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Abstract: This study investigated the impact of a modified implant 
macrogeometry on peri-implant healing and its effect on bone-related 
molecules in rats. Eighteen rats received one implant in each tibia: the 
control group received implants with conventional macrogeometry and 
the test group received implants with modified macrogeometry. After 
30 days, the implants were removed for biomechanical analysis and the 
bone tissue around them was collected for quantifying gene expression 
of OPN, Runx2, β-catenin, BMP-2, Dkk1, and RANKL/OPG. Calcein and 
tetracycline fluorescent markers were used for analyzing newly formed 
bone at undecalcified sections of the tibial implants. These fluorescent 
markers showed continuous bone formation at cortical bone width 
and sparse new bone formed along the medullary implant surface in 
both groups. However, higher counter-torque values and upregulation 
of OPN expression were achieved by test implants when compared to 
controls. The modified macrogeometry of implants optimized peri-
implant healing, favoring the modulation of OPN expression in the 
osseous tissue around the implants. 
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Introduction

Dental implant therapy is a rehabilitation strategy largely recognized for 
restoring missing dentition.1 Although earlier studies stated that intimate 
contact between the implant and the bone bed would be important for 
adequate osseointegration and that primary implant stability could be 
considered a prerequisite for successful peri-implant bone healing,2,3 this 
scenario has been related to loss of mechanical interlocking between 
dental implant and bone tissue promoted by widespread bone interfacial 
remodeling following implant placement.4 

Innovative bone drilling protocols and different implant macrogeometries, 
allowing for spaces between the surgical bed and the implant, have since 
been described as strategies that may favor the clinical outcomes of dental 
implants.5,6 This may be explained by the creation of spaces—“healing 
chambers”—guaranteed by modified implant macrogeometry; these 
are occupied by the blood clot instantly following implant placement. 
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Biologically, while this condition does not favor 
primary stability, it has been mentioned as a relevant 
approach for secondary stability. 

Although the use of implants as a therapy for 
dental rehabilitation is well-established as secure 
and predictable in the long term,1,7 some systemic 
and local circumstances (such as sites with lower 
bone density) may jeopardize the peri-implant 
repair process and thus interfere negatively on the 
predictability and success of dental implants.8–11 
Consequently, innovative strategies based on 
modified implant macrogeometries could be 
relevant to optimize dental implant therapy in 
these conditions. In addition, the literature is 
scarce regarding the molecular impact of modified 
implant macrodesign on the pathways involved 
in bone healing around implants, and no data are 
available on the influence of the macrogeometry of 
implant threads on bone-related gene expression, 
as performed in this investigation. Therefore, it 
would be important to investigate the behavior of 
bone markers such as runt-related transcription 
factor 2 (Runx2), bone morphogenetic protein 2 
(BMP-2), osteopontin (OPN), β-catenin, Dickkopf 1 
(Dkk1), receptor activator of nuclear factor kappa-Β 
ligand (RANKL), and osteoprotegerin (OPG). Runx2 
is thought to be the main transcription factor 
of osteoblasts,12 while β-catenin and OPN have 
osteogenic properties.13 Dkk1 is a powerful Wnt 
antagonist that blocks Wnt/β-catenin signaling and 
acts as a negative regulator of osteoblast function.14,15 
OPG it is an important molecule that binds to 
RANKL preventing RANK/RANKL linkage, which 
in turn prevents osteoclast differentiation.16,17 Both 
RANKL and OPG participate in the maintenance 
of bone homeostasis and in the cont rol of  
bone healing.16

Considering the evidence highlighting the effect of 
implant hardware features in bone healing pathways 
and the encouraging influence of these aspects to 
maximize osseointegration,17,19 this experimental 
study aimed to evaluate the impact of an implant 
with modified macrogeometry (with the presence 
of a healing chamber) on its biomechanical behavior 
and the biological performance of peri-implant bone 
tissue. A better comprehension of these aspects 

may provide additional support to the clinical 
use of this approach in the optimization of dental 
implant therapy. 

Methodology

Animals
This study was approved by the University’s 

Animal Care and Use Committee (Process No. 
6272060319) and followed the ARRIVE guidelines. 
This study comprised 18 10-week-old male Wistar 
rats weighing 338 ± 72 g. The animals were adapted 
for 15 days and then maintained in temperature-
controlled cages with 24-h light–dark cycles for 
the same period. The animals had water and food 
ad libitum (Labina, Purina, Paulínia, Brazil) at the 
University’s Animal Facility. 

