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Abstract: Lack of primary stability and osteointegration in metallic implants may result in implant
loosening and failure. Adding porosity to metallic implants reduces stress shielding effect and im-
proves implant performance allowing the surrounding bone tissue growth inwards the scaffold.
However, a bioactive surface is needed to stimulate implant osteointegration and improve mechan-
ical stability. In this study, porous titanium implants were produced by powder sintering to create
different porous diameters and open interconnectivity. Two strategies were used to generate a bio-
active surface on the metallic foams: an inorganic alkali thermo-chemical treatment and by grafting
a cell adhesive tripeptide (RGD). RGD peptides show affinity for integrins expressed by osteoblasts
and have been reported to improve osteoblast adhesion, while the thermo-chemical treatment is
shown to improve titanium implant osseointegration upon implantation. Bioactivated scaffolds and
control samples were implanted in tibiae of rabbits to analyze the effect of these two strategies in
vivo regarding bone tissue regeneration through interconnected porosity. Histomorphometric eval-
uation was performed at 4 and 12 weeks after implantation. Bone index contact (BIC) and bone in-
growth and on-growth were evaluated in different regions of interest (ROIs) inside and outside the
implant. The results of this study showed that after long term implantation, the RGD-coated sam-
ples presented higher quantification values of quantified newly formed bone tissue in the implants
outer area. However, the total analyzed bone in-growth was observed to be slightly greater in the
scaffolds treated with alkali thermochemical treatment. These results suggest that both strategies
contribute to enhance porous metallic implants stability and osteointegration, and combination of
both strategies might be worth pursuing.
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1. Introduction

The objective of a wide range of medical and veterinary disciplines for many centu-
ries has been to provide implants with proper functioning and an adequate biological re-
sponse. Suitable biomechanical properties are sought for bone application biomaterials to
stimulate bone tissue growth and consolidation.

According to previous studies, various properties of bone-mimicking biomaterials
need to be simultaneously adjusted for optimal bone tissue regeneration and implant os-
seointegration [1,2]. Cell activity and bone tissue formation are stimulated by several fac-
tors such as physical substrate topography, geometrical design, shear stress, stiffness and
electrical forces, as well as biochemical elements such as growth factors, genes or proteins
[3-6]. Consequently, next-generation tissue engineered scaffolds must integrate a range of
biological and physical properties for optimal bone regeneration. It is important that ma-
terials possess optimal biocompatibility, osseoconduction and osseointegration properties
to achieve rapid implant fixation without causing adverse reactions or rejections [7-9].
Calcium phosphates, bioglass and ceramics have been proven to be biocompatible and
have osteoconductive properties through the formation of hydroxyapatite on their sur-
faces [10]. However, they are biomechanically insufficient as they do not support high
stress loads [11-12].

Plain metals, such as titanium, support mechanical loads but do not allow good con-
tact between newly formed bone tissue and implant surface. Therefore, porous titanium
implants with open, interconnected macro and micropores were developed to allow bone
in-growth penetrating the implant, and bone on-growth over its surface to improve its
mechanical interlocking fixation [13-18]. Nowadays, porous titanium and its alloys are
commonly used for clinical applications under loading conditions because they permit to
adjust its porosity and mechanical features to mimic bone properties for each site of im-
plantation. This enables its use for orthopaedic applications such as fixation screws, spinal
fixation devices, artificial ligament anchors, dental implants, or foot and ankle reconstruc-
tive Wedges [19-22].

3D open and interconnected pores promote bone-forming cells penetration into the
implant and facilitate proper nutrient supply inside a large inner volume for bone in-
growth. Subsequently, cell attachment and proliferation of properly vascularized new
bone is achieved, providing a strong and durable implant-bone interaction that enhances
the optimal function and the lifetime of the implanted device [17, 23-26].

The scaffold’s geometrical external design and its surface macro roughness provide
immediate primary mechanical stability to the implant. The high friction forces featured
between the rough implant surface and the peri-implant bone tissue increase the implant
fixation in its location. Furthermore, metal structure's porosity reduces the implant’s
Young’s modulus, improving load transfer to adjacent bone tissues. That the risk of im-
plant loosening through mitigation and/or reduction of the deleterious stress shielding
related to bone resorption [22, 27-35].

Porous titanium scaffolds can be manufactured using a wide variety of processes [6,
36], such as traditional compression and sintering [16, 27, 37], polymeric sponge replica-
tion [38], combustion synthesis [39], powder metallurgy (PM) [16, 26, 40-43], rapid proto-
typing [36, 40, 44], (SEBM) selective electron beam melting [45-50], (SLM) selective laser
melting [15, 43, 51-56], and selective laser sintering [36, 56-57], among the most notewor-
thy. PM seems to be a particularly advantageous method for manufacturing complex
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102 shapes with interconnected pores without the need of machining steps [16, 42, 58] thus
103 shortening the processing route and decreasing related costs [42, 58-59]. Pores of PM man-
104 ufactured scaffolds can be created by different modes such as particle arrangement during
105 the first compaction step, use of spacer particles disintegration or by solid-state diffusion
106 during the sintering stage [60]. Moreover, porosity properties such as pore size, total po-
107 rosity, pore size distribution, porosity gradient and porosity interconnectivity can be op-
108 timized using this technique in order to better match the bone mechanical properties [16,
109 26, 61].

110 Porous titanium implants alone have been shown to have osseoconductive and osse-
111 ointegrative properties. However, many treatments are presently available to bioactivate
112 the implants thus improving their properties to accelerate osseointegration. Ti can also
113 undergo a wide range of surface modifications in order to improve cell adhesion, prolif-
114 eration and differentiation to enhance its osseoconductive and osseointegrative capabili-
115 ties [6, 30, 62-66]. In this regard, the surface of the porous system can be activated by dif-
116 ferent functionalizing coatings using calcium phosphates [67-70], demineralized bone ma-
117 trix [26], (DCB) decellularized bone [25], bone marrow aspirate [71], platelet-rich plasma
118 [72], bone morphogenetic proteins [73-74], mesenchymal stem cells [75-76] and bioactive
119 peptides [77-83].

120 In this study, highly-interconnected porous Ti scaffolds obtained by PM treated with
121 two different strategies of surface activation have been evaluated. One of the strategies
122 consists of an inorganic thermo-chemical treatment that promotes nucleation and growth
123 of a bone-like apatite layer over the Ti surface [61, 84-86]. The other strategy is a surface
124 coating by grafting of a cell adhesive tripeptide (RGD) [26, 87-90]. RGD peptides show
125 affinity for integrins expressed by osteoblasts, and have been reported to improve osteo-
126 blast adhesion and improve implant osseointegration [91-92].

127 The evaluation of both strategies was performed and compared by means of an in-
128 vivo study using rabbit tibiae as animal model. Highly-interconnected porous Ti scaffolds
129 obtained by PM without treatment were used as control. Two time points were studied in
130 order to evaluate the results at short and long implantation time (4 and 12 weeks).

