU-glue, 2,2-diphenyl- 

-picrylhydrazyl (DPPH, D4313, TCI) assay and 2,2′ -azino-bis-3- 

thylbenzothiazoline-6-sulfonic acid (ABTS, A9941-5TAB, Sigma- 

ldrich) assay were conducted. For DPPH assay, 3 mL 100 μM DPPH 

olution was incubated with 30 mg dried PPU-glue for 45 min un- 

er dark. The scavenging capacity of PPU-glue was observed by 

V-vis spectrophotometer (Shimadzu UV-2550, Japan) at the wave- 

ength of 517 nm. The blank control was the DPPH solution with- 

ut any treatment. For ABTS assay, 3 mL 100 μM ABTS solution 

as incubated with 75 mg dried sample for 80 min under dark. 

he blank control was the ABTS solution without any treatment. 

he scavenging capacity was detected at 734 nm. Four specimens 

ere tested in each group and the results were averaged. 

To detect intracellular ROS-scavenging capacity of PPU-glue, 

 ROS probe (S0033S, Beyotime) was used. NP cells (NPCs) 

ere seeded in 24-well plates (3 ×104 cells well-1 ), then 50 μM 

ert-butyl hydroperoxide (TBHP) and PPU-glue film were used 

o treat NPCs for 24 h. Later, the NPCs were incubated with 

,7-dichlorodihydrofluorescein diacetate (DCFH-DA) solution away 

rom light for 60 min. Last, the NPCs were imaged by a fluores- 

ence microscope (LEICA DM40 0 0 B/DF C425, Germany). The un- 

reated NPCs was set as the negative control, and the positive con- 

rol group was the only TBHP-stimulated NPCs. Four specimens 

ere set in each group and at least 3 random areas were selected 

100 × magnification). 

.6. In vitro cytotoxicity evaluation 

The NPCs were isolated from 5-week-old male Sprague-Dawley 

SD) rats by digestion with 0.2 % type II collagenase for 4 h. The 

esulting NPCs suspension was obtained by a 70 μm filter. Af- 

er centrifugation, the precipitate was re-suspended in DMEM/F12 
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edium containing 12 % fetal bovine serum. The NPCs of the third 

o fifth passage were used in the next cell experiments. 

To access the cytotoxicity after medium extract treatment or 

PU-glue co-culture, CCK-8 assay (BS350B, Biosharp) was per- 

ormed. For medium extract treatment, 1 g dried sample was im- 

ersed in 10 mL medium for 24 h at 37 ºC. The concentration of 

edium extract was diluted to 1 ×, 10 × and 100 ×. The NPCs were

eeded in 96-well plates (5 ×103 cells well-1 ) for 24 h and incu- 

ated with medium extract of different dilutions for another 24 h. 

or PPU-glue co-culture, the NPCs were seeded in 24-well plates 

3 ×104 cells well-1 ) for 24 h, 10 mg dried sample was added with 

orceps, and they were cultured together for another 24 h and 72 

. The untreated NPCs were used as control. The absorbance at 450 

m was measured by microplate reader (Bio-Tek, USA). At least five 

pecimens were set in each group. 

To evaluate the viability after PPU-glue co-culture, Live/Dead 

taining assay was conducted. Briefly, the NPCs were manipulated 

n 24-well plates (3 ×104 cells well-1 ) following the co-culture pro- 

edure as described above. Afterwards, 300 μL Live/Dead dye liquor 

as used to treat the NPCs for 20 min. The images were captured 

y the fluorescence microscope (LEICA DM40 0 0 B/DF C425, Ger- 

any) and three random areas were selected (100 × magnification). 

our specimens were set in each group. 

.7. In vitro PPU-glue treatment of degenerated NPCs 

To generate the oxidative stress environment and establish a 

egenerated IVD model in vitro , 50 μM TBHP was used to stim- 

late the NPCs for 24 h as described previously [ 37 , 38 ] followed

y being treated with PPU-glue for another 48 h. qRT-PCR was 

erformed to analyze the gene expression associated with ECM 

etabolism, including collagen type II (Col-II), aggrecan (Acan), 

atrix metalloproteinase-13 (Mmp-13), a disintegrin and metallo- 

roteinase with thrombospondin motifs-4 (Adamts-4) and tissue 

nhibitor of matrix metalloproteinase-1 (Timp-1). The NPCs were 

lated in 6-well plates (1 ×105 cells well-1 ), and five groups were 

ssigned: (i) no treatment (blank control group), (ii) TBHP stimu- 

ation (TBHP group), (iii) TBHP stimulation and PU treatment (PU 

roup), (iv) TBHP stimulation and PUT treatment (PUT group), (v) 

BHP stimulation and PUCT treatment (PUCT group). RNA was ex- 

racted using TRIzol reagent and converted into first-strand cDNA. 

he genes and the primer sequences (Sangon Biotech, China) were 

isted in Table S1. The relative mRNA expression of each gene was 

ormalized to the housekeeping gene Actin and analyzed using the 
- ��Ct method. Four specimens were set in each group. 

Immunofluorescence staining was used to detect the protein 

xpression of ACAN and COL-II, representing ECM metabolism. 

riefly, the NPCs were treated as described above. The NPCs were 

xed in 4 % paraformaldehyde, permeabilized with 0.3 % Triton- 

100, and blocked with 5 % bovine serum albumin. Then they 

ere incubated with ACAN (Rabbit, 13880-1-AP, 1:100) and COL- 

I (Rabbit, 28459-1-AP, 1:100) antibodies at 4 ºC overnight. Later, 

he NPCs were incubated with a fluorescent antibody (Goat anti- 

abbit IgG, A23420, 1:200). Then the NPCs were incubated with 

API solution (P0131, Beyotime, China). The images were observed 

nd photographed using the upright fluorescence microscope (LE- 

CA DM40 0 0 B/DF C50 0, Germany) and 3 random areas were se- 

ected (400 × magnification). There were four parallel specimens of 

ach group. 

