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Abstract:  
 
The need for a substitute for allograft and autograft is rising as bone graft surgeries exceed available 

supplies. We investigated the efficacy of the low–molecular weight marine bioactive compound 

fucoidan (FUC) on bone regeneration and implant fixation in seven female sheep, as fucoidan has 

shown great promise as a bone substitute. Titanium implants were inserted bilaterally in the distal 

femurs to test three hydroxyapatite/fucoidan (HA/FUC) groups and compared to allograft. The HA 

was coated with either 500 μg or 1500 μg of FUC, obtained by microwave-assisted chemical 

extraction, or 500 μg of FUC obtained by an enzyme-assisted extraction method. The concentric 2-

mm gap around the implant was filled with either one of the HA/FUCs or allograft from the donor 

sheep. After 12 weeks, implant–bone blocks were harvested and divided into three parts for 

mechanical push-out testing, immunohistochemistry, and micro-CT and histomorphometry. 

Pronounced bone formations were observed by micro-CT and histomorphometry in all groups, but 

higher bone volume fractions were seen in the allograft group compared to the three HA/FUC 

groups. The trabecular thickness, trabecular separation and architectural anisotropy were all 

significantly higher in the allograft group compared to the three HA/FUC groups. In conclusion, 

adequate bone formation was observed in all groups, although the bone formation was significantly 

greater in the allograft group. Also, no significant differences existed in the shear mechanical 

properties between groups, suggesting that the combination of HA and FUC can achieve a similar 

fixation strength to allograft in this model. 

 

Keywords: Fucoidan, hydroxyapatite, bone regeneration, microarchitecture, implant fixation.  

 

 

 

1. Introduction 



Loss of bone tissue can be caused by many factors such as tumors, infections and traumas[1, 2]. 

The demand for new materials that induce bone regeneration is rising as 2.2 billion bone-graft 

surgeries are performed every year worldwide, which far exceeds the available graft supplies[2, 3]. 

Furthermore, as life expectancy increases and will continue to rise[4], the average age of the 

population will increase, leading to increases in age-related bone diseases[4]. In recent years a new 

method, bone tissue engineering (BTE), has created new opportunities by providing biomaterials 

that can be used as substitutions for bone grafts[5]. This holds great promise for clinical efficacy[5] 

because biomaterials show favorable results in regenerating bone[4, 5].   

To regenerate bone successfully, the ideal biomaterial should be osteoinductive, 

osteoconductive and osteogenic[3, 6]. Routinely, autologous bone graft is used as the gold standard 

for bone regeneration and meets all of these criteria for bone regeneration[6]. The autologous graft 

has the great advantage of not causing an immune reaction or transmitting disease[7]. However, 

limitations to the use of autologous grafts include limited availability and high morbidity during 

harvest, including infection in the wounds and postoperative pain[8]. Alternatively, allograft is 

often used because of its good osteoconductive property, but it has limited osteogenic and 

osteoinductive properties[9]. Compared to autograft, allograft does not cause donor site pain or 

morbidity[2]. However, nonunion, disease transmission, bacterial infections and autoimmune host 

response are the major concerns in using allograft[9, 10].  

Fucoidan is a bioactive compound derived from brown seaweeds (macroalgae) and 

found in some marine invertebrate tissues[11], which holds a far bigger reservoir than routinely 

used graft supplies. It is a sulfated, water-soluble polysaccharide composed of a backbone of α1–3- 

and/or α1–4-linked L-fucosyl residues. The bonds are organized in stretches of α1–3 or alternating  

α1–3 and α1–4 linkages depending on the seaweed (macroalgal) source of the fucoidan[12]. 

Fucoidan has shown great promise as a therapeutic agent due to its anti-cancerous, anti-



inflammatory, anti-viral, and non-toxic properties[13, 14]. Fucoidan, especially fucoidan-on-

hydroxyapatite has also demonstrated promising effects on bone regeneration[14, 15]. Fucoidan 

induces osteoblast differentiation through signaling in human mesenchymal stem cells[16]. It 

inhibits bone-resorbing activity by blocking the receptor activator of nuclear factor kappa-β ligand 

(RANKL) that stimulates osteoclast differentiation[17].  

In this study, we used a well-validated, critical-size defect, large-animal model with a bone 

structure closely resembling that of human bones. This sheep model may provide helpful insight 

into bone regeneration in humans[18]. We aimed to investigate the efficacy of adding fucoidan-

coated hydroxyapatite (HA/FUC) on bone and blood vessel regeneration and implant fixation 

compared to allograft in a bilateral distal femur implant gap model in sheep. We hypothesized that 

HA/FUC would result in similar bone formation and implant fixation compared to allograft.  

 

2. Materials and Methods 

2.1 Study design  

The critical-size gap model has been established and validated by our group and others, and the 

study design and methodologies used were based on our previously published techniques[3, 19]. 

Titanium implants were inserted bilaterally in the femur condyles of each sheep (Figure 1). The 

implant measured 12 mm in length with a 6-mm diameter of cylindrical column. The implant had a 

footplate and a top washer with a 10-mm diameter creating a 2-mm gap around the implant[3]. This 

critical-size gap defect was unable to heal or bridge without filling. Four implants were inserted in 

each sheep and interventions were compared to their own control within each sheep.  The gap was 

filled with one of the following materials: group 1: allograft as control; group 2: HA/FUC 500 μg, 

University of Southern Denmark (SDU1, Odense, Denmark); group 3: HA/FUC 1500 μg, 

University of Southern Denmark (SDU2); and group 4: HA/FUC 500 μg, the Technical University 



of Denmark (DTU, Lyngby, Denmark). The three HA/FUC groups were named according to their 

original sources.  

