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a b s t r a c t 

Phosphoserine is a ubiquitous molecule found in numerous proteins and, when combined with alpha- 

tricalcium phosphate ( α-TCP) powder, demonstrates the ability to generate an adhesive biomaterial ca- 

pable of stabilising and repairing bone fractures. Design of Experiments (DoE) approach was able to op- 

timise the composition of phosphoserine-modified calcium phosphate cement (PM-CPC) demonstrating 

that the liquid:powder ratio (LPR) and quantity of phosphoserine (wt%) significantly influenced the han- 

dling, mechanical, and adhesion properties. Subsequently, the DoE optimisation process identified the op- 

timal PM-CPC formulation, exhibiting a compressive strength of 29.2 ± 4.9 MPa and bond/shear strength 

of 3.6 ± 0.9 MPa after a 24 h setting reaction. Moreover, the optimal PM-CPC composition necessitated 

a mixing time of 20 s and displayed an initial setting time between 3 and 4 min, thus enabling ho- 

mogenous mixing and precise delivery within a surgical environment. Notably, the PM-CPC demonstrated 

a bone-to-bone bond strength of 1.05 ± 0.3 MPa under wet conditions, coupled with a slow degrada- 

tion rate during the first five days. These findings highlight the ability of PM-CPC to effectively support 

and stabilise bone fragments during the initial stages of natural bone healing. The developed PM-CPC 

formulations fulfil the clinical requirements for working and setting times, static mechanical, degrada- 

tion properties, and injectability, enabling surgeons to stabilise complex bone fractures. This innovative 

bioinspired adhesive represents a significant advancement in the treatment of challenging bone injuries, 

offering precise delivery within a surgical environment and the potential to enhance patient outcomes. 

Statement of significance 

This manuscript presents a noteworthy contribution to the field of bone fracture healing and fixation 

by introducing a novel phosphoserine-modified calcium phosphate cement (PM-CPC) adhesive by 

incorporating phosphoserine and alpha-TCP. This study demonstrates the fabrication and extensive char- 

acterisation of this adhesive biomaterial that holds great promise for stabilising and repairing complex 

bone fractures. Design of Experiment (DoE) software was used to investigate the correlations between 

process, property, and structure of the adhesive, resulting in a cost-effective formulation with desirable 
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. Introduction 

Complex bone fractures present significant challenges in health- 

are, often requiring complex surgical intervention and leading to 

oor clinical outcomes. The Global Burden of Diseases report in 

019 highlighted a substantial increase of approximately 70 % in 

ew bone fracture cases since 1990, with 145 million new cases 

eported [1] . While the natural healing process of bone fracture 

s generally effective [ 2 , 3 ], the use of metal hardware is a com-

on approach in the treatment of post-traumatic injuries. How- 

ver, metal hardware [4] has limitations and often results in poor 

ealing and a lack of mechanical integrity, particularly in fractures 

ccurring in patients with osteoporosis [5] . Bone plates, screws and 

ins tend to loosen over time, necessitating their removal, which 

an lead to cortical bone loss [ 6 , 7 ]. Additionally, there is currently

o convenient method to stabilise small bone fragments and pre- 

ent micromotion in cases involving multiple bone fragments re- 

ulting from multiple breaks. 

To address these challenges, several biological-based adhesives 

ave been developed to minimise the need for metal hardware 

nd subsequent revision surgeries, thereby improving surgical effi- 

iency, cost-effectiveness, and patient safety [8–10] . Calcium phos- 

hate cements (CPC) have gained significant attention for bone re- 

lacement applications due to their moldability, osteoconductiv- 

ty, and biodegradability. CPC are formed by mixing a solid cal- 

ium phosphate powder with a liquid phase, resulting in mineral 

rystallisation and cement hardening [11] . CPC are classified into 

cidic cements (monetite or brushite) and basic cements (apatite 

r calcium-deficient hydroxyapatite) both of which have surface 

hemistry similar to the mineral phase of bone, making them suit- 

ble as bone void fillers [12] . However, CPC still exhibit inferior 

hysical and biological properties compared to native tissue due to 

heir brittle nature and poor tensile and shear properties resulting 

rom randomly organised networks of entangled crystals [ 13 , 14 ]. 

he lack of effective commercially available bone adhesives can be 

ttributed to the complex criteria for adequate bone repair, which 

nclude mechanical stability in wet conditions, sufficient working 

ime for the surgeon, osteogenesis, and biocompatibility [8] . 

In an effort to improve the mechanical characteristics and over- 

ll efficacy of CPC, an array of inorganic fibres and fillers, including 

aterials like bovine collagen, poly(lactic acid) (PLA), poly(glycolic 

cid) (PGA), poly(lactic-co-glycolic acid) (PLGA), and others, have 

een extensively used for physicochemical enhancements. This 

trategic approach has yielded notable improvements in bone frac- 

ure healing, rendering it more effective and expeditious [15–19] . 

onetheless, the practical utility of these materials in clinical con- 

exts remains constrained due to persistent challenges, such as 

oor injectability [ 20 , 21 ], limited elasticity [22] and suboptimal 

egradability [23–26] . Studies have also focused on incorporating 

ynthetic monomers/polymers to improve mechanical properties, 

chieving higher compressive, bend, and bond strength, as well as 

racture toughness [27–31] . However, this comes at the expense of 

issolution and resorption rates [ 32 , 33 ]. 

Amino acids offer a promising alternative to synthetic 

onomers, organic acids, or chemical modification. Specifically, 

mino acid additives can enhance handling and setting properties 

f CPC, template mineralisation of nanoscale amorphous calcium 

hosphate, stabilise metastable ceramic phases, improve mechani- 
448
ies. The PM-CPC adhesive exhibited excellent adhesion and cohesion

ns. This research offers significant potential for clinical translation and

ncements in bone tissue engineering. 

 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

al properties, promote cell attachment, survival, and proliferation 

 34 , 35 ]. Amino acids can introduce macroscale disorder in cements 

y adsorbing to crystal surfaces or incorporating into the crystal 

attice, potentially increasing the dissolution rate and the release 

f bioactive ions such as calcium and phosphate [36–39] . Phos- 

hoserine, an amino acid predominantly found in phosphoproteins 

ike osteopontin (OPN), plays a crucial role in various biological 

rocesses. OPN, a non-collagenous bone sialoprotein, is involved in 

ineralisation in vertebrates and contributes to multiple functions 

uch as adhesion/cohesion of both hard and soft tissue under wet- 

eld environments, load dissipation in animals, and the biominer- 

lisation of calcium phosphate precipitation through matrix pro- 

eins and matrix vesicles [ 40 , 41 ]. When synthetic amorphous cal- 

ium phosphates, such as α-TCP, are exposed to biological fluids, 

hey undergo transformation into metastable phases such as oc- 

acalcium phosphate (OCP) or directly convert into hydroxyapatite 

HA) within a relatively short period. This transformation leads to 

 rapid resorption and mineralisation of cells onto the cement sur- 

ace, facilitating the release of bioactive ions [42–44] . 

Phosphoserine has been demonstrated to hold a prominent role 

n augmenting the handling and mechanical attributes of α-TCP 

ements, while also promoting cellular proliferation and differen- 

iation [ 41 , 45 ]. The integration of phosphoserine as an adjuvant 

n α-TCP-based cements facilitates the replication of complex ar- 

hitectural and material features, culminating in enhanced prop- 

rties, relating to stability under hydrated conditions [46–51] and 

dhesive capabilities, particularly pertinent in the context of den- 

al implant applications [52] . Remarkably, these modified cements 

xhibit wet-strength values of 40–100 times higher than those of 

ommercial cyanoacrylates and surgical fibrin glues, while estab- 

ishing a nanoscale organic/inorganic microstructure and facilitat- 

ng templating of nanoscale amorphous calcium phosphate nucle- 

tion [ 23 , 47 ]. Furthermore, adhesive formulations modified with 

hosphoserine exhibited high adhesion strength without elicit- 

ng any adverse effects to adjacent tissues. The introduction of 

hosphoserine to CPCs expedited the setting reaction [ 53 , 54 ], and 

ncouraged cellular proliferation and differentiation [41] . While 

his body of research underscores the considerable promise of 

hosphoserine-modified adhesives in tissue repair, there remains 

 notable gap in comprehending the influence of various process 

arameters on the adhesive’s properties [55–59] . Additionally, it 

s imperative to systematically tailor the adhesive composition to 

lign with the distinct clinical requirements of diverse applica- 

ion sites and fracture patterns. Thus, it is necessary to identify a 

omposition that can effectively tailor the relevant properties to 

chieve efficacy and effectiveness. 

