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Introduction 
     Root canal therapy is one of the most common procedures within 
endodontics. Here, the inflamed or infected pulp is removed and the 
inside of the tooth is carefully cleaned and disinfected, to subsequently 
be filled and sealed with different materials. Effective endodontic 
treatment with consequent healing depends mainly on thorough chemo-
mechanical cleaning and shaping of the root canal therapy1). Removal 
of bacteria from the root canal system is necessary for successful 
root canal therapy2). However, it is impossible to access completely 
to the accessory canals and lateral ducts considering their sizes and 
irregularities in shape. Therefore, materials used in this stage should be 
capable to penetrate into all small canals, to have antimicrobial eff ects, 
to present high biocompatibility, low toxicity and to be promoters 
of  bone formation3). Due to these limitations, new sealers, irrigation 
solutions and intracanal dressing have been developed to improve and 
complement the mechanical debridement procedure. In this matter, 
biocompatible and antimicrobial properties turn out to be the main 
important features for improving endodontic treatment. 
     Introduction of nanosize based materials has brought new abilities 

into different scientific fields. In this regard, it has been documented 
the use of nanoparticles in disinfecting root canal space. Some studies 
have investigated chitosan and ZnO nanoparticles in endodontic 
disinfection and have obtained positive results4,5). It is known, that ZnO 
nanoparticles have selective toxicity to bacteria but exhibit minimal 
eff ects on human cells6). Moreover, it has been reported that the size and 
surface of carbon-based nanomaterial (nanoparticles, fullerenes, single-
walled carbon nanotubes, graphene oxide) play a signifi cant role in the 
antibacterial activity7-10). Graphite has been evaluated as a biomedical 
material in heart valves, biosensors and joints11). In combination with 
poly (vinyl alcohol) hydrogel it was also studied for fi xation of artifi cial 
cornea12).  Hence, we believe that graphite composites could represent a 
suitable candidate as an endodontic biomaterial.
     It is known that antibacterial activity of nanomaterials is inversely 
proportional to the size of the nanoparticles involved13). ZnO has shown 
to have the same mechanism in the antibacterial activity as well as 
in human cell toxicity14). Hence, a very small particle could have the 
best antibacterial effect and, at the same time, could be more related 
to enhanced host tissue damage. For this, particle size is crucial for 
endodontic applications. 
     Until now, several methods have been used to evaluate the 
biocompatibility of endodontic materials. One of the most practical 
and widely used methods is the implantation of the material into the 
subcutaneous connective tissue of rats. The local  eff ect of the materials 
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Abstract:  The aim of this work is to evaluate the antibacterial eff ect and biocompatibility of zinc oxide (ZnO) nanopaticles and 
graphite-type carbon (Gt) microparticles commercial powders. SEM analysis was performed to assess particles morphology. 
The antibacterial behavior was studied against Staphylococcus aureus (Staph. Aureus) (bacterial strain ATCC 29213) and 
TEM analysis of bacteria was performed to determine ultrastructural alterations; in addition, biocompatibility was evaluated 
in subcutaneous tissue of Wistar rats at 3, 7 and 28 d. ZnO and Gt powders exhibited antibacterial activity while TEM images 
of Staph. aureus showed membrane disruption followed by the release of internal content. Also, an electron-light region within 
the cytoplasm was observed for microorganisms treated with ZnO. Regarding biocompatibility, Gt samples induced a foreign 
body reaction response with presence of giant cells whereas ZnO samples showed fi broblastic connective tissue with chronic 
infl ammatory cells and new small vessels. Also, collagen fi bers and lack of capsule was observed by Trichome Masson stain. 
Thus, ZnO improved wound healing by enhancing tissue regeneration in contrast with calcium hydroxide control sample 
response which showed a fi brous tissue scar. Hence, ZnO nano-powder seems to be a potential material in the regenerative 
endodontic fi eld.
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can be evaluated by the histopathological examination of tissue 
response around the implant15). In this research, calcium hydroxide 
(Ca(OH)2) is used as the positive control regarding its antimicrobial 
effect, biocompatibility, physical properties, solubility and periapical 
healing eff ect16). 
Regarding endodontic materials, there is currently no commercially 
available material that joins all needed properties for a successful 
endodontic treatment. Because of this, the main goal of this work is 
to evaluate the antibacterial effect and biocompatibility of ZnO and 
graphite-type carbon (Gt) powders. All of them were compared with 
the well-known response of Ca(OH)2. For antibacterial assay, Gram-
positive Staphylococcus aureus was selected because it is one of the 
most frequently isolated species in primary endodontic infections
 

