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Abstract: Many growth factors have been studied as additives accelerating lumbar fusion rates in 

different animal models. However, their low hydrolytic and thermal stability both in vitro and in 

vivo limits their workability and use. In the proposed work, a stabilized vasculogenic and proheal-

ing fibroblast growth factor-2 (FGF2-STAB®) exhibiting a functional half-life in vitro at 37 °C more 

than 20 days was applied for lumbar fusion in combination with a bioresorbable scaffold on porcine 

models. An experimental animal study was designed to investigate the intervertebral fusion effi-

ciency and safety of a bioresorbable ceramic/biopolymer hybrid implant enriched with FGF2-STAB® 

in comparison with a tricortical bone autograft used as a gold standard. Twenty-four experimental 

pigs underwent L2/3 discectomy with implantation of either the tricortical iliac crest bone autograft 

or the bioresorbable hybrid implant (BHI) followed by lateral intervertebral fixation. The quality of 

spinal fusion was assessed by micro-computed tomography (micro-CT), biomechanical testing, and 

histological examination at both 8 and 16 weeks after the surgery. While 8 weeks after implantation, 

micro-CT analysis demonstrated similar fusion quality in both groups, in contrast, spines with BHI 

involving inorganic hydroxyapatite and tricalcium phosphate along with organic collagen, oxidized 

cellulose, and FGF2- STAB® showed a significant increase in a fusion quality in comparison to the 

autograft group 16 weeks post-surgery (p = 0.023). Biomechanical testing revealed significantly 

higher stiffness of spines treated with the bioresorbable hybrid implant group compared to the au-

tograft group (p < 0.05). Whilst histomorphological evaluation showed significant progression of 

new bone formation in the BHI group besides non-union and fibrocartilage tissue formed in the 
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autograft group. Significant osteoinductive effects of BHI based on bioceramics, collagen, oxidized 

cellulose, and FGF2-STAB® could improve outcomes in spinal fusion surgery and bone tissue re-

generation. 

Keywords: micro-CT; biomechanics; histology; animal model; lumbar spinal fusion; tissue  

engineering; autograft; ceramic; collagen; FGF2 

 

1. Introduction 

The use of lumbar fusion procedures in the USA and Europe has rapidly increased 

over the last decade, and many of these procedures involve the use of bone grafts [1]. 

Despite the technical progress of spinal surgery and operative materials, the risk of verte-

bral fusion failure occurs in 5–35 % of cases [2]. Successful fusion depends on several sur-

gical and host factors including the selection of a bone graft or bone substitute with ade-

quate osteoconductive, osteoinductive, and osteogenic properties [3]. Autografting has 

been considered the gold standard for bone graft procedures as it poses little risk of infec-

tion and rejection. However, harvesting from the iliac crest can be associated with short- 

and long-term morbidity in up to 22 % of cases [4]. Spinal fusion is a well-accepted surgi-

cal treatment for many spinal diseases with significant increases projected due to an age-

ing population. However, non-unions are a notable complication of spinal fusion surgery. 

The limitations have resulted in the utilization of synthetic alternative materials for bone 

repair, replacement, and enhancement [5]. 

Contemporary scaffolds of the third-generation try to get closer to autograft levels 

by using biomaterials modified by instructive substances (biological factors or external 

stimuli) capable of inducing specific beneficial biological responses mainly bone for-

mation and vascularization [5]. Whereas the utilization of autologous mesenchymal stem 

cells (MSCs) involves various problems (in vitro cultivation, sterility, high cost, use of fetal 

bovine serum, time duration etc.) resulting in time-delayed second operation, a possible 

alternative could be the use of bioimplants enriched with growth factors acting in the cas-

cade of fusion and fracture healing [6]. At present, the only tissue-engineered product 

involving a growth factor that is FDA-approved for spinal fusion is a collagen sponge 

delivered with recombinant human bone morphogenetic protein 2 (rhBMP-2) (INFUSE 

Bone Graft, Medtronic). However, this product is associated with significant complica-

tions, which are thought to arise from the supraphysiological therapeutic dose of rhBMP-

2 required for effective bone formation [7]. In addition to rhBMP-2, recombinant human 

parathyroid hormone (rhPTH) and recombinant human BMP-7 (rhBMP-7) have been 

studied clinically in spinal fusion [8]. Among the identified growth factors, calcitonin, 

GDF-5, NELL-1, P-15, AB204, angiopoietin 1, insulin, and peptide B2A resulted in signif-

icantly enhanced fusion rates compared to iliac crest bone graft or other internal controls 

in some animal studies [9]. Besides, basic fibroblast growth factor (bFGF; FGF-β), also 

known as fibroblast growth factor 2 (FGF2), has a primary function in cartilage and bone 

targeted at morphogenesis, mineralization, and metabolism [10]. The use of FGF2 in spi-

nal fusion was reported only by Inoue et al. that investigated the effects of the bone allo-

graft incubated with engineered FGF2 in a Sprague-Dawley rat posterolateral lumbar (L4-

L5) model. The FGF2 improved significantly mean grafted bone volume as well as the 

new bone formation on the surface of laminae and spinous processes compared to the 

bone allograft without FGF2 [11]. 

Based on the review above, FGF2 can be added to the implant as an osteoinductive 

substance accelerating osteogenesis, enhancing the proliferation of the osteoblast cell line 

as well as inducing angiogenesis [12]. However, applications of FGF2 protein are limited 

due to its low stability in vivo and in vitro [13]. Here we tackle this problem using a hy-
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perstable FGF2-STAB® being an isoform of FGF2 generalized by computer-assisted pro-

tein engineering strategy with in vitro functional half-life at 37 °C improved from 10 h to 

more than 20 days [14]. 

This study aims to extend our previous work provided on animal models using 3rd 

generation scaffolds. Previously, porous collagen scaffolds modified with either hydrox-

yapatite (HA) or tricalcium phosphate (TCP) and seeded with MSCs were applied to heal 

large segmental bone defects, bone bridges or hyaline cartilage [15–18]. The soft collagen 

network provides a favorite nanofeatured, high surface area environment, which can be 

easily degraded in weeks or months. This degradation opens the space for vascularization 

and further growth of bone cells, while the ceramic HA/TCP skeleton with controlled deg-

radation offers sufficient support until new bone formation. Both collagen and hydroxy-

apatite scaffolds are the most used materials for bone regeneration [19,20]. They have ex-

cellent biocompatibility with hard tissues, high osteoconductivity, and bioactivity, and 

they are neither antigenic nor cytotoxic [21]. They enhance the bioactivity of the scaffold 

by providing a source of calcium and phosphate ions that can be used by osteogenic cells 

to create their own bone [22]. 

However, the clinical use of MSCs in combination with synthetic scaffolds might be 

difficult and cause a few problems as already mentioned above. To accelerate bone for-

mation, MSCs can be exchanged, e.g., for platelet-rich plasma (PRP), since the excellent 

properties of PRP for tissue engineering and regenerative medicine have been revealed 

[23]. PRP can release multiple growth factors and play an important role in the complex 

local inflammatory response, promote angiogenesis, and recruit mesenchymal cells [24]. 

