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a b s t r a c t 

In this study, we developed polydopamine (PDA)-functionalized alginate dialdehyde-gelatine (ADA-GEL) 

scaffolds for subchondral bone regeneration. These polymeric scaffolds were then coated with β- 

Lactoglobulin ( β-LG) at concentrations of 1 mg/ml and 2 mg/ml. Morphological analysis indicated a ho- 

mogeneous coating of the β-LG layer on the surface of network-like scaffolds. The β-LG-coated scaffolds 

exhibited improved swelling capacity as a function of the β-LG concentration. Compared to ADA-GEL/PDA 

scaffolds, the β-LG-coated scaffolds demonstrated delayed degradation and enhanced biomineralization. 

Here, a lower concentration of β-LG showed long-lasting stability and superior biomimetic hydroxyapatite 

mineralization. According to the theoretical findings, the single-state, representing the low concentration 

of β-LG, exhibited a homogeneous distribution on the surface of the PDA, while the dimer-state (high 

concentration) displayed a high likelihood of uncontrolled interactions. β-LG-coated ADA-GEL/PDA scaf- 

folds with a lower concentration of β-LG provided a biocompatible substrate that supported adhesion, 

proliferation, and alkaline phosphatase (ALP) secretion of sheep bone marrow mesenchymal stem cells, 

as well as increased expression of osteopontin (SPP1) and collagen type 1 (COL1A1) in human osteoblasts. 

These findings indicate the potential of protein-coated scaffolds for subchondral bone tissue regeneration. 

Statement of Significance 

This study addresses a crucial aspect of osteochondral defect repair, emphasizing the pivotal role of 

subchondral bone regeneration. The development of polydopamine-functionalized alginate dialdehyde- 

gelatine (ADA-GEL) scaffolds, coated with β-Lactoglobulin ( β-LG), represents a novel approach to poten- 

tially enhance subchondral bone repair. β-LG, a milk protein rich in essential amino acids and bioactive 

peptides, is investigated for its potential to promote subchondral bone regeneration. This research ex- 

plores computationally and experimentally the influence of protein concentration on the ordered or ir- 

regular deposition, unravelling the interplay between coating structure, scaffold properties, and in-vitro 

performance. This work contributes to advancing ordered protein coating strategies for subchondral bone 

regeneration, providing a biocompatible solution with potential implications for supporting subsequent 

cartilage repair. 
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. Introduction 

Osteoarthritis (OA) is a degenerative disease that affects the car- 

ilage and subchondral bone. Over time, cartilage and underlying 

ubchondral bone wear away and break down, resulting in pain, 

tiffness, and limited joint mobility [1] . It is essential to address 

nderlying bone structures to repair the joint and effectively re- 

ieve osteoarthritis symptoms. In fact, the subchondral bone an- 

hors the collagen fibrils in the adjacent cartilage, which is crucial 

or joint maintenance [2] . Even though surgical treatment for sub- 

hondral bone can effectively reduce pain and improve mobility, it 

lso has several potential disadvantages and risks. A major draw- 

ack of surgical treatments is fibrocartilage tissue formation and 

oor functionality. Additionally, there are risks associated with any 

urgical procedure, such as infection and blood clots. It is also pos- 

ible for implants to fail, become loose, dislocate, or break, result- 

ng in the need for revision surgery [3] . Hence, in this context, the

ocus is on treating subchondral bone defects that arise from OA 

nd restoring function using tissue engineering strategies. The pro- 

ess of osteochondral tissue regeneration is beginning with the for- 

ation of a cartilaginous callus within damaged subchondral bone 

issue and completing through bone remodelling. This process in- 

olves continuous resorption and the formation of bone tissue fa- 

ilitated by osteoclasts and osteoblasts, respectively [4] . Following 

his, the development of cartilage tissue commences through chon- 

rocyte cloning and cultivation. As a consequence, the regenera- 

ion of subchondral bone is not only necessary to provide mechan- 

cal support for subsequent cartilage repair but also plays a piv- 

tal role in ensuring the overall stability and functionality of the 

oint [5] . Although commercial products for subchondral bone are 

till in their infancy, some studies have shown that they may re- 

uce pain and improve joint function. Despite the potential ben- 

fits of these products, several potential limitations prevent satis- 

actory outcomes in the repair of large-sized and late-stage defects 

6–8] . 

Additive manufacturing technology can effectively overcome 

he challenges associated with late-stage OA by developing multi- 

aterial and multi-phasic 3D network structures. Its ability to 

imic natural tissue architecture, control interconnected pores, 

abricate complex shapes, and improve cell growth and internal 

ascularization, as well as its reproducibility [9] make this tech- 

ology an excellent choice for developing scaffolds to regenerate 

ubchondral bone defects. Herein, 3D printing of hydrogel is a 

romising strategy for tissue engineering applications due to hy- 

rogels’ biocompatibility, biomimicry, high water content, tuneable 

echanical properties, and precise control over structure [ 10 , 11 ]. 

lginate dialdehyde (ADA) is a modified form of alginate obtained 

y oxidizing alginate with a mild oxidizing agent such as sodium 

eriodate to introduce aldehyde groups into the polymer back- 

one [12] , leading to hydrogels with controllable degradation ki- 

etics and enhanced cell interaction [13] . The oxidized alginate 

an form covalent bonds with amine groups found in proteins or 

ther polymers (such as gelatine) [14] . Gelatine (GEL) is a poly- 

er derived from collagen, a protein found in bone and carti- 

age. In tissue engineering, gelatine has been extensively studied 

or its biocompatibility, biodegradability, and ability to form hy- 

rogels. Also, the arginine-glycine-aspartic acid (RGD) sequence 

n gelatine can promote cell adhesion and migration [ 15 , 16 ]. Al-

hough gelatine offers many advantages as a scaffold material, its 

rawbacks must be addressed to ensure successful clinical trans- 

ation. Physiological conditions can result in the rapid degrada- 

ion of gelatine hydrogels, which may limit their durability and 

tability over long periods [17] . Cross-linked alginate dialdehyde- 

elatine (ADA-GEL) offers promising prospects for overcoming this 

imitation regarding physicochemical, biocompatibility, and cellular 

nteractions. 
2

Mineralization of ADA-GEL scaffolds is essential to subchon- 

ral bone repair’s structural and mechanical functionality [18] . 

hese polymeric scaffolds exhibit inert properties in forming 

ydroxyapatite-like layers, making their combination with bioac- 

ive agents essential [19] . Herein, surface functionalization of 

caffolds with bioactive components is considered an important 

trategy for tailoring biological functions and bone regeneration. 

ussel-inspired polydopamine (PDA), containing abundant cate- 

hol and amine groups, possesses several unique properties that 

ake it suitable for various applications, such as bone tissue en- 

ineering. PDA is highly adhering to various substrates, is biocom- 

atible, and promotes cell adhesion and proliferation. It also can 

acilitate hydroxyapatite biomineralization [ 20 , 21 ], as well as being 

apable of inducing angiogenesis and osteogenesis [ 22 , 23 ]. Accord- 

ngly, this nature-inspired polymer has gained significant attention 

n recent years for the surface functionalization of bone substitutes. 