131 The results of this study showed that after long time implantation, the peptide-
132 treated samples showed higher values for quantification in the outer area. In the inner
133 area, more variability was observed to the different groups: in terms of total bone in-
134 growth, it was seen that the scaffolds with the thermochemical treatment showed values
135 slightly above those obtained for the peptide group.

136

137 2. Results

138 2.1. Clinical and radiographic results.

139 All animals recovered uneventfully from the surgery and no postoperative compli-
140 cations such as foreign body reaction, infection, etc. were observed. During the study,
141 none of the experimental animals had clinical signs of disease, disturbances of gait, or
142 alterations in hematologic or biochemical profiles that could interfere with the study.

143 Postoperative radiographs showed a proper placement of the titanium implanted
144 cylinders (jError! No se encuentra el origen de la referencia.). The radiographic evalua-
145 tion of the isolated tibiae at the end of the study also showed all the titanium cylinders
146 properly placed with no signs of implant migration.

147 Peri-implant radiolucency was not observed in any sample and good bone-to-im-
148 plant contact was confirmed radiographically in all the samples indicating an adequate
149 new bone formation response around the implants.

150
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151
152 Figure 1: MedioLateral (a) and craniocaudal (b) postoperative X-ray images showing both, insertion point location and implant
153 alignment.
154 2.2. Porous implant structure and mechanical properties
155 The porosity of the implants was characterized by mercury immersion porosimetry
156 (MIP) showing an interconnected porosity average of 53% formed by macro and micro
157 pores. The mean diameter for macro pores was 210 um, while micro pores size ranged
158 from 1 to 15 pm. The bioactivation process of the scaffolds did not modify the values of
159 titanium porosity in terms of interconnectivity. The mechanical properties characteriza-
160 tion was previously described elsewhere [26].
161
162 2.3. Quantitative histomorphometric evaluation
163 2.3.1. Postoperative period groups after 4 weeks of implantation
164 The histomorphometry results are presented as percentage of newly formed bone for
165 every evaluated area designed as “Regions of Interest” (ROIs). A total of 15 samples were
166 obtained after 4 weeks of implantation: 5 from the control group, 5 from the thermochem-
167 ical group and 5 from the peptide group. All quantitative results for each group are shown
168 in Table 1, together with their standard error of the mean (SEM), and graphically repre-
169 sented as shown in (Figure 2).
170
171 Table 1: Overall SEM histomorphometric results table in transversal section.
Group of Samples BIC  OUTER On-growth INNER In-growth
Temporal Treatment (%) External (%) ROI-1 (%) ROI-2 (%) ROI-3 (%) TOTAL (%)
GC 49.24+10.78 63.64+ 7.06 28.18+7.21  8.34+2.58 6.33+1.47 13.48+3.47
4 Weeks TCG  56.87+3.70 64.45+ 4.48 34.84+3.85 13.96+2.06 6.59+0.62  18.05+2.00
PAG  58.07+ 3.60 68.54+ 4.40 39.55+3.75 16.73+5.34 8.78+3.98 21.49+ 3.67
GC 59.05+ 2.66 67.79+2.77 43.47+3.03 8.75+2.85 10.61+8.35 20.94+4.48
12 Weeks  TCG  60.91+5.93 71.60+ 1.93 43.31+558 15.14+4.49 16.16+5.62 24.87+3.39
PAG  68.93+4.13 74.55+ 4.71 46.03+5.10 16.41+5.39 11.53+5.04 24.66+4.11
172
173 BSE-SEM observation demonstrated that all implant types showed new bone for-
174 mation inside the pores after 4 weeks of implantation. No adverse tissue reaction or in-
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175 flammatory response was observed in the sections examined. The group of implants func-
176 tionalized with peptides (PAG) obtained the best results in both outer and inner areas of
177 the implant, showing higher values of Bone on-growth (outside the implant), Bone in-
178 growth (inside the implant) and BIC than the rest of the Groups. Likewise, the thermo-
179 chemical-treated group of samples (TCG) revealed superior bone formation values when
180 compared to the control group with no superficial treatment (CG), which showed the low-
181 est values for all ROIs. The differences are statistically significant p<0.05.

182

183

New-formed Bone / INNER AREA (ROIs)

4Weeks mROI1 mROI2 HROI3

@ROI1 mROI2 mROI3 12Weeks |

50
45
_°\; 40
§' 35
30
g) 25
g 20
LRE
£ 10
F s
0
CcG TCG PG
184 Samples groups
185
186 Figure 2. New bone formation in titanium porous foam at 4 and 12 weeks after implantation. (*)
187 means there were no statistically significant differences (p > 0.05) depending on the type of sam-
188 ples for all analyzed parameters.
189
190 2.3.2. Postoperative period groups after 12 weeks of implantation.
191
192 After 12 weeks of implantation, a total of 15 cross-sectional samples were obtained:
193 5 samples from the control group, 5 samples from the TC and 5 samples from the peptide
194 group. The results obtained for each group in the different areas are displayed in Table 1.
195 The samples harvested at second time point demonstrated a similar trend as the ones
196 harvested at the first one, with peptide-treated (PAG) samples presenting higher values
197 of bone on-growth in the outer implant area as well as for the BIC.
198 The results obtained into the evaluated inner ROIs denoted broad variability between
199 the different groups. Thermochemical-treated (TCG) samples showed slightly higher val-
200 ues for the total amount of bone tissues inside the implant than those obtained for the
201 peptide-treated ones. Comparing the different ROIs, the best results for the ROI1 and
202 ROI2 were achieved for the peptide (PAG) group, while the thermochemical-treated sam-
203 ples showed the highest results in ROI3.
204 The comparative analysis between all samples group results from both time points
205 (4 and 12 weeks) reflected an overall tendency of increase of the newly formed bone per-
206 centage along the postoperative period. However, an isolated anomaly was observed in
207 TCG (12 weeks), where the newly formed bone percentage in ROI2 slightly decreased af-
208 ter 12 weeks of implantation (Table 1). The BS-SEM representative micrographs are pre-

209 sented in (Figure 3) revealing differences in both bone in growth and bone on growth as
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a function of the group of samples. In Figure 4 is shown the new bone formation in growth
after 4 and 12 weeks’ implantation.

500pm

Figure 3. BS-SEM results after 4 weeks (left) and 12 weeks (right) of porous titanium implant insertion in transversal view: (a, b)

CG; (¢, d) TCG;; (e, f) PAG.
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Figure 4. Total new bone formation in titanium porous foam 4 and 12 weeks after implantation.

2.4. Qualitative evaluation in cross-section view

BSE-SEM high-resolution micrographs were first analyzed in real size in order to ob-
tain a global vision. Afterwards, the same images were observed at increased magnifica-
tions by 3 independent researchers.
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Figure 5. BS-SEM micrographs after 4 weeks of implantation in transversal section view at different magnifications: (a, b) CG;

(c, d) TCG; (e, f) PAG

2.4.1. Sample groups after 4 weeks of implantation

CG-group at 4 weeks

In this group, a great difference among the samples was noticed. An almost continu-
ous thin line of newly formed bone tissue was observed in the cortical Outer area for the
vast majority of the samples. This bone layer originates in the preexisting cortical bone
and is continued by a limited number of trabeculae that penetrate the scaffold’s outer area
(ROI'1).