.8. In vivo PPU-glue treatment of degenerated rat caudal discs 

A total of 60 male SD rats aged 10 weeks were purchased from 

he Medical Animal Experiment Center of Southern Medical Uni- 

ersity. All animal experiments were in compliance with the An- 

mal Experimental Committee of Institute of Biological and Med- 
119
cal Engineering, Guangdong Academy of Sciences (Approval No. 

023061). Five groups were assigned in total: (i) no puncture (nor- 

al group), (ii) puncture and PBS injection (defect group), (iii) 

uncture and PU treatment (PU group), (iv) puncture and PUT 

reatment (PUT group), (v) puncture and PUCT treatment (PUCT 

roup). 

To evaluate the therapeutic effects of PPU-glue, a needle- 

uncture model was conducted to induce IVD degeneration. After 

nesthesia, a 2-cm-longitudinal incision was made on rat caudal 

orsal skin, and the Co7/8 was punctured in the center of disc with 

 21G needle. After rotating 360 °, the needle held in place for 30 

. The puncture resulted in a full-thickness AF defect measuring 

pproximately 0.80 mm in diameter and 1.40 mm in depth, with 

inimal NP damage. Subsequently, 3 μL anionic dispersions and 3 

L cationic dispersions of PPU-glue were injected into the newly 

reated AF defect. Finally, all the rats were euthanized using pen- 

obarbital sodium (200 mg/kg) at 4 or 8 weeks after surgery, and 

isc samples were collected for analysis. 

.8.1. Radiological evaluation 

Radiologically, X-Ray and MRI were used to evaluate disc de- 

eneration after surgery for 4 and 8 weeks. X-Ray images were ac- 

uired using the radiography machine (Bruker FX Pro, USA). The 

isc height index (DHI) was calculated by twice the sum of the 

nterior, middle and posterior edge heights of the intervertebral 

pace / the sum of the anterior, middle, and posterior heights of 

he adjacent vertebral bodiesas as previously reported [ 16 ]. At each 

ime point, the DHI % was quantified as the DHI in the treatment 

roup / the DHI in the normal group × 100. The T2-weighted sec- 

ion images (TR = 40 0 0 ms, TE = 56 ms, slice thickness = 0.8 mm,

lane resolution = 300 × 180) were captured with the 7.0T MRI 

canner (Bruker PharmaScan70/16 US, USA). The images were clas- 

ified as grades I to IV in accordance with Pfirrmann grading sys- 

em (Table S2) by two well-trained graders, and they were blinded 

o the treatment groups. Four specimens were assessed in each 

roup, and the results were averaged. 

.8.2. Histological evaluation 

Gross appearance assessment was conducted after surgery for 4 

nd 8 weeks. Briefly, the discs were fixed with 4 % paraformalde- 

yde, and decalcified in 10 % EDTA. Thompson score system (Ta- 

le S3) was used to assess disc degeneration. The images were 

bserved and photographed using the stereo microscope (SOPTOP 

ZX12, China). Four specimens were set in each group. 

Hematoxylin and Eosin (H&E) staining and Safranin O-fast 

reen (S&O) staining were also conducted to preliminarily assess 

he theraputic efficacy of PPU-glue through observing IVD mor- 

hology and structure as well as collagen deposition and composi- 

ion. The discs were harvested and fixed with 4 % paraformalde- 

yde at 4 and 8 weeks after surgery. After decalcification and 

ehydration, all the discs were embedded in paraffin, sliced to 

 thickness of 5 μm and stained by dyes. The histological grad- 

ng system was divided into 5 major categories in accordance 

ith JOR Spine/ORS Spine Section grading scale (Table S4). Two 

ell-trained graders were blinded to the treatment groups. Fur- 

hermore, immunohistochemical staining was performed as pre- 

iously reported [ 42 ] to assess the expression of ACAN (13880- 

-AP, proteintech, 1:400), COL-II (28459-1-AP, proteintech, 1:1600) 

nd MMP-13 (GB11247-10 0, Servicebio, 1:40 0). The slices were in- 

ubated with primary antibodies overnight at 4 ºC, followed by 

eing treated with HRP conjugated goat anti-Rabbit IgG (1:200, 

eyotime, Shanghai, China) for 2 h. Finally, the slices were visu- 

lized with DAB (Sangon Biotech, Shanghai, China) for 30 s and 

ounterstained with hematoxylin. The images were observed and 

hotographed under the upright microscope (LEICA DM40 0 0 B/DF 

500, Germany). Four specimens were studied in each group. 
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.8.3. In vivo organotoxicity evaluation 

To access the organotoxicity after surgery for 8 weeks, the ma- 

or organs of the treated rats including heart, liver, spleen, lung and 

idney were harvested, fixed with 4 % paraformaldehyde, embed- 

ed in paraffin, and the pathological slides were assessed with H&E 

taining. The images were evaluated by two well-trained graders, 

nd they were blinded to the treatment groups. Four specimens 

ere set in each group. 

.8.4. Biomechanical tests 

The uniaxial compression test was performed on the rat tail 

iscs after surgery for 8 weeks. The discs were collected and stored 

n PBS at 4 ºC. Before testing, the discs were conditioned for 1 h ±
5 min in PBS at room temperature. The test was programmed at a 

ompression rate of 0.2 mm min-1 until the displacement reached 

0 % of the height of the IVD. Measurements of the IVD height and

iameter were taken using a vernier caliper. The stress was calcu- 

ated as the force / the area of IVD, and the strain was calculated as

he displacement / the height of IVD. The stress-strain curve was 

sed to quantify compression modulus from 0 to 10 % strain ac- 

ording to previous studies [ 17 ]. Four specimens were measured in 

ach group and the results were averaged. 