Scaffold surfaces are critical in determining biocompatibility, 

upporting tissue growth, and interacting with the surrounding tis- 

ue. This interaction is mediated by various biomolecules, such as 

roteins and growth factors [24] . In addition to providing a bio- 

ompatible surface, protein coatings can enhance cell adhesion, 

roliferation, and differentiation. Furthermore, it can improve scaf- 

old structural stability and degradation resistance. Due to the pos- 

ibility of attaching biomolecules to PDA, it is expected that ef- 

cient protein coating of ADA-GEL/PDA scaffolds will occur, as- 

isting the regeneration of bone. Herein, whey protein (50 % β- 

actoglobulin and 20 % α-lactalbumin), a milk protein containing 

 high concentration of essential amino acids and bioactive pep- 

ides, has been studied as a potential treatment for bone repair. 

t is worthy to mention that while bone morphogenic protein-2 

BMP-2), whose recombinant form is predominant in clinical set- 

ings [25] , is indeed a well-known and extensively studied os- 

eogenic factor, its clinical application needs extensive evaluation 

ue to high cost, potential adverse effects and dose-related com- 

lications (inflammation and immune response, ectopic bone for- 

ation, soft tissue swelling and seroma formation) [26] . By con- 

rast, β-Lactoglobulin ( β-LG) offering advantages in terms of bio- 

ompatibility, cost-effectiveness, and sustainability. β-LG’s natural 

resence as a protein within milk endows it with an inherent bio- 

ogical characteristic, rendering it intrinsically biocompatible. Con- 

equently, this property mitigates the likelihood of eliciting adverse 

mmune responses or toxic effects. In a recent study, whey protein 

nhanced bone-forming cell proliferation and osteogenic differen- 

iation [27] . Accordingly, β-LG-enriched surface is expected to en- 

ance scaffolds’ functionality and mechanical fixation, regulate the 

hermodynamic behaviour of system, and promote cell prolifera- 

ion and osteogenic differentiation [ 28 , 29 ]. 

In this investigation, we have developed mono-phasic scaffolds 

ailored to facilitate the regeneration of subchondral bone, which 

epresents a foundational step in the advancement of osteochon- 

ral tissue repair strategies. In our previous research [30] , we fo- 

used on the fabrication of 3D printed scaffolds using ADA-GEL ink 

nd surface functionalization with polydopamine, followed by an 

valuation of the mechanical properties of the scaffolds. Our re- 

ults indicated that the compressive modulus of the PDA-coated 

DA-GEL scaffold (360 ± 48 MPa) is in the range of subchondral 

one compressive modulus of 1–900 MPa [31] that underscores the 

fficacy of PDA coating in bolstering the mechanical and structural 

ntegrity of ADA-GEL scaffolds and indicating promising mechan- 

cal properties for load-bearing applications. Given these promis- 

ng findings, bioinspired PDA functionalized ADA-GEL 3D printed 

caffolds were coated with β-LG to promote subchondral bone re- 

eneration. Here, the surface modification with ascending concen- 

rations of protein as well as synergistic cooperation of PDA and 

-LG were investigated in-vitro and in-silico. The purpose was to 

etermine the impact of protein concentration on the deposition 
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atterns of proteins on scaffold surfaces and thereafter on physic- 

chemical properties as well as cell proliferation and osteogenic 

ifferentiation, drawing upon both theoretical models and experi- 

ental evidence. The present research confirms that the developed 

ulti-layered scaffolds are promising candidates for regenerating 

ubchondral defects and introduces a new avenue for engineering 

i-/multi-phasic scaffolds aimed at osteochondral tissue regenera- 

ion. 

. Materials and methods 

.1. Materials 

Gelatine from porcine skin (Type A), sodium alginate (sodium 

alt of alginic acid from brown algae, guluronic acid content 

5–70 %), dopamine hydrochloride (Mw = 189.64 g/mol), β- 

actoglobulin from bovine milk, p-Nitrophenyl phosphate (p-NPP), 
′ ,6-diamidino-2-phenylindole (DAPI), fetal bovine serum, Hank’s 

alanced Salt Solution (HBSS), and hydrochloric acid (Mw 

36.46 

/mol), were purchased from Sigma Co., Germany/United King- 

om. Tris base (Mw = 121.14 g/mol) was purchased from ROTH 

o., Germany. Dulbecco ̓s Modified Eagle ̓s Medium (DMEM-low 

lucose, with 10 0 0 mg/L glucose, L glutamine, and sodium bi- 

arbonate) and bovine serum albumin (lyophilized powder) were 

urchased from Sigma Co., United Kingdom. Osteoblast differen- 

iation medium was purchased from Cell Applications, Inc., USA. 

ouse monoclonal anti-collagen type 1, calcein-AM and propid- 

um iodide, trypan blue, solution penicillin-streptomycin (suitable 

or cell culture, lyophilized), and PrestoBlue, and BCA protein as- 

ay kit were purchased from Thermo Fisher Scientific Co., United 

ingdom. Rabbit polyclonal anti-osteopontin, Goat anti-rabbit IgG 

lexaFluor 647, and Goat anti-mouse IgG AlexaFlour 488 were pur- 

hased from Abcam Biotechnology Co., United Kingdom. 

.2. Preparation of multi-layered scaffolds 

ADA-GEL ink was prepared according to previous extensive 

valuations [32–34] . Briefly, ink was prepared by gradually mix- 

ng equal volumes of ADA solution (resulting in a final concen- 

ration of 2.5 % (W/V)) with GEL solution (resulting in a final 

oncentration of 3.75 % (W/V)), leading to Schiff-base reaction of 

olymers and formation of cross-linked ink with appropriate rhe- 

logical performance for 3D printing, as extensively studied in our 

revious investigations [35–38] . The ADA-GEL scaffolds were man- 

factured using an extrusion-based 3D printer (BioScaffolder 3.1, 

eSiM, Großerkmassnadorf, Germany). Scaffolds, structured in a 

ubic shape (10∗10∗1 mm3 ), was meticulously fabricated utilizing a 

rid pattern oriented at 0 and 90 °. The fabrication process involved 

he deposition of material in four layers (layer thickness 250 μm) 

n print bed set at room temperature, employing a precision 250 

m nozzle tip (TIP 25GA TT Precision Tips, Nordson EFD, USA), all 

xecuted at 25 ± 1 ◦C and pressure of 30 kPa. Following this, scaf- 

olds were further cross-linked with 0.6 M CaCl2 . Thereafter, 3D 

rinted scaffolds were immersed in dopamine hydrochloride solu- 

ion (2 mg/mL, pH 8.5) at 37 ± 0.5 °C in the dark. Upon 24 hours

f polymerization, the scaffolds were washed with ultrapure wa- 

er. Uncoated scaffolds were then lyophilized for three days at −54 

C and pressure of 0.001 mbar. These samples are represented by 

PB0. 

