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Introduction
Resin‑based composites (RBC) have 
become one of the most widely utilized 
dental materials in the world. In the 
United States alone over 166 million direct 
restorations were placed in 2005 with over 
half of those being RBC.[1,2] More recently, a 
study that surveyed Canadian and American 
pediatric dentists, found an average of 79% 
prevalence for composite resin for direct 
restorations of permanent molars in healthy 
children.[3] RBC popularity has increased 
due to the perceived ease of placement, 
life‑like esthetics, wear‑resistance, 
and ability for conservative tooth 
preparations.[4‑7]

However, the durability of RBC restorations 
is not ideal with the number one cause 
of failure being secondary caries under 
the adhesive layer at the restorative tooth 
interface.[8‑15] Over 50% of replacement 
restorations are due to recurrent carries with 
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Context: Recurrent caries are the leading cause of composite resin failure. Aims: The purpose of 
this pilot study was to test the efficacy of a novel copper iodide (CuI) containing dental adhesive 
in an in vitro caries model. Subjects and Methods: Streptococcus mutans and Lactobacillus 
acidophilus were grown individually on the complex medium for 48 h at 37°C. The pH of the mixed 
medium was 7.0 initially and tested every 24 h. 40 extracted teeth were prepared with standardized 
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CuI (3) 1.0 µg/ml CuI, 4) 5.0 µg/ml CuI. After incubation, the teeth were re‑imaged using the microCT. 
Utilizing AnalyzePro software the three‑dimensional data sets were overlaid and demineralization 
was measured and statistics were run. Statistics: Stratified ANOVA models were run to determine 
if there were differences between the control and experimental adhesive groups. Similarly, pH and 
bacterial concentrations were evaluated to ensure the viability of polymicrobial specimen. Results 
and Conclusions: Significant differences were found between the control group and the 1.0 and 
5.0 CuI adhesive groups. No differences in pH were noted between the groups. Overlaid changes 
in demineralization were recorded as volume loss. CuI adhesives with 5 mg/ml or higher have 
the potential to limit tooth demineralization after bacterial penetration of a dental restoration in an 
in vitro caries model. Further testing is needed.
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the cost in the USA totaling over 5 billion 
dollars annually.[16‑19] Despite this evident 
weakness, the emphasis of material 
improvements for RBC materials has 
concentrated on aspects pertaining to the 
filler particle size, shrinkage stress, wear 
resistance, curing depth, and esthetics.[20‑22] 
While these advancements have likely 
improved shrinkage stress values and 
durability, they have done little to nothing 
to address the main mechanism of failure, 
which is more related to the adhesive 
required to bond these restorations to tooth 
structure.

A pivotal aspect to consider in the 
longevity of RBC restorations is the 
adhesive interface. Preserving the integrity 
of the zone of resin interdiffusion is 
essential to RBC longevity and subsequent 
prevention of bacterial penetration at the 
restorative‑tooth interface.[23] Interestingly, 
research developments in the field of 
adhesives have concentrated on creating 
more simplified, easy‑to‑use systems as 
opposed to improving their durability. As 
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a result, the newer so‑called universal adhesive systems 
perform poorly compared to the older multiple‑step 
adhesive systems.[24‑28]

Three primary mechanisms work synergistically to 
cause premature restoration failure at the adhesive 
layer; enzymatic degradation of collagen in the hybrid 
layer by endogenous proteases, biodegradation of ester 
linkages in the adhesive resins by salivary esterase, and 
bacterial penetration and proliferation.[23,27,29‑35] These three 
mechanisms work together to contribute to the ongoing 
degradation of adhesive restorations. For example, matrix 
metalloproteinases (MMPs) and cysteine cathepsins 
degrade collagen in the hybrid layer allowing penetration 
and proliferation of bacteria under the adhesive.[36‑39] 
Bacteria then produce acids which further activate MMPs 
and salivary esterase, which in turn degrade ester linkages 
in the adhesive.[35,40] These biodegradation byproducts such 
as bishydroxypropoxyphenyl‑propane (BisHPPP) act as 
transcription factors to turn on gene expression of virulence 
factors such as glucan expression in caries causing bacteria 
which further allows for adherence and protection of the 
biofilm.[35,40‑43]

Copper and silver nanoparticles have been evaluated 
as additives to dental materials to increase their 
longevity.[44‑49] Recently, adhesive materials containing 
particles of poly‑acrylic acid‑coated copper 
iodide (PAA‑CuI) have demonstrated strong long‑term 
antibacterial properties with a 99.99% reduction in 
viable cell counts of Streptococcus mutans at 1 year.[46] 
Furthermore, it was found that CuI also prevents collagen 
degradation due to proteolytic activity.[47] ALGhanem et. al 
found that PAA‑CuI doped adhesives prevented degradation 
of the adhesive interface after 1 year.[48] Copper has also 
been shown to delay adhesive interface degradation while 
increasing bond strengths and reducing nanoleakage.[49,50]

