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ABSTRACT 
 

 

Title: A Novel Magnetic Nanoparticle Containing Adhesive to Enhance Microtensile 

Bond Strength of Composite Resin to Dentin: An in vivo Study. 

Brandon Scott Bulloch, DDS, Master of Biomedical Sciences, 2022 

Thesis Directed by: Radi Masri BDS, MS, PhD, Professor 

 
 
 
Purpose: An in vivo study to compare microtensile bond strength and resin tag density of 

a novel adhesive that relies on magnetic force.  

Materials and Methods:  Twenty-five teeth were obtained from subjects.  In the 

experimental group, teeth were restored with a novel nanoparticle adhesive and magnetic 

force (n=16). In the control group (n=9), no nanoparticle or magnetic force was used. 

Teeth were extracted and cut into beams.  Microtensile bond strength and resin tag 

density were measured. A two tailed student t test was used to compare groups. P<0.05 

was considered significant. 

Results:  There was a significant increase of microtensile bond strength of the 

experimental group compared to controls (P= 0.025).  The SEM images showed resin tag 

density was increased by a magnitude of two with the experimental group.  

Conclusion: Magnetic force improves the microtensile bond strength and resin tag 

density of resin adhesive when used in vivo.  
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Chapter 1: Introduction 

Dental Caries 
 

Dental caries is a complex multifactorial infection that is a common chronic 

disease worldwide [1].  The etiology of dental caries is bacteria that exist naturally in the 

human oral cavity.  There have been 230 species of bacteria that have been isolated in 

cultures from the oral cavity.  However, it is estimated by using 16S rRNA that the actual 

number of bacteria species that exist in the oral cavity could be over 700 [2,3].  Teeth 

provide a good surface for bacterial attachment and colonization.  Bacteria that colonize 

on the tooth surface form a complex community called a biofilm.  Biofilms are made up 

of a variety of bacteria species.   These bacteria communicate with each other, signaling 

changes in gene expression.   Due to these interactions, bacteria in a biofilm can express 

phenotypic characteristics not typically seen when the bacteria are separate from the 

biofilm.  These phenotypic characteristics change the properties of the biofilm [2].  

Historically the primary dental caries causing bacteria were thought to be Streptococcus 

mutans in enamel caries and Lactobacillus in dentin caries. This simple explanation in 

pathogenesis in dental caries has changed due to the advances in amplification and 

sequencing of 16S rRNA of bacteria in dental biofilms associated with dental caries.   S. 

mutans and Lactobacillus are confirmed to contribute to caries formation; however, 

caries can also form in their absence [4]. Bacteria diversity in biofilms associated with 

caries varies depending on the location of the biofilm.  The biofilm diversity found in 

enamel is very different from biofilm diversity found in dentin.   Bacteria species have a 

preferred oral environment.  Streptococci, Rothia, Leptotrichia, and Veillonella are more 
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commonly present in carious enamel lesions, whereas Lactobacillus, Shlegelella, 

Pseudoramibacter, and Atopobium are more commonly present in dentin carious lesions.  

The population size of each bacterium species varies significantly between patients, teeth, 

and even locations within the same carious lesion.  The pathogenesis causing caries is 

less about the species of bacteria colonizing a biofilm and more about how the biofilm 

functions [4,5]. 

The pathogenesis of dental caries is bacteria that produce acid as a metabolic 

waste byproduct.  Examples of such bacteria are lactobacillus and S. mutans, which 

metabolize fermentable carbohydrates producing lactic acid as a byproduct [6].  Frequent 

dietary intake of carbohydrates increases the amount of acidic waste produced by the 

bacteria.  The increase of acid production changes the environment of the biofilm to be 

more acidic.  As the environment of the biofilm increases acidity, the bacteria in the 

biofilm become more acid tolerant.  The acidic tolerant bacteria produce more acid, 

driving the environment of the biofilm to a lower pH. Eventually, the environment 

reaches a critical pH, and demineralization and proteolytic break down of the tooth 

structures occur.  Once the carbohydrates have been eliminated, the acidic environment 

of the biofilm slowly increase above the critical pH, and remineralization occurs.  

Usually, demineralization and remineralization cycles are at equilibrium, and no tooth 

structure is irreversibly damaged.  If the dietary intake of carbohydrates is frequent 

enough, demineralization dominates and a cavitation forms [7,8].  Once the cavitation 

forms, the tooth cannot be naturally restored, and the damage is irreversible.  If the 

cavitation is small, arresting the progression of the lesion is possible with dental 

medicaments, such as silver diamine fluoride or sodium fluoride.  As the lesion deepens, 
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the ability to remineralize the tooth decreases.  To minimize further damage, the infected 

tooth structure needs to be removed and replaced with restorative dental material [9,10]. 

 
 

Restorative Dental Materials 
 

Amalgam and composite resin materials have been used for decades to restore 

dental caries.  In recent years, composite resin has become the predominantly selected 

material for restorations [11,12].  This is attributed to the high esthetic yield composite 

resin can provide, as well as the increasing concern of the effects mercury in amalgam 

could have on health and environment [12-14].  Composites are tooth-colored resin 

composed of a polymeric matrix, monomer, reinforcing inorganic fillers, a coupling agent 

that binds the filler to the matrix, and chemicals that promote the polymerization reaction.  

The monomer most commonly used is bis-GMA.  The polymerization of composites 

occurs by either auto-polymerization, light-polymerization, or a combination of both 

[15,16].  Composites have different consistencies by changing the filler content.  

Flowable composites have a low viscosity due to their reduced concentration of fillers.  

Flowable composites are applied through a syringe and are useful in filling small areas.  

Packable composites are thicker due to the large size of fillers and other materials such as 

fiber.  Packable composite can be compressed into the restoration and shaped into tooth 

anatomy [15].  Besides the esthetic appeal, composites with the aid of adhesive are 

capable of bonding to the tooth structure.   Bonding minimizes the need to remove 

additional tooth structure when adding retention forms, such as were needed with 

amalgam restorations.  This makes the preparation form for composite restorations more 

conservative than those of amalgam [17]. 
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Benefits of Composites 
 

Composite restorations have many clinical benefits, but composite restorations, 

when compared with amalgam restorations, have shorter longevity and higher failure rate, 

especially when used to restore moderate to large cavities in posterior teeth [18-20].  

Posterior restorations have an average replacement time of only 5.7 years [21].  