Undried ADA-GEL/PDA scaffolds were then coated with β-LG. 

he β-LG solution was prepared by dissolving the protein in the 

BSS at 1 mg/ml and 2 mg/ml concentrations. The scaffolds were 

hen immersed in protein solution for 10 min and were lyophilized 

or three days after being washed with ultrapure water. The sam- 

les APB1 and APB2 correspond to concentrations of 1 mg/ml and 

 mg/ml of β-LG, respectively. 
3

.3. Physicochemical characterization 

The morphology of lyophilized scaffolds was observed using 

ight microscopy (Stemi 508, Carl-Zeiss, Germany) and Field emis- 

ion scanning electron microscopy (FE-SEM, Auriga, Carl-Zeiss, Ger- 

any). Before FE-SEM observation at an accelerating voltage of 3 

V, a thin layer of gold was coated on the samples to obtain a con-

uctive surface. Image measurement software (KLONK Image Mea- 

urement Light, Edition 11.2.0.0) was used to measure the pore size 

nd strand diameter. 

Chemical characterization of scaffolds was carried out using a 

ourier-transform infrared spectrometer (FTIR, IRAffinity-1S, Shi- 

adzu, Japan) with 40 scans in the range of 40 0–40 0 0 cm−1 . 

Swelling capacity of scaffolds was determined following the im- 

ersion of scaffolds in 10 mL of DMEM cell culture medium. To do 

his, scaffolds were weighed before and after soaking (incubation 

n DMEM for 2, 4, 24, and 96 hours at 37 ± 0.5 °C in the dark and

peed 60 rpm). The absorption capacity was calculated according 

o equation 1 [39] : 

welling ratio ( %) = [ ( W − Wi ) /Wi ] ∗ 100 (1) 

Where Wi is the dry weight of the scaffold, and W is its maxi- 

um equilibrated swollen weight. 

In-vitro degradation of the scaffolds was evaluated by immers- 

ng the scaffolds in 10 mL of DMEM cell culture medium at 37 ±
.5 °C in the dark and rotational speed 60 rpm. After initial soak- 

ng, scaffolds were weighed at 7, 11, 14, and 18-day intervals while 

he medium was refreshed at each period. Following lyophilisation 

fter 18 days of degradation, the scaffolds were analysed by FE- 

EM and FTIR. The degradation ratio of the scaffolds was calculated 

ased on equation 2 [40] : 

Bio 

)
degradation ratio ( %) = | [ ( WW 

− Wi ) /Wi ] | ∗ 100 (2) 

Where Wi is the equilibrated swollen weight, and Ww 

is the 

et weight of the scaffolds at a predetermined time interval. 

In-vitro bioactivity behaviour was evaluated to determine the 

iomimetic mineralization of hydroxyapatite-like layers. Scaffolds 

10∗10∗1 mm3 ) were incubated in 10 ml of simulated body fluid 

SBF) solution for 18 days at 37 ± 0.5 °C and rotational speed 60 

pm. The SBF solution was refreshed every other day. Finally, FE- 

EM, FTIR, and XRD analyses were conducted on lyophilized scaf- 

olds. The X-ray diffractometry (MiniFlex 600, Rigaku, Japan) was 

one in the range of 2 θ angles 20–60 ° using Cu-K α ( λ 1.5418 Å) 

adiation to evaluate the crystalline structure of mineralized lay- 

rs. 

.4. Molecular docking calculations 

Molecular docking calculations were conducted to investigate 

-LG interaction with the PDA surface at different concentrations. 

ence, two states regarding the concentration of β-LG were con- 

idered as a single molecule (representing low concentration) and 

 dimer structure (representing high concentration) in this study. 

he structure of β-LG was acquired from the RCSB with PDB ID: 

NQ9 [41] . According to previous works [ 23 , 42 ], the PDA struc-

ure was modelled with a length of 12 repeated-basic units. Then, 

he PDA geometry was optimized with the AMBER force field im- 

lemented in NAMD [43] . The dimer-state was determined based 

n protein-protein docking calculations and approved taking into 

ccount the previous studies [ 44 , 45 ]. HDOCK [ 46 , 47 ] was used to

erform molecular docking calculations. VMD package was used to 

repare the input files and to analyse the data [48] . 

.5. In-vitro cell studies 

UV-sterilized scaffolds were seeded with 105 sheep bone mar- 

ow mesenchymal stem cells (sBMSCs)/ml after being soaked in 
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MEM for 1 hour to assess cell viability, proliferation, and alka- 

ine phosphatase (ALP) activity. The sBMSCs were obtained from 

he Institute of Orthopaedic & Musculoskeletal Science at Univer- 

ity College London - Royal National Orthopaedic Hospital. Cell- 

eeded scaffolds were incubated in DMEM supplemented with 10 

 FBS and 100 U/ml penicillin-streptomycin and maintained at 37 

0.5 °C, 5 % CO2 , and 95 % humidity. Here, a cell culture plate

erved as a control group. The viability in the control group was 

et at 100 %, and in the comparison groups, the changes are given 

s percentage of control. 

Following 2 and 7 days of cell seeding, a live/dead staining 

it containing Calcein-AM and Propidium Iodide (PI) solutions was 

sed to determine cell viability. Thus, at each time point, the 

ell culture medium was aspirated, and the scaffolds were incu- 

ated for 1 hour at 37 ± 0.5 °C, 5 % CO2 , and 95 % humid-

ty in 2 μM calcein-AM and 4 μM PI in HBSS. Cell viability 

as studied using a fluorescence microscope (Axio Observer, Carl- 

eiss, Germany) after the constructs were fixed in a fluorescent fix 

olution. 

Proliferation of the cultured cells was measured after 2 and 

 days using PrestoBlue assay. Following removal of the medium 

t each time point, the cell-cultured samples were incubated in 

MEM containing 10 % (V/V) PrestoBlue for 1 h at 37 ± 0.5 °C, 5 %

O2 , and 95 % humidity. The absorbance at 570 nm was then mea- 

ured using a microplate reader (Infinite M200pro, TECAN, Switzer- 

and). 

The osteoblastic behaviour of cultured cells was assessed by 

easuring ALP activity. After 14 and 21 days of cell culture, cells 

ere lysed with lysis buffer, and the medium was centrifuged at 

200 rpm for 10 min. The supernatant was incubated for 180 min- 

tes with ALP-mix solution containing p-NPP. The reaction was 

topped with the addition of NaOH (1M). ALP activity was deter- 

ined by measuring absorbance at wavelengths of 405 and 690 

m. Finally, BCA protein assay results were used to adjust ALP lev- 

ls for total protein content. 

