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Abstract  26 

  In this study, we propose a novel bioresorbable bioactive implant for tibial tuberosity 27 

advancement (TTA). The implant consists of a gradually resorbing load-bearing shell which 28 

encompasses rapidly resorbing small casings loaded with silica-based bioactive glass (BG) 29 

particulates which promote bone formation and reduce the risk of infection. The shell and the 30 

casings are manufactured by 3D printing from two medical grade biodegradable polymers (a 31 

polyglycolide/lactide based and a polydioxanone based) that have different degradation rates. 32 

The casings are expected to resorb within days after surgery to expose the BG particulates while 33 

the shell would retain the load-bearing properties of the implant for the time required by bone 34 

healing. Unlike the currently used metallic devices, the novel implant is resorbed and excreted 35 

from the body once its purpose is fulfilled. 36 

This study presents a logical progression from the in vitro characterisation of the 37 

materials and implants to the in vivo investigation of the experimental implants. This included 38 

mechanical testing of the materials, finite element analysis of a preliminary design of the novel 39 

TTA implant, assessment of the degradation behaviour of the polymers and the ion exchange 40 

of BG in simulated body fluid, and investigation of the biological response to the novel implants 41 

after implantation in rabbits. 42 

The osteointegration of the novel implants was comparable to the osteointegration of 43 

Ti6Al4V implants in the control group; the biological efficacy and safety were confirmed. The 44 

biological response was in line with the expectations. The proof of concept for the novel TTA 45 

implants was demonstrated. 46 

 47 

Keywords: cranial cruciate ligament deficiency; tibial tuberosity advancement; bioactive glass; 48 

biodegradable polymer; 3D printing  49 
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1. Introduction  50 

Degeneration and rupture of the cranial cruciate ligament (CCL) is one of the most 51 

common musculoskeletal disorders in dogs (Johnson et al., 1994; Harasen, 1995). This 52 

pathological condition can be treated surgically, and tibial tuberosity advancement (TTA), 53 

which results in potentially excellent clinical outcomes, is one of the surgical options available 54 

(Montavon et al., 2002; Samoy et al., 2015; Lafaver et al., 2007). A traditional biostable metallic 55 

TTA implant is integrated by bone ingrowth. These implants are intended to stay permanently 56 

in the body. However, the use of metallic implants may be associated with infection and implant 57 

failure (Lafaver et al., 2007; Costa et al., 2017). Implant removal is frequently used as the 58 

solution to infection but revision surgery to remove a failed osteointegrated implant is 59 

challenging and can result in substantial bone loss and tibial tuberosity fractures (Serratore and 60 

Barnhart, 2018). 61 

A bioresorbable bioactive implant could offer considerable advantages in the treatment 62 

of CCL deficiency (Castilho et al., 2014; Barnhart et al., 2016). Ideally, the implant: is easy to 63 

handle intra-operatively; is strong and stiff enough for the clinical application; does not migrate 64 

prior to bone healing; is biocompatible; encourages bone healing, i.e. is osteoconductive, 65 

osteoinductive, osteogenic and/or osteopromotive; has antimicrobial properties and is resorbed 66 

and excreted from the body once the purpose of the implant is fulfilled. This should decrease 67 

the risk of the complications, particularly those related to surgical-site infection, and thus reduce 68 

the need for revision surgeries and associated risks. 69 

The bioresorbable TTA implants that have been developed and studied thus far are made 70 

of pure bioresorbable polymers, such as polyesters, or contain osteoconductive calcium 71 

phosphate (Ca-P) ceramic particles, such as tricalcium phosphate (TCP) or hydroxyapatite 72 

(HA) (Barnhart et al., 2016). This concept has been used in human bioresorbable implants, and 73 

the associated problems are well documented. The reported complications include implant 74 
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fracture, secondary migration due to poor fixation, aseptic loosening, osteolysis and 75 

chondrolysis (Park et al., 2006; Dhawan et al., 2012). High local acidity due to fast degradation 76 

may also lead to the adverse tissue reactions (Bergsma et al., 1995., Böstman and Pihlajamäki, 77 

2000), or at least negatively interfere with the normal healing processes during degradation. 78 

Furthermore, incomplete ossification may lead to replacement of bone by fibrous tissue (Nho 79 

et al., 2009). The addition of Ca-P ceramic particles into the polymer matrix to a certain degree 80 

neutralises the acidic environment but may decrease the mechanical strength of the composites 81 

(Kikuchi et al., 1997; Kunze et al., 2003). Despite the favourable healing scores, the only 82 

published clinical trial of a polyglycolic acid (PGA) TTA implant with a metallic plate resulted 83 

in relatively a high complication rate due to the poor overall design of the treatment concept 84 

(Bander et al., 2018). However, the design of the implant can be improved by engineering 85 

instruments such as finite element analysis (FEA). 86 

Alternatively, the implants are prepared completely of ceramics, such as TCP or HA or 87 

combinations thereof (Etchepareborde et al., 2014; Castilho et al., 2014; Castilho et al., 2017). 88 