In addition to organic acids, the presence of inorganic silicic 

cid salts, such as calcium silicate, can exert significant influence 

n the characteristics of adhesive-based biomaterials. Calcium sil- 

cate is well-recognised for its osteoconductive properties and its 

bility to promote the formation of hydroxyapatite [60] . For ex- 

mple, the incorporation of calcium silicate into magnesium phos- 

hate cements has been documented to not only enhance mechan- 

cal properties but also to exhibit in vitro apatite mineralisation, 

ioactivity, and biodegradation capabilities [ 61 , 62 ]. This interaction 

ith the body’s natural processes promotes integration between 

he adhesive material and the surrounding bone tissue, thereby 

ugmenting bonding strength and overall stability [ 63 , 64 ]. More- 

http://creativecommons.org/licenses/by/4.0/
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ver, in vivo investigations have demonstrated that biomaterials 

ontaining calcium silicate can stimulate osteogenesis by acceler- 

ting new bone formation [65] . Furthermore, it is essential to note 

hat calcium silicate’s physicochemical properties can impact cru- 

ial parameters, including setting time, viscosity, and workability 

f the adhesive material. Consequently, these properties can influ- 

nce the ease of surgical application and the subsequent clinical 

erformance of the adhesive material [66] . 

Developing an optimised formulation of bone adhesive that 

eets clinical requirements in a short period is a crucial challenge. 

hus, computer-based optimisation techniques, such as a Design of 

xperiments (DoE) approaches based on response surface method- 

logy (RSM), are frequently employed to speed up the process and 

void bottlenecks. This method employs appropriate experimental 

esigns and polynomial equations to determine the optimal oper- 

ting conditions for a given system or the specific modifications 

nduced by a set of variables within defined regions of interest. In 

his study, we used the DoE methodology to investigate the corre- 

ations between process, property, and structure of phosphoserine- 

odified calcium phosphate cement (PM-CPC), including α-TCP (as 

he main calcium phosphate), phosphoserine, and calcium silicate. 

he aim of this study was to facilitate the development of an ideal 

M-CPC composition with desirable physical and handling proper- 

ies that enable it to be effectively applied by surgeons to stabilise 

hallenging fractures and dental implants, and achieve rapid and 

ufficient stabilisation. Furthermore, this composition must pro- 

ide sufficient adhesion and cohesion properties under wet-field 

onditions while minimising experimentation resources and time, 

hereby establishing a cost-effective formulation compared to con- 

entional methods. 

. Materials and methods 

.1. DoE analysis & optimisation study 

A DoE-based study was used to investigate the relationships 

etween multiple input and output variables in the context of 

he PM-CPC synthesis. To accommodate the complexity of fac- 

ors involved, a Box–Behnken three-level factorial design was im- 

lemented, using Design-Expert V5 Software (Stat-Ease Inc., USA). 

oE methods have emerged a cost-effective means for determin- 

ng the individual influence of variables and their interactions, sur- 

assing the limitations of traditional ‘one-at-a-time experimen- 

al’ methods. The experimental design consisted of five factors: 

our numerical factors A (liquid:powder ratio [LPR], B: (weight% 

wt%] phosphoserine), C (wt% Ca2 SiO4 ), and D (number of grind- 

ng cycles); and one categorical factor denoted as E: (post-process) 

 Table 1 ). Notably, it was observed from the initial results that 

article size demonstrated a significant impact on the properties 

f PM-CPC. Consequently, three distinct studies were conducted, 

ach exploring a specific range of grinding cycles while maintain- 

ng consistent levels for the remaining factors. These studies were 

dentified as Study 1 where the particles underwent 2, 6 and 10 
Table 1 

Numerical and categorical factors and their corresponding leve

the effect of varying grinding cycles. 

Factors Units Levels 

Numerical: LPR mL/g 0.2; 0.35;

Numerical: Phosphoserine wt% 10; 25; 4

Numerical: Ca2 SiO4 wt% 0; 1; 2 

Numerical: Grinding Cycles – Study 1: 

Study 2: 

Study 3: 

Categorical: Post-process – Passivatio

Non-Pass

449
rinding cycles, Study 2 exploring 9, 11 and 13 grinding cycles, and 

tudy 3 which investigated 13, 15 and 17 grinding cycles. 

Upon completion of the experimental testing phase, the col- 

ected data were analysed using the DoE software. Regression 

quations were derived to ascertain the significance of the terms 

ithin each equation, employing sequential F-tests, lack-of–fit 

valuations, and the Analysis of Variance (ANOVA) method. Statis- 

ical significance was considered to be a p -value below 0.05. The 

hitcomb Score, a recognised metric in the field [67] , was used to 

elect the most suitable model(s) and determined the influence of 

very factor on every response. To determine the optimal composi- 

ion of PM-CPC, numerical optimisation approach was used, guided 

y the following criteria: initial setting time ( ti ) ≥ 60 s, final set- 

ing time ( tf ) ≤ 200 s, compression strength ≥10 MPa [68] , and 

ond strength ≥ 2.5 MPa [69] . Inputs from the orthopaedic surgi- 

al community were sought to establish clinically relevant setting 

imes ( ti and tf ) that would facilitate rapid setting, achieve the re- 

uired fragment stability and prevent adhesive leakage [70] . These 

etting times were considered as the most important responses in 

he optimisation process. The DoE optimisation was conducted us- 

ng the desirability function approach, where each response was 

ssigned a desirability function ( di ). The di value ranged between 

 and 1, with 0 representing that the worst acceptable value and 1 

enoting the optimal performance with respect to the studied fac- 

ors. Subsequently, the optimal composition of PM-CPC was iden- 

ified, followed by synthesis and evaluation to validate the DoE 

tudy. 

.2. Fabrication of α-TCP powder 

The first step in the process involved the synthesis and charac- 

erisation of α-TCP for use in PM-CPC fabrication. The α-TCP pow- 

er was obtained by thermal transformation of a mixture of cal- 

ium phosphate (CaHPO4 ) and calcium carbonate (CaCO3 ) (Sigma 

ldrich, Ireland) at a molar ratio of Ca/ P ≈ 3:2, using a temper- 

ture of 1400 °C for 360 min [71] . In some cases, a post process

assivation step was performed to reduce any remaining defects 

r impurities by reheating the powder to 500 °C for 24 h. 

To prepare the α-TCP powder for the DoE study, it was mixed 

ith ethanol and subjected to grinding using a planetary mill (Pul- 

erisette 6, Frisch, Germany) with 50 agate balls of 10 mm diam- 

ter. The mill was operated at a rotating speed of 600 ± 5 RPM 

or a specified number of cycles ranging from 2 to 17 cycles, as de- 

ermined by study design. Each grinding cycle consisted of 5 min 

f grinding followed by a 5-min dwell time between each grinding 

ycle. 

.3. PM-CPC fabrication 

Various formulations of PM-CPC were synthesized by blend- 

ng the liquid phase (Deionized (DI) water) with the pre-mixed 

owder phase at concentrations specified by the DoE framework 

 Table 1 ). The powder phase was composed of α-TCP, phospho- 
ls used for the three different DoE studies that explored 

Responses 

 0.5 ti (s) 

tf (s) 

Compressive Strength (MPa) 

Bond Strength (MPa) 

0 

2; 6; 10 

9; 11; 13 

13; 15; 17 

n 

ivation 
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erine (Flamma, S.p.A. Italy), and calcium silicate (Sigma Aldrich), 

ach with predefined weight percentages (wt%), ranging from 10 % 

o 40 % for phosphoserine and 0 % to 2 % for calcium silicate. DI

ater was added at a predetermined LPR ranging from 0.2 mL/g to 

.5 mL/g. In each experimental run as defined by the DoE study, a 

otal of 1 g of PM-CPC underwent manual mixing until all con- 

tituent elements were thoroughly blended, ensuring uniformity 

nd consistency throughout. The determination of mixing comple- 

ion was based on visual examination, with the mixture assessed 

or uniformity and consistency. The achievement of complete ho- 

ogeneity was denoted by a noticeable transformation in the ad- 

esive’s texture, rendering it smooth and glossy. Subsequently, the 

omogeneous blend was placed into PTFE moulds, thereby yield- 

ng samples with the required shapes and dimensions necessary 

or subsequent characterisation methodologies. All samples were 

et for 72 h in Ringer’s solution at 37 °C and 100 % relative hu-

idity to simulate the biological environment. 

