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Abstract: 18 

Patient-specific fabrication of scaffold/implant requires an engineering approach to fabricate the 19 

ideal scaffold. Herein, we design 3D printed scaffolds comprised of polyether-ether-ketone 20 

(PEEK) and sodium-carboxymethyl cellulose (Na-CMC). The fabricated scaffold was dip coated 21 

with Zn and Mn doped bioactive glass nanoparticles (Zn-Mn MBGNs). The synthesized ink 22 

exhibit suitable shear-thinning behavior for direct ink write (DIW) 3D printing. The scaffolds were 23 

crafted with precision, featuring 85% porosity, 0.3 mm layer height, and 1.5 mm/s printing speed 24 

at room temperature. Scanning electron microscopy images reveal a well-defined scaffold with 25 

an average pore size of 600 ± 30 µm. The energy dispersive X-ray spectroscopy analysis confirmed 26 

a well dispersed/uniform coating of Zn-Mn MBGNs on the PEEK/Na-CMC scaffold. Fourier 27 

transform infrared spectroscopy confirmed the presence of PEEK, CMC, and Zn-Mn MBGNs.  The 28 

tensile test revealed a Young's modulus of 2.05 GPa. Antibacterial assays demonstrate inhibition 29 

zone against Staphylococcus aureus and Escherichia Coli strains. Chick Chorioallantoic 30 
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Membrane assays present significant angiogenesis, owe to the antigenic nature of Zn-Mn 31 

MBGNs. WST-8 cell viability assays depicted cell proliferation, with a 103% viability after 7 days 32 

of culture. This study suggests that the PEEK/Na-CMC scaffolds coated with Zn-Mn MBGNs 33 

scaffolds are a candidate for osteoporotic fracture treatment. Thus, the fabricated scaffold can 34 

offer multifaceted properties for enhanced patient outcomes in the bone tissue engineering. 35 

Keywords — Additive Manufacturing (AM); 3D Bioprinting, Direct Ink Write (DIW); 36 

Biomaterials; CMC; Polyetheretherketone (PEEK); Bioactive Glass Nanoparticles 37 

1. Introduction 38 

Bone defects pose a significant challenge in tissue engineering, especially in traumatic 39 

injuries or surgical interventions. Biomaterials are pivotal, offering biocompatibility, 40 

biodegradability, and osteointegration. Osteointegration, a permanent bond with living bone and 41 

implants, requires superior biomaterials for osteoblast proliferation. However, issues like 42 

corrosion and wear in commonly used metal materials need a substitution1. The treatment of bone 43 

defects is a global health problem, with current methods, such as metal implants, having drawbacks 44 

like donor site morbidity, infection risk, and immunological responses. Traditional orthopedic 45 

implants are used widely and have drawbacks such as a higher elastic modulus than bone, causing 46 

additional stress and loosening of implants, etc.2,3. Furthermore, they do not possess good 47 

corrosion-resistance and are incompatible with imaging techniques like computed tomography 48 

(CT) and magnetic resonance imaging (MRI), hindering monitoring of bone growth3. 49 

Biopolymers offer biocompatible scaffolds for bone tissue engineering, promoting cell 50 

adhesion and growth. Thermopolymers enhance scaffold mechanical strength and stability, 51 

essential for load-bearing applications. The combination of both biopolymers and thermopolymers 52 

provides a new platform, controlling the diverse needs of bone regeneration. Since various 53 

polymers have been used for bone replacement4, but polyvinyl acrylate (PVA), polyhydroxy 54 

butyrate (PHB), and polyether ether ketone (PEEK) are now widely used in orthopedics, providing 55 

alternatives to metal implants5,6. PEEK, a biocompatible polymer, has remarkable mechanical 56 

properties and has been used in bone substitutes like intervertebral fusion devices7,8. 57 
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Polyetheretherketone (PEEK) has been increasingly employed as an implant material in clinical 58 

applications due to its biocompatibility, chemical stability, and radiolucency9,10. It has an elastic 59 

modulus similar to that of natural bone, which is a distinct advantage over metallic implants like 60 

titanium that can contribute to stress shielding and the resorption of surrounding bone9,11,12. 61 

However, its biological inertness limits osteointegration, affecting long-term durability13. Despite 62 

this, PEEK has biomechanical qualities similar to human bones, reducing the risk of bone 63 

resorption caused by the stress-shielding effect of implants14. 64 

Melting a polymer affects its microstructure leading to loss in mechanical properties like 65 

stiffness and modulus of elasticity. At elevated temperatures loading of biomolecules and cells is 66 

also a challenge. Direct Ink Write (DIW) or 3D-bioprinting is gaining interest in bone tissue 67 

engineering. DIW is an extrusion-based 3D-printing method which prints near ambient 68 

temperatures15. This helps to maintain the properties of the material, as it is not subjected to high 69 

temperatures that could alter its characteristics. DIW allows precise control of scaffold geometry 70 

and pore size, significant for bone regeneration16. It also enables high-resolution and precision 71 

scaffolds, replicating the intricate microarchitecture of bone tissue17,18. 72 

Recent progress includes 3D-printed biphasic calcium phosphate (BCP) bioceramics, 73 

improving mechanical characteristics and bone regeneration19. Researchers are focusing on novel 74 

bone tissue engineering scaffolds with customized properties20–23. Additive manufacturing 75 

techniques, like 3D printing, show advancements in bone tissue engineering24. Interfaces between 76 

bioceramics and biopolymers aim to improve both mechanical and biological properties25. 77 