In general, ceramics are brittle materials (Akao et al., 1981) and fail without plastic deformation 89 

when subjected to critical loads. In addition, the mechanical properties of these materials are 90 

difficult to assess, as surface cracks and voids act as stress-concentration centres and influence 91 

the results of measurements. In fact, the results reported for the porous ceramic TTA implants 92 

were promising but needed further investigation (Etchepareborde et al., 2014; Castilho et al., 93 

2014). 94 

We propose a novel bioresorbable bioactive TTA implant. The implant consists of a 95 

gradually resorbing load-bearing shell which encompasses rapidly resorbing casings loaded 96 

with silica-based bioactive glass (BG; Hench et al., 1971; Hench and Paschall, 1973) 97 

particulates which promote bone formation and reduce the risk of infection. The shell and the 98 

casings are manufactured by 3D printing from two medical grade biodegradable polymers (a 99 
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polyglycolide/lactide based and a polydioxanone based) with different degradation rates. The 100 

casings are expected to resorb within days after the surgery to expose the BG particulates and 101 

to enable bone ingrowth while the shell would retain the load-bearing properties of the implant 102 

for the time needed for bone healing. Unlike the currently used porous metallic devices, the 103 

novel implant is completely resorbed and excreted from the body once its purpose is fulfilled. 104 

The advantage of BG over TCP and HA has been well documented (Oonishi et al., 1997; 105 

Välimäki and Aro, 2006; Jones, 2013; Romanò et al., 2014; Bellucci et al., 2016). Our concept 106 

represents a novel way of promotion of bone healing in large defects that also enables load 107 

bearing during healing. It has been shown that use of a bone graft substitute may lead to a better 108 

outcome (James et al., 2017). Unlike the current counterparts where filling with a bone graft 109 

substitute is done in situ, our TTA implant represents a closed ready-to-use system. 110 

This study presents a logical progression from basic in vitro characterisation of the 111 

materials and implants to the in vivo investigation of the biological response in a rabbit model. 112 

The in vitro characterisation included the assessment of the mechanical properties and 113 

dissolution behaviour of the polymers and implants and the precipitation of Ca-P on the surface 114 

of BG and polymers in simulated body fluid (SBF). FEA was used for the estimation of the 115 

mechanical behaviour of a preliminary design of the actual TTA implant prior to implantation 116 

of the selected materials into animals. Finally, biological response to the novel implants was 117 

investigated by the implantation of the simplified versions of the TTA implants in the distal 118 

femoral condyles of rabbits. This preclinical study was designed to give a definite answer on 119 

the biological efficacy and safety of the technical solutions intended for the novel bioresorbable 120 

bioactive TTA implant. 121 

 122 

 123 

 124 
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2. Materials and methods  125 

2.1. Concept and methodology of the study 126 

The study consisted of three stages (Fig. 1). 127 

In Stage 1, the feasibility of the fused deposition modelling (FDM) technique of 3D 128 

printing for the preparation of the TTA implant was assessed. A simplified prototype was 129 

developed and printed from polylactic acid (PLA) as a sealed hollow shell loaded with BG. In 130 

the TTA implant, the BG filler should be in contact with body fluids as soon as possible after 131 

implantation since the bioactive mechanisms of BG are based on ion exchange between the BG 132 

surface and body fluids (Hoppe et al., 2011; O’Neill et al., 2018). Therefore, the implants’ and, 133 

in turn, the prototypes’ walls should pass liquids. On the other hand, walls without pores or 134 

openings would prevent the filler from scattering and would provide better structural integrity 135 

and strength to the implant. To evaluate whether a sealed printed shell is still penetrable by 136 

liquids, the prototypes were immersed in SBF, a liquid with ion concentrations close to those 137 

of blood plasma (Kokubo and Takadama, 2006). The permeability of the walls of the prototype 138 

was evaluated by measuring the ion concentrations in SBF and by detecting Ca-P formation on 139 

the surface of the BG particulates enclosed in the prototypes. The change in the ion 140 

concentrations and the presence of Ca-P would imply that contact had occurred between SBF 141 

and BG particulates in the prototype and that the contact had induced the leaching of active ions 142 

from the BG and started the chemical reactions resulting in the formation of Ca-P. 143 

The goal of Stage 2 was to estimate whether the materials intended for the preparation 144 

of the actual TTA implant would provide acceptable mechanical performance. The materials 145 

were selected based on the degradation rate. In the actual TTA implant (Fig. 2), a load-bearing 146 

shell is produced from a polymer with a lower degradation rate (Dioxaprene 100M, Poly-Med 147 

Inc) which allows the gradual transferring of the load-bearing function to the newly formed 148 

bone. A polymer with a faster degradation rate (Max-Prene 955, Poly-Med Inc) is used to seal 149 
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the casings loaded with the bioactive filler. The fast degradation of the casings allows the 150 

exposure of the bioactive filler to body fluids and enables bone ingrowth inside the implant 151 

within a short time after implantation. This reliably fulfils the bioactive functions of the implant 152 

as well as allows bone ingrowth through it. To assess the mechanical strength of the load-153 

bearing shell of the actual TTA implant, compression testing of the Dioxaprene 100M 154 

specimens was performed. The tests were performed both in a dry state and after immersion in 155 