Materials and Methods 
     Powder materials used in this work were the following: pure 
zinc oxide (ZnO, Sigma-Aldrich, Argentina), graphite (Sigma-
Aldrich, Argentina) and calcium hydroxide (Ca(OH)2, Farmadental, 
Argentina). In all cases biological evaluation was performed according 
to international standards. For antibacterial assay, Staph. aureus 
bacterial strain ATCC 29213 was used; and for biocompatibility assay, 
all samples were implanted in subcutaneous tissue of Wistar rats. 
All animal experiments were approved by Universidad Nacional de 
Tucumán Animal Care and Use Committee.

Scanning Electron Microscopy
     The morphology of ZnO and Gt particles was characterized by 
scanning electron microscopy (SEM Zeiss Supra 55VP, Germany) 
operating at a high voltage of 15 kV. The samples were sputter coated 
with gold before SEM imaging. Micrographs were taken at low 
and high magnification to have a detailed overview of the particle 
morphology.

Microbiological Assay
     The experimental procedure was performed in accordance with ISO-
22196. Before running antibacterial sensitivity assay, fresh culture 
medium, agar plates, PBS, distilled water and Poly methyl-methacrylate 
(PMMA) discs were prepared and sterilized.
     To prepare Luria-Bertani (LB) broth, 10 g/l of sodium chloride, 
5 g/l of yeast extract and 10 g/l of trytone/peptone from casein 
were weighted and placed into a precipitation glass. Then distilled 
water was poured and the system was magnetically stirred up until 
dissolution. The broth was then autoclaved at 121ºC for 20 min and 
subsequently stored at 2-8ºC for no more than 1 month. To prepare LB 
agar plates, 14 g/l of agar-agar was weighted and added with the other 
ingredients to solidify the LB growth medium. Once the agar medium 
was dissolved and sterilized, the liquid was quickly poured onto petri 
dishes. Agar solidifi es below 60ºC, reason why this step was performed 
while the agar was still warm. Subsequently petri dishes were cooled 
down at room temperature and then stored at 2-8ºC upside down to 
avoid condensed droplets to fall on the sterile gel. Phosphate buffer 
saline (PBS) was prepared by mixing 8 g/l of sodium chloride, 0.2 g/
l of potassium chloride, 1.15 g/l of di-sodium hydrogen phosphate 
anhydrous and 0,2 g/l of potassium di-hydrogen phosphate anhydrous. 
All these salts were weighted and dissolved in distilled water.
     Staph. aureus was inoculated in LB broth at 37°C for 18 h. PMMA 
was used to prepare 5 mm diameter disks which were used as substrates 
for testing each material. A measure of 1 mg of ZnO, Gt and Ca(OH)2 
was individually spread on top of the disks followed by a 10 µl-drop 
of bacteria strain with a concentration of 109 CFU/ml. Also, a bare 

PMMA disk and one containing amoxicillin were used as controls in 
this experiment. After 2 h of incubation, bacteria were recovered from 
each disk by immersing each sample in 1 ml of PBS in Falcon tubes 
and thoroughly vortexed for 1 minute. Then, 100 µl were pipetted from 
each tube and further dissolved in 900 µl of fresh LB broth placed in 
Eppendorfs tubes. After a short vortexing, 10 µl of each tube were 
pippeted and dropped on LB agar plates which were subsequently 
incubated. Colony forming units (CFU) were counted after a 18-hour 
incubation period at 37°C aerobically and CFU/ml were calculated, 
results were analyzed statistically using One way Anova followed by 
Tukey test.

