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Abstract: 

Background: Peri-implantitis is a progressive destructive condition as a result of 

active inflammatory process, which affects soft and hard tissue resulting in bone 

resorption and loss of the supporting structures surrounding the dental implant. 

There is no ideal or standard treatment approach to manage peri-implantitis and 

this is still an active field of research. Strontium material has a dual mode of 

action by promoting osteoblast cell differentiation, as well as inhibiting osteoclast 

differentiation, which make it of a promising clinical use for treatment of peri-

implantitis. Aim: To produce strontium alginate rings scaffolds serving as a local 

reservoir for local delivery of strontium to the affected dental implant and to test 

the cytotoxicity and the release of strontium material in cell culture model of 

human gingival fibroblast cells. Materials and Methods: Specially designed 

molds were fabricated and used for the development of the strontium alginate 

scaffolds with different strontium concentrations to be administered both directly 

and indirectly to the human gingival fibroblast cell culture. These scaffolds were 

also incubated and the release of strontium from the different scaffolds 

concentrations was analyzed. Results: All the tested strontium concentrations 

appear to be biocompatible with no cytotoxic or negative effects on the human 

gingival fibroblast cells with an increasing cell viability noted with increasing 

strontium concentration in a linear relationship. Strontium release from alginate 

scaffolds was measured and released material is also able to maintain fibroblast 

activity. Conclusion: Strontium appears to be non-cytotoxic to human gingival 

fibroblasts when administered within a novel ring-shaped alginate scaffold. 
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Introduction: 

Dental implants have been widely used in dental practice for replacement of 

missing teeth and in full mouth rehabilitation cases in order to restore both 

function and esthetics. The long-term outcome of this treatment option is 

considered to be stable with a success rate of more than 90%. (5) It has been 

reported that over 428,000 endosseous dental implants are placed yearly in the 

United states and this number is increasing significantly with involvement of both 

general dental practitioners and specialists. (1) As more dental implants are being 

placed, more failures and complications are being reported. 

Several criteria are used to assess the success of dental implants (2) (3) with the 

most significant criterion being osteointegration, which refers to direct contact 

between bone tissue and the implant and is a measure of anchorage of the 

implant (4) As well, with placement of dental implants, the natural barrier 

consisting of junctional epithelium, underlying fibroblasts and the periodontal 

ligament is lacking, permitting the possibility for bacterial invasion, thus 

increasing the importance of the establishment of a soft-tissue cuff of epithelial 

cells and fibroblasts tightly attached to the abutment (43). Peri-implantitis is a term 

to define the process of progressive inflammation around the dental implant; in 

which inflammation has extended deeply and affected both the supporting bone 

and gingival tissue resulting in bone resorption, decreased osteointergration, 

bleeding on probing, pocket formation around the implant, exudate or pus 

1 



	 	

            

          

         

         

         

          

         

         

  

 

          

         

          

       

 

          

        

          

      

       

          

             

             

discharge, and in severe cases implant mobility which can result in implant loss. 

(6) The complications associated with peri-implant soft tissue recession can be 

significant, from esthetically poor clinical results to possible exposure of the 

dental implant and long-term failure (4). This damage to the soft tissue barrier and 

bone resorption occurs as a result of microbial colonization and plaque 

accumulation around the implant surface. The microbial community of plaque 

releases virulence factors, and induce inflammatory mediators, which attract and 

activate leukocytes, together resulting in significant bone and gingival tissue 

destruction. 

Despite the clinical manifestations of the need for this mucosal seal, there is very 

limited information regarding its optimization leading to improved soft tissue 

attachment. Therefore, there is a need to develop new methods and agents to 

increase the clinical attachment around healing abutments. 

There is no ideal or standard treatment approach to manage peri-implantitis. In 

general, management of peri-implantitis can be divided into two categories 

depending on the extension and the severity: 1) a non-surgical or conservative 

approach, which involves chemical and mechanical decontamination of the 

implant surface, or 2) surgical approaches either a) placing bone grafting 

material with or without the addition of biological materials in order to regenerate 

the bone around the implant, or b) by excising gingival tissue in order to expose 

the implant surface to make it more cleansable and facilitate the hygiene ease by 

2 



	 	

          

          

           

      

 

       

        

          

  

 

         

          

       

          

      

        

           

      

         

    

 
           

          

the patient. The main objective for both approaches and the most significant 

factor affecting the outcome is the elimination of the biofilm layer in order to 

arrest the disease and inhibit the bone resorption and the osteoclastic activity 

and improve tissue stability. 

Several biological and therapeutic materials such as Calcium hydroxide, (7) 10% 

hydrogen peroxide (H2O2), (8) chlorhexidine (CHX), (9) Citric acid (CA), (10) (11) 

antibiotics as tetracycline (12) have been used in dental practice to inhibit 

osteoclastic activity. 

Evidence indicates that modifications of the implant and abutment surface can 

alter the behavior of cells to improve gingival and bone cellular function. A study 

assessed treating Implants’ surfaces with layers of calcium phosphates resulted 

in significant faster healing when compared to non treated implants. (44) This 

biologic layer serves as a matrix for osteogenic cell attachment by Initiation of 

platelet activation followed by osteogenic cell migration, bone formation, 

remodeling, and creation of the implant bone contact. (45). Treating titanium 

implants with fluoride solutions showed to enhanced osteoblastic differentiation 

by increasing the expression of Core-binding factor alpha 1 (Cbfa1) with superior 

osteointegration results than non-fluoridated implants (46). 