Replacing failed restorations accounts for about 70% of all restorative procedures [22], 

costing about $5B annually in the US alone [23].  The most common cause of composite 

failure is recurrent caries [18,20].  Recurrent caries is the formation of decay at the 

margin of existing restorations [24-26].  The etiology of recurrent caries is bacteria that 

form biofilms at the interface of the tooth and restoration.   Composite restorations often 

have a gap form between the composite and tooth interface, which creates an 

environment that is favorable for biofilm formation and plaque accumulation.   The size 

of the gap affects the size of the recurrent carious lesion.  The larger the gap is at the 

margin of the restoration, the larger the recurrent carious lesion [24-26].  The gap forms 

from confounding factors at the time of initial treatment that cause defective margins or 

later from biodegradation at the margin.  One cause of defective margins is 

polymerization shrinkage of the composite that pulls the restoration away from the tooth 

[20,24,27,28]. 

The gap allows microleakage of salivary enzymes, bacteria, and bacterial 

byproducts between the composite and tooth interface. This can cause demineralization 

and eventually recurrent caries.   Recurrent caries occurs most commonly at the gingival 

margin of class II and class V restorations.  The gingival margins of class II and class V 
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restorations are at high risk for plaque formation because their location makes cleans 

ability difficult.  The gingival margins of class II and class V restorations are also 

commonly placed in dentin or cementum, and effective bond formation cannot be 

obtained with these substrates [20,24,27,28].  Biodegradation of the bond that joins 

composite to the tooth is another factor that could cause the gap between the restoration 

and tooth [29]. 

Degradation of the Composite Bond to the Tooth 
 

Two types of biodegradation occur, hydrolytic and enzymatic degradation.   

Hydrolytic degradation is when water breaks down the components of the material, 

making the material weaker.  This occurs in both the adhesive and the tooth substrate 

[29].  Enzymic degradation occurs from enzymes in the saliva and dentin.  Enzymatic 

degradation not only acts on the composite adhesive but also exposed collagen fibrils 

made during the preparation of the tooth for the restoration [29,30].  Not all composite 

restorations form a gap between the restoration and tooth.  These restorations are still 

susceptible to hydrolytic and enzymatic degradation. The fluid that remains in the space 

between the exposed collagen fibrils causes hydrolytic degradation.  The exposed 

collagen fibrils are susceptible to degradation of proteolytic enzymes that are present in 

the dentinal matrix [31,32].  The hydrolytic and enzymatic degradation have a more 

significant effect on restorations in dentin than enamel.  This is due to the different 

compositions of mineral and organic material in enamel and dentin [29].  

Anatomy of the Tooth 
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The tooth is composed of four main structures: cementum, pulp, dentin, and 

enamel.   The pulp is the innermost area of the tooth.  It contains the blood supply, nerve 

tissue, and odontoblast cells [33,34].  Enamel is the hard-outer layer that protects the 

tooth.  It is composed of 95% mineral, 1% organic material, and 4% water [33].  The 

main structure of enamel is hydroxyapatite crystals that form prisms.  When etched with 

acid, the enamel surface forms micropores and prism sheaths [35].  The adhesive can 

form a close interaction with enamel micropores and prism sheaths. This is due to the low 

water content of enamel and the low concentration of collagen.  Due to these factors, 

adhesives more effectively bond to enamel than to dentin [36,37].  Dentin is the largest 

structure and makes up the body of the tooth.  It protects the pulp and supports the 

enamel.  Dentin has a make-up that is approximately 50% inorganic material, 30% 

organic material, and 20% water [22].  Dentin contains dentinal tubules that extend from 

the dentoenamel junction (DEJ) to the pulp chamber.  The density of the dentinal tubules 

is highest at the pulp and decreases toward the DEJ.   The size of the dentinal tubules is 

approximately 2.5 µm at the pulp.   They decrease in size as they near the DEJ to about 

0.9µm.  These tubules are fluid-filled and contain odontoblast processes [22,34].  When 

preparing a moderately sized restoration, the dentinal tubules are exposed. The procedure 

for tooth preparation creates a layer of tooth debris on the surface of dentin.  This layer is 

called the smear layer, and it occludes dentin collagen fibrils and the dentinal tubules.  

The smear layer impedes the ability to create a reliable bond.   To create a reliable surface 

for bonding, the smear layer needs to be removed.  This is accomplished by preparing the 

surface with phosphoric acid.  The phosphoric acid also solubilizes the inorganic material 

leaving a meshwork of collagen fibrils.  The new interfibrillar space created by the 
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removal of inorganic material is replaced by water. In the area where the phosphoric acid 

has removed the minerals, the dentin composition is 30% collagen and 70% water 

[22,36].  Two important factors need to be considered when bonding to dentin that are 

not as critical when bonding to enamel.  The first is that dentin cannot be dehydrated 

[22].  The structure of the collagen matrix is in part due to negatively charged 

proteoglycans that bind loosely to free water molecules.  If the dentin is dried, the 

collagen fibrils collapse [37-39].  These Collapsed collagen fibrils weaken the adhesive 

bond to dentin [22,38].  The second is the dentin tubules supply additional fluid to the 

interfibrillar space [22] 

Composite Bond Strength 
 

Bonding of the composite to tooth structure is critical for the success of the 

composite restoration [40].  The bonding of the composite to the tooth is done by using 

an adhesive. Adhesives have the challenge of needing to form a bond to composite resin 

and also tooth structure.   Adhesives are made out of a matrix for strength and a monomer 

for bonding.   When bonding to composite resin the monomer in the adhesive reacts with 

residual carbon double bonds in the oxygen inhibition layer of the composite.  This forms 

a covalent bond between the adhesive and composite.   Covalent bonds are not commonly 

formed between the adhesive and tooth.  The primary bond formed with enamel and 

dentin is mechanical retention created by mechanical interlocking of the adhesive with 

the organic matrix [41].  

 A major concern with contemporary adhesive resins is their limited ability to 

infiltrate and penetrate demineralized dentinal collagen fibrils exposed by acid-etching or 

self-etch adhesives. This is due to the adhesive inability to replace and remove loosely 
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bound water around collagen fibrils [42]; and the presence of highly hydrated negatively 

charged proteoglycans in the interfibrillar spaces. The hydrated proteoglycans prevent 

large molecules (e.g., Bis-GMA) from penetrating deep into the hybrid layer resulting in 

a weaker adhesive/dentin interface [43]. This incomplete infiltration renders exposed 

collagen fibrils susceptible to hydrolytic and enzymatic degeneration by 

metalloproteinases, which will degrade composites bonded to dentin and reduce their 

durability [31,37,44,45]. Therefore, an adhesive resin that can consistently and reliably 

penetrate and seal collagen fibrils should be used to provide for a successful, durable 

restoration [31,39]. However, to date, complete penetration of resin into dentin’s 

intrafibrillar spaces has never been demonstrated [37]. 