Despite the many benefits of copper‑doped adhesives, 
no studies have yet evaluated copper‑containing 
adhesives in a caries model to determine its effect on the 
formation of recurrent caries. Many models have been 
developed to evaluate caries formation around dental 
composite restorations each with a set of advantages 
and disadvantages.[51] The in vitro methods typically 
involve chemical or biological challenges that lower 
global pH for a defined time.[51] One promising model is 
the in vivo method which involves in situ models where 
dental composite‑tooth interfaces are fixated on dentures 
or removable appliances and worn by volunteers.[51] 
Additional models exist that have incorporated engineered 
composite‑tooth gaps of controlled size to introduce a weak 
spot for bacterial penetration and proliferation.[51] Likewise, 
this model sought to simulate a small break in the adhesive 
layer and determine how bacterial infiltration might affect 
the microenvironment directly adjacent to that weak point 
of the adhesive layer. Through this model, antimicrobial 

capacity of the adhesive can be tested to determine if 
sufficient bacterial inhibition occurred. Bacterial inhibition 
would lead to decreased demineralization of the tooth 
structure exposed to the biofilm. Likewise, different 
adhesive generations were tested to determine which might 
make a better carrier for such an additive.

The purpose of this study was to evaluate copper‑iodide 
doped adhesive resins in a new in vitro caries model. The 
primary aim was to see if demineralization at the adhesive 
tooth interface could be measured more precisely than 
with a global pH‑based caries model. The primary null 
hypothesis was that PAA‑CuI doped adhesives would 
not inhibit tooth demineralization at the adhesive‑tooth 
interface. The secondary aim was to look at platonic 
bacterial counts and global pH. The secondary null 
hypothesis was that global pH of the test environment 
would not differ nor would platonic cell counts between the 
control adhesives and adhesives with CuI.

Subjects and Methods
Both synthesis of the PAA‑CuI particles and generation of 
PAA‑CuI adhesives was conducted according to Sabatini 
et al.[46] Briefly, 10 mg of PAA‑CuI powder was admixed 
with 1 ml of one of two adhesives, Optibond Solo (Kerr, 
Orange, CA) and Optibond XTR (Kerr, Orange, CA), to 
yield a concentrated solution (10 mg/ml). To ensure uniform 
dissolution of the particles, a probe tip sonicator (Sonic 
Dismebrator 100, Fisher Scientific) was used for 15 s 
under dark conditions in an iced‑water bath. Immediately 
after, 10, 50, or 500 µL of the concentrated solution was 
micro‑pipetted into amber vials containing either 990, 950, 
or 500 µL, respectively of the appropriate stock adhesive to 
yield a final working concentration of 0.1, 0.5, or 5 mg/ml 
of PAA‑CuI adhesive. The following four study groups 
were evaluated: (1) Control (2) 0.1 CuI, (3) 0.5 CuI, 4) 5.0 
CuI. Different adhesives were used to determine how easily 
the particles would disperse into solution utilizing different 
generations of adhesives within the same brand family. In 
this way, the basic components are the same, just divided 
into different bottles with different viscosities.

Forty extracted, soft tissue impacted 3rd molars were 
collected and stored under a protocol approved by the 
Medical University of South Carolina (IRB ID No. 
PRO43691). An a‑priori power analysis was preformed 
from pilot data to determine the appropriate sample size. 
The teeth were sanded down using 600‑grit silicon carbide 
abrasive paper (EcoMet 250, Buehler, Lake Bluff, IL) on 
the occlusal surfaces to create a completely flat surface. 
The root surfaces were similarly reduced to 3 mm apical 
to the cementoenamel junction. Standardized hemisphere 
well preparations were created on the flattened occlusal 
surfaces using a #35 diamond round bur (801.31.035, 
Brasseler USA) with the following specifications: 6 mm 
diameter and 3 mm depth as shown in Figure 1. The teeth 
were then numbered and randomly divided into eight 
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Figure 1: Graphic depiction of the caries model Figure 2: Graphic depiction of the jig used to uniformly create the defect 
in the adhesive layer