Recently, we found that the combination of collagen with natural polysaccharides like 

chitosan and oxidized cellulose exhibited a significant positive synergistic effect with 

platelet lysate on the cultivation of cells, as well as on angiogenesis evaluated by ex ovo 

Chick Chorioallantoic Membrane (CAM) assay comparing to pure collagenous scaffold 

enriched only with platelet lysate [25]. Moreover, hemostatic and antibacterial properties 

make both chitosan and oxidized cellulose good candidates for tissue engineering scaf-

folds, limiting the risk of infection [26]. Above that, oxidized cellulose possesses non-im-

munogenicity, anti-tumour activity, high absorbability, anti-adhesive effects, biocompat-

ibility, and bioresorbability [27]. The bioresorption is enabled via chemical depolarization 

and enzymatic hydrolysis mediated by glycosidases, which leads to nontoxic final prod-

ucts of glucuronic acid and glucose [28]. Newly, we verified the safety, healing, and angi-

ogenic potential of collagen-based scaffolds enriched with FGF2-STAB® as full skin re-

placement in vivo on 3-month-old White New Zealand rabbits [29]. Biodegradable scaf-

folds revealed promising results in cell culture experiments and have displayed high suit-

ability and biocompatibility to be used as a transferable scaffold for tissue reconstruction 

[30]. However, the aforementioned collagen-based scaffolds are very soft and elastic, be-

ing excellent for skin regeneration but lack structural stability upon hydration and me-

chanical strength, which limit their applications in particular bone tissues [31]. To elimi-

nate the shortcoming, we have prepared sintered calcium phosphate scaffolds with dif-

ferent phase structures having similar cellular pore size and an open porosity of over 80%. 

The biphasic calcium phosphate scaffold (BCP) with the highly soluble α-TCP phase em-

bedded in a less soluble matrix of β-TCP and HA exhibited a controllable degradation 

within an acidic environment simulating the osteoclastic activity. Moreover, a suitable 

strength, stability, and excellent cell response tested in vitro predestined the BCP to be 

used as resorbable load-bearing bone scaffolds [32]. 

In this work, a biomimetic third-generation bioresorbable hybrid implant based on 

the combination of sintered foamed BCP matrix filled with cross-linked collagen type I 

and oxidized cellulose assembled with FGF2-STAB® has been utilized for an animal ex-

perimental study in a porcine model to compare its outcomes with an iliac crest autograft 

in generating solid lumbar interbody fusion. 
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2. Materials and Methods 

2.1. Implant Preparation 

The bioresorbable hybrid implant (BHI) based on the ceramic foam coated with bi-

opolymers and FGF2-STAB® was prepared in two steps. In the first step, a porous biphasic 

calcium phosphate scaffold (BCP) ceramic foam was fabricated via gel casting and sinter-

ing methods according to our previous works [32,33]. Briefly, HA powder (extra pure, 

Riedel-de Haen, Seelze, Germany) calcined at 1000 °C/3 h and a mixture of an α- and β-

TCP powder (purum p.a, Honeywell, Seelze, Germany) were used to prepare an aqueous 

epoxy-based ceramic slurry. A ceramic foam, prepared by a direct foaming of the biphasic 

HA/TCP slurry, was cast into a mold with a diameter of 100 mm and a height of 10 mm 

and polymerized. After consolidation, the ceramic foam was dried, segmented in implants 

preforms, sintered at 1250 °C and milled to the final size of the implant (25 mm × 15 mm 

× 3.3 mm). The second step involved impregnation of the ceramic implants with cross-

linked biopolymer fibers based on bovine collagen and calcium salt of oxidized cellulose 

assembled with hyperstable Fibroblast Growth Factor 2 (FGF2-STAB®). Shortly, type I col-

lagen from bovine skin (Collado, Brno, Czech Republic) was disintegrated in MilliQ ul-

trapure water Type I (prepared according to ISO 3696 on Elix 5 UV Water Purification 

System, Merck, Darmstadt, Germany) together with calcium salt of oxidized cellulose 

(LIFE LINE plus, Brno, Czech Republic) in a ratio of 1:1 giving total concentration of 0.5 

wt% according to [25]. The collagen/cellulose mixture was injected via a 20G needle into 

the ceramic foam to cover all free implant volume followed by freeze-drying at −35 °C 

under 1 mBar for 15h (lyophilizer Martin Christ Epsilon 2-10D, Martin Christ, Osterode 

am Harz, Germany) followed by a secondary drying process at 25 °C under 0.01 mBar 

until decreasing Δp (the change in pressure was up to 10%). To stabilize biopolymers and 

postpone the FGF2-STAB® release, foams were treated with N-ethyl-N’-[3-dimethyla-

minopropyl] carbodimide/ N-hydroxy succinimide (EDC/NHS) (Sigma-Aldrich, Darm-

stadt, Germany) cross-linking system in a molar ratio of 2/1 as verified earlier [34]. After 

2 h cross-linking process, the BHI was washed twice with 0.1 M disodium phosphate 

(Sigma-Aldrich, Darmstadt, Germany) followed by pure water for removal of byproducts. 

At the end, the cold (4 °C) water solution of FGF2-STAB® (Enantis, Brno, Czech Republic) 

was poured on the BHI in the amount of 0.1 µg of protein FGF2-STAB® per 1 cm2 of BHI 

and consequently freeze-dried again as described above. FGF2-STAB® was prepared by 

computer-assisted engineering of a unique nine-point mutant of the low molecular weight 

isoform FGF2 [35]. Prior to biological testing, all scaffolds were sterilized by ethylenoxide 

standard procedure. 

2.2. Scaffold Morphology 

Scaffold morphology was investigated employing a scanning electron microscope 

(SEM, Tescan MIRA3, Brno, Czech Republic). All observations were made in the second-

ary electron emission mode with a high voltage of 10 kV. For better resolution, the scaf-

folds were coated with the 20 nm gold layer. Pore size of the prepared scaffolds was cal-

culated from the SEM images using semi-automatized threshold method. (ImageJ, U. S. 

NHS, Bethesda, MD, USA) [36]. Total number of 69 pores were distinguished for BCP and 

number of 244 pores for BHI. 

2.3. Mechanical Testing 

Compression tests of BCP and BHI materials were performed according to the ISO 

13314 standard on 10 cubic samples of each type with dimensions 5 × 5 × 10 mm. The 

samples were tested in the wet state after hydration for 60 min in PBS solution at 37 °C. 

Ultimate compression strength, elastic gradient, and energy absorption were determined 

using an MTS Mini Bionix 858.02 system (MTS, Eden Prairie, MN, USA) equipped with a 

100 N load cell. The measurements were carried out at a constant crosshead speed of 3.0 

mm/min (deformation rate approx. 0.005 s−1). The obtained stress-strain curves were used 
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to determine the compressive strength, elastic gradient, and the energy absorbed during 

compression. The ultimate compression strength was calculated as the maximum com-

pression force divided by the cross-sectional area of the tested specimen. The elastic gra-

dient was calculated as the gradient of the elastic straight line determined by the elastic 

loading and unloading process of compression testing. Energy absorption was calculated 

as the area under the stress-strain curve up to 40% strain. The elastic gradient used in the 

study represents the closest concept to that of Young’s modulus, which is determined for 

solid materials. To simplify the comparison of our results and the results of other studies, 

we assumed that the elastic gradient represents the modulus of elasticity under compres-

sion. 