The Incorporation of Fillers 
 

Several studies have been done that have incorporated fillers in dental adhesives.  

The goal of adding the fillers was to produce adhesives that form a stronger hybrid layer 

that is more resistant to degradation and have superior mechanical properties. [46, 47].  

Some of the fillers that have been tested are, niobium pentoxide, colloidal silica, 

hydroxyapatite, ytterbium trifluoride, tantalum oxide, glass, and zirconia [48-54]. Some 

of the studies done using fillers in adhesive have mixed results. Some of studies had 

results that showed that mechanical properties and bond strength were improved when 

fillers were added to adhesive [49,50,52,55]. Other studies showed that the addition of 

fillers in adhesive had no change or even a decrease in the mechanical properties or bond 

strength [56- 58]. Past studies using nano sized fillers showed that the small particles 

were mostly insufficient in penetrating the interfibrillar spaces.  The insufficiency of the 

nanoparticle penetration could be caused from the different diffusion rates of the 
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monomer and the nanoparticles [46], or it could be caused by the steric hinderance 

exerted on the nanoparticle from non-collagenous proteins and proteoglycans in the 

interfibrillar spaces [52].  To overcome the limitations of conventional adhesive, a novel 

magnetic nanoparticle-containing adhesive has been produced.  This novel magnetic 

nanoparticle containing adhesive uses active force to infiltrate and penetrate the dentin 

collagen fibrils.   This has been shown to improve the composite resin bonding to dentin 

[59,60]. 

Magnetic System to Enhance Composite Bond Strength 
 

Ji et al. (2018) exploited the dentinal tubules to deliver drug eluted iron 

nanoparticles to the pulp using an external magnetic force.  Adult Long Evans Rats were 

used in this study.   Preparations simulating dental caries were made extending into the 

dentin of their incisors.  The cavities were left exposed for two weeks before receiving 

treatment.  Animals were anesthetized.  Prednisolone-eluting iron nanoparticles were 

applied to the cavity.  While the nanoparticles were being applied, a magnet was placed 

under the mandible.  The magnet was held in place for 30 minutes.  After the application, 

the teeth were extracted, and histological analysis was performed.  The histological 

analysis showed that the magnetic delivery of the therapeutic nanoparticles to the pulp 

was effective.  The rats treated with the drug eluted iron nanoparticle had decreased signs 

of inflammation and tissue damage when compared to the tissues from the untreated 

animals [59]. 

Ji et al. (2018), to determine if magnetic nanoparticle size had an effect on the 

bond strength, used resin adhesive doped with nanoparticles of a variety of sizes. The 

nanoparticles in the adhesive ranged in size from 100-1000 nm.  The concentration of the 
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nanoparticle in the adhesive was a constant 2% weight per volume. The adhesive 

mixtures were applied to the dentin of extracted third molars.  Each tooth had the crown 

removed to expose the dentin and a magnet was placed under the tooth.  The magnetic 

nanoparticle containing adhesive was applied for 3 minutes before being light 

polymerized for 30 seconds.  Composite resin was then applied, and light polymerized.  

Shear bond tests and SEM imaging were done for the samples to compare with the 

control.  The results of the shear bond test showed that the size of the nanoparticle 

changed the shear bond strength. The shear bond strength is significantly increased when 

the nanoparticle size is ≥ 600nm.  The results showed that using magnetic force had a 

significantly increased shear bond strength than the control.  The SEM imaging showed 

that the average resin tag length and density were higher than the control.  The average 

resin tag density of the samples that used magnetic force was about double that of the 

control group not using magnetic force. The research demonstrated that magnetic force 

and magnetic nanoparticles could be used to deliver medication to the pulp via dental 

tubules and to drive the composite resin adhesive deeper into the collagen fibrils to 

improve bonding [59].  

Li et al. (2018), using extracted human teeth, did research on magnetic 

nanoparticles to improve bond strength, remineralization, and decrease biofilm formation.  

Magnetic nanoparticles were incorporated into the adhesive.  In one study group, 

dimethylaminododecyl methacrylate (DMADDM) and nanoparticles of amorphous 

calcium phosphate (NACP) were added to the magnetic nanoparticle containing adhesive.  

DMADDM is an antibacterial that reduces biofilm formation, and NACP releases 

calcium and phosphate to remineralize the tooth.  The extracted teeth were mounted in 
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acrylic Poly-vinyl Chloride tubing and had the crown removed to expose dentin.  The 

dentin was etched and primed.  The magnetic nanoparticle containing adhesive was 

applied to the dentin surface while the tooth was positioned directly over a magnate for 3 

minutes.  Shear bond strength testing was done.  The shear bond test results for the group 

that did not use magnetic force had a mean bond strength of 17.46 ±3.77 MPa.  For the 

group that used magnetic force the mean bond strength was 28.42±3.83. Biofilm activity 

and remineralization were also measured.  The results showed that magnetic nanoparticle 

containing adhesive with or without the added DMAADDM and NACP had the same 

improved shear bond strength compared to the control.  The results show that magnetic 

nanoparticle containing adhesive can improve bonding.  The results also show that other 

medicaments can be added to the magnetic nanoparticle containing adhesive that benefits 

the tooth and restoration without changing the bond strength [60]. 

The research done using magnetic nanoparticle containing adhesive had some 

limitations.  Ji et al. (2018) and Li et al. (2018) used extracted teeth to test the bond 

strength.  Teeth in vivo, when the dentin is exposed, have an outward flow of fluid 

through the dentinal tubules.  This dentinal outward flow of fluid could prevent 

substances from penetrating into the tubules [59-62].  In the paper by Ji et al. (2018), live 

rats were used to show that magnetic nanoparticles could overcome the outward flow of 

fluid caused by the pulpal pressure and travel to the pulp.  In this paper however, the 

teeth used for the shear bond test were extracted third molars without pulpal pressure.  In 

both the Ji et al. (2018) and Li et al. (2018) papers, the teeth used for the shear bond test 

were extracted third molars and most variables were controlled, such as the relative 

distance from the magnet source to the restorative surface [59,60].  In a clinical scenario, 
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many variables cannot be controlled, such as the magnet cannot be positioned at a 

controlled distance. The soft tissue and bone thickness of patients very and this could 

affect the magnetic force applied on the magnetic particles.   