Simorgh et al26 reported a detailed review on additive manufacturing of bioactive glasses via 78 

different 3D printing technologies. Lee et al27 reported printing of PEEK via DIW technique using 79 

a unique ink. The result shows excellent thermal stability, with a Young's modulus of 2.5 GPa. 80 

Despite significant improvements, challenges in bone tissue regeneration remain, including the 81 

need for scaffolds resembling natural bone properties.  82 

In this study, we propose an innovative approach using a combination of PEEK, 83 

carboxymethyl cellulose (CMC), and mesoporous bioactive glass (MBGNs). This proposed study 84 

has the potential to overcome existing limitations and offer a practical approach to bone tissue 85 

engineering. It provides significant impact on the treatment of bone defects, fractures, and related 86 

disorders, ultimately improving the quality life of a patient. Here in, hybrid material manufactured 87 
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using direct ink write (DIW), aims to overcome limitations by providing precise control over 88 

scaffold geometry and pore size. CMC incorporation into the PEEK matrix enhances biological 89 

performance, promoting cell attachment, proliferation, and differentiation28. The scaffold is further 90 

coated with Zn-Mn doped MBGNs29. The use of MBGNs with PEEK and CMC represents a 91 

promising and novel approach to bone tissue engineering. There are limited reported studies for 92 

PEEK ink printing by utilizing DIW that promotes bioactivity. It is important to mention that the 93 

Zn-Mn MBGNs was not mixed with ink prior to printing. Instead of that Zn-Mn MBGNs was 94 

coated on the surface of scaffold which allowed a direct contact between the physiological 95 

environment and bioactive particles.  96 

 The scanning electron microscopy (SEM) is used to study the surface morphology of the 97 

scaffold unveils an average pore size of 600 ± 30 µm. Furthermore, the coating of bioactive glass 98 

is confirmed by energy dispersive x-ray spectroscopy (EDS). Meanwhile, tensile testing confirms 99 

the mechanical integrity of the scaffold having a Young's modulus of 2.05 GPa. The antibacterial 100 

studies showed that inhibition zones against bacterial strains demonstrate antibacterial behavior 101 

and WST-8 cell viability assay shows impressive cell proliferation. The Zn-Mn MBGNs coated 102 

PEEK/CMC scaffold is a promising solution for effective osteoporotic treatment, providing a 103 

range of features to enhance patient outcomes in the field of bone tissue engineering. 104 

2. Materials and Methods 105 

2.1. Materials 106 

Commercial polyetheretherketone (PEEK), procured from Germany (704 XF, Victrex™), 107 

serves as the primary material for the scaffold matrix.  This thermoplastic exhibit high thermal 108 

resistance, chemical resistance, biocompatibility and mechanical properties, respectively.  109 

Carboxymethylcellulose (CMC), sourced as carboxymethylcellulose sodium salt from Sigma 110 

Aldrich, USA, functions as a supporting material. Its role involves enhancing printability and 111 

promoting improved cell adhesion through interactions with glucose transporters facilitated by 112 

glucopyranose subunits. Zinc/Manganese-doped mesoporous bioactive glass nanoparticles were 113 

synthesized in the laboratory. The chemicals used in the synthesis including 114 

hexadecyltrimethylammonium bromide (CTAB) at 98%, zinc nitrate hexahydrate, and tetraethyl 115 

orthosilicate (TEOS) at 99%, were sourced from Sigma-Aldrich. Calcium nitrate (Avantor), 116 

manganese chloride (Uni-Chem, USA), and ethyl acetate (99.5%, Merck) were utilized. 117 
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2.2. Synthesis of Mesoporous Bioactive Glass Nanoparticles 118 

Synthesis of Zinc–Manganese-doped mesoporous bioactive glass nanoparticles (Zn-Mn 119 

MBGNs) was conducted using the sol-gel method following the Stöber process30. The 120 

composition, consisting of SiO2 (70 mol.%), CaO (22 mol.%), Mn (5 mol.%), and Zn (3 mol.%), 121 

was meticulously prepared. The particular composition of Zn-Mn MBGNs was selected on the 122 

basis of Batool et al31. 123 

In brief, a solution consisting of 26 mL distilled water and 0.56 g CTAB was developed 124 

following 30 min of stirring at room temperature. Subsequently, 8 mL ethyl acetate and 26 mL 125 

ammonium hydroxide (32 vol.%) were introduced, maintaining a pH of 9.5. Then, 6 mL TEOS 126 

was added dropwise to the solution. Metal ion precursors, calcium nitrate, and zinc nitrate, were 127 

sequentially incorporated under continuous stirring. The solution was left in a dry place for 3 hrs 128 

and then subjected to centrifugation at 10,000 rpm for 10 mins to separate the nanoparticles, 129 

followed by overnight drying at 70 °C. The final step involved calcination of the nanoparticles in 130 

a muffle furnace at 700 °C for 6 hrs.  131 

2.3. Ink synthesis 132 

The initial stage in Direct Ink Write (DIW) involves the synthesis of ink. Small quantities of 133 

CMC were dissolved in water until achieving a viscosity suitable for printing32. Usually, PEEK 134 

does not dissolve in most biocompatible solvents33,34, it was dispersed in the CMC solution through 135 

continuous stirring at 200 rpm and sonicated for 30 mins for a homogeneous suspension. Various 136 

ratios of PEEK and CMC were blended using a trial-and-error approach to optimize properties for 137 