Experimental groups and implant surgery
Two implants were placed in each rat: one in 

the right and one in the left tibia, in the proximal 
region of the metaphyses. Each tibia was allocated 
randomly (using sealed and opaque envelopes) 
into one of the following groups: control group—
implant with conventional macrogeometry; and 
test group—implant with modified macrogeometry 
and healing chambers. The implant with modified 
macrogeometry presented channels that were 
transversal to the implant threads, while the implant 
with conventional macrogeometry did not present 
these channels (Implacil de Bortoli, São Paulo, SP, 
Brazil); both implants were blasted with titanium 
oxide microparticles (Ø100–150 µm) and conditioned 
with maleic acid. Their surfaces presented a roughness 
pattern with Ra of 0.56 ± 0.10 µm.20

Briefly, under anesthesia using intramuscular 
administration of ketamine hydrochloride (0.21 
mL/250 g) and xylazine hydrochloride (0.11 mL/250 
g), an incision was prepared, and the tibia was 
exposed by blunt dissection. Implant beds were 
drilled bicortically using a rotary speed not higher 
than 1500 rpm. A screw, pelshaped pure aluminum 
oxide sandblasted titanium implant (4.0 mm long 
and with a diameter of 2.2 mm), with channels 
transversal to the implant threads (Implacil de 
Bortoli, São Paulo, Brazil) (Figure 1), was positioned 

2 Braz. Oral Res. 2023:37:e044



Mussi MC, Ribeiro FV, Corrêa MG, Salmon CR, Pmentel SP, Cirano FR et al.

in each tibiae until the screw threads were entirely 
inserted in the bone cortex.20 Sutures were then 
performed in the soft tissues. Acetaminophen was 
given for pain control.

Postoperative phase
Animals were monitored every day throughout 

the experiment. Thirty days following the beginning 
of the experiment, rats were euthanized by CO2 
inhalation. The tibiae were then dissected to access 
the implants, which were removed for biomechanical 
analysis. The bone tissue around the implants was 
deposited in RNAlater (Ambion Inc., Austin, USA) 
for gene expression analyses. 

Biomechanical analysis of implant removal 
Following access to the implant, we attached a 

torquemetermeter (Mark-10, BGI, USA) with a scale 
range of 0.1–10 N/cm and divisions of 0.05 N/cm. A 
wrench was adapted to the implant head to employ 
torque in the reverse direction of implant placement 
until total rupture between bone and implant. Torque 

values obtained in N/cm were established as the 
torque required for osseointegration collapse.21

Gene expression assay
Bone tissue samples were stored in RNAlater at 

−70 °C for the assessment of mRNA concentrations of 
BMP-2, OPN, Runx2, β-catenin, Dkk1 and RANKL/
OPG. Total RNA was isolated by the Trizol technique 
(Gibco BRL, Life Technologies, Rockville, USA) as 
reported by Conte et al.22 At first, RNA samples were 
resuspended in diethylpyrocarbonate-treated water 
and kept at −70 °C. RNA concentration was defined 
using a spectrophotometer (Nanodrop 1000, Nanodrop 
Technologies LLC, Wilmington, USA). 

Total RNA was DNase-treated (Turbo DNA-
frees, Ambion Inc., Austin, USA), and 1 μg was 
employed in complementary DNA synthesis. 
The reaction was performed using the First-
Strand cDNA Synthesis kit (Roche Diagnostic 
Co., Indianapolis, IN, USA). Primers were designed 
using a probe design software (LightCycler Roche 
Probe Design, Diagnostics GmbH, Mannheim, 

A and C) Scanning electron microscopy (JEOL, JSM-6510mca, Tokyo, Japan) of the implants (80-100x) in control group. B and D) Scanning 
electron microscopy (JEOL, JSM-6510mca, Tokyo, Japan) of the implants (80-100x) in test groups.
BC and D) Scanning electron microscopy (JEOL, JSM-6510mca, Tokyo, Japan) of the implants (80-100x) in control and test groups, respectively.

Figure 1. Stereo microscopy of the implants. 
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Germany), with sequences (5′–3′) and lengths 
of products (bp) specific to each gene (Table 1). 
Quantitative polymerase chain reaction (qPCR) 
was performed with a real-time PCR thermocycler 
(LightCycler , Roche Diagnostics GmbH, Mannheim, 
Germany) using FastStart DNA MasterPLUS SYBR 
Green reagent (Roche Diagnostic Co., Indianapolis, 
USA); amplification profiles (temperature, time) 
were defined according to each gene (Table). The 
outcomes were demonstrated as relative amounts 
by means of the relative quantification tool, and 
GAPDH was used as the internal reference gene 
according to the manufacturer’s instructions.