Purpose 
 

The effect of the magnetic nanoparticle containing adhesive using magnetic force 

in a clinical scenario is unknown.  The purpose of this research is to do an in vivo 

protocol in human participants to examine the microtensile bond strength and resin tag 

density of samples prepared with and without magnetic nanoparticle containing adhesive 

and magnetic force to actively draw the adhesive into the dentinal tubules. The null 

hypothesis is that using magnetic force on teeth treated with magnetic nanoparticle 

containing adhesive and the control adhesive not containing magnetic nanoparticles 

would have the same microtensile bond strength and resin tag density.   
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Chapter 2: Materials and Methods 
 

Patient and Teeth Selection 
 

Patients for this study were selected from the University of Maryland School of 

Dentistry in Baltimore, Maryland.  The research protocol was reviewed and approved by 

the Institutional Review Board (HP-00084379).  The patients selected for the study were 

scheduled for extractions in the Oral Surgery clinic or in the Prosthodontics clinic.   

Patients were selected using the following inclusion criteria: adult subjects older than 18 

years of age, able and capable of providing consent, possess one or more mandibular 

teeth that are treatment planned by their current provider due to periodontal disease, 

caries, surgical or orthodontic reasons, ability to open the mouth to perform the required 

dental procedures, including placement of the rubber dam, restoring and extraction of the 

teeth.  The exclusion criteria are as follows: subjects younger than 18 years of age, 

inability to provide consent, pregnant subjects, teeth that cannot be restored with 

composite restoration e.g., retained roots (Table 1).  The research protocol and purpose 

were explained to patients in a non-obligatory manor.  Once the patient verbally 

consented to participate, the research protocol was again verbally explained to each 

participating patient, and HIPPA and Informed Consent forms were signed.  Subjects 

were compensated for their time and for the extraction in an amount equal to the fee of 

simple tooth extractions to a maximum fee of two teeth.    
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Table 1 
 

Inclusion Criteria Exclusion Criteria 

Adult subjects older than 18 years of age Subjects younger than 18 years of age 

Able and capable of providing consent Inability to provide consent 

Possess one or more mandibular teeth that 

are treatment planned by their current 

provider due to periodontal disease, 

caries, surgical or orthodontic reasons 

Pregnant subjects 

Ability to open the mouth to perform the 

required dental procedures, including 

placement of the rubber dam, restoring 

and extraction of the teeth. 

Teeth that cannot be restored with 

composite restoration e.g., retained roots. 

 

Table 1:  Study inclusion and exclusion criteria. 
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Nanoparticles 
 

The nanoparticles of a diameter 900nm were provided by our collaborator Dr. 

Zhihon Nei. The nanoparticles were produced by reducing ion (II) in an aqueous solution 

of iron (II) chloride tetrahydrate by sodium borohydride in a flask.  Polyvinylpyrrolidone 

(PVP) (PVP, Mw = 40,000) was added as stabilizing ligands.  The iron nanoparticles 

were collected by placing a magnet beneath the flask, and then washed with water to 

remove the PVP.  The nanoparticles were then coated with silica via the hydrolysis of 

tetraethyl orthosilicate in ethanol. A solution of methacryloxypropyltrimethoxysilane in 

ethanol was then added into the reaction to introduce acrylate functional groups onto 

silica-coated nanoparticles.  A magnet was used to collect the acrylate-functionalized iron 

magnetic nanoparticles.  These nanoparticles were dispersed into a commercially 

available adhesive resin (Adper TH Scotchbond TH Multi-Purpose, 3M ESPE) with the aid 

of a mechanical mixer (DAC 150 Speedmixer, Flacktek, Landrum, SC, USA). The 

nanoparticles were added to the adhesive at a 2% weight per volume [59]. The 

nanoparticle-containing adhesive mixture was stored in a light restricting plastic test tube.  

The test tube was wrapped in aluminum foil and stored in a dry environment at room 

temperature.   

In vivo Protocol 
 

The participating patients were seated in a disinfected dental chair.  All 

instruments and room surfaces were sterilized or disinfected following CDC guidelines.  

A sterile composite cassette was open in front of patients.   The provider performing the 

extractions reviewed and received the consent for the extraction from the patient. The 

consent for the extractions was a separate consent for the one used for research.  A cotton 
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swab with benzocaine gel (20%) was applied to the site of anesthesia for several minutes.  

Lidocaine HCL 2% and epinephrine 1:100,000 capsules were placed in a syringe.  The 

number of Lidocaine capsules used varied between patients, but all the patients were 

confirmed to be anesthetized before the procedure started. The anesthetic was given using 

routine local anesthetic procedures.  A dental clamp and rubber dam were placed on the 

sample tooth or an adjacent tooth in the same oral quadrant.  Isolation of the teeth was 

visually verified.  Once the tooth was well isolated, the restorative procedure was started.  

A high-speed electric handpiece (Bien Air, Electric dental handpiece, EVO.15 1:5L), 330 

dental burs (330C FG Pear H7C.31.008 PB CSeries Carbide, Brasseler, USA), and 

copious amounts of irrigation were used to remove enamel and make the preparation 

form.  The preparation depth was extended until the entire pulpal floor was in sound 

dentin.  All infected and affected dentin was removed. Once the preparation was made, a 

slow-speed electric handpiece (Bien Air, Electric dental handpiece, EVO.15 1:5L) with a 

#2 round bur (2C FG Round H1C.31.010 PB CSeries Carbide, Brasseler, USA) was used 

to ensure that all caries was removed from the restoration.  The removal of caries was 

verified visually and tactilely by using a dental explorer.  During the procedure, a dental 

assistant used high volume suction to remove debris and water.  The comfort of the 

patient was monitored throughout the procedure.  After the preparation was finalized, the 

teeth were thoroughly rinsed with water for 30 seconds using the air/water dispenser 

attached to the dental unit.  Phosphoric acid gel (34%, Tooth Conditioner, 

Caulk/Dentsply, Milford, DE., USA) in a plastic syringe with a fine ejection tip was 

applied to the entire surface of the preparation.   The phosphoric acid set for 15 seconds 

then was rinsed thoroughly for 30 seconds.  Primer (AdperTM   ScothbondTM Multi-
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Purpose, 3M ESPE) was applied to all the surfaces of the preparation using a microbrush.  