The expression of osteopontin (SPP1) and collagen type I 

COL1A1) was examined using immunocytochemistry. The scaf- 

olds were UV sterilized and seeded with 105 human os- 

eoblasts (hOB)/ml after being incubated in osteoblast differenti- 

tion medium for 1 h. The hOB cells were obtained from the Insti- 

ute of Orthopaedic & Musculoskeletal Science at University Col- 

ege London - Royal National Orthopaedic Hospital. Cell-seeded 

caffolds were incubated for 21 days in osteoblast differentia- 

ion medium at 37 ± 0.5 °C, 5 % CO2 , and 95 % humidity. Me-

ia were changed every other day. The cells were then fixed 

ith 4 % (V/V) paraformaldehyde for 10 min and permeabilized 

ith 0.1 % (V/V) triton X-100 for 15 min. Thereafter, cells were 

locked with a 2 % (W/V) BSA solution at room temperature. 

he cells were then incubated overnight at 4 °C with primary 

ntibodies (Mouse monoclonal anti-collagen type 1 (1:100), Rab- 

it polyclonal anti-osteopontin (1:200)) diluted in 0.1 % (W/V) 

SA, and 45 min at room temperature with secondary antibod- 

es (Goat anti-rabbit IgG AlexaFluor 647 (1:10 0 0), and Goat anti- 

ouse IgG AlexaFlour 488 (1:10 0 0)) diluted in 0.1 % (W/V) BSA. 

fter staining the cells with DAPI (1:10 0 0), they were observed us- 

ng a confocal laser scanning microscopy (LEICA STP80 0 0, LEICA, 

ermany). 

.6. Statistical analysis 

Each experiment was repeated five times ( n = 5), and data 

ere reported as the mean ±standard deviation. The significance 

f the average values was calculated using a standard software 

rogram (GraphPad Prism version 9.2.0, San Diego, California), 

nd p ≤ 0.05 was considered significant. (∗P ≤ 0.05; ∗∗P < 0.01; 
∗∗P < 0.001) 
4

. Results and discussion 

.1. Microstructural observation 

The morphology and microstructure of scaffolds are critical fac- 

ors that determine biocompatibility and overall tissue responses 

49] . The presence of interconnected pores within the scaffold 

llows for the infiltration of cells and nutrients, promoting tis- 

ue ingrowth and integration. A well-defined microstructure facil- 

tates cell–cell and cell–matrix interactions, promoting cell adhe- 

ion, migration, and tissue organization [50] . Besides, the surface 

haracteristics of scaffolds, such as surface chemistry and topog- 

aphy, can also facilitate cell adhesion, cell alignment, and pro- 

ote specific cellular functions [51] . The objective of this study 

as to modify the surface with osteogenic protein and evaluate 

ts potential for subchondral bone regeneration, as illustrated in 

ig. 1 . In this study, following functionalization of ADA-GEL scaf- 

olds with bioinspired PDA, they were coated with a layer of pro- 

ein. Fig. 2 (A–I) displays the morphology of the 3D printed scaf- 

olds and those coated with β-LG. Microscopy images reveal the 

ormation of interconnected tubule-like microstructures, showing 

 well-designed internal structure and desired architecture, facili- 

ating cell infiltration and nutrient transport. The successful func- 

ionalization of ADA-GEL scaffolds with spherical PDA particles is 

vident in FE-SEM images, especially on the edge of printed fil- 

ments, demonstrating self-oxidation of dopamine hydrochloride 

n the surface, which is capable of improving cell adhesion [52] . 

lso, PDA functionalization on the surface of scaffolds can be vi- 

ualized by the dark brown colour of the scaffolds, as indicated 

n our previous publication [30] . The coating of the β-LG on the 

DA-functionalized scaffolds is also visible in SEM images. It is 

xpected β-LG coating positively affects osteoblast adhesion, pro- 

iferation, and differentiation through formation of a rough sur- 

ace [53] . Based on FE-SEM images, a relatively uniform and ho- 

ogeneous coating of β-LG was observed on scaffold surfaces, 

hereas, following the protein coating and increasing its concen- 

ration, a degree of deformation in scaffolds was observed. Coat- 

ng the proteins on the scaffolds increases the swelling, resulting 

n a degree of deformation or expansion of the scaffold structure 

54] . In addition, the adsorption of proteins can induce conforma- 

ional changes in the protein molecules [55] , impacting the scaf- 

old by exerting mechanical forces that cause deformation or re- 

rganization of the scaffold structure. However, uniform coating 

f protein highlights the effectiveness of the PDA functionaliza- 

ion strategy in enabling successful β-LG coating onto the scaf- 

old surface, indicating PDA act as an anchor for subsequent β- 

G coating [56] . PDA possesses strong adhesive properties due 

o the presence of catechol and amine functional groups, en- 

bling favourable binding sites for proteins, facilitating their at- 

achment. 

According to the average pore size and strand size measure- 

ents ( Fig. 2 (J, K)), the pore size for APB0 was 1150 ± 80 μm

nd after coating β-LG, this value was reduced to 840 ± 114 μm 

nd 669 ± 90 μm for APB1 and APB2, respectively. Similarly, the 

verage strand thickness was 507 ± 80 μm, 653 ± 142 μm, and 

68 ± 125 μm for APB0, APB1 and APB2, respectively. Based on 

he results, the protein coating resulted in a slight reduction in 

ore size and an increase in strand diameter; however, the results 

ere not statistically significant. While smaller pore size may en- 

ance certain aspects of cellular activity and tissue ingrowth, it 

ust be within a range conducive to effective biological interac- 

ions. It is expected suitable pore size facilitates more selective cell 

nfiltration and the development of organized and functional tis- 

ue within the scaffold as well as providing a better support for 

steogenesis, mimicking the natural bone matrix, and secretion of 

xtracellular matrix components [57] . The minimal pore dimen- 
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Fig. 1. Schematic illustration of β-LG coated PDA-functionalized ADA-GEL scaffolds for subchondral bone regeneration. (created by www.biorender.com ) 
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ions required to initiate bone ingrowth typically fall within the 

00–150 μm range [ 58 , 59 ], primarily due to migration necessities 

nd transport considerations. Nevertheless, pore sizes exceeding 

00 μm are suggested as they promote increased new bone for- 

ation and capillary development [60] . Other investigation have 

ndicated that pores larger than 900 μm exhibit limited cell bridg- 

ng capacity [61] . Smaller pores allow for increased surface area, 

roviding more anchorage site for cells and can facilitate stronger 

nteractions between cells and the scaffolds [62] . Zhang et al. 