Futhermore, an in vitro ramp-to-failure test was conducted on 

ovine tail discs. The discs were compressed on a 5 ° inclined foun- 

ation at a fixed rate of 2 mm min-1 . The stress was defined as

he force / the cross-sectional area of IVD. The failure strength was 

ecorded during extrusion failure or disc subsidence as reported 

 26 ]. Three specimens were set in each group and the results were

veraged. 

.9. Statistical analysis 

All statistical data shown were mean ± standard deviation (SD) 

f at least three independent repetitions in each group. Statisti- 

al analyses were performed using ordinary one-way ANOVA with 

ukey’s multiple comparisons test (GraphPad Prism 8.0 software). 

he difference is considered statistically significant if p is less than 

.05. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0 0 01. p > 0.05

s considered not significant (ns). 

. Results 

.1. Synthesis and characterizations of nanodispersions 

As shown in Fig. 1 A, WPUs were synthesized by the reaction of 

CL diol and IPDI, followed by chain extension with small molec- 

lar diol and cat/an-ionizable diol, and finally dispersion in water 

ia self-emulsification after being treated with counterion contain- 

ng compound. Briefly, PCL diol and IPDI were the main reactants, 

DO and EDA were the neutral chain extenders. For WPU+ , MDEA 

as the cationic extender. For WPU- , DMPA was the anionic ex- 

ender. TA and Cur were introduced to prepare TA/WPU+ and Cur- 

PU- via simple mixture and chemical bonding, respectively. 

As mentioned above, the mismatched particle sizes of WPU+ 

nd WPU- enhanced particle packing and interfusion, and the con- 

rary ions of WPU+ and WPU- caused electrostatic interaction [ 28 ]. 

ccordingly, WPU+ with large particle sizes and WPU- and Cur- 

PU- with small particle sizes were synthesized, the particle sizes 

nd zeta potentials were characterized by dynamic light scattering 

DLS, Zetasizer). As shown in Fig. 1 B, the average particle sizes of 

PU+ , WPU- and Cur-WPU- were 147.40 ± 1.54 nm, 33.08 ± 0.46 

m and 50.21 ± 0.65 nm, respectively. The average zeta potentials 

f WPU+ , WPU- and Cur-WPU- were 32.68 ± 0.42 mV, -38.55 ±
.14 mV and -9.97 ± 0.64 mV, respectively ( Fig. 1 C). The solid con-

ents of WPU+ , WPU- and Cur-WPU- were in the range of 30-40 

t % ( Fig. 1 D). 
120
The FTIR spectra ( Fig. 1 E) of WPU+ , WPU- and Cur-WPU- dis- 

lay the shoulder peaks of the imido (-NH-) in the urethane bonds 

t 3360 cm−1 . The peaks around 2945 cm−1 and 2865 cm−1 are 

eparately assigned to symmetric and asymmetric methylene (- 

H2 -) stretching vibration absorption peak. The peaks around 1724 

m−1 are assigned to the carbonyl groups (C = O). There was no re- 

aining isocyanate group at 2243 cm−1 derived from IPDI in all 

he WPUs, indicating successful synthesis. Thus, the above results 

onfirm the formation of urethane bonds. In addition, the spectrum 

Fig. S1A) of Cur shows a broad peak at 3507 cm−1 assigned to 

ydroxy association, which decreased signifcantly in Cur-WPU- . It 

ight because the hydroxy on Cur could react with the isocyanate 

f prepolymer. The ultraviolet visible (UV-vis) absorption spectra 

Fig. S1B) shows a characteristic absorption peak around 426 nm 

rom Cur in Cur-WPU- , while there was no peak in WPU- , indicat- 

ng Cur was successfully introduced to Cur-WPU- . 

Additionally, we observed the macroscopical migration of 

PU- , Cur-WPU- (chemical modification) and Cur/WPU- (physical 

lend) in aqueous phase and organic phase. As shown in Fig. S1C, 

here was nearly colorless and transparent liquid in the bottom 

ayer of WPU- and Cur-WPU- after stirring for 12 h. However, the 

ottom layer liquid turned yellow visibly in Cur/WPU- , suggesting 

ree Cur was extracted by chloroform. This further confirms that 

ur was chemically introduced to the polymer of Cur-WPU- . 

.2. Preparation and characterizations of bioadhesives 

Waterborne polyurethane bioadhesives were basically com- 

osed of WPU+ and WPU- . There were 4 kinds of single com- 

onent, including WPU+ , TA/WPU+ , WPU- and Cur-WPU- . Thus 4 

ombinations were arranged, including WPU+ /WPU- (namely PU), 

A/WPU+ /WPU- (PUT), WPU+ /Cur-WPU- (PUC) and TA/WPU+ /Cur- 

PU- (PUCT). The macroscopical images of single component and 

omposite gelation are shown in Fig. S2. All the formulations ex- 

ibit fast-gelation ( < 10 s) as shown in Fig. S3, which is deemed 

aused by fast electrostatic interaction as well as particle packing 

nd interfusion ( Fig. 2 A). 

As shown in Fig. 2 B, the swelling ratios of all the samples were

ower than 15 % and 35 % after soaking in PBS for 1 day and

0 days, respectively. There was no significant difference between 

roups at the same time points. The above results show the min- 

mal swelling behavior of PPU-glue, which could avoid the over- 

xpansion problem that commonly occurs in hydrogel-based adhe- 

ives. As shown in Fig. 2 C, the degradation rates increased after 

he introduction of TA and further increased by incorparating Cur, 

hile there was nearly no degradation in PU within 12 weeks. 