DIW and tissue engineering. The ultimate composition selected for the maximum amount of PEEK 138 

dispersed with the required rheological properties consisted of 3% W/V CMC, with 9.5% W/V 139 

PEEK, resulting in the ideal ink for both printing and tissue engineering. Figure 1 shows the 140 

schematic processing of Ink synthesis for DIW. 141 
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 142 

Figure 1. Schematic showing ink synthesis of PEEK/CMC. 143 

2.4. Design and fabrication of scaffolds 144 

Bone scaffolds required a porosity of up to 85% for effective osteoinduction. Initially, a scaffold 145 

with dimensions 20 mm (L) x 20 mm (W)x 5 mm (H) was designed using SOLIDWORKS 2020 146 

and further refined in Prusaslicer 2.7.1 to generate a Stereolithography (STL) file format. The 3D 147 

print parameters were precisely optimized in alignment with our custom-developed, in-house 3D 148 

printer35. The developed Ink was loaded into a 10 mL syringe, and the scaffold was collected using 149 

a Petri dish, with aluminum serving as the backing plate. Figure 2(A) shows the graphical layout 150 

of the design in the slicing software whereas Figure 2(B) and (C) illustrate a syringe extruder 151 

performing real-time extrusion of PEEK/CMC scaffold according to the design. Whereas Figure 152 

2(D) shows one of the many failures that occurred in the process of optimization of printing 153 

parameters.  154 

 155 

Figure 2. A) Designing scaffolds, B) C) Real-time 3D printing, and D) Failure during 156 

optimization of 3D printing parameters. 157 
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2.5. Crosslinking and Coating 158 

The synthesized scaffolds of PEEK/CMC underwent low crosslinking by adding 3.75% W/W 159 

citric acid (CA) to CMC36. This low crosslinking step aimed to maintain the structural integrity of 160 

the scaffolds during the coating process37. Afterwards, the scaffolds were dip-coated in a blend of 161 

CMC (1 W/V %) and Zn-Mn-doped MBGNs (12 W/V %) under continuous stirring at 300 RPM 162 

for 3 min38–41. The CMC adhered to the scaffold surface and polymerized with the CMC already 163 

present in the scaffold42. Subsequently, the samples underwent another round of crosslinking, but 164 

this time a higher crosslinking degree was achieved using 20% W/W CA to CMC36. Prior to 165 

crosslinking, all samples were dried at 30 °C for 24 hrs in a vacuum, and the crosslinking reaction 166 

took place at 80 °C for  24 hrs36.  167 

2.6. Material Characterization 168 

To assess the rheological properties of the synthesized PEEK/CMC ink, a Brookfield DV-169 

III Viscometer was used. Viscosity spindle (LV-64s) was utilized to characterize the ink by 170 

incrementally increasing the shear rate up to 200 s-1. The ink consists of a 3% W/V CMC solution 171 

with 7% W/V dispersed PEEK. Rheological analysis serves to define the ink's flowability and 172 

yielding characteristics. The resulting flow curve elucidates whether the ink exhibits shear-173 

thinning or shear-thickening behavior, ultimately influencing its printability35. 174 

The morphological study of the 3D fabricated scaffolds was done using a TESCAN (Mira III) 175 

field emission scanning electron microscopy (FE-SEM) coupled with an energy dispersive x-ray 176 

spectroscopy analyzer (EDS). The pore size and surface porosity of the images were analyzed by 177 

ImageJ software. 178 

Attenuated total reflection Fourier transform infrared spectroscope (Thermofisher Nicolet 179 

Summit Pro) integrated with OMNIC paradigm software was utilized for the chemical structure 180 

analysis. The synthesized scaffold of 10 mg and all the ingredients of the ink were separately used 181 

for the FTIR analysis. The background reading was taken against a diamond to eliminate the peaks 182 

of noise. The transmittance spectrum was obtained in the range of 4000 cm-1– 400 cm-1 with a 183 

resolution of 4 cm-1 by the accumulation of 72 scans. 184 

The mechanical characteristics of the 3D-printed scaffolds were carried out using a Linkam 185 

TST350 (UK) tensile testing machine equipped with a 200 N load cell. The scaffolds were 3D 186 

printed according to the ASTM D638 type IV43 specimen dimensions with a thickness of 3 mm. 187 
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The test was performed following ASTM D638 standards and the cross-head speed was set at 5 188 

mm/min. The testing procedure was conducted in triplicate, and the mean values were 189 

subsequently reported. 190 

Contact angle measurement is a technique used to evaluate the interfacial surface properties of 191 

materials, offering quantitative insights into wettability. In this study, a 50 µL droplet of distilled 192 

water was carefully placed on the scaffold surface using a pipette aid. Images of the scaffolds were 193 

then captured at periodic intervals within one min, and were analyzed using the Image JTM 194 

software. 195 

Swelling is an important factor in defining the drug carrier. To observe the swelling behavior 196 

of the fabricated scaffold, three scaffolds were immersed in a phosphate buffer saline (PBS) over 197 

the time interval for 1, 5, and 10 days at 37° C. After the specified time pe riod, the scaffolds were 198 

weighed to calculate the swelling ratio by using equation (1). 199 

Swelling Ratio = 
(wf−wi)

wi
                                                     (1)   200 

The swelling property was measured by equation (1). Initial weight (Wi) and final weight 201 