SBF. The results of these tests were then used in the modelling of the loading conditions of the 156 

actual TTA implant. 157 

In Stage 3, the prototype was further developed to an experimental implant comprising 158 

the materials intended for an actual TTA implant. Stage 3 included in vitro and in vivo phases. 159 

In the in vitro phase, the degradation of the experimental implants was tested by immersion in 160 

SBF. In the in vivo phase, the biological response of the host tissues and osteointegration of the 161 

selected materials were investigated in a rabbit model by insertion of the experimental implants 162 

into critical-sized defects in distal femoral condyles (Daculsi et al., 2011). The quantitative and 163 

qualitative evaluation of new bone formation in the defects was done by micro-computed 164 

tomography (micro-CT) and histological analysis of the femoral condyles harvested from the 165 

animals. 166 

All numerical data collected in the experiments were further statistically analysed if 167 

applicable. The materials used in the study are summarised in Table 1. 168 

 169 

2.2. Stage 1 170 

2.2.1. Preparation of the prototypes 171 

The prototype comprised a hollow casing loaded with either BG (experimental group) 172 

or bioinert flat glass (FG; negative control group) particulates (Fig. 3). The 3D printing filament 173 
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was prepared from PLA pellets using a filament extruder (Filabot EX2, Filabot). A 3D printer 174 

(Leapfrog Creatr, Leapfrog 3D Printers) was used for printing. 175 

 176 

2.2.2. Preparation of SBF 177 

SBF was prepared according to Kokubo and Takadama (Kokubo and Takadama, 2006) 178 

and sterilised with a sterile filter with a pore size of 0.2 µm (VWR International) prior to the 179 

experiments. 180 

 181 

2.2.3. Immersion of the prototypes in SBF 182 

The amount of liquid for the immersion of prototypes was estimated according to the 183 

method suggested by Kokubo and Takadama (Kokubo and Takadama, 2006), taking into 184 

account the area of the BG particulates’ surfaces contacting with SBF. However, since glass 185 

particulates had irregular shape, it was technically impossible to calculate the surface area of 186 

those precisely. Therefore, two approximations were made. The first approximation assumed a 187 

spherical shape of a particulate, and the second approximation assumed an 18-faceted shape. 188 

Thus, the necessary volume of liquid was estimated from 130 to 160 ml per specimen, 189 

correspondingly. However, using that amount of SBF was not feasible due to the experimental 190 

setup conditions. Therefore, a quasi-dynamic immersion test was conducted (Zhang et al., 2012, 191 

Hoppe et al., 2013). Each specimen was immersed in 50 ml of SBF in a sterile plastic tube, and, 192 

to compensate for the decreased amount of liquid, SBF in the tubes was changed every 24 hrs. 193 

This would avoid the saturation of the liquid with the ions leaching from the glass particulates. 194 

The saturation of the liquid, in turn, could lead to precipitation of HA formed within the liquid 195 

from the Ca ions containing in SBF, but not on the BG particulates’ surfaces from the ions 196 

containing in the glass. Thus, by regular changing of SBF, the risk of a false-positive result was 197 

decreased.  198 
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In total, three groups of specimens were prepared (Table 2). Tubes with pure SBF served 199 

as baseline. All the tubes were placed in a shaking water bath (Grant Type OLS 200, Grant 200 

Instruments) for seven days at 37 °C.  201 

 202 

2.2.4. Analysis of the ion concentrations in SBF 203 

After the test, samples of the used SBF from day 7 were analysed for the Ca, P and Si 204 

ion concentrations by inductively coupled plasma-optical emission spectrometry (ICP-OES; 205 

Optima 5300 DV, PerkinElmer). 206 

 207 

2.2.5. Analysis of the Ca-P formation 208 

Specimens of the casing walls and the filler were collected. Backscattered electron 209 

imaging (BEI) of the specimens was performed, and the precipitation of Ca-P on the surface of 210 

the specimens was analysed by desktop scanning electron microscope with energy dispersive 211 

X-ray spectroscopy (SEM/EDS) (Phenom ProX, Phenom-World B.V.). 212 

 213 

2.3. Stage 2 214 

2.3.1. Preparation of specimens 215 

Three 10 mm long pieces of each filament intended for the novel TTA implant (Max-216 

Prene 955, Poly-Med Inc; Dioxaprene 100M, Poly-Med Inc) were prepared. Each piece was 217 

immersed for 14 days in 15 ml of SBF in a plastic tube and placed in a shaking water bath at 218 

37 °C. A technical grade PLA filament (miniFactory Oy Ltd) was used as a control. After 219 

removal from SBF, 3.5 mm specimens were prepared from these filament pieces and, 220 

additionally, from dry filament. 221 

 222 

 223 
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2.3.2. Mechanical testing 224 