Fluorescence evaluation of bone formation
Three male rats of each experimental group 

were given an intraperitoneal injection of 20 mg/kg  
calcein (Sigma-Aldrich, St. Louis, USA) at 24 hours 
and 21 days after the surgical procedure. Fourteen 
days after surgery, the rats received 20 mg/kg of 
tetracycline hydrochloride (Sigma-Aldrich, USA) via 
intraperitoneal injection. Both fluorescent markers 
were diluted in 1.4% sodium carbonate solution. The 
animals were euthanized at day 30 of the experiment. 
The tibiae were dissected and immediately immersed 
in 10% buffered formalin solution (pH 7.4) for fixation 
for 15 days. Samples were washed several times, 
were gradually dehydrated in a series of ethanol 
solutions of increasing concentrations, and were 
then inserted in EMbed 812 resin (EMS, USA). The 

middle longitudinal segment of the implants was 
cut using a low-speed saw (IsoMet 1000, Buehler, 
USA) to include both medial and lateral cortical bone 
of the tibiae. The sections were ground to 100 µm 
and examined by fluorescence microscopy (Eclipse 
E200, Nikon, Japan). Images of the sections were 
obtained through a camera (DS-Vi1, Nikon, Japan) 
coupled to the fluorescence microscope at 4x and 
10x magnification.

Statistical evaluation 
T he met hodolog y was rev iewed by a n 

independent statistician and all data assessment 
was executed using SAS software (Program 
Release 9.3; Cary, USA). Data were evaluated 
for normality by the Kolmogorov–Smirnov test. 
Since torque outcomes were normally distributed, 
parametric methods were used for comparisons. 
Paired student’s t-tests were used for evaluating 
the biomechanical retention of titanium implants 
(n = 18 in each group). Considering that the gene 
expression data (n = 18 in each group) did not 
achieve normality, non-parametric methods were 
used for their comparison. Differences in mRNA 
levels were thus compared using a Wilcoxon test. 
The number of animals included in the study was 
based on previous studies that had found significant 
differences in torque and gene expression levels. 
The significance level established for all analyses 
was 5%.

Table. Primer sequences, amplification profiles, and the estimated length of the qPCR product for each gene.

Gene Sequence (5’–3’)
Length of qPCR product Amplification profile

bp temperature, time

Runx2 GCCACTTACCACAGAGC 157 95°C, 10 s/56°C, 8 s/72°C, 7 s

BMP-2 GTCCCTACTGATGATGAGTTTCTC 170 95°C, 10 s/56°C, 8 s/72°C, 8 s

OPN CCGGATGCAATCGATAGTG 164 95°C, 10 s/56°C, 7 s/72°C, 8 s

β-catenin ACTCTGAGAAACTTGTCCG 172 95°C, 10 s/56°C, 8 s/72°C, 8 s

Dkk1 CGGGAATTACTGCAAAAACG 83 95°C, 9 s/59°C, 9 s/72°C, 9 s

RANKL AGCGCTTCTCAGGAGTT 156 95°C, 5 s/55°C, 4 s/72°C, 6 s

OPG GCAGAGAAGCACCTAGC 168 95°C, 10 s/56°C, 8 s/72°C, 7 s

GAPDH TGAGTATGTCGTGGAGTCTACTG 159 95°C, 10 s/56°C, 8 s/72°C, 7 s

qPCR: quantitative polymerase chain reaction; bp: base pairs; Runx2: runt-related transcription factor 2; BMP-2: bone morphogenetic protein 
2; OPN: osteopontin; Dkk1: Dickkopf 1; RANKL: receptor activator of the nuclear factor kappa B ligand; OPG: osteoprotegerin; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase.
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Results

Biomechanical analysis of implant removal 
Data analysis showed statistical differences 

b e t we en ex p er i ment a l  g roups  rega rd i ng 
biomechanical analyses, demonstrating that the 
modified macrogeometry favorably interfered with 
the biomechanical performance of titanium implants 
(p < 0.05). Figure 2 illustrates the reverse torque data 
in each group.