.4. Analytical assessment – α-TCP powder 

.4.1. Chemical properties 

Qualitative validation of the α-TCP powder was performed 

hrough X-Ray Diffraction (XRD) analysis using a Bruker D8 diffrac- 

ometer (Bruker, Germany). Scans were conducted with a scan 

peed of 2 s/scan at 30 kV and 10 mA, using Cu-K α radiation in the

 θ range of 20–60 °. The peaks in the spectra were identified us- 

ng Rietveld analysis (Profex software) and compared to the Inter- 

ational Centre for Diffraction Data (ICDD) diffraction patterns for 

-TCP (ICDD923), hydroxyapatite (HA) (ICDD432), beta-tricalcium 

hosphate (beta-TCP) (ICDD619) and beta-calcium pyrophosphate 

beta-CPP) (ICDD169). 

.4.2. Physical properties 

The particle size distribution was determined using a Malvern 

astersizer Particle Analyser (Malvern Panalytical, UK) in accor- 

ance with ISO 13320 [72] . The values of D10 , D50 and D90 were 

ecorded, representing the cumulative distribution at 10 %, 50 % 

nd 90 % of the total distribution of particle sizes. The results were 

eported in μm with six replicates per sample. 

Surface analysis was conducted using Laser Diffraction (LD) 

nalysis (Malvern Zetasizer Ultra) to measure the zeta potential of 

he α-TCP suspended in DI water with a refractive index of 1.58. 

Scanning Electron Microscopy (SEM) analysis of the powder 

articles was performed using the Zeiss EVOLS15 Scanning Elec- 

ron Microscope (ZEISS, Germany) at an acceleration voltage of 

5 kV extra-high tension (EHT). Prior to imaging, the powder sam- 

les were sputter-coated with gold to enhance conductivity. The 

orphology of the powders was assessed using Image J software 

version 1.8.0_172, NIH, USA). 

.5. Analytical assessment – doe study 

.5.1. Setting properties 

The ti and tf setting times of the PM-CPC compositions were 

etermined using the Gilmore needle apparatus [73] , in accor- 

ance with ASTM C266-99. The experimental setup comprised two 

eighted needles, one weighing 113.4 ± 0.5 g, and another weigh- 

ng 453.6 ± 0.5 g for measuring the ti and tf , respectively. The ’ti ’ 

alue signifies the time when adhesive solidification initiates upon 

pplication, permitting its use at the surgical site while maintain- 

ng its workability for effective delivery. Conversely, the ’tf ’ value 

arks the point at which the adhesive attains its peak strength 

nd stability, establishing a complete bond between tissues that 

inders subsequent adjustments due to the potential risk of dis- 

upting the bond. In each iteration of the DoE study, a total of 

 g of PM-CPC (containing the appropriate proportions of α-TCP, 
450
hosphoserine, and calcium silicate) was solubilised in DI wa- 

er and subsequently manually blended. The homogenous mixture 

f PM-CPC was transferred into custom-made polytetrafluoroethy- 

ene (PTFE, Radionics, RS Stock No.:680-678) moulds ( h = 8 mm, 

 = 10 mm). The adhesive was injected into each mould using 

 conventional 5 mL syringe which had an extrusion diameter of 

.25 mm. The test was conducted in Ringer’s solution at 37 °C to 

imulate the biological environment. 

.5.2. Mechanical properties 

To assess the static mechanical properties of the various PM- 

PC, compression, compression tests (ISO5833:2002) [74] and bond 

trength tests were performed. For the compression test, PM-CPC 

amples was transferred to PTFE moulds (12 mm height, 6 mm di- 

meter). For the bond strength testing, a 0.25 g layer of PM-CPC 

as applied to one surface of a 100 mm2 stainless steel cube, and 

 second stainless steel cube was placed on top of the PM-CPC 

ayer. The two cubes were clamped together using universal grips. 

amples were then incubated in Ringer’s solution at 37 °C for 72 h 

efore testing. A Zwick Testing Machine (Zwick Roell, UK) equipped 

ith a 5 kN load cell was used for both compression and adhe- 

ion testing, with a crosshead speed of 1 mm/min. The samples 

ere tested until failure, and the compressive strength and bond 

trength were determined from the resultant stress–strain curves. 

.6. Analytical assessment – optimal PM-CPC 

.6.1. Setting and mechanical properties 

To assess the clinical applicability of the adhesive, additional 

haracterisation of the optimal PM-CPC was conducted. The scala- 

ility of the optimal PM-CPC was evaluated by increasing the batch 

ize from 1 g to 10 g. The setting characteristics of the optimised 

M-CPC adhesive for varying batch sizes were assessed using the 

ilmore needle test, in accordance with Section 2.5.1. Visual eval- 

ation was conducted during the injection process into each PTFE 

ould to assess the injectability and ease of handling of the PM- 

PC. The PTFE moulds were immersed in a temperature-controlled 

ater bath held at 37 °C for the duration of the testing. Following 

njection, the workability of the PM-CPC was evaluated by manip- 

lating it with a spatula. The time that the PM-CPC adhesive main- 

ained its injectability and workability were recorded. Furthermore, 

he mechanical properties of the optimal PM-CPC adhesive from 

ach batch size were determined in line with the protocols out- 

ined in Section 2.5.2 . 

.6.2. Washout resistance 

The stability of the PM-CPC in a wet-field environment simulat- 

ng the biological environment was assessed using a washout resis- 

ance test [75] . The optimal PM-CPC was manually shaped into a 

all (volume ≈ 0.50 mm3 ) and placed in a 6-well plate containing 

0 mL of phosphate buffer solution (PBS). The sample was incu- 

ated at 37 °C and visually inspected every minute for 5 min. The 

ample was considered to have passed the disintegration test if it 

id not visibly disintegrate in the solution. 

.6.3. Degradation properties 

Cylindrical PM-CPC samples (12 mm height, 6 mm diameter) 

ere incubated in PBS solution (pH 7.4) at 37 °C on a plate shaker 

or time intervals of 4, 6, 8, 14, 30, 60, 90, and 120 days. The so-

ution was replaced every 4 weeks. At each time-point, three sam- 

les were removed from the degradation media, washed with DI 

ater, and dried under vacuum for 2 days at 37 °C. The dry mass 

f the samples was then determined. 

For the enzymatic-based in vitro degradation, a porcine pan- 

reas lipase (PPL)-PBS was used instead of PBS. The PPL concen- 

ration was 10 U/mL PPL ( ≥30 0 0 U/g, Merck Life Science Limited, 

reland). The procedure as with PBS was followed. 
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Fig. 1. Schematic overview representing the arrangements employed for the mechanical assessment of porcine bovine femur bone samples, encompassing both cortical and 

cancellous bone sections, joined through the application of PM-CPC adhesive. Specifically, arrangements for a) lap shear and b) tensile testing, as performed within the Zwick 

testing apparatus . 
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.6.4. Bioactivity 

To evaluate the bioactivity, the formation of bone-–like apatite 

n the samples (4 mm height, 8 mm diameter) was examined in 

 simulate body fluid solution, at 37 °C and pH of 7.4. The ion

oncentrations in the solution was almost identical to those in hu- 

an blood plasma [76] . The solution was replenished every 3 days 

hile the samples were removed after 24 h, 3 days and 7 days. 

ubsequently, the samples were washed with DI water and dried 

n an oven at 50 °C for 3 h. Changes in the surface morphology 

f samples were characterised using SEM ( Section 2.4.1 ) equipped 

ith energy-dispersive X-ray spectroscopy (EDX) ( Section 2.4.1 ). 