A universal material testing machine (LRX, Lloyd Instruments Ltd.) was applied to 225 

determine the load-deflection response of the polymers under compression load following the 226 

standard ISO 604:2002 (Fig. 4a). 227 

 228 

2.3.3. Finite element analysis 1 229 

For Dioxaprene 100M, elastic modulus and yielding strength were derived from the 230 

obtained compression load-deflection curves and later used for computational simulation of a 231 

preliminary design of the load-bearing shell of the TTA implant. To validate these parameters, 232 

the compression testing setup was first computationally simulated as a general static problem 233 

using a commercial software package (Abaqus 2017, Dassault Systèmes SIMULIA Corp.). 234 

Taking the advantage of axial symmetry, the FE model represented a half of a two-dimensional 235 

cross-section of a testing specimen (Fig. 4b) to minimise the computational expenses. 236 

 237 

2.3.4. Finite element analysis 2 238 

To estimate the mechanical performance of the load-bearing shell of an actual TTA 239 

implant, a preliminary design was tested by FEA (Fig. 5) in conditions mimicking the testing 240 

setup used by Etchepareborde et al. (2014). A general static problem using three-dimensional 241 

geometrical model was solved in Abaqus 2017 software. 242 

 243 

2.4. Stage 3. In vitro phase 244 

2.4.1. Preparation of the experimental implants 245 

The experimental implants comprised a hollow casing prepared of Max-Prene 955, an 246 

insert prepared of Dioxaprene 100M, and BG particulates as bioactive filler (Fig. 6). Custom 247 
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programme code was written for printing the parts of the implants. The fully assembled 248 

implants were sterilised with gamma irradiation. 249 

 250 

2.4.2. Immersion of the experimental implants in SBF 251 

To calculate the necessary amount of SBF, approximation of a BG particulate as an 18-252 

faceted shape was done, as a more conservative estimation. Thus, five experimental implants 253 

were immersed in 77 ml of SBF each in sterile plastic tubes for 12 weeks. The volume of the 254 

SBF was calculated according to Kokubo and Takadamo (Kokubo and Takadamo, 2006). The 255 

tubes were kept in a shaking water bath at 37°C.  256 

 257 

2.4.3. Analysis of material degradation 258 

After the immersion, the implant residues were collected, dried in a desiccator and 259 

inspected visually on the macroscopic and microscopic level. Change of the initial shape and 260 

colour of the experimental implants would confirm material degradation.  261 

 262 

2.5. Stage 3. In vivo phase 263 

2.5.1. Preparation of the implants 264 

The experimental implants used in the in vivo phase were similar to those used in the in 265 

vitro phase (Fig. 6). 266 

The control implants (Fig. 7) were manufactured from commercially available human 267 

proximal humeral locking nails made of titanium alloy (Versanail, DePuy). The design of the 268 

control implants simulated that of commercially available TTA implants, such as implants 269 

manufactured by KYON AG. The control implants were sterilised by autoclaving. 270 

 271 

 272 
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2.5.2. Animal model 273 

Ten New Zealand White rabbits (males; average age 60.8 weeks; average weight 4.9 274 

kg) were used in the study. The acclimatisation lasted 14 days during which the animals were 275 

inspected daily. The animals were housed in an air-conditioned room in standard individual 276 

plastic boxes with the day/night cycle 12 h/12 h. The animals were fed ad libitum with 277 

commercial food and had free access to fresh water. 278 

The experiment was conducted at the National Veterinary School – Oniris in Nantes, 279 

France, according to 3R principles (Replacement, Reduction, Refinement) and the European 280 

Directive 2010/63/EU on the protection of animals used for scientific purposes. FELASA 281 

guidelines were followed. The necessary permits were obtained (CEEEA.2012.212 “Bone 282 

substitute biomaterials evaluation in distal epiphysis of rabbit femurs”, Global animal 283 

experimentation authorization, E.44-271 obtained on June 12th, 2008). 284 

General anaesthesia, standard aseptic conditions and analgesic procedures were applied. 285 

During the surgery, skin incisions were followed by arthrotomy. The bone surfaces of the distal 286 

femoral condyles were exposed. Critical-sized defects were drilled under irrigation with saline 287 

(Fig. 8). The defects were filled with experimental implants, control implants or were left empty 288 

according to a randomisation plan (Table 3). Thereafter, the incisions were closed in layers. 289 

The same procedures were performed bilaterally. Thus, 20 defects were created in total in 10 290 

animals. 291 

The follow-up period was 12 weeks during which all animals were inspected daily. The 292 

animals showing signs of pain would be subjected to an analgesia protocol. On day 84 the 293 

animals were euthanised under general anaesthesia. The implant sites were exposed and 294 

evaluated macroscopically for pathologies. The distal femoral condyles were harvested and 295 

fixed in 4.0% Formol solution. 296 
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Due to a significant infection in the mandible, one of the animals was excluded from 297 

the experiment and euthanised on day 26. Nevertheless, the implanted femoral condyles from 298 

this animal were harvested and investigated according to the normal study protocol; one of these 299 

condyles was empty and another one was implanted with an experimental implant. 300 