The primer was air thinned using the air/water dispenser for 5 seconds.  The teeth 

selected for the control had commercially available adhesive (Adper TH Scotchbond TH 

Multi-Purpose, 3M ESPE) containing no nanoparticles applied to the entire preparation 

using a microbrush.  The adhesive was applied with a microbrush using a scrubbing 

action for 30 seconds.  The adhesive was carefully air thinned for 10 seconds.   The 

adhesive was polymerized using a light-polymerizing wand for 30 seconds.  Composite 

resin (TPH, Caulk/Dentsply, Milford, DE., USA) was placed in the preparation in 2 mm 

increments and light-polymerized for 10 seconds.  The final increment of composite resin 

was placed and the whole restoration was polymerized for 60 seconds. The teeth selected 

for the experimental group had the same procedure as explained above.  The only step 

that varied was the application of the adhesive.   The magnetic nanoparticle containing 

adhesive was placed on a vortex for 5 seconds.  A clean microbrush was dipped into the 

test tube containing the adhesive.  The adhesive was applied to the surface of the 

preparation for 30 seconds using a scrubbing action while a cube-shaped magnet 

(maximum internal field 1.4 T, surfacefield 0.54 T; BX0X0X0-N52, K&J Magnetics, 

Pipersville, PA, USA),) was held against the mandibular jaw directly under the tooth for 

3 minutes.  The magnet was removed and placed in a Styrofoam box for safety.  The 

adhesive was polymerized using a light-polymerizing wand for 30 seconds.  Composite 

resin was placed in the restoration, as described above.  All procedures using adhesive 

and composite material were performed under safe, indirect lighting. 

This study focused on teeth treated on the mandible and the use of a magnetic 

cube placed under the mandible. However, for maxillary teeth, a magnetic array that 
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allowed for magnetic forces to be applied vertically to the teeth was used (Figure 1A and 

1B).  Teeth treated with a magnet under the chin or a magnetic array were treated as one 

group.  After the bonding protocol, the rubber dental dam and clamp were removed.  The 

dental provider of the patient extracted the teeth using routine methods.  All teeth used as 

a sample were intact, receiving no additional trauma from extraction.  The teeth that were 

damaged during the extraction process were excluded from the study.  Each sample was 

submerged and stored in separate vials filled with 0.01% Thymol and distilled water 

solution.  The vials were labeled with a number that corresponded to a data sheet that 

contained detailed information regarding the teeth used and the experimental group of 

each tooth (Appendix 1).  The samples were stored in a temperature (5oC) controlled 

refrigeration room for no more than two months.  

Tooth Sample Preparation 
 

The samples were given to a third researcher to relabel the vials for blinding.  The 

researcher kept a key of the samples to compare with after the testing was finalized to 

eliminate potential bias. 

The samples had all remaining soft tissue removed from the root surface with a 

#12 scalpel under running water.   The crown of the tooth was sanded until flat using a 

table electric sander with 150-grit sandpaper.  This was done to provide a flat cutting 

surface.  The roots were cut about 15 mm from the CEJ using a diamond disc.  This was 

done to provide a flat surface to mount the tooth to the acrylic mounting block.  The 

samples were placed on rectangle acrylic mounting block of varying sizes with the root 

surface against the acrylic and the crown of the tooth perpendicular to the surface of the 

acrylic-mounting block.  Wax (Sticky Wax, Demetron Kerr, Danbury, CT., USA) was 
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melted using a Bunsen burner and placed around the tooth root until the tooth was secure 

on the acrylic-mounting block.  The composite and tooth interface were visualized, and 

the composite was marked using a permanent red marker.  This was done to visualize the 

composite beams after cutting (Figure 2). 

The sample beams were cut via a water-cooled low-speed precision cutting saw (IsoMetR 

1000 precision saw, Buehler, Lake Bluff, IL, USA). The teeth and the acrylic mounts 

were secured in a vise so that the crown of the teeth was positioned parallel to the cutting 

edge of the diamond saw blade.  The diamond saw blade used was 0.15mm thick with a 

diameter of 76mm (IsoMet Blade, 15LC, 3in[76mm], Buehler, Lake Bluff, IL, USA) 

(Figure 3).  Clean water was placed in the water trough to continually cool the saw.  The 

weight of the precision saw was placed on 200g, and the cutting speed was set at 300 

rpm.  The diamond saw blade was sharpened with a sharpening stone between samples.  

For the initial cut, the diamond saw blade was positioned at the tooth and composite 

interface (Figure 4).  After each cut, the blade was moved 1.15mm using the precision 

dial to ensure that each beam size was approximately 1mm X 1 mm.  The teeth were 

sectioned in an x and y direction. Once all the sections were made in one plane, the 

acrylic-mounting block was rotated 90 degrees, and the same sectioning protocol was 

followed (Figure 5).  The acrylic mounting block was removed from the vise.  The 

composite beams were separated from the remaining tooth structure and labeled.  After 

the teeth were cut into beams, the teeth with less than two or more than 5 recovered 

beams were eliminated from the results. The beams used for the microtensile testing had 

about 4mm of composite length and 4 mm of tooth length (Figure 6).  The width and 
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height of the beams were measured using an electronic caliper at the composite and 

dentin interface to calculate the tensile bond strength.   
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Figure 1 
 

                          
 

 
 

                                          
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Figure 1A: Magnet array.  This is an 
arrangement of magnets positioned to 
produce vertical magnetic force on 
maxillary teeth.  

Figure 1B: Magnet cube.  This is a 
magnetic cube used to produce parallel 
magnetic force on mandibular teeth.                         
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Figure 2 

 

Figure 2: Sample tooth mounted on an acrylic mounting block. 
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Figure 3 

 

Figure 3: Water-cooled slow-speed precision cutting saw. 
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Figure 4 

 

Figure 4: The acrylic mounting block secured in a vise with the tooth sample parallel to 
the blade. 
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Figure 5 

 

Figure 5: Sectioned sample tooth  
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Figure 6 

 

Figure 6: The sample beams.   
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Microtensile Test 
 

Microtensile testing was done using a microtensile tester (Bisco Inc., 

Schaumburg, IL, USA).  After the width and height of the beam samples were recorded, 

the samples were attached directly to the test jaws using cyanoacrylate resin (Zapit, DVA, 