(Wf) were measured before and after immersion in PBS.  202 

To investigate the degradation behavior, 30 scaffolds, having an area of 1 x 1 cm2, were 203 

individually immersed in Falcon tubes containing phosphate-buffered saline (PBS). These tubes 204 

were then placed in a shaking incubator set at 37 °C for a duration of 30 days. After 24 hrs, a 205 

scaffold was extracted from the solution. The initial and final weights of each scaffold were 206 

recorded at every time point, and the weight change was documented for analysis. 207 

2.7. Antibacterial properties 208 

Antibacterial properties of the printed scaffolds were checked against two bacterial strains, 209 

Gram-positive, Staphylococcus aureus (S. aureus) and Gram-negative, Escherichia coli (E. coli). 210 

Square-shaped samples of size 1 cm2 were cut and UV-sterilized for 30 mins to be tested against 211 

the bacterial strains. Bacterial strains were first cultivated in sterile nutrient broth media for 24 hrs 212 

at 37°C with an optical density of 0.015 at 600 nm. An aliquot of 50 µL strain was uniformly 213 

spread on a sterile nutrient agar plate. Control samples without doping of Zn-Mn nanoparticles and 214 

test samples (Zn-Mn doped PEEK/CMC scaffolds) were placed on nutrient agar and incubated at 215 
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37° for 24 hrs. The inhibition zone was measured after 24 hrs to determine the antibacterial efficacy 216 

of the scaffolds. 217 

2.8. In-vivo chorioallantoic membrane assay 218 

The in-vivo chorioallantoic membrane (CAM) assay, a crucial method for evaluating 219 

angiogenic potential, was employed to systematically assess the performance of synthesized 220 

scaffolds. The fertile Australorp eggs (Day 1) were sourced from the Punjab Poultry Research 221 

Institute, cleaned, and incubated under optimal conditions (37 °C, 55−65 % relative humidity) for 222 

a further 6 days. The digital egg incubator (HHD 435) was pre-operated for 24 hrs for temperature 223 

and humidity equilibrium. Thereafter, eggs were carefully removed, cleaned again with 30 % 224 

ethanol, and placed in a biosafety cabinet (Esco class II). A small window (1 × 1 cm2) was created 225 

on each eggshell using a sterilized saw blade. The sterilized scaffold sample was then implanted, 226 

sealed with sterilized parafilm and adhesive tape, and eggs were returned to the incubator for a 7-227 

day incubation period. On day 14, the eggs were transferred back to the biosafety cabinet, and 228 

digital images of developing embryos were captured. Systematic comparison (via ImageJ, 229 

Mexican hat filter, color stacking, threshold adjustment, and calculation of branched-chain vessels 230 

in the marked zone of interest) with control samples (eggs without scaffolds) facilitated a detailed 231 

investigation into the angiogenic potential of the synthesized scaffolds, providing valuable insights 232 

into their impact on vascularization within the CAM model. 233 

2.9. Cell culture studies 234 

To perform the WST-8 cell viability assay, human mesenchymal stem cells (MSCs) were 235 

selected as the cell model. The scaffolds, precisely sectioned into 1 × 1 cm2 pieces, underwent a 236 

30 min sterilization process under UV radiation. For cell cultivation, MSCs were nurtured in 237 

Dulbecco's Modified Eagle's Medium (DMEM; Gibco) supplemented with 10% fetal bovine 238 

serum (FBS; Sigma-Aldrich) and 1% penicillin-streptomycin (Pen Strep; Sigma-Aldrich). The cell 239 

cultures were maintained under optimal conditions: 95% relative humidity, 5% CO2, and a 240 

temperature of 37 °C. Each cell test was meticulously executed in triplicate using 105 cells/well in 241 

24-well plates. 242 

The assessment of cell viability initiated by seeding 105 cells/well with scaffolds, followed 243 

by incubation of the cell-scaffold assembly at 37 °C for varying time intervals. At specific time 244 

points (1, 3, 5, and 7 days), the WST-8 assay was deployed to gauge cell viability accurately. After 245 
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discarding the medium, the wells were rinsed twice with PBS. Subsequently, 1 mL of fresh DMEM 246 

containing WST-8 (1%) was added to each well, and the mixture was incubated for a designated 247 

4 hrs period. The determination of cell viability was quantified by measuring the absorbance at 248 

450 nm utilizing a microplate reader, ensuring precise and reproducible results. The similar method 249 

was adopted to check the cell viability against bone-forming cells (hFOB 1.19), to investigate the 250 

bone regeneration potential of the scaffolds. 251 

     2.10. Statistical Analysis 252 

The acquired data underwent statistical analysis to assess variations among the various test 253 

groups. One-way analysis of variance (ANOVA) was employed, with significance difference (*, 254 

p < 0.05), followed by Tukey’s range test for posthoc analysis. Statistical software, OriginPro 8.5, 255 

facilitated the analysis, with reported values presented as mean ± standard deviation based on 256 

triplicate testing. 257 

3. Results and Discussion 258 

3.1.  Rheology and Printability 259 

 Among rheological properties viscosity is the most important factor, which affects the 260 

extrusion load, motor torque, and decides whether the ink is appropriate for printing.  For setting 261 

the right speed during printing significant information is gathered about the Ink flow. The Ink must 262 

show shear-thinning behavior, which plays a key role in making good print fidelity and keeping 263 

its structure intact throughout the printing process44. The Ink composition is the main factor during 264 

DIW printing that showed the most promising results (in the current study). 265 

Figure 3(A) shows the rheological analysis of the Ink and the effect of viscosity and shear 266 

stress against shear rate. The flow curves demonstrated a yielding effect around a shear stress of 267 