Gene expression assay
The gene expression analysis showed that OPN 

mRNA levels were positively modulated within the 
bone molecule profile around implants with modified 
macrogeometry when compared to implants with a 
conventional thread design (p < 0.05). The levels of 
other bone-related markers did not present significant 
differences between groups (p > 0.05). Figure 3 

The modified macrogeometry favorably interfered with the 
biomechanical performance of titanium implants. *statistical 
differences between groups (paired Student’s t-test; p < 0.05). 
Control group (n = 18): implant with conventional macrogeometry; 
test group (n = 18): implant with modified macrogeometry and 
healing chambers.

Figure 2. Biomechanical analysis of implant removal. 
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Figure 3. Gene expression assay.
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illustrates the mRNA quantification (mean (± SD)) 
of all genes analyzed in each group. 

Fluorescence assessment of bone formation
Fluorescent markers were used for a descriptive 

analysis of bone formation around implants. 
Green and yellow (calcein and tetracycline 
markers, respectively) lines observed in tibial bone 
demonstrated the areas of newly formed bone at 

the time of each marker injection. Continuous bone 
formation was evident in the cortical width, and 
bright fluorescent labeling was found adjacent to 
the implant surface in both groups (Figures 4- Aa, 
Ab, and Ba). New bone was found growing inside 
the medullary cavity (arrows in Figure 4A) in both 
groups, while a thin and sparse layer of new bone 
was found along the medullary implant surface 
(Figures 4- Ac, Ad, Ae, Bb, and Bc). 

Representative imagens of undecalcified longitudinal sections of the implants. Figures 4A and 4B are photo montages of several images of one 
section of group A and group B, respectively. Bone formation markers (green lines of calcein staining and yellow lines of tetracycline staining) 
were observed around both the cortical and medullary surface of implants. Left figures 4- Aa, Ab, and Ba are amplified images of the cortical 
bone region delimited by squares, while right figures 4- Ac, Ad, Ae, Bb, and Bc are amplified images of the implant surface related to medullary 
bone. (4A, 4B), 4X magnification; (4Aa-Ae; 4Ba-Bc), 10X magnification; bars = 100 µm.

Figure 4. Fluorescence assessment of bone formation.
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Discussion

Contrarily to the combination of implant 
dimension and drilling size, which aims for increased 
juxtaposition between the dental implant and bone 
tissue instantly following implant placement, the 
macrogeometry of an implant body with a healing 
chamber is characterized by plateaus instead of 
threads, allowing for spaces between the healing 
chamber/implant surface and the remaining socket 
walls, optimizing repair around implants.21,23 This 
study evaluated the influence of an implant with 
modified macrogeometry on its biomechanical 
behavior and the molecular performance of peri-
implant bone tissue. Briefly, implant macrogeometry, 
modified by the presence of a healing chamber, 
improved peri-implant bone repair, upregulating 
OPN expression in the bone tissue around implants 
when compared to the traditional thread design.

New implant macrogeometries including the 
concept of a healing chamber have been studied by 
several researchers.6,24,25 In line with the outcomes 
of the present investigation, previous data have 
supported that different macrogeometric designs 
may posit ively inf luence bone repair at the 
interface between bone and implant, enhancing 
bone formation.17–19 Earlier experimental research 
also confirmed that the presence of healing 
chambers, maintaining spaces filled with blood 
by using simplified drilling protocols, may improve 
osseointegration.4,6,18,24,26,27 Recently, in an animal study 
evaluating the biomechanical and histometric impact 
of implant healing chamber configurations, even 
though bone-to-implant contact was not improved 
by the modified macrogeometry, increased bone 
density was revealed in implants with healing 
chambers when compared to those with a squared 
and traditional thread design.26 

The assessment of resistance to removal torque is 
commonly used to determine the interaction force 
between bone and implant. The data observed in 
this study concerning the biomechanical analysis of 
implants showed higher torque values in implants 
with modified macrogeometry in comparison to 
conventional implants (p < 0.05). Although other 
experimental studies have reported that healing 

chambers introduced in the cortical bone did 
not improve bone-to-implant contact, increased 
biomechanical fixation was observed in implants 
with healing chambers when compared to the 
conventional thread design,28 which is in accordance 
with our findings of elevated resistance to removal 
torque in implants with modified macrogeometry. 
Meirelles et al.,29 when evaluating bone healing 
around titanium implants with a chamber design, 
also demonstrated that the presence of a healing 
chamber improved wound healing and promoted 
early repair inside the threads of test implants. 