Strontium, which has the chemical symbol of Sr, is an alkaline earth metal was 

first discovered by Humphrey Davy and named strontium after the Scottish 

3 



	 	

            

          

              

   

            

       

           

             

           

          

           

     

 

        

       

           

        

           

 

           

           

         

           

village of Strontium where it was found first in 1809. (14) Strontium exists in a 

significant amount in the Earth’s crust and the oceans’ water, however, never 

free in nature. It is considered to be the 15th most abundant biological material in 

nature. (15) (16) It is also present the in human body in bones, teeth, blood and soft 

tissue in different amounts based on diet and source of drinking water. Strontium 

shares similar physical and chemical properties as calcium, and is absorbed by 

the human body and usually deposits in the hard tissue such as bones as it has 

good binding ability to hydroxyapatites, with about 99% of the strontium of human 

body detected in the femoral bone, lumbar vertebra, and the iliac crest. (17) 

However, there is no comparison between calcium and strontium when it comes 

to their presence in human bones, as the amount of strontium is very small 

compared to calcium. (18) 

Strontium is mainly used in industrial fields for the production of computer 

monitors and TV glass displays, (19) ferrite ceramic magnets, and fireworks to 

give red color. It is also added as a component in toothpastes for management of 

sensitive teeth. Radioactive strontium has been used for cancer therapy as it 

targets the bone & deposits in areas of active bone formation and remodeling. (20) 

The effect of Strontium on bone remodeling was studied as early as 1910 by 

Lehnerdt and reported that strontium has a remarkable effect on increasing bone 

mass, osteoid tissue formation, and also inhibit bone resorption. Several animal 

studies followed in the 80’s to investigate the effect of strontium; suggesting the 

4 



	 	

         

     

 

         

          

          

           

          

        

         

 

          

             

           

          

       

       

         

          

              

  

 

possible use of strontium as a therapeutic agent for treatment of bone diseases 

(14). 

Strontium ranelate, which is marketed as Protelos or Protos, is an oral 

therapeutic agent used for treatment and prevention of osteoporosis. (13) It has a 

dual mode of action; anti-catabolic to inhibit bone remodeling and arrest 

resorption, and anabolic to promote bone formation and increase the bone mass. 

It is composed of an organic moiety (ranelic acid), and two strontium atoms in 

which ranelic acid was selected as a salt for better bioavailability of strontium 

after the drug being absorbed by the gastrointestinal tract. (14) 

The effect of Strontium ranelate has been studied in different models to 

understand the mechanism and mode of action. In an animal model study of 

cultured long bones, the anti-resorptive effect was the direct result of strontium 

itself due to the ability to decrease ruffled boarder formation resulting in 

osteoclast functional impairment. Strontium ranelate also inhibits osteoclast 

activity by decreasing the expression of two osteoclastic markers (carbonic 

anhydrase II and vitronectin receptor) resulting in less active cells. This effect 

was found to be a characteristic of strontium element itself, as when strontium 

was replaced with calcium, calcium ranelate did not show the same effect. (15) 

5 



	 	

         

          

          

         

           

         

          

         

          

          

      

 

 
         

             

          

         

           

         

          

          

        

           

         

The proper dosing for any therapeutic agent is very important. (21) This can be 

applied to strontium as low doses are beneficial and stimulate bone formation 

while high doses can have negative and harmful effects in bone mineralization. 

(22) The duration of administration of strontium also has differential effects 

especially if it is administered for a prolonged time. At the initial phases, 

strontium stimulates bone formation significantly, then at a point afterwards it 

reached a plateau phase, this effect tends to decrease after the plateau phase 

and in some cases dramatically. (23) As strontium has positive effects on bone 

remodeling and to stimulate bone formation and regress bone resorption, it has 

potential for the treatment of peri-implantitis and can promote the integration of 

both dental and orthopedic implants. 

Alginate is an organic polymer material with an increasing trend for its use as an 

ingredient in food industries, drug delivery, and in the field of cosmetics. Alginate 

has been used effectively as a matrix for drug delivery in different clinical 

applications. It acts as a scaffold and is characterized by controlled and 

prolonged release of the effective material providing good bioavailability of the 

loaded material. (32) Examples of alginate applications in medicine are in 

treatment of acid reflux; alginate foam in combination with anti-acid biologic 

material, the elimination of Helicobacter pylori bacteria; by administration of liquid 

drug consists of sodium alginate containing ampicillin as the effective biologic 

material, (30) and as a wound dressing material to facilitate healing as the ion 

exchange between the sodium in wound’s exudates and the calcium from 

6 



	 	

            

           

      

           

       

          

        

        

          

       

 

         

     

        

         

         

           

         

           

          

        

             

      

alginate result in the formation of a stable soluble alginate gel promote 

hemostasis, (31) and recently it has been used for surface treatment of titanium 

implants for local delivery of biologic materials which promote osteointegration 

and bone to implant contact. Biocompatibility of alginate material has been widely 

investigated for applications in biomedical science. An experimental study 

conducted in mice to evaluate possible immunologic reaction showed little or no 

immunoresponse around alginate (47). Another animal study to assess the effect 

of local administration of recombinant human vascular endothelial growth factor 

on angiogenesis using alginate gel as a delivery method reported negligible side 

effects with no significant inflammatory response (48). 

Several studies assessed the effect of coating implants with strontium using 

different methods. Titanium orthopedic implants were successfully coated with 

strontium, sodium alginate, and dopamine using an electrostatic immobilization 

method. This coating was showed to improve bone healing and affect osteogenic 

activity positively with successful osseointegration of the implants. The 

incorporation of strontium in sodium alginate exhibited good loading efficacy and 

release properties as sodium alginate extended the overall release time of 

strontium with good loading efficacy as about 60% to 80% of strontium was 

preserved. (24) Assessment of the antimicrobial effect of coating titanium implants 

with sliver and strontium by surface oxidization, showed that this strontium-silver 

coating did not only prove to have antimicrobial affect but also resulted in 

osteoblastic differentiation, more collagen matrix production, and extracellular 

7 



	 	

           

        

        

        

             

           

          

          

          

          

       

         

          

            

       

           

     

        

        

       

      

        

          

matrix mineralization, which can be of a promising application to improve 

osteointegration of implants. (25) Strontium and silver loaded nanotubular 

structures formed by hydrothermal treatment has been demonstrated to have 

both osteoinductive and antimicrobial actions. The antimicrobial effect was 

attributed to the sliver and showed to be effective against a variety of bacteria 

with no host cell cytotoxic effects, while strontium enhanced bone formation by 

affecting cell adhesion, migration, and proliferation of preosteoblast cells, and 

increased the expression of osteogenic genes, and promote the mineralization of 

collagen matrix on both osteoporosis and bone defect models. (26) A comparative 

study to investigate the effect of coating titanium implants with different materials 