9.77 dyne/cm² and at a shear rate of 0.5 s⁻¹. Beyond this point, particles began to arrange 268 

themselves in the direction of extrusion. At the shear stress of ~9.85 dyne/cm² and at shear rate of 269 

~1 s⁻¹  the ink started to flow from the printer's extruder44,45. Ahmed et al35 also reported similar 270 

results for the synthesis of skin scaffolds using DIW  271 
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 272 

Figure 3. (A) Viscosity and Shear Stress analyzed upto a shear rate of 2.5 s-1 (B) Three 273 

Interval Thixotropic Test(3ITT), lower shear rate 2 s-1(blue) and upper shear rate 8 s-274 

1(red) 275 

A rapid decline in viscosity with increasing shear rate indicated that the ink possessed a stable, 276 

solid-like structure but behaved like a fluid as the shear rate increased. At the higher shear rates, 277 

the fluid was extruded from the needle and became static once laid onto the bed. This behavior 278 

was analyzed by a three-interval thixotropic test (3ITT)46. Figure 3(B) shows that the viscosity 279 

followed its trend after that the shear rate was reduced following an immediate spike. Initially at 2 280 

s⁻¹ in Figure 3(B), the synthesized ink exhibited a viscosity near 230,000 mPa.s. A sudden increase 281 

in shear rate up to 8 s⁻¹ was observed, which indicates the viscosity is reduced to 100,000 mPa.s. 282 

In the final stage, the shear rate was again reduced to the initial rate (2 s⁻¹), and the ink retained its 283 

viscosity within 3 sec. This decrease in viscosity demonstrated excellent shear thinning, beneficial 284 

for extrusion based DIW 3D printing. The ability to retain viscosity within 3 sec indicated good 285 

print fidelity due to high surface tension 46. According to the power law in equation (2) 286 

η = k . γ n-1         (2) 287 

where η is viscosity, k is the consistency factor, γ is shear rate, and n represents the flow 288 

behavior index. Inks with shear-thinning behavior have a value of n < 1. By using equation 2, the 289 

flow curve A and the viscosity exponent for the PEEK/CMC ink is 0.28. The printing parameters 290 

illustrated in Table 1 were used to print the scaffolds. Extrusion speed was set at 1.5 mm/s as the 291 

ink flows continuously under a shear stress of 1 s-1 to 2 s-1 (Figure 3 A). In order to achieve a 292 

porosity of 85% the fill density was set as 0.15 and the printing was performed at room 293 

temperature. 294 
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Table 1. Parameters for Direct Ink Write 3D Printing 295 

Sr. No. Parameter Value 

1 Layer Height 0.3mm 

2 Extrusion Width 0.3mm 

3 Extrusion Speed 1.5 mm/s 

4 Nozzle & Bed Temperature 25°C 

5 Nozzle Inner Diameter 514 µm 

6 Fill Density 0.15 

7 Fill pattern Rectilinear 

8 Fill Angle 45° 

3.2.Morphological Analysis 296 

SEM image at the cross-section of a pristine scaffold is shown in Figure 4(A). The surface 297 

exhibits a high degree of irregularity attributed to the vacuum drying process. However, the 298 

integrity of the scaffold remains intact, underlining its excellent printability and the effectiveness 299 

of the crosslinking process. The layers exhibit remarkable uniformity, and the stability of the ink 300 

is achieved through vigorous stirring. The pore size of the scaffold is quantified by the ImageJ 301 

software. The average pore size was measured as 950 µm ± 10 µm (Figure S1 B supporting 302 

document). After the dip coating process, the scaffold showed strong decrease in pore size to 600 303 

µm ± 30 µm (Figure S1 C supporting document). This alteration in pore size reflects the thickness 304 

of the applied coating. The ideal pore size for osteogenesis and osteoinduction is 500 - 900 µm47. 305 

This pore size encourages transfer of protein and other fluids vital for tissue growth47. Moreover, 306 

a larger pore size results in a reduced mechanical strength; this also influences the mechanical 307 

property. Thus, the pore size was engineered to be ~600 µm. 308 
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 309 

Figure 4. (A) SEM image and EDS mapping of pristine scaffold (B) EDS mapping of coated 310 

scaffold showing even distribution of coated elements 311 

Furthermore, EDS mapping was conducted on the coated scaffolds, revealing a uniform 312 

distribution of Si, Zn, and Mn on the surface, as shown in Figure 4(B). Energy dispersive X-ray 313 

spectroscopy (EDS) recorded a weight % of 34.51, 21.64, 31.45, 6.13, 2.13, 1.48, 1.38, 1.28 of C, 314 

Na, O, Si, Ca, P, Mn, Zn respectively. The presence of C, O, and Na is attributed to the PEEK48 315 

and CMC; whereas, sodium (Na) salt49 was used in ink synthesis. Figure 4B indicates the elemental 316 
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composition of the deposited Zn-Mn doped mesoporous bioactive glass nanoparticles on the 317 

PEEK/CMC scaffold. Figure 4B confirms the presence of Zn and Mn in the PEEK/CMC scaffold 318 

after coating. This comprehensive analysis confirms not only the structural robustness of the 319 

scaffold but also the successful integration and distribution of the coating components on its 320 

surface.  321 

3.3.Fourier Transform Infrared Spectroscopy 322 

FTIR spectra of PEEK, CMC and Zn-Mn MBGNs is shown in Figure 5(A). PEEK showed a 323 

peak at 1651 cm−1 which is attributed to angular deformation of -CH bond50,51. The symmetrical 324 

and unsymmetrical stretching peaks of nitro group appeared at 1222 and 1151 cm−1, respectively50. 325 