Additionally, XRD analysis ( Section 2.4.1 ) was performed to 

valuate the crystalline phases present in the PM-CPC at different 

ime points, including after mixing and during the setting reac- 

ions. The XRD analysis was performed after 24 h, 3 days, and 7 

ays to assess the time-dependent phase transition. For this analy- 

is, each sample was dried and ground to a powder using a mortar 

nd pestle. 

.7. Bone to bone adhesion properties – optimal PM-CPC 

a) Sample Preparation 

Bovine femora were purchased to obtain samples of both corti- 

al and cancellous bone The bones were sectioned into rectangular 

lices measuring 35 × 15 × 3 mm ( n = 6)) and cuboid-shaped 

amples measuring 20 × 20 × 10 mm ( n = 6)) using a Titan 

TB705BDS electric bandsaw (Screwfix, Ireland) with water cool- 

ng. To ensure uniform thickness, the bone samples were ground 

sing a Metkon Forcimat (Bursa, Turkey) grinding–polishing ma- 

hine with P80-grade silicon carbide paper (TMQ Ltd., Ireland). 

a) Characterisation techniques 

Lap shear and tensile tests were conducted to assess bone-to- 

one adhesion ( n = 6 samples per test) under dry and wet con- 

itions. The lap shear test used rectangular-shaped bone samples 

25 × 10 × 3 mm), while the tensile test employed cuboid-shaped 

one samples (10 × 10 × 10 mm). Each test sample was prepared 

y applying a 0.2 g layer of the optimal PM-CPC to one surface of 
451
 bone sample, covering a surface area of 100 mm2 . Subsequently, 

 second bone sample was positioned on top of the initial bone 

ample, and both bone samples were securely affixed together us- 

ng universal grips. Following this, the assembled arrangement was 

ubmerged in Ringer’s solution and subjected to an incubation pe- 

iod of 72 h at 37 °C. Thereafter, each assembled arrangement 

as securely clamped within the Zwick Testing System, as illus- 

rated in Fig. 1a and b, and underwent the appropriate mechani- 

al testing until failure, in accordance with the procedures detailed 

n Section 2.5.2 . Fracture surface after failure was examined using 

EM-EDX analysis to identify the mode of failure, which could be 

dhesive (failure between adhesive and bone substrate), cohesive 

failure within the adhesive), or mixed (involving both cohesive 

nd adhesive failure). 

.8. Statistical analysis 

Statistical analysis of the data generated within the DoE 

tudy was completed using the DoE software as described in 

ection 2.1. A polynomial equation (Eq. 1) was used to model the 

esponse variable ( Y ) as a function of the input factors ( Xi , Xj …) as

ollows: 

 = b0 +
p ∑ 

i =1 

bi Xi +
p ∑ 

i =1 

p ∑ 

j=1 

bi j Xj Xj +
p ∑ 

i =1 

bii X
2 
i i � = j (1) 

The coefficients of the polynomial equation were denoted by 

0 (overall mean response), bi (main effects for each factor), bij 

two-way interaction between the i th and j th factors), as well as bii 

quadratic effect for the i th factor). A comprehensive analysis was 

onducted, through statistical assessment of the regression model, 

isualisation of response surface graphs, and determination of op- 

imal process parameter values. Analysis of Variance (ANOVA) was 

sed to determine the significance of the quadratic models, where 

 p -value < 0.05 was considered as statistically significant. For the 

optimal” design, the design points were selected by a statistical 

riterion such as minimising the uncertainty on the estimated ef- 

ects. 
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Fig. 2. X-ray diffraction (XRD) pattern confirming the phase composition of the α-TCP powder. Rietveld analysis showed that the XRD pattern matched the reference pattern 

for α-TCP (ICDD923) with pronounced peaks observed at 2 θ angles of 31.8 °, 34.0 °, and 36.2 °. This confirmed the presence of a highly pure α-TCP phase, with a purity of 

100 % . 
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All experiments were completed using a minimum of three re- 

eats ( n = 3). Data is presented as the mean ±SD. The statistical

ignificance of data for validation of DoE accuracy and percent- 

ge of difference comparison was determined using t-tests with 

 < 0.05 as the minimal level of significance. 

. Results 

.1. Analytical assessment – α-TCP powder 

.1.1. Physicochemical properties 

XRD analysis was performed on the synthesised powders to de- 

ermine their phase composition. The XRD spectra revealed promi- 

ent peaks at 22.74 °, 22.93 °, 30.70 °, 34.16 ° 2 θ positions corre- 

ponding to the (211), (112), and (202) crystallographic planes of 

-TCP, confirming the presence of α-TCP ( Fig. 2 ). Rietveld analy- 

is confirmed that no additional phases were detected, indicating 

omplete transformation of the CaHPO4 and CaCO3 into α-TCP, re- 

ulting in 100 % phase purity without residual calcium phosphates. 

Increasing the number of grinding cycles resulted in a reduction 

n particle size ( Table 2 ), as evidenced by the shift towards smaller

article sizes in both the SEM images and the particle size analy- 

is data ( Fig. 3 ). The particles exhibited a wide range of sizes, with

he mean size decreasing with increasing grinding time. The num- 

er of grinding cycles had a significant effect on the particle size 

f the α-TCP powders ( p -value < 0.001), with an inverse relation- 

hip between grinding cycles and particle size ( Fig. 3 ). The median 

article size (D50 ) decreased from 23.9 ± 0.7 μm for 2 cycles to 

.05 ± 1.3 μm for 17 cycles. Furthermore, increasing the number 

f grinding cycles also led to a reduction in the quantitative dis- 

ribution width (Dspan ) compared to samples with a lower num- 

ers of grinding cycles ( Table 2 ). Specifically, Dspan values of 1.77, 

.50, 2.89 were calculated after 2, 10, and 17 cycles, respectively. 
Table 2 

Particle size distribution and zeta potential of α

the particle attrition cycles . 

Attrition cycles D(10) (μm) D(50) (μm) 

2 6.7 ± 0.4 25.3 ± 0.7 

6 3.7 ± 0.5 13.3 ± 2.4 

10 2.5 ± 0.5 11.7 ± 1.5 

11 2.1 ± 0.4 6.9 ± 1.5 

13 1.9 ± 0.3 6.2 ± 1.5 

15 1.7 ± 0.3 5.1 ± 1.3 

17 0.9 ± 0.2 4.1 ± 1.3 

452
he particles displayed an irregular, non-spherical, and polyhedral 

hape for all the different grinding cycles without any significant 

ifferences in circularity among the different particle sizes, with 

n average circularity across all groups of 0.35 ± 0.2. The parti- 

le size distribution exhibited a normal distribution for all batches, 

ith consistent zeta potential values ranging from - 13 mV and 

18 mV. Furthermore, the physical characterisation for the α-TCP 

owder before and after passivation showed the no significant dif- 

erences ( p -value = 0.1) in particle charge, size distribution and 

orphology. 