Interestingly, our gene expression analysis 
showed that the bone tissue around implants with 
modified macrogeometry presented higher levels of 
OPN mRNA when compared to that around implants 
with a conventional thread design (p < 0.05). 
OPN has been reported as an essential molecule 
involved in bone repair processes, presenting 
a multiplicity of biological roles during bone 
healing: it contributes to mesenchymal stem cell 
recruitment and differentiation, angiogenesis, 
and mineralization.29-35 The accumulation of 
non-collagenous molecules such as OPN at the 
bone-implant interface has been previously  
demonstrated.36,37 Evidence supports that OPN 
stimulates primary mesenchymal stem cell migration 
around implants in a dose-dependent manner; 
these cells are able to differentiate toward an 
osteogenic lineage.33,38-41 Recently, it was confirmed 
that the healing chamber in implants with modified 
macrogeometry promoted higher osteocyte density, 
achieving elevated amounts of new bone tissue 
inside the threads.19 In line with these findings, 
implants with modified macrogeometry and the 
presence of healing chambers may minimize the 
negative influence of surgical trauma, resulting in 
better wound healing at the bone development stage 
as confirmed by the occurrence of osteons enclosed 
by lamellar structures with centric osteocytes, 
indicating a rapid organization of osseous tissue 
at implants with a hollow chamber.29 Additionally, 
researchers support the benefits of healing chambers 
due to early mineralization and higher bone-
implant contact rates observed in implants with  
modified macrogeometry.29
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According to previous findings19,29,39,41 and 
considering the molecular outcomes of this study, 
it could be hypothesized that in implants with 
healing chambers, OPN-stimulated mesenchymal 
stem cell migration may be relevant in earlier phases 
of peri-implant bone repair and that OPN could 
also positively affect later bone healing phases, 
contributing to the mineralization process around  
these implants. 

Other bone biomarkers evaluated in this study 
were BMP-2, Runx2, β-catenin, Dkk1, and RANKL/
OPG. However, no significant impact of implant 
macrogeometry was demonstrated on the local 
modulation of these molecules (p > 0.05). The 
absence of differences for these molecules could be 
related to the period of evaluation of peri-implant 
bone samples, since this study focused only on an 
evaluation period after implant placement (30 days). 
Thus, the molecular findings observed in this trial 
possibly reflect late events related to peri-implant 
bone healing. Additional investigations including 
short-term assessments of osseointegration could 
be relevant to identifying the impact of modified 
implant macrogeometry in earlier periods of peri-
implant bone repair.

It is well-known that bone formation around 
implants is influenced by numerous biological 
and physical mechanisms, which may interfere 
both on bone-related gene expression and cell 
differentiation. Although the present research has 
provided valuable insights into the mechanisms 
by which implant macrogeometry may interfere 
on bone healing, additional studies are required 
to unravel other pathways that can contribute to a 
better understanding of the role of modified implant 
macrodesign in bone metabolism. In this context, 
a limitation of the present study is the absence of 
osseointegration analysis (microtomography or 
histomorphometry). This type of assessment allows 
the evaluation of the bone adjacent to and with a 
structural/functional connection with the implant. 
It is important to highlight that, to our knowledge, 
no other study to date has determined the influence 
of a healing chamber on molecular changes around 

dental implants and further investigations are 
required to confirm these data. 

The implants evaluated in this investigation 
presented surface modifications with moderately 
microtextured features; the only variable was 
implant macrogeometry. Therefore, although the 
positive outcomes achieved by the test implants in 
this study are attributed to the modified implant 
macrogeometry, it is relevant to highlight that 
the combination of modified implant surface 
and the presence of a healing chamber could 
provide “cumulative” positive effects on the 
osseointegration process.42 It has been hypothesized 
that this combination may achieve a hybrid 
healing pattern, in which an initial juxtaposition 
between implant threads and native bone tissue 
guarantees primary stability, whereas the healing 
chambers with modified surfaces ensure immediate 
interaction between clot components (proteins, 
plasma, and cells) and implant surface, optimizing 
peri-implant bone formation. This combination 
seems to be a relevant strategy, where intensive 
bone remodeling is compensated by fast bone 
formation within the chamber, probably supporting 
a biomechanical stability standpoint during all 
periods of peri-implant bone repair. Additionally, 
better comprehension of these aspects may provide 
additional support for the clinical use of this 
approach to optimize dental implant therapy, mainly 
at sites with lower bone density or in patients with 
harmful bone healing.

Conclusion

This study demonstrated that the modified 
macrogeometry of implants optimizes peri-implant 
bone repair, favoring the upregulation of OPN 
expression in the bone tissue around implants. 
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