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ABSTRACT 
 

Critical sized bone defect is a major challenge for orthopedic surgeons. These defects result following any pathologic 
condition leading to massive bone loss. Synthetic and biological based tissue engineered biomaterials and their 
combinations provide a promising substitute to fill the defect site. The aim of the present study was to evaluate the 
osteogenic potential of 3-D printed multilayered medical grade PLLA scaffold with collagen and nano hydroxyapatite 
for the healing of induced critical-sized bone defect in dogs. An experimental study was conducted on 12 skeletally 
mature male dogs. Critical defect (25mm) was induced into the right femur of all dogs. Dogs were randomly allocated 
into one of the following groups (4 dogs/group). PLLA scaffold seeded with nano hydroxyapatite and collagen molded 
on the defect (PLLA/Collagen/nHA group), the second group; the defect seeded with collagen and nano hydroxyapatite 
(Collagen/nHA group), the third one was left without scaffold or additives (Sham operated group), and the operated 
animals were left for 12 weeks. Animals were evaluated clinically, radiographically and histopathologicaly. In 
(PLLA/Collagen/nHA group), all dogs showed an improvement in lameness degree from sever to apparently free from 
lameness. Radiography showed newly formed bone filling the defect with no inter zone. Histopathology showed more 
maturation of the newly formed bone in the defect site had occurred as well as defined bone trabeculae in comparing to 
other groups. In conclusion, 3D printed multilayered medical grade PLLA with collagen and nano hydroxyapatite 
provide biodegradable osteoconductive scaffold for enhancing the healing of critical sized bone defect. 
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INTRODUCTION 
 

Critical-sized bone defect is a major challenge for 
orthopedic surgeon. The gap within these defects exceeds 
the ability of the cells to cross-bridge between the two 
fracture ends therefore these critical sized bone defects will 
not heal spontaneously (Rajendran and Venugopalan, 
2015; Oryan et al., 2016). 

There are several key properties of the materials 
required to be successful bone substitutes such as supporting 
attachment, proliferation of osteoblast, enhancing bone 
formation, biodegradation and osteoconductivity in addition 
to the other factors such as; tissue viability, defect siaze, graft 
size, physicochemical characteristic, cost and associated 
complications (Pihlajamaki et al., 2006). 

There are many strategies that could help in repairing 
the critical sized bone defect such as; autograft, allograft 
and xenograft. However, there are limitations as donor site 
morbidity, need extra surgical operation and infection. 

Recently, application of biodegradable polymers 

scaffold such as poly lactic acid (PLA), poly L-lactic acid 

(PLLA) and the co-polymer poly lactic-co-glycolic acid 

(PLGA) gained a great attention as an alternative tissue 

based strategy in the healing of the critical defect 

(Nampoothiri et al., 2010; Félix Lanao et al., 2013; 

Narayanan et al., 2016; Mageed et al., 2018). 

PLLA has gained great attention because of its 

excellent biocompatibility, immunologically inert, 

semipermanent, α-hydroxyl-based synthetic filler that 

induces neocollagenesis from fibroblast and mechanical 

properties (Butterwick and Lowe, 2009).  

Hydroxyapatite is the basic mineral constituent of 

bone and enamel. It has nanocrystalline which exhibits 

improved in sinter ability and enhanced densification due 

to the greater surface area, which may improve fracture 

toughness as well as other mechanical properties 

(Dorozhkin, 2013).
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Nano phase have demonstrated the highest adsorption 

of vitronectin, which is a protein that promotes osteoblast 

adhesion and enhance osteoclast like cell function (Zhang 

and webster, 2009). 

Type I collagen comprises approximately 95% of the 

entire collagen content of bone and about 80% of the total 

proteins present in bone. Other types of collagen, such as 

types III and V, are present at low levels in bone and appear 

to modulate the fibril diameter. Bone matrix, unlike other 

connective tissues, has the unique ability to become 

calcified. Spindle or plate shaped crystals of hydroxyapatite 

are found on the collagen fibers and within or between 

them. They tend to be oriented in the same direction as the 

collagen (Viguet-carrin et al., 2006). 