.2. Analytical assessment – DOE study 

.2.1. Setting properties 

Notably, the range of setting properties decreased significantly 

ith higher grinding cycles, as observed when comparing the data. 

n the first set of experiments (1st study), grinding cycles of 2, 

, and 10 were used, resulting in an initial setting time ( ti ) rang-

ng from 3 to 10 min and a final setting time ( tf ) between 4 and

2 min. The second study involved grinding cycles of 9, 11, and 

3, which yielded a ti between 1 min and 5 min and a tf between 

 min and 6 min values closer to clinical requirements. Lastly, the 

hird study resulted in a ti range of 0.5–1 min and a tf between 

.7 min and 1 min. The results indicate a notable trend in the im- 

act of α-TCP grinding cycles on the setting time of the PM-CPC 

omposition. As the number of grinding cycles increased, there was 

 consistent reduction in both the initial and final setting times. 

his finding suggests that the grinding process has a significant in- 

uence on the solidification properties of the composition. The ob- 

erved decrease in setting time can be due to several mechanisms. 

or instance, the grinding cycles contribute to a reduction in parti- 

le size and an increase in surface area, leading to enhanced reac- 

ivity and faster setting kinetics. Additionally, the grinding process 
-TCP powder as a function of increasing 

D(90) (μm) Dspan Zeta potential 

58.6 ± 4.9 1.78 −15.9 ± 2 

30.5 ± 5.8 1.98 −13.2 ± 1 

28.8 ± 3.2 2.07 −14.8 ± 3 

21.0 ± 2.8 2.46 −17.1 ± 3 

17.2 ± 3 2.61 −16.4 ± 4 

15.8 ± 2.5 2.72 −18.4 ± 2 

12.6 ± 2.5 2.88 −15.8 ± 3 
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Fig. 3. SEM and Particle Size Analysis – SEM images of α-TCP powder after grinding at different cycles showed t he presence of irregularly shaped particles (non-spherical 

particles) with a circularity of 0.35 ± 0.2 for all the grinding cycles. Histograms showing the particle size distribution of α-TCP powder after different grinding cycles. Decrease 

of particle size was observed increasing the number of cycles from 2 to 17 cycles. 

453
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Fig. 4. DoE analytics obtained from Box and Behnken Design studies illustrating the behaviour of the most significant factors. The impact of LPR and phosphoserine content 

on a) the initial ( ti ) and b) the final ( tf ) setting time of the PM-CPC adhesive using α-TCP powder at different grinding cycles is shown. The graphs demonstrate that 

increasing the LPR resulted in slower setting times, while higher amounts of phosphoserine accelerated the setting time. Statistical significance is denoted by ∗p -value < 0.05, 
∗∗p -value < 0.01 at 9–13 cycles and ϯϯp -value < 0.01, ϯϯϯp -value < 0.001 at 13–17 cycles, indicating a decrease in setting time, compared to the values obtained from 2 to 6 

cycles. 
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ay introduce defects and microstructural changes, facilitating nu- 

leation and growth of solidification products. 

Analysis of the data from all the three different studies using 

oE showed that both the ti and tf of the PM-CPC had a signifi- 

ant ( p -value < 0.001) dependence on the LPR and phosphoserine 

ontent, with an interaction between these two factors observed 

t low grinding cycles ( Fig. 4 a and b). ANOVA indicated a total

ariability of 77.77 % in the data, with a non-significant lack-of-fit, 

onfirming the suitability of the model. The ANOVA results further 

howed that both the LPR and phosphoserine content contributed 

ore than 40 % to the setting properties (i.e., ti and tf ), while the 

ther factors accounted for 2–7 % of the contribution. For both 

st and 2nd studies it was observed that when the phosphoserine 

mount was held constant at 25 wt%, an increase in the amount of 

I water led to a 30–40 % increase in both ti and tf . Conversely, in-

reasing the phosphoserine content from 25 % to 40 % while main- 

aining a constant LPR of 0.35 mL/g resulted in a rapid three-fold 

ncrease in the setting properties. However, 1st, 2nd, and 3rd DoE 

tudies obtained that both ti and tf increased significantly with the 

ddition of DI water and phosphoserine, and no differences were 

bserved when comparing the behaviour of the PM-CPC using pas- 

ivated and non-passivated α-TCP. 

Additionally, the smaller particle sizes facilitated easier mixing 

f the PM-CPC, leading to a significantly reduced ( p -value = 0.004) 

ixing time of 20 s for α-TCP powder that underwent 10–17 

rinding cycles, compared to 90 s for α-TCP powder that under- 

ent 2–9 grinding cycles. 

.2.2. Mechanical properties 

The compressive strength values obtained from three different 

tudies varying the range of particle grinding cycles for the α- 

CP powder used in the PM-CP composition were analysed. In the 
454
rst study (after 2, 6, and 10 cycles), the PM-CPC samples exhib- 

ted compressive strengths ranging from 10 MPa to 30 MPa. In 

he second study, increasing the grinding cycles and subsequently 

ecreasing particle size, the PM-CPC samples displayed compres- 

ive strengths between 10 MPa and 20 MPa. Lastly, the third study 

btained the lowest compressive strengths between 5 Mpa and 

5 MPa. These results indicate that the compressive strength of 

M-CPC is influenced by various factors, including the number of 

ycles and the composition of the cement. The presence of phos- 

hoserine modification in the PM-CPC composition may contribute 

o its mechanical properties. The trend of decreasing compres- 

ive strength values observed in the third study suggests a poten- 

ial loss of structural integrity over time. It is worth noting that 

he compressive strength values obtained in all three studies fall 

ithin a similar range, indicating consistent performance. Com- 

arison among the three different DoE studies with varying num- 

ers of particle grinding cycles demonstrated that higher levels of 

rinding (13–17 cycles) did not impact compressive strength. How- 

ver, an interaction between phosphoserine content and grinding 

ycles was observed at high grinding cycles (13–17 cycles) in Study 

, due to aggregation of powder. The use of passivated α-TCP pow- 

er showed no statistically significant difference in compressive 

trength compared to non-passivated α-TCP. 

As per DoE analysis, the compressive strength of the different 

M-CPC for all the three studies was influenced by two factors: 

he LPR and the amount of phosphoserine. The ANOVA analysis 

howed that the LPR has the most significant impact on the com- 

ressive strength, contributing more than 20 % to this response. 

he effects of these factors on the compressive properties are 

emonstrated in the range of the low and high levels of both 

he LPR and phosphoserine content ( Fig. 5a ). A linear relationship 

as observed between LPR and compressive strength with an in- 
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Fig. 5. DoE analytics describing the impact of LPR and phosphoserine content on the mechanical properties of PM-CPC adhesive. The a) Compressive strength and b) bond 

strength are shown for α-TCP at different grinding cycles. The results demonstrate that increasing the LPR leads to a reduction in compressive strength while not affecting 

bond strength. Additionally, an increase in phosphoserine content up to 25 % enhanced both compressive strength and bond strength. The significance levels are denoted as 
∗p -value < 0.05, ∗∗p -value < 0.01, and ∗∗∗p -value < 0.001, indicating significant changes observed in all three studies (i.e., 2–6, 9–13, and 13–17 grinding cycles) . 
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rease in the LPR resulting in a reduction in compressive strength. 

he influence of phosphoserine content on compressive strength 

isplayed a non-linear trend ( Fig. 5a ). Specifically, increasing the 

hosphoserine content from 10 to 25 wt% led to an increase in 

ompressive strength up to 25 ± 5 MPa, while higher amounts of 

hosphoserine caused a decrease in compressive strength in the 

M-CPC. 

The bond strength of the α-TCP (regardless of the number of 

rinding cycles) was significantly influenced ( p -value < 0.0 0 01) by 

oth the LPR and phosphoserine content ( Fig. 5b ). The LPR demon- 

trated a higher contribution of approximately 44 % to the final 

odel, and increasing the LPR led to a decrease in bond strength. 

ncreasing the phosphoserine content enhanced the adhesion prop- 

rties compared to the addition of DI water, indicating an interrela- 

ionship between these two factors. The number of particle grind- 

ng cycles did not have a significant impact ( p -value = 0.0501) 

n bond strength. However, slightly higher bond strength was ob- 

erved for α-TCP powder with a smaller particle size (higher num- 

er of grinding cycles). An interaction was observed between the 

umber of grinding cycles and the type of α-TCP used (passivated 

r non-passivated), with higher bond strength observed when us- 

ng passivated α-TCP prepared using a lower number of particle 

rinding cycles. 