(pure hydroxyapatite, hydroxyapatite containing 10% Zinc (Zn), hydroxyapatite 

containing 10% magnesium (Mg), or hydroxyapatite containing 10% strontium 

(Sr)), reported that all four types of coatings showed increase bone to implant 

contact but hydroxyapatite containing 10% strontium was the most effective with 

regards to trabecular microstructure of bone formation and biomechanical 

(27). strength Comparison of modification of the surface of titanium discs 

(strontium-hydroxyapatite coated, nano- hydroxyapatite coated, or uncoated 

roughened surface) to explore the behavior of mesenchymal stem cells and 

osteoblastic cells investigated cell adhesion to the surface, proliferation, viability, 

alkaline phosphate activity, bone formation, mineralization, and osteogenic 

differentiation. The strontium-hydroxyapatite coated surface showed superior 

results in comparison to the uncoated roughened surface or hydroxyapatite 

alone. (28) A study to assess the properties and the effect of strontium loaded 

8 



	 	

      

         

       

       

       

          

          

             

        

   

 

           

              

          

          

      

        

 

 

 

 

 

 

nanotubular structure on titanium implants showed continues long-term release 

of strontium, which contributed to favorable bone remodeling properties. 

Osteogenic differentiation was also observed with well spread mesenchymal 

stem cells over the surface, significant up-regulation of osteogenic differentiation 

markers including runtrelated transcription factor 2 (RUNX2), osteocalcin (OCN), 

alkaline phosphatase (ALP), type 1 collagen, and bone morphogenic protein 2 

(BMP-2) (29). A cell culture experiment of human gingival fibroblast cells to 

explore the effect of replacing CaO with SrO in silicate and phosphate bioactive 

glasses materials showed favorable effect on human gingival cells by increasing 

cells growth and proliferation (49). 

Studies have suggested that strontium could be of promising use for treatment of 

peri-implantitis, and to date there are no data on the effect of strontium on 

improving function of human gingival fibroblast cells, which are crucial for 

maintaining the soft tissue seal around the implant. We hypothesize that 

strontium-alginate containing scaffolds promotes human gingival 

fibroblast activity with good biocompatibility & minimal adverse effects. 

9 



	 	

    

 

           

         

 

        

     

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aim of the study: 

1) Develop a mold to be used for fabrication of ring-shaped alginate scaffolds 

loaded with strontium to modify healing abutment surfaces. 

2) Characterize the function of human gingival fibroblast (HGFs) cells 

exposed to alginate-strontium scaffolds. 

3) Characterize the release kinetics of strontium from loaded alginate 

scaffolds. 

10 



	 	

   

 

  

            

         

       

       

       

 

      

      

        

       

   

           

    

    

        

  

        

      

       

        

 

Materials and methods: 

Materials: 

- Nobel Biocare conical connection NP healing abutment of 4 mm diameter. 

- Straumann metal guided T-sleeve of 5 mm diameter 

- Hydrophilic vinylpolysiloxane impression material (addition-reaction silicone), 

Virtual® Putty Base and Putty Catalyst, Ivoclar Vivadent ®. 

- Lab-Putty Base, Economy-Pack container and Lab-Putty Hard Tube, 

COLTENE. 

- Alginic acid, Sodium salt, (alginate) (ACROS organics) 

- Strontium citrate dibasic (anhydrous) (Jost chemical) 

- Calcium chloride dehydrate, Certified ACS, (Fisher Scientific) 

- Dulbecco’s Modified Eagle’s Medium with 4.5 g/L glucose & L-glutamine without 

sodium pyruvate, (CORNING). 

- Trypsin EDTA, 1X (0.05% Trypsin/0 53 mM EDTA in HBSS without sodium 

bicarbonate calcium & magnesium), CORNING. 

- MTT stock powder, (Invitrogen). 

- Dulbecco’s Phosphate Buffered Saline (DPBS), 1X without calcium & 

magnesium, CORNING 

- MEM Alpha (1x), Minimum Essential Medium, with L-Glutamine, 

Ribonucleosides, Deoxyribonucleosides, without Phenol Red, (Gibco) 

- DMSO, Dimethyl Sulfoxide, Ultra Pure, (VWR). 

- Hank’s Balanced Salt Solution with calcium, Magnesium (Corning) 

11 



	 	

  

 

    

           

           

            

          

       

           

           

     

 

        

          

          

             

         

          

        

   

 

 

Methods: 

* Fabrication of the molds: 

In order to produce the alginate strontium loaded rings with the desired shape 

and size, Polyvinyl siloxane (PVS) molds were made using a ring template made 

of PVS. PVS is an addition reaction silicone elastomer that is used widely in the 

dental field as an impression material. The material comes in two separate 

packages or tubes, one contains the base, and the other contains the accelerator 

or the catalyst. When they are mixed according to the manufacturing technique & 

instructions the material solidifies to form a rubbery solid consistency with none 

to minimal dimensional changes afterwards. 

The ring template was made of Hydrophilic Polyvinyl Siloxane material 

(Figure1a) following mixing equal amounts of both the putty base (dark blue 

color) and the putty catalyst (white color) until a consistent and uniformed color 

material is obtained which then can be used to form the desired shape. A 1mm 

thick ring template was produced using a healing abutment, (Nobel biocare, 

conical connection NP, diameter of 4 mm) (Figure 1b) for the inner outline and a 

metal guided T-sleeve (5 mm diameter, Straumann) for the outer outline of the 

ring. (Figure 1c) 

12 
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Figure 1: Polyvinyl Siloxane material used for fabrication of the template ring. 
(a) Hydrophilic Polyvinyl Siloxane material showing the two packages, the putty base (dark blue color), and 
the putty catalyst (white color). (b) Nobel biocare, conical connection NP abutment, diameter of 4 mm and 

Straumann metal guided T-sleeve, 5 mm diameter. (c) Polyvinyl Siloxane ring. 

13 
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For the molds, Hydrophilic Polyvinyl Siloxane material (Figure 2a) was used 

following the manufacturing instructions. The base, which comes in a putty 

material pink in color & packed in a large container, was mixed with the 

accelerator or catalyst, which comes in a blue colored paste material packed in 

small tubes. Once the mixture become consistent & has a uniformed color, it was 

adapted against the ring & allowed to solidify. After solidification the ring was 

peeled off from the mold to produce the intact ring mold (Figure 2b) and the 

process was repeated to get the needed number of molds. Ring template and 

mold material was sterilized by wiping with 70% Ethanol before fabrication. 

a. 

b. 