The cumulative release profiles of Cur and TA are separately 

hown in Fig. 2 D and 2 E. The release of polyphenols continued and

eached a plateau after approximately 14 days. It could be noted 

hat TA release concentration of PUCT was higher than that of PUT 

t the same time points, while Cur release curves of PUCT and 

UC were almost identical, suggesting that physical mixture was 

ooser than chemical bonding in this study. Collectively, polyphe- 

ols could promote the dissociation of PPU-glue, mainly caused 

y TA of physical mixture and partially caused by Cur of chemi- 

al bonding. 

.3. Adhesion property of PPU-glue 

As reported in previous literature, ASTM F2255-05 and ASTM 

2392-04 are the most commonly used standards to evaluate the 

dhesion property in vitro for tissue adhesives and sealants in AF 

epair [ 21 ]. Since NP pressurization induced a radial outward force 

n AF, lap shear tests and burst pressure tests were conducted, 

iven the direction of applied loads with respect to the bioadhe- 

ives. 
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Fig. 1. Synthesis and characterizations of WPU nanodispersions: (A) synthetic routes of TA/WPU+ and Cur-WPU- ; (B) size distribution, (C) zeta potentials and (D) sol 

contents of WPU+ , WPU- and Cur-WPU- ; (E) FTIR spectra of IPDI, WPU+ , WPU- and Cur-WPU- . ∗∗ p < 0.01, ∗∗∗∗ p < 0.0 0 01. 

Fig. 2. Preparation and characterizations of bioadhesives: (A) preparation process of TA/WPU+ /Cur-WPU- bioadhesive; (B) swelling ratios, (C) degradation rates of bioad- 

hesives at pre-determined time-points; cumulative release curves of (D) curcumin (Cur) and (E) tannic acid (TA). 

121
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Fig. 3. Adhesion property of bioadhesives: (A, B) lap shear test and (C, D) burst pressure test of the bioadhesives against wet porcine skin. ∗∗p < 0.01. 
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Fig. 3 A shows the schematic diagram of lap shear test and pho- 

ographs of specimen. The lap shear strengths ( Fig. 3 B) of PU, PUC, 

UT and PUCT were 73.19 ± 6.70 kPa, 65.67 ± 6.50 kPa, 61.75 ±
.40 kPa and 57.61 ± 4.57 kPa, respectively, all significantly higher 

han ( p < 0.01) that of fibrin glue (5.98 ± 1.68 kPa). There was

o significant difference between the experiment groups. Fig. 3 C 

hows the schematic diagram of burst pressure test and pho- 

ographs of specimen. The maximum burst pressures ( Fig. 3 D) of 

U, PUC, PUT and PUCT were 32.34 ± 2.80 kPa, 29.70 ± 2.04 kPa, 

4.28 ± 2.69 kPa and 26.00 ± 1.51 kPa, respectively. Similarly, they 

ere all significantly higher ( p < 0.01) than that of fibrin glue 

7.56 ± 1.08 kPa), but they were not significant difference between 

he experiment groups. Compared with PU, the maximum burst 

trengths of PUC, PUT and PUCT were marginally lower, PPU-glues 

till exhibited strong adhesion strengths after introducing polyphe- 

ols. 

.4. ROS-scavenging capacity of PPU-glue 

ROS plays a crucial role in the pathological process of IVD deg- 

eration. The activities of excessive ROS production and clearance 

re connected with the balance between oxidation and antioxida- 

ion [ 43 ]. The disrupted balance will lead to oxidative stress, which 

an accelerate the degneration [ 44 ]. As reported, polyphenols pos- 

ess good anti-oxidant ability via providing electrons to reduce the 

ree radicals [ 45 , 46 ]. The ROS-scavenging capacity of PPU-glue was 

xamined using DPPH and ABTS assay. Fig. 4 A shows the DPPH so- 

ution absorbances of PUC, PUT and PUCT decreased visibly, while 

he UV-vis curve of PU was almost the same as the blank group. 

s shown in Fig. 4 B, PUT exhibited the significant DPPH scavenging 

fficiency (71.91 %) at 30 min, which is deemed to be derived from 

yrogallol groups of TA. The DPPH scavenging efficiency of PUCT 

75.55 %) was further enhanced, and PUC (14.14 %) also showed 

onsiderable ROS-scavenging capacity derived from Cur. Along with 

ime extension to 45 min, the DPPH scavenging percentage of PUCT 

ncreased to 77.92 % ( Fig. 4 C and 4 D). The ABTS scavenging per-

entages at 60 min of PU, PUC, PUT and PUCT were 2.72 %, 7.70 %,

4.49 % and 67.49 %, respectively ( Fig. 4 E and 4 F). Thereinto, the

BTS scavenging percentage of PUCT increased to 70.53 % at 80 

in ( Fig. 4 G and 4 H). These results indicate that the trends of
122
PPH and ABTS assay are basically consistent. Therefore, consid- 

ring their stronger ROS-scavenging capacity, PUT and PUCT were 

hosen as the representatives of PPU-glues to conduct the follow- 

ng cell and animal experiments. 

Furthermore, the intracellular ROS-scavenging capacity was as- 

essed using a ROS probe (DCFH-DA) in the NPCs. Compared 

o the positive control group, PUT and PUCT groups exhibited 

ower green fluorescence ( Figs. 4 I and S4), suggesting that PPU- 

lue could attenuate TBHP-stimulated oxidative stress effectively 

n NPCs. Taken together, polyphenols endowed PPU-glue with fa- 

orable ROS-scavenging capacity. 