63] engineered porous implants featuring pore sizes ranging from 

00 μm to 900 μm. Their findings indicated that pore sizes rang- 

ng between 600 and 700 μm yielded promising outcomes for 

ending bone defects. 

.2. Chemical characterization 

Fig. 2(L) presents the FTIR spectra of pure materials and multi- 

ayered constructs. For ADA-GEL, the broad peak between 30 0 0 

nd 3500 cm−1 corresponds to hydroxyl functional groups. The 

eaks at 1600 cm−1 and 1414 cm−1 corresponds to amide I and 

I, describing bending and stretching vibrations of the N–H and 

–N bonds in the amide groups [35] . For pure synthesized PDA, 

H and NH groups in the chemical structure are observed around 

603 cm−1 and 1513 cm−1 . A broad peak at 320 0–350 0 cm−1 is 

n indication of stretching vibration of phenolic OH and NH bonds 

n catechol groups [64] . PDA peaks on APB0 scaffolds confirm the 

elf-oxidative polymerization of dopamine hydrochloride on the 

DA-GEL scaffolds. PDA can attach to the surface through both 

ovalent and non-covalent binding mechanisms. Covalent binding 

appens through Michael-type addition reactions with nucleophilic 

unctional groups in the scaffolds. Additionally, PDA can engage 

n Schiff base reactions with aldehydes in chemical composition 

f scaffolds. Non-covalent binding also occurs through hydrogen 

onding between the hydroxyl groups of PDA and hydroxyl or car- 
5

oxyl functional groups of scaffolds. Other non-covalent interac- 

ions, including π–π stacking and metal chelating, may also con- 

ribute to the attachment of PDA to the ADA-GEL scaffolds [20] . 

he FTIR peaks at 1626 cm−1 and 1525 cm−1 show the presence 

f amide I and amide II bonds in β-LG. The amide III bond ap- 

ears 1232 cm−1 and is associated with the vibrations of N–H and 

–N bonds. A minor peak at 1454 cm−1 is characteristic of a pre- 

ominantly β-sheet structure. The peak around 3200 cm−1 is at- 

ributed to OH in the chemical structure of β-LG [65] . Observation 

f these peaks in APB1 and APB2 as well as increasing intensity of 

mide peaks corresponded to coating the scaffolds with ascending 

oncentration of β-LG. PDA and β-LG can interact through cova- 

ent and non-covalent bonding, leading to protein immobilization 

n the surface. One possible interaction can be Schiff base inter- 

ction due to the nucleophilic attack of amine groups of β-LG to 

arbonyl groups of PDA, leading to covalent bond formation [66] . 

hifting the peak around 1600 cm−1 and changing its intensity as 

 function of β-LG concentration may show the formation of the 

= N bond through the Schiff base reaction. Additionally, amide, 

ydroxyl, and carboxyl functional groups of β-LG can undergo hy- 

rogen bonding with hydroxyl functional groups in the PDA chem- 

cal structure, stabilizing the protein of the surface [67] . Changes 

n the intensity of amide I and II in β-LG can indicate alterations 

n the hydrogen bonding due to the interaction with PDA. More- 

ver, aromatic rings in the PDA have the potential to interact with 

romatic residues in β-LG under π–π stacking [68] . 

.3. Protein interaction 

β-LG (lower concentration) regularly interacts with the PDA 

urface at the single-state, as shown in Fig. 3(A) . In contrast, β-LG 

higher concentration) interaction with the PDA surface becomes 

rregular at the dimer-state ( Fig. 3(B) ). Thus, the theoretical find- 

ngs indicate that the single-state exhibits a homogeneous distri- 

http://www.biorender.com
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Fig. 2. Microstructural and chemical evaluation of scaffolds. (A–C) optical microscopy images and (D–I) FE-SEM images of (A, D, G) APB0, (B, E, H) APB1, and (C, F, I) APB2 

scaffolds. (J) Average pore diameter and (K) average strand thickness of scaffolds. (L) Chemical characterization of polymeric scaffolds. FTIR spectra of PDA, ADA-GEL, β-LG 

and APB0, APB1, and APB2 scaffolds. 
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Fig. 3. Molecular docking calculations of β-LG interaction with PDA surface. (A) Single β-LG interaction with the PDA surface, representing the impact of low concentration. 

(B) β-LG dimer-state interaction with the PDA surface, representing the impact of high concentration. 
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ution in comparison with the dimer-state on the PDA surface. Ac- 

ordingly, theoretical findings suggest that β-LG concentration af- 

ects the way in which the protein layer forms on the surface. Fur- 

hermore, the final theoretical binding energy calculated for the 

imer-surface complex (−530.48 kcal/mol) is significantly higher 

han that calculated for the single-state surface complex (−191.20 

cal/mol). The findings indicate that the interaction between the 

rotein and the surface occurs spontaneously in both the dimeric- 

nd single-state. However, the dimer structure has a higher affin- 

ty to interact with surface compared to the single-state. In ad- 

ition, findings indicate that the process occurs spontaneously in 

oth states, although the dimer structure exhibits the phenomenon 

ore prominently. Moreover, the calculated binding energy indi- 

ates an uncontrollable interaction between the surface and the 

imer structure as opposed to a controlled interaction between 

he surface and the single-state. In other words, the low concen- 

ration exhibits favourable structural compatibility with the PDA- 

oated surface. This suggests that the PDA layer on the scaffold 

dapts structurally to accommodate the uniform growth of a layer 

f β-LG on the PDA surface, indicating improved biocompatibility 

f the scaffold. The presence of a well-structured β-LG layer on the 

urface can enhance cell adhesion, proliferation, and functionality, 

ontributing to improved tissue integration and regeneration [69] . 

hese findings are based on computational simulations; hence, we 

arried out further studies to evaluate how single- and dimer-state 

urface complex influence effectiveness of scaffolds for subchon- 

ral bone regeneration. 
7

.4. Absorption capacity and degradation 

Evaluating the absorption capacity of scaffolds is necessary, as it 

etermines scaffolds ̓ potential for nutrient transport, the release of 

ignalling molecules, cell adhesion, and tissue regeneration. In this 

tudy, we investigated the absorption capacity of multi-material 

nd multi-layered scaffolds over time, as shown in Fig. 4(A) . Ob- 

ained results demonstrated the impressive ability of scaffolds to 

bsorb fluids, indicating the suitability of constructs for tissue en- 

ineering applications. All the experimental groups showed a no- 

able capacity for absorption of fluids during the initial 2 h, arising 

rom hydrophilic functional groups in the chemical composition of 

caffolds and the interconnected porous structure of scaffolds, en- 

bling easy fluid transfer. Over time, the absorption increased grad- 

ally, reaching equilibrium swelling after 96 h. Equilibrium absorp- 

ion ratios of APB0 were 5481 ± 957 % after 96 h. However, coat- 

ng the scaffolds with β-LG increased this value to 6772 ± 241 and 

686 ± 249 % for APB1 and APB2, respectively, after 96 h of incu- 

ation, suggesting β-LG increased the scaffold ̓s ability to absorb 

uids compared to the uncoated scaffolds. Additionally, increas- 

ng the concentration of protein showed significant enhancement 

n absorption capacity. Herein, β-LG possesses hydrophilic proper- 

ies due to polar amino acid residues, facilitating the penetration of 

he fluid into the scaffold. Furthermore, β-LG can introduce abun- 

ant hydroxyl and amine functional groups, which can engage in 

ydrogen bonding with water molecules, contributing to a greater 

ptake of fluids. The improved absorption ratio achieved through 
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Fig. 4. Interaction of scaffolds with biological-like fluids. (A) Absorption ratio of APB0, APB1, APB2 scaffolds over time (2, 4, 24 and 96 h). (B) Degradation ratio of APB0, 