2.4. In Vitro Testing of Ceramic-Based Scaffolds 

Both pure ceramic scaffolds and ceramic/biopolymer hybrid scaffolds were tested in 

view of cytotoxicity. Scaffolds with a size of 5 × 5 × 3 mm were placed in 96-well plates, 

prewet with 150 µL of differentiation medium (α-MEM supplemented with 10% fetal bo-

vine serum (FBS), Penicillin/Streptomycin (100 IU/mL and 100 µg/mL), 100 nM dexame-

thasone, 10 mM β-glycerol phosphate and 50 µg/mL ascorbate-2-phosphate). Scaffolds 

were seeded with 85 × 103 human bone marrow-derived mesenchymal stem cells (hMSCs; 

ScienCell, Karlsbad, CA, USA) per well. Scaffolds were further placed in lysis buffer and 

the amount of DNA was measured using Quant-iT™ dsDNA Assay Kit (Life Technolo-

gies, MA, Waltham, MA, USA) according to the manufacturer manual. Confocal micros-

copy (LSM DUO, Zeiss, Germany, Oberkochen) was used to visualize cell adhesion and 

distribution on the scaffolds. Samples were stained using fluorescent probe 3,3‘-dieth-

yloxacarbocyanine iodide (DiOC6(3), Invitrogen, 1 µg/mL in PBS) and propidium iodide 

(PI; 5 µg/mL in PBS). 

2.5. Animal Model and Study Design 

Twenty-four castrated male clinically healthy large white pigs, 4 months old, weigh-

ing around 40 kg were supplied by a local production company approved by Ministry of 

Agriculture of the Czech Republic and housed at the Veterinary Research Institute (Brno, 

Czech Republic) in experimental stables certified by Ministry of Agriculture of the Czech 

Republic. The study was conducted according to the guidelines of the Declaration of Hel-

sinki and approved by the Institutional Review Board of Veterinary Research Institute 

(protocol code 21/2016 with approval from 24 March 2017) and by the Branch Commission 

for Animal Welfare of the Ministry of Agriculture of the Czech Republic (permission num-

ber 21395/2017-MZE-17214 from 4 April 2017). All pigs, divided into two study groups 

depending on the fusion method, underwent lateral lumbar interbody fusion (L2/3) either 

with implantation of an iliac crest bone graft (group A, n = 12) or with a biomimetic BHI 

(group B, n = 12). Twelve animals were sacrificed at week 8 (subgroup A1, n = 6 and B1, n 

= 6), whereas the remaining 12 were sacrificed at week 16 (subgroup A2, n = 6 and B2, n = 

6). Plain radiographs were regularly repeated after surgery. The spine interval from T15 

to L6 was harvested en bloc and cleaned from the surrounding tissues while preserving 

the ligamentous stabilizers. Subsequently, implant removal and macroscopic inspection 

of the spine interval was performed. As controls, 7 cadaveric intact lumbar spines (group 

N, n = 7) were used. All resected porcine spines from group A (n = 12); group B (n = 12) 

and group N (n = 7) were dipped in 40% formaldehyde water solution and sealed into the 

plastic foil to eliminate the autolysis and drying of the sample. 

2.6. Surgical Method 

Animals were premedicated and anesthetized intramuscularly with Tiletamine 2 

mg/kg + Zolazepam 2 mg/kg (Zoletil, Virbac, Prague, Czech Republic), Ketamin 2 mg/kg 

(Narketan, Vetoquinol, Paris, France) and Xylazin 2 mg/kg (Sedazine, Fort Dodge Animal 

Health, Fort Dodge, IO, USA). Endotracheal intubation was performed and mechanical 
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ventilation with air-oxygen mixture (60/40) was used during total intravenous anesthesia. 

Intravenous anesthesia was maintained by Propofol infusion—10 mL/h (Propofol 1%, 

Fresenius Kabi, Bad Homburg, Germany). Prophylactic antibiotic treatment—Amoxicil-

lin/clavulanic acid 15 mg/kg (Amoksiklav, Lek Pharmaceuticals, Ljubljana, Slovenia) was 

administered once before operation. After routine preparation and draping, L2/3 space 

was fluoroscopically identified and a left mini-lumbotomy was performed. L2/3 vertebras 

were visualized via extra-peritoneal approach. The intervertebral disc of interest was ex-

posed after mobilization of the psoas muscle. Under fluoroscopy control, guiding lateral 

plates (Anterior Spinal Srew-rod System, Beijing Fule Science and Technology Develop-

ment, Beijing, China) were implanted from the lateral side to L2 and L3 vertebrae. Each 

plate was fixed with two mono-axial pedicle screws—5 × 30 mm and 5 × 45 mm (Anterior 

Spinal Srew-rod System, Beijing Fule Science and Technology Development, Beijing, 

China). Further L2/3 discectomy was performed. The endplates were shaved using a cu-

rette down to the bleeding bone. Iliac crest bone graft was harvested from the left iliac 

bone and after distraction of L2/3 space, the tricortical bone graft was inserted press-fit 

into the intervertebral space (Group A, n = 12). Alternatively, the optimal size of biomi-

metic BHI was “press-fit” inserted into the empty intervertebral space (Group B, n = 12). 

Inserted pedicle screws were connected by 2 titanium rods (Anterior Spinal Srew-rod Sys-

tem, Beijing Fule Science and Technology Development, Beijing, China) to maintain the 

position and stability of the operated vertebral segment at the end of the surgical proce-

dure. Each wound was irrigated with saline, the subcutaneous tissue and skin were ap-

proximated using interrupted sutures, and the skin was covered with Chlortetracycline 

spray (Pederipra, Hipra, Girona, Spain). Before the pig recovered from anesthesia, con-

ventional lateral and anteroposterior radiographs were made. 

2.7. General Observation, X-Ray Imaging 

After surgery, pigs were checked until full recovery from anesthesia. Two units of 

Amoxicillin/clavulanic acid 15 mg/kg (Amoksiklav, Lek Pharmaceuticals, Ljubljana, Slo-

venia) were administered every 72 h for one week. Pigs received Ketoprofen analgesics 

(Comforion Vet, Orion Pharma Animal Health, Espoo, Finland) intramuscularly regularly 

for one week after surgical procedure. 

Pigs were housed individually with free access to water. General and neurological 

examinations were performed daily during the first week and twice per week later. Plain 

radiographs of antero-posterior and lateral views were regularly repeated after 2, 4, and 

8 weeks after surgery in group A. In group B X–rays were taken after 2, 4, 8, 12, and 16 

weeks. Pigs in both groups were euthanized by i.v. administration of Embutramide, 

Mebezonium iodide, Tetracaine hydrochloride injectable solution at 6ml/50kg (T61, MSD 

Animal Health, Kenilworth, NJ, USA). 