The peak  at 1590 cm−1 corresponded to carbonyl group52,53. The FTIR analysis of CMC revealed 326 

a prominent and wide peak corresponding to the stretching of –OH groups at 3200 to 3510 cm−154. 327 

Additionally, the CMC spectrum exhibited distinct signals at 2906 cm−1 attributed to asymmetric 328 

stretching of –CH bonds, and at 1590 cm−1 indicating asymmetric stretching of –COO ester 329 

groups55. Subsequently, upon coating of Zn-Mn MBGNs on the scaffold, a reminiscent pattern 330 

emerged within the FTIR spectrum, as shown in Figure 5(B) shows the peaks, which correspond 331 

to the bending vibration of Si-O-Si bond (805 cm-1 and 1062 cm-1) in MBGNs31,56. The FTIR 332 

spectra of scaffold showed the broadening of -OH bond from 3200 to 3510 cm−1 as shown in 333 

Figure 5(B)54. The -CH peak at 2925 cm-1 in the coated scaffold indicating the presence of CMC55. 334 

The peaks at 1651, 1222 and 1152 cm-1, were attributed to angular deformation of -CH bond, 335 

symmetric and unsymmetric nitro group of PEEK, respectively50,52,53. However, the peak 336 

attributed to Zn-Mn MBGNs appeared at 1062 cm-1 (Si-O-Si bending vibrations)31. The coating of 337 

Zn-Mn MBGNs coated PEEK/CMC scaffold resulted in the shift of various peaks attributed to 338 

PEEK, CMC and Zn-Mn MBGNs. 339 
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 340 

Figure 5. FTIR spectra of (A) PEEK, CMC and, Zn-Mn MBGNs (B) PEEK/CMC Zn-Mn 341 

MBGNs 342 

3.4. Mechanical Analysis 343 

The mechanical response of the PEEK/CMC scaffold under applied tensile forces is depicted 344 

in Figure 6. The tensile test results of the PEEK/CMC 3D printed scaffold unveiled a maximum 345 

tensile strength of 98 MPa and a Young’s modulus of 2.05 GPa. The brittle fracture mechanism 346 

observed at the breaking point signifies that the scaffold may experience sudden and abrupt failure 347 

under extreme tensile stress. These findings shed light on the scaffold's capacity to endure tensile 348 

forces until it reaches its breaking point, indicating significant stiffness. The Young’s modulus of 349 

commercial PEEK is around 4 GPa57, the 3D printed PEEK at room temperature retained 51% of 350 

its Young’s modulus. Lee et al,  reported a Young’s modulus of 2.5 GPa after sintering at 380° C 351 

27. Comparing the scaffold to an ideal standard for bone tissue engineering, the fabricated 3D 352 

printed scaffold exhibited suitable mechanical properties and are comparable with the previous 353 

studies.58–60. These outcomes imply that the PEEK/CMC scaffold may be optimal for applications 354 

demanding moderate tensile strength, like non-load bearing bone implants. The  inherent stiffness 355 

and elasticity of the scaffold as a promising contender for applications in bone tissue engineering 356 

and replacement, where mimicking natural bone's mechanical properties is paramount58. 357 

 358 
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 359 

Figure 6. Stress strain curve showing the mechanical behavior of scaffold up to the point of 360 

fracture 361 

3.5.Wettability studies 362 

Wettability is a key factor for bone tissue engineering. Scaffolds that are hydrophilic in nature 363 

can possess bone ingrowth and bone integration61. Osteoblasts cells generally adhere on the 364 

hydrophilic surfaces which results in cell differentiation. Hydrophilicity of the bone scaffolds 365 

ensures its osteoconductive properties and mimic the bone62. A contact angle of 35°–80° is 366 

considered ideal for bone tissue engineering for bone growth63. Singh et al, 64 reported the 367 

reduction in the contact angle of silk fibroin due to the incorporation of the CMC which enhanced 368 

the cell differentiation. Figure 7(A) shows the reduction in the contact angle of the Zn-Mn 369 

PEEK/CMC scaffold with respect to time. The initial contact angle after dropping the water on the 370 

surface was 50°. The reduction in the contact angle over time confirmed the hydrophilicity of the 371 

scaffold. The hydrophilicity of the scaffold will provide the medium to the osteoblast cells to 372 

adhere onto its surface. The hydrophilic property of the scaffold is attributed to the carboxyl groups 373 

present in CMC to form hydrogen bonds with water molecules65. Furthermore, the mesoporous 374 

bioactive glass (MBGNs) provides the essential sites to absorb water on the surface of scaffold. 375 

The results of this study are in agreement with65. 376 
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 377 