The placement of the biomaterial was blinded and randomly allocated. Each 

biomaterial, condyle, and sheep was given a number, creating a four-digit combination for each 

implant. The randomization scheme was kept and controlled by a lab technician. Following surgery, 

the sheep were observed for 12 weeks before euthanasia. The implants and surrounding bone blocks 

were harvested.  

The experiments were approved by the Danish Animal Experiments and Inspectorates 

(2016-15-0201-00839) and performed following the Danish Animal Research Guidelines and 

complied with Reporting of In Vivo Animal Research Experiments (ARRIVE) Guidelines. The 

experiments complied with the commonly accepted “3Rs”[20] for animal research.  

(FIGURE 1 SHOULD BE PLACED HERE) 
Figure 1. Study design. The standard cylindrical implant has a plasma-sprayed rough-surfaced with pores 
made of titanium alloy (Ti-6A1-4V (6% aluminum, 4% vanadium, and 90% titanium), Biomet, Warsaw, IN). 
The length of implant is 10 mm and the diameter of cylindrical column is 6 mm. The implant has a footplate 
and a top washer of 10 mm in diameter, which gives a 2 mm circumferential gap around the cylinder. This 
gap has a volume of 0.5 mL. Cylindrical defects were created at both medial and lateral condyle of the distal 
femurs, and implants were inserted. The sheep were kept for a 12-week observation period before sacrificed, 
and implants were harvested for analysis[21]. 

 

2.2 Sheep  

Eight female skeletally mature Texel/Gotland/Romney sheep (4.71 ± 0.49 years) were purchased 

before the study from a local farmer. One sheep died during anesthesia and was excluded. Autopsy 

of this sheep showed no sign of illness. Thus, seven sheep were included in the final study. 

The sheep had a mean weight of 70.5 ± 4.0 kg and were kept at a farm provided by the 

Biomedical Laboratory, University of Southern Denmark (SDU), Odense, Denmark. One week 

before and after surgery, the sheep were kept in observational boxes at the Biomedical Laboratory. 

They had access to water and hay and were provided limited compound feed.   



 

2.3 Allograft and bone graft substitutes  

Allograft: Allograft was harvested under sterile conditions from one healthy donor sheep before 

surgery. Both distal femurs were harvested and kept at -80 °C. The allograft was made under 

aseptic conditions. Cartilage and soft tissue were removed before milling bone into 0.5–1.5-mm 

pieces. Large or irregular pieces were removed. The bone grafts were packed and stored in 

sterilized 1.5-mL glasses and kept at -80 °C until surgery[19]. 

Implant: The standard cylindrical implant was made of titanium alloy (Ti-6A1-4V [6% aluminum, 

4% vanadium, and 90% titanium], Biomet, Warsaw, IN, USA). The implant had a plasma-sprayed 

rough surface with pores. 

Fucoidans: Two different methods were used to extract low–molecular weight (LMW) fucoidan 

from brown seaweed[13]. An enzyme-assisted extraction method was used at DTU to obtain 

fucoidan from the species Fucus evanescens [22]. A microwave-assisted method was used at the 

SDU [23] to extract fucoidan from Fucus serratus[24]. Different extraction methods and molecular 

weight were used to see if it had an impact on bone regeneration and implant fixation.  

In the enzyme-based method, Fucus evanescens seaweed (5% w/v) was first treated 

with a combination of cellulase and alginate lyase[25] for 24 hours at 40 °C[22]. The reaction was 

stopped by heating at 90 °C for 10 minutes, and the reaction mixture was cooled on ice 

afterward[22]. The supernatant was collected after centrifugation [22]. 2% CaCl2 was added to 

remove residual alginate and the mixture was centrifuged again[25]. After alginate removal, the 

fucoidan was precipitated from the supernatant and isolated by adding of EtOH to a final 

concentration of 72%[22]. Fucoidan was then recovered by centrifugation and lyophilized[22]. The 

fucoidan was separated into three fractions, F1–F3, by ion-exchange chromatography as described 

previously[22]. The F3 fraction was used for fucoidan oligosaccharide production, which was 



performed by hydrolysis with 100 mg/mL of the Fhf1 fucoidanase from Formosa haliotis using 800 

mg of fucoidan F3 and 2 mM CaCl2 in 10mM Tris-HCl buffer, pH 8, at 37 oC for 24 hours. The 

reaction was stopped by heating for 10 minutes at 80 oC in a water bath. Heat-precipitated enzymes 

were pelleted by centrifugation at 19.000 × g for 45 minutes at 20 °C, and the supernatant was 

collected. The high-molecular weight fucoidan products (HMP) were precipitated with cold ethanol 

75%, and the precipitate was separated by centrifugation at 19.000 x g for 15 minutes at 4 °C. The 

supernatant containing low-molecular weight fucoidan products (LMP) was concentrated under 

vacuum evaporation. The polysaccharides and oligosaccharides of fucoidan were lyophilized, 

analyzed by carbohydrate polyacrylamide gel electrophoresis (C-PAGE), and stored at room 

temperature for further analyses. The fine structure of the fucoidan oligosaccharides in the LMW 

fraction comprises fucose residues linked to α-1,3 and α-1,4 in repetition, sulfated at C2[26]. The 

fucoidan composition and SEC data from DTU are shown in Table I and II. 