Transmission Electron Microscopy
     The collected controls and treated cells were fi xed with Karnovsky 
fixer17). The samples were washed 3 times with phosphate buffer and 
then treated with 2% osmium tetra oxide overnight. After eliminating 
the remaining solution, the samples were washed 3 times with distilled 
water and immersed in phosphate/acetate buff er for 30 min in darkness. 
The remaining solution was again discarded, and the dehydration 
process was conducted with 70, 90 and 100 % of alcohol. The fixed 
cells were embedded with resin. Ultrathin sections were cut with ultra-
microtome; the samples were double stained with uranyl acetate during 
3 min and in citrate for 2 min18) and further observed using a Zeiss EM 
109 TEM (Zeiss, Germany).

Biocompatibility examination in vivo 
     In order to ensure reproducibility, the experimental procedure was 
performed in accordance with ISO-10993-6. Nasogastric tubes from 
Silmag® with the following dimensions: external diameter 1.4 mm; 
internal diameter 0.4 mm and length 5 mm, were used. Fifteen 2-month-
old male rats Wistar weighting 200±30 g were randomly selected. All 
procedure was developed in accordance with the Guide for the Care and 
Use of Laboratory Animals 8th edition19). The animals were anesthetized 
by intra-peritoneal administration of ketamine hydrochloride (40 mg/
kg) and xylazine hydrochloride (20 mg/kg). The dorsal skin was shaved 
and disinfected with solution of 10% iodine-povidone solution (Phoenix 
SAIC, BA, Argentina). Two 8 mm long incision per animal were made 
through the skin with a scalpel along with the vertebral axis. On each 
incision, two subcutaneous pockets were prepared by blunt dissection 
at each side of the incision. ZnO and Gt materials were mixed with 
physiological solution to obtain a paste which would facilitate the tube 
fi lling. Each silicon tube was fi lled with the corresponding powder and 
then sterilized. An empty tube and a tube containing Ca(OH)2 were used 
as controls for all experiments. Each tube was carefully placed into a 
pocket to a depth of 20 mm from the incision to prevent smearing of 
the test material on the outer tube areas. After material implantation, the 
wounds were sutured with ETHILON™ Nylon Suture monofilament 
blue. All animals received normal diet and water during the entire study 
period. 
     Animals were euthanized by anesthesia overdose after 3, 7 and 
28 d for tissue response examination. The implants were removed 
together with the surrounding tissues and immersed in 10% neutral 
buffered formalin (pH 7.4). After fixing for 24 h, the samples were 
processed for routine histological evaluation. Paraffin blocks were 
oriented parallel to long axis of the tubes and longitudinal serial section 
of approximately 5-μm thick were cut from the middle of the implant 
and stained with hematoxylin and eosin and Masson's trichrome stain. 
To evaluate the tissue response, sections of the borders of each tube 
were analyzed by optical microscopy. The controlled variables were 
infl ammatory reaction, necrosis, fi brosis tissue, calcifi cation and foreign 
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body cell response. According to ISO 7405:1997 standard, the tissue 
and inflammatory reactions were graded as follows: 0= None: No 
infl ammatory cells infi ltration 1= Mild: Scattered chronic infl ammatory 
cells without tissue changes 2= Moderate: Focal inflammatory cell 
infi ltration with tissue changes but without necrosis 3= Severe: Severe 
infi ltration of infl ammatory cells 4= Abscess: Abscess formation20,21).
     All specimens were digitally photographed under a light microscope, 
and Image Pro Plus software was used as a toolkit to measure the 
variables necrosis. For fibrosis tissue, calcification and foreign body 
cell response scoring 0were: 0= absent and 1= present. The result was 
analyzed statistically by Kruskal-Wallis Test.

Results
Scanning Electron Microscopy 
     Surface topography of ZnO nanoparticles was characterized 
by scanning electron microscopy. The nanorods were found to be 
approximately 50 nm in diameter and 400 nm in height (Fig. 1a). The 
Gt surface topography was also analyzed showing irregular sheets 
particles with average sizes in the order of microns (Fig. 1b).