The cortical surrounding the implant shows a notable increase in the number and
size of the vascular channels, that appear to be continuous with the ones surrounded by
the trabeculae invading the scaffold’s outer pores. The trabeculae are constituted by an
inner core of woven bone surrounded by a reduced number of layers of deposited lamellar
bone, and are denser in the ROI1 than in the ROI2. Inside the implants, only a small vol-
ume of newly formed bone tissue in the surface of the pores of the central-core of the
implant (ROI3) is visible. (Figure 5, a, b)
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248

249 TCG-group at 4 weeks

250 As a rule, a notable amount of newly formed bone was noticed in both the external
251 area and inside the implant, coupled with an adequate bone-implant contact (BIC). The
252 cortical surrounding the implant showed evidences of lamellar bone tissue remodeling,
253 continuous with the bone tissues filling the scaffold’s peripheral pores (ROI 1). The inner-
254 core regions (ROI 2 and 3) reveal the osseoconductive capacity of the newly-formed bone
255 that covers the outer surface of the scaffold’s deeper pores (Figure 5, c and d). The osseous
256 bone tissue that advances towards the center-core of the implant is woven bone, that pre-
257 vails in the outer area of the samples and establishes an intimate contact with the titanium
258 scaffold inside the porous structure. The lamellar bone remodeling of the scaffold’s pe-
259 ripheral pores (ROI 1) is evident by the differences in the shape and orientation of the cell
260 lacunae and in the darker color of the extracellular matrix of the lamellar bone deposited
261 around the vascular channels. The spare remnants of woven bone, lighter in color and
262 with greater cell lacunae, are visible deep within the mass of new bone in the pores More-
263 over some images suggestive of osteonal remodeling are also visible (Figure 5d), thus
264 proving the maturity of its lamellar components.

265

266 PAG-group at 4 weeks

267 A notable amount of newly formed bone tissue was generally observed in both, outer
268 and inner areas of PAG samples (Figure 5 e and f). The thin, sparse trabeculae visible in
269 the inner area of the scaffolds (ROI3) are thin and are mainly constituted by woven bone,
270 showing a limited contact with the inner micropores of the scaffolds. However, the total
271 amount of newly formed tissue measured by the BIC values appeared to be higher when
272 compared to the other groups. The tissues observed in the outer area of the implants are
273 continuous with the cortical osseous structures; in some samples a thin white line, the
274 cementing line, signaled the initial osteoclastic resorption preceding bone apposition. The
275 dense, well connected newly formed trabeculae are mainly constituted by lamellar bone
276 deposited around what appear as vascular spaces originated in the cortical surrounding
277 the implant. The lamellar bone found between the preexisting cortical and the outer scaf-
278 fold area (ROI 1) presents some osteonal images.

279
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Figure 6. BS-SEM micrographs after 12 weeks of implantation in transversal section view at different magnifications: (a, b) CG;

(¢, d) TCG; (e, f) PAG.

2.4.2. Sample groups after 12 weeks of implantation

CG-group al 12 weeks

The numerical analysis indicated great variability between samples. In general, a
slight increase of the percentage of newly formed bone tissue was seen after 12 weeks of
implantation as compared to the same group at 4 weeks. Adequate BIC values were meas-
ured at this time point in comparison to 4 weeks. Nevertheless, there was a limited amount
of bone tissue inside the central-core (ROI3) and in the inner ring area (ROI2) of the scaf-
folds. Only in two samples of this group bone tissue was observed reaching the center of
the implant.

The newly formed bone tissue observed was mostly found in the ROI1, in form of
thick trabeculae in which woven bone scarce remnants are surrounded by lamellar bone.
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297 The lamellae are mostly deposited in parallel lines within the scaffold’s pores, while some
298 images suggestive of an initial osteonal remodeling are also seen.

299 All CG samples show an intimate and adequate bone-to-metal contact evidenced by the
300 continuity of the remodeling layer around the implant, constituted by lamellar bone. The
301 scaffold’s pores are filled up to 60%, mostly found in the ROI1 and ROI2 areas, the inner
302 core of the scaffolds being singularly devoid of bone apposition.

303 The longer implantation time in CG-group of samples resulted in a greater presence
304 of mature bone tissue, along with a higher amount of intimate bone-to-metal contact and
305 micropore filling ratios.

306

307 TCG-group al 12 weeks

308 The results analysis reflected great variability between samples in terms of the
309 amount of newly formed bone tissues.

310 One of the samples was found to be almost completely filled with bone tissue, while
311 other two samples presented relatively little bone inside the implant pores. Even so, all
312 implants showed newly formed bone tissue inside ROI3 in a higher amount than the
313 measured at 4 weeks of implantation.

314 The newly formed tissue showed advanced status of maturity in both outer and inner
315 areas of the implants. Very few remnants of woven bone were seen, while lamellar tissue
316 was predominant in the majority of the dense trabecular bone structure that fills both the
317 outer and the inner pores of the scaffolds (Figure 6, ¢, and d). The presence of osteons in
318 the trabeculae proved its active remodeling. Even in the center of the implants (ROI3),
319 trabeculae are mostly constituted by lamellar tissue. Intimate contact of the newly formed
320 bone tissues within the titanium was observed in most of the samples, inside the titanium
321 macro and micropores. In addition, the newly formed bone tissue appears to spread to-
322 wards the center of the scaffold by taking advantage of the titanium porosity. The increas-
323 ing implantation time in TCG-group resulted in a greater amount of bone tissue with a
324 higher maturity degree.

325 The comparison between TCG and CG groups at 12 weeks reflected a slight superi-
326 ority of the former in terms of tissue maturity, which showed less woven bone tissue in
327 both the outer and inner areas of the implants. Furthermore, TCG showed intimate bone-
328 implant contact in more implant surface than in the CG group.

329

330 PAG-group al 12 weeks

331 Compared to the rest of the groups at 12 weeks, the amount of newly formed bone
332 between samples was quite homogeneous in PAG group. Overall, in all samples there was
333 newly formed bone tissue reaching out the center of the implant. The bone-implant con-
334 tact around the entire perimeter of the scaffolds is constituted by lamellar bone, with only
335 scarce remnants of woven bone. Moreover, it should be noticed that this new bone tissue
336 is continuous with the lamellar bone filling the pores of the implant outer area (ROI1) and
337 in the middle area (ROI2). The new formed tissue held high level of maturity in all evalu-
338 ated regions with a general prevalence of lamellar tissue with some osteons and scare
339 evidence of woven bone tissue. Even in the inner core of the implants (ROI3), most of the
340 bone tissue present was lamellar type. The increasing implantation time in PAG-group of
341 samples resulted in improved bone-to metal-contact, even if poor partial contact was re-
342 ported in some areas. New formed tissue seemed to avoid contacting the titanium
343 macropores surface and achieved low penetration rates into the titanium micropores, re-
344 gardless of the implantation time.

345

346 2.5. Qualitative evaluation in longitudinal view.
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347 SEM images were firstly analyzed in real size and then observed at increased magni-
348 fication by three independent researchers.