Figure 2: Polyvinyl Siloxane material used for fabrication of the ring molds. 
(a) Hydrophilic Polyvinyl Siloxane material showing the two packages, the putty base (the big 

container), and the catalyst paste (the small tube). (b) The ring mold. 

14 



	 	

 

      

         

           

            

              

             

           

        

 

      

        

           

       

          

          

          

           

                 

            

            

                

     

 

* Fabrication of the Strontium-Alginate loaded scaffolds: 

1 % alginate solutions were prepared with different concentrations of strontium 

citrate (0%, 1%, 5%, 7.5%, 10%) dissolved in distilled water. Each solution was 

mixed for 30 minutes to allow complete dissolution of the alginate powder. 200 µl 

of the solution was placed in the mold and each mold was placed in a separate 

well of a 12-well culture plate and allowed to gel in 2ml of 4% CaCl2 at room 

temperature for 2 days. After 2 days, the rings were removed from the molds and 

then placed in the hood under UV light for 30 minutes for sterilization. 

* Fabrication of square shaped molds: 

The same Hydrophilic Polyvinyl Siloxane material used for the ring molds was 

used to fabricate the square shape molds using 1.5 cm square shape stamps of 

three different thicknesses (1 mm, 2 mm, 3 mm) (Figure 3a). The process was 

repeated to get the needed number of molds of each thickness (Figure 3b). The 

same sterilization method used by wiping the molds with 70% Ethanol before 

fabrication of the strontium-alginate scaffolds using 1 % alginate solutions with 

different concentrations of strontium citrate (0%, 1%, 5%, 7.5%, 10%). 300 µl, 

600 µl, 900 µl of the solution placed in the 1 mm, 2 mm, 3 mm respectively. After 

placing the strontium-alginate solution in the molds, each mold was placed in a 

separate well of a 6-well plate culture plate, left for 30 min at room temperature, 

then, 5 ml of 4% CaCl2 was added to each well and allowed to gel at room 

temperature for 2 days. 

15 



	 	

 

 

 

 

 

 

 

 

 

 

 

 

   

         

        

        

          

           

         

             

		 	 	 	 	

     
  

  

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

   

 

 

 

1	 mm 2 mm	 3 mm	 

a. 

b. 

Figure 3: Fabrication of the square shape molds. 
(a) The square shape stamps of different thicknesses (1 mm, 2 mm, 3 mm). (b) The square 

shape mold of the corresponding thicknesses. 

* Human gingival fibroblast (HGF) culture: 

HGFs were isolated from discarded gingival tissue obtained from healthy 

subjects undergoing procedures at the UB clinics, University at Buffalo, New 

York (IRB protocol 663292-1) and archived for routine use. Briefly, fibroblasts 

were isolated using an explant outgrowth method. Tissue pieces were collected 

immediately and washed in DMEM media containing 10X antibiotics, followed by 

washing three times in media containing 1X antibiotics. Tissue pieces were 

minced into small pieces and allowed to attach to wells of a 6-well tissue culture 
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plate for 30 minutes, followed by the addition of 1ml of fresh DMEM media + 10% 

FBS with antibiotics. Explants were incubated at 37 0C, 5% CO2 until migration 

of cells from the tissue explant could be observed, with replacement of fresh 

media every 3 days. Once approximately 60% confluent, cells were detached 

using 0.25% trypsin/ 0.05% EDTA and reseeded into larger flasks for growth of 

large scale culture and archiving. 

HGFs were grown in cell culture flasks with Dulbecco’s Modified Eagle’s Medium 

(DMEM) with 4.5 g/L glucose & L-glutamine, 10 % fetal bovine serum (FBS), and 

1x antibiotic/ antimycotic. The cells were incubated at 37°C in 5% CO2 until 80% 

confluent. HGFs were routinely passaged using 0.05% trypsin/ EDTA and 

cultured at the appropriate cell density for each assay. 

* Preparation of the cell culture assays: 

Experiments to measure the direct effect of the alginate ring on HGF viability or 

cell number were performed with 1 X 105 cells per well (24 well plate) grown for 

48 hours prior to assay. To examine the effect of material released from alginate 

rings, conditioned media was prepared by incubating 4 rings per well in 1ml of 

media for 48 hours. 200 ul of filtered conditioned media was then added to 1 X 

104 HGF cells grown for 48 hours in triplicate in 96-well plate and incubated for 

48 hours prior to assay. All experiments included media alone as control and 

alginate scaffold rings with various strontium concentrations (0, 1, 5, 7.5, 10%). 
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* Imaging and examination of the Human Gingival Fibroblast (HGF) cells 

under the microscope: 

In some experiments HGF cultured with alginate- strontium scaffold rings were 

visualized using light microscopy (Nikon Eclipse TS100 inverted microscope 

connected to SPOT 5.2 software) 

* MTT Cell Viability Assay: 

The MTT stock solution was prepared by dissolving 50 mg of MTT powder in 1 

mL of sterile Dulbecco’s Phosphate Buffered Saline (PBS). The solution was 

prepared in a sterile environment inside the tissue culture hood. After 48 hours of 

incubating HGFs with the different concentrations of strontium alginate rings or 

conditioned media, the media were discarded from each well along with the 

strontium alginate ring. Clear without phenol red MEM media (500ul for 24 well or 

100ul for 96 well plate) was added to each well with MTT stock solution (50ul for 

24 well plate or 10ul for 96 well plate), including a negative control group 

consisted of MTT stock solution with MEM media alone. The plate was incubated 

in a humidified incubator at 37°C for 4 hours. After 4 hours, all but 125 µl for 24 

well plate and 25 µl for 96 well plate of the medium was removed from each well. 

250 µl for 24 well plate and 50 µl for 96 well plate of Dimethyl Sulfoxide (DMSO) 

was added to each well and mixed with the pipette thoroughly. Afterwards, the 
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plates were incubated again in a humidified incubator at 37°C for 10 minutes, 

then, absorbance was read at 540 nm (Flexstation 3, Molecular Devices). 