 301 

2.5.3. Micro-CT analysis 302 

The condyles with empty defects and with experimental implants were imaged with 303 

micro-CT (Skyscan 1072, Skyscan n.v.). The software package Mimics 14 (Materialise) was 304 

used for 3D reconstruction of the condyles. For the morphometrical analysis of bone ingrowth, 305 

the total volume of interest (VOI) and three sub-VOIs were determined (Fig. 9). Within each 306 

VOI, the bone or bone/BG conglomerate fraction was measured. 307 

 308 

2.5.4. Histological analysis 309 

To avoid geometrical distortion of the distribution of implant material and bone tissues 310 

in a section and to obtain relevant results, a section should be cut as close as possible to the 311 

diametrical plane of an implant. Therefore, two undecalcified 20 μm-thick histological sections 312 

were prepared from each condyle by cutting approximately along the central axis of the implant; 313 

one of the sections was stained by the Von Kossa (VK) method, another one was stained using 314 

haematoxylin and eosin (HE) staining. The total number of sections per group was in line with 315 

other studies where similar animal model was used (Voor et al., 2004; Daculsi et al., 2011; 316 

Zhang et al., 2014). Optical microscopy was used for the visual assessment of the sections. For 317 

the morphometrical assessment, the programme CT Analysis v. 1.18.8.0 (Bruker Corporation) 318 

was used. A region of interest (ROI) was determined for each histological section (Fig. 10). 319 

The fraction of newly formed bone or bone/BG conglomerate was measured. 320 

 321 
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2.6. Statistical analysis 322 

 The commercial software SPSS Statistics 25 (IBM Corporation) was used for the 323 

statistical analyses. The normality of the distribution was evaluated with the Kolmogorov-324 

Smirnov test. Normally distributed data were analysed using either the independent-samples t 325 

test (for two samples) or one-way ANOVA with Tukey post hoc test (for three samples). 326 

Otherwise, the Mann-Whitney U test or Kruskall-Wallis test with pairwise comparison were 327 

applied, correspondingly. The significance level P was 0.05 in all cases. 328 

 329 

3. Results 330 

3.1. Stage 1 331 

3.1.1. Analysis of the ion concentrations in SBF 332 

The concentrations of all ion types in SBF from the prototypes filled with FG did not 333 

significantly differ from the baseline SBF (Fig. 11). The concentrations of Ca and Si ions in 334 

SBF from the prototypes filled with BG were significantly higher than those in the baseline 335 

SBF. This implied an increase in the ion release level in the prototypes filled with BG 336 

particulates relative to the prototypes filled with FG particulates. 337 

 338 

3.1.2. Analysis of Ca-P formation 339 

Precipitation of Ca-P was detected on the surface of BG granules and on the walls of 340 

the prototypes filled with BG, as well as on the control BG particulates (Fig. 12b,c,e,g). No Ca-341 

P was detected in the group with FG particulates (Fig. 12a,d,f). Precipitation of Ca-P was able 342 

to occur due to the contact between BG particulates and SBF (Fig. 12h). Thus, it is possible to 343 

make a sealed non-porous structure printed by FDM that has walls through which body liquids 344 

can pass. 345 

 346 
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3.2. Stage 2 347 

3.2.1. Mechanical testing 348 

After immersion in SBF for 14 days, specimens of PLA and Dioxaprene 100M did not 349 

show any visible signs of degradation. Specimens of Max-Prene 955 partially lost their initial 350 

colour and had multiple visible cracks. 351 

The load-bearing capacity of Dioxaprene 100M and PLA was higher after immersion 352 

(Fig. 13a-d). The specimens of Max-Prene 955 (Fig. 13e), in accordance to the manufacturer’s 353 

data sheet, degraded more. In a real TTA implant, this would be a desirable outcome, however, 354 

the mechanical testing of those specimens was technically impossible due to the extreme 355 

brittleness of the specimens after immersion. 356 

The elastic moduli and yield strength of Dioxaprene 100M calculated for FE simulation 357 

are given in Table 4. The simulation of compression test demonstrated satisfying 358 

correspondence between experimental and computational results (Fig. 13c,d). The simulation 359 

of the load-bearing shell showed that the deformation of the shell under loads within the range 360 

of ultimate loads (178 … 1917 N) determined in Etchepareborde et al. (2014) did not lead to 361 

irreversible plastic deformations (Fig. 14). 362 

 363 

3.3. Stage 3. In vitro phase 364 

3.3.1. Analysis of material degradation 365 

Visible signs of the degradation of the experimental implant casings was observed. 366 

During the test, the casings lost their initial colour and separated into several shapeless pieces. 367 