349

350 2.5.1. Sample groups after 4 weeks of implantation

351

352 CG-group at 4 weeks

353 In the control group it was seen that the vast majority of the newly formed tissue was
354 continuous with the one found in the cortex. In two of the three samples, bone apposition
355 was observed in connection with the endosteal cortical surface but only some of the sam-
356 ples showed bone growth in connection with the exosteal cortical bone surface. The results
357 found in this section were very similar to those observed in the cross-sectional images of
358 the same group, showing similar tissue maturity level, partial bone-implant contact and
359 acceptable micropore filling. Cementing lines were found separating the preexisting cor-
360 tical from the remodeling bone. The structure of the newly formed trabeculae was similar
361 to the ones seen in the cross-sectional images: a thin layer of woven bone covered by la-
362 mellar bone. Some of these trabeculae connect the endosteous bone formation with the
363 scaffold’s pores, both in the cortical sustaining the scaffold and in the contralateral one.
364 Only a small amount of osseous tissue was seen in the central area of the samples (Fig 7
365 A).

366

367 TCG-group at 4 weeks

368 In the group of scaffolds with thermochemical treatment, newly formed tissue was
369 observed in the center of the implant of all samples. As in the control group, the newly
370 formed tissue in the scaffold’s centers was scarce. Likewise, most of the of bone tissue
371 found within the scaffold’s pores was continuous with the cortex, while a small amount
372 of bone was continuous with the endosteal remodeling area as well. Also in this group,
373 two out of three samples presented a newly formed bone tissue coming from the perios-
374 teum. Figure 7C shows that the periosteal remodeling trabeculae completely covered the
375 outer surface of the scaffold. These trabeculae are relatively thin and separated by ample
376 spaces.

377 Lamellar tissue predominates in the outer trabeculae upon a small amount of woven
378 bone tissue. In the center of the implant, lamellar tissue occupies most of the scaffold’s
379 pores surrounding scarce remnants of clearer woven bone. Figure 7C also shows the inti-
380 mate contact of the newly formed bone with the implant, through the large filling of the
381 micropores situated nearer to the bone cortical.

382

383 PAG-group at 4weeks

384 The peptide-functionalized samples showed presence of newly formed tissue in the
385 center of the scaffold in the three samples. Thin trabeculae are visible within the scaffold,
386 both in contact with the cortical endosteal and exosteal remodeling and connecting with
387 some points of the scaffold’s pores. The trabeculae are mostly constituted by lamellar
388 bone, surrounding very scarce remnants of woven bone, and are separated by large
389 spaces. The trabeculae situated in continuity with the exosteal and all the endosteal re-
390 modeling areas -two in the supporting cortical and one in the contralateral cortical- ap-
391 pear more robust than the ones situated in the pores within the scaffold.

392 Lamellar tissue was also observed in the outer area with minor presence of woven
393 bone tissue. Compared to the other two groups, it appeared to be the one with the most
394 mature newly formed tissue. Likewise, the bone tissue growth could originate from the
395 cortical bone, but also in a lesser degree from the endosteum or even the periosteum. As
396 in the cross-sectional images, poor contact between the newly formed bone and the metal
397 as well as short filling of the micropores were also observed.

398
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399 2.5.2. Sample groups after 12 weeks of implantation

400

401 CG-Group at 12 weeks

402 The images obtained from the control samples of the 12 weeks postoperative period
403 showed very heterogeneous results. In one of the samples, the newly formed bone tissue
404 barely reached the center of the implant while in the sample showed in Figure 9B the
405 remodeling process covered the center of the implant while in contact with both cortical
406 borders. A dense mass of what appears as lamellar bone covers all the exosteal surface of
407 the scaffold, while the scaffold’s pores seem to be filled with tissues continuing the endos-
408 teal remodeling. Some very small woven bone remnants are seen within the lamellar bone.
409

410 TCG-group at 12 weeks

411 The longitudinal in-growth analysis of TCG samples shows bone growth as thick tra-
412 beculae in contact with the remodeling of the bone cortical, as well as of both the endosteal
413 and the periosteal cortical surfaces. A limited quantity of bone tissue is observed inside
414 the implants, but in all samples it reaches the inner area, corresponding to ROI3. The bone
415 was mostly lamellar tissue in both outer and inner regions of the implants. In addition,
416 many osteons were observed indicating a high degree of remodeling in the surrounding
417 osseous cortical. Again, the newly formed tissues were in direct contact with the metal
418 surfaces, especially inside the implants. The newly formed tissue seemed to take ad-
419 vantage of the metal surfaces to spread towards the inner-core of the scaffolds. In com-
420 parison to CG group at 12 weeks, TCG’s new formed tissue expressed higher maturity as
421 well as better bone-to-metal and more micropore’s filling rate values.

422

423 PAG-group at 12 weeks

424 The longitudinal analysis showed high variability of results between samples. In gen-
425 eral, a small amount of newly formed tissue was observed, but it connected the central
426 core (ROI3) of the implants with the cortical remodeling in all samples. In two samples,
427 this bone longitudinal in-growth came only from the cortex and, in one of them (Figure
428 9F), a discrete amount of osseous growth coming from both the endosteum and the peri-
429 osteum was also observed. The newly formed tissue being mostly lamellar tissue, while
430 almost no areas of woven bone tissue were observed neither outside nor inside the scaf-
431 folds. Again, a little contact between new formed bone and the metal surfaces was ob-
432 served, with only partial filling of the micropores. The new formed tissue showed direct
433 contact with the bone cortical, but not with metallic surfaces, thus filling the inner core of
434 the scaffolds through the open spaces of the interconnected porosity.

435

436 2.6. Statistical analysis

437 No statistically significant differences were found between groups. All the obtained
438 values had a p-value (p > 0.05). No significant difference was seen neither at the outer area
439 level, nor at the BICs, nor at total newly formed bone, nor by comparing the different ROIs

440 between them. The obtained results are showed in Table 2 .
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Figure 7. BS-SEM results after 4 weeks (left) and 12 weeks (right) of porous titanium implant insertion in longitudinal section

view: (a, b) CG; (¢, d) TCG,; (e, f) PAG.

Table 2: Overall comparative statistical table of results.