Microbiological Assay 
     Fig. 2 shows the bacteria inhibition of Staph. aureus after being 
in contact with bare PMMA disk, Amoxicilin, ZnO, Gt and Ca(OH)2 
powders. Cells count was determined as log10 CFU/ml by colonies 
formed on LB agar plates. In general, reduced inhibition effect was 
observed for all the powder tested. A 10-times reduction of CFU/ml was 
observed for ZnO and Gt powder after two h of incubation of bacteria 
in contact with powders. Signifi cant inhibition in growth was detected 
between the PMMA control disk and all the other tested materials. 
As expected, the former bare PMMA disk showed normal bacteria 
proliferation while the Ca(OH)2 negative control disk showed perfect 
inhibition of Staph. aureus growth on all experiments. Moreover, 
there was no signifi cant diff erence (p<0,05) in cell number (CFU/ml) 
determined between ZnO and Gt powder. For this assay amoxicillin, a 
broad-spectrum antibiotic, was chosen as another control sample.

Transmission Electron Microscopy
     TEM experiments were carried out to observe the direct membrane 
damage and intracellular structure change. The intracellular structure 
of the untreated Staph. aureus cells which were in contact with the 
bare PMMA disk (Fig. 3a,b). The typical round-shaped cells showed 
unanimous electron density. The outer membrane layer of the cell 
envelope and inner protoplasm were clearly visible. Also, the outer 

membrane layer showed to be smooth and continuous. When cells were 
exposed to ZnO powder, signifi cant membrane damage and intracellular 
structure change could be seen (Fig. 3c,d). Moreover, release of the 
internal cell material and diff erence in the internal cytoplasm density 
could be observed.  In general, cells treated with ZnO powder showed 
that the outer membrane layer was neither intact not clearly visible. 
Also, the cytoplasm membrane shrank and detached from the cell wall 
slightly. This behavior was not evidence neither in the control cells or 
in cells treated with Gt powder. The latter showed microorganisms with 
both, a disruptive membrane layer with a corrugated shape (Fig. 3e,f)  
and normal cells without evident changes. 

Histomorphological evaluation
Silicone group
     At 3 d, a thin layer of necrotic tissue, scanty neutrophils new vessels, 
and lymphocytes were observed in direct contact with the material.  At 
7 d, the infl ammation-free fi brous tissue was seen in direct contact with 
silicone. At 28 d, fi brous capsule appeared to be all over the material. 

Calcium hydroxide group
     At 3 d of implantation, the necrotic tissue was observed surrounding 
the material (Fig. 4a). Moreover, polymorphonuclear neutrophils, newly 
formed vessels and lymphocytes were evident as well. At 7 d, necrotic 
tissue, polymorphonuclear and the neutrophils were scanty (Fig. 4b). 

Figure 1.SEM examination of experimental material. (a) ZnO particles with cylindrical shape and 50-400 nm in size, (b) Gt particles in 
the form of irregular sheets and micrometric sizes. 
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Figure 2. Eff ect of ZnO and Gt powder on S. aureus growth. Cells 
count was determined as log10 CFU/ml by colonies formed on LB 
agar plates. Amoxicilin, Ca(OH)2 and a bare PMMA disk were used 
as control samples. Mean ±SD are plotted, (*) indicates signifi cant 
diff erence in value.



Figure 3. TEM images showing 
the ultrastructural effect of ZnO 
and Gt powders on S. aureus. 
Bacteria untreated in contact 
with PMMA disks (3a-b);  in 
presence of ZnO powder (3c-d); 
and in  presence of Gt powder 
(3e-f), at 34300X and 22800X, 
respectively. Ultrastructure damage 
is seen for ZnO and Gt samples. 
Microorganisms treated with ZnO 
showed an electron-light region 
with a condensed substance in the 
center (marked with an arrow). 
Scal bars=200nm