(TABLE I SHOULD BE PLACED HERE) 

Table I. Monosaccharide composition and sulfate content of F. evanescens F3 (FeF3) native 
fucoidan (mean±SD) 
 

(TABLE I1 SHOULD BE PLACED HERE) 
 
Table II. Monosaccharide composition and sulfate content of the Fhf1 treated LMW fractions 
(mean±SD) 
 
 

In the microwave-assisted method, algae were mixed with an extraction solvent 

(water, 100mM HCl or 10mM H2SO4) and placed in the microwave[23]. 1M of NaOH was added to 

the supernatant, neutralizing the pH to 5–7[27].1% CaCl2 was added and kept at 4 °C overnight to 

precipitate the alginic acid[28]. Alginic acid was removed through centrifugation[28]. The 

supernatant was then mixed with a double amount of ethanol to achieve sulfated polysaccharide 

precipitation[24, 28]. The precipitation was dried at 35 °C until a constant weight was achieved, 

whereafter the recovered fucoidan was ground and stored at room temperature[28].  Fucoidans from 



SDU was not characterized as clear low–molecular weight. SDU2 was created from an extract from 

SDU1 and placed in an ice batch with ultrasound for 45 minutes, creating a structure close to LMW 

fucoidan structure for SDU2. Hence, SDU1 could be characterized as low– to middle–molecular 

weight fucoidan.  

Hydroxyapatite: Hydroxyapatite is a synthetic porous bone substitute. The graft material consisted 

of hydroxyapatite granules with a diameter of 1.0–2.5 mm (ENGIPORE) and was characterized by 

a very high porosity of 90% relative to the total volume[19].   

 

2.4 Surgical procedure  

The sheep were premedicated with medetomidine (1.13 mL), ketaminol (2.25 mL), butomidor (2.25 

mL), midazolam (4.5 mL), and propofol (4 mL) to induce anesthesia. The surgical procedures were 

performed under general anesthesia using fentanyl. The area around the distal femur was shaved 

and disinfected with iodine. After disinfection, the condyles were identified by palpation. A lateral 

or median incision was made depending on the implant insertion of sheep. A Kirschner guide wire 

was inserted perpendicular on to the condyles whereafter two-stage drilling was performed. An 8 

mm defect was first created using a sharp drill before switching to a flat drill to extend the defect to 

12 mm and level the bottom. The defect was rinsed with isotonic saline before the implant was 

inserted and filled with either allograft or HA/FUC. The coating of hydroxyapatite with fucoidan 

was done by filling the gap with hydroxyapatite first following by adding fucoidan thoroughly by a 

pipette. The implant was then sealed with a top washer. The wounds were closed and sutured in 

three layers[3]. The procedure was performed in the medial and lateral condyle of both femurs.   

Postoperative treatment consisted of buprenorphine (0.01 mg/kg) every fourth hour 

after surgery for one day. For the following 3–4 days, fentanyl depot bandage (20 µg/10 kg/hour) 

and Curamox Prolongatum 150 mg/mL (20 mg/kg) were used[3].  

 



2.5 Sample preparation 

After 12 weeks, the sheep were euthanized, and the femurs were harvested. Soft tissue was then 

removed. Each femur was divided into a medial and lateral condyle using an EXAKT 312 Diamond 

Band Pathology Saw (EXAKT Apparatebau, Norderstedt, Germany). An EXAKT 310 CP Diamond 

Band Precision Parallel Control Saw (EXAKT Apparatebau, Norderstedt, Germany) was placed 

perpendicular to the long axial of the implant using a guided wire[3], thereafter the condyles were 

cut into three sections. The top washer was first sawed off before sectioning of the bone. A 3-mm 

thick section for immunohistochemistry was kept in formalin for 2–7 days. A section with 3-mm in 

thickness was dehydrated in ethanol (70-100%) containing 0.4% basic fuchsine and embedded in 

methyl methacrylate (Technovit 9100 NEW; Heraus Kulzer Werheim, Germany) before bone 

histomorphometry and micro-computed tomography (micro-CT) scanning were performed. Finally, 

a 2.8-mm thick section was kept at -20 °C and used for mechanical push-out testing. All sections 

including implant and surrounding bone had a diameter of 2-3 cm.  

After polymerization of methyl methacrylate, histological sections were cut in horizontal directions 

on a custom-made microtome (Medeja microtome, Assendelft, The Netherlands) according to the 

vertical section method[29]. Four adjacent sections from each sample were sawed parallel to the 

long axis of the implant with a thickness of 25 µm. This resulted in 16 sections per sheep and 

ultimately 112 samples overall. The samples were rinsed and placed on glass, before they were 

stained with toluidine blue.  

 

2.6 Mechanical testing 

The samples were thawed at room temperature two hours before mechanical testing. Mechanical 

push-out tests were performed using an 858 Bionix MTS Hydraulic Material Testing System (MTS 

System, Minneapolis, MN, USA). This test was designed to evaluate the shear fixation strength 



between newly formed bone and implant[3]. The implants were pushed out of the surrounding bone 

in the direction of the implant axis (Figure 2) with a displacement rate of 5 mm/min. Load versus 

displacement data were recorded and converted to stress-strain data to calculate mechanical 

parameters: maximum shear stiffness (MPa), maximum shear strength (MPa), maximum shear 

strain (-), and failure energy (kJ/cm2). 

