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Featured Application: Medicinal plants derivatives in the form of nanocrystals can be utilized
inside the implant fixture as antimicrobial agents in order to more stabilization and success of
the implant.

Abstract: Background: This study aimed to prepare and study physicochemical properties as well as
the antibacterial action of curcumin nanocrystals inside the implant fixture against Escherichia coli
(E. coli), Staphylococcus aureus (S. aureus), and Enterococcus faecalis (E. faecalis). Methods: Curcumin
nanocrystals were prepared via precipitation combined with the spray drying method. The produced
curcumin nanocrystals were characterized by dynamic light scattering (DLS), scanning electron
microscopy (SEM), powder X-ray diffraction (PXRD), and Fourier transform infrared spectroscopy
(FTIR). Moreover, the in vitro antimicrobial effect of curcumin nanocrystals inside the implant fixture
was assessed against E. coli, S. aureus, and E. faecalis. All implant-abutment assemblies were immersed
in bacterial suspensions and were incubated at 24, 48, and 72 h. The contents of each implant were
cultured to count the colony of bacteria at 37 °C for 24 h. Results: The prepared curcumin nanocrystals
with a mean particle size of 95 nm and spherical morphology exhibited a removal rate of 99.99%
for all bacteria. In addition, the colony-forming unit (CFU) of bacteria in exposure to nanocrystals
significantly was reduced (p < 0.010) by increasing the time. Conclusions: Curcumin nanocrystals
can be used inside the implant fixture as an antimicrobial agent in order to more stabilization of
the implant.

Keywords: nanocurcumin; implant; antibacterial effects; peri-implantitis; removal rate; colony-
forming unit
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1. Introduction

One of the main reasons for the failure of the implant treatment is peri-implantitis, which defines
as a destructive inflammatory process around the osseointegrated implant because of the bacterial
colonization. An important problem in structures of two-piece implants is microbial leakage in
the abutment implant interface, which is directly related to peri-implantitis and inflammatory
response [1]. A wide group of bacteria can penetrate and contaminate micro-gaps [2]. These bacteria,
which have been detected in numerous studies as pathogens causing periodontal diseases and
peri-implant infections include Prevotella intermedia, Fusobacterium nucleatum, Bacteroides forsythus,
Porphyromonas gingivalis, Peptostreptococcus micros, Actinobacillus actinomycetemcomitans, Escherichia coli
(E. coli), Staphylococcus aureus (S. aureus), and Enterococcus faecalis (E. faecalis) [2—6].

Curcumin (1,7-bis (4-hydroxy-3-mrthoxyphenyl) -1,6-heptadiene-3,5-dione) is extracted from rhizome
of the turmeric [7,8]. Curcumin has long been utilized as a safe coloring agent in Asia and is applied in
traditional medicine for several therapeutic purposes [9]. Numerous studies have shown antibacterial,
antifungal, antiviral, and antimalarial activities of the curcumin. Because of the extensive antimicrobial
effects of this phytochemical and its high safe dose (12 g daily) in human clinical trials, it is utilized as
a basis for the fabrication of antimicrobial drugs [10,11]. For example, yarns prepared by combining
curcumin displayed antibacterial actions against E. coli by 30% and S. aureus by 45% in up to 30 times of
washing [12]. The combination of antibacterial agents with curcumin has also been employed to prepare
gels and facial emulsions to improve wound healing and skin-care [13]. Moreover, curcumin inhibits
the growth and proliferation of E. coli by preventing the creation of the FIsZ factor and prevents SOS
responses arising from levofloxacin in E. coli at a concentration of 8 ug/mL [14]. Additionally, curcumin
can inhibit the growth of methicillin-resistant S. aureus (MRSA) at concentrations of 125-250 ug/mL.
Furthermore, curcumin can synergically increase the antimicrobial effects of some antibiotics such
as ciprofloxacin, ampicillin, and oxacillin [15]. Previous studies also showed that the local uses of
curcumin gel decreased gingival inflammation and improved the severity of disease [16-20]. Moreover,
there is evidence that supports curcumin effectively prevents the activation of inflammatory mediators
and has therapeutic effects on periodontal diseases [16,17,19]. Furthermore, Cirano et al. investigated
the effect of curcumin on bone healing around implants and in relation to challenging critical-sized
defects. They showed that curcumin improved bone volume and increased bone-implant contact in
rat animal model [21]. It was reported the promising effects of curcumin in the control of alveolar
bone loss during experimental periodontitis [22,23]. Other studies have confirmed the protective
properties of curcumin against bone deterioration in glucocorticoid-induced secondary osteoporosis
and its potential effect on the management of postmenopausal osteoporosis [24,25].

Despite all the excellent therapeutic activities of curcumin, the bioavailability of this beneficial
agent is low because of its low water solubility. Curcumin is poorly absorbed orally and can be
metabolized rapidly and removed from the circulatory system. The main way to increase bioavailability
of curcumin is to use the nanoparticulated form of curcumin [26-30]. The topical administration of
curcumin-loaded nanoparticles efficiently prevented bone resorption and inflammation related with
experimental periodontal disease [31].

The present study aimed at preparing and investigating physicochemical properties as well as
assessing the antibacterial action of nanocurcumin inside the implant fixture against E. coli, S. aureus,
and E. faecalis at 24, 48, and 72 h.

2. Materials and Methods

2.1. Preparation of Curcumin Nanocrystals

Curcumin nanocrystals were prepared by combining the evaporative precipitation of
nanosuspension and spray drying techniques. Briefly, curcumin (Sigma-Aldrich, Oakville, ON,
Canada) was dissolved in ethanol (Merck, Germany) and hexane (Merck) was quickly added to it to
achieve a solution at 8 mg/mL. The ethanol/hexane ratio was 1/30 by volume. Curcumin nanocrystals
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were obtained by solvent evaporation using a rotary evaporator. An YC-015 experimental spray drier
(Shanghai, China) was used for spray-drying of curcumin nanocrystals with an operating condition as
follows: inlet temperature of 150 °C, the outlet temperature of 80 °C, and liquid feed rate of 1.5 mL/min.
A magnetic stirrer was used to keep the suspension homogenized. Dried curcumin nanocrystals were
collected in small bottles and maintained in separate desiccators for further study [32,33].

2.2. Particle Size Characterization

The mean size of curcumin nanocrystals was measured by dynamic light scattering (DLS) technique
(Malvern, UK) at 25 °C using an argon laser beam at 633 nm and 90° scattering angle. 0.1 g of curcumin
nanocrystals were weighted and dispersed in 50 mL deionized water by sonication (Power 500 W,
amplitude 20%, reaction time: 20 min) at 25 °C.

2.3. Scanning Electron Microscopy (SEM)

Surface morphology of the prepared curcumin nanocrystals examined by SEM (SEM, TESCAN,
Warrendale, PA, USA). Samples were fixed on stubs via a double-sided tape and coated with gold
under a high-vacuum atmosphere and then observed at an acceleration voltage of 10 kV.

2.4. Fourier Transform Infrared Spectroscopy (FTIR) and Powder X-ray Diffraction (PXRD)

FTIR spectra were assessed by means of an FTIR spectrometer (Shimadzu 8400S, Japan).
The powder of curcumin nanocrystals was mixed with potassium bromide of IR grade and compressed
via an IR pellet manufacturing machine.

PXRD of the prepared curcumin nanocrystals was imaged by an X-ray diffractometer (Philips
TW 1710 diffractometer with Cu-Ko incident radiation regulated at 40 kV and 30 mA). The curcumin
nanocrystals powder was placed in the sample slot and pressed smoothly with frosted glass.
Then, the sample was put into an instrument with a scan speed at 0.04°/min, and the pattern was
recorded over 20, with the angle ranged from 10° to 60° [34].

2.5. Bacteria Preparation

Bacteria were prepared at the Faculty of Medicine, Tabriz University of Medical Sciences, Tabriz,
Iran (ethical code of IRTBZMED.VCR.REC.1398.230). The bacteria suspensions were prepared by
cultivating E. coli (ATCC 25922), S. aureus (ATCC 6538), and E. faecalis (ATCC 29212) in brain heart
infusion (BHI) broth and incubating it for 24 h at 37 °C. Subsequently, the bacterial suspension was
prepared to reach a density to 0.5 McFarland standards.

2.6. Implant Experiment Groups

Twenty-seven implants (DIO CO., Busan, Korea) were mounted and classified into three groups
including curcumin nanocrystals, distilled water (negative control), and chlorhexidine (Sigma-Aldrich
Canada Co.; positive control, 2% w/v). The torque tester was utilized to close each abutment in fixed
torque of 30 Ncm. For the preparation of nanocurcumin solution, 600 mg of the prepared curcumin
nanocrystal’s powder was weighted and dissolved in 10 mL of distilled water to prepare a solution with
a concentration of 60 mg/mL. Then, it was stirred for 30 min in a little dark bottle at room temperature.

2.7. Microbial Sampling and Detection

The implants were removed from their packaging under sterile conditions. Next, the implants
were held with sterile pliers to allow a firm torque action and kept in a vertical position. In the
curcumin nanocrystals group, curcumin nanocrystals (60 mg/mL) with a volume of 10 uL were used
to the internal cavity of the implant. As a negative control, 10 uL of distilled water was injected into
the implant fixation. As a positive control, 10 uL of chlorhexidine was used. All implant abutment
assemblies were submerged in sterile tubes containing 5 mL of bacteria suspension and were incubated
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at 37 °C for 24, 48, and 72 h. After incubation, abutments were separated from implants by the
hexdriver. Then, 0.01 mL of implant contents was removed by a micro-syringe and then inoculated on
the nutrient agar (Quelab, Montréal, QC, Canada). In addition, the diluted suspension (1:10, 1:102,
and 1:10%, 10* and 1:10°) were prepared using the 0.01 mL of implants content and inoculated on
the surface of nutrient agar plates. Plates were incubated for 24 at 35° and CFU was calculated by
following formula:

CFU/mL = Number of colony X Dilution of samples x 1072 (because the dilutions were prepared
by 0.01 mL of implants content)/volume of culture plate.

Plates were selected for counting on which the bacteria colonies grow separately and did not
overlap [35]. All steps were repeated three times.

2.8. Statistical Analysis

The results were reported as mean + standard deviation and frequency (percentage). SPSS 20 (IBM
Company, New York, NY, USA) was used to analyze the data with p value of <0.05 being considered
significant. Kolmogorov-Smirnov test was used to test the data normality. A repeated measure
ANOVA was used for the comparison among the groups.

3. Results and Discussion

3.1. Characterization of Curcumin Nanocrystals

The prepared curcumin nanocrystals showed a mean particle size of 95 nm (Figure 1A). In addition,
the SEM results presented that the curcumin nanocrystals showed spherical, uniform small particle
sizes (Figure 1B). It was found that some fine crystals adhered with each other during spraying by
electrostatic and van der Waals forces, and the particle size became larger. During spray drying,
the nanocrystals were sprayed in the form of many small droplets and each droplet contained many fine
particles. These particles aggregated together after the water evaporated instantly, and the aggregates
were hard to break into individual particles [33].

The prepared curcumin nanocrystals exhibited the lower PXRD peak intensities compared with the
bulk curcumin (in references), suggesting the lower crystallinity and the smaller sizes [33], which was
consistent with our SEM results (Figure 1C).

The chemical composition of curcumin nanocrystals was assessed by FTIR spectra (Figure 1D)
and there were no obvious differences between the absorption bands of nanocurcumin and the bulk
curcumin (in references) in the whole area of absorption bands. FTIR analysis displayed absorption at
1720 cm~! for C=0 stretching of the ester group, at 1650 cm~! for C=0 of the ketone group, at 1300 cm™!
for the ether group, and at 2980 cm™! for aromatic stretching. A sharp band at about 3500 cm~! and
a broad peak at 3200-3500 cm™! in the spectrum have been attributed to the -OH group stretching
vibration [36]. It could be determined that spray drying did not alternate the chemical compositions of
curcumin [33].
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Figure 1. Physicochemical characterization of the prepared nanocurcumin. (A) Particle size distribution,
(B) SEM image, (C) powder X-ray diffraction (PXRD) pattern, and (D) Fourier transform infrared
spectroscopy (FTIR) peak.

3.2. Microbial Analyses

Infections after implant placement are the main reasons for the failure of the implant treatment.
Failed therapies are associated with a type of microbial flora that is directly related to periodontitis [17,18].
Various studies have reported the prevalence of infection by various bacteria in implants, involved
in the occurrence of periodontitis or dental abscesses, including Staphylococci, Coliform bacteria,
and Candida species [37-39].

The pharmacological effects of curcumin, including anti-inflammatory, antioxidant, anti-cancer,
anti-diabetic, and antibacterial activities against S. aureus, E. coli, Bacillus cereus, and Helicobacter pylori
have been reported [40]. Furthermore, curcumin has been identified with very low solubility, chemical
instability, and poor bioavailability. Therefore, the use of nanotechnology has been considered to
improve the bioavailability of curcumin and its high stability in the bloodstream and reduce its toxic
effects. Moreover, the synthesis of curcumin as a nano-crystalline has different characteristics compared
with its mass state due to its small size [35].

Results of the present study indicated that the CFU amounts for curcumin nanocrystals significantly
were decreased (p < 0.010) compared with the CFU amounts for water (negative control). In addition,
by increasing the time from 24 to 48 and 72 h, the CFU amounts for curcumin nanocrystals significantly
decreased (p < 0.010).

The results also displayed that the removal rates (R%) of bacteria by curcumin nanocrystals were
higher than 99.99% in all three types of bacteria. Table 1 presents a comparison of removal rates for all
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three types of bacteria. A comparison of the mean growth of bacteria in all three solutions separately
for bacteria at different times is shown in Table 1 and Figures 2—4.

Table 1. Comparison of mean growth rates of bacteria in different groups and times.

. . Water Log Chlorhexidine . (0 Curcumin Log £x (0
Bacteria Time (h) (cfu/mL) Log (cfu/mL) R * (%) (cfu/mL) R ** (%)
24 8.08 2.04 99.99 141 99.99
E. coli 48 9.10 2.09 99.99 2.22 99.99
72 9.61 1.67 100 2.24 99.99
24 8.22 0.59 100 2.16 99.99
E. faecalis 48 9.34 2.15 99.99 2.25 99.99
72 9.87 2.09 100 2.37 99.99
24 7.08 0.56 99.99 0 100
S. aureus 48 9.09 1.10 100 2.16 99.99
72 9.51 2.12 100 2.35 99.99
R * = (CFU of water-CFU of chlorhexidine)/CFU of water x 100. R ** = (CFU of water-CFU of curcumin)/CFU of
water X 100.
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Figure 2. Comparison of the mean growth rates of E. coli in different groups; (A) column graph, (B) liner
graph (nanocurcumin (60 mg/mL), chlorhexidine (2%)).
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Figure 3. Comparison of the mean growth rates of E. faecalis in different groups; column graph and
liner graph (nanocurcumin (60 mg/mL), chlorhexidine (2%)).

Such results may be due to the different functions of nanoparticles in bacteria entry and removal.
Depending on the particle size as well as the type of bacteria, the nanoparticles exert their antibacterial
effects on bacteria by various mechanisms. The mechanisms are different from what has been reported
for the mechanism of action of common antibiotics. To this end, the use of nanoparticles with
antimicrobial properties is a way to overcome the microbial resistance of antibiotics. The nanoparticles
used in the present study had an average particle size of 95 nm. According to scientific texts,
physicochemical properties (size, shape, and surface properties) and doses of nanoparticles are
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effective in their antimicrobial effects [41]. Studies indicate that nanoparticles in the range below
100 nm generally have the ability to disrupt cell membrane functions by binding to the surface of cell
membranes with a high affinity compared with larger nanoparticles. Such an effect is more prevalent in
smaller nanoparticles due to its larger surface area [42,43]. The interaction of membrane-nanoparticles
causes local pores in the membrane and largely damages the bacteria due to the entry of nanoparticles
into the bacteria and the interaction of intracellular proteins (especially protein-rich in sulfur) and DNA.
Another possible mechanism for antibacterial effects of antimicrobial nanoparticles is their binding
to the bacterial membrane, and their gradual entry into the cytoplasm and disrupting the bacterial
functions. Some drug nano-carriers are also able to mix with the bacterial cell wall and inject their
antimicrobial substance into the bacterium [43,44].

S.aureus
S.aureus
12
12
10
10
g
. %\ . /’_’l
g s £
2 C 6 — T
T 6 m Water -
; - 2," 4 Chlorhexidine
g 4 Chlorhexidine -
- a Curcumin . E e Curcumin
3 m e =
0 24h 48 h 72h
24h 48 h 72h

Time Time

Figure 4. Comparison of the mean growth rates of S. aureus in different groups; column graph and
liner graph (nanocurcumin (60 mg/mL), chlorhexidine (2%)).

In a study by Neelakantan et al. who studied the effects of curcumin against E. faecalis, the authors
found that in two-day and ten-week biofilms, curcumin showed full inhibition that was significantly
lower in terms of CFU re-obtained from chlorhexidine and saline [45]. Jahromi et al. found that
curcumin loaded in nanoparticles significantly inhibited S. aureus in the infectious skin of rats.
The results indicated that the use of nanoparticles increased the bactericidal effect of curcumin [46].
In fact, the gradual release of curcumin from nanoparticles occurred at the site of infection and properly
inhibited the bacterial infection [47]. Results of a study by Bhawana et al. indicated that nanoparticles
loaded with curcumin had more antimicrobial effects on a variety of fungi [48]. Singh et al. reported
similar results and showed the antimicrobial and antibacterial properties of curcumin after its use in
infectious therapies [49]. In another study by Rai et al. who investigated the antibacterial effects of
curcumin, findings indicated that curcumin inhibited the growth of S. aureus [49]. The disinfectant,
anti-inflammatory and antioxidant properties of curcumin have been taken into consideration in some
studies [50]. Results of a study by Desai et al. who examined the reduction of bacterial contamination of
internal and external dental implants using silver nanoparticles indicated that no bacterial growth was
observed in groups containing silver nanoparticles. The absence of bacterial growth in the experimental
groups suggested that silver particles were highly effective in inhibiting the bacterial growth inside the
implants after 24 h in contact with bacterial suspensions (E. coli, S. aureus, and Salmonella) [35].

Curcumin can reduce the activity of NF-KB and prevent the leakage of inflammatory
macromolecules, thereby reducing the inflammation caused by this bacterium [51,52]. Furthermore,
curcumin in a concentration of 125-250 mg/mL can prevent the growth of 10 different strains of
MRSA. Furthermore, mixing curcumin with any of the antibiotics, including ampicillin, oxacillin,
and ciprofloxacin, can decrease the minimum inhibitory concentrations (MICs) of antibiotics due
to a synergic effect [15]. Curcumin prevents the growth and proliferation of E. coli by inhibiting
the FIsZ factor formation and can also inhibit the SOS responses due to levofloxacin in E. coli at
a concentration of 8 ug/mL [14]. In addition, mixing curcumin with antibiotics such as ampicillin,
oxacillin, and ciprofloxacin can decrease the MICs of bacteria [15].

Given the pharmacological resistance of bacteria to antibiotics, the production and optimization
of nano-systems have been considered for drug delivery to target tissues. Drug-carrying nano-systems
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have useful features that did not exist before converting to nano-drug [53,54]. Nano-curcumin has
increased its antimicrobial power against microorganisms such as E. coli, S. aureus, and Bacillus subtilis,
Aspergillus, and Saccharomyces cerevisiae. Curcumin has been also used as an antibiotic against
Yersinia enterocolitica and B. cereus [48,55].

Then introducing curcumin into implant fixture can present some potential advantages. At first,
the chemical antimicrobial agents can be gradually replaced with antibacterial plant derivative such
as curcumin in the future. This replacement will not only overcome the microbial resistance but will
be also a solution to reduce the use of chemicals (like chlorhexidine, as gold standard antimicrobial
material in dentistry) and their side effects and toxicity. It can not only increase the success of implant
therapy (due to a decrease in the failure of the implant), but also its beneficial effects for gingival and
its positive effect on bone-implant contact can lead to a further stabilization and success of the implant.

4. Conclusions

The use of dental implants has significantly increased in modern dentistry and has become
a predictable choice in the replacement of missing teeth. Despite the fact that implant treatments are
generally successful treatments, failure of implant treatments can be due to biological, mechanical,
iatrogenic, or functional factors that lead to bacterial infections of the peri-implant tissue and implant
overloading. Identification of these factors and their importance definitely affect the success of implant
treatment. In many cases, the causes of these failures remain unknown. Therefore, researchers
are always looking for causes of failure or complications of implant treatments. The present study
investigated the antimicrobial effects of curcumin nanoparticles on bacteria. According to the results,
nano-curcumin solution was able to completely remove all three types of bacteria. Results of the present
study indicated that the CFU amounts for curcumin nanocrystals solution significantly were decreased
(p < 0.010) compared with the CFU amounts for water (as negative control). In addition, by increasing
the time from 24 to 72 h, the CFU amounts for curcumin nanocrystals solution significantly were
decreased (p < 0.010). The results also showed that the removal rates (R%) of bacteria by nano-curcumin
solution were higher than 99.99% in all bacteria. Then, due to the antimicrobial effects of nanocurcumin,
its beneficial effects for gingival and its positive effect on bone-implant contact, nanocurcumin can be
used inside the implant fixture to use antimicrobial effects and further stabilization and success of the
implant. In addition, since the growth of the bacteria on the implant is in the form of biofilm; therefore,
the assessment of the antibiofilm effects of the prepared curcumin nanocrystals will be suggested as
a topic for future studies.
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