APB1, APB2 scaffolds over time (7, 11, 14 and 18 days). Differences are considered statistically significant (∗P ≤ 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). (C) FE-SEM images of (i) APB0 

and (ii) APB1, and (iii) APB2 scaffolds and (D) FTIR spectra of degraded scaffolds after 18 days of immersion in cell culture medium. (E-I) In-vitro bioactivity of the scaffolds. 

(E-G) FE-SEM images of (E) APB0 and (F) APB1, and (G) APB2 scaffolds after 18 days of immersion in the SBF solution. (H) FTIR spectra and (I) XRD pattern of scaffolds after 

biomineralization of HA-like layers. 
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-LG coating highlights the potential to tailor the properties of 

caffolds to meet tissue regeneration. 

Degradation tests evaluate the scaffold’s biocompatibility, 

egradation rate, and suitability for supporting tissue regeneration 

nd integration in the body. The chemical composition of scaffolds 

long with the fabrication methods has a significant impact on 

oth the degradation process and the biocompatibility. Therefore, 

t is crucial to have a comprehensive understanding of the degra- 

ation behaviour of scaffolds, which is essential for designing scaf- 

olds with optimal degradation profile and minimizing harmful by- 

roducts [70] . Fig. 4(B) illustrates the degradation ratio relative to 

ydrogel weight. It was noted that the 18-day degradation ratio 

as 50 ± 0.2, 43 ± 9, and 49 ± 4 % for APB0, APB1, and APB2 

caffolds, respectively. Stable increase in the degradation ratio was 

bserved during 18 days of incubation. While APB0 scaffolds ex- 

ibited higher degradation values compared to the other groups, 

nd ABP1 scaffolds with lower concentrations of β-LG demon- 

trated lower degradation values than APB2, it is important to note 

hat statistical evaluation revealed no significant differences be- 

ween the experimental groups in terms of degradation. While a 

ignificant increase was observed in the absorption capacity of β- 

G coated scaffolds compared with uncoated scaffolds, there was 

o significant increase in the degradation rate, which may arise 

rom the role of β-LG, leading to the formation of a stable coating 

ayer, acting as a protective barrier, and preserving the structural 

ntegrity of coated scaffolds. In this condition, the coating layer 

ay provide mechanical support to the scaffold [71] , preventing 

he scaffolds from undergoing physical changes or disintegration. 

lso, a lower concentration of β-LG with ordered deposition of 

-LG, as suggested in docking calculations, reduces the scaffolds’ 

ydrophilicity, which decreases the absorption ratio and controls 

egradation. These findings emphasize the crucial role of the β-LG 

oating in maintaining scaffold stability and controlling degrada- 

ion. 

The FE-SEM images after 18 days of degradation test 

ig. 4(C) were along with the results of the degradation ratio and 

ndicated crack formation in printed strands after the immersion 

f samples in cell-culture medium. Interestingly, β-LG-containing 

caffolds (APB1 and APB2) exhibited higher stability and lower 

rack formation compared to the uncoated samples. Furthermore, 

t was observed that the lower concentration of β-LG provided 

he highest stability. This suggests that the protein coating and its 

rdered deposition played a crucial role in improving the overall 

tructural integrity of the scaffolds. 

In addition to the FE-SEM analysis, FTIR spectroscopy was per- 

ormed to further investigate the structural changes that occurred 

uring the degradation of scaffolds. Specifically, the intensities of 

he amide I ( ∼ 1600 cm−1 ), amide II ( ∼ 140 0–160 0 cm−1 ), aro-

atic rings ( ∼ 150 0–160 0 cm−1 ), and hydroxyl ( ∼ 30 0 0–350 0

m−1 ) functional groups were reduced following 18 days immer- 

ion of scaffolds in cell culture medium, indicating changes in the 

olecular composition of the scaffolds upon degradation especially 

n uncoated scaffolds (APB0). In β-LG-containing scaffolds, lower 

rotein concentration demonstrated less reduction in peak inten- 

ities, suggesting a protective effect against degradation and pre- 

erving the structural integrity. The reduction in the peaks inten- 

ity of the amide I and amide II bonds and aromatic rings can 

e attributed to the cleavage of amide bonds or peptide bonds in 

DA-GEL and protein chains as well as removal of catechol and 

uinone groups in PDA, breaking the polymer chains into smaller 

ragments. 

.5. Bioactivity 

The development of a hydroxyapatite (HA)-like layer on the sur- 

ace of scaffolds upon interaction with physiological fluids is rec- 
9

gnized as a key characteristic indicating bioactivity in bone re- 

eneration. The precipitation of a dense and uniform mineralized 

ayer is highly advantageous for bone regeneration. HA-like lay- 

rs not only can improve the biological interaction between the 

caffold and osteoblasts but also the formation of this mineral- 

zed layer contributes to the osteointegration as well as provid- 

ng mechanical stability [72] . The FE-SEM images in Fig. 4 (E–G) 

onfirm the precipitation of mineralized layers on the scaffolds. 

he APB0 scaffolds exhibit a locally aggregated calcium phosphate 

ayer, while the β-LG coated scaffolds show a more uniform dis- 

ribution of the deposited mineral layer after incubation in the SBF 

olution. The more irregular crystal formation observed on the sur- 

ace of the APB0 scaffolds suggests a less controlled mineraliza- 

ion process compared to the β-LG-coated ones. This observation 

an be attributed to the effect of β-LG and its surface chemistry 

n the nucleation and growth of the mineralized layer. The de- 

osition of a more homogeneous calcium phosphate layer on the 

caffolds with a lower concentration of β-LG (APB1) is an interest- 

ng finding, which may positively affect scaffold-osteoblasts inter- 

ctions and improve osteointegration. The ordered deposition of β- 

G on the scaffold surface (see docking findings) provides a struc- 

ured arrangement of molecules, acting as a nucleation site for the 

ccelerated deposition of minerals. Also, the ordered template of 

-LG is expected to influence the alignment of mineral deposition, 

eading to more organized mineral structures with higher similar- 

ty to native bone. Also, ordered deposition of β-LG can regulate 

he biomineralization kinetics [73] . By organizing the arrangement 

f β-LG, the availability of binding sites for calcium and phosphate 

ons can be controlled, influencing the rate of calcium-phosphate 

eposition. 