Figure 7. A) Contact angle measurements of water droplet with respect to time measured on 378 

the PEEK/CMC 3D printed scaffold coated with Zn-Mn MBGNs, B) Swelling ratio of 379 

scaffold in PBS solution 380 

3.6.Swelling Studies 381 

Swelling ability of the Zn-Mn PEEK/CMC scaffold determines the capability of the scaffold 382 

to swell in the biological fluids. Swelling of the scaffold provides the cells sites to adhere and 383 

differentiate in the biological environment66. The controlled swelling of the scaffold leads to the 384 

mechanical stability and osteoconductivity of the scaffold67. The excessive swelling in the bone 385 

tissue engineering results in failure and loss in the mechanical integrity of the implants Figure 7(B) 386 

illustrates the swelling ratio of the scaffold. Swelling ratio increased rapidly up to 8 % on 1 day 387 

which confirms the swelling ability of the scaffold. The sustained and controlled swelling ratio 388 

was observed after 2 to 5 days. The increase in the swelling ratio was due to the CMC carboxyl 389 

groups that retain water and form hydrogen bonds when reacting with the biological fluids68. The 390 

controlled swelling of the scaffold was due to the PEEK and high degree of citric acid. PEEK is a 391 

hydrophobic material, which cannot adsorb water due to its aromatic rings, ether and ketone 392 

linkages69. Furthermore, higher degree of crosslinking resulted in the rigid scaffold, which is less 393 

prone to swelling70. The controlled swelling of this study is much similar to the published study71. 394 

3.7.Degradation Studies 395 

The degradation study investigated the performance of the Zn-Mn PEEK/CMC scaffold 396 

immersed in phosphate-buffered saline (PBS) for 30 days (Figure 8). After the first 24 hrs, initial 397 
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observations revealed a substantial degradation of 8%, indicating that the scaffold degrades at a 398 

higher rate. This rapid degradation could be attributed to the CMC which is a degradable 399 

material72. Furthermore, rapid degradation occurs due to the high surface area to volume ratio of 400 

CMC73,74. Interestingly, subsequent monitoring demonstrated a consistent degradation rate, 401 

resulting in a cumulative degradation of 20% over the 30 days. After 24 hrs, the degradation of the 402 

scaffold is reduced in PBS over the time.  This could result in a more control and predictable 403 

degradation rate74. Moreover, mechanical forces also influence the degradation rate. For instance, 404 

a higher mechanical force leads to a faster degradation of the scaffolds75. The inherent properties 405 

of PEEK, known for its high resistance to chemical and thermal degradation controlled the 406 

degradation rate during immersion in PBS76. The rapid initial degradation observed in the first day 407 

suggests a dynamic response of the scaffold to the environmental conditions and is better for the 408 

initial release of drug required in the first 24 hrs of installation. As the study progressed, the 409 

sustained degradation implies gradual regeneration for bone tissue77. Moreover, the coated 410 

MBGNs on the scaffold and its degradation influence the osteogenesis and tissue regeneration 411 

processes76.  412 

 413 

Figure 8. Degradation studies showing loss in percentage weight of the Zn-Mn PEEK/CMC 414 

Scaffold over 30 days 415 
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3.8.Antibacterial Study 416 

PEEK is considered as a bioinert material, and its biomedical applications are limited. In the 417 

present study, zinc nanoparticles have been doped in PEEK/CMC scaffold in order to enhance its 418 

effectiveness against two types of bacteria, Gram positive, Staphylococcus aureus (S. aureus) and 419 

Gram negative, Escherichia coli (E. coli). The results of disk diffusion test showed an excellent 420 

antibacterial efficacy against S. aureus with inhibition zone of 14 mm and inhibition zone of 12 421 

mm was measured against E. coli shown in Figure 9(A and B). This result may be interpreted by 422 

the ability of zinc nanoparticles to effect on both gram positive and gram negative, but it showed 423 

high efficacy against gram positive as compared to gram negative bacteria. This belongs to the 424 

difference in their cell wall structure as gram negative bacteria have an additional outer membrane 425 

which acts as a barrier against many antibacterial agents to penetrate the cell wall78. The inhibition 426 

of bacterial growth is attributed to the ability of zinc nanoparticles which interact with bacterial 427 

cell membrane and disrupt the integrity of bacterial structure leading to the release of cellular 428 

components hence analysis of the whole bacterial cell. Zinc nanoparticles can also create reactive 429 

oxygen species which  interact with bacterial cells, lead to oxidative damage to cellular 430 

components of bacteria (DNA, proteins and lipids), ultimately, causes cell death79,80. Based on the 431 

above, Zn-Mn PEEK/CMC scaffolds have an excellent antibacterial efficacy and can potentially 432 

be used in biomedical applications. 433 

 434 

Figure 9. Antibacterial activity of PEEK/CMC scaffold (control) and Zn-Mn doped 435 

PEEK/CMC scaffold (test sample) against (A) Gram positive, S. aureus and (B) Gram 436 

negative, E. coli 437 
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3.9.CAM Assay 438 

The results of the CAM assay for the PEEK/CMC scaffold coated with Zn/Mn doped MBGNs 439 

showed a significant increase in several branched-chain vessels in comparison to eggs with the 440 

pristine scaffold (as shown in Figure 10(E)). This suggests a strong angiogenic response, which is 441 

crucial for tissue regeneration. Angiogenesis is the formation of new capillaries from existing 442 

blood vessels81, and is a complex process influenced by various factors. In the PEEK/CMC 443 

scaffold, CMC has been shown to have pro-angiogenic effects. Studies have found that CMC-444 

derived extracellular vessels can enhance cell migration, tube formation, and survival under 445 

peroxide exposure, which are key steps in angiogenesis82.  446 

Manganese (Mn) ions also play a role in angiogenesis. Mn ions can regulate exosome 447 

production and function, affecting immune response, angiogenesis, and osteogenesis78. The 448 

number of branched chain blood vessels in the CAM assay was calculated by using the plugin 449 

Mexican hat filter of ImageJ and marking the zone of interest around the sample. Followed by 450 

counting the number of branched chain vessels in the marked zone of interest (as shown in Figure 451 