Area Temporal Groups Treatment Groups Significance p-Value
CG vs. TCG NO 0,923
4 WEEKS CG vs. PAG NO 0,563
TCG vs. PAG NO 0,533
OUTER AREA
CG vs. TCG NO 0,291
12 WEEKS CG vs. PAG NO 0,251
TCG vs. PAG NO 0,578
CG vs. TCG NO 0,276
4 WEEKS
CG vs. PAG NO 0,131
TCG vs. PAG NO 0,434
INNER AREA ve
CG vs. TCG NO 0,504
12 WEEKS
CG vs. PAG NO 0,558
TCG vs. PAG NO 0,969
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CGvs. TCG NO 0,977
4 WEEKS
CG vs. PAG NO 0,908
BIC TCG vs. PAG NO 0,822
CGvs. TCG NO 0,782
12 WEEKS CG vs. PAG NO 0,079
TCG vs. PAG NO 0,300
445 3. Discussion
446 Titanium and its alloys are widely used for various implants in the orthopedic and
447 dental fields due to their good biocompatibility and suitable mechanical properties. How-
448 ever, its elastic modulus is higher than the one of the living bone and, therefore, it may
449 induce bone resorption and stress shielding, following the bone mineralization guidelines
450 that depend on the load distribution described in Wolff's Law according to mechanical
451 stimuli. For this reason, titanium implants with internal and interconnected pores are de-
452 veloped in order to decrease its elastic modulus to the cancellous bone range (around
453 0.55GPa), as the implants used in this study [93].
454 The porous titanium implants used in this study were manufactured by sintering
455 using NaCl particles as space holder agent to generate internal and interconnected poros-
456 ity. These particles were easily removed by washing with distilled water as they are water
457 soluble and allow to obtain a really cheap manufacturing method compared to others such
458 as selective laser fusion [94-95].
459 According to previous studies, some researchers have observed that the proper po-
460 rosity for porous titanium implants should range between 25 and 66% [96-97] to stimulate
461 osteointegration. Takemoto et al. in 2005 suggested that porous Ti with 40% of porosity
462 could also be a valid alternative for clinical use [98]. In the present study, the intercon-
463 nected porous implants presented a total porosity of 53%, enhancing the biological re-
464 sponse because of high porosity benefits: it facilitates the transport of body fluids and
465 nutrients; aids the cell propagation inside the implant; and promotes the bone tissue pro-
466 liferation and maturation into the scaffold structure. However, the balance between po-
467 rosity rate and mechanical properties is key and must be maintained [99].
468 The porosity and interconnectivity features are important since they can modify the
469 mechanical properties and the biological performance, as well as the stability and fixation
470 of the implants. The internal interconnection provides tunnels inside the implant that
471 bone cells and extracellular matrix can colonize through and allow neovascularization,
472 thereby enhancing osseointegration and osteoconduction processes [37]. Nonetheless,
473 nowadays there is still some controversy regarding the optimal pore size: when reviewing
474 the published papers, most of the articles mention macropores between 100 and 400 um
475 as optimal size to enhance osteointegration [20, 100-101]. A reasonable argument to justify
476 these distinct values may be that most of those studies were only focused on the average
477 pore size without considering the pores interconnectivity, which is the communication
478 channel between macropores and a critical factor: macropores with suitable diameter but
479 poor interconnectivity will not permit new bone formation and neovascularization inside
480 the porosity. Channels towards neighbor macropores contribute to keep newly bone tis-
481 sue ingrowth in optimal conditions [98, 102-104]. In the present study, the porous titanium
482 implants showed an average pore diameter size between 300 and 600 pm, with an average
483 interconnectivity diameter of 210 um, which allows the implant to be colonized by cells
484 and newly formed bone tissue towards the inner scaffold space.
485 Although in the vast majority of similar studies samples are analyzed using a single
486 section plane, in this study the samples were evaluated considering two different planes:

487 most of the samples were processed following cross-sections planes, while a smaller
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488 group was processed following longitudinal sections along the major axis of the implants.
489 The main objective of this double plane approach is to obtain the maximum information
490 from the processed implants in order to acquire relevant data on the bone response that
491 takes place inside the implants. By this double approach, a better quantitative assessment
492 of osseointegration and osseoconduction was carried out because the penetration of the
493 newly formed tissue in the innermost areas of the implant was thoroughly analyzed. On
494 the other hand, the longitudinally observed samples allowed a better qualitative evalua-
495 tion on the topographic origin of the bone tissue (periosteum, cortical, endosteum) and its
496 pattern of propagation into the implant, which was evaluated deeply in detail.

497 Based on the high-resolution SEM images, an innovative method that allowed auto-
498 mated image evaluation for interconnected porous titanium implants following different
499 ROIs was developed and successfully implemented in this study. In this regard, different
500 implant areas were digitally and automatically defined and subsequently analyzed using
501 Image] to calculate the quantity of bone tissue in each ROI and in the bone-implant inter-
502 face. Up to date, there is no scientific paper available with a detailed protocol to system-
503 atically evaluate osseointegration in and on porous titanium implants. The only authors
504 who briefly described their methodology for analyzing porous samples were Takemoto
505 et al. in 2005 [98], who cited the use of Photoshop and Image]J to determine the bone in
506 growth area rate and the bone affinity index. Based on the information published by Take-
507 moto et al. [98], we designed an automated method that creates different regions of inter-
508 est using 3 ROIs inside the implant. Likewise, we created the concept of the outer area to
509 define the newly formed bone tissue on the external implant perimeter and we also eval-
510 uated the BIC (bone-to-implant contact) to assess the implant fixation by the peripherally
511 newly formed bone in a similar manner than in the method defined by Manresa et al [105].
512 Using this analysis method, it was observed that all samples from all the groups exhibited
513 newly bone tissue formation inside the implant. In general, the peptide-coated group
514 showed better qualitative and quantitative results compared to the thermochemically
515 treated and control groups in terms of bone ingrowth. However, the samples thermo-
516 chemically treated revealed a notably higher adhesion between the newly formed bone
517 and the metallic surface (BIC).

518 In view of the results, the PAG group of samples would have reached slightly higher
519 ingrowth values than the TCG group. However, the TCG group presents BIC values
520 higher than the PAG group in the internal areas of the implant, which would ensure a
521 greater fixation of the implant, as well as a greater and more efficient mechanical bone-to-
522 implant transduction. The greater contact between the newly formed tissue and the inter-
523 nal and external surfaces of the TCG implant would ensure a greater transmission of me-
524 chanical loads to the bone, generating lower levels of stress shielding to the bone and,
525 consequently, lower values of bone long-term resorption.

526 Both types of treatments have efficiently stimulated the growth of newly formed
527 bone tissue, both on the external surface of the scaffold and towards its inner porous struc-
528 tural core, even causing tissue ingrowth from the cortical, periosteal and endosteal bone
529 tissue, in some cases.

530 It has been reported in many scientific papers, both in vitro and in vivo studies, that
531 porous titanium by itself, without any treatment, has osseoconductive and osseointegra-
532 tive properties [20, 93-94, 106]. In this study, after 4 weeks of implantation, the presence
533 of woven bone tissue was observed, together with lamellar bone tissue in some areas of
534 the samples from the control group both within micro and macropores. After 12 weeks,
535 the results showed more mature newly formed bone tissue growing towards the inner
536 areas of the scaffolds, with predominant presence of lamellar bone tissue.