Corona CA., USA).   The beams were positioned so that the composite/dentin interface 

was centered over the divot between the two jaw components.  The beams were centered 

in the middle of the testing table to ensure parallel forces.  Once the beam was positioned, 

cyanoacrylate resin accelerator (Zapit, DVA, Corona CA., USA) was sprayed on the base 

to set the position of the beam.  The jaws were positioned on the testbed (Figure 7).  The 

microtensile tester was set at an output of 10 DC voltage to apply a constantly increasing 

force on the sample beams.  The microtensile tester was started.  When the 

composite/dentin interface gave way, the maximum force in Newtons was recorded 

(Figure 8) [63].  The two beam fragments were removed from the jaws using a buffalo 

knife.   A light microscope was used to visualize the location of the fracture.  It was noted 

whether the fracture occurred in a cohesive, adhesive or mixed interface.  The average 

beams per tooth from the control group was 3.2 and the experimental group was 3.0.  The 

area for each sample beam was calculated.  The Newton force was divided by the area of 

the beam to get megapascals (MPa). The average MPa was calculated for each tooth and 

the overall MPa average was calculated for each group. A two tailed student t test was 

used to compare the magnetic force group with the control.  The samples using the 

magnetic cube and magnetic array were combined.  
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Figure 7 

 

Figure 7: Sample beams positioned in the center of the testing table of the microtensile 
tester. 
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Figure 8 

 

Figure 8: Separated microtensile tester jaws. 
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Scanning Electron Microscope (SEM) Protocol 
 

Beams that did not qualify for the microtensile test were placed in a group to be 

used for imaging with a SEM.  A total of 15 beams were used for SEM images of the 

adhesive/tooth to assess the average density of the resin tags.  The beams were examined, 

and the side that was most favorable for imaging was notched using a high-speed 

handpiece (Bien Air, Electric dental handpiece, EVO.15 1:5L) and a 330 bur (330C FG 

Pear H7C.31.008 PB CSeries Carbide, Brasseler, USA).  This was done to indicate the 

side that needed to be mounted facing upward in the SEM.  The side that was to be used 

was polished using increasingly finer silicon carbide (SiC) paper up to 4000 grit. The 

beams were placed in distilled water and sonicated for 3 minutes.  Phosphoric acid (50%) 

was applied to the polished side of the beam for 30 seconds using a microbrush.  The 

beam was rinsed with distilled water for 2 minutes.  NaOCl (10%) was applied to the 

polished side with a microbrush for 2 minutes.  The beam was then rinsed for 2 minutes 

in distilled water.  Chloridic acid (5N) was applied to the polished surface for 30 seconds 

and then rinsed in distilled water for 2 minutes.  The beams were then immersed in 

NaOCl (1%) for 12 hours.  After 12 hours, the beams were rinsed with distilled water for 

2 minutes.  The beams were then dehydrated in incremental solutions of ethanol.  The 

solution of ethanol started at 50% and ended at 100%, increasing by 10% every 15 

minutes.  The beams were allowed to dry for 24 hours at room temperature.   

To image the samples using SEM, carbon stickers were placed on aluminum 

studs. The beams were than attached to the carbon side of the sticker with the notch mark 

facing upward.  The samples were sputter-coated with platinum and examined in a 

Hitachi SEM model S-2500 microscope (Electron Microscopy Core Imaging Facility at 
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the University of Maryland, Baltimore) using an accelerating voltage of 15.0 kV.   One 

image was taken per sample. The resin tags in focus were counted in each image and the 

surface area of each image was measured.  The density analysis was done by dividing the 

resin tag count by the surface area of each image [60].   After the density analysis was 

completed, the samples were unblinded and a comparison of the density of the resin tags 

between the control and experimental groups was done.  A total of 10 samples were 

selected from the control group and 5 samples were selected from the experimental 

group.  The total average density was calculated for the control and experimental groups   

A representative image for each group is shown (Figure 10 and Figure 11).  

 

Statistical Analysis  
 A power analysis was done to determine the sample size using data from our 

recent publications and available literature.  With a desired power of .85 and large size 

effect, it was determined that 15 teeth would be needed for each group.  It was estimated 

that there would be an attrition of 20% because some teeth may be damaged during 

extraction and not usable for samples.  It was estimated that 18 teeth for each group 

would be needed for a total number of 36 teeth.  To compare the microtensile bond 

strength, the average strength of all the beams tested for each tooth was calculated.  The 

average across each group was then compared.  A two tailed student t test was done for 

the magnetic force group and control group.  The average resin tag density per SEM 

image was calculated and the total average across each group was than calculated.  
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Chapter 3: Results 

 

The Effect of Magnetic Nanoparticles in Adhesive when Comparing Microtensile Strength 

There were 16 patients that agreed to participate in the study. Five of the patients 

were female and 11 of them were male. The participants age ranged from 49 to 71year of 

age.  A total of 35 teeth were obtained from these subjects but two, from the nanoparticle 

group, broke during the extraction and were excluded from the study.  For the detailed 

information regarding each tooth collected see Appendix 1. The samples that were 

collected were cut into beams.  The average number of beams per tooth from the control 

group was 3.2 and the experimental group was 3.0.  For the experimental group, five 

teeth broke or produced less than one beam.  In the control group, five teeth broke or 

produced less than one beam.    

For the control group (control adhesive and no magnetic pull) the mean 

microtensile strength was 21.77 ± 5.55 MPa (median: 29.75 MPa). The minimum MPa 

measurement for this group was 15.47 MPa and the maximum was 32.20 MPa.  The 

mean for the experimental magnetic group was 28.04 ± 7.32 MPa (median: 27.80 MPa).  

The minimum MPa for this group was 20.12 MPa and the maximum was 48.64 MPa. The 

summery of the statistical analysis can be seen for each category in Table 2 and Figure 9.  