.2.3. DoE optimisation 

The models generated for each response from the DoE analy- 

is were then used to optimise the PM-CPC according to a set of 

linical informed optimisation criteria. The optimal PM-CPC com- 
455
osition was determined to be 74 wt% α-TCP (after 11 grinding cy- 

les), 25 wt% phosphoserine, 1 wt% calcium silicate, with a LPR of 

.3 mL/g. This composition achieved a di of 0.92, indicating an op- 

imal performance. The predicted responses for the optimal com- 

osition of PM-CPC were as follows: an initial setting time ranging 

rom 90 to 110 s, a final setting time ranging from 180 to 240 s,

 compressive strength of 25.7 ± 3 MPa and a bond strength of 

.2 ± 0.5 MPa. To verify the accuracy of these predicted values, an 

xperimental validation study was conducted using t -test analysis. 

he results showed a non-significant difference ( p -value = 0.1) be- 

ween the predicted and experimental values, with a percentage of 

ifference lower than 5 % for both setting properties and < 14 % for 

echanical properties ( Table 3 ). The experimental setting proper- 

ies for the optimal PM-CPC were as follows: ti of 115 ± 15 s and a 

f of 192 ± 10 s, and a mixing time of 20 s. The measured compres- 

ive strength (24.5. ± 5 MPa) and bond strength (3.9 ± 0.5 MPa) 

ata were also consistent with the predicted values. Furthermore, 

he DoE studies demonstrated high accuracy, as the experimental 

alues were within the standard deviation (SD) of the predicted re- 

ponses, with a difference of only 5 % between experimental and 

redicted values. 

.3. Analytical assessment – optimal PM-CPC 

.3.1. Setting and mechanical properties 

While filling each mould for evaluating setting times via the 

ilmore needle test, it was visually observed that the injectability 

f the optimised PM-CPC was maintained for approximately 80 s. 
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Table 3 

Comparison of actual experimental and DoE-predicted data for the optimal PM-CPC composition. T-test analysis re- 

veals no significant difference between the predicted vs actual experimental data for a) initial, b) final setting time, 

c) compressive and d) bonding strength, confirming the accuracy of the predicted values. All experimental measured 

values meet the clinical acceptable ranges (initial setting time, ti = 90–120 s; final setting time, tf ≤ 240 s; compression 

strength ≥10 MPa; bond strength ≥2.5 MPa). 

Responses DoE prediction Experimental values Difference (%) 

Initial setting time 110 ± 10 s 115 ± 10 s 4.44 

Final setting time 200 ± 20 s 192 ± 10 s 4.08 

Compressive strength 25.7 ± 3 MPa 29.5 ± 4.6 MPa 13.8 

Adhesive strength 4.2 MPa 3.9 ± 0.9 MPa 7.41 

Fig. 6. Characterisation of the optimal PM-CPC adhesive fabricated using a batch size of 1 g, 5 g and 10 g. The a) initial and final setting times and b) mechanical properties 

were not affected by the batch size. c) Evaluation of the washout resistance showed no disintegration at 10 min after setting. d) Degradation analysis of the PM-CPC immersed 

in PBS and PBS-PPL at 37 °C, demonstrated a total mass loss of 20 % and 28 % respectively after 120 days, which is consistent with the normal bone healing. e) SEM images 

showing the extent of bioactivity and conversion of the α-TCP to HA crystals with approximately 50 % of the crystals present showing a needle-shaped morphology 7 days . 
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hereafter, the PM-CPC was in dough-like state for a further 110- 

20 s before reaching the tf at approximately 200 s. To investigate 

he potential impact of scaling up the manufacturing process, the 

atch size was increased from 1 g to 10 g. Analysis of the Gilmore

eedle test results demonstrated no statistically significant differ- 

nce ( p -value = 0.1) in either ti or tf for the optimal PM-CPC with

he increased batch size, with both times remaining well within 

esired clinical specifications ( Fig. 6a ). The average values for ti 

nd tf across the three batch sizes were 113.2 s and 190.5 s, re- 

pectively, thus aligning with the established clinical specifications. 

Three hours after setting, the optimal PM-CPC exhibited an 

verage compressive strength of 24.5 ± 4.6 MPa, with a failure 

train of 2.5 ± 0.5 % across the different batch sizes ( Fig. 6b ).

he bond strength of the optimal PM-CPC was not affected 

y the increase in powder batch size, demonstrating a bond 
456
trength of 3.9 ± 0.9 MPa ( Fig. 6b ). These values for both 

ompressive strength and bond strength align with the clinical 

equirements. 

.3.2. Washout resistance 

The optimal PM-CPC adhesive exhibited instant stability and 

ntegrity within 10 min, as evidenced by the absence of dissolu- 

ion ( Fig. 6c ). Subsequent washout resistance testing demonstrated 

hat the PM-CPC set before any visible disintegration occurred, 

hus passing the washout resistance test. These findings indicate 

hat the adhesive demonstrates continuous stability under wet- 

eld physiological conditions. The absence of disintegration in the 

dhesive suggests its ability to effectively bond to the bone surface. 

his characteristic is crucial for ensuring long-term durability and 

eliability in clinical applications. 
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Fig. 7. a) Lap shear strength and b) tensile strength data shows the ability of optimal PM-CPC to adhere both cortical and cancellous bones, as well as the ability to 

withstand a force of approx. 100 N at 37ºC in a wet-field environment. c) SEM images illustrating the mixed-mode failure at the fracture surfaces of cortical and cancellous 

bone post-failure. ∗∗p -value < 0.01 and ∗∗∗p -value < 0.001. 
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.3.3. Degradation properties 

The degradation behaviour of the PM-CPC in PBS was evaluated 

ver a 120-day study period, revealing an approximate total mass 

oss of 18 % ( Fig. 6d ). The degradation occurred gradually during 

he initial five days, resulting in approximately 5 % mass loss. Sub- 

equently, the degradation rate decelerated, with an average daily 

ass loss of approximately 0.55 % observed between Day 5 and 

ay 30. From Day 30 onward, the mass loss stabilised, with no 

tatistical difference between values recorded from Day 30 to Day 

20. 

Furthermore, the impact of introducing PPL enzyme into the 

BS on degradation of the PM-CPC was investigated. The addition 

f PPL accelerated the degradation rate, leading to an approximate 

5 % mass loss by Day 30 ( Fig. 6d ). During the initial five days of

nzymatic degradation, the mass loss was 11.8 %. Subsequently, the 

ate of mass loss slowed, exhibiting a degradation pattern similar 

o that observed when tested in PBS alone in the absence of the 

nzyme. 

.3.4. Bioactivity 

After 24 h of immersion in SBF, approximately 30 % of the α- 

CP phase underwent transformation into HA crystals, and this 

roportion continued to increase over the subsequent four days 

 p -value = 0.001). XRD analysis showed that approximately 50 % 

f the calcium phosphate phase present has transformed into HA 

fter seven days. SEM analysis depicted a newly formed layer on 

he surface of the PM-CPC after 24 h of SBF immersion, exhibiting 

hemical similarity to HA as confirmed by EDX analysis ( Fig.6e ). 

he SEM analysis further revealed the formation of needle-shaped 

rystals, with a length ranging from 7.70 μm to 27.04 μm and di- 

meters between 1.5 μm and 3 μm. Samples immersed for 72 h 

xhibited an increased number of HA crystals, which were larger 

n size (both length and diameter), forming clusters on the surface 

ithout covering the entire sample. In contrast, the PM-CPC im- 
457
ersed for seven days demonstrated a complete apatite layer con- 

isting of needle-shaped crystals with lengths between 70.18 μm 

nd 145.06 μm and a diameter of 7.07 μm. Additionally, medium- 

ized (length: 8.3 μm, thickness: 3.4 μm) and large-sized (length: 

2.3 μm, thickness: 19.9 μm) platelet crystals of HA were observed 

 Fig. 7e ). The SEM EDX analysis confirmed the predominance of Ca 

nd P elements on the surface. Evaluation of the Ca/P molar ratio 

f the apatite formed on the optimal PM-CPC recorded a value of 

.60, which closely resembles the typical Ca/P molar ratio of HA 

1.62). 

These findings demonstrate the successful conversion of the 

M-CPC into HA through the immersion in SBF. The formation of 

 chemically similar HA layer on the surface of the PM-CPC and 

he presence of characteristic needle-shaped and platelet crystals 

alidates its bioactive nature and potential for promoting osseoin- 

egration and bone regeneration. 