Figure 4. Histological response of 
Ca(OH)2 ,ZnO and Gt samples. 
a) Ca(OH)2 at 3(a), 7 (b) and 28 
(c) ds showing an initial necrosis, 
inflammation response and later 
healing reparation by fibrotic 
tissue;  ZnO at d 3(d) with necrosis 
at material contact and  infi ltration 
of inflammatory cell, ZnO at the 
d 7(e) presenting necrotic tissue, 
infl ammatory cells and vessels neo-
formation, ZnO a d 28  (f), showing 
particles surrounded by connective 
fibrous with angiogenesis and 
inflammatory cells; Gt at d 3(g), 
showing material displacement 
from the implanted tubes with 
scanty necrotic tissue and infi ltrated 
neutrophils, Gt at d 7(h), particles 
a re  sur rounded wi th chronic 
inflammation and macrophages 
giant cells, Gt at d 28(i), particles 
are surrounded by giants cells and a 
thin partial fi brous capsule (H&E). 
Scal bars=50μm

Figure 5. Presence of collagen fi bers by Masson stain at 28 ds. (a) Connective fi brous showing fi brous collagenous and little vessels formation for Ca(OH)2 

samples, (b) presence of fi brous collagenous matrix showing the material particles, neovascular formation and infl ammatory cells for ZnO samples, (c) 
material surrounded by giants cells and few collagen fi brous with a thin capsule for Gt samples, Masson. Scal bars=50μm

J.Hard Tissue Biology Vol. 26(4): 311-318, 2017

314



315

The granulation tissue was formed with presence of few lymphocytes. 
At 28 d, fibrous tissue with scanty vessels formation was presented 
all around the end portion of each tube. Furthermore, three of the fi ve 
samples presented fibrosis and calcification (Fig. 4c). The Masson's 
trichrome stain allowed detecting collagen fi bers within the tissue (Fig. 
5a).

Zinc Oxide Group
     At 3 d, the samples showed necrotic tissue around the material. 
Moreover, inflammatory reaction was also observed (Fig. 4d). At 7 
d, enhance necrosis and inflammatory reaction was detected as well 
as material displacement (Fig. 4e). At 28 d, particles were detected 
to surround fibroblastic connective tissue together with chronic 
inflammatory infiltration, new small vessel formation and no fibrous 
capsule (Fig. 4f). Trichome Masson stain demonstrated the presence of 
abundant collagen fi bers and no capsule shape was evidenced (Fig. 5b). 

Graphite group
     At 3 d, Gt samples showed material displacement and necrotic 
tissue. A moderate inflammatory reaction was observed. The tissue 
was infi ltrated with neutrophils and few macrophages. The new small 
vessels were also observed (Fig. 4g).  At 7 d, the material was also 
released from the implanted tubes. A chronic inflammation and the 
presence of macrophages containing the tested materials were revealed. 
Moreover, giant cells were found surrounding particles material, scanty 
vessels were evidence without formation of fi brous tissue (Fig. 4h). At 
28 d, giant cells were seen to be in direct contact with material released 
from the tubes. Also, it was observed macrophages phagocyting 
graphite particles with a partial and thin fi brous capsule (Fig. 4i). Also, 
scanty collagen fi bers and a marked capsule formation were observed 
by the Trichrome Masson stain (Fig. 5c).
     The Infl ammatory reactions scores attributed to the materials in each 
experimental period (Table 1) and the statistical analysis determined 

that samples were signifi cantly diff erent  at 7 and 28 d with  p=0.0027 y 
p=0.0003, respectively.

Histomorphometrical evaluation 
     At 3 d, necrotic tissue was revealed in a great percentage of the 
study area, being the highest percentage in Ca(OH)2 samples followed 
by ZnO, Gt and the lowest percentage corresponded to silicone sample, 
being signifi cantly diff erent, p<0.001, (Fig. 6a).  At 7 d, necrosis had 
the highest percentages in the treated parts from ZnO, followed by 
Ca(OH)2 and then Gt, being all of them statistically diff erent, p = 0.0034, 
(Fig. 6b).  At 28 d, necrosis was absent.