2.8. X-Ray Computed Microtomography (Micro-CT) 

All resected porcine spines from group A (n = 12) and group B (n = 12) were subjected 

to the micro-CT analysis performed the same day as animal euthanasia. The micro-CT 

system GE phoenix v|tome|x L 240 (GE Sensing & Inspection Technologies GmbH, Wun-

storf, Germany) equipped with Nanofocus180 kV/15 W X-ray tube and flat-panel detector 

DXR 250 was used for the tomographic measurement. The X-ray tube was set at an accel-

erating voltage of 100 kV and a current of 300 µA. The X-ray spectrum was filtered by a 

1.5 mm thick aluminum filter. The detector exposure time was 400 ms in each of the 2200 

positions. The measurement was performed at a constant temperature of 21 °C. The voxel 

size was 40 µm. The tomographic reconstruction was realized by GE phoenix datos|x 2.0 

with a sample drift correction, beam hardening correction, and noise filtration. The regis-

tration of the vertebras according to the top-cranial and bottom-caudalis (ventralis, dor-

salis) of the sample was conducted in VG Studio MAX 3.1 (Volume Graphics GmbH, Hei-

delberg, Germany). The registration simplifies the analysis of LIF. The bone graft lies in 

the same reconstructed area and has the same orientation. 
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2.9. Biomechanical Testing 

Biomechanical evaluation of lumbar spinal stability after surgical intervertebral fu-

sion was carried out on the MTS Bionix Spine Kinematics System 370.02 platform (MTS, 

Eden Prairie, MN, USA). Testing was carried out on the following day after animal eutha-

nasia. The flexural stiffness in extension of the lumbar spine cadavers (T15-L6) free of all 

soft tissues except for intervertebral ligaments and facet joint capsules were evaluated, 

namely the native specimens (n = 7), group A (A1, n = 4; A2, n = 4) and group B (B1, n = 4; 

B2, n = 4). The six-axis force-moment sensor Mini 45 SI-580-20 (MTS, Eden Prairie, MN, 

USA) was used for load measurement. The cadavers were anchored to the testing system 

(see Figure 1) and a pure bending moment was applied to the rigidly mounted inferior 

end (L6). The superior end (T15) was unconstrained, free to move in a vertical direction 

and rotate. In the non-destructive mode, 3 cycles of pure bending moments were applied 

(5 N·m load limit) at a rate of 20°/min in flexion (+40°) and extension (−40°). A total of 87 

load records were processed and subsequently evaluated. From the obtained graphs of 

individual group samples, one representative sample having average stiffness was se-

lected. 

 

Figure 1. The MTS Bionix Spine Kinematics System (A) with fixed porcine spine cadaver. The infe-

rior end of the lumbar spine cadaver (L6) was rigidly mounted on the platform on which the pure 

bending moment was applied (B). The superior end (T15) was unconstrained and free to move in 

the vertical direction and to rotate (B). The composite implants or bone graft were implanted from 

the lateral side between L2 and L3 vertebras. Pure bending moment was applied with a load limit 

of 5 Nm at a rotation rate of 20°/min in flexion (+40°)—extension (−40°) mode (C). Each specimen 

was tested for three cycles. 

2.10. Histological Evaluation 

To conduct a scientific and accurate histomorphological analysis, 5 representative 

histological sections of the intervertebral segment in the sagittal plane were obtained from 

8 samples, group A (A1, n = 2; A2, n = 2) and group B (B1, n = 2; B2, n = 2). Evaluation and 

photographic documentation were performed with an Olympus BX45 microscope (Olym-

pus Optical, Tokyo, Japan). Olympus Viewfinder Lite™ software was used to acquire and 

process the images. The sections with the largest area of newly formed bone tissue were 

scanned with a Axio Scan Z1 Digital Slide Scanner (Carl Zeiss Microscopy GmbH, Göttin-

gen, Germany) with a plan apochromatic objective with a magnification of 20×/0.8 M27. 

The areas of mature bone were exactly quantified (in mm2) using the Imaging Software 

ZEN 2.6 (blue edition, Carl Zeiss Microscopy GmbH, Göttingen, Germany). To evaluate 

the relative content (%) of the newly formed trabecular bone values from the whole im-

plantation area of intervertebral fusion, an ImageJ software (Public Domain, Java-based 
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image processing program developed at the National Institutes of Health and the Labor-

atory for Optical and Computational Instrumentation at University of Wisconsin) was ap-

plied. 

2.11. Statistical Analysis 

Data normality were analyzed via Shapiro–Wilk test. Statistical analysis was per-

formed using statistical software (STATGRAPHICS Centurion XVII, StatPoint, Warren-

ton, VA, USA). Non-parametric analysis was employed since either the assumptions of 

normality or homoscedasticity were violated and, subsequently, the Kruskal-Wallis test 

for multiple comparisons with the subsequent post hoc test based on the Bonferroni pro-

cedure. The nonparametric Mann–Whitney test was applied for a pairwise comparison of 

(i) any of the treated groups and the native cadavers, (ii) the time points of each of the A 

and B groups, (iii) the A and B group at each of the time points. Statistical significance was 

accepted at p ≤ 0.05. 

3. Results 

3.1. Bioresorbable Hybrid Implant Properties 

The composition of the ceramic matrix used in this work has been evaluated in terms 

of its chemical structure, biodegradation, mechanical properties, and morphology [32]. 

The final composition of the ceramic matrix examined by X-ray powder diffraction con-

firmed a biphasic calcium phosphate (BCP) comprised of hydroxyapatite (26%) and TCP 

involving β-TCP (62%), and α-TCP (12%). The BCP sample (having open porosity of 85%) 

has been chosen for this work according to its optimal degradation rate, being slower than 

that of the pure β-TCP but faster than that of the stable pure hydroxyapatite. The degra-

dation of BCP in an acidic environment simulating osteoclastic activity (pH = 5.5) reached 

almost one-third the value of the strength in compression at day 14 of full hydration in 

comparison to the hydrolytically stable hydroxyapatite exhibiting no statistically signifi-

cant effect of acidic environment on its stability. Therefore, the BCP should be fully re-

sorbable in vivo within the preclinical testing on a porcine animal model. 

The morphology of the original pure inorganic BCP foam matrix and that one modi-

fied with organic collagen type I, oxidized cellulose, and FGF2-STAB® cross-linked or-

ganic network, stated as BHI, is shown in Figure 2A and B, respectively. As calculated 

from the SEM images, BCP foam had spherical interconnected pores with an average pore 

size of 86 µm (Figure 2C). After the impregnation of the ceramic foam with the network 

of cross-linked nanostructured biopolymer fibers filled the pores and covered the surface 

of the implant with bioactive polymers (Figure 2B). The porosity has significantly de-

creased down to pore size with an averaged value of 36 µm while keeping the open-pore 

structure of BHI scaffold (Figure 2C). 
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Figure 2. SEM micrographs of the structure of the pure biphasic calcium phosphate scaffold (BCP) 

(A) and the ceramic matrix impregnated with collagen, oxycellulose, and FGF2-STAB® cross-linked 

network—bioresorbable hybrid implant (BHI) (B). Scale bar is 200 µm. Figure (C) represents the 

pore size distribution calculated from SEM images (A) for BCP (n = 69 of measured values) and (B) 

for BHI (n = 244 of measured values) using ImageJ program. Statistical significance *** p  0.001 

(Mann–Whitney test). 

