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Abstract

The lack of integrity at the implant-abutment junction (IA]) contributes to problems such as
micromovements and microbial colonization. This study aimed to (1) design a protocol for assessing
microleakage at the IA] using chromophore analysis that hasn’t been involved in other analysis, (2)
compare gas and dye leakage using titanium (Ti) and cobalt chrome (CoCr) abutments, and (3) assess
the effect of gold (Au) gilding on sealing. Forty abutments were divided into five groups: milled Ti
(MTi); cast CoCr (CCoCr); milled CoCr (MCoCr); cast CoCr with Au gilding (CCoCrG); and milled
CoCr with Au gilding (MCoCrG). Samples were connected to a pressurised gas and dye reservoir.
Chromophore analysis using crystal violet was performed via UV-Vis spectrometer to calculate
leakage concentration. Scanning electron microscopy (SEM) analysis assessed surface morphology
which revealed an intimate contact with the MTi and MCoCr but irregularities at the CCoCr
abutments. Results showed gas leakage in CCoCr and MCoCr groups, while no true dye leakage
occurred in MTi, MCoCr and MCoCrG assemblies. CCoCr exhibited the poorest seal; however, Au
gilding improved the seal in these samples. Chromophore analysis using crystal violet provided an
accurate quantitative assessment. Milled abutments demonstrated significantly less microleakage
than cast (non-gilded) versions, Au gilding effectively reduced leakage.

Keywords: external hexagon implants; implant abutment junction; implant-abutment connection;
microgap; gold gilding; leakage

1. Introduction

Dental implants offer a reliable solution for replacing missing teeth with high success rates [1,2].
However, the longevity of these restorations depends on a secure and well-fitting connection between
the implant and abutment. A microgap at this interface can act as a conduit for bacteria and bacterial
by-products, leading to inflammatory reactions, and potential implant failure [3-6].

Much research has explored various strategies to improve the fit and seal at the implant-
abutment junction (IAJ). These include modifications of implant connection geometry [7-9], the use
of computer-aided design/computer aided manufacture (CAD/CAM) [10], use of different abutment
materials [10] and use of sealing agents [11,12].

The abutment material and fabrication method have an impact on the size and behaviour of the
microgap. While the lost-wax technique has been a mainstay in dentistry for over a century, it is
highly technique-sensitive, relying on the skill of the technician and the quality of the alloy used [13].
In contrast, CAD/CAM technology offers greater precision and consistency, potentially leading to a
more uniform and consistent connection between the abutment and the implant, thus to a better fit
at the IAJ [14]. Titanium (Ti) and gold (Au) were historically the preferred abutment materials.
However, the high cost of Au has led to the development of alternatives such as zirconia (Zi) and
cobalt chrome (CoCr), which, in addition to Ti, are now widely used. CoCr has emerged as a viable
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option due to its affordability and versatility. It can be both cast and milled, making it a flexible choice
for implant restorations.

Electrodepositing Au onto the fitting surface of high Au content alloy abutments has been shown
to improve the integrity of the IA] connection under load. A study has demonstrated that this
technique can help maintain marginal bone levels over time (12). The ductility of electrodeposited
Au facilitates plastic deformation during screw clamping, allowing the abutment to conform more
closely to the implant fitting surface. This can help reduce the misfit caused by machining or casting
discrepancies, potentially enhancing the sealing of the microgap and improving joint stability[15-17].

The misfit at the IA] is typically documented through measurements under scanning electron
microscopy (SEM) of the external perimeter. However, it has been shown that variations in lighting
may significantly affect these measurements [15]. In addition, the presence of misfit at the external
perimeter of the IA] may not necessarily be continuous through to the inner portion of the junction.
This is in line with findings by Dias et al. [5], in which the microgap is intermittent in their sectioned
samples and it is postulated that the microgap has a sinuous or incomplete path through the IA]. A
recent study found that intermittent smearing of a Au layer can create a continuous mosaic around
the connecting surface of the abutment, further contributing to the formation of a tight seal [15].