.5. Biocompatibility of PPU-glue 

As well-known, good biocompatibility is necessary for bioma- 

erials. The results of CCK-8 assay show the cell viabilities were 

ll around 100 % after being treated with medium extract of dif- 

erent dilutions (1 ×, 10 ×, 100 ×) for 24 h (Fig. S5A). Also, the cell

iabilities were all higher than 90 % after co-culturing with PPU- 

lue for 24 h and 72 h (Fig. S5B). Similarly, the Live/Dead staining 

mages (Fig. S5C) show that most NPCs remained alive after co- 

ulturing with PPU-glue for 24 and 72 h. Furthermore, H&E stain- 

ng was conducted to access the organotoxicity of rats at 8 weeks 

fter surgery. The histological analysis of major organs (Fig. S6), in- 

luding the heart, liver, spleen, lung and kidney, did not show any 

issue damage. In short, PPU-glue possessed good biocompatibility, 

ncluding negligible cytotoxicity and organotoxicity. 

.6. PPU-glue maintained ECM anabolic/catabolic balance in 

egenerated NPCs 

The ECM of NP is mainly composed of ACAN and COL-II, thus 

hey are also serve as the characteristic features in the physiolog- 

cal functions of the normal IVDs. As reported previously, TBHP 

as been commonly used to degenerate the NPCs, which will re- 

ult in the reduction of ECM and culminate in the loss of func- 

ion [ 38 , 39 , 47 , 48 ]. It was found that polyphenols could regulate

CM anabolic/catabolic balance in some extent [ 38 , 39 ]. Thus, in 

his study, we decided to verify the regulation of polyphenols, and 
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Fig. 4. ROS-scavenging capacity of PPU-glue: (A) UV–vis curves and (B) DPPH scavenging percentages after incubating for 30 min; (C) UV–vis curves and (D) dynamic DPPH 

scavenging percentages of PUCT; (E) UV–vis curves and (F) ABTS scavenging percentages after incubating for 60 min; (G) UV–vis curves and (H) dynamic ABTS scavenging 

percentages of PUCT; (I) the fluorescent images of ROS overproduction and elimination monitored via DCFH-DA probe in the TBHP-stimulated NPCs after treatment. Scale 

bar = 200 μm. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0 0 01. 
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ondered whether PPU-glue had a protective effect on the TBHP- 

timulated NPCs or not. 

As shown in the immunofluorescence images ( Fig. 5 A and 5 B), 

he protein expression levels of ACAN and COL-II increased visibly 

n PUT and PUCT groups, comparing to that of the solely TBHP- 

timulated control group (Fig. S7). It preliminarily confirmed that 

PU-glue could enhance ECM synthesis in the TBHP-stimulated 

PCs. 

As shown in the RT-qPCR analysis results ( Fig. 5 C and 5 D), the

xpression levels of ECM anabolism-related genes, including Acan 

nd Col-II, increased significantly in PUT and PUCT groups, com- 

aring with the control (TBHP) group. The above expression re- 

ults of protein and mRNA were basically consistent, further con- 

rming that PPU-glue could enhance ECM synthesis in the TBHP- 

timulated NPCs. Additionally, the gene expression levels of pro- 

ease inhibitor Timp-1 also upregulated in the PPU-glue group 

 Fig. 5 E). Conversely, the ECM catabolism-related gene expression 

evels of Adamts-4 and Mmp-13 significantly downregulated in the 

UT and PUCT groups ( Fig. 5 F and 5 G), indicating that PPU-glue 

ould inhibit ECM hyperactive degradation in the TBHP-stimulated 

PCs. Specifically, the above results verify that the introduction 

f TA and Cur could protect the NPCs from TBHP-induced ECM 

etabolic disturbance. Together, these results prove that polyphe- 

ols endowed PPU-glue with the protective ability of maintaining 

CM metabolism balance by promoting synthesis and suppressing 

egradation. 

.7. PPU-glue suppressed degeneration in rat caudal discs 

The surgery procedures and animal experiments general design 

re shown in Fig. 6 A. Briefly, the rat caudal dorsal skin was in-

ised, making the AF could be observed directly. Then the Co7/8 

f rat caudal was punctured with a 21G needle. PPU-glue were in- 
123
ected, then sealed the newly formed AF defect and retained the 

P tissue. Later, radiological and histological evaluations were con- 

ucted at 4 and 8 weeks after surgery, biomechanical evaluation 

as also performed at 8 weeks after surgery. The results of animal 

xperiments are described as below. 

.7.1. Radiological evaluation 

To verify the therapeutic effects of PPU-glue, X-Ray and MRI 

ere utilized to radiologically evaluate IVD degeneration. X-Ray 

mages show the disc height, and changes in the disc height in- 

ex (DHI) presenting as DHI %. From X-Ray images ( Fig. 6 B), it

an be seen that a high intervertebral space in the normal group, 

hereas the space narrowed visibly in the defect group. All the 

reatment groups presented the inhibition of the disc height loss 

o different degrees. Likewise, the quantitative analysis of X-ray 

mages ( Fig. 6 C) suggests that the DHI % of the treatment groups 

ignificantly increased comparing to the defect group, particularly 

n PUT and PUCT groups. Besides, the values of DHI % of PUCT 

roup at week 4 and 8 were nearly the same, implying that PPU- 

lue could maintain the disc height effectively and enduringly. MRI 

mages reflect the nucleus pulposus water content based on T2- 

eighted signals, and the degeneration grades were classified by 

firrmann grading system. From MRI images ( Fig. 6 D), the signals 

arkedly decreased and even lost in the defect group, while the 

yperintense signals well displayed in the normal group. It could 

e seen that all the treatment groups suppressed the signal loss to 

ertain extent, including PU group. Among the treatment groups, 

he signals of PUCT group manifested the least loss at 4 and 8 

eeks. In other words, PPU-glue could retain the NP tissue, with 

UCT group the best, indicating that PPU-glue could seal AF defect 

uccessfully. Notably, the loss of signals could be observed along 

he puncture directions, which were marked by white arrows. The 

ualitative analysis results of MRI grades ( Fig. 6 E) show a time- 
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Fig. 5. Modulation of ECM metabolism balance in the TBHP-stimulated NPCs: the immunofluorescence images of (A) ACAN and (B) COL-II protein expressions, scale 