The microtensile bond strength was significantly different between the control and 

experimental groups as can be seen in Figure 9 (p = 0.025).  The details of the final data 

used for the statistical analysis after the outliers were removed can be seen in the 

appendix (Appendix 2). 
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Table 2 

Group Mean Standard 

Deviation 

Medians Max Min n 

Control 21.77 

MPa 

5.55 MPa 19.93 MPa 32.20 

MPa 

15.47 

MPa 

9 

Magnet 28.04 

MPa 

7.32 MPa 27.80 MPa 48.64 

MPa 

20.12 

MPa 

16 

 

Table 2: Descriptive statistics of microtensile bond strength for beam samples. 
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Figure 9 
 

 

Figure 9: Bar graph of the mean microtensile bond strength of the magnetic and control 
groups. 
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The Effect of Magnetic Nanoparticles in Adhesive when Comparing Resin Tag Density 

Using SEM 

 
To determine if the magnetic pull in the adhesive improved the density of the 

resin tags, scanning electron microscopy (SEM) images were obtained.  The control had 

an average resin tag density of 0.0013± 0.0012 resin tags/µm2 and the experimental group 

had an average resin tag density of 0.0027± 0.0008 resin tags/µm2. The resin tag density 

for the experimental group was double (2.08) that of the control group. The total average 

resin tag densities of each group and the comparison can be seen in Table 3.  The SEM 

images and averages for each image can be seen for the control group and experimental 

group in the appendix (Appendix 4 and Appendix 5). 
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Figure 10 

 

Figure 10: SEM image of control sample 

 

 

 

 

 

 

Composite Resin Tag (arrow) 
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Figure 11 

 

Figure 11: SEM image of experimental sample 
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Table 3 

Control	Total	Average	 0.0013±	0.0012	resin	tags/µm2	

Experiment	Total	Average	 0.0027±	0.0008	resin	tags/µm2	

Experiment	Total	Average/Control	

Total	Average	

2.08	

 

Table 3: Descriptive statistics of resin tag density from SEM imaging 
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Figure 12 

 

 

Figure 12: Bar graph of the resin tag density of experimental and control groups 
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Chapter 4: Discussion 
 

Summary of Results 

Based on the results of the study, the null hypothesis was rejected.  The 

microtensile bond strength for the magnetic nanoparticle adhesive using magnetic force 

was higher than the microtensile bond strength of the control adhesive without magnetic 

force (p=0.025).  Comparing the resin tag density between the control group and 

experimental group, the density of the experimental group was over twice the density of 

the control group.   

Interpretation of Results 

Fillers and nanoparticles have been used in resin adhesives for many years.  Many 

studies have shown that adding fillers and nanoparticles to the adhesive improve the bond 

strength [49,50,52,55]. Other studies have shown that adding fillers and nanoparticles 

make no difference on the adhesive bond strength [56-58].  Most of the studies done 

using fillers and nanoparticles have not used methods that actively apply force to the 

adhesive.  In vitro studies by Ji et al. (2018) and Li et al. (2018) showed, using extracted 

third molars, that magnetic force on magnetic nanoparticle containing adhesive could 

significantly improve the shear bond strength of composite resin restorations.  Ji et al. 

(2018) also used SEM to compare the resin tag density formed when magnetic force was 

applied to the adhesive and the control.  The results showed the density of the resin tags 

was twice as dense when magnetic force was applied to the adhesive than the control 

[59,60].  
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The Ji et al. (2018) and Li et al. (2018) studies did not use a simulated pulpal 

pressure on their samples that they tested for shear bond strength.   Pulpal pressure is 

present in in vivo teeth and is an important factor that could disrupt the bond strength.   In 

a study by Garcia et al. (2020), they compared microtensile bond strength between 

samples that had simulated pulpal pressure (SPP) with a control. They generated a SPP of 

20 cm H2O.  The results showed that there was not a significant difference in the control 

samples with SPP and the control sample without SPP, however, the control samples with 

SPP had an average of 15% decreased microtensile bond strength than the control 

samples without. The control teeth that were not treated with magnetic nanoparticle 

adhesive but had SPP had a median microtensile bond strength of 36 MPa. The teeth 

treated with magnetic nanoparticle adhesive with SPP had a median microtensile bond 

strength of 45 MPa.  The microtensile bond strength was increased by 80% when 

magnetic force was applied.  Comparing the results from the Garcia et al. (2020) study to 

this current study the median for the control group was 19.93 MPa and the median for the 

experimental group was 27.80 MPa.  The microtensile bond strength was increase by 

71.7% when magnetic force was applied.  The results from Garcia et al. (2020) showed 

that the samples that used magnetic force had a significantly higher microtensile strength 

than the control group with SPP (p < 0.05).  Similar to Garcia et al. (2020) the results of 

this in vivo study showed that when magnetic force is applied to adhesive containing 

magnetic nanoparticles a significantly higher tensile bond strength can be achieved (p = 

0.025).  SEM imaging taken for the Garcia et al. (2020) study showed that the magnetic 

nanoparticle containing adhesive produced a hybrid layer that had a greater density of 

resin tags than the control group. This was a similar finding as seen in the Ji et al. (2018) 
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study.  Similar to the Ji et al. (2018) and Garcia et al. (2020) studies SEM imaging in this 

study showed that the density of the resin tags was greater than the control [59,60,64].  

The differences in the data between the Garcia et al. (2020) study and this study 

could be from the increased number of confounding variables in our clinical based study.  

The Garcia et al. (2020) study was a benchtop study and the distance from the restorative 

surface to the magnet was controlled [64].  In a clinical scenario, the distance from the 

restorative surface and the magnet force cannot be controlled.  The mandible jawbone 

and soft tissue thickness varies between patients and cannot be controlled.  As the magnet 

distance changes, the magnetic force applied on the restorative surface changes.  The 

magnetic force to distance can be written in the formula I=1/d2, where I in the intensity 

and d is the distance.  This formula shows a slight increase in the mandible or soft tissue 

thickness of patients could have a profound decrease in the magnetic force acting on the 

magnetic nanoparticles at the restorative surface.  

Another confounding variable in this study was the type of teeth selected.  In the 

Ji et al. (2018), Li et al. (2018), and Garcia et al. (2020) studies the teeth selected were 

extracted third molars.  Most third molars are extracted in the early teen years of patients 

[59,60,64].  Before extraction third molar teeth, have not been exposed or only briefly 

exposed to the oral environment.  The teeth select in this study were extracted from 

patients between the ages of 49 and 71.  As teeth age in the oral environment, the 

exposure to thermal cycling, bacteria and function can change the structure of the dental 

tubules.  As a protective mechanism from factors in the oral environment, the dental 

tubules become calcified.  The calcification decreases the diameter and density of the 

dental tubules.   The aged teeth in this study potentially had smaller and fewer dental 
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tubules available for the magnetic adhesive to utilize in the formation of the hybrid layer 

compared to the studies done on third molars.  This could lower the microtensile bond 

strength of the samples used in our study [66, 67].   