Bacterial microleakage and dye leakage through the IA] has traditionally been used to assess
and compare the IA] seal of various implant-abutment combinations [11,18,19]. However, bacterial
testing is difficult to quantify accurately due to increased experimental complexity and decreased
experimental accuracy [20,21]. A chromophore analysis of dye leakage through the IA]J using a UV-
Vis spectrometer could improve quantitative measurement and accuracy. Crystal violet would seem
an appropriate dye medium. It is extremely stable and non-biodegradable, allowing for analysis to
take place over an extended time [22,23].

Given the abutment material and fabrication method have an impact on the size, morphology
and seal of the IA], the effect of cast versus milled CoCr abutments as well as surface modifications,
compared to the traditional Ti abutments requires investigation. The aims of this study were (1) to
design a dye transfer protocol for qualitative and quantitative testing of microleakage at the IA]. (2)
To compare the air and dye leakage of milled Ti, milled CoCr and cast CoCr abutments at the IA]. (3)
To compare the air and dye leakage of Au-gilded CoCr abutments (milled and cast) with non-gilded
CoCr abutments.

2. Materials and Methods

2.1. Abutment Preparation

A total of 40 abutments were fabricated and equally divided into 5 groups —milled Ti (MTi), cast
CoCr (CCoCr), milled CoCr (MCoCr), cast CoCR with Au gilding (CCoCrG), and milled CoCr with
Au gilding (MCoCrG). The abutments used had an external hexagon connection, a height of 13mm,
and an external diameter of 4mm (Southern Implants, Irene, South Africa).

The 16 MCoCr abutments were fabricated commercially (Southern Implants, Irene, South
Africa). The 16 CCoCr abutments were produced using UCLA plastic burnout abutments (Southern
Implants, Irene, South Africa) and a high Au content alloy (Auriloy @ Partial, Aurium ® Research
U.S.A)) in a commercial laboratory (Sparx Dental, Parramatta, Australia).

The material composition for the CCoCr abutments is displayed in Table 1. Eight MTi abutments
(Southern Implants, Irene South Africa) were also used as a control group. Table 2 summarise the
studied groups and their characteristics.

Table 1. Castable abutment composition.

Element Percentage (%)
Cobalt (Co) 67
Chrome (Cr) 28
Molybdenum (Mo) 5
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Carbon (C) <1
Silicon (5i) <1
Manganese (Mn) <1
Iron (Fe) <1
Nitrogen (N) <1

Table 2. Summary of studied abutment types.

1
Group SZI;;IZ ¢ Abutment Material Manufacturer
1 8 Milled Ti (MTi) Southern Implants
2 8 Milled CoCr (MCoCr) Southern Implants
Dental L i LA plasti
3 8 Cast Cocr (CCoCr) Sparx Denta .ab using UCLA plastic abutments
supplied by Southern Implants
4 8 Milled CoCr with Au Southern Implants
gilding (MCoCrG) Gold gilding by 1 investigator
1 ; .
Cast CoCr with Au gilding Sparx Denta L.ab using UCLA plastic abutments
5 8 supplied by Southern Implants

(CCoCrG) Gold gilding by 1 investigator

2.3. Au Gilding Technique

Electrodepositing Au onto the implant fitting surface of the CoCr abutments proved inconsistent
and unreliable. Therefore, a gilding technique was employed. Eight CCoCr and eight MCoCr
abutments were cleaned with isopropyl alcohol. A thin coat of oil-based Au size (C.Roberson & Co)
was painted onto the abutment fitting surface only and left for 3 hours as per the supplier’s
instructions. 24kt Au foil of 12um thickness was cut into 10x10mm squares and gently placed onto
the abutment fitting surface using a bamboo tweezer. Finger pressure was applied to the foil with a
sheet of wax paper between. An agate burnisher was then used to burnish the foil to ensure
adaptability to the fitting surface. Figure 1 shows a gilded abutment surface after the foil had been
placed. Each abutment was assessed and cleaned under a microscope at 20 magnification to ensure
no adhesive or foil was present on the internal surface of the abutment.