Discussion
     Root canal therapy represents a standard treatment that involves 
removing dental pulp, control considering it is the gold standard for 
biocompatibility and antibacterial endodontic tests22,23) decontamining 
residually infected tissue through biomechanical instrumentation and 
root canal obturation using a fi ller material to replace the space that was 
previously composed of dental pulp. Gutta-percha is typically used as 
a fi ller material as it is malleable, inert and biocompatible. However, 
traditional gutta-percha has certain shortcomings including leakage, 
root canal reinfection, and poor mechanical properties7). Therefore, 
new fi llers and composites are widely being studied to overcome these 
issues. As an initial evaluation of a new endodontic materials, we 
designed this study to assess antimicrobial performance of ZnO and Gt 
compared with Ca(OH)2, where the latest was chosen as the positive 
     Various bacterial strains can be encountered during reinfection 
scenarios following root canal therapy. Therefore, gram-positive 
Staph. aureus strain was selected as the model bacterium, as it has 
been previously observed in endodontic failure cases24,25). Different 
antimicrobial susceptibility testing methods are known and most of 
them are done in aqueous media or cell culture media and the antibiotic 
needs to be in a liquid form26). When testing powders, the main problem 
is to have a homogeneous sample. As the addition of any surfactant 
substance would be controversial for the experiment, we adapted the 
international ISO-22196 standard to test commercial ZnO, Gt and 
Ca(OH)2 powders against Staph. aureus. Moreover, this method shows 
the advantage of simulating clinical conditions where materials will 
be placed in aqueous medium. In this matter, the presence of powder 
micro-sizes agglomerations would reproduce clinical conditions.
    ZnO is an environmental-friendly material which has been used in 
medical applications such as cancer treatments and DNA detection27,28), 
and nowadays is widely being studied for dental applications29,30). 
In endodontic treatment, it is well known that particle size plays 
a key role on root canal disinfection. In the nano-scale, ZnO have 
shown bactericidal effect on numerous Gram-positive and Gram-
negative bacterial strains31,32). Proposed mechanism for its anti-
bacterial activity include the induction of H2O2, a strong antioxidizing 
agent33,34), disruption of cell membrane and leakage of its cytoplasm 
contents31) as well as internalization of nanoparticles35). Moreover, ZnO 
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Table 1. Infl ammatory scores attributed to the materials in each rat (R) at diff erent experimental period.

                                        3d     7d     28d  
 Groups R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15
Calcium Hydroxide 4 4 4 4 4 3 4 4 4 3 1 1 1 1 1
Silicone 4 4 4 4 4 1 1 1 1 2 1 1 1 1 1
Zinc Oxide 4 4 4 4 4 4 4 4 4 4 3 3 3 3 3
Graphite 4 4 4 4 4 3 4 3 4 4 3 3 3 3 3

(0) None: No infl amatory cells infi ltration, (1) Mild: Scattered chronic infl ammatory cells without tissue changes, (2) Moderate: Focal infl ammatory cell infi ltration 
with tissue changes but without necrosis, (3) Severe infi ltration of infl ammatory cells, (4) Abscess: Abscess formation     
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Figure 6. Necrotic tissue percentage for all samples.  Statistical study of necrotic 
tissue at 3 ds(a) and 7 ds (b). Ca(OH)2 shows the highest percentage of necrotic 
response for 3 ds. At 7 ds an increased percentage was observed for ZnO 
nanoparticles over control sample