The aim of the existing study was to evaluate the 

osteogenic potential of 3-D printed multilayered medical 

grade PLLA scaffold with collagen and nano 

hydroxyapatite for the healing of induced critical sized 

bone defect in dogs. 

 

MATERIALS AND METHODS 

 

Materials 

3-D printed multilayered medical grade PLLA 

scaffold (100 micron layer thickness) with 25 mm length x 

32 mm width x 2 mm thickness, and 65% porosity, molded 

to the defect site using worm normal saline. Sterilization 

was made by gamma rays. 

Nano hydroxyapatite (Neo Active Apatite powder® 

(Ghimas, S.P.A, Italy) 0.5 gm/defect. Collagen 

Surgispon® (Aegis Lifesciences, Ahmedabad, India). 

 

Animals 

The present study was conducted on 12 adult 

skeletally mature male mongrel dogs. All study procedures 

were done in accordance to and approved by the 

Institutional Animal Care and Use Committee of 

Veterinary Medicine- Cairo University approval number 

(CU-II-F-58-17). 

 

Experimental design 

A 25mm critical sized bone defect was conducted into 

the right femur in all dogs. Dogs were randomly allocated 

into one of the 3 groups, (4 dogs/ group). 

PLLA/Collagen/nHA group: where a 25 mm critical-sized 

mid shaft femoral defect was created and filled with 

molded PLLA scaffold then seeded with collagen and nano 

hydroxyappetite. (Fig. 1). 

Collagen/nHA group: where the defect filled with 

collagen and nano hydroxyappetite, Sham operated group: 

where the defect was left without scaffold or additives. 

In all groups, bone defects were stabilized using bone 

plate and screws. 

 

Surgical procedure 

Dogs were fasted from food and water for at least 12 

hours prior to surgery till the time of surgery. Dogs were 

prepared for aseptic surgery. A standardized lateral 

approach to the right femur was made (Piermattei and 

Johnson, 2007). A 25 mm critical-sized mid shaft bone 

defect was induced using an oscillating saw. Irrigation was 

maintained during sawing with 0.9% sodium chloride 

solution. Dogs were randomly allocated into one group 

according to the experimental design. Routine closure of 

the surgical wound was done using absorbable suture 

material (Vicrylr®, Ethicon, United States). Daily dressing 

of the surgical wound was done for 14 days following 

surgery. Sutures were removed at 10 days following 

surgery. 

 

Animal evaluation 

Clinical examination 

Dogs were examined daily for the general health 

condition and evaluated clinically for lameness every two 

weeks till the end of the experiment at 12 weeks. A 

numerical rating scale (NRS) was used to score the degree 

of lameness within the operated limb (Impellizeri et al., 

2000) (Table 1). 

 

Radiographic examination 

Two orthogonal radiographic projections were made 

immediately postoperatively, and at 2 weeks interval till the 

end of the experiment. Radiographic exposure factor were 

45-55 kVp and 15mA and 0.1s with FFD 75 cm. 

 

Euthanasia 

Dogs were euthanized at 12 weeks using an overdose 

of sodium pentobarbitone (100 mg/kg through canulated 

cephalic vein).  

 

Gross pathological examination 

Just following euthanasia, the femoral bone was 

resected and bone plates were removed and then examined 

grossly for the filling at the defect site. Medio-lateral, 

superior-inferior bending and torsion was performed. 

Subjective evaluation of the healing was made (No 

detectable mobility between the proximal and distal 

segment, flexible, minimal perceptible mobility between 

the segments).  

 

Histopathological examination 

Bone samples were collected for histopathological 

examination. Bone samples were processed routinely, 

embedded in paraffin, sectioned at 4µm and stained with 

hematoxylin & eosin (H&E), Masson Trichrome (MTC) 

for detection of collagen, Alizarin red for detection of 

calcium deposits. 