* Human Gingival Fibroblast Cells counting: 

A 24-well plate was prepared with total of 1 X 105 HGFs in each well and another 

96 well plate was prepared with total of 1 X 104 HGFs in each well with total of 3 

wells for each group. After 48 hours of incubating the ring itself or ring-

conditioned media with the human gingival fibroblast cells, the cells were 

detached from each well by adding 120 µl for the 24 well plate or 50 µl for the 96 

well plate of 0.05% Trypsin/ EDTA solution, incubated in a humidified incubator 

at 37°C for 20 minutes, neutralized with 120 µl for the 24 well plate or 50 µl for 

the 96 well plate of DMEM, then placed in a separate small tubes. Human 

gingival fibroblast cells counting was done using Cellometer® Auto T4 device by 

placing 20 µl of the cells solution in each slide following the proposed 

instructions. 

* Measuring the release of strontium from the alginate scaffolds with 

different concentrations: 

Seven alginate rings of each strontium alginate concentration (0, 1, 5, and 10%) 

were incubated together in 6 ml of Phosphate Buffered Saline without calcium or 

DMEM. Rings were incubated in a humidified incubator at 37°C for 24 hours, 
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then the rings were removed from the tubes and strontium release was 

measured using Inductively Coupled Plasma Optical Emission Spectrometery 

(ICP-OES) (Thermo-Scientific iCAP 6300. Materials Characterization Laboratory, 

UB). Strontium reference standards (BDH Aristar) were used to prepare varying 

concentration solutions for a standard curve for calibration and measurement of 

unknown samples. In additional experiments, 1 square mold of each strontium 

concentration of either 1mm, 2mm, or 3mm thickness was incubated in 6 ml of 

DMEM for 48 hours followed by strontium release measurement using ICP-OES. 

Statistical Analysis: 

The data were analyzed using one-way ANOVA analysis of variance test or t-test 

to compare mean and mean ± standard error of mean (SEM), with p-value of 

0.05 to be considered as a significant difference. 

Results: 

* Strontium-Alginate rings scaffold Development: 

• Alginate scaffold in a shape of a ring was successfully developed with 

strontium material been delivered within the alginate ring scaffolds with the 

desired different concentrations (0%, 1%, 5%, 7.5%, and 10%) (Figure 4). 

Initial attempts to hand carve ring shaped molds by hand did not provide 

consistent shaped rings following gelation of the scaffold. Use of the 

healing abutment and T-sleeve to make a ring-shaped template allowed 
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generation of uniform shaped molds. Placing the strontium alginate rings 

under ultraviolet (UV) light for 30 minutes before starting the cell culture 

seems to be enough for sterilization purposes as no culture contamination 

issues were noted when following this method. At the macroscopic level, 

all the rings appeared similar in shape and structure irrespective of the 

strontium concentration. 

Figure 4: Strontium Alginate Rings. 

• One issue was noted during development of the strontium alginate rings. It 

was noted that the rings were dissolving when they were placed in 

Phosphate Buffered Saline (PBS) without calcium (Figure 5a) while they 

maintained their integrity when placed in DMEM media with 4.5 g/L 

glucose & L-glutamine and 10 % fetal bovine serum (FBS) (Figure 5c). 

This could be attributed to the fact that the PBS had no calcium, as when 

rings were incubated in a buffered solution containing calcium (HBSS with 
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PBS (no Ca) HBSS ( 1.2 mM Ca) DMEM (1.8mM Ca) 

1.2mM CaCl2) similar to that in DMEM (1.8mM CaCl2) they retained their 

structure (Figure 5b). 

a. b. c. 

Figure 5: Stability of strontium-alginate scaffolds requires calcium. 
(a) Strontium-alginate ring dissolved after incubation in PBS without calcium. (b) 

Strontium-alginate ring maintained it structure after incubation in HBSS containing 
1.2 mM calcium. (c) Strontium-alginate ring maintained it structure after incubation 

in DMEM media containing 1.8 mM calcium. 

* The morphologic characteristics of Human Gingival Fibroblast cells: 

• Human gingival fibroblast cells after incubation in a humidified incubator at 

37°C for 48 hours with the presence of the strontium alginate rings of 

different concentrations (0 %, 1 %, 5 %, 7.5 %, 10 %) are shown in the 

(Figures 6 – 11). Cells were observed at the ring interface and at distance 

farther away from the ring. Cells also appeared to grow on top of the 

strontium alginate scaffolds. (Figure 12). 
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• The morphologic characteristics of the human gingival fibroblast cells did 

not show any significant change or alterations with the presence of the 

strontium alginate ring scaffolds. The cells maintained their elongated 

spindle-shaped appearance with flat to round nuclei and seemed to grow 

and survive on top of the strontium alginate rings as the cells appeared to 

be growing in different planes when examined under the microscope. 

• All different concentrations of strontium administered in the alginate 

scaffolds (0%, 1%, 5%, 7.5%, 10%) seem to be biocompatible with no 

cytotoxic or negative effects observed on the human gingival fibroblast 

cells. 

a. b. 

Figure 6: Human gingival fibroblasts with no strontium alginate ring. 
(a) Magnification x10 (b) Magnification x4 
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a. b. 

c. d.	 

Figure 7: Human gingival fibroblasts incubated with 0% strontium alginate ring. 
(a) Figure shows HGF cells only without the ring, Magnification x10 (b) Figure shows 

HGF cells with the ring, Magnification x10 (c) Figure shows HGF cells only without the 
ring, Magnification x4 (d) Figure shows HGF cells with the ring, Magnification x4 
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a. b. 

c. d.	 

Figure 8: Human gingival fibroblasts incubated with 1% strontium alginate ring. 
(a) Figure shows HGF cells only without the ring, Magnification x10 (b) Figure shows 

HGF cells with the ring, Magnification x10 (c) Figure shows HGF cells only without the 
ring, Magnification x4 (d) Figure shows HGF cells with the ring, Magnification x4 
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a. b. 

c. d.	 

Figure 9: Human gingival fibroblasts incubated with 5% strontium alginate ring. 
(a) Figure shows HGF cells only without the ring, Magnification x10 (b) Figure shows 

HGF cells with the ring, Magnification x10 (c) Figure shows HGF cells only without the 
ring, Magnification x4 (d) Figure shows HGF cells with the ring, Magnification x4 
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a. b. 

c. d.	 