Figure 1. Milled cobalt chrome with gold on the fitting surface.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Implant-Abutment Assembly (IAA)

The forty abutments were attached to regular platform (4.0mm diameter, 13mm length) external
hexagon implants (Southern Implants, Irene, South Africa), held in a bench-mounted vice. Titanium
screws (TSHZ2) (Southern Implants, Irene, South Africa) were torqued to 32Ncm following the
manufacturer’s instructions using a manual torque control driver and maintained for 5 seconds to
ensure reliable reproduction of torque force.

2.5. Microgap Leakage Test

The implant-abutment assemblies (IAAs) were connected to a syringe via non-rigid braided
silicone tubing (W&H Aus) (Figure 2a). The tubing was pushed over the abutment by 8mm and into
the syringe by 8mm. A layer of paraffin wax sheet was wrapped around the external surface of the
abutment to ensure a good seal.

(@) (b)

Figure 2. (a) Assembled components of the experimental setup used in the study; (b) A schematic representation
of the set-up. One clamp to hold the syringe and another clamp to hold down the piston of the syringe to the

desired level to create a positive pressure. The entire apparatus was placed on top of a magnetic stirrer.

2.5.1. Gas Flow Test

The entire experimental set-up was submerged in a beaker containing 60mL of water, ensuring
that the IA] and rubber tubing connection were submerged (Figure 2b). A gas test was performed for
2 IAAs per group at three different pressures to verify whether the experimental IAAs would stay
intact during the duration of the study and to ensure that there was no leakage via the rubber tubing.
A 30ml syringe was held vertically by a clamp. The syringe plunger was depressed by 2ml, 6ml and
10ml to generate the 3 different pressures and maintained for 10 minutes. Presence or absence of
bubbles at the IAJ] was recorded.

2.5.2. Quantitative Dye Leak Test

A serial dilution was performed to create a range of concentrations to establish a calibration
curve which was used to determine the concentration of dye released through the IA] (Figure 3). A
starting concentration of 62.5ug/ml crystal violet (Sigma-Aldrich, C.I. 42555; Basic Violet 3) was used
and a 1:2 dilution series prepared with water. A plate reader (BMGLabtech CARIOstar Plus) and its
proprietary software were used to calibrate and to measure absorption at 590nm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Calibration curve. Relation between absorbance and concentration.

A similar experimental set-up used for the gas flow test was used for the dye release test. The
syringe contained 30ml of a 50 pg/ml crystal violet solution (Sigma-Aldrich, C.I. 42555; Basic Violet
3). The syringe plunger was depressed from 30ml to 24ml and maintained for 10 minutes, which gave
an approximate pressure of 126.6kPa. The whole assembly was set up on top of a magnetic stirrer to
ensure a more homogenous sampling and prevent the dye from settling.

To evaluate the leakage, a sample of 200ul was taken from the reservoir (60ml) using a pipette
(Transferpette®) every minute for 10 minutes and transferred to a 96-well microplate for
spectrophotometry analysis (BMG Labech CARIOstar Plus). Dye leak analysis data were used to
evaluate the effectiveness of sealing at the implant-abutment junction.

One investigator connected all the IAAs and performed all the laboratory operations under the
same conditions to avoid inter-operator variability.

Following spectrophotometry, data integrity was verified by microscopic examination of the
microplates and respective wells. Specific data points were excluded from the final analysis if they
exhibited anomalous absorbance peaks attributed to identifiable physical artifacts, such as non-dye
contaminants, air bubbles, or surface scratched on the base plate, to ensure that the reported values
exclusively represented true chromophore concentration.