During filtering of the hard residues from SBF, the parts of the casings completely dissipated 368 

into small particles. No noticeable changes in the shape and colour of the inserts were observed, 369 

however, signs of degradation were found under light microscopic analysis. 370 

 371 
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3.4. Stage 3. In vivo phase 372 

3.4.1. Micro-CT analysis 373 

Nine animals recovered from the surgery and were euthanised on day 84. During the 374 

extraction of the condyles, no pathologies were found. New bone tissue grew through the 375 

experimental implants in all animals (Fig. 15). The new bone bridged the opposite sides of the 376 

implants together and connected them to the surrounding cancellous bone. The bone/BG 377 

conglomerate fraction in all VOIs in the experimental implants was higher than the bone 378 

fraction in the empty defects (Table 5). However, due to the presence of an outlier in the group 379 

with empty defects, the differences were not significant (Fig. 16). 380 

 381 

3.4.2. Histological analysis 382 

In all groups, the structure of the newly formed bone corresponded to the surrounding 383 

tissues. A minimum amount of new bone was observed in the empty defects (Fig. 17a). In the 384 

experimental implants (Fig. 17b), new bone entirely covered the BG granules forming a 385 

uniform bone/BG conglomerate. The formation of a Ca-P layer on the granule surfaces implied 386 

resorption of BG. Thus, the filler can eventually be entirely substituted with bone tissue. No 387 

traces of the implant casings were found, whereas the inserts could easily be seen and had 388 

distinct signs of degradation. Thus, the whole experimental implant and, in turn, the TTA 389 

implant made of the same materials, can eventually be completely resorbed in the body. In the 390 

condyle harvested from the infected animal after 26 days, there were still remaining parts of the 391 

implant casing present enclosing the BG granules, and the insert was more clearly seen than in 392 

the condyles harvested after 84 days (Fig. 17c). In the control implants, new bone tissue was 393 

typically observed only in the grooves and along the outer surfaces of the implants, but not 394 

inside the inner channel (Fig. 17d). The bone tissue was mechanically connected to the metal 395 

in sporadically allocated spots.  396 
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The fraction of both pure new bone and bone/BG conglomerate in the experimental 397 

implants was higher than that of new bone in the empty defects (Table 6). When calculating the 398 

bone/BG conglomerate fraction, the difference was significant (Fig. 18). With both assessment 399 

approaches, the fraction of bone or bone/BG conglomerate was comparable to the bone fraction 400 

in the control implant; all those were in line with the normal bone fraction for a healthy rabbit 401 

femur (van der Meulen et al., 2006, 2009). 402 

 403 

4. Discussion 404 

In this study, we proposed a novel bioresorbable bioactive TTA implant. We 405 

investigated the in vitro and in vivo behaviour of the novel implants. The results of the study 406 

were in line with the expectations. The novel bioresorbable bioactive implant can solve the 407 

problems related to the remaining metallic parts of a conventional TTA implant in the patient 408 

body. Moreover, due to the osteopromotive properties, our implants could be used for revision 409 

surgery when a failed metallic implant needs to be removed. 410 

Among multiple available polymer processing technologies, one of the conventional 3D 411 

printing techniques, FDM, has been selected for the preparation of the prototypes and implants 412 

investigated in the study due to its widespread use, ease of use, ease of scaling and tailoring of 413 

printed parts and relatively low cost. In addition, there are various medical-grade polymers 414 

available in the market in the shape of ready-to-use filaments for FDM printing. The in vitro 415 

study confirmed that the use of FDM technique allows preparation of all components of the 416 

novel TTA implant, including the entirely sealed shell. Namely, the shell can be penetrated by 417 

liquids and, in turn, by the active ions which provide the bioactive functions of the filler. 418 

However, to avoid the unjustified risk of fibrous formation around the implants in the in vivo 419 

stage of the study, the experimental implants were made perforated. This would favour the 420 

osteointegration of the implant within the limited time of the experiment. The size of the pores 421 
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was around 350 µm (Otsuki et al., 2006; Li et al., 2007). Nevertheless, the fast resorbing part 422 

of the experimental implant degraded at a considerably higher rate than the insert simulating 423 

load-bearing shell. In the case of actual TTA implants, this would guarantee fast exposure of 424 

the bioactive filler to body fluids. 425 

It is necessary to note that the degradation of a large bulk of bioresorbable polymers, 426 

similar to those used in the study, is followed by a release of acidic products and may lead to 427 

the formation of osteolytic zones in cancellous bone (Böstman and Pihlajamäki, 2000; Barber 428 

and Dockery, 2006; Meyer et al., 2012). However, BG raises the local pH level when in contact 429 

with body fluids which neutralises these acidic products (Li et al., 1990; Haaparanta et al., 430 

2015). The increase of pH level also provides an antimicrobial effect by the BG (Allan et al., 431 

2001; Zhang et al., 2010). In fact, the successful osteointegration of the experimental implants 432 

and absence of complications in the implant site confirmed the biological efficacy and safety 433 

of our concept. Moreover, our concept is versatile and can be applied not only in an “all-in-434 

one” load-bearing implant, such as the one suggested in the study, but also as a separate filling 435 

material for large bone defects. In this approach, blocks of bioactive filler encapsulated in fast 436 

resorbing shells of different sizes can be used to fill a bone defect of an arbitrary shape. 437 

