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Introduction

The unique characteristics of carbon nanomaterials such as graphene, carbon nanotubes (CNTs) and
carbon nanohorns (CNHs) make them ideal candidates for research into their biomedical
applications. [1-9] They have been found to be particularly effective in applications for bone tissue
engineering because of their cytocompatibilty, mechanical, and electrical properties. [10—13] In a
previous study we reported that osteoblast adhesion and differentiation could be enhanced by CNT-
coated substrates, while sponges coated with CNTs showed a high level of biocompatibility with
bone. [14-18]

Among carbon nanomaterials, there is currently a great interest in creating biomedical
applications using CNHs. CNHs have an irregular shape of 2-5 nm in diameter and 40-50 nm in
length. Thousands come together to form a spherical assembly of approximately 100 nm in diameter.
[19] High biocompatibility has been reported [20-22]  because no metal catalyst is used. [23] For
cannular CNT, the aspect ratios (or length/wide ratios) as the key factor significantly affect their
toxicity, while SNH are approximately isotropic in three dimensions owing to the spherical
morphology. [24][25] Moreover, because of the formation of nano-windows on the walls by
combustion, carbon nanohorns become porous, and the area of adsorption is about four times. In
addition, by changing the conditions of oxidation, it is possible to control the size and number of
pores. [26][27] This function is commonly used to hold drugs such as cisplatin and hydrochloride
vancomycin. [28][29]

Previously, we have concentrated on CNHs and osteogenesis and documented enhancing
osteogenesis on the CNH membrane [30] and promoting osteoblast differentiation by macrophages
integrating CNHs. [31] This feature is expected to be applied to the surface modification of dental
implants. In patients who have lost their teeth, dental implants are an effective therapy. [32][33] On

the other hand, peri-implantitis is well known as inflammation caused by the implant's bacterial



infection. While inflammation progresses, the implant-supporting bone tissue is absorbed, and the
implant is lost. [34-36] Antibiotics are one of the treatments for peri-implantitis. Is a method by
injecting an antibiotic around the suffering implant to suppress inflammation. [37] Minocycline (MC)
is one of the widely used as antibiotic. [38] To maintain an effective concentration of the drug when
administered systemically, high dose of MC is necessary. [39,40] Therefore, local delivery may be
highly effective for the treatment of peri-implantitis. However, most of antibiotics run out of the
implant and are difficult to keep for a long time. MC should be administered frequently to obtain a
bacteriostatic effect without increasing local concentrations.

Therefore, we expected that the CNHs could be a carrier for applying in local delivery applications.
In this study, we compared the difference with and without oxidation of CNHs in loading ability and