2.5. Scanning Electron Microscopy (SEM) Examination

The connecting abutment surfaces from each group were assessed prior to implant connection
using a scanning electron microscope (SEM)(Phenom XL G2 Desktop SEM, ThermoFisher Scientific,
Massachusetts, U.S.A., and JEOL SEM 840, Tokyo, Japan). Two microscopy experts (Institute of
Dental Research, Westmead Centre for Oral Health, Westmead, NSW, Australia) (Arto Hardy Family
Biomedical Innovation Hub, Chris O’Brien Lifehouse, Camperdown, NSW, Australia) performed the
assessments. Once connected, the external perimeters of the IAJs were also assessed.

3. Results
3.1. Presence or Absence of Gas Flow at the Implant-Abutment Junction (IA])

All TAAs stayed intact throughout this qualitative experiment, but some showed bubbling at the
IA] indicative of gas escape through the microgap (Figure 4). Results of the gas test are shown in
Table 3.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Results of the gas test.
MTi MCoCr CCoCr MCoCrG CCoCrG
Sample

. A B A B A B A B A B
Piston
level

28mL No No No No No No No No No No

24mL No No No No Yes Yes No No No No
20mL No No Yes No Yes Yes No No No No

(@) (b)

Figure 4. Gas leakage during testing: (a) Milled cobalt chrome (Group 2) sample A IAA submerged in water
with piston pushed down by 10mL. Bubbles are present at the IA], indicating gas leakage; (b) Higher
magnification view of the IA], clearly showing the formation of gas bubbles escaping through the microgap.

3.2. Dye Leak Test

The 40 IAAs were compared for dye leakage. The raw data (optical density [O.D.]) from the plate
reader were converted to dye concentrations using the equation developed from the concentration
curve (Figure 3). The experimental data and corresponding calculations are graphically represented
in Figures 5a, 5b, 5¢, 5d, and 5e below.

To ensure the accuracy of the microleakage profiles, all samples underwent a microscopic
verification protocol. While initial readings in some MTi and MCoCr groups showed elevated values,
these were identified as artifacts caused by air bubbles or base-plate irregularities and were
subsequently excluded. The refined quantitative data demonstrated that no true dye leakage
occurred in the MTi (Group 1), MCoCr (Group 2), or MCoCrG (Group 4) IAAs over the 10-minute
period (Figures 5a, 5b, and 5d).

There was no true leakage in any of the MTi (Group 1) IAAs (Figure 5a), MCoCr (Group 2) IAAs
(Figure 5b), and MCoCrG (Group 4) IAAs (Figure 5d). The CCoCr IAAs (Group 3) had the poorest
seal with the highest dye concentration values (Figure 5c). The addition of Au improved the seal. Five
of the 8 CCoCr IAAs (A-E) in Group 3 leaked, but only 2 of the 8 CCoCrG IAAs in Group 5 (G, H)
leaked (Figure 5d). Table 4 summarises the results of the number of samples with dye leakages.

Table 4. Summary of results of dye test.

Group Abutment Number of samples with dye (assumed) leakages
1 MTi 0/8
2 MCoCr 0/8
3 CCoCr 5/8
4 MCoCrG 0/8

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Graphical representation of crystal violet concentration (pg/ml) detected in the external reservoir over
the 10-minute testing period. These graphs depict the quantitative analysis of dye leakage across the IA]. Each
line represents a single sample (A-H) within the respective group. (a) Milled titanium (MTi, Group 1); (b) Milled
cobalt chrome (MCoCr, Group 2), (c) Cast cobalt chrome (CCoCr, Group 3); (d) Milled cobalt chrome with gold
gilding (MCoCrG, Group 4); (e) Cast cobalt with gold gilding (CCCoCrG, Group 5). Groups 1, 2, and 4 showed

no true leakage, while the non-gilded cast CoCr (c) exhibited the poorest seal. The addition of gold (e) reduced
leakage in this group.