Furthermore, different types of bioactive fillers can be used instead of, or in a combination with 438 

BG. Finally, application of this concept is not limited to veterinary patients.  439 

One could speculate that a putty-like BG-based bone graft substitute could be easier to 440 

handle than BG particulates when used as a bioactive filler in implantable devices. However, it 441 

has been shown that the bioactivity of the glass particulates contained in putty is significantly 442 

supressed since most of the granules are embedded in the putty matrix and do not react with 443 

body fluids until the matrix is dissolved (Stoor and Frantzen, 2017). 444 

The rabbit model was used in the in vivo stage of the study to investigate the biological 445 

response to the experimental implant prior to conducting a clinical trial on dogs using an actual 446 
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TTA implant. Practice has shown that the development of a bioresorbable TTA implant might 447 

be coupled with elevated risks for the dogs (Barnhart et al., 2016; Bander et al., 2018). 448 

Therefore, the standardised rabbit model (Daculsi et al., 2011) was used to apply the ethical 449 

principles which are undisputable in the development of novel treatment solutions for humans 450 

but, at the same time, are rare in veterinary practice. The experimental implants used in the in 451 

vivo experiment represented a simplified model of the actual TTA implant designed to reduce 452 

the impact of load-bearing factors on the study. This was validated by the fact that for rabbits, 453 

the size of an actual TTA implant would be even smaller than for toy-breed dogs; therefore, the 454 

manufacturing process of such an implant presented an unjustified technical challenge. In 455 

addition, the kinematics of the dog’s motion is different from that of the rabbit. Consequently, 456 

direct comparison of the models would be clinically irrelevant. Moreover, in the case of 457 

mechanical failure of an actual loadbearing TTA implant in a rabbit, it would be difficult to 458 

distinguish what triggered the failure: the improper implant design or the biological 459 

incompatibility of the selected materials. Nevertheless, the preliminary mechanical testing of 460 

the printing filaments and the simple FEA performed in the study confirmed that the materials 461 

selected for the preparation of the experimental implants and, in the future, of the actual TTA 462 

implants have adequate mechanical properties both in a dry state and after contact with body 463 

fluids. The detailed design optimisation of the novel TTA implant will be performed in future 464 

studies. A clinical trial on dogs will be performed using the mechanically optimised TTA 465 

implants. 466 

 467 

5. Conclusions 468 

The proof of concept for the novel bioresorbable bioactive TTA implants was 469 

demonstrated. Future studies are expected, including the computational optimisation of the 470 
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geometry of the TTA implant, mechanical testing and FEA of the final implant design focused 471 

on the evaluation of fatigue, and a clinical trial in dogs. 472 
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 671 
 672 

Figure 1. The overall workflow of the study.  673 
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 674 
 675 

Figure 2. Rendering of the concept of a bioactive bioresorbable TTA implant: exploded (A) 676 

and assembled view (B).  677 
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 678 
 679 

Figure 3. Rendering of the prototype used in Stage 1. Dimensions given in mm.  680 
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 681 
 682 

Figure 4. Mechanical testing of filaments: schematic representation of the compression testing 683 

setup (A); two-dimensional axisymmetric FE model simulating the compression test (B).  684 



 29 

 685 
 686 

Figure 5. Schematic representation of the three-dimensional FE model simulating the 687 

compression test of the load-bearing shell of the novel TTA implant: isometric overview (A); 688 

dimensions of the model (B); dimensions of the load-bearing shell of the TTA implant (C).  689 
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 690 
 691 

Figure 6. Rendering of the experimental implant used in Stage 3. Dimensions given in mm.  692 
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 693 
 694 

Figure 7. Rendering of the control implant used in Stage 3. Dimensions given in mm.  695 
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 696 
 697 

Figure 8. Location of critical-sized defects in the animal body (A); cross section of the 698 

operated distal femurs with cylindrical critical-sized defects: right (B) and left (C). 699 

Dimensions given in mm.  700 
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 701 
 702 

Figure 9. Volumes of interest used in the micro-CT analysis. Dimensions given in mm.  703 
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 704 
 705 

Figure 10. An ideal region of interest used in the histological analysis. Dimensions given in 706 

mm.  707 
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 708 
 709 

Figure 11. Ion concentrations of Ca, P and Si in SBF after the immersion of the prototypes for 710 

seven days.  711 
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 712 
 713 

Figure 12. Backscattered electron images of prototypes after immersion in SBF: the surface of 714 

an FG granule taken from a prototype (A); the surface of a BG granule taken from a prototype 715 

(B); the surface of a control BG granule (C); the inner surface of a casing wall in a prototype 716 

loaded with FG (D) and BG (E); the outer surface of a casing wall in a prototype loaded with 717 