.4. Bone to bone adhesion properties – optimal PM-CPC 

The bond strength of the optimal PM-CPC was evaluated us- 

ng cancellous and cortical bone samples. Two different bond tests, 

amely, lap shear and tensile testing, were conducted in both wet 

nd dry environments. Results showed that the optimal PM-CPC 

emonstrated higher bond strength values in a dry environment 

ompared to wet conditions for both the cancellous and cortical 

one samples. In dry environments, the lap shear strength values 

or cancellous bone samples were 9.3 ± 2.1 MPa, and the tensile 

trength values were 5.3 ± 1.3 MPa. In wet conditions, the corre- 

ponding values were significantly lower, with lap shear strength 

t 0.95 ± 0.28 MPa and tensile strength at 0.64 ± 0.14 MPa 

 Fig. 7 a and b). Similar trends were observed for the cortical bone 

amples, where dry conditions resulted in lap shear and tensile 

trength values of 8.20 ± 0.3 MPa and 3.5 ± 1.5 MPa, respectively, 

hile wet conditions yielded lower values of 0.80 ± 0.15 MPa and 
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.5 ± 0.1 MPa respectively ( Fig. 7 a and b). Notably, despite the 

ower bond properties when tested in wet conditions, all femora 

one samples exhibited higher resistance to loads compared to cor- 

ical bone samples, withstanding loads exceeding 50 N before frac- 

ure, with a maximum load of 100 N recorded. Furthermore, the 

ond strength values for cortical and cancellous bone samples sur- 

assed those of conventional tissue adhesives, such as Histoacryl, 

alcos LV and BSA-Glue, demonstrating significantly higher values 

 p -value = 0.04) [ 77 , 78 ] . The lap shear and tensile tests recorded

train values of approximately 5 % and 7–10 %, respectively, at the 

oint of failure. It is worth mentioning that lap shear testing gen- 

rated higher load values compared to the tensile test due to the 

ncreased exposure of osteons resulting from the cross-sectional 

ut, potentially enhancing micro-mechanical bonding, and conse- 

uently, enhancing bond strength. 

To examine the failure mode of the optimal PM-CPC, SEM anal- 

sis was conducted on the fracture surfaces of cortical and can- 

ellous bone samples. Mixed-mode failure, i.e., a combination of 

oth cohesive and adhesive modes of failure, occurred in both lap 

hear and tensile testing of cancellous and cortical bone samples, 

s indicated by the representative SEM images. Lap shear and ten- 

ile samples for cortical bone obtained both cohesive and adhesive 

ailure, with PM-CPC covering 51.03 mm2 , approximately 50 %, of 

he fracture surface area of. Similarly, cancellous bone, after either 

ensile or lap shear testing, was observed to fail by mixed-mode 

ailure, with 82.6 % ± 5 % of the fracture surface showing cohesive- 

ode failure and 17.4 % ± 3 % of the fracture surface showing 

dhesive-mode failure. 

. Discussion 

Bioadhesives offer potential for stabilising, repairing, and regen- 

rating bone, as well as advantages over current fracture repair 

echniques. A critical clinical need exists for the development of 

dhesives that can replace the surgical need for metal hardware. 

dditionally, there is a growing demand for an adhesive that can 

e used in combination with traditional metal hardware to en- 

ance fracture stability, minimise micromotion, and reduce the risk 

f loosening over time. To be suitable for fracture stabilisation and 

epair applications, a bone adhesive must provide early mechan- 

cal stability and exhibit optimal adhesive and cohesive proper- 

ies in wet-field conditions. Although, calcium phosphate cements 

ave been used effectively as bone void fillers, they suffer from 

imitations such as compromised biomechanical integrity, poor in- 

ectability, and slow setting times, which hamper their clinical ef- 

ectiveness. In biological fluids, α-TCP, a bioactive and biodegrad- 

ble calcium phosphate, undergoes transformation into HA within 

 relatively short period. A-TCP offers satisfactory biological prop- 

rties and controlled biodegradation. In this study, phosphoserine, 

ecreated complex architectural and material properties in α-TCP- 

ased cements, resulting in significantly stronger adhesion to hard 

issue and diverse biomaterial surfaces, enhanced handling, provi- 

ion of a suitable template for mineralisation of nanoscale amor- 

hous calcium phosphate, and stabilisation of metastable ceramic 

hases. DoE analysis highlighted the influence of the most signif- 

cant factors (LPR, amount of phosphoserine and α-TCP powder 

article size) on the final properties. Optimisation of the process 

ielded an injectable bone adhesive with setting, mechanical and 

dhesion properties suitable for clinical bone defect repair. 

Initially, phase pure α-TCP was fabricated, with XRD analysis 

onfirming the presence of α-TCP without any evidence of other 

alcium phosphates present, such as beta-TCP [79] and HA [80] . 

he presence of other phases could compromise the mechanical 

nd biological properties of the resultant adhesive and therefore, 

chieving high phase purity is crucial to ensure biocompatibility 

nd desired functionality, and to reduce the risk of implant fail- 
458
re or rejection [81–83] . The observed irregular, non-spherical, and 

olyhedral shape with a circularity of 0.35 ± 0.2 in the present 

tudy aligns with the reported morphology for α-TCP powders ob- 

ained through mechanical milling [84] . As expected, there was a 

egative correlation (R ² = 0.90) between particle size and number 

f grinding cycles, consistent with previous findings [42] . The re- 

uction in particle size can be attributed to the mechanical force 

xerted during the grinding process, which breaks down the larger 

articles into smaller ones. Additionally, the negative zeta potential 

btained is advantageous for bone tissue engineering applications 

s it facilitates the adsorption of Ca2 + ions, promoting cell adhe- 

ion, proliferation and new bone formation [ 85 , 86 ]. 

A DoE study was then conducted to gain a comprehensive un- 

erstanding of the factors influencing the handling and mechani- 

al/adhesion properties of the adhesive. The DoE analysis demon- 

trated that the LPR, phosphoserine content, and the number of 

rinding cycles had the most significant impact on these proper- 

ies, with the LPR showing the highest contribution. Increasing the 

PR yielded an adhesive with enhanced injectability while con- 

urrently reducing its setting and mechanical characteristics, in 

lignment with findings from previous investigations [ 42 , 47 ]. Con- 

ersely, increasing the phosphoserine content led to faster setting 

imes, particularly for low levels of LPR, as phosphoserine acts as 

n accelerant in the setting reaction, thereby limiting the injec- 

ion time window. Consequently, careful selection of LPR is nec- 

ssary. The influence of the LPR on mechanical properties can be 

ttributed to the effect the water content on the porosity of the 

dhesive after setting, where a higher water content results in in- 

reased porosity and poorer mechanical properties [87] . The DoE 

xhibited non-linear relationship between phosphoserine content 

nd the mechanical properties. As the phosphoserine content is 

ncreased from 10 wt% to 25 wt%, there is a linear increase in 

ompressive strength. This indicates a positive correlation between 

hosphoserine content and the mechanical properties of the CPC. 

owever, beyond 25 wt% of phosphoserine within the PM-CPC 

omposition, a linear reduction in compressive strength was ob- 

erved. This finding is consistent with prior research on the in- 

uence of phosphoserine in α-TCP, which revealed a decline in 

echanical properties at high phosphoserine concentrations [47] . 

his non-linear relationship between phosphoserine content and 

he mechanical properties of the CPC suggests the presence of an 

ptimum or threshold concentration. At lower phosphoserine lev- 

ls (10 wt% to 25 wt%), the incorporation of phosphoserine ap- 

ears to enhance the interfacial bonding and chemical interactions 

ithin the matrix, leading to improved compressive strength. How- 

ver, at higher phosphoserine levels (beyond 25 wt%), an excess 

f phosphoserine might disrupt the formation of the cement ma- 

rix or introduce structural irregularities, resulting in a decrease in 

ompressive strength. Overall, the DoE models development here 

rovided important insight into the relationships between multiple 

nput and output variables in the context of the PM-CPC synthesis, 

nabling optimisation of the process. 