Figure 10: Human gingival fibroblasts incubated with 7.5% strontium alginate ring. 
(a) Figure shows HGF cells only without the ring, Magnification x10 (b) Figure shows 

HGF cells with the ring, Magnification x10 (c) Figure shows HGF cells only without the 
ring, Magnification x4 (d) Figure shows HGF cells with the ring, Magnification x4 
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a. b. 

c. d.	 

Figure 11: Human gingival fibroblasts incubated with 10% strontium alginate ring. 
(a) Figure shows HGF cells only without the ring, Magnification x10 (b) Figure shows 

HGF cells with the ring, Magnification x10 (c) Figure shows HGF cells only without the 
ring, Magnification x4 (d) Figure shows HGF cells with the ring, Magnification x4 

Figure 12: Human gingival fibroblast cells growing on top of the Strontium-alginate ring, 
at the ring interface, and at distance away from the ring. 
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* Effect of strontium scaffold on HGF cell growth: 

To examine the effect on cell growth as measured by cell number, cell counts 

were performed following direct exposure to the alginate-strontium ring scaffold 

(Figure 13A) or to substances released in ring-conditioned media (Figure 13B). 

Upon cell counting of the human gingival fibroblast cells, it appears that there is 

no significant difference in the number of the HGF cells following 24 hour 

exposure to the different concentrations of strontium alginate rings (p-value 

0.3948) or ring-conditioned media (p-value = 0.9150). Due to time restraints this 

experiment was only performed once. 

Figure 13: Effect of application of strontium-alginate scaffold ring or ring-conditioned 
media on HGF cells growth. Graphs represent mean ± SEM of triplicate wells from one 
experiment. (A) Direct application of the strontium-alginate ring to HGF cells showing no 
significant difference on cells growth (ANOVA p-value=0.3948). (B) Application of ring-
conditioned media to HGF cells showing no significant difference on cells growth (ANOVA p-
value = 0.9150). 
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* Viability of Human Gingival Fibroblast Cells with application of different 

strontium containing scaffolds or scaffold conditioned media: 

• Viability of human gingival fibroblasts measured by MTT assay (metabolic 

activity) shows an increasing trend in the presence of strontium (with 1 %, 

5 %, 7.5 %, 10 % strontium alginate rings) when compared to its absence 

(0 % strontium alginate ring) (p-value = 0.0035 by ANOVA). A Significant 

increases in metabolic activity was observed for 7.5% and 10% strontium 

rings (p < 0.05 by t-test) (Figure 14). 

Figure 14: Viability of human gingival fibroblast cells following exposure to 
• alginate scaffolds. MTT assay for each strontium alginate concentration with direct 

application of the rings showing increasing pattern in a linear relationship with 
significant difference between the groups (ANOVA p-value 0.0035)•
* Indicates p< 0.05 compared to 0% ring (t-test). Graphs represent mean ± SEM of 3 
experiments •

• Viability of human gingival fibroblasts seems to be increasing in the 

presence of strontium (with 1 %, 5 %, 7.5 %, 10 % strontium alginate rings 

media) when compared to its absence (0 % strontium alginate ring media). 

30 



	 	

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         
       

   
        

 

0.8 
* 

* 
0.6 

0 
-.::I' 
It') 0. C 
0 

0.2 

0.0 
,J'\.O;, ,J'\.O;, ,J'\.O;, ,J'\.O;, ,J'\.O;, J'\,.O;, ,~- ,~- ,,....- ,,....- ,,....- {~-

~o r..o\o o\o o\o o\o o\o 
" " '::> A..'? ...... ~ 

conditioned media Strontium concentration 

• It appears to be that the higher the concentration of strontium from media 

obtained after incubating the corresponding strontium alginate rings, more 

cell activity is noted with positive direct relationship. (p-value 0.0405). 

(Figure 15). 

• Both direct application of strontium alginate rings to human gingival 

fibroblast cells and indirect application by adding the conditioned DMEM 

media with the strontium alginate rings showed comparable results of 

increasing HGF activity. 

Figure 15: Viability of human gingival fibroblast cells for each strontium alginate concentration 
with application of ring conditioned media showing increasing pattern in a linear relationship with 

significant difference between the groups. (p-value 0.0405). 
* Indicates p< 0.05 compared to 0% ring (t-test).  
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* Strontium release from the strontium alginate rings scaffolds: 

Initial experiments performed using ICP-OES to measure strontium released 

from ring scaffolds (7 rings per group) indicated very low levels of strontium 

release over 24 hours in either PBS or DMEM media (Table 1). Rings incubated 

in the PBS appeared to dissolve which influenced the ability to accurately record 

measurements. 

Table 1: Strontium release measurements from strontium-alginate rings scaffolds of 
different concentrations using ICP-OES analysis. 

Strontium 
concentration in ring 

PBS (no Ca) DMEM 

Media only Not tested 0.0120 ppm 
0% 0.0219 ppm 0.0400 ppm 
1% 0.0348 ppm 0.0661 ppm 
5% 0.0770 ppm 0.409 ppm 

10% 0.2245 ppm 0.0465 ppm 

As these low levels of strontium release may be due to the small size of the 

rings tested, we next constructed larger square scaffold (1.5 cm square) of 

varying thickness (1, 2 or 3 mm) as means to more easily understand the release 

kinetics from the scaffold. (Figure 16) 
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a. 																																	b. 																																												c. 

1 	mm 2	mm 3	mm 

d. e. f. 

Figure 16: The square shape strontium alginate scaffolds. 
(a) Strontium-alginate scaffold in 1 mm thickness mold. (b) Strontium-alginate scaffold in 2 mm 

thickness mold. (c) Strontium-alginate scaffold in 3 mm thickness mold. The different 
thicknesses of the strontium-alginate scaffolds respectively. (d) 1 mm thickness. (e) 2 mm 

thickness. (f) 3 mm thickness. 

Following exposure of each square scaffold in DMEM for 48 hours, strontium 

release analyzed using ICP-OES (Figure 17). Observable increases in strontium 

release from the scaffold could be measured (Table 2). A general increase in the 

amount of strontium released was observed with increasing concentration of 

strontium in the scaffold. Similarly the thicker the scaffold, the more strontium 

was released compared to the same concentration. 
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Table 2: Strontium release measurements from strontium-alginate square shape 
scaffolds of different concentrations and thicknesses using ICP-OES analysis. 