bar = 50 μm; the semi-quantitative analysis of (C) Acan, (D) Col-II, (E) Timp-1, (F) Adamts-4, and (G) Mmp-13 mRNA expressions. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 
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ependent degeneration in all the tested groups, but PPU-glue still 

chieved remarkable therapeutic effect. In general, the X-Ray and 

RI results are basically consistent, suggesting that PPU-glue could 

eal AF defect and retain NP tissue successfully, thereby maintain- 

ng the disc height and delaying the disc degeneration effectively. 

.7.2. Histological evaluation 

To further prove the protective effects of PPU-glue, histological 

valuation was conducted to observe the degenerated discs. The 

ross appearance images showed the protective effects roughly and 

irectly, and were also classified by Thompson score system. As 

hown in Fig. 7 A, there were serious disruptions of AF structure 

nd devoid of NP tissue in the defect group, but distinct lamel- 

as of AF and intact gelatin of NP in the normal group. Compared 

ith the defect group, the treatment groups showed partial or- 

ered arrangement of AF and retention of NP, espacially in PUT and 

UCT groups. From 4 to 8 weeks, the treatment groups presented 

 slow progression of tissue degeneration. The Thompson score re- 

ults ( Fig. 7 B) further demonstrate that PPU-glue could delay IVD 

ontinuous deterioration. 

The H&E staining images ( Fig. 7 C) show the morphologies and 

tructures of the IVDs more finely. AF defect and NP absence 

aused by the needle could be noticed. In the treatment groups, 

he cartilage endplate was intact, the partial AF was orderly ar- 

anged, the reserved NP was clearly demarcated from the sur- 

ounding tissue, and the boundary between AF and NP was clear 

oo. Conversely, the defect group exhibited the disordered struc- 

ures of the collapsed IVDs. The S&O staining images ( Fig. 7 D) 

how the content of proteoglycans (orange) and collagen (green). 
124
he treatment groups presented that rich proteoglycans were par- 

ially replaced by collagen. In other words, NP was gradually re- 

laced by AF. In accordance with the H&E results, the defect group 

xhibited the entire loss of NP, the complete replacement by AF, 

nd the bone-like tissue eventually replaced the original cartilage- 

ike structure. The histological grade results ( Fig. 7 E) further illus- 

rate that PPU-glue could maintain the normal morphologies and 

tructures of the IVDs. 

The immunohistochemical staining images show the protein ex- 

ression levels of ACAN, COL-II and MMP-13 in the NP tissue. Sim- 

lar to the cell experiments, PUT and PUCT groups showed signifi- 

antly higher contents of ACAN ( Fig. 8 A and 8 B) and COL-II ( Fig. 8 C

nd 8 D) than that of the defect group. PU group showed matrix 

eservation as well, which is deemed attributed to the successful 

F seal. The results of MMP-13 present the opposite tendency to 

CAN and COL-II ( Fig. 8 E and 8 F). It was found that ECM pro-

uction increased and MMP activity decreased in the treatment 

roups, indicating that PPU-glue could maintain ECM metabolism 

alance. Further, Fig. S8 shows that PPU-glue decreased IL-6, IL- 

 β and Tnf- α protein expression levels, suggesting that PPU-glue 

ould suppress NP inflammation in vivo . 

.7.3. Biomechanical evaluation 

To confirm the functional impact of PPU-glue, the uniaxial 

ompression test was performed to evaluate the biomechanical 

trength recovery. As illustrated in Fig. 9 A, the rat discs were used 

o test. The representative stress-strain curves ( Fig. 9 B) of the de- 

ect group show that the strain increased rapidly during the stress 

as applied. While, the curves of the treatment groups are rel- 
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Fig. 6. Radiological evaluation: (A) diagram of surgical procedures and design of animal experiments; (B) the images of X-Ray and (C) the changes of DHI at 4 and 8 weeks 

after surgery; (D) the images of MRI and (E) the changes of Pfirrmann grading scores after surgery for 4 and 8 weeks. The white arrows denote the puncture sites. ∗p < 

0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 

Fig. 7. Histological evaluation: (A) the images of gross morphology and (B) the scores of Thompson grading system at 4 and 8 weeks after surgery; the images of (C) H&E 

and (D) S&O staining, and (E) the scores of histological grading system at 4 and 8 weeks after surgery. Scale bar = 1 mm. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 
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Fig. 8. Immunohistochemical staining results: the images and quantitative analysis of (A, B) ACAN, (C, D) COL-II and (E, F) MMP-13. Scale bar = 50 μm. ∗p < 0.05, ∗∗∗p < 

0.001. 