The XRD analysis ( Fig. 4(H) ) confirms the formation of HA on 

caffolds, which is proven by specific peaks at 2 θ angles of 31.84º, 

9.65º, and 44.98º are assigned to crystallographic planes (211), 

310), and (222), respectively [ 74 , 75 ]. The presence of these dis- 

inct peaks confirms the successful formation of pure HA crys- 

als, resembling the composition of natural bone. Fig. 4(I) shows 

he FTIR spectra after bioactivity analysis. A characteristic peak at 

53 cm−1 is related to the P–O bonds. Also, O-H stretching vi- 

ration was identified by a peak at 1603 cm−1 . Additionally, C–O 

ibrations, observed at 813 cm−1 and 1420 cm−1 , are indicators 

f carbonated-HA formation [76] , resembling the composition of 

hysiological HA. Carbonate hydroxyapatite formation is possible 

hen calcium and magnesium ions are present in the media. As a 

onsequence, magnesium ions in solution have a higher degree of 

ydration than calcium ions, resulting in a higher concentration of 

ydrated magnesium ions in the solution, which may result in the 

eposition of carbonate hydroxyapatite that closely mimics physi- 

logical HA, enhancing bioactivity and bioresorbable [77] . The FTIR 

pectra and XRD pattern indicate that β-LG coating on the scaf- 

olds increases the intensity of peaks belonging to mineralized HA. 

ne possible explanation for this finding is that β-LG acts as a sta- 

ilizing agent for HA formation, inhibiting the breakdown of HA, 

reventing its dissolution, promoting the growth of HA crystals, 

nd maintaining its structural integrity. Daskalakis et al. [78] also 

emonstrated that β-LG reduces the dissolution of grown HA lay- 

rs. Also, the amine and hydroxyl functional groups in the chemical 

tructure of β-LG may trigger the nucleation sites for mineraliza- 

ion [79] . According to obtained results, a lower concentration of 

-LG (APB1) shows the highest peak intensity, which aligns with 

he FE-SEM observations. The ordered deposition of β-LG at lower 

oncentrations promotes the formation of well-aligned protein lay- 

rs on the scaffolds, providing suitable binding sites and facilitating 

he nucleation and growth of HA crystals during the mineralization 

rocess. 

When scaffolds are immersed in a simulated body fluid so- 

ution, the hydroxyl groups within the scaffold release hydrogen 
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ons, resulting in the deposition of acidic compounds like hydro- 

en carbonate and hydrogen phosphate onto the scaffold surface. 

hese acidic compounds play a crucial role in promoting the for- 

ation of calcium phosphate layers [64] . The scaffold undergoes 

n initial formation of a thin layer of amorphous calcium phos- 

hate, followed by subsequent interactions between ions and the 

caffold surface that result in the development of a crystalline HA 

ayer. These processes are believed to be influenced by charge re- 

ulsion and the presence of multiple catecholamines within the 

DA chemical structure [ 80 , 81 ]. Also, whey protein isolate (WPI) 

ydrogels rich in β-LG can enhance and accelerate the formation 

f mineralized layers [28] . The inherent hydrophilicity of polymers 

nd proteins plays a significant role in facilitating the absorption 

f calcium and phosphate ions from the SBF solution [76] and fa- 

ilitate mineralization. 

.6. Cell-scaffold interactions 

This study delved into the intricate interplay between cells and 

caffolds, specifically f ocusing on cultivating bone marrow mes- 

nchymal stem cells and human osteoblasts and their interaction 

ith the scaffolds. Cell staining with calcein AM at distinct time 

oints of 2 and 7 days of culture ( Fig. 5(A) ) affirms the scaf-

olds’ profound capacity to serve as anchorage sites for cells, aug- 

ented by the strategic application of β-LG coating. Notably, after 

 days of cultivation, discernible clusters of viable cells were ob- 

erved, with their robustness and homogeneity further augmented 

fter 7 days, corroborating the progressive maturation and adher- 

nce of cells to the scaffolds’ microenvironment. Surprisingly, the 

amples coated with a lower concentration of β-LG exhibited a 

igher density of viable cells. The ordered deposition of the β-LG 

t lower concentration provides a more structured, uniform, sta- 

le, and well-defined substrate, affecting cell signalling, cell attach- 

ent, and spreading, that provides specific binding sites for cell 

eceptors or integrins and allows the cells to establish strong in- 

eractions with the scaffold surface, as observed in previous lit- 

ratures [23] . Additionally, the ordered deposition of β-LG affects 

he overall stability and integrity of the scaffold surface, which can 

ontribute to maintaining a favourable microenvironment for cell 

iability. 

The viability and proliferation assay ( Fig. 5(B) ) indicated that 

ells started to proliferate after two days of incubation. Although 

he number of viable cells was initially lower than in the control 

roup, the number of viable cells significantly increased with in- 

ubation until day 7 in all experimental groups. While the initial 

bservation of reduced viability at the 2-day time point warrants 

ttention, the significant increase in viability over time indicates 

 dynamic cellular response and suggests that the developed scaf- 

old materials and structure may not exert significant toxic effects 

n cells, and they may indeed support cell proliferation and func- 

ionality over extended culture periods. The proliferation assays 

emonstrated that β-LG-coated scaffolds exhibited higher cell pro- 

iferation compared to non-coated scaffolds. However, it is note- 

orthy that only the ordered coating demonstrated a significant 

ncrease in cell viability compared to the APB0 group after 7 days. 

he lack of significance between the APB1 and APB2 groups may 

tem from the initial cellular recognition of the protein, which may 

ot initially consider the architectural differences. Subsequently, 

ells may begin to respond to physical cues or protein conforma- 

ion changes, leading to variations in cell behaviour, as observed 

n cell differentiation studies with longer period. Significant incre- 

ent in viability of the cells on APB1 scaffolds compared with 

PB0 may arise from ordered protein architectures facilitate more 

traightforward protein conformational changes, whereas irregu- 

ar architectures may impede such changes [82] , thus influenc- 

ng cellular adhesion and proliferation. The other possible reason 
10
an be attributed to adjusting surface energy by ordered archi- 

ecture of protein on the surface and enhancing cell receptor in- 

eraction sites. In an investigation, it was demonstrated that the 

rocess of protein conformational changes is profoundly influenced 

y the underlying surface energy, consequently exerting a signifi- 

ant impact on cellular adhesion [83] . Accordingly, it is expected 

hat the ordered deposition of β-LG on the scaffold to be able 

o create a more organized surface topography, providing physi- 

al cues for attachment of cells and facilitating cell adhesion and 

roliferation [23] . 