3.3. Scanning Electron Microscope (SEM) Examination

SEM images of the abutment connection surface from Groups 1-5 were assessed prior to
assembly (Figures 6-8). The CCoCr surface (Figure 6c) shows significant irregularities on the surface
compared to the MTi and MCoCr surfaces (Figure 10a and b). 38 times magnification of random
samples of Au gilded surfaces of MCoCrG and CCoCrG are shown in Figures 7 and 8.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. 200x magnification view of abutment connection surface: (a) MTi (Group 1 Abutment A), (b) MCoCr
(Group 2 Abutment A) and (¢) CCoCr (Group 3 Abutment A). Size bar: 100pum.

Figure 7. 38x magnification of MCoCrG (Group 4) abutment connection surfaces, (a) Abutment A, (b) Abutment
B, (c) Abutment C. Size bar: 3mm.

Figure 8. 34x magnification of CCoCrG (Group 5) abutment connection surfaces, (a) Abutment A, (b) Abutment
B, (¢) Abutment C. Size bar: 3mm.

Once connected, the external perimeter of each of the IA] microgaps was imaged (Figure 9). The
MTi (Group 1) (Figure 9a) and MCoCr (Group 2) (Figure 9b) show intimate contact. The CCoCr
(Group 3) show irregularities and a discernible gap at the junction (Figure 9c).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. 200x magnified view of IA] of, (a) MTi (Group 1 Abutment A); (b) MCoCr (Group 2 Abutment A) and
() CCoCr (Group 3 Abutment A). The IA] is identified by the arrows.

The addition of Au to the abutment appears to have filled the space at these gaps (Figure 10).
This reduces the microgap size at the external perimeter, and possibly across the internal aspect of
the connection, which correlates to the reduction in dye leakages as depicted in Figures 5c versus 5e.

Implant

Figure 10. 1350x magnified view of the IAJ of MCoCrG (Group 4 Abutment A) The high-density gold
interspersed in the gap is identified by the arrows. Size bar: 100pm.

After the dye leak test was conducted, the IAAs were disassembled, and surface topography
was assessed again and compared to the surface topography before torque application. Figures 11
shows the Au-gilded surface of abutment A from Group 5 before and after torque application. The
“white” areas represent the Au layer. The before and after photos show a change in the surface,
indicating plastic deformation of the Au with torque application.

§ 4

4%
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Figure 11. SEM images of the CCoCrG, group 5 abutment connection surface (Magnification 630x) showing
deformation of the gold leaf. (a) View of the abutment rum before torque application; (b) View of the same area
after torque application. The images highlight the physical change and deformation of the gold layer (encircled
area) upon assembly, which is indicative of plastic deformation and filling of microgaps. Size bar: 200pm.

4. Discussion

In this in-vitro study, the microleakage of Ti and CoCr abutments, both cast and milled was
investigated under static conditions. Cast CoCr showed the most leakage when compared to the other
abutments. Milled Ti and milled CoCr abutments with Au gilding did not show any leakage. The Au-
gilded cast CoCr abutments showed less leakage compared to the cast CoCr abutments. This study
showed that the addition of Au gilding to the abutment surface decreased the leakage.

The use of crystal violet as a staining agent for microleakage evaluation at the IA] has not been
previously described in this context as most studies use methylene blue or bacteria models. Crystal
violet, being extremely stable and non-biodegradable, allows for analysis to take place over an
extended time [22,23]. This contrasts with methylene blue, which is more susceptible to
photodegradation, potentially leading to inaccurate quantitative measurements over long
observation periods [24]. While bacterial leakage models are clinically relevant, they are often
qualitative outcomes; even when Colony Forming Units (CFUs) are counted, this process is prone to
high manual error [20,21]. By utilising a dye-based approach with UV-Vis spectrometer and
chromophore analysis, this study eliminates the inherent variability associated with biological
growth rates, providing a precise, reproducible assessment of the physical seal at the IA].