 

RESULTS 

 

Clinical examination 

In all groups, the surgical procedures were eventful; 

dogs survived the operation and recovered without 

complications. Inspection of the surgical wound revealed 

edema which gradually regressed by the end of the first 

week. No signs of infection were detected in any of the 

operated dogs. 

 

Evaluation of the lameness 

PLLA/Collagen/nHA group 

All dogs showed sever degree of lameness during the 

first week. Two weeks following surgery, dogs started to 

show mild to moderate degree of lameness. By four weeks, 

all dogs showed mild to barely detectable lameness. At six 

weeks, all animals showed barely detectable lameness. At 

12 weeks, all dogs were apparently free from lameness. 
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Table 1: Numerical Rating Scale (NRS) for assessing the severity 

of clinical signs of lameness in dogs modified from previous study 

(Impellizeri et al., 2000). 

Score Criteria 

0 Clinically sound 

1 Barely detectable lameness 

2 Mild lameness 

3 Moderate lameness 

4 Severe lameness (carries limb when trotting) 

5 Could not be more lame, (continuously carries the limb) 

 

 
 

Fig. 1: A photograph showing critical sized bone defect filled 

with PLLA scaffold seeded with Collagen and nHA after molding 

in PLLA/ Collagen/nHA group 

 

 
 

Fig. 2: Median ± SE of (PLLA/Collagen/nHA), (Collagen/nHA) 

and (Sham operated) group of pelvic limb lameness score using 

numerical rating score (NRS) throughout the study. 

 

Collagen/nHA group 

Animals were never weight bearing when standing or 

moving at 2 weeks, the animals showed sever to moderate 

lameness. At 4 weeks animals showed moderate (n=3) to 

mild (n=1) lameness, by 6 weeks barely detectable 

lameness was recorded. After 8 weeks, dogs were barely 

lame when walking, lameness was exaggerated by trotting. 

By the end of the study at 12 weeks, all dogs showed barely 

detectable lameness. 
 

Sham operated group 

During the first week, the operated limb was never 
weight bearing on standing or moving. At the second week, 
dogs suffered from severe lameness. At 4th week, animals 
showed sever to moderate degree of lameness. By the 6 
week, dogs showed moderate to mild degree of lameness. 
At 8th week, animals showed moderate degree of lameness. 
By 12 weeks, dogs still showed moderate degree of 
lameness (Fig. 2). 
 

Radiographic evaluation 

PLLA/Collagen/nHA group 

There were uniform width of the newly formed bone 
and the rest of the shaft of the femur as there is no inter 
zone in-between. The newly formed bone showed good 
radiographic opacity. 
 

Collagen/nHA group 

The width of the bone was not uniform in width. 
There is an area of separation between the proximal and 
distal end as demonstrated by a radiolucent shade. 
 

Sham operated group 

The area of inter zone of the defect was large and 
filled with many dispersed bony materials in the defect site. 
The radiographic density is a mixture between radiolucent 
areas with radiopaque isolates (Fig. 3). 
 

Gross pathological examination 

PLLA/ Collagen/nHA group 

No detectable mobility between the two ends with 
hard mass completely occupying the defect site. 
 

Collagen/nHA group 

Flexible minimal mobility between the two segments. 
Firm tissue mass was occupying the defect site as well as 
the proximal and distal bone segments. 
 

Sham operated group 

Mobile and large amount soft tissue partially filling 
the defect site (Fig. 4). 
 

Histopathological examination 

PLLA/Collagen/nHA group 

More maturation of the newly formed bone in the 

defect site had occurred as well as defined bone trabeculae 

were formed. Continuity and integrity of the newly formed 

masses were highly homogenous with the surrounding 

normal bone had occurred. 

The line of demarcation between normal and newly 

formed bone couldn’t be recognized. The newly formed 

cortex showed high condensation of incompletely matured 

Harversian system (Fig. 5). 