Both the BCP and BHI materials have been characterized in terms of their mechanical 

properties after hydration for 60 min in PBS solution at 37 °C. The results obtained from 

the mechanical tests show no statistically significant differences (p = 0.05). The ultimate 

compression strength for BCP and BHI after full hydration was very similar, equal to 0.51 

± 0.15 MPa and 0.50 ± 0.18 MPa, respectively, not showing any effect of biopolymeric im-

pregnation (Figure 3A). However, the polymeric network positively affected the modulus 

of elasticity in compression that corresponded to 105 ± 76 MPa and 124 ± 47 MPa for BCP 

and BHI, respectively (Figure 3B). Consequently, the biopolymeric network increased the 

energy absorption (the total of absorbed energy per unit volume) from 51 ± 29 kJ/m3 for 

BCP to 63 ± 23 kJ/m3 for BHI (Figure 3C). During energy absorption, the materials need to 

be able to maintain a gradual deterioration in the load profile, which is important for load-

bearing intervertebral fusion materials. 
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Figure 3. Mechanical properties of fully hydrated biphasic calcium phosphate scaffold (BCP) and 

bioresorbable hybrid implant (BHI). Ultimate strength in compression (A), elastic gradient (B), and 

energy absorption (C). No statistical significance (Mann–Whitney test, p < 0.05). 
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3.2. Cytotoxicity of Prepared Scaffolds 

Recently, BCP showed superior biocompatibility features based on the evaluation of 

hMSCs metabolic activity, adhesion, and proliferation within two weeks cultured in com-

parison to the pure HA and β-TCP scaffolds [32]. Therefore, in the present study, we used 

the same BCP 3D matrix as a control group for 21 days cytotoxicity evaluation of the BCP 

matrix impregnated with collagen, oxidized cellulose, and FGF2-STAB® (BHI). The 

amount of FGF2-STAB® protein has been widely evaluated in our previous studies [29,30]. 

Based on these results, the concentration equal to 0.1 µg/cm2 has been chosen as the safe 

and effective one. 

The number of hMSCs measured using cell DNA quantification was comparable on 

both BCP and BHI scaffolds within the whole experiment, except day 7, when BHI exhib-

ited significantly higher DNA amount (Figure 4A) probably because of FGF2-STAB® pro-

tein effect. As confirmed by confocal microscope images, the cells spread over the scaffold 

within 24 h and during the 21 days of the experiment formed confluent layers on both 

implants (Figure 4B–E). 

 

Figure 4. In vitro verification of ceramic implants biocompatibility: hMSC proliferation was meas-

ured using dsDNA quantification (A). Statistical significance is shown by bars above the columns 

(p < 0.05). Visualization of cell adhesion and distribution on scaffolds using a confocal microscope. 

Biphasic calcium phosphate scaffold (BCP) on day 1 (B), bioresorbable hybrid implant (BHI) implant 

on day 1 (C), BCP implant on day 14 (D), BHI implant on day 14 (E). Cell nuclei were stained using 

propidium iodide (red color) and intracellular membranes using DiOC6(3) (green color), scale bar 

200 µm. Abbreviations: hMSC, human mesenchymal stem cells; BCP, pure ceramic implant; BHI, 

ceramic implant with biopolymers and FGF2-STAB®. 

Therefore, no cytotoxicity of the ceramic implant after biopolymer enrichment was 

detected, and the biomimetic hybrid implant was found to be biocompatible. However, 

the complexity of the tissue, e.g., the interaction of different cell types and signaling, is 

missing. Therefore, the hybrid implant was further tested in vivo to evaluate the osteoin-

ductive potential of BHI modified by FGF2-STAB® in the complex environment of bone 

tissue. 

 

    

A 
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3.3. Surgery 

Twenty-four pigs enrolled in our study underwent lateral lumbar interbody fusion 

(L2/3, Figure 5B) either with implantation of an iliac crest bone graft (Figure 5C, Group A, 

n = 12) or with a biomimetic BHI (Figure 5D, Group B, n = 12). Twelve animals were sac-

rificed at 8 weeks (Subgroups A1, n = 6 and B1, n = 6), whereas the remaining 12 were 

sacrificed at a week after 16 weeks (Subgroup A2, n = 6 and B2, n = 6). It is clear from 

Figure 5A that the BHI could be prepared in dimensions that matched the surgical area 

more appropriately than the autograft. 

 

Figure 5. Photograph comparing bone autograft with bioresorbable hybrid implant (BHI) (A). Ver-

tebrae L2 and L3 of the lumbar spine, between which the implant was placed (B). Iliac crest bone 

graft implantation (Group A) into L2/L3 segment indicated by an arrow (C). Implantation of BHI 

into L2/L3 segment in Group B using a special implant holder (D). A pig after autografting surgery 

(E). Green arrow shows the place where the autograft was withdrawn and yellow arrows the place 

of implantation. Last photo (F) shows a pig with one scar (yellow arrow) after the BHI implantation 

(Group B). 

All experimental animals underwent surgery without major complications. How-

ever, the removal of a bone graft from the coxal tuber of the hip bone is associated with 

significantly longer operating time in group A (mean operating time = 77 min), compared 

to group B (45 min), higher blood loss during surgery in group A (52 mL) than in group 

B (32 mL) and slower walking ability after the surgery (648 min in average) (Figure 5E), 

comparing to only 80 min in group B (Figure 5F). 

Plain radiographs were regularly repeated before and after the surgery as depicted 

in Figure 6A and 6B, respectively. 

All 24 pigs recovered from the surgery without unusual events. One pig from group 

A2 showed loosening and migration of the screws observed on X-ray 4 weeks after sur-

gery (Figure 6C). Regarding this animal, no clinical related manifestation was noted. No 

other hardware problems with the plate-screw-tube construct on regular X-ray examina-

tion were detected. No general intraoperative, early, or late postoperative complications 

were observed. 
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Figure 6. Plain X-ray radiographs of lateral views taken before (A) and after the surgery (B) Yellow 

arrows show the L2/L3 segment of implantation. Loosening and migration of the screws of the A2 

group in 4 weeks after surgery. Plain X-ray radiographs of the antero-posterior view (C). 

Subsequently, on the harvested spine segments, screw loosening in 3 animals in sub-

group A1 and partial hardware loosening in 4 pigs in subgroup A2 was observed due to 

the fibrocartilage tissue mainly presented at the location after explantation of the osteo-

synthetic material (Figure 7A). That is an indirect sign of instability at the site of the inter-

vertebral fusion. In group B, discrete screw loosening was noticed in 2 pigs, each in one 

subgroup. In the rest of group B2, the fixation plates were visually visible to the bone 

overgrowth and had to be loosened by cutting with a chisel (Figure 7B). Large fibrous 

reaction (connective tissue) without osseous fusion was observed macroscopically as a 

white line at the site of bone autograft implantation at the operated L2/3 level of Group A 

(Figure 7C). In contrast, the structure of the tissue of interbody fusion at the site of BHI 

implantation was solid like the surrounding bone with full osseous fusion (Figure 7D). 

 

Figure 7. The autopsy photo shows a detail of the L2/3 segment of the spine of an animal from group 

A2 after 16 weeks of experiment (A). The arrow indicates the location after explantation of the oste-

osynthetic material with the presence of fibrous reaction. The excised segment of the spine of an 

animal from group B2, the arrow mark segment L2/3 after osteosynthetic explantation material, the 

fibrous reaction is not present, on the contrary, a partial bone overgrowth is expressed at the site 

after removal of anterior implant fixation plates (B). Fibrous reaction without osseous fusion was 

observed macroscopically as a white line (yellow arrow) at the site of bone autograft implantation 

of the cadaveric lumbar spine at L2/3 level of Group A (C). Macroscopically observed interbody 

fusion of group B2, 16 weeks after surgery (D). In contrast, the structure of the tissue of interbody 

fusion at the site of bioresorbable hybrid implant (BHI) implantation was solid (yellow arrow) like 

the surrounding bone with full osseous fusion as (D). 
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3.4. Micro-CT 

The samples were divided into groups with different fusion quality according to CT 

appearance following [37]. The examples of Grade I (complete fusion), Grade II (partial 

fusion), Grade III (unipolar pseudarthrosis) and Grade IV (bipolar pseudarthrosis) are 

shown in Figure 8A-8D. The complete absorption of the bone graft will be assigned to 

Grade IV. 