10(A-D)). This provided a quantitative measure of branched-chain vessels both in control (pristine 452 

scaffold) and Zn/Mn doped MBGNs coated scaffold. This makes PEEK/CMC scaffold a promising 453 

material for applications that require enhanced tissue regeneration. 454 
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 455 

Figure 10. (A-D) Coated scaffold on fertile Australorp eggs after 14 days of incubation, (A) 456 

optical image, (B) image after applying the Mexican Hat Filter, (C) after adjusting threshold 457 

and marking area of interest, (D) after conversion to 8-bit, (E) No. of branched chain vessels 458 

in pristine scaffold and Zn/Mn doped MBGNs coated scaffold, (F) WST-8 assay for pristine 459 

and coated scaffolds against MSCs, and (G) WST-8 assay for pristine and coated scaffolds 460 

against bone forming cells (osteoblasts) (one-way ANNOVA was applied and * represent the 461 

significant difference)  462 

3.10. Cell Culture 463 

 As shown in Figure 10(F), the cell viability for PEEK/CMC pristine recorded at day 1, 3, 5, 464 

and 7 was 85%, 87%, 83% and 91%, and 97%, 98%, 96% and 103% for coated scaffold 465 

respectively. Scaffolds should possess interconnected porous structure and high porosity to be used 466 

in the field of tissue engineering. The porosity provides a site for cell attachment, proliferation and 467 

supports the migration of nutrients and gases for cells nourishment83. As observed from 468 

morphological analysis from Figure 4, the scaffold exhibited a porous and irregular surface which 469 

can be attributed to the addition of CMC. CMC promotes initial cell attachment due to the presence 470 

of functional groups which are hydrophilic in nature49. Cell adhesion is a necessary step which 471 

further facilitates mesenchymal cells differentiation and proliferation.  The biocompatible nature 472 

of CMC makes it a suitable candidate for tissue engineering applications as it creates biomimetic 473 

environment for MSCs for their survival and function. 474 
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Similarly, both the pristine PEEK/CMC and PEEK/CMC coating were cytocompatible 475 

against bone-forming osteoblast cells, as shown in Figure 10G. The porous nature of the developed 476 

scaffold supposedly aided in the attachment and proliferation of osteoblast cells84. Moreover, the 477 

hydrophilic nature of scaffolds may also contribute to enhanced cellular attachment85. 478 

Furthermore, the incorporation of Mn in MBGNS might upregulate the cell proliferation. The 479 

release of Mn ions in biological fluids may influence osteoblast cell behavior, as it acts as a 480 

cofactor for enzyme activation and also aids in cross-linking of collagen fibers86. Mn is involved 481 

in the activation of signaling molecules and transcription factors such as Runt-related transcription 482 

factor 2 (RUNX 2) and Bone morphogenetic proteins (BMPs)87. The possible release of Mn ions 483 

modulates these molecules which promote osteoblast cell proliferation. Doping of Mn in MBGNs 484 

improved its biological properties. The PEEK/CMC pristine and coated scaffolds prepared in the 485 

present study exhibited remarkable cell viability. Hence, the prepared scaffold in the present study 486 

is a suitable candidate for bone tissue engineering applications. 487 

Conclusions 488 

Our investigation into the fabrication of a patient-specific scaffold for the rapid recovery from 489 

osteoporotic fractures represent a significant advancement in the field of biomaterial-based 490 

implants. The developed ink is a blend of PEEK and CMC coated Zn-Mn doped MBGNs, not only 491 

shows impressive shear-thinning behavior but also offers enhanced printability which is favorable 492 

for scaffold fabrication. The application of Direct Ink Write (DIW) 3D-printing techniques results 493 

in bone scaffold fabrication by using parameters: 85% porosity, 0.3 mm layer height, and a printing 494 

speed of 1.5 mm/s. The subsequent deposition of Zn-Mn MBGNs on the fabricated scaffolds using 495 

a dip-coating method serves to augment osteoinductive and bone regenerative properties, as 496 

confirmed by scanning electron microscopy (SEM) with an average pore size of 600 ± 30 µm. 497 

EDS results showed an excellent bioactive glass coating on the scaffold. 498 

FTIR results validate the presence of PEEK, CMC, and Zn-Mn MBGNs functional groups in 499 

the scaffold, signifying the successful incorporation of the bioactive glass coating, which is good 500 

in agreement with EDS results. Tensile testing reveals Young's modulus of 2.05 GPa, affirming 501 

the mechanical properties of scaffold for specific load-bearing applications. The antibacterial halo 502 

tests demonstrate a notable inhibition zone against both Staphylococcus aureus and Escherichia 503 

Coli strains, emphasizing the scaffold's potential for infection control. CAM assays reveal an 504 
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increased angiogenic response, attributed to the bioactive glass coating, highlighting   angiogenic 505 

potential of the scaffold in promoting tissue regeneration. Additionally, WST-8 cell viability 506 

assays demonstrate impressive cell proliferation due to presence of porosity, CMC, and Mn ions, 507 

with a remarkable 103% viability at day 7, defining the biocompatibility and bioactivity of the 508 

scaffold. This comprehensive investigation amalgamates advanced engineering techniques with 509 

novel biomaterials, presenting the Zn-Mn PEEK/CMC scaffold as a promising and tailored 510 

solution for the treatment of osteoporotic fractures. The study shows that the scaffold is used in 511 

bone tissue engineering, providing a customized and effective approach for faster recovery and 512 

better patient results. 513 

ToC Graphics  514 

 515 
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