Figure 3: Average planktonic bacterial concentration over 31 days Figure 4: Average pH values over 31 days
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study groups as mentioned above with a sample size of 
five for each group. Each bonding agent was then applied 
to the appropriate tooth well and polymerized following 
the manufacturer’s recommendations [Table 1] with LED 
light‑curing unit (VALO, Ultradent) with a power density 
of 1400 mW/cm2. Next, a small break in the adhesive 
was made at the apex of the well using a custom jig and 
a quarter round carbide bur (Brassler USA) with a high 
speed, electric handpiece (TiMax Z95 L, NSK) with 
water [Figure 2]. This generated a defect in the adhesive 
with a depth and width of 0.5 mm. The teeth were then 
micro‑computed tomography (microCT) scanned (Scanco 
µCT40, Scanco Medical) at a 10 µm resolution. After 
prescanning, the teeth were sterilized using ethylene 
oxide (EtOH) according to ISO 9001:2000 and EN 
13485:2003. EtOH was chosen because it was found to 
have no effect on caries models whereas other sterilization 
methods can alter the rate of demineralization.[50]

For caries bacterial models mixed biofilms ≥2 species are 
more desirable for biofilm formation.[51] To form a mixed 
culture for the caries model, two common acid‑forming 
oral bacteria were chosen. S. mutans (ATCC 25175) and 
Lactobacillus acidophilus (4356) were grown individually 
on the following medium for 48 h at 37°C; Tryptic soy broth 
30 g/L (Hardy Diagnostics), Yeast Extract 5 g/L (Difco), 
and Sucrose 20 g/L (Sigma). The 48‑hour cultures of both 
organisms were individually diluted to 0.100 OD600 in fresh 
medium and mixed to form the inoculum for the teeth. This 

mixed inoculum had a bacterial content of 6.9 × 105 viable 
L. acidophilus per ml and 4.4 × 106 viable S. mutans per 
ml [Figure 3]. The pH of the medium was 7.0 initially and 
tested every 24 h [Figure 4].

The teeth were aseptically placed individually in sterile 
six‑well tissue culture plates (Greiner Bio‑one). Each 
tooth’s well preparation received 75 µL of the inoculum 
mix, which was replaced with fresh medium daily, and the 
teeth incubated at 37°C. The liquid in the tooth preparation 
was drawn up and down 5 times to get a homogeneous 
liquid mix. The pH of the spent medium was determined 
using pH strips (EMD Millipore Corp.). Every 7 days, 
the spent medium from each tooth was plated onto 
Lactobacillus MRS agar (MRS) (hardy diagnostics) and 
brain heart infusion agar (Hardy Diagnostics) to quantify 
L. acidophilus and S. mutans.

After 31 days of incubation, the teeth were EtOH sterilized 
again to stop any progression of decay. The teeth were 
immediately re‑scanned using the microCT with the 
same settings used for the prescans. The resulting images 
were exported from the ScanCo software into Dicom 
data sets. Utilizing Analyze Pro, Analyze Inc, Overland 
Park, KA, USA, the pre‑scan and the post‑scan were 
then density calibrated and the three‑dimensional Dicom 
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Figure 6: Volume loss from demineralization across adhesive groups
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data sets were overlaid in AnalyzePro using a best‑fit 
algorithm to align the different three‑dimensional data 
sets. A blinded operator analyzed the data, which was 
then reconfirmed by a second operator. Threshold values 
were set and utilized for all samples. The sample area 
size and location were determined and repeated for all 
samples. This location was three‑dimentionally centered 
on the small break in the adhesive. The software creates 
a color pseudo‑map illustrating the differences between 
the prescan and postincubation scan where volume loss 
in contrasting colors. For clarity in the figures, the control 
was color‑coded blue and yellow and the experimental was 
red and orange [Figure 5]. This computer software allows 
for the overlaying of 3‑dimensional DICOM files for the 
purpose of analyzing subtle changes in mineral density. 
This nondestructive process allows for visualization of 
demineralization and repetition of analysis to confirm the 
accuracy of the measurements

Stratified ANOVA models were run to determine if 
there were differences in viable planktonic bacterial 
concentrations and bacterial type between control adhesives 
and adhesives modified with varying concentration of CuI. 
If the P value was significant, post hoc comparisons were 
run. Generalized linear models were run with adhesive 
material, PAA‑Cul treatment, and their interaction in the 
model. Each outcome was looked at to see if they were 
normally distributed. Log transformations were needed for 
each of the outcomes so they could meet the normality 
assumption therefore models were run on transformed data. 
If Cul treatment or the interaction term was significant, post 
hoc comparisons were run to see where specific differences 
were. Post hoc adjustments for multiple comparisons were 
made using a Tukey adjustment.

The sample size was much lower than expected due to 
damage occurring throughout the experiment to the teeth. 
To increase the statistical power of the pilot study, adhesive 
groups were combined to include both samples created 
with Optibond XTR and Optibond Solo Plus.