 

Collagen/nHA group 

The newly formed bone mass was homogenous and 

showed some degree of maturation indicated by the 

presence of lacunae and osteocytes. At the peripheries of 

the   defect,   complete   union  had  occurred   between  the 
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Fig. 3: Radiographic image of the critical sized bone defect after 12 
weeks. (a) radiopaque area filling the inter zone and complete bone 
healing with disappearance of callus. (b) a radiolucent area separate 
the two ends and filling the inter zone. (c) proximal and distal callus 
formation with wide inter zone, and bone islets. (Arrows). 
 

 
 

Fig. 4: Gross pathologic examination of the operated femur of the 
three test group; (a) the defect site was completely filled with hard 
tissue with evidence of alignment of the proximal and distal callus 
that were aligned with the femoral shaft (b) attempt of bone 
healing were evident, the proximal & distal callus were partially 
filling the defect site. The proximal &distal callus were larger than 
surrounding bone. (c) Incomplete filling of the defect site with 
soft tissue was a consistent finding in all control bones. The 
proximal &distal bone fragment were attached only at the site of 
bone plating. The proximal & distal bone segments were free 
movable following plate removal. 
 
surrounding normal bone and the newly formed bone as a 
fibrous tissue separation disappeared. Only few scattered 
immature Harversian system were demonstrated (Fig. 6). 
 

Sham operated group 

The defect sites were filled with masses of granulation 
tissue with numerous irregular dilated blood capillaries. 
Some inflammatory cells and bone formation in the form 
of fine islands of osteoid tissue were demonstrated mainly 
along the periphery of the defect which was separated from 
the normal bone by fibrous tissue strands without bony union 
and few parts showed union especially along the periphery 
of the center of the defect. Few osteoid tissue were scattered 
throughout the granulation tissue mass (Fig. 7). 
 

DISCUSSION 

 
Bone tissue has unique ability to self-regeneration by 

primary intension. A critical sized bone defect exceeds the 
body’s ability of self-regeneration hence healing trials 
occur through second intension. It has been defined as the 
small interosseous space that can’t heal spontaneously 
(Lindsey et al., 2006). 

 
 

Fig. 5: Photomicrograph of bone at the site three months with 

(PLLA/Collagen/nHA) group showing (a) Mature ostoid tissue 

and fibrocartilage (FC) filling the inter zone area (Hematoxyline 

&Eosin) (b) Higher magnification, the ostoid tissue and 

fibrocartilage under consolidation (H&E) (c) Mineralization at 

the periphery of the formed callus (d) Fibrocartilage filling the 

surface gap with mineralization of the matrix at the periphery, 

note the presence of active osteoblasts at the surface of bone (e)  

Organized tissue formed of well-arranged collagen fibers and 

minimal tissue reaction (MassonTrichrom) (f) Better 

mineralization (red lines) at the site of bone regeneration near to 

the formed fibrovascular tissue (Alizarin red). 

 

 
 

Fig. 6: Photomicrograph of bone at the site three months with 

(Collagen/nHA) group showing: (a) Endochondral ossification 

(H&E) (b) Mineralization of the bony matrix with appearance of 

irregular arranged cement lines (H&E) (c) Active osteoblasts at 

the surface of bone with presence of osteoclast (arrow) (H&E) (d) 

Active osteoblasts that appear plump and basophilic cells on the 

surface of reparative bone (H&E) (e) Extensive amount of 

haphazardly arranged granulation tissue filling the area of bone 

defect with numerous mononuclear inflammatory cells infiltration 

(MTC) (f) area of unmineralized tissue in the newly formed bone 

(Alizarine red stain). 

 

 
 
Fig. 7: Photomicrograph of bone at the site three months with 

(Sham operated) group showing: Excessive proliferation of 

granulation tissue around the periosteum with mononuclear 

inflammatory cells infiltration (H&E) (b) Well-vascularized fibrous 

tissue filling the area of bone defect (non-union) (H&E) (c) Area of 

dystrophic ossification (DO) within the formed fibrous callus. 