 

Figure 8. Examples of bone graft samples sorted into groups according to the quality of the fusion 

Grade I, II, III, IV, respectively. (A) fusion is visible and entirely joins the vertebra in the area of the 

bone graft, (B) fusion in the area of the bone graft is presented, but it is not completed, (C) fusion of 

the vertebras is visible but it is not in the area of bone graft, (D) no fusion observed. 

There were 24 measurements performed in both groups, twelve for each group A 

(A1, Figure 9A; A2 Figure 9B) and B (B1, Figure 9C; B2, Figure 9D). All harvested spine 

samples from subgroups after 8 and 16 weeks were scanned immediately after pig eutha-

nasia. 
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Figure 9. Sagittal micro-CT sections of the middle part of 6 samples from the Group A1 (A), Group 

A2 (B), Group B1 (C), and Group B2 (D), of the L2/3 section of pig spines. The plane of the section 

is recorded by a red line on the 3D reconstruction of the spine model. 

Samples were classified by the mentioned grading system, and the results of the anal-

ysis are in Table 1. Table 1 summarizes the results of the fusion assessments at the study 

endpoint after 8 and 16 weeks. After 8 weeks, we observed a similar distribution of fusion 

quality in both groups, without statistically significant difference. On the contrary, in 

group B, the results after 16 weeks showed the presence of fusion grade 1 or 2 in 6 speci-

mens, while the number of samples in group A did not change. 

Table 1. Samples of pig spines fused by autograft and bioresorbable hybrid implant (BHI) and 

their corresponding fusion grades. 

 8 Weeks 16 Weeks 

Fusion 

Grade 

Subgroup A1 

(n = 6) 

Autograft 

Subgroup B1 

(n = 6) 

BHI 

p 1 

Subgroup A2 

(n = 6) 

Autograft 

Subgroup B2 

(n = 6) 

BHI 

p 1 

I 3 2  1 5  

II 1 2 0.737 3 1 0.023* 

III 1 1  2 0  

IV 1 1  0 0  

* Statistical significance of difference between groups was tested by the Mann–Whitney U test. 

As can be seen from Table 1, the 8-week bone autograft group (subgroup A1) in-

volved three samples, where the vertebras were surprisingly fused within the whole area 

of the bone graft. The fusion is steady and compact in micro-CT cross-sections. In one case, 

the bone graft was already fully absorbed exhibiting no fusion at all. However, after 16 

weeks, the second group of bone grafts (subgroup A2) displayed a much lower quality of 

fusion, where the graft was completely absorbed in three cases. The vertebrae fused 

around the bone graft, and the fusion caused so-called non-union outgrowth around the 

whole vertebra’s body (Figure 10A). These large outgrowths have mostly affected the mo-

tion and bending of the spine. Moreover, intervertebral endplates are missing since they 

have been absorbed during the interaction with the bone graft. These disadvantages are 

widespread when a bone autograft is used. 

As for the 8-week subgroup B1, where BHI was applied, the demonstrated results in 

Table 1 are very similar to subgroup A1. However, except for one fully absorbed sample, 

the fusion was mainly generated through/over the scaffold. Clearer are data from the 16-

week subgroup B2, where fusions appear only between the bodies of the vertebra, and no 
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large outgrowths were visible around the vertebrae in micro-CT images (Figure 10B). In 

addition, the intervertebral endplates were still found within the images, and in a few 

cases, intervertebral plate narrowing was observed. 

 

Figure 10. The vertebrae fusion of cadaveric lumbar spines is presented by micro-CT and histology 

images after 16 weeks after surgery for subgroups A2 (A) and B2 (B). Left pictures represent micro-

CT 3D visualization, the middle images show micro-CT cross-section, and the right ones correspond 

to the histological images. On the micro-CT images, clearly visible nonunion outgrowth can be seen 

in Group A2 (autograft) (A, orange arrows), while the bone fusion of the intervertebral areas with-

out connective tissue outgrowth marked with yellow arrows of group B2 (sample with bioresorba-

ble hybrid implant (BHI)) is observed in figure (B). micro-CT images very well corresponded to the 

histological pictures, where the central fibrous cartilage (light pink) layer is in the middle of the 

bone tissue (A, right image), whereas endochondral ossification with new bone and without fibrous 

tissue was formed after BHI implantation (B, right image, yellow arrow). Histological decalcified 

samples were stained by hematoxylin-eosin to observe the nucleus of the cells (blue-violet), the cy-

toplasm (pink), collagen connective tissue (light pink), cartilage cells (dark blue), and muscle (red). 

3.5. Histology 

To see the quality of the formed intervertebral fusions, the areas of mature bone were 

quantified from the histomorphological images using ImageJ software after 16 weeks 

from implantation as presented in Figure 11. The images showed significant differences 

between both subgroups A2 (Figure 11A) and B2 (Figure 11B). New bone formation values 

in subgroup A2 were very different between samples (from 8.7% to 69.%) due to the for-

mation of fibrous nonunion tissue (Figure 11 A, red arrows). Black arrows in Figure 11 A 

depict the bone marrow with trilineage hematopoiesis in the new bone formation with a 

fibrocartilage tissue as a spacer between bone parts. In contrast, values of newly formed 

bone obtained after BHI implantation (Figure 11B, black arrows) with a small amount of 

fibrous tissue at the fusion edges (Figure 11B, red arrows) ranged from 74.3 to 91.1% prov-

ing the osteoconductive and osteoinductive ability of BHI material. 

Using graphical evaluation with software ZEN 2.6 the area of newly formed bone 

was calculated and converted to mm2. Calculated areas of new bone were in the range of 

44.1–48.1 and 58.3–72.5 mm2 for subgroups A2 and B2, respectively, proving a higher 

amount of newly formed trabecular bone in the fusion area treated with BHI material. 
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Figure 11. Histomorphological analysis of the intervertebral fusion area after 16 weeks in subgroup 

A2 (bone autograft) (A) and B2 (bioresorbable hybrid implant) (B). Red arrows depict fibrocartilage 

tissue in the area of the implementation site. Marked areas with black arrows represent newly 

formed trabecular bone tissue having visible bone marrow with trilineage hematopoiesis in the new 

bone formation. Selected images show low and high amount of bone fusion in %. Scalebar of 2 mm 

in each image. 

3.6. Biomechanics 

The flexural stiffness in the extension of the lumbar spine cadavers, carried out on 

the specific Bionix Spine Kinematics equipment designed for spine loading, was evaluated 

for all subgroups (A1, A2, B1 and B2) as well as for the native untreated cadaveric spines 

(group N). 

The graphic curves of all groups are shown in Figure 12. The differences in the slope 

of the curves in the extension region are evident from the above figure. When comparing 

the individual curves of subgroups A1, B1, and A2, B2, it can be said that the slope of the 

curve in the extension area is steeper after 16 weeks than after 8 weeks. This is indirect 

evidence that longer healing in the form of 16 weeks will achieve a better fusion of the 

connected parts of the spine and thus greater rigidity. After 16 weeks, it can also be stated 

that the curves in the extensive part of the course, especially of the subgroup B2 (red 

dashed line), begin to approach the curves recorded in group N (black line) in their shape. 
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Figure 12. Dependence of bending moment on rotation according to groups A1, A2, B1, B2, and N 

(native bone) of spine cadavers. The steeper curve, the stiffer spine cadaver. 

The flexural stiffness in the extension of the lumbar spine cadavers was evaluated for 

all subgroups (A1, A2, B1, and B2) as well as for the native untreated cadaveric spines 

(group N). Eight weeks after the implantation of the bone graft (A1), the flexural stiffness 

of the spine cadavers remained significantly lower than the stiffness of native cadavers 

(N), as can be seen even in the case of subgroup B1. At week 8, the flexural stiffness of 

cadavers with BHI (B1) was comparable to the bone graft cadavers (A1) as we have al-

ready proved by micro-CT (Table 1). Very different situations occurred after 16 weeks of 

implantation, where the stiffness of cadavers with the bone graft (A2) was almost compa-

rable to the native cadavers (N), while the flexural stiffness of cadavers with the BHI in-

creased statistically significantly up to 150%. Eight weeks after implantation, there was no 

statistically significant difference between the stiffness of cadavers with the bone graft 

(A1) and the BHI (B1). Contrarily, after 16 weeks, the stiffness of cadavers with BHI (B2) 

was approximately two times higher (2.17 Nm/deg) than the stiffness of cadavers with the 

bone graft (A2). This increase demonstrates the effect of the biodegradable hybrid implant 

on the higher rate of intervertebral fusion compared with the bone graft (Figure 13). In the 

case of group A, an increase in the flexural stiffness of the spine was also demonstrated, 

which was not due to the quality of the fusion but rather to the formation of a perivertebral 

calcifying fibrous infiltrate, which was also demonstrated on micro-CT examination. 
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Figure 13. Flexural stiffness of native lumbar spine cadavers (N), specimens 8 (A1) and 16 (A2) 

weeks after lumbotomy and autologous Iliac crest bone graft insertion into the L2/3 intervertebral 

space, and specimens 8 (B1) and 16 (B2) weeks after lateral lumbar interbody fusion (L2/3) with the 

nanocomposite porous implant. * Denotes statistically significant differences determined between 

any of the treated groups and the native cadavers. • denotes statistically significant differences be-

tween the time points of each of the A and B groups. ▪ denotes statistically significant differences 

between the A and B group at each of the time points (Mann–Whitney test, p < 0.05). 

4. Discussion 

Our newly developed implant represents a third-generation scaffold based on the 

fully degradable biphasic calcium phosphate matrix impregnated with a low concentra-

tion of nontoxic resorbable fibrous biopolymers (collagen and oxidized cellulose) thus 

mimicking the architecture and chemical composition and physical properties of the ex-

tracellular bone matrix and therefore simulating the osteoconductive characteristics of an 

autologous bone graft [38]. The stabilized fibroblast growth factor 2 FGF2-STAB® added 

to the implant as an osteoinductive substance is supposed to accelerate osteogenesis, en-

hance the proliferation of the osteoblast cell line as well as induce angiogenesis [12]. The 

stability of natural growth factors is often limited to several hours due to protein aggre-

gation (e.g., human FGF2 loses its activity after a 24 h incubation at 37 °C) [39]. Therefore, 

the applied dose is usually high and growth factors must be applied daily due to fast 

protein degradation [40,41]. To prolong the growth factor lifetime, FGF2 can be stabilized 

by, e.g., conjugation to heparin or heparin-like molecules, coacervation, chemical modifi-

cations, genetic engineering, physical barrier strategies, entrapment in hydrogels, micro-

encapsulation, and adsorption [42]. Used FGF2-STAB® is a human recombinant protein, a 

unique nine-point mutant of the low molecular weight isoform FGF2 with in vitro func-

tional half time at 37 °C for more than 20 days [35]. The increased stability of FGF2 de-

creases the dependence of FGF2 on heparin, allowing lower doses in drug delivery carri-

ers for in vivo studies [43]. Moreover, FGF2 can be stabilized via electrostatic ionic inter-

actions by complexation with collagen type I scaffolds both in vitro and in vivo physio-

logical conditions [44]. FGF2 bonded to collagen is both protected from the proteolytic 

environment and released in well-controlled manner from collagen matrices. The rate of 

FGF2 release can be influenced by several additives (e.g., heparin, gelatin, chitosan, cellu-

lose) [45]. Moreover, collagen cross-linking with EDC/NHS system ensures sustained con-

trolled release of FGF2 over 37 days [46]. 

Recently, we examined the FGF2-STAB® release from collagen/chitosan scaffolds 

cross-linked with EDC/NHS system as the growth factor biological activity both in vitro 

on murine 3T3-A31 mouse fibroblast cells and in vivo on New Zealand white rabbits when 
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supporting full-skin thickness regeneration [29]. Broad range of FGF2-STAB® concentra-

tions from 0 to 100 µg/mL was evaluated for cell metabolic activity, where lower concen-

trations from 0.01 up to 0.5 µg/mL showed enhanced cell metabolic activity and collagen 

expression compared to proteins with higher concentrations that may be beneficial for 

wound healing and tissue regeneration [47]. Our previous in vivo studies on a rabbit ani-

mal model revealed the superiority of scaffolds enriched with 0.1 µg/cm2 of FGF2-STAB® 

in terms of scaffold bioresorption, minimal inflammation, and excellent granulation for 

skin tissue reconstruction. Gene expression proved the safety and positive effect of FGF2-

STAB® in collagen/chitosan porous scaffolds on skin regeneration, especially its dermal 

part. 

This study aimed to confirm the safety and efficacy of long-term stable FGF2-STAB® 

in vivo in combination with EDC/NHS cross-linked ceramic/collagen/oxidized cellulose 

implant within the lumbar interbody fusion creation. Prior to its an in vivo implantation, 

in vitro study verified the non-cytotoxicity of the BHI scaffold. 

Based on the results of the three-week culture period, the BHI loaded with 0.1 µg/cm2 

of FGF2-STAB® was biocompatible and enabled cell adhesion and proliferation. The cells 

formed confluent layers already 24 h after seeding. As calculated from the SEM images, 

the BHI exhibited interconnected pores ranging from 100 to 1200 µm with an open poros-

ity of 85% to assure that implants are osteoconductive and enabled ingrowth of the cells 

into the volume of the implants [48]. Moreover, osteoinductivity of the hybrid implant is 

guaranteed by the modification with FGF2-STAB® since generally FGF2 signaling path-

way activates the expression of genes associated with skeletal development [49]. 

Prior to the in vivo evaluation, the mechanical properties of BHI were tested. Modi-

fication of BCP ceramic matrix by low concentration of biopolymers and 0.1 µg/cm2 of 

FGF2-STAB® exhibited negligible contribution to the mechanical properties of the whole 

ceramic implant, since e.g., the fully hydrated collagen possesses ultimate compressive 

strength and elastic modulus in compression two and three orders of magnitude lower 

than porous ceramic matrix, respectively [50]. Obtained values of mechanical properties 

are in accordance with the number of average values of both the total compression 

strength and elastic modulus of the vertebral body [51,52]. 

The proposed study was provided on the porcine spine of a conventional hybrid of 

domestic large white pigs that are relatively inexpensive and easy to manage with a short 

reproduction cycle. Anatomical and biomechanical evaluations of pig spines have shown 

comparable features with the human spine [53]. The similar vertebral size and anatomy 

enabled us to perform a standard fusion procedure using human implants and thus sim-

ulate real human spine surgery [54]. Based on animal species characteristics (young, rap-

idly growing pigs), shorter periods of follow-up were determined. Furthermore, similar 

time intervals to animal euthanasia are reported in other animal lumbar spinal fusion 

studies [55]. On the other hand, shorter time intervals to spinal fusion assessment might 

reduce the success rate of lumbar fusion [56]. 

Intervertebral fusion is standardly used in animal spine models. In our study, we 

decided on lumbar interbody fusion, which is a common surgical procedure used to treat 

severe degenerative disc disease [57]. Porcine anatomy and requirements for biomechan-

ical testing (sufficient number of vertebral bodies above and below scaffold implantation) 

determined the optimal level (L2/3) of spinal fusion in our study. The L2/3 segment was 

stabilized using the lateral rod screw system without additional cage implementation. All 

pigs were divided into two study groups depending on the lateral lumbar interbody fu-

sion (L2/3) provided either with implantation of an iliac crest bone autograft (group A, n 

= 12) or with a biomimetic BHI scaffold (group B, n = 12). Some studies have used a com-

mercially available interbody PEEK cage as a control group [55,58]. However, the poly-

meric cage is not resorbable and there is a need of some autograft bone to fill its central 

part to support the bone fusion. Moreover, the cage stays in the implanted site after spine 

regeneration without its removal. Since we have provided specific biomechanical testing 
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based on spine bending and torsion, we need to use some fully bioresorbable standard-

ized materials for comparison with our BHI scaffold. 

Macroscopic inspection of the explanted spines in group B elicited minimal inflam-

matory responses. On the contrary, in group A, a considerable fibrous inflammatory re-

action around the bone autograft as well as hardware loosening were observed. These 

findings are in good correlation with the histological images as well as with the lower 

intervertebral stability confirmed by both micro-CT inspection and biomechanical studies. 

Micro-CT scans taken postoperatively at week 8 showed similar fusion scores for 

both the BHI and autologous bone graft groups. In both groups, interbody fusion (grade 

I or II) was observed in four out of six animals [37]. Micro-CT scan analysis performed 16 

weeks after surgery showed no trend toward higher fusion scores in group A. On the 

other hand, we achieved a statistically significant improvement of fusion rate in the BHI 

group. All 6 animals with the implanted BHI sacrificed 16 weeks after surgery exhibited 

interbody fusion (grade I or II). Ren et al. reported in their study a comparable fusion rate 

for an autologous tricortical iliac crest bone graft and multiaminoacid copolymer/nano-

hydroxyapatite/calcium sulphate 24 weeks after surgery [59]. In a study presented by Xu 

et al., a porous bioabsorbable interbody Mg-Zn alloy cage without any additives was ap-

plied, however, no acceptable results of intervertebral fusion were confirmed either on CT 

or biomechanical evaluation [60]. Abbah et al. presented unsatisfactory results of lumbar 

intervertebral fusion in the case of a BMP-free polycaprolactone/TCP scaffold compared 

to a bone autograft. In the scaffold with BMP group, they observed satisfactory interver-

tebral fusion after 9 months [61]. When compared to the BHI used in this study, we 

reached comparable results in a shorter period (4 months). Micro-CT was used as it is the 

most valuable imaging method for the evaluation of intervertebral bone healing. Alt-

hough X-ray examination was performed and assessed, it was not sufficient for evaluation 

of bone fusion. Micro-CT results demonstrated superiority of the BHI scaffold over the 

tricortical bone graft. However, micro-CT, unlike plain radiography, does not underesti-

mate vertebral segment stability [62,63]. This fact was supported by the biomechanical 

results, where a significant increase (up to 150%) in flexural stiffness was noticed after 16 

weeks in group B compared to the native spine specimens. In contrast, the results of flex-

ural stiffness in group A1 were significantly worse than the native bone specimens, but 

after 16 weeks the flexural stiffness had reached almost a level comparable with the native 

lumbar spine cadaver (no statistical difference). The biomechanical findings of flexural 

stiffness and moment correlated with the micro-CT results. Daentzer et al. tested a bioab-

sorbable interbody magnesium polymer cage and concluded inferior stiffness of the cage 

compared to a bone graft [64]. Similarly, Tang et al. reported lower values of maximum 

bending load and stiffness for a fast degradable citrated-based bone scaffold group in con-

trast with a bone graft [65]. Data from a study by Abbah et al. showed a significant increase 

in biomechanical stiffness in the experimental group with a bioabsorbable cage loaded 

with autogenous bone marrow stromal cell sheets compared to intact non-operated seg-

ments [66]. Sandhu et al. reached similar results in a titanium interbody fusion device 

filled with a rhBMP-2-collagen composite [67]. Yong et al. published double biomechani-

cal stiffness obtained with a polycaprolactone based scaffold and rhBMP2 than with either 

scaffold alone or an autograft group. The results of our study with the FGF2-STAB® en-

riched implant were comparable to the studies mentioned above. This fact supports the 

hypothesis of both its osteoinductive and osteoconductive potential [56]. 

In compliance with the biomechanics and micro-CT, the histomorphological results 

confirmed the progression of solid interbody fusion in group B between the 8th and 16th 

weeks. The trabecular newly formed bone in subgroup B2 involved from 74.3 to 91.1 %, 

whereas autograft Subgroup A2 exhibits only 8.7 to 69.7 %. This effect could be explained 

by the described macroscopic fibrous reaction with osseous outgrowth at the operated 

motion segment in group A2. 
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Shifts in anterior lumbar interbody fusion surgical approaches utilizing new inter-

body implants with anterior plating and screws have led to increased fusion rates in hu-

man medicine. According to a recent systematic review reported by Manzur that included 

55 studies (5,517 patients and 6,303 fused vertebral levels), the average fusion rate follow-

ing stand-alone was equal to 88.6% and newer zero-profile interbody implants caused a 

fusion rate of 89.2% [68]. Our fully bioresorbable hybrid implant provided a similar fusion 

rate as noticed above, accompanied by excellent biocompatibility and superior biome-

chanical properties of the fused spines. 

5. Conclusions 

In the proposed work, cell-free bioresorbable hybrid ceramic/polymer porous im-

plant modified with collagen, oxidized cellulose and hyperstable FGF2-STAB® protein 

was applied as a third-generation scaffold for spine regeneration. The spinal fusion was 

formed via bone tissue engineering dynamic process initiating osteoprogenitor cell mi-

gration followed by their proliferation, differentiation, and matrix formation along with 

bone ingrowth via osseointegration. Based on the experimental results, the application of 

the hybrid implant enriched with FGF2-STAB® in experimental spinal fusion exhibited 

safety and considerable effectiveness with a significant osteoinductive effect in a porcine 

model even without the use of cell culturing. The effect was observed mainly on the bio-

mechanical spine stiffness. Therefore, the bioresorbable hybrid implant loaded with 

FGF2-STAB® can be stated as a promising safe candidate for bone tissue engineering, spe-

cifically for lumbar interbody fusion creation. 
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