(FIGURE 2 SHOULD BE PLACED HERE) 

2.7 Micro-CT scanning and analysis 

Micro-CT scanning (µCT 50, Scanco Medical AG, Brüttisellen, Switzerland) was performed using 

90 kV, energy 155 µA intensity, and 1000 projections. The scanned images had 3D reconstruction 

cubic voxel sizes of 6 × 6 × 6 µm3. All 3-mm blocks were scanned to quantify the 

microarchitectural properties of the newly formed bone in the concentric gap[3, 19]. The micro-CT 

images were segmented using Scanco software and were divided into newly formed bone (NB), 

hydroxyapatite (HA), and a combination of NB and HA (NB+HA; Figure 3). Thus, three image 

datasets were generated. In the allograft group, old bone (high density) was differentiated from new 

bone (low density) based on a new algorithm implemented by Scanco. Unbiased and assumption-

free 3D methods were used to calculate the microarchitectural properties of the NB, HA, and 

NB+HA as references. Finally, the microarchitectural properties of the NB were reported. These 

parameters included bone volume fraction (BV/TV, %), trabecular thickness (TbTh, µm), 

connectivity density (CD, 1/mm3), degree of anisotropy (DA, -), bone surface density (BS/TV, mm-

1), bone surface to volume ratio (BS/BV, mm-1), trabecular number (TbN, mm-1) and trabecular 

separation (TbSp, µm)[3, 30].  

 

 

Figure 2. (a) Push-out test performed by an 858 Bionix MTS Hydraulic Material Testing System; (b) 
Implant after push-out test; (c) Load versus displacement curve.  



(FIGURE 3 SHOULD BE PLACED HERE) 

Figure 3. Illustrations of 3D reconstruction of the four groups: group 1: allograft as control; group 
2: HA/FUC 500 μg, SDU1; group 3: HA/FUC 1500 μg, SDU2; and group 4: HA/FUC 500 μg, 
DTU. For each sub 3D image, the combination of NB and HA (or old bone) is displayed in the left, 
with highlighted by 3D reconstructions of 10 slices at the right-upper row. 3D reconstruction of 10 
slices of NB only is showed at the right-lower row. For all groups, nice new bone formations can be 
seen. Newly formed bone is marked with blue and hydroxyapatite/old bone is marked with grey.  

 
 
2.8 Histology and histomorphometry 

Newly formed bone was identified mainly as woven bone and by purple and blue surface staining. 

Remnants of substitute were detected as small, dark purple grains. Bone marrow was identified as 

white fatty vacuoles, and fibrous tissue was identified as blue fibril fibers with low cell density. 

Miscellaneous elements were detected as unidentified objects[31].  

An Olympus BX 50 microscope (Olympus, Tokyo, Japan) was used for 

histomorphometric analysis. Stereological software (newCASTTM, Visiopharm, Denmark) was used 

to quantify tissue ingrowth at the implant surface. A line interception technique was used to 

estimate bone ingrowth, which was defined as bone in direct contact with the implant. Point 

counting was used to estimate the volume fraction in the gap[30]. A linear interception technique 

was used to quantify the area fractions of bone, fibrous tissue, miscellaneous, marrow, and 

substituted granules of the blinded sections[3].  

Two predefined regions of interest were made to quantify tissue volume. Zone 1 was 

closest to the implant, and zone 2 was closest to the host bone. Each zone had a width of 

approximately 1000 µm.  

Each section was analyzed in a blinded and random order. However, complete 

blinding of the sections was not possible because substitute groups were identified by remnants of 

granules from hydroxyapatite. Differentiating between the substitute groups was not possible.  

 
 



 

2.9 Immunohistochemistry  

The implant–bone samples were fixed in formalin for 2–7 days, decalcified in formic acid for 7 

days, and embedded in paraffin. Three-micron sections were cut for immunohistochemistry and 

stained with CD34, collagen IV, and ETS-related gene (ERG) endothelial markers. ERG was 

chosen as the preferred antibody because collagen IV also stained the membranes of the fatty cells, 

making it difficult to interpret. ERG was easier to quantify because it only stains nuclei[32], 

compared to CD34 and collagen IV, which stain the membrane and basal lamina[33, 34].  

ERG is a rabbit monoclonal antibody (EPR3864, Ventana Medical Systems) and runs on the 

Ventana Benchmark platform in a ready-to-use concentration.  

NDP.view2 was used to view the scanned slides, and QuPath-0.2.3 was used for 

quantification of ERG-positive capillaries stained brown by the 3.3´-Diaminobenzidine (DAB) 

reaction.  

Positive nuclei and the total number of nuclei were recorded in the 2-mm implant gap 

area (Figure 4). Unfortunately, the areas containing hydroxyapatite were difficult to section, 

resulting in lost tissue, which made comparison between groups impossible. Thus, 

immunohistochemical results were not included in this study. 

(FIGURE 4 SHOULD BE PLACED HERE) 

Figure 4. Immunohistochemical staining with ERG antibodies. Two circles were made creating a 2 mm gap 
in relation to the implant. Negative cells were automatically detected within the two circles, whereafter they 
were subtracted from each other giving the number of negative cells in the gap. ERG positive cells (marked 
with a yellow circle) where counted manually. (a) Allograft 0.54 x magnification, (b) Allograft 40 x 
magnification, (c) hydroxyapatite (HA) in relation to blood vessel with ERG positive nuclei (arrows), (d) and 
(e) the hydroxyapatite serves as a scaffold for bone formation 
 

2.10 Statistical analysis  

The data were reported as mean ± standard deviation. Statistical analyses were performed using 

Stata/IC 16.1. One-way analysis of variance (ANOVA) was used. A p-value<0.05 was considered 



statistically significant. The sample size estimation was based on previous studies and calculated 

from:  

𝑁𝑁1 = 𝑁𝑁2 = 2�𝑡𝑡2𝛼𝛼 + 𝑡𝑡𝛽𝛽�
2
𝑥𝑥𝑥𝑥𝐷𝐷2/𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐷𝐷𝑀𝑀𝐹𝐹2 [35] 

where α is the type I error and β is the type II error. The minimal clinical relevance is MIREDIF.  