Strontium	 
concentration	 in	 ring 

1mm 2mm 3mm 

Media	only 0.0134	 ppm 
0% 0.0720	 ppm 0.1050	 ppm 0.1339	 ppm 
1% 0.1930	 ppm 0.4902	 ppm 0.8229	 ppm 
5% 0.0547	 ppm 0.2402	 ppm 0.4244	 ppm 
7.5% 0.1906	 ppm 0.3586	 ppm 0.5824	 ppm 
10% 0.1888	 ppm 0.	 4093	 ppm 0.6822	 ppm 

Figure 17: Strontium standard curve used to measure 
strontium release using ICP-OES. The standard range 

used to make the curve was 0.2 to 1 ppm. 
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Discussion: 

Peri-implantitis is a progressive destructive condition as a result of active 

inflammatory process, which affects both soft and hard tissue resulting in bone 

resorption and loss of the supporting structures surrounding the dental implant. 

Treatment options for peri-implantitis are variable, however, there are not many 

well-designed comparable studies to compare the efficacy of these different 

treatment approaches. In a Cochrane Database review that was published in 

2011 aiming to compare and determine the efficacy of different peri-implantitis 

treatment, it was concluded that more research and particularly well designed 

randomized clinical trials are needed as the available evidence is very limited 

and of insufficient quality and quantity. (33) Local administration of different 

biological material has been proposed in several studies for management of this 

local inflammatory process. In a study published by Renvert et al., they 

suggested the local application of minocycline antibiotic to the dental implant 

surface and showed favorable and stable results upon follow up of 12 months. (34) 

Maximo et al. reported effective clinical and microbiological outcomes with the 

use of mechanical anti-infective therapy for treatment of peri-implantitis using 

sodium carbonate air-powder. (35) In a five-year clinical study that was published 

by Leonhardt et al., local application of hydrogen peroxide was performed in 

order to decontaminate the implants’ surfaces for treatment of peri-implantitis 

with successful outcome. (36) Mombelli et al. investigated the effect of local 

delivery of tetracycline antibiotic as a therapy for peri-implantitis with total follow 
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up to 12 months with samples obtained from the affected implants for analysis of 

the presence of different etiologic bacteria. They concluded that the local 

application of tetracycline showed favorable results with significant reduction of 

the detected bacterial pathogens. (42) 

Strontium has dual mode of action by promoting osteoblast cell differentiation 

and activity, as well as inhibiting osteoclast differentiation resulting in favorable 

bone remodeling outcome. (37) Coulombe et al. proposed a possible explanation 

of this reported effect of strontium material that strontium targets the extracellular 

calcium receptors in both osteoblasts and osteoclasts, resulting in multiple 

interactions contributing to these constructive bone-remodeling effects. (38) 

Canalis et al. investigated the effect of strontium salt in a cell culture model of 

bone cells obtained from rats and reported that strontium 

enhanced DNA synthesis three- to four fold, collagen and non-collagen protein 

synthesis by 35% resulting to increase the osteoblast cells proliferation by 30-

50% after 24 hours and by 60% after 96 hours of administration with total of 

increase bone formation by 20- 35 %. (41) 

The aim of this study was to develop strontium alginate scaffolds, to investigate 

the cytotoxicity of strontium biological material within these scaffolds in vitro using 

cell culture of human gingival fibroblast cells. In addition, we aimed to assess the 

viability of the HGF cells upon the addition of strontium material both directly, 
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through strontium alginate scaffolds, and indirectly, by adding the solutions of the 

incubated strontium alginate scaffolds. 

Different strontium concentrations were incorporated within the alginate ring 

scaffolds, which were tested including 0 %, 1 %, 5 %, 7.5 %, and 10 %. With all 

the five tested concentrations, no obvious cytotoxicity was noted. In fact, 

metabolic activity measured by MTT assay appeared to be increased in a 

strontium-dependent concentration manner. Human gingival fibroblast grew 

normally and maintained their proliferation ability with the administration of the 

different strontium concentrations with no abnormalities or difficulties 

distinguished during cell culturing. 

The mean number of the human gingival fibroblast cells did not differ significantly 

within the different groups of different strontium concentrations when compared 

in a pilot study performed here. This suggests that the increased metabolic 

activity we observed is not just an effect of increased cell growth during the 48 hr 

exposure period. However, this experiment needs to be further repeated and 

include longer-term assay periods. 

The viability of human gingival fibroblast cells with the administration of strontium 

was higher than the control cells with no strontium. Among the strontium 

concentrations tested here, significant difference in cell activity was only 
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observed for 7.5 and 10% strontium scaffolds. This could be attributed to the low 

concentrations of strontium material in the alginate scaffolds with the maximum 

concentration tested in our study was 10 %, or due to not enough release of the 

strontium from the strontium alginate scaffolds during our test period of 48 hours. 

In a study that was conducted by Er et al. aiming to analyze the cytotoxicity of 

different concentrations of strontium ranelate solutions on human periodontal 

fibroblast cells viability, their study consisted of five different strontium ranelate 

concentrations including control group with no strontium ranelate administered, 

2.5 %, 5 %, 10 %, and 20 % strontium ranelate solutions added to human 

periodontal fibroblast cells culture. They reported that the two highest tested 

strontium ranelate concentration (10 % and 20 %) showed significantly lower 

viability and cell number (40). In our study the strontium was derived incorporated 

within the alginate scaffolds with different concentrations while in the Er et al. 

study the different concentrations of strontium solutions were administered 

directly to the cells by adding the strontium ranelate solution to the DMEM media 

directly. As a result the bioavailability of the effective strontium material to the 

cells culture is different between the two methods, as with the direct solution 

application method it is one time administration of strontium material with 

unchanging concentration of the strontium material available to the cells, 

however, with our proposed methods by incorporating the effective strontium 

material within the alginate scaffolds hypothetically will result in slow consistent 
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alginate scaffolds of different concentrations, the different strontium concentration 

release of strontium over a long period of time which can show different behavior 

of the cells as the effect of strontium appeared to be dose-dependent. Our data 

also indicate that media conditioned by exposure to the strontium-containing 

scaffolds does contain released strontium and is able to maintain or increase 

HGF activity. 