537 Even so, better results were obtained with the thermochemically treated group com-

538 pared to the control group in terms of ingrowth and new formed bone in the outer area.
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539 There are many scientific articles with thermochemical treatments performed for porous
540 titanium surfaces because it is an inexpensive and simple process. Briefly, when the im-
541 plant is immersed in NaOH solution, it spreads over all the irregular implant structure
542 achieving a homogeneous bioactive surface, both on the outer part of the implant and in
543 the innermost pores. Furthermore, the thermochemical treatment does not reduce the pore
544 space available for bone tissue growth since it only produces a thin coating of 500 nm-
545 needle-like sodium titanate structures in the surface of the pores, reducing them by a max-
546 imum of 1 um [107] in diameter. The thermochemical treatment induces the formation of
547 a dense and uniform apatite layer in contact with body fluids by ion exchange which is
548 similar to the bone mineral phase. Then, thermochemically treated implants are attached
549 to living bone through this apatite layer providing not only the strong bonding of the
550 apatite layer to bone tissue, but also a uniform gradient of stress transfer from bone to
551 implants [108]. Numerous in vitro studies carried out during the last decades have
552 demonstrated the formation of this apatite layer on the implant surfaces [108-110]. Also
553 several in vivo studies proving the notable effectiveness of thermochemical treatments to
554 improve osseointegration and osseoconduction have been reported [66, 98, 111]. In the
555 present study, TCG implants presented an increased growth of newly formed bone tissue,
556 more mature bone tissue and higher intimate contact and BIC values between bone and
557 implant when compared to CG samples. These results can be attributed to the homogene-
558 ous distribution of the treatment, covering all the sample’s macro and micropores.

559 Very little scientific papers have been published measuring bone formation on
560 growth and in growth and the intimate contact of the bone tissue with the metallic sur-
561 faces of the macro and micropores. This fact has made difficult to compare our results
562 with other author’s reports.

563 The peptide-coating group showed the best results in terms of newly formed bone
564 tissue quantity and maturity. The aim of peptide bioactivation is to immobilize certain
565 peptide sequences into implant surfaces to induce a specific cellular response, that is, to
566 control the tissue-implant interface through the organic components of bone. This is ac-
567 complished through a group of cellular receptors called integrins that are involved in cel-
568 lular adhesion by extracellular matrix proteins. Integrins interact with short amino acid
569 sequences, in particular with the Arg-Gly-Asp (RGD) sequence, which has been identified
570 as a cellular adhesion mediator for plasma and extracellular matrix proteins [112]. Of the
571 24 known integrins, 8 subtypes recognize and bind to the RGD sequence. Three of these 8
572 subtypes are present in osteoblasts, so these sequences are used to promote the adhesion
573 of osteoblasts to implants and thus improve osseointegration [112].

574 Therefore, peptides attached to implant surfaces have been demonstrated to improve
575 cellular interaction with biomaterials [113]. The first studies dedicated to study the effect
576 of peptides attached to surfaces to bind osteoblasts began in the mid-1990s and the first in
577 vivo study with peptides was carried out in 1999 by Fernandez et al. [6]. Nevertheless,
578 there are very few published studies to assess osseoconduction and osseointegration of
579 porous titanium implants using peptides.

580 After an intensive literature search, no similar study was found to compare the ob-
581 tained data properly. However, this provides an innovative value to the present study: it
582 reports the first results of an in vivo study with porous titanium samples functionalized
583 with a linear RGD peptide after 12 weeks of implantation. In this study, the excellent per-
584 formance of bioactive peptide treatments increasing cell adhesion and proliferation, as
585 well as for bone regeneration after long period of implantation time (12 weeks) is con-
586 firmed. Unfortunately, no reviewed study gives details on newly formed bone quantity,
587 ingrowth depth, or tissue quality in different time groups as we did in this study. No

588 reference according to the finding observed in this study related to the intimate adherence
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589 of the newly formed bone tissue to the internal macro and micropores of the scaffolds was
590 found either.

591 As a conclusion, both quantitative and qualitative analyses attained the best results
592 for the samples biofunctionalized with RGD peptide, showing the highest rate of newly
593 formed bone tissue, maturation and bone ingrowth. However, a diminished intimate
594 bone-implant contact inside the samples was also observed. This observation may suggest
595 some extent of peptide degradation or incomplete functionalization in the inner parts of
596 the implant. On the other hand, the peptides may be better available on the outer surface.
597 Thus, superficially, biologically active peptides stimulate bone tissue to grow and pene-
598 trate inside macro and micropores, but in-depth, fail to support an intimate adherence of
599 bone to the metallic surface. This hypothesis would justify the good BIC values in the
600 outer area of the implant and the great maturity and amount of new-formed bone tissue
601 at the periphery of the samples, as well as the scarce contact of the newly formed bone
602 inside the implant.

603 In general, peptides are susceptible to enzymatic degradation by proteases, especially
604 linear peptides, as they are more unstable in nature. A soluble linear peptide is degraded
605 very quickly, however, when anchored to a surface, there is a steric hindrance for enzymes
606 and therefore degradation is slower. A priori, it could be expected that the peptide on the
607 outer side would degrade more rapidly than the one on the inner side, since it is more
608 exposed to the medium. In this case, however, there may be a more rapid cellular adhesion
609 on the outer area which is directly in contact with bone tissue. This interaction is favored
610 by the presence of tailor-made spacing units in the peptide sequence, which ensure its
611 accessibility to the cells. It must also be assumed that the amount of RGD peptides is not
612 the same within the entire implant, since silanization (the method used to bind the peptide
613 to the metal) will be more efficient in the outer area than in the inner part.

614 If the two bioactivation mechanisms are compared, it can be seen that the two seem
615 to stimulate osseointegration to a certain extent, although it could not be demonstrated
616 with statistically significant differences. The mechanisms of action of an inorganic treat-
617 ment such as thermochemical treatment compared to an organic one, such as peptide coat-
618 ing, are very different. The inorganic treatment promotes the nucleation of apatite crystals
619 that will be translated into "direct" bone formation, that is, the mineral part of the bone
620 precipitates directly onto the implant. This is associated with bone growth from the im-
621 plant outwards. In the case of peptides, RGD stimulates the integrins which promote ad-
622 hesion, mechanotransduction, and finally differentiation and mineralization. Therefore,
623 we could consider it as an indirect mechanism.

624 Regarding the longitudinal section reviewing the bibliography, we did not find any
625 article describing the origin of the newly formed tissue, that is, if it grows from the cortical,
626 the periosteum or the endosteum. We believe that it is an important aspect since it can
627 indicate a better or worse fixation of the implant. If we only have growth of the bone tissue
628 towards the interior of the implants coming from the periosteum and/or the endosteum,
629 we can deduce that the implant does not fix in the same way as it would with growth
630 coming from the cortical. It would be then necessary a large periosteal and endosteal
631 bridge to minimally stabilize the implant, and these bridges can interfere decisively with
632 the clinical objective of the implant.

633 4. Materials and Methods

634 4.1. Implanted materials

635 The samples used in this study consisted of porous titanium cylindrical implants 6
636 mm long and 3.5 mm diameter with open and interconnected porosity.

637 The scaffolds were produced by Pulvi-Metallurgy (PM) technique by mixing grade 2

638 pure titanium (CP) particles, with an average mean grain size of about 80 um, with NaCl
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639 particles ranging from 300 pm to 600 um of diameter as a space holder, in a 65% volume
640 ratio. The manufacturing process was previously described [26].

641 Three different implant groups were generated according to its surface bioactivation
642 method:

643 - Bioactivated porous titanium samples by thermo-chemical treatment (TCG).
644 - Bioactivated porous titanium samples by peptide adsorption (PAG).