nanoparticles have selective toxicity to bacteria exhibiting minimal 
effect on human cells36). It is known that ZnO is nearly insoluble in 
water, it agglomerates immediately in contact with water due to the 
high polarity, so micro-sizes aggregation can be present and hence, ZnO 
properties may change26). For this, we selected ZnO nanoparticles as the 
base of an endodontic material in the present work. 
    Graphite represents one of the main allotropic forms of carbon along 
with diamond. It is comprised exclusively by carbon atoms organized 
as infi nitive layers called graphene sheets. Carbon nanomaterials such 
as fullerenes, carbon nanotubes or graphene, other carbon allotropic 
forms, have been widely studied regarding their toxicity towards 
bacteria and human cells37-39). Carbon nano-sized, were used to enhance 
the performances of implants, as tissue engineering scaff olds40,41) and 
as composites on human dental follicle stem cells42). However, in 
general, their biological applications depend on the synthesis method 
and functionalization42). In contrast, few toxicity studies of graphite 
were performed. Liu and co-workers tested the antibacterial activity 
of graphene-based nanomaterials in aqueous dispersion towards E. 
coli. Here, graphene oxide showed to have more than 2.5-fold loss 
of bacteria viability compared with that of graphite43). The smaller 
activity of graphite could be attributed to the aggregation of graphene 
sheets, which for this material are in the micro-sizes leading to a 
sizes dependent toxicity. Additionally, when nanoparticles are tightly 
chemically bonded to a suitable matrix, as for example grapheme sheets 
within graphite, they can still demonstrate unique e.g. antibacterial 
properties but their environmental risks are decreased due to the limited 
mobility in the environmental media. Graphite is a common and widely 
used material with relatively low damaging effects for human health 
or the environment44). For this and considering that to the best to the 
authors knowledge there is little investigation about graphite toxicity, 
graphite was chosen as a tested material for endodontic therapy
    For the antibacterial assays, amoxicillin was used as a control. Recent 
studies have shown that various Staph. aureus strains can express beta-
lactamase, an enzyme that hydrolyzes beta-lactams45). Because of this 
beta-lactamase expression, reported minimum inhibitory concentrations 
(MICs) of amoxicillin against Staph. aureus have ranged from 31.250 to 
over 100 μg/mL46). In this work we used a concentration of amoxicillin 
that far exceeds the MIC for Staph. aureus hence the amoxicillin should 
exhibit an inhibitory eff ect against bacteria. Hence, in order to obtain 
results in accordance with ISO-22196, bacteria were incubated for only 
2 h in contact with the testes materials. This short incubation period 
was chosen in this work considering that longer ones (24h) showed no 
colony formation on the agar plate (data not shown). Bacterial growth 
in contact with the tested powders was reduced approximately in 1.5 
orders of magnitude compared with bacteria growth on PMMA control 
disks (Fig. 2). Also, it can be seen that ZnO and Gt activities are similar 
to amoxicillin antibacterial activity, which suggest that both tested 
powders behave alike (considering there is no significant difference 
between them, with p>0.05) against Staph. aureus. Both of them with 
the inherit advantage of not inducing bacterial resistance. 
     TEM images were used to further study microorganism growth. 
Results showed that bacteria in contact with the bare PMMA disk 
presented a normal growth (Fig. 3a,b). For microorganisms in contact 
with ZnO powder, TEM photographies revealed that the cytoplasm 
membrane shrank or detached from the cell wall, cell membrane was 
disrupted and an electron-light region appeared in the center of the 
cells, with condensed material positioned in the center of it (Fig. 3c,d). 
A similar phenomenon occurred for silver treated E. coli and Staph. 
aureus cells. Feng suggested that low density region formation is a 
mechanism of defense, by which the bacteria conglomerates its DNA to 