Results
The caries model tests the demineralization at the 
restorative/tooth interface at the apex of the tooth well. 
This is testing the microenvironment at a small defect in 
the adhesive layer to determine if antimicrobial ability of 
CuI would inhibit demineralization from the polymicrobial 
biofilm. Overlaid changes in demineralization were 
recorded as volume loss from the pre‑scan to the post‑scan 
in mm3 [Figure 5]. 1.0 µg/ml and 5 µg/ml of CuI 
incorporated into dental adhesive was able to significantly 
reduce demineralization volume loss compared to the 
control group (P = 0.019 and 0.005, respectively). Likewise, 
significant differences were found when comparing. 5 µg/ml 
and 5.0 µg/ml experimental groups (P = 0.018) [Figure 6].

The pH and viable cell count test the macroenvironment 
within the tooth well. There were no statistical differences 
in the planktonic bacterial concentrations throughout the 
31‑day time span of this test [Figure 3]. Likewise, pH 
was tested regularly and stayed consistent throughout the 
31‑day span [Figure 4].

Discussion
The goal of this in vitro caries model was to test how 
adhesive resin responds in a polymicrobial environment 
once the adhesive layer is no longer intact. This model was 
designed to mimic the clinical scenario of marginal bond 
failure and recurrent decay, where a fairly large (0.5 mm) 
break in the adhesive was made and then inoculated 

Figure 5: (a) Adhesive control sample showing demineralization in blue at 
the defect location. Here yellow represents the prestudy scan data and blue 
represents the post-study scan data. This particular sample had a mean 
volume loss of 2.12 mm3. (b) Experimental adhesive with 5 mg/ml copper 
iodide particles. Here, orange represents the prestudy scan data and dark 
red represents post-study scan data. Notice almost no red color is visible 
with data showing a mass loss of only 0.05 mm3

b

a
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with cariogenic bacteria. This model demonstrated that 
PAA‑CuI doped adhesives had little effect on global pH, 
and only minimal effects on planktonic bacterial cell count. 
However, PAA‑CuI was able to prevent demineralization at 
the adhesive tooth interface, creating a zone of inhibition 
even at the break area which is superficially unprotected. 
Therefore, our observations indirectly suggest that biofilm 
deposition near the adhesive was affected by the PAA‑CuI 
in such a way that it was locally inhibiting bacterial 
colonization and therefore minimizing the acidification and 
demineralization of the microenvironment. Contrastingly, 
global planktonic bacteria viability was essentially 
unaltered by the antimicrobial adhesive additive CuI when 
compared to the controls. In retrospect, this is expected 
as the bactericidal mechanism of action of CuI is via 
contact rather than release. Many models fail to mimic 
a true cariogenic environment and cause total solution 
acidification, and likewise illustrate cariostatic phenomena 
by introducing bacteriostatic or bactericidal drugs into 
solution.[51,52] Therapeutic agents that make demineralization 
more difficult such as fluoride‑containing materials and 
bioactive glasses are better suited for these types of models 
by simply raising the acid‑sensitive threshold. However, 
in our model, we show that pH levels in the media were 
stable, suggesting that the observed demineralization was a 
localized function at the biofilm level.

Copper has a known antimicrobial effect and the PAA 
coated CuI has been shown in vitro to inhibit the growth 
of streptococcus mutans, the pathogen most associated 
with dental caries.[46] Dental caries are known to be a 
polymicrobial process and with the addition of lactobacillus 
to the microbial makeup, the intent was to create a more 
realistic clinical scenario to truly test the effectiveness of 
this antimicrobial additive. However, it was discovered that 
to maintain this polymicrobial solution was difficult and 
took several attempts until the solution was able to remain 
viable. This is due to the global pH of the system causing 
dominance of one bacterium over the other.

A major weakness of this pilot study is the potential 
for damaging the teeth during specimen preparation 
and desiccation during EtOH sterilization. Although 
every effort was made to preserve the integrity of the 
samples, several suffered fractures during preparation 
and sterilization. These samples, which were significant 
in number, had to be eliminated from data analysis. Any 

unidentified microcracks may confound the model and 
the analysis. These cracks are additional avenues down 
which the bacterial can infiltrate to cause demineralization 
in unintended areas. Special care was taken to eliminate 
this trauma and allow for more accurate data analysis. 
Additional repetition may result in statistical differences 
between groups where trends were beginning to emerge in 
this study. Likewise, the fluoride content of the individual 
teeth and substrates of those teeth would be beneficial to 
know to see if a correlation exists between fluoride levels 
and the ability to resist demineralization of exposed dentin.

Conclusions
It was shown within the limitations of this pilot study 
that CuI doped adhesives did reduce the amount of 
demineralization evident after breakdown of the adhesive 
layer and subsequent colonization of the microbes 
known to cause dental caries. The caries model itself 
showed the potential to effectively investigate how 
antimicrobial adhesive systems are able to control 
bacterial proliferation at the vulnerable tooth/restoration 
interface once the bond has broken down. Much was 
learned in this study that will hopefully be carried forth 
in future studies to increase sample size and better pin 
down statistical certainties.
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