 

  

Future Research 
 
 The Ji et al. (2018), Li et al. (2018) and Garcia et al. (2020) studies show that 

adding magnetic nanoparticle to composite resin adhesives improve the bond strength 

and resin tag density for in vitro protocols [59,60,64].  The study we have performed 

shows that magnetic force on magnetic nanoparticle containing adhesive could also 

improve the adhesive bond strength and resin tag density in vivo.  The increased bond 

strength and resin tag density indicate that an improved hybridization of the dentin is 

formed. This increased hybridization could prevent the degradation that occurs in the 

hybrid layer potentially improving the longevity of the restoration [36,65].   Other 

potential benefits of magnetic nanoparticle containing adhesive was shown in Li et al. 

(2018) and Ji et al. 92018).  Li et al. (2018) added solutions to the magnetic nanoparticle 

that improved the remineralization of the tooth around the restoration which could reduce 

recurrent decay and Ji et al. (2018) added medications to the magnetic nanoparticle which 

could reduce inflammation of the pulpal tissues [59,60].  More research is needed to see 

if these added solutions and medications could have a clinical benefit in an in vivo 

protocol.  Benefits have been noted in short-term studies, but more research is also 

needed to see how these adhesives preform in long-term studies and in teeth that are in 

function.  
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Limitations of Study 

 The primary limitation of this study is the small sample size used for the final 

statistical analysis (9 samples in the control group, 16 samples in the experimental 

group).  One factor for the small sample size was the amount of attrition that occurred 

from the sample teeth.  Some teeth were removed because they broke during the 

extraction.  Other teeth were removed from the study after being cut into beams, some 

broke apart and many teeth did not recover more than one beam.  For the teeth that had 

one or less beams recovered, the data was removed from the study. Another major factor 

in getting a larger sample size, was the closer of all clinical research for several months 

due to the COVID-19 pandemic.  Even with the limited sample size, the results of this 

study show a significant increase in the microtensile bond strength and resin tag density 

when magnetic force and magnetic nanoparticle adhesive was used.  More research is 

needed to determine the clinical significance of adding magnetic nanoparticles to 

composite resin adhesives.  
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Chapter 5:  Conclusion 
 
 In this study, a significant increase of the microtensile bond strength and resin tag 

density were found in the experimental groups that used magnetic force and magnetic 

nanoparticle containing adhesive.  The use of magnetic force and magnetic nanoparticles 

seems to have clinical potential, but more research is needed.  
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Appendix 1 
 

 
 
 

Appendix 1: Detailed information about each tooth collected.  

 

  

Tooth # Cont/Nono Restoration size and surface Pt gender Date Notes Previous fill
1 18 Nano Large O F 16-Jul None O amalgam (amal)

2 19 Control Large MO F 16-Jul

Mesial box had poor isolation with 
matrix but tooth was isolated and 
occlusial surface was good. MO amal

3 20 control Large DO F 16-Jul None DO amal
4 31 Nano Large O F 16-Jul None O amal
5 28 Nano Moderate O F 17-Jul None Virgin (V)
6 21 Nano Moderate O F 17-Jul None V
7 13 control Moderate MOD F 17-Jul None MOD Composite
8 28 Nano Large 0 M 24-Jul None V

9 21 Control Large DO M 24-Jul
Pt had caries on the distal all was 
removed V

10 20 Nano Large 0 F 8/16/19
Distal has temp material but only 
thin can see margin Sedative Filling

11 29 Control Large O M 8/22/19 Tooth was perio  involved V
12 28 Nano Large O M 8/22/19 Tooth was perio involved V

13 29 Control Large DO M 8/28/19
When preparing pulp exposed 
bleeding was well controlled Moderate amalgam O

14 28 Nano Large DO M 8/28/19 None Small shallow O amalgam
15 20 Nano Large 0 M 8/30/19 Perio involved V
16 21 Control Large 0 M 8/30/19 Perio involved V

17 29 Nano
Tooth broke on EXT removed from 
study

18 19 Nano Large 0 M 9/25/19 Tooth was perio  involved V
19 18 control Large 0 M 9/25/19 Tooth was perio  involved V
20 28 Nano Large O F 11/7/19 None V
21 12 Control Large O F 11/7/19 None V
22 13 control Large O F 11/7/19 None V

23 18 Nano 3/2/20
Tooth broke on EXT removed from 
study

24 18 Nano Large 0 M 3/6/20 Perio involved V
25 19 Control Large 0 M 3/6/20 Perio involved V
26 18 Control Large 0 M 3/6/20 Perio involved V
27 12 Nano Large 0 M 1-Apr Restorative plan ext V
28 13 Nano Large 0 M 4/1/21 Restorative plan ext V
29 4 Nano Large 0 M 4/1/21 Restorative plan ext V
30 3 Con Large 0 M 4/5/21 Perio involved V
31 30 Nano Large 0 M 4/5/21 Perio involved V
32 2 Nano Large 0 M 4/5/21 perio involved V
33 21 Control Large 0 M 4/5/21 Perio involved V
34 28 Nano Large 0 M 8/30/21 Perio involved V
35 29 Control Large 0 M 8/30/21 Perio involved V
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Appendix 2 
 

 
 

Appendix 3: Final data used for statistical analysis 
 

  

Microtensile bond strenght

Control Magnet
32.20 23.47
26.67 20.12
18.84 40.28
23.81 25.15
19.93 28.53
25.09 48.64
15.47 28.30
16.69 28.04
17.20 30.32

27.80
21.58
23.27
30.32
27.80
22.32
22.70

Median 19.93 27.80
Minimum 15.47 20.12
Maximum 32.20 48.64
Mean 21.77 28.04
Standard Deviation 5.55 7.32
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Appendix 3 

SEM images and the average resin tag density per image for control group 

 

 
 
 
 

 
  

22/11,400=0.00193 Tags/um2
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59/85250 = .00069 Tags/um2
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16/20,150= .00079 Tag/um2
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8/14950=.0043 Tags/um2
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14/40850= 0.00034 Tags/um2



 

53 
 

 

 
  

16/48100=0.00033 Tag/um2
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23/20925= .0011 Tags/um2



 

55 
 

 

 
  

13/6900= 0.00188 Tag/um2



 

56 
 

 

 
  

23/37590 0.00061 Tags/um2
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37/29725= .0012 Tags/um2
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Appendix 4 

SEM images and the average resin tag density per image for experimental group 

 

 
  

98/44265 =0.0022 Tags/um2



 

59 
 

 

 
  

32/8600=0.0037 Tags/um2
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39/21235 = 0.0018 Tag/um2
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62/24820= 0.0025 Tag/um2
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55/15660=0.0035 Tags/um2
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