protect it from toxic compounds when the bacteria sense a disturbance 
of the membrane36).
     It is known that the replication on DNA molecules is effectively 
conducted when DNA molecules are in a relaxed state as seen in fi gure 
3, a bacteria in contact with PMMA control samples. In a condensed 
form, like the one seen in microorganism treated with ZnO, DNA 
molecules lose their replicating activity which would explain one 
of its antibacterial action mechanisms. Interestingly, more research 
should be done to confirm if the condensed material corresponds to 
DNA molecules, (Fig. 3d). Hence, this behavior could be due to the 
formation of micro-sizes ZnO clusters due to material agglomeration. 
The presence of bigger particles would also have antibacterial activity. 
Although, evidence of cell damage and morphology changes in bacteria 
treated with ZnO, makes it clear that some particles were still in the 
nano-sizes. Hence, the reduction on CFU seen for bacteria in contact 
with ZnO could be due to: 1) alteration in the normal distribution of 
DNA molecules as a response of external toxic micro-sizes compounds 
leading to a reduction in proliferation rate, and 2) diminution in the 
amount of viable cells due to nano-sizes particles that penetrate and 
disrupt cell membrane producing leakage of its cytoplasm contents.
     On the contrary, Gt plaques showed some membrane disruption 
in a few cells but no modification in the cytoplasm distribution was 
seen (Fig. 3e,f), which would suggest that the antibacterial mechanism 
could be due to a direct contact with the material and hence mechanical 
disruption of membrane, or due to environmental alterations which 
would lead its disruption. Gluthatione (GSH) is a cell antioxide 
widely used as an oxidative stress indicator47-49). Liu and co-workers 
used GSH oxidation to examine the possibility of ROS-independent 
oxidative stress mediated by graphene-based materials. They showed 
that the antibacterial activity of graphite is much higher than that of 
graphite oxide and correlated this to the electrical properties of semi-
metallic graphite. The same behavior was reported in single wall carbon 
nanotube samples47). Hence, according to literature, the reduction 
on CFU in Gt samples performed in the current work could be due 
to disruption of a specific antimicrobial process by oxidizing a vital 
component as glutathione without ROS production, which would lead 
to oxidative stress and membrane disruption. Further studies should be 
performed in order to confi rm the infl uence of this mechanism.
     Histologically, the tissue response was assessed at 3, 7 and 28 d. 
Silicone tubes were used in this study considering they can be cut 
using a microtome and within this process keep the shape of the tissue, 
which constitutes an advantage over polyethylene tubes. Moreover, 
their biocompatibility has already been proven50,51) and were further 
confi rmed within this study. Calcium hydroxide was used as positive 
control and tissue response was the same to the Holland study23). In 
direct contact with conjunctive tissue it has shown to produce necrosis 
(Fig. 4a,b). Afterward, the inflammatory reaction removed the dead 
tissue and at 28 d, a fi brotic scar with calcifi cation areas replaced the 
original architecture (Fig. 4c).
     At 3 d, ZnO induced necrosis (Fig. 4d). At 7 d, the areas of dead 
tissue were increased (Fig. 4e and Fig. 5b), perhaps by dissolution of 
components of ZnO, that enhanced ROS generation and the production 
of pro-inflammatory cytokines (TNF, IL-6,IFNand IL-17)52).  At 28 
d, fibroblast cells, collagenous fibers and vascular proliferation were 
found next to the end of the tubes (Fig. 4f and Fig. 5b) which would 
be related to tissue regeneration, in contrast with the formation of a 
fi brotic scar seen in Ca(OH)2 samples (Fig. 5a). Similar fi ndings were 
informed by Augustine in wound skin healing model53) and by Sousa 
in wound bone healing54). Also, the presence of infl ammatory cells and 
new vascular formation surrounding ZnO particles (Table 1) leading to 
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an unresolved infl ammation could be related to the dissolution of ZnO 
and hence ROS generation. This was also observed by Augustine55) and 
Barui56), who suggested that ROS generation, especially of H2O2, by 
ZnO nanoparticles might be the plausible mechanism for in vitro and in 
vivo angiogenesis. Hence, this unresolved chronic infl ammation would 
lead to the lack of capsule.
     The Gt produced initially a small area of necrosis in the connective 
tissue (Fig. 4i). Moreover, the necrosis was higher in those tubes 
implanted in contact with fatty tissue. The foreign body reaction was 
expressed from d 7, similar observations were reported by Anderson et 
al.57), with histiocytes and giant cells that limit and engulf the material.  
At 28 d, the presence of giant cell reaction (Fig. 4k), infiltration of 
chronic cell (Table 1) and the capsule formation. The size, irregular 
shape, and the lack of solubility of material may be the causes of the 
formation of giant cells granulomas58).
     In this work, it was shown that ZnO and Gt powders have an effi  cient 
antibacterial activity. Regarding biocompatibility, Gt show the Absence 
of biocompatibility. On the other hand, ZnO samples demonstrated to 
improve wound healing by enhancing tissue regeneration. Hence, ZnO 
nano-powder could be considered as a potential material in regenerative 
endodontic fi eld. Further studies should be carried out to verify their 
safety regarding long term exposures.
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