Optimisation of the PM-CPC adhesive was then carried out us- 

ng the DoE models to identify the optimal PM-CPC composition 

or clinical use, that demonstrates a satisfactory injectability and 

orkability, and setting times within an appropriate range, along 

ith enhanced mechanical and adhesion performance. The opti- 

al composition for PM-CPC adhesive, meeting these clinical re- 

uirements, was determined to be 74 wt% α-TCP (after 11 grinding 

ycles), 25 wt% phosphoserine, 1 wt% calcium silicate, and an LPR 

f 0.3 mL/g. The optimal composition proposed by the DoE studies 

esulted in an injectable adhesive with setting times and static me- 

hanical properties that met the required clinical specifications for 

he treatment of challenging bone fractures. Furthermore, explor- 

ng the influence of increasing the batch size showed that batch 

ize had no effect on the setting and mechanical properties, indi- 
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ating that it is feasible to scale up the fabrication process to pro- 

uce industry relevant volumes. 

Setting times for the optimal PM-CPC of 2.5–3.5 min were 

chieved. The fast setting indicates accelerated HA nucleation in 

he presence of phosphoserine, providing working and setting 

imes within an acceptable range for surgeons to apply and sta- 

ilise bone fracture. While a rapid setting time post mixing is 

ighly desirable from a clinical perspective, this poses challenges 

elating to the injectability of the adhesive. Prior investigations on 

ements for dental application have demonstrated the benefits as- 

ociated with the minimally invasive administration of a bipha- 

ic calcium phosphate adhesive paste, facilitated through the using 

 dual-phase syringe system [ 25 , 56 , 88 ]. Therefore, it is envisaged

hat transitioning from the current manual mixing approach to a 

echanised on-demand mixing technique will enable the precise 

nd minimally invasive application of the PM-CPC cements devel- 

ped herein. Our forthcoming efforts will concentrate on the de- 

elopment of a dual-phase syringe system tailored to meet the 

recise requirement for mixing and delivery of PM-CPC. The com- 

ressive (24.5 ± 4.6 MPa) and bond strength (3.9 ± 0.9 MPa) of 

he optimal PM-CPC also met the clinical requirements. Experi- 

ental validation confirmed the high accuracy and reliability of 

hese models, which increased efficiency and flexibility by enabling 

imultaneous evaluation of multiple factors and quick identifica- 

ion of the critical factors and their optimal levels with fewer runs 

ompared to traditional methods. Consequently, the optimal PM- 

PC composition was identified using a rapid and cost-effective ap- 

roach, while ensuring consistently reliable results. This was made 

ossible by the statistical framework of DoE, which instilled higher 

onfidence in the obtained outcomes. The incorporation of phos- 

hoserine into the α-TCP cement enhanced its cohesion properties 

nd accelerated the setting time, as evidenced by cohesive failure 

bserved in the SEM analysis of the fracture surfaces. This cohesive 

ailure indicates the formation of strong bonding between the PM- 

PC and the substrate of the bone sample, a desirable property for 

linical applications. 

The optimal PM-CPC also demonstrated suitable degradation 

roperties with ∼25 % degradation observed by week 2. The degra- 

ation results were consistent with previous studies [ 89 , 90 ], show- 

ng slow degradation rates under physiological conditions. For in- 

tance, Ruhe et al. [91] fabricated calcium phosphate cements en- 

anced with poly (D,L-lactic-co-glycolic) acid (PLGA) that showed 

egradation of 30–40 % after 12 weeks, with only 10–20 % degra- 

ation during the initial 6 weeks. The PM-CPC provided effective 

upport and stability for bone fragments during the initial stages 

f the natural bone healing process, as demonstrated by the slow 

nitial degradation within the first five days. The overall slow rate 

f degradation aligns with the normal rate of bone healing and 

ew bone formation [92] . Furthermore, the presence of an inter- 

acial apatite layer on the PM-CPC surface, formed after immer- 

ion in SBF for seven days, confirms its bioactivity and suitability 

or biomedical applications. The formation of an interfacial apatite 

ayer at the bone-biomaterials interface is a common characteris- 

ic of bioactive materials [93] . Overall, the slow degradation rate 

eans that the PM-CPC can provide effective support and stabil- 

ty to bone fragments during the initial stages of the natural bone 

ealing process. 

In addition to the optimal handling and mechanical properties, 

he PM-CPC provided effective bone-to-bone bonding when used 

o adhere cancellous and cortical bovine femoral bone. The setting 

ondition (dry or wet) significantly influenced the bond strength, 

ith the optimal PM-CPC exhibiting a higher bond strength in 

ry environments compared to wet environments for both can- 

ellous and cortical bone samples. This finding is consistent with 

revious studies reporting the adverse effects of moisture on the 

onding properties of various biomaterials, including dental adhe- 
459
ives and bone cements [94] . Lower bond strength values under 

et-field conditions can be attributed to the presence of moisture, 

hich interferes with the PM-CPC-bone interface and induces hy- 

rolytic degradation of the adhesive. Despite lower bond strength 

alues under wet-field conditions, all femora bone samples with- 

tood forces > 50 N before fracture, with a maximum load of 

00 N recorded. This provides significantly higher bonding com- 

ared to other commercially available cements [77] . Cochran et al. 

emonstrated the immediate and sustained stabilisation of a den- 

al implant within an oversized osteotomy in a canine mandibu- 

ar model, achieved through the application of a calcium phos- 

hate composition comprising 61.5% w/w, primarily composed of 

etra-calcium phosphate (TTCP) phase, alongside 38.5% w/w phos- 

hoserine) [59] . The histological examination of the implant site 

emonstrated a progressive replacement of the adhesive material 

y bone tissue, establishing and maintaining durable hard tissue 

or up to one year [58] . An extended-term investigation using this 

dhesive formulation further illustrated the gradual substitution 

f the biomaterial, thereby ensuring continuous osseointegration 

nd the long-term maintenance of stability throughout a 12-month 

ollow-up period [51] . The mixed-mode failure observed in the lap 

hear and tensile testing of cancellous and cortical bone samples 

ndicates the presence of both molecular and physical bonds at 

he PM-CPC-bone interface. These results are consistent with other 

iomaterials (i.e., PMMA, Palacos BSA-glue etc.), whereby mixed- 

ode failure was described as the common mode of failure at 

he biomaterial-bone interface [ 77 , 78 ]. Mixed-mode failure leads to 

 more gradual and controlled failure mode, improving mechan- 

cal stability and reducing stress concentrations at the PM-CPC- 

ubstrate interface. 

Taken together, these results demonstrate the successful de- 

elopment of an optimal PM-CPC adhesive with setting, mechan- 

cal, adhesion and degradation properties that potentially meets 

he clinical requirement for an injectable adhesive suitable for or- 

hopaedic and dental applications. 

. Conclusions 

In conclusion, the present study successfully demonstrated the 

otential of PM-CPC as a bioinspired adhesive for the stabilisation 

nd repair of bone fractures. By applying a DoE approach, the com- 

osition of PM-CPC was optimised, with a particular focus on the 

PR and phosphoserine content. The results obtained from the DoE 

nalysis revealed that the LPR and phosphoserine content signif- 

cantly influenced the handling, mechanical, and bond properties 

f the PM-CPC. Through the optimisation process, an optimal for- 

ulation has been identified, exhibiting compressive strength and 

ond/shear strength within the desired clinical ranges after a 24 h 

etting reaction. Moreover, the optimal PM-CPC composition re- 

uired a short mixing time of 20 s and displayed an initial setting 

ime of 3–4 min, allowing for homogenous mixing and precise de- 

ivery within a surgical setting. Notably, the PM-CPC demonstrated 

 high bone-to-bone adhesive bond strength under wet-field con- 

itions, displaying its potential for effective bonding in challeng- 

ng clinical scenarios in both orthopaedic and dental applications. 

urthermore, the PM-CPC exhibited a slow degradation rate dur- 

ng the initial five days, providing crucial support and stability to 

one fragments during the critical early stages of the natural bone 

ealing process. The developed PM-CPC formulations met the clin- 

cal requirements for working and setting times, static mechanical 

roperties, degradation properties, and injectability, making them 

ighly suitable for surgical application to effectively stabilise and 

epair complex bone fractures. 

In summary, the findings from this study highlight the remark- 

ble potential of PM-CPC as an advanced biomaterial for bone 

racture stabilisation and repair. The optimisation of its composi- 
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