Fig. 9. Biomechanical evaluation: (A) diagram of the uniaxial compression tests performed on the rat caudal discs; (B) the representative stress-strain curves; (C) the 

compression moduli. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0 0 01. 

a

c

t

w

T

i

f

r

t

o

o

u

i

(

A

t

b

a

g

4

t

r

t

c

fl

A

m

[

s

a

t

a

f

l

r

o

tively flat. The compressive moduli of the treatment groups de- 

reased significantly comparing to the defect group ( Fig. 9 C). No- 

ably, the curves and compressive moduli of the treatment groups 

ere similiar to the normal group, especially the PUCT group. 

hese results indicate that PPU-glue was conducive to biomechan- 

cal function preservation. Further, we conducted the ramp-to- 

ailure tests on the bovine tail discs in vitro (Fig. S9A). The rep- 

esentative stress-displacement curve of the normal group shows 

hat the intact bovine disc failed by disc subsidence, and the curves 

f PUCT group and the defect group exhibit the discs failed by NP 

r materials extrusion (Fig. S9B). Besides, Fig. S9C shows the fail- 

re strength of PUCT group was higher than the defect group, and 

t is above the physiological upper bound of intradiscal pressure 

2.3 MPa). 

Overall, the in vivo results clarify that PPU-glue could seal the 

F defect and retain the NP tissue effectively, and it could main- 

ain the disc height, morphology, structure and ECM metabolism 

alance, thereby promoting the biological and biomechanical ther- 

py. In brief, PPU-glue had considerable therapeutic effect on de- 

enerated rat caudal discs. 
126
. Discussion 

Currently, there are growing concerns about post discectomy 

herapy. Although some therapy strategies yield good short-term 

esults, long-term prognoses are always unsatisfactory, such as os- 

eophyte formation and endplate damage arising from some me- 

hanical devices [ 26 ]. The urgent lack of treatments motivates the 

ourishing development of biomaterials in the IVD therapy field. 

mong them, bioadhesives are promising alternatives due to the 

inimal invasion and superior mechanical and adhesive strengths 

 21 ]. But existing commercially bioadhesives, such as fibrin glue, 

how weak adhesiveness and lack of bioactivity [ 49 ]. In this study, 

 family of PPU-glues was developed and validated aiming to fulfill 

he requirements for post discectomy therapy. 

Most importantly, adhesive strengths of PPU-glues were char- 

cterized in vitro , so as to explore the feasibility of AF seal be- 

ore experiments in vivo . In view of the loading directions, both 

ap shear strength and burst pressure tests were conducted, the 

esults of which reflected strong adhesive and cohesive strength 

f PPU-glue, suggesting that it could serve as a tissue adhesive 
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nd a sealant simultaneously. In other words, the strong lap shear 

trength demonstrated the remote possibility of implant shedding, 

nd the strong burst pressure indicated the high practicability 

f leak prevention. Compared with other reported adhesives for 

VD therapy, PPU-glue showed stronger lap shear strength against 

orcine skin [ 50 ]. The adhesion strengths of bioadhesives were 

lightly lower after introducing polyphonels. The particle packing 

ensity is deemed to play a greater role in enhancing adhesive 

nd cohesive strengths, but the mixing of TA diminished the parti- 

le packing density. Also, the chemical introduction of Cur also de- 

reased the negative charge density of Cur-WPU- comparing with 

PU- ( Fig. 1 C), thus decreased the electrostatic interaction be- 

ween Cur-WPU- and WPU+ nanoparticles. The results of radio- 

ogical, histological and biomechanical experiments confirmed that 

PU-glue could seal the AF defect and retain the NP tissue, which 

ssentially benefited from strong tissue adhesiveness. Furthermore, 

he in vitro ramp-to-failure testing results on the bovine tail discs 

how that PPU-glue could resist the physiological upper bound of 

uman intradiscal pressure (2.3 MPa). Thus, it is reasonable to be- 

ieve that PPU-glues could provide sufficient sealing strength to 

revent IVD re-herniation after discectomy on human beings. 

Recently, it is reported that the combination of a glue and 

 patch was optimal for IVD repair [ 26 ]. However, starting from 

eality, patch is better suited as an AF mimetic in tissue engi- 

eered composites for total disc replacement to treat late-stage 

VD degeneration [ 21 ], and many electrospun polymeric scaffolds 

ave been developed to mimic the native AF lamellar structure 

 17 , 51 , 52 ]. By comparison, PPU-glue is more easily translatable to

reat focal AF defects following discectomy and to treat early-stage 

r middle-stage IVD degeneration [ 21 ]. 

Notably, the adhesion strategy that combined a particle packing 

heory and an English ivy mechanism brings plentiful advantages 

esides strong adhesive strength. PPU-glue is injectable thanks to 

he form of aqueous dispersion before mixture, rendering it as a 

inimally invasive method. After mixing, it could gel rapidly with- 

ut using any toxic chemical crosslinker, thereby reducing the time 

f surgery operation and the likelihood of cell disruption [ 53 ]. Ad- 

itionally, the in vitro and the in vivo experiments results sug- 

ested that PPU-glue possessed good biocompatibility at both cel- 

ular and tissue levels. As known, excessive swelling will induce 

ompression on adjacent tissues resulting in re-herniation [ 54 ], 

or instance, DuraSeal have the risks of tissue oppression and de- 

ocalization [ 55 , 56 ]. The results show minimal swelling behavior 

f PPU-glue, which is derived from inherent hydrophobicity and 

igh crosslinking density. Considering the poor self-healing prop- 

rty of the IVDs, the ideal bioadhesives should avoid adhesion 

ailure caused by fast degradation [ 57 ]. The results indicate slow 

egradation of PPU-glue in vitro , and it could maintain mechanical 

ntegrity long enough to allow tissue repair in vivo , despite there 

s no consensus on the optimal degradation property for IVD ther- 

py. Moreover, pioneering study has reported it is biodegradable 

 28 ], and it can be tuned by various raw materials and processing

onditions [ 58 ]. In addition, the results of swelling ratios, degra- 

ation rates and polyphenols release profiles collectively suggest 

hat physical mixture of TA was looser than chemical bonding of 

ur. TA mixing might diminish the packing density and the chem- 

cal introduction of Cur in the polymer backbone also weaken the 

lectrostatic interaction as stated above. In a word, PPU-glue ex- 

ibited many intrinsic physicochemical properties brought by the 

dhesion strategy, which facilitated post discectomy therapy. 