The critical value for 𝑡𝑡2𝛼𝛼 = 1.96 with a 95% CI. The critical value for 𝑡𝑡𝛽𝛽 was 0.84 

because the selected power (1-β) = 80%. The standard deviation was set to 50%, and a MIREDIF of 

80% was selected. At least six samples per group were needed according to assumptions[36]. To 

account for dropout, two additional sheep were added, so eight sheep per group were included 

 

3. Results 

3.1 Mechanical push-out test  

The results showed that there were no significant differences in the shear mechanical properties 

between the four groups (Table III).  

Table III. Shear mechanical properties between new bone and implant from the Push-out Test 
(Mean±SD) 

(TABLE III SHOULD BE PLACED HERE) 
 

3.2 Micro-CT scanning and analysis 

The microarchitectural analysis revealed significant differences in the allograft group compared to 

HA/FUC in four parameters (Table IV). BV/TV, TbTh, TbSp, and DA were all significantly higher 

in the allograft group compared to the HA/FUC groups. No significant difference existed in the 

remaining parameters (Table IV). 3D microarchitectural illustrations of newly formed bone tissues 

are shown in Figure 1. 

(TABLE IV SHOULD BE PLACED HERE) 

Table IV. Three-dimensional Microarchitectural properties of newly formed bone within gap of four groups (Mean±SD) 

One image in G2 had poor quality and could not be used hence it was excluded. 



 

3.3 Histological observations 

Newly formed bone was found in the gaps of all groups (Figure 5). Remnants of hydroxyapatite 

were found in all three substitute groups. Newly formed bone was differentiated from mature bone 

by its structure, seen as woven bone compared to the parallel alignment seen in mature bone.  

(FIGURE 5 SHOULD BE PLACED HERE) 

Figure 5. Histological sections for allograft and the substitute groups after 12-weeks. All pictures were 
magnified x 10. Newly formed bone was observed in all groups. The inserted letters I, B, G, F, Mi and Ma 
each indicates a specific tissue, i.e., implant (I), newly formed bone (B), fibrous tissue (F), remnants of 
hydroxyapatite marked as granule (G), miscellaneous (Mi) and bone marrow (Ma) respectively. Picture (a) 
is allograft, (b) SDU1, (c) SDU2, and (d) DTU. The ruler on the top left corner of the pictures 
illustrates the length of 400 µm.  

 
3.4 Histomorphometry 

Significant new bone formation was seen in all groups. The quantification of tissue volume showed 

significantly (p<0.05) greater bone formation in allograft compared to substitute groups for the total 

implant surface (Table V). No significant differences were seen in the remaining parameters, 

although a higher percentage of marrow was seen in the allograft group (Table V).  

(TABLE V SHOULD BE PLACED HERE) 

Table V. Histomorphometric data of the bone implant in percentage of total implant surface 
(Mean±SD) 

 

A significantly (p<0.05) greater bone formation was seen in allograft compared to the 

substitute groups in both zones 1 and 2 (Table VI). Zone 2 showed significantly more 

miscellaneous elements in the allograft and SDU1 groups compared to the substitutes.  

No further significant differences in the measures were found, although a lower value 

for marrow in SDU2 was almost significant compared to the other groups (Table VI).   

(TABLE VI SHOULD BE PLACED HERE) 



 

Table VI. Histomorphometric data showing the percentage of measurements per tissue volume in 
zone 1 and zone 2 (Mean±SD) 

 
4. Discussion 

This study investigated the effects of HA/FUC compared to allograft on bone regeneration and 

implant fixation in a critical-size defect gap model in sheep. The influence on bone regeneration 

and implant fixation was evaluated 12 weeks after implant surgery by microarchitectural analyses, 

histological, and histomorphometric analyses and mechanical testing. Samples were also prepared 

for immunohistochemistry, but results were not included in this study due to tissue loosening during 

sectioning. New bone formation was observed in all groups by both microarchitectural analysis and 

histomorphometry. Interestingly, no significant differences existed in the shear mechanical 

properties of the implant fixation between the allograft and the HA/FUC groups, suggesting a 

similar fixation strength. Similar properties were also seen from histomorphometric and 

microarchitectural analyses, although allograft had significantly higher values for some parameters. 

These results support our hypothesis that HA/FUC is effective for bone regeneration and implant 

fixation in sheep.  

 The microarchitecture of the HA/FUC groups differed significantly from the allograft 

group in four parameters. Both BV/TV and TbTh were significantly higher in the allograft group, 

indicating significantly more bone formation relative to the HA/FUC groups. The new bone 

formation in the allograft group was 38.8%, compared to 25.2% to 28.0% in the HA/FUC groups. 

Comparing the total BV/TVs of new bone and hydroxyapatite in the gaps revealed a 45.7% BV/TV, 

leaving a sufficient 54.3% space for new bone growth. However, the new bone and remnant 

hydroxyapatite occupied 76.1% to 79.3% of the BV/TV in the HA/FUC groups, leaving only 20.7% 

to 23.9% space for new bone growth, which compromised the new bone formation in the HA/FUC 

groups (Figure 3). It seems likely that the BV/TV would reach normal balance only after several 



bone remodelings, with the remnants of hydroxyapatite absorbed over time. Both TbSp and DA 

were significantly higher in the allograft group as a result of lower BV/TV. No significant 

differences were observed in the remaining parameters.  