ALP is a well-established non-collagenous biomarker for osteo- 

enesis, and its activity increases early in osteogenesis, even be- 

ore the expression of other genes associated with mature os- 

eoblasts [84–86] . The enzymatic activity of ALP was meticulously 

ssessed at the 14-day and 21-day time points following cellular 

ulture ( Fig. 5(C) ). All experimental groups demonstrated notable 

nhancements in ALP secretion after 21 days. Notably, scaffolds 

dorned with a coating of 1 mg/ml β-LG exhibited a remarkable 

p-regulation in ALP levels, suggestive of their exceptional poten- 

ial in stimulating osteogenic activity. In line with our findings, an- 

ther study demonstrated dose-dependent ALP production when 

steoblasts were cultured on whey protein isolate [87] . Immuno- 

ytochemistry ( Fig. 5(D) ) analysis investigated the impact of β-LG 

oatings on osteogenic differentiation by determining the expres- 

ion of SPP1 and COL1A1 through immunofluorescence staining 

fter 21 days of human osteoblast culture. By using human os- 

eoblasts, which are more closely related to the human system, we 

ried to increase the biological relevance and translational poten- 

ial of our findings. The results demonstrated that scaffolds con- 

aining β-LG coatings exhibited evident expression of SPP1 and 

OL1A1, which are key markers associated with osteoblast differ- 

ntiation. SPP1, a multifunctional protein, participates in the reg- 

lation of mineralization [88] , and COL1A1, the predominant pro- 

ein in bone matrix, provides structural integrity, facilitates min- 

ralization, and regulates cell signalling [89] . This finding suggests 

hat the presence of β-LG promotes the expression of genes re- 

ated to osteogenesis. In contrast, APB0 scaffolds displayed lower 

xpression levels of SPP1 and COL1A1, indicating lower osteogenic 

ifferentiation potential. Interestingly, the group with a lower con- 

entration of β-LG (APB1) exhibited an up-regulation of SPP1 and 

OL1A1 compared to APB2 scaffolds. This phenomenon can be at- 

ributed to the ordered deposition of proteins on the scaffold sur- 

ace in lower β-LG concentrations, creating a more structured and 

niform environment, which may enhance the signalling pathways 

nvolved in osteogenic differentiation. 

These compelling observations serve to emphasize the extraor- 

inary prowess of the PDA-functionalized surface, wherein its re- 

arkable ability to proficiently absorb bioactive molecules imparts 

 multifaceted role in fostering cellular differentiation and bone 

egeneration [90] . PDA has shown anti-inflammatory and antiox- 

dative effects, creating an environment conducive to osteoblast 

unction and differentiation [91] . Besides, β-LG coatings can poten- 

ially enhance cell adhesion, proliferation, and osteogenic differen- 

iation. As a carrier protein, β-LG facilitates the delivery of bioac- 

ive molecules that promote osteogenesis, improving their solubil- 

ty and bioavailability. Furthermore, β-LG has an affinity for hy- 

rophobic molecules that promote osteogenic differentiation and 

an interact with signalling pathways involved in osteoblast func- 

ion and bone regeneration [69] . The synergistic cooperation be- 

ween PDA and β-LG enhances cell-material interactions, stabilizes 

he surface, and facilitates the delivery of bioactive molecules, sup- 

orting cell attachment, proliferation, and osteogenic gene expres- 

ion. More studies could further explore the underlying mecha- 

isms behind the effects of β-LG coatings on osteogenic differen- 

iation, including signalling pathways and the specific interactions 

etween the ordered protein layer and osteoblasts that would pro- 
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Fig. 5. Cell-scaffolds interactions. (A) Bone marrow mesenchymal stem cells staining with calcein-AM and propidium iodide after 2 and 7 days culture on APB0, APB1, and 

APB2 scaffolds indicating cell viability. (B) Proliferation of bone marrow mesenchymal stem cells on the scaffolds as a function of incubation time. (C) ALP activity of bone 

marrow mesenchymal stem cells on the scaffolds after 14 and 21 days of culture. Differences are considered statistically significant (∗P ≤ 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). 

(D) Osteogenic differentiation of human osteoblasts. Immunofluorescence staining of SPP1 and COL1A1 in human osteoblast after 21 days culture on APB0, APB1, and APB2 

scaffolds. 
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ide valuable insights for translational applications in regenerative 

edicine. 

. Conclusion 

In this study, 3D printed ADA-GEL scaffolds were meticulously 

ngineered to harness their innate potential for promoting sub- 

hondral bone regeneration. To amplify their regenerative capabil- 

ties, a bioinspired approach was employed, involving the applica- 

ion of a PDA coating, inspired by adhesive proteins derived from 

ussels. Additionally, a tailored multi-layered scaffold design was 

mplemented, where the bi-layered scaffolds were subsequently 

oated with two distinct concentrations (1 mg/ml and 2 mg/ml) of 

-LG, aiming to achieve synergistic effects that enhance osteogenic 

otential. In addition to morphological and physicochemical evalu- 

tions, this study also encompassed protein interaction simulations 

nd rigorous in-vitro performance assessments. The outcomes of 

hese comprehensive analyses demonstrated the successful fabri- 

ation of tubular-like pores through the utilization of advanced 3D 

rinting technology. This innovative approach enables crucial func- 

ionalities such as efficient nutrient supply, vital ion exchange, and 

timulation of cellular growth, thus establishing a favourable envi- 

onment for cellular activities. The coating of β-LG on the scaffolds 

mproved the absorption capacity and controlled the degradation 

rocess, with the lower concentration of β-LG providing a durable 

tructure. In addition, β-LG and PDA synergistically promoted the 

iomimetic formation of HA layers. Unlike the single-state, protein 

nteraction simulations showed that the dimer-state has a greater 

ffinity for interacting with the surface of PDA. Molecular dock- 

ng calculations indicated uncontrolled interactions between the 

DA surface and the dimer structure, while controlled interactions 

ere observed between the single β-LG molecule and the PDA sur- 

ace. Coating the scaffolds facilitated the adhesion and proliferation 

f bone marrow mesenchymal stem cells. Osteodifferentiation was 

emonstrated by increased ALP activity and expression of SPP1 and 

OL1A1, particularly after surface treatment with the lower con- 

entration of β-LG (1 mg/ml). Overall, the developed multi-layered 

caffolds demonstrated promising potential as advanced biomate- 

ials for subchondral bone tissue engineering applications. While 

ur scaffold size and shape serve as a base model, it is crucial to 

ighlight the customization potential and patient-specific design 

apabilities enabled by 3D printing. Looking ahead, defect geom- 

try data from MRI or CT scans can inform personalized scaffold 

esigns using this advanced fabrication technique for clinical ap- 

lications. 
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