 

Many theories advocated for treatment of critical 

sized bone defect and to date, no single method is 

considered the standard due to etiologic condition 

differences that result in segmental bone deficiency and the 

 

b a c 

 

b a c 
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clinical considerations that are specific to each. Bony 

resection secondary osteomyelitis or neoplasm requires 

healthy retained bone margins and, it is not possible to 

compromise on the length of bone to be resected (Lindsey 

et al., 2006).  

The materials used in bone grafting can be divided 

into several major categories, including auto grafts, 

allografts and xenografts. Synthetic and biological based, 

tissue engineered biomaterials and combinations of these 

substitutes are other options. Autogenous bone is gold 

standard for bone regeneration for several reasons 

including biocompatibility, no adverse reaction and they 

enclose osteoblasts that participate in new bone formation. 

However, there are limitations to obtaining autogenous 

grafts, such as donor site morbidity and limited donor site 

(Miranda et al., 2006). 

The selection of an ideal bone graft relies on several 

factors such as tissue viability, defect size, graft size, shape 

and volume, biomechanical characteristics, graft handling, 

cost, ethical issues, biological characteristics, and 

associated complications (Pihlajamaki et al., 2006). 

One of the most recent developments in the defect is 

application of barrier membranes to occlude skeletal 

defects against invasion of soft tissue and thus allow 

osseous regeneration to fill the space underneath the 

membrane. This technique is termed as guided tissue 

regeneration or guided bone regeneration (Fukushima and 

Kimura, 2008).  

PLLA has gained great attention because of its 

excellent biocompatibility, immunologically inert, semi-

permanent, α-hydroxyl-based synthetic filler that induces 

neocollagenesis from fibroblasts and mechanical properties 

(Tamilanbu and Suresh, 2015). 

The study was designed to mold a scaffold from 3D 

printed multilayered medical grade by using x-ray film to 

custom made at the critical sized bone defect site and 

seeded with collagen and nano hydroxyapatite. The 

combination between the 3 materials for making an optimal 

characteristic scaffold (osteoconductive, osteoinductive, 

osteogenesis, biodegradable and biocompatible) enhanced 

the healing of critical sized bone defect. 

PLLA scaffold that has been used at the study is 

porous to allow blood supply penetration to bring growth 

factors, allow drainage and faster the degradation of the 

scaffold according to the theory of previous study (Agarwal 

et al., 2007; Polimeni et al., 2008). 

Fixation of PLLA scaffold and bone was done 

through bone plating to keep the space consistent between 

the two bone fragments.  

Collagen type I is approximately 95% of the entire 

collagen content of bone and about 80% of the total 

proteins present in bone. Collagen was used in biomedical 

application as a decellularized extracellular matrix serving 

as a scaffolding material for tissue regeneration but it can’t 

be used alone in a weight bearing bone and on a critical 

sized bone defect as it can be invaded with connective 

tissue and make retardation of the healing. The degradation 

of the collagen worked as chemotactic attraction to 

fibroblasts (Viguet-carrin et al., 2006). In the present study, 

collagen provided a biomaterial with good tensile strength, 

controllable cross linking, inexpensive cost, easy 

preparation, biodegradability and low antigensity. 

Furthermore, it can be associated with nHA without any 

complications during the healing process and promotion of 

the liberation of growth factors, this support the 

observation of previous study (Hanako et al., 2012).  

Regarding this consideration, collagen isn’t used 

alone in the present study but it was mixed with PLLA and 

nHA as a supportive and enhancement material. 

Collagen was employed in two groups (PLLA/ 

Collagen/nHA, Collagen/nHA) inside the defect. 

Successful approach of the two fractured bone and good 

chance of regeneration compared to the sham operated 

group. 

Nanocrystalline hydroxyapatite improve sinterability 

and enhanced densification due to greater surface area, 

which may improve fracture toughness as well as other 

mechanical properties (Dorozhkin, 2013). 