Interestingly, the mechanical push-out test revealed no differences between the four 

groups. Compared to the allograft group, all the HA/FUC groups had a similar shear modulus, 

strength, strain, and failure energy on the implant fixation between gap mass tissue and implant. 

The combination of newly formed bone tissues and remnant hydroxyapatite reached a similar 

fixation strength to the allograft group, which showed both new woven bone and host lamellar 

bone. Woven bone is expected to have weak mechanical properties and was mainly found in the 

concentric gap, which might explain why there was no significant differences in the push-out 

test[3].  

 The significantly greater BV/TV by microarchitectural analysis was largely supported 

by the findings from histomorphometry. A significantly higher BV/TV was also found in the 

allograft group compared to the HA/FUC groups. The histomorphometry results were evaluated in 

two zones and in total, whereas the results of the microarchitectural analysis did not distinguish 

between zones. However, a significantly higher BV/TV in the allograft group was both seen in 

total, and in zones 1 and 2 in the histomorphometric analysis, supporting the results of the 

microarchitectural analysis.   

Several previous studies have examined fucoidan for bone formation and blood vessel 

formation. A study by Kim et al.[1] supported our findings regarding fucoidan´s osteogenic 

properties, demonstrating that fucoidan stimulated osteoblast differentiation and angiogenesis in 

endothelial cells. These results are supported by Hwang et al.[37], who demonstrated that LMW 

fucoidan triggered osteogenic differentiation in vitro and an anabolic effect on bone mineralization 

in mice, which is in accordance with our findings. Young et al.[38] and Jeong et al.[39] both 



demonstrated that the mineralization effect of HA/FUC was higher compared to hydroxyapatite 

alone. Moreover, Young et al.[38]demonstrated a slight amount of bone formation in a rabbit model 

treated with HA/FUC, which supports our results because new bone formation was found in all 

HA/FUC groups. Our results are further supported by Jin et al.[40] and Lu et al.[17]. LMW 

fucoidan prevented bone turnover in ovariectomized rats, as micro-CT showed a higher BV/TV and 

TbTh in rats treated with fucoidan than without fucoidan[40]. Histomorphometric analysis further 

demonstrated this, with a reduced bone turnover rate was found in the fucoidan group compared to 

ovariectomized rats without fucoidan[40]. Lu et al. also demonstrated reduced bone turnover: 

micro-CT and bone histomorphometry found that fucoidan treatment markedly prevented 

lipopolysaccharide-induced bone erosion in mice[17]. The findings by Lu et al. and Jin et al. 

demonstrated that fucoidan had osteogenic properties, which correlates to our results that showed 

bone formation in all HA/FUC groups. However, Ohmes et al.[25] demonstrated that high 

molecular weight (HMW) fucoidan had anti-angiogenic and anti-osteogenic properties in primary 

cell culture systems mimicking the bone tissue environment. Importantly, the angiogenesis of 

fucoidan is affected by different molecular weights, and that the HMW fucoidan used by Ohmes et 

al.[25] revealed anti-angiogenic and anti-osteogenic properties[41]. LMW fucoidan was used in our 

study, explaining the different findings regarding the osteogenic properties of fucoidan between our 

study and Ohmes et al.   

Using a similar hydroxyapatite alone showed 40% to 60% lower bone formation 

compared to allograft, and adding bone marrow aspirate increased bone formation by 23% to 35% 

and bone ingrowth by 61% in this sheep model[42]. Thus, this study compared the efficacy of 

HA/FUC on bone regeneration with allograft. We also tested whether the fucoidan extraction 

method had an impact on bone regeneration and implant fixation. Even though our results did not 

differ significantly, slightly higher bone formation was found with SDU1 and SDU2. 



 The strength of this study is the design that made it possible to test all four groups 

within the same sheep. However, it has several limitations. Firstly, the small sample size should be 

pointed out, which might compromise the significance of the results. Secondly, this is a preclinical 

animal study, and the results should be interpreted with care. Thirdly, quantifying the angiogenesis 

of implant–bone blocks is a great challenge due to tissue loosening during sectioning. Further 

studies are needed to improve the techniques for evaluating angiogenesis. Nevertheless, our data 

have demonstrated that all HA/FUCs can regenerate bone and enhance implant fixation. Bone 

regeneration was significantly higher in the allograft group, but remnant hydroxyapatite filled up 

too much space in the gap, compromising the room available for new bone.  

 

5. Conclusion 

Good bone formation was observed in all groups, and allograft showed more bone formation than 

did the three HA/FUC groups. However, no significant differences existed in the shear mechanical 

properties between groups, suggesting that the combination of hydroxyapatite and fucoidan 

revealed a similar fixation strength to allograft in this model.  
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Figure 1. Study design. The standard cylindrical implant has a plasma-sprayed rough-surfaced with 

pores made of titanium alloy (Ti-6A1-4V (6% aluminum, 4% vanadium, and 90% titanium), 

Biomet, Warsaw, IN). The length of implant is 10 mm and the diameter of cylindrical column is 6 

mm. The implant has a footplate and a top washer of 10 mm in diameter, which gives a 2 mm 

circumferential gap around the cylinder. This gap has a volume of 0.5 mL. Cylindrical defects were 

created at both medial and lateral condyle of the distal femurs, and implants were inserted. The 

sheep were kept for a 12-week observation period before sacrificed, and implants were harvested 

for analysis[21]. 