FG (F) and BG (G); location of the imaged zones on a prototype casing and a scheme of the 718 

ion exchange (H).  719 
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 720 
 721 

Figure 13. Load-deflection curves determined in the compression test of filaments: technical 722 

PLA, dry (A) and after immersion in SBF (B); Dioxaprene 100M, dry (C) and after 723 

immersion in SBF (D); Max-Prene 955, dry (E).  724 
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 725 
 726 

Figure 14. Reaction moment and equivalent force determined by FEA for the load-bearing 727 

shell of the TTA implant: in a dry condition (A); in a condition equivalent to immersion in 728 

SBF for 28 days (B).  729 
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 730 
 731 

Figure 15. 3D reconstruction of distal femur condyles harvested from the operated animals: a 732 

condyle with an empty defect (A); a condyle with the experimental implant (B). Total VOIs 733 

are outlined.  734 
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 735 
 736 

Figure 16. Distribution of the bone fraction according to the micro-CT analysis: in the total 737 

VOI (a); in the VOI-I (b); in the VOI-II (c); in the VOI-III (d). Outliers are shown with 738 

pentagons.  739 
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 740 
 741 

Figure 17. Light microscopic images of histological sections: empty defect (A); experimental 742 

implant (B); experimental implant from the infected animal (C); control implant (D).  743 
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 744 
 745 

Figure 18. Distribution of the bone fraction according to the histological analysis: pure bone 746 

fraction in the experimental implants is considered (A); bone/BG conglomerate fraction in the 747 

experimental implants is considered (B).  748 
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Table 1 749 

Materials used in the preparation of the specimens in the study. 750 

 751 

Material Type of material Manufacturer Used in stage 

Ingeo Biopolymer 

4043D 
PLA pellets NatureWorks LLC 1 

S53P4 
Bioactive glass 

particulates 

BonAlive Biomaterials 

Ltd 
1,3 

FG Flat glass particulatesa N/A 1 

Max-Prene 955 
Polyglycolide/lactide - 

based printing filament 

Poly-Med, Inc. 2,3 

Dioxaprene 100M 
Polydioxanone - based 

printing filament 

Ti-6Al-4V 
Biocompatible titanium 

alloy 
DePuy International Ltd 3 

 752 

a The composition has been reported earlier (Madanat et al., 2009). 753 

  754 
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Table 2 755 

Groups of specimens used in Stage 1. 756 

 757 

Group Casing 
Filler 

type 

Filler fraction 

size (µm) 

Filler 

mass (g) 

SBF 

volume 

(ml) 

n 

Prototypes with BG 

PLA 

S53P4 

800 – 1000 0.5 

50 

5 Prototypes with FG FG 

Control BG 

particulates 
none 

S53P4 

Baseline SBF none N/A N/A 3 

 758 

  759 
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Table 3 760 

Groups of specimens used in Stage 3 in vivo phase. 761 

 762 

Group Casing Insert Filler type 
Fraction size 

(µm) 
n 

 Experimental 

implants 
Max-Prene 955 

Dioxaprene 

100M 
S53P4 300 – 500 6 

Control 

implants 
Ti-6Al-4V 

none none N/A 

7 

Empty defects none 5 

 763 

  764 
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Table 4 765 

Mechanical parameters of Dioxaprene 100M determined in the compression test in Stage 2. 766 

 767 

Elastic modulus (MPa) Yield strength (MPa) 

Dry After SBF Dry After SBF 

538 657 16.8 29.5 

 768 

  769 
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Table 5 770 

Amount of newly formed bone according to the micro-CT analysis. 771 

 772 

Group 

Bone volume fraction 

Total VOI VOI-I VOI-II VOI-III 

Empty defects 0.118 (0.126) b 0.173 (0.084) b 0.004 (0.001, 0.015) c 0.011 (0.010, 0.100) c 

Experimental 

implantsa 
0.192 (0.078) b 0.302 (0.160) b 0.089 (0.058, 0.135) c 0.108 (0.076, 0.174) c 

Excluded 

animal, empty 

defect 

0.104 0.095 0.014 0.192 

Excluded 

animal, 

experimental 

implant 

0.238 0.285 0.088 0.291 

 773 

a Bone/BG conglomerate volume fraction was measured in the experimental implants. 774 

b The data is given in the format: mean (standard deviation). 775 

c The data is given in the format: median (25th percentile, 75th percentile). 776 

  777 
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Table 6 778 

Amount of newly formed bone according to the histological analyses. 779 

 780 

Group Bone volume fraction 
Bone/BG conglomerate 

fraction 

Empty defects 0.113 (0.097) a N/A 

Experimental implants 0.192 (0.110) a 0.320 (0.085) a 

Control implants 0.283 (0.130) a N/A 

Excluded animal, empty 

defect 
0.097 b N/A 

Excluded animal, 

experimental implant 
0.120 b 0.405 b 

 781 

a The data is given in the format: mean (standard deviation). 782 

b The data is given as an average of two values corresponding to two histological sections per 783 

condyle. 784 

 785 