In the conducted study HA was used as a resorpable 

material and as one of bone substitute, because it mimics 

biodegradation properties of HA of normal bone. 

The degradation of PLLA results in lactic acid 

formation which may increase inflammation at the defect 

site and retard the process of healing. The use of nano 

hydroxyapatite was intended to buffer the acidity produced 

by PLLA degradation therefore reduce the associated 

inflammation. 

The degradation of the polymer was measured and 

showed that polymer has slow degradation property that 

starts only after 4 weeks of duration and the complete 

degradation will take place only after 12 months 

(Pihlajamaki et al., 2006; Fukushima and Kimura, 2008). 

The obtained results showed incomplete absorption of 

the polymer which may be attributed to other factors that 

affect degradation such as the shape of the polymer used, 

size, purity, the tissue type, and temperature and porous 

presence. The use of cylindrical molded shape of the PLLA 

assist the healing process inside this mold; and this leads to 

rapid disappearance of inter zone between the newly 

formed bone, and bone segments. 

Radiographic findings demonstrated successful bone 

formation and filling at the defect site, the observation can 

explain the early weight bearing of the animal and 

restoration of alignment. This fact was coincided with the 

results of previous studies (Pihlajamaki et al., 2006; Akagi 

et al., 2014). 

The radiopacity indicates good mineralization across 

the entire defect gap that was confirmed by Alizarine Red 

staining by presence of red lines at the site of bone 

regeneration near to the formed bone tissue. The newly 

formed mass was equal in size to the proximal and distal 

bone fragments. 

The good bone remodeling and the rate of bone 

formation is concurrent with the good corticalization of the 

bone shaft in (PLLA/Collagen/ nHA) group. 

The early remodeling of the shaft of the bone can 

explain the beneficial effect of the combination between 

PLLA/Collagen/nHA in limitation of the overgrowth of the 

soft callus and the early consolidation and mineralization. 

This can explain the good densification of the x-ray 

shadow. 

Regarding to Collagen/nHA group, there was large 

callus formation proximal and distal to the fracture ends 

with radiolucent shadow which indicates the penetration of 

the soft tissue masses and retardation of consolidation, 

mineralization and remodeling of the bone. 
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In Sham operated group, the radiographic findings 

showed large areas of radiolucency which indicates 

retardation of consolidation, mineralization and 

remodeling. 

Histopathological evaluation supports a significant 

treatment effect of PLLA with the additives on bone 

healing in dogs. This effect was obvious by the apparent 

ossification and active mineralization at the peripheral 

areas of callus. Active synthesis of bone matrix was evident 

by the presence of osteoblasts on the surface of reparative 

bone. 

From histological obtained results, the good matrix 

formation the bone can be referred to the use of collagen. 

This obtained results coincided with the observation of 

previous study (Viguet-carrin et al., 2006). 

In Collagen/nHA group, the histological findings 

were characterized by the formation of large homogenous 

fibrocartilage and osteocyte. The presence of immature 

Haversian system and incomplete mineralization explain 

the radiographic picture of the presence of large area of 

radiolucency at the defect site. 

In Sham operated group, the newly formed tissue was 

seen was fibrous, cartilaginous as bone isolates which 

didn’t fill the defect gap till the end of the study as seen in 

radiographic examination; where animal was not able to 

support body weight on the operated limb. 

The radiographic and histopathological examinations 

of the bone healing at the end of the experiment were 

positively correlated. This can suggest the complementary 

subjective and objective outcomes. 

Finally, one can say adding PLLA to Collagen and 

nHA make a great effective strategy to improve bone 

healing in conditions of bone loss. However, using 

Collagen and nHA as a strategy in the healing of such 

defect not compromising especially in heavy weight 

bearing animals and correct the critical sized bone defect. 

Further studies with long term follow up till complete 

bone remodeling, with a different PLA stereoisomers with 

100% purity would be needed to determine the significance 

of these findings. The application of PLLA/Collagen/nHA 

scaffold is a promising strategy for treatment of critical 

sized bone defect. 
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