Figure 2. (a) Push-out test performed by an 858 Bionix MTS Hydraulic Material Testing System; 

(b) Implant after push-out test; (c) Load versus displacement curve.  

Figure 3. Illustrations of 3D reconstruction of the four groups: group 1: allograft as control; group 

2: HA/FUC 500 μg, SDU1; group 3: HA/FUC 1500 μg, SDU2; and group 4: HA/FUC 500 μg, 

DTU. For each sub 3D image, the combination of NB and HA (or old bone) is displayed in the left, 

with highlighted by 3D reconstructions of 10 slices at the right-upper row. 3D reconstruction of 10 



slices of NB only is showed at the right-lower row. For all groups, nice new bone formations can be 

seen. Newly formed bone is marked with blue and hydroxyapatite/old bone is marked with grey.  

Figure 4. Immunohistochemical staining with ERG antibodies. Two circles were made creating a 2 

mm gap in relation to the implant. Negative cells were automatically detected within the two 

circles, whereafter they were subtracted from each other giving the number of negative cells in the 

gap. ERG positive cells (marked with a yellow circle) where counted manually. (a) Allograft 0.54 x 

magnification, (b) Allograft 40 x magnification, (c) hydroxyapatite (HA) in relation to blood vessel 

with ERG positive nuclei (arrows), (d) and (e) the hydroxyapatite serves as a scaffold for bone 

formation 

Figure 5. Histological sections for allograft and the substitute groups after 12-weeks. All pictures 

were magnified x 10. Newly formed bone was observed in all groups. The inserted letters I, B, G, F, 

Mi and Ma each indicates a specific tissue, i.e., implant (I), newly formed bone (B), fibrous tissue 

(F), remnants of hydroxyapatite marked as granule (G), miscellaneous (Mi) and bone marrow (Ma) 

respectively. Picture (a) is allograft, (b) SDU1, (c) SDU2, and (d) DTU. The ruler on the top left 

corner of the pictures illustrates the length of 400 µm.  
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Figure 2. (a) Push-out test performed by an 858 Bionix MTS Hydraulic Material Testing System; (b) 
Implant after push-out test; (c) Load versus displacement curve.  



 

Figure 3. Illustrations of 3D reconstruction of the four groups: group 1: allograft as control; group 
2: HA/FUC 500 μg, SDU1; group 3: HA/FUC 1500 μg, SDU2; and group 4: HA/FUC 500 μg, 
DTU. For each sub 3D image, the combination of NB and HA (or old bone) is displayed in the left, 
with highlighted by 3D reconstructions of 10 slices at the right-upper row. 3D reconstruction of 10 
slices of NB only is showed at the right-lower row. For all groups, nice new bone formations can be 
seen. Newly formed bone is marked with blue and hydroxyapatite/old bone is marked with grey.  
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Figure 4. Immunohistochemical staining with ERG antibodies. Two circles were made creating a 2 mm gap 
in relation to the implant. Negative cells were automatically detected within the two circles, whereafter they 
were subtracted from each other giving the number of negative cells in the gap. ERG positive cells (marked 
with a yellow circle) where counted manually. (a) Allograft 0.54 x magnification, (b) Allograft 40 x 
magnification, (c) hydroxyapatite (HA) in relation to blood vessel with ERG positive nuclei (arrows), (d) and 
(e) the hydroxyapatite serves as a scaffold for bone formation 
 



   
 

  
 

Figure 5. Histological sections for allograft and the substitute groups after 12-weeks. All pictures were 
magnified x 10. Newly formed bone was observed in all groups. The inserted letters I, B, G, F, Mi and Ma 
each indicates a specific tissue, i.e., implant (I), newly formed bone (B), fibrous tissue (F), remnants of 
hydroxyapatite marked as granule (G), miscellaneous (Mi) and bone marrow (Ma) respectively. Picture (a) 
is allograft, (b) SDU1, (c) SDU2, and (d) DTU. The ruler on the top left corner of the pictures 
illustrates the length of 400 µm. 
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Table I. Monosaccharide composition and sulfate content of F. evanescens F3 (FeF3) native 
fucoidan (mean±SD) 

Neutral sugar (%) 

Fucose 40.20 ± 3.97 

Rhamnose 0.22 ± 0.03 

Galactose 4.32 ± 0.46 

Glucose 0.16 ± 0.01 

Xylose 0.65 ± 0.09 

Mannose 0.18 ± 0.03 

Uronic acid (%)  
GluA 0.37 ± 0.05 

ManA 0.46 ± 0.08 

Sulfate (SO42-) (%)   37.6 

Molar ratio SO42- :Fucose   1.4 

Weight ratio SO42-:Fucose   0.9 

 
 



Table II. Monosaccharide composition and sulfate content of the Fhf1 treated LMW fractions 
(mean±SD) 
    LMW 

Yields, %   46.44 

Neutral monosaccharides (%) 

Fucose 37.01 ± 1.2 

Rhamnose 0.05 ± 0.0 

Galactose 0.49 ± 0.0 

Glucose 0.03 ± 0.0 

Xylose 0.44 ± 0.0 

Uronic acid (%) 
GuluA   

GluA   

Sulfate (SO42-) (%)   33.6 

Molar ratio SO42- :Fucose   1.4 

Weight ratio SO42-:Fucose   0.9 

 