Lan et al. stated in their study which aimed to fabricate metronidazole antibiotic 

incorporated in biodegradable alginate scaffolds for controlled localized 

administration of the effective agent to be placed on dental implants at the time of 

implants placement surgical procedure for better osseointegration outcome, that 

the ideal release of a material into a local site should consist of initial high burst 

release of the effective material from the scaffold to be followed by controlled 

slow release over the time. (39) 

In an attempt to measure strontium release from our developed strontium 

ring scaffolds were incubated in both Dulbecco’s Phosphate Buffered Saline and 

Dulbecco’s Modified Eagle’s Medium for 24 hours. It was noted that the strontium 

alginate scaffolds appear to be dissolving when incubated in Dulbecco’s 

Phosphate Buffered Saline while maintain their integrity when incubated in 

Dulbecco’s Modified Eagle’s Medium. This could be attributed to the absence of 

calcium in the Dulbecco’s Phosphate Buffered Saline solution while it was 
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incubated in Dulbecco’s Phosphate Buffered Saline dissolved completely or just 

present in the Dulbecco’s Modified Eagle’s Medium as it seems that calcium 

plays a significant role in maintaining the shape and the integrity of the strontium 

alginate rings scaffolds. In an attempt to test this hypothesis, we incubated 

strontium alginate rings of all the different five concentrations in a humidified 

incubator at 37°C for 24 hours in three different solutions: Dulbecco’s Phosphate 

Buffered Saline without calcium, Hank’s Balanced Salt Solution which contains 

1.2 mM calcium, and Dulbecco’s Modified Eagle’s Medium which contains 1.8 

mM calcium. It was noted that the strontium alginate rings that were incubated in 

both Hank’s Balanced Salt Solution and Dulbecco’s Modified Eagle’s Medium 

preserved their shape and integrity, however, strontium alginate rings that were 

small fragments of the scaffolds remained after the incubation for 24 hours. This 

could elucidate that calcium is essential to be present in the solution where our 

developed strontium alginate rings scaffolds are incubated or preserved in order 

to retain their structure and prevent them from being dissolved. In a review 

published by Yong Lee and Mooney on alginate properties, they explained the 

gelation process of alginate by cross-linking mechanism with divalent cations. 

For biomedical uses they suggested the uses of calcium, as it is believed that 

calcium ions will bind solely to the alginate chains block, then each block will form 

junctions with the adjacent block. This process is called the egg-box model of 

cross-linking resulting in the formation of gel matrix. The most common agent 
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slower and more controlled gelation process of alginate. One of the drawbacks 

used to ionically cross-link alginate is calcium chloride (CaCl2), with calcium 

sulfate (CaSO4) and calcium carbonate (CaCO3) being another alternatives for 

they reported in their review of this gelation method is the limited long-term 

stability of the matrix as it dissolves as a result of the release of the divalent ions 

unless if the gel was maintained in an media which has divalent ions to minimize 

the exchange reactions resulting in stability of the gel structure. (50) This was 

consistent with our results as the strontium-alginate ring incubated in PBS 

without calcium dissolved while strontium-alginate rings incubated in HBSS with 

1.2 mM calcium and DMEM with 1.8 mM calcium maintained their structure. 

Our strontium release measurements showed a positive increasing trend of 

strontium release from the alginate scaffolds with more strontium being released 

with thicker scaffolds and higher strontium concentration. This finding is 

consistent with Yuan et al study in which they assessed the release of strontium 

after coating implants with strontium alginate of two different concentrations 1% 

and 5% over 28 days. Their result showed higher amount of strontium released 

from the 5% concentration compared to 1% concentration. Also, they reported a 

release behavior of strontium characterized by two phases: initial rapid burst up 

to day 5 followed by continues sustained slow release over 5 – 28 days (24) 
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The significance of this study is this is the first study to develop strontium alginate 

scaffolds to provide controlled local delivery of the strontium material to the 

desired area where the ring scaffold is placed. For this, we elected to develop 

thin strontium alginate scaffolds in the shape of a ring for easy placement over 

the abutment of the dental implant or between the abutment and the implant 

fixture where per-implantitis is diagnosed, in which pre-fabricated strontium 

alginate rings can be packed each ring in a separate pack which contains 

preserved solution to be ready for use by clinicians. In addition, The choice of 

alginate material was used as 1) it is biocompatible and can provide the preferred 

slow release of the effective material, 2) it is very convenient to be placed over 

the titanium surface of the dental implant as the end result of the alginate 

material after it gelation is soft and rubbery in consistency which will prevent any 

scratching or surface micro changes of the titanium surface when placed. This 

study is the first to investigate the cytotoxicity effect of strontium and viability of 

human gingival fibroblast cells with this administration method using alginate 

scaffolds. Future recommendations for this study is to test the effect of higher 

concentrations of strontium within the strontium alginate scaffolds, since all the 

five strontium concentrations that were tested in this study showed no cytotoxicity 

with higher human gingival cells viability associated with the highest strontium 

concentration within the scaffold in a linear relationship. Another future step of 

this study is to measure the release of strontium material form this developed 
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strontium alginate scaffolds over different points of time and to investigate how 

long does it takes for all the strontium material incorporated within the alginate 

scaffolds to be all released. In addition, to investigate whether these alginate 

scaffolds will degrade over time with slowly release of the effective strontium 

material and after how long they will start to degrade, to be followed by in vivo 

animal studies to investigate the effect of these developed strontium-alginate 

scaffolds of different concentration. 

Conclusion: 

The aim of the study was to develop and investigate the cytotoxicity of strontium 

loaded alginate ring scaffold when administered to human gingival fibroblast cells 

designed to be of promising future use for treatment of peri-implantitis. The 

scaffolds were fabricated in a specific shape of ring to fit around the abutment of 

dental implants or over the implant body. The administration of strontium material 

in appropriate concentration appeared to be non-cytotoxic with higher viability of 

human gingival fibroblast cells. Further studies are needed to explore the effect 

of higher concentrations of strontium within the alginate scaffolds and to measure 

the release of the strontium over different points of time. 
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