645 - Porous titanium samples with no treatment used as control (CG).

646

647 4.2. Surface Bioactivation

648 Two groups of samples were subjected to surface bioactivation by two different
649 methods: one group by thermo-chemical treatment (TCG) and the other one by peptide
650 adsorption (PAG). The thermo-chemical procedure was performed by 5M NaOH immer-
651 sion at 60 °C for 24h, followed by drying at 60 °C 24 h and finally heat treated at 600 °C
652 for 1h. This treatment enhances calcium phosphate precipitation over the implant surface
653 in the contact with body fluid.

654 The peptide adsorption procedure was achieved using covalent grafting of an RGD
655 peptide on the scaffold surface by means of silanization, as previously described [26].
656 With more detail, the peptide is comprised of the cell-binding sequence Gly-Arg-Gly-Asp-
657 Ser (GRGDS), three units of 6-aminohexanoic acid (Ahx) as spacer [87], and 3-mercapto-
658 propionic acid (MPA), which provides a thiol group as anchoring moiety to react with the
659 silane layer.

660

661 4.3. In Vivo Experimentation

662 All animal procedures in this study were performed in compliance with the Guide
663 for Care and Use of Laboratory Animals (National Research Council, in: Guide for the
664 Care and Use of Laboratory Animals, National Academy Press, Washington, DC, 1996,
665 pp- 41-194) and the European Community Guidelines for the protection of animals used
666 for scientific purposes (Directive 2010/63/EU of the European Parliament and of the Coun-
667 cil of 22 September 2010 on the Protection of Animals Used for Scientific Purposes), and
668 under the permission of the National Committee on Human and Animal Research (ref#
669 UAB-CEAAH 2016).

670 The surgical procedure was performed under standard sterile conditions. Implanted
671 materials were sterilized by gamma radiation at 7 KGy before surgery. The in vivo study
672 was carried out in eighteen female adult New Zealand White (NZW) rabbits (Charles
673 River, France), with an average body weight ranging from 4.0 kg to 6.0 kg.

674 The experimental animals were randomly divided in two groups: Group A (4 weeks
675 of postoperative period) and Group B (12 weeks of postoperative period), with 9 rabbits
676 for each group. The three implants groups (TCG, PAG, CG) were randomly distributed
677 placing one sample per tibia.

678

679 4.4. Surgical Technique

680 The experimental animals were in optimal physical conditions and were acclimatized
681 individually for 2 weeks prior to surgery. Health status was determined by physical and
682 orthopedic examination, radiographic examination of the rear limbs and results of hema-
683 tologic and serum biochemical profiles.

684 For surgical procedure, the animals were preanesthetized using buprenorphine
685 (0.03mg/kg s.c.), midazolam (0.50 mg/kg s.c.) and medetomidine (0.05 mg/kg s.c.). Anes-
686 thesia was induced with propofol (2.5mg/kg/s.c.) and then maintained inhaled isoflurane

687 (2%) in an oxygen carrier by mask.
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Figure 8. Screen photographic sequence of the surgical method: a) Medial approach to the proximal
aspect of the right tibia b) Creating a monocortical bone defect with a 2.5mm drill bit., c) Enlarging the
monocortical bone defect with a 3.5mm drill bit., d) Placing the titanium implant in the monocortical
bone defect., ) Checking the adequate placement and fixation of the titanium implant, f) Surgical

wound sutured with a continuous pattern.

For the surgical implantation (Figure 8), with the animals in dorsal recumbency, both
tibial regions were clipped and subsequently scrubbed with chlorhexidine gluconate so-
lution 4% for an aseptic preparation of the surgical field. Afterwards, the medial aspect of
the proximal tibia was exposed through a limited skin and subcutaneous incision. Using
drill bits of increasing size and under copious irrigation with physiological saline a final
monocortical bone defect of 3.mm in diameter was generated on a craneocaudal midpoint
in the medial aspect of the proximal tibia. Cylindrical porous titanium implants were
placed inside these defects by “press-fit” mode until flushed with the cortical surface. The
subcutaneous tissue and the skin were sutured in layers by using a standard suture pat-
tern with synthetic resorbable sutures (Vycril 3/0, Ethicon, Johnson & Johnson, USA). Im-
mediately after surgery and with the animals still under general anesthesia tibial medi-
olateral and craniocaudal radiographs were taken to confirm the correct location of the
implants.
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702

703 4.5. Euthanasia

704 The animals were euthanized at the scheduled survival times with an overdose of
705 sodium pentobarbitone (200mg/kg/i.v.) according to the legislation of the American Vet-
706 erinary Medical Association. (AVMA). A pre-euthanasia sedation of midazolam (0.50
707 mg/kg s.c.) and medetomidine (0.05 mg/kg s.c) was used for animal welfare reasons.

708 Then, tibiae bones were completely harvested and the peripheral soft tissue was re-
709 moved. Finally, craniocaudal and medio lateral radiographs of the bone samples were
710 performed.

711

712 4.6. Samples preparation

713 Bone tibiae samples were individually identified and stored by immersion in neutral
714 buffered 10% formalin solution for 3 weeks in order to assure proper bone fixation and
715 tissue preservation. After fixation time, samples were rinsed in running tap water during
716 15 min to eliminate any fixative agent residues. After rinsing, samples underwent a pro-
717 gressive dehydration process by immersion in increasing concentrations of ethanol in
718 aqueous solutions (from 30% to 100% v/v) with constant stirring at 50 rpm. Once dehy-
719 drated, samples were immersed in ethanol solutions with increasing concentrations of
720 methyl-methacrylate resin Technovit 7200 (Kulzer-Heraeus, Hanau, Germany) (from 30%
721 to 100%) with constant stirring at 50 rpm. Finally, samples were kept under vacuum con-
722 ditions for 24 hours to ensure resin penetration into the tissues and subsequently embed-
723 ded in a 100% resin solution by photo-polymerization using a light control unit Histolux
724 (Kulzer-Heraeus, Hanau, Germany), following a 24h process of visible and UV light ex-
725 posure.

726 A total of 36 samples were obtained and were cut in 2 halves to expose the metallic
727 scaffold: 15 implants were cut perpendicularly to the longitudinal axis of the scaffold
728 (transversal mode), and 3 implants were cut following its longitudinal axis (longitudinal
729 mode). Exposed metallic surfaces were polished with SiC abrasive papers (800, 1200, 4000
730 index mesh) using a Exakt-400 CS grinding machine (Exakt, Norderstedt, Germany) to
731 obtain smooth and scratch-less surfaces for SEM observation. For each postoperative pe-
732 riod-group, a total of 15 implants were used to obtain samples in scaffold cross-section
733 mode, and 3 samples to obtain samples cut in scaffold longitudinal axis.

734

735 4.7. Obtaining images of the samples by SEM.

736 The polished samples were carbon-coated by sputtering and then observed by scan-
737 ning electron microscopy (SEM) suing a Neon40 Crossbeam™ FIB-SEM (Carl Zeiss, Dres-
738 den, Germany) with backscattered-electron (BSE) detector. Observation conditions were
739 15 kV of potential with a working distance of about 8 mm to achieve a resolution up to 1.1
740 nm in SEM-BSE mode.