The pre-test SEMs showed significant irregularities existed at the cast CoCr fitting surface with
a larger microgap viewed externally compared to the milled Ti and milled CoCr samples (Figure 9).
This is consistent with what is known about a multi-step lost wax casting process in which
irregularities are introduced into the geometry at the junction. The casting process is largely
dependent on the technician’s skill and the quality of the alloy. These findings were consistent with
those of Molinero-Mourelle et al.[10], who found that cast CoCr abutments had more microleakage
than milled CoCr abutments. However, not all the cast abutment samples leaked, with 3 out of 8
showing no leakage, highlighting the inconsistencies between the samples and variations in the
casting process.

The results of this study have shown that material type and fabrication technique have an impact
on the IA] microleakage. It is widely accepted that milled abutments with fewer surface disparities
result in smaller microgaps than cast surfaces [25-27]. The results of the current study attest to this
with both the milled Ti and milled CoCr IAAs showing the least microleakage.

The addition of Au to the cast abutment connecting surface did reduce the microleakage. Only
two of the cast CoCr abutments with Au gilding leaked compared to five of the cast CoCr abutments
without Au gilding. The addition of Au at the junction is thought to fill in the voids around the
microscopic disparities arising from the casting processes. This is reflected in the reduced leakage
detected by the plate reader and is consistent with results obtained in a previous study where cast
high-Au content alloys were used [15].

Even though vertical misfit was visible on the cast cobalt chrome with Au gilding, no leakage
was detected by the spectrometer for 6 of the 8 samples. This could be because a vertical misfit at the
outer edge of the junction may not be continuous from the outer edge to the inner portion of the
junction as previously discussed [5]. This is also consistent with a recent study which showed
intermittent smearing of the Au layer with potential formation of a continuous mosaic barrier around
the connecting surface of the abutment [15] preventing leakage and improving the seal as shown in
Figure 15.

The use of external hexagon implants for this study facilitated the ease in the application of the
Au layer on to the flat abutment connecting surface. Additionally, the flat surface facilitates visibility
under SEM. These factors are difficult with internal connections and for SEM would likely require
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sectioning. If the seal can be achieved with external hexagon connections, it is likely it can be achieved
with internal connections, provided that the abutments can be adequately seated.

The degree of microleakage is a multifactorial condition that is dependent on factors such as
precision of fit between the connected componentry, the degree of micromovement between the
components, and the amount of clamping force holding the components together.

Micromovement is an important factor because it can facilitate bacterial movement and
associated metabolic products across the IA], leading to increased concentrations from within the
internal screw chamber and mucosal cuff. This is known to initiate a zone of inflammation adjacent
to the IAJ, which can lead to both horizontal and vertical bone loss [6] and contribute to future
biological and technical complications [28].

This study has several limitations that should be addressed in future research. The primary
limitation is the lack of cyclical loading assessment. While our results suggests that the Au glided
surface improves the seal, the potential for micromovement under cyclic loading to disrupt or
eliminate this gilded layer and affect its sealing capacity over time remains an area of investigation.
Additionally, the limited sample size precluded more robust statistical analysis, and the use of a more
accurate pressure-controlling apparatus could have influenced the precision of our results.

Within the limitations of the study, it can be concluded:

1. The use of chromophore analysis using crystal violet was effective in assessing the quantitative
analysis of leakage across the IA].

2. Microleakage varied and was dependent on the type of abutment and how it was manufactured.
Milled Ti and milled CoCr abutments showed significantly less microleakage at the IA] than cast
CoCr abutments.

3. The addition of Au to the abutment fitting surface reduces leakage when there is less than an
ideal fit at the IA].
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Abbreviations

The following abbreviations are used in this manuscript:

1A] Implant-abutment junction
IAA Implant abutment assembly
Ti Titanium
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Au Gold

CoCr Cobalt chrome

MCoCr Milled cobalt chrome

CCoCr Cast cobalt chrome

MCoCrG Milled cobalt chrome with gold gilding
CCoCrG Cast cobalt chrome with gold gilding
Zi Zirconia

SEM Scanning electron microscope

CAD/CAM  Computer-aided design/computer aided
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