Superior bioactivity is another favorable feature of PPU-glue. 

s mentioned, ROS has been identified as a necessary mediator 

n the signaling network of disc cells, and excessive ROS can dis- 

urb the matrix metabolism and impair the mechanical function 

 44 ]. Therefore, we introduced polyphenols to endow the bioadhe- 

ives with ROS-scavenging capacity. Incidentally, TA is soluble in 
127
ater and Cur has poor aqueous solubility [ 59 , 60 ] . Furthermore,

he hydroxyl group of Cur can react with the isocyanate of wa- 

erborne polyurethane prepolymer, so we selected physical mix- 

ure and chemical bonding separately to introduce TA and Cur. 

fter modification, there was no significant effect on the adhe- 

ive strength as mentioned above, because the adhesion strategy 

as not changed. As reported, TA and Cur have been commonly 

sed as bioactive components in IVD biomaterials [ 37–41 ]. They 

an scavenge ROS in DPPH and ABTS solution [ 45 , 61 ], and attenu-

te oxidative stress in the TBHP-stimulated NPCs [ 39 , 48 ]. The re-

ults verify PPU-glue possessed sufficient ROS-scavenging capac- 

ty, which mainly derived from TA and further enhanced by Cur, 

imilar to prior research [ 39 ]. Considering the slow degradation 

f PPU-glue, the ROS-scavenging capacity may last for some time 

hen translated into the human clinical scenario, but the actual 

ime needs further reasearch. The in vitro experiments confirmed 

he protective effects of PPU-glue on the degenerated NPCs, which 

ould promote ECM anabolism and suppress ECM catabolism. The 

n vivo experiments further confirmed the therapeutic effects of 

PU-glue on degenerated rat caudal discs; besides ECM metabolic 

alance, PPU-glue could maintain the disc height, morphology and 

tructure, thereby promoting therapy biologically and biomechan- 

cally. In short, PPU-glue achieved considerable therapeutic effects 

or IVD degeneration. 

Recent advances in therapeutic approaches highlight the signif- 

cance of a combined strategy for AF repair and NP augmentation 

 22 ]. There is no doubt that the two-part biomaterial can meet the 

eterogeneity of the IVD hopefully, such as the combination of an 

F sealant and a NP glue [ 26 ]. However, a multi-step process will

nhance the operation difficulty. Our study decoupled the needs 

or AF seal and NP augmentation, and satisfied the needs corre- 

pondingly by adopting the adhesion strategy and the polyphenol- 

odified method, and finally attained the synergy effect only uti- 

izing PPU-glue. As a result, PPU-glue possessed great application 

otential as an ideal candidate for post discectomy therapy. 

Nonetheless, there are still several limitations in this study. 

irstly, due to the granule structure of PPU-glue, it could only seal 

he AF defect instantly, but not form the lamellar structure like 

he native AF tissue directly. With the treatment prolonged, new 

F tissue may gradually grow and eventually replace the bioadhe- 

ives in situ , but the actual effects need further verification. Sec- 

ndly, the therapeutic mechanisms of PPU-glue worth in-depth 

tudy, given the prominent biological effects of TA and Cur, such 

s anti-inflammatory property [ 46 , 62–64 ]. Cur even could allevi- 

te radiculopathy following IVD herniation [ 65 , 66 ]. Moreover, the 

odified method can be further optimized and extended, includ- 

ng drug selection, preparation and delivery [ 67 , 68 ]. Also, the cellu- 

ar impacts of PPU-glue on AF cells should be investigated to bet- 

er evaluate the cytotoxicity of PPU-glue in the repair of AF de- 

ect. Thirdly, there is no universally acknowledged animal model to 

valuate therapeutic effects for discectomy. The reason why we se- 

ected the puncture-induced rat disc model is primarily considered 

he similar anatomical structures, namely AF defect and NP ab- 

ence. Certainly, investigations of larger animals are necessary for 

he next study, and pain assessment should be incorporated into 

nimal experiments as well. Hence, more rigorous and more com- 

rehensive evaluations should be performed in the future work. 

. Conclusion 

In this study, we successfully designed and synthesized a fam- 

ly of polyphenol-modified biomimetic bioadhesives for post dis- 

ectomy therapy. PPU-glue offered the advantages as described 

elow: fast gelation that reduced the operation time, minimal 

welling behavior that avoided the overexpansion problem, tun- 

ble degradation rates that matched the poor self-healing prop- 
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rty, strong adhesive strength that benefited AF seal, superior anti- 

xidant and anti-inflammatory properties that suppressed NP de- 

eneration. PPU-glue also possessed good biocompatibility, promi- 

ent biological and biomechanical therapeutic effects. 

In summary, the adhesion strategy that combined a particle 

acking theory and an English ivy mechanism was firstly applied 

o the IVD therapy field. The modified method of incorporating 

olyphenols was utilized to optimize the bioadhesives. The thera- 

eutic approach was validated and the results show that PPU-glue 

ould seal the AF defect and promote the NP augmentation effec- 

ively. Together, PPU-glue provided certain reference significance 

or post discectomy therapy, and its design principle could be uni- 

ersally expanded to the bioadhesives for other surgical uses. 
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