741 The SEM observation was performed by carrying out a sequential scan of the surface
742 acquiring high magnification pictures and then merged using SMART STITCH Software
743 (Carl Zeiss, Dresden, Germany) and mage-J 1.46 Software (NIH, Fredrick, MD, USA). The
744 obtained images were individually processed using Image-J and (Adobe Systems, Ireland)
745 in order to ensure correct histomorphometry evaluation.

746

747 4.8. SEM quantitative evaluation method.

748 Stitched images obtained by SEM were calibrated and analyzed by using Image ]
749 software. All images were identically acquired (see SEM/FIB settings) and post-processed.
750 Every image was thresholded to separate metallic implant area, void porous space, and

751 newly formed bone tissue inside the initial defect created in surgery procedure. Thus,
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752 thresholded binary images derived from the grey-scaled original image were created for
753 each sample.

754 Image ] was used to quantify the area (percentage) occupied by every thresholded
755 tissue and/or material present in each sample from binary data: metallic implant area
756 (white), void porous space inside the defect (black) and the newly formed bone tissue
757 (grey scale) present in the free space available for bone growth, as can be seen in Figure 9.
758 The latter was crucial to evaluate the amount of bony tissue generated in the internal and
759 interconnected porosity, so the more porosity the more space available for the bone to
760 grow.

761 Outermost newly formed bone tissue can be differentiated from pre-existing host
762 bone tissue due to differences in gray scale values, microarchitecture (growth bands dis-
763 play) and microstructure (maturity and porosity) of the tissues. The threshold applied to
764 every tissue/area in every image was individually selected for each sample and performed
765 by the same user. All samples were previously coded to ensure blind analysis.

766

767

Pre existing bone tissue
Void, porosity

Newly formed bone
Metallic implant

768

769 Figure 9. Stitched gray scale image obtained by SEM analysis detailing the different materials identified.

770 The bone in growth was characterized by the newly formed bone and was quantified
771 in 3 different regions of interest (ROI) inside the implants: outer ROI (ROI-1), middle ROI
772 (ROI-2) and center ROI (ROI-3); where each ROI radius was a third part of the implant
773 radius (jError! No se encuentra el origen de la referencia.). ROIs analysis were performed
774 taking into account the available space existent within the interconnected porosity to ful-
775 fill with newly formed bone. All newly formed bone inside the whole implant was quan-
776 tified and named as “Total Ingrowth”.

777 The Bone on-growth assessment was performed by “outer” bone and BIC (Bone im-
778 plant contact) parameters. The outer bone was identified as the newly bone formed
779 around the implant: from the external implant perimeter up to 100 pm radially towards
780 outside. The bone tissue loss, due to thermal necrosis caused by surgical milling and by
781 the vascular ischemia produced during the implantation, was taken into account. BIC was
782 evaluated as direct contact between mineralized newly formed bone and the external im-
783 plant surface. A scheme is shown in Figure 10.

784 All samples were analyzed with the same methodology. ROIs were automatically
785 drawn to be equivalent in whole samples. All samples were evaluated by 3 different in-
786 dependent researchers, first in real size and then in detail at different magnifications.

787
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Outer area
BIC

ROI1

ROI2

ROI3
788
789 Figure 10. Graphical Scheme for assessment of BIC and ROI values.
790
791 4.9. Qualitative evaluation for transversal images
792 The following parameters were analyzed:
793
794 . Quality and maturity of external newly formed bone.
795 . Quality and maturity of external newly formed bone in direct contact with ex-
796 ternal implant surface (BIC).
797 . Quality and maturity of external newly formed bone inside the interconnected
798 scaffold porosity.
799 . Penetration of newly formed bone inside the scaffold.
800 . Newly formed bone contact within the metallic scaffold surface.
801 . Bone filling inside the scaffold micro cavities and micro pores.
802 . Assessment of the bone progress towards the scaffold center.
803 . Presence of necrotic or soft tissue.
804
805 4.10. Qualitative evaluation for longitudinal images
806 Three samples of each-postoperative period-group (4 and 12 weeks) were used to
807 obtain longitudinal images and perform a qualitative analysis. The newly formed bone
808 tissue and its origin (periosteum, cortical and/or endosteum) were analyzed in the three
809 experimental groups samples (TCG, PAG, CG).
810
811 4.11. Statistical analysis
812 Histomorphometrical results are set out as mean * standard error of the mean. All
813 numerical values followed a normal distribution as Anderson-Darling and Kolmogorov-
814 Smirnov tests showed.
815 Statistical analysis was performed by one-way ANOVA followed by Tukey post hoc
816 tests using the GraphPad Prism software (ANOVA, La Jolla, CA, USA). Statistically sig-
817 nificant differences were considered for p <0,05.
818
819

820
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821 5. Conclusions

822 Albeit after both 4 and 12 weeks of implantation, no statistically significant differ-
823 ences were observed between the untreated scaffolds and the bioactivation treatments,
824 quantitative analysis revealed higher values for the biotreated surfaces when comparing
825 ROIs, especially the outer one, as well as the inner volume filling or the scaffolds.

826 However, when quantitatively comparing the two bioactivation methods, the PEP-
827 TIDE treatment strategy seems to be the best option to enhance and accelerate bone tissue
828 growth over the implant surface according to the BIC values achieved, while the
829 THERMO-CHEMICAL strategy yielded better filling values in the inner core areas of the
830 scaffolds. These results suggest that both strategies contribute to enhance porous metallic
831 implants stability and osteointegration, and combination of both strategies might be
832 worth pursuing.

833 From a qualitative point of view, the bioactivation of titanium implants through the
834 innovative peptide treatment used in this study generated an osseoregenerative response
835 constituted by a greater amount of a more mature newly formed bone tissue when com-
836 pared to the response obtained by the thermal-chemical and control groups. However,
837 this greater and rapidly maturing new bone formation is not accompanied by a greater
838 adhesion to the titanium pores within the inner core of the implant.

839 Concerning to the implantation time, the presence of woven bone tissue was ob-
840 served after 4 weeks of implantation, together with lamellar bone tissue in some areas of
841 the samples from the control group both within micro and macropores. After 12 weeks,
842 the results showed more mature newly formed bone tissue growing towards the inner
843 areas of the scaffolds, with predominant presence of lamellar bone tissue.

844 Furthermore, the whole innovative experimental design, including both the protocol
845 for the surgical insertion of implants in bone and the protocol for digital histo-morpho-
846 metrical assessment and tridimensional evaluation of the scaffolds proved to be both effi-
847 cient and effective. The sequence of quantitative results allows a comprehensive analysis
848 of the advancement of the osseointegration process and sustains the ulterior qualitative
849 observation of the maturity and ultrastructural patterns of bone regeneration. This way,
850 the reported protocol for the assessment of the evolution of osseoconduction and osseoin-
851 tegration of the implants can be considered as an evaluation standard in subsequent stud-
852 ies with similar objectives.
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