Size-exclusion chromatography of FeF3 and LMW 
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Sample Estimated molar mass (kDa) 

FeF3 400 - 500 

FeF3 LMW 2 

 
Pullulan was used as the standard 
 



Table III. Shear mechanical properties between new bone and implant from the Push-out Test 
(Mean±SD) 

 Ultimate Shear 
Modulus (MPa) 

Ultimate Shear 
Strength (MPa) 

Ultimate Shear 
Strain (-) 

Failure Energy 
(kJ/cm2)  

G1: Allograft 
(n=7) 

44.75±37.10 14.62±9.35 0.83±0.34 5239±2619 

G2: HA/FUC 500 
μg, SDU1 (n=7) 

61.80±24.0 17.50±4.50 0.60±0.20 5032±1069 

G3: HA/FUC 1500 
μg, SDU2 (n=6) 

44.50±24.70 12.10±6.90 0.60±0.10 3463±1706 

G4: HA/FUC 500 
μg, DTU (n=7) 

44.30±21.80 14.10±6.40 0.60±0.10 4470±2647 

ANOVA (p) p=0.58 p=0.58 p=0.12 p=0.47 

In G3 one sample was damaged hence only 6 samples were included.  

 



Table IV. Three-dimensional Microarchitectural properties of newly formed bone within gap of four groups (Mean±SD) 

 Bone 
volume 
fraction  
(%) 

Trabecular 
thickness  
(µm) 

Connectivity 
density 
(1/mm3) 

 Degree of 
anisotropy 
(-) 

Bone 
surface 
volume 
ratio 
(1/mm-1) 

Bone 
surface 
density 
(1/mm-1) 

Trabecular 
number 
(1/mm) 

Trabecular 
separation  
(µm) 

G1: Allograft 
(n=7) 38.8±11 60.2±8.3 602.7±348.8  1.34±0.38 15.45±5.26 5.26±2.18 9.12±2.59 9.4±0.18 

G2: SDU1 
(n=6) 

27±4.8 47±4.2 655.4±274.3  1.075±0.016 25.65±11.13 6.44±2.76 7.64±1.38 8.8±0.14 

G3: SDU2 
(n=7) 

28±10 49±4.8 575.5±132.8  1.074±0.025 20.90±4.56 5.19±0.91 7.57±2.15 9±0.13 

G4: DTU 
(n=7) 

25.2±5.9 48±3.3 567.3±154.5  1.063±0.016 27.74±11.46 6.38±2.16 7.07±1.39 8.9±0.18 

ANOVA p=0.0273 p=0.0006 p=0.915  p=0.0386 p=0.0636 p=0.6187 p=0.267 p=0.0000 
Difference G1> 

G2, G3, G4 
G1> 
G2, G3, G4 

-  G1> 
G2, G3, G4 

- - - G1> 
G2, G3, G4 

One image in G2 had poor quality and could not be used hence it was excluded. 
 



Table V. Histomorphometric data of the bone implant in percentage of total implant surface 
(Mean±SD) 

 Bone 
 

Fibrous 
Tissue 

Remnant 
Substitute 
 

Miscellaneous Bone Marrow  

G1: Allograft 
(n=7) 

56.0±9.0 9.8±3.1 - 9.6±3.1 24.7±7.9 

G2: SDU1 
(n=7) 

34.9±5.2 9.8±3.9 29.0±2.2 8.2±3.2 18.4±7.8 

G3: SDU2 
(n=7)  

38.6±5.3 12.2±6.5 30.2±3.9 5.8±1.5 13.2±9.4 

G4: DTU 
(n=7)  

35.2±6.7 11.3±4.7 27.5±6.9 7.9±3.3 18.2±8.4 

ANOVA (p) p=0.001 p=0.72 p=0.59 p=0.13 p=0.11 
Difference  G1>G2, G3, 

G4 
- - - - 

 

 



Table VI. Histomorphometric data showing the percentage of measurements per tissue volume in 
zone 1 and zone 2 (Mean±SD) 

 Bone Fibrous Tissue Remnant 
hydroxyapatite 

Miscellaneous Bone Marrow 

Zone 1      
G1: Allograft (n=7) 56.3±10.0 12.3±5.5 - 8.6±3.4 22.9±8.7 

G2: SDU1 (n=7) 38.6±7.0 11.5±4.9 29.1±3.0 7.4±3.7 13.9±7.7 

G3: SDU2 (n=7) 36.6±5.7 14.9±10.3 29.9±6.0 5.8±1.4 12.8±10.7 
G4: DTU (n=7) 35.7±10.6 14.4±7.0 26.4±6.7 8.9±6.0 14.9±9.6 

ANOVA p=0.0004 p=0.79 p=0.46 p=0.48 p=0.19 
Difference G1>G2, G3, G4 - - - - 

Zone 2      

G1: Allograft (n=7) 55.8±10.5 7.3±1.7 - 10.5±3.0 26.6±8.9 

G2: SDU1 (n=7) 31.2±5.0 8.1±3.2 28.8±4.4 9.0±2.9 22.9±8.6 

G3: SDU2 (n=7) 40.6±11.8 9.5±2.9 30.4±5.6 5.8±1.7 13.6±8.5 

G4: DTU (n=7) 34.8±9.0 8.2±3.0 28.7±8.2 6.9±1.4 21.5±7.9 
ANOVA p=0.0003 p=0.5 p=0.85 p=0.043 p=0.057 

Difference G1>G2, G3, G4 - - G1, G2>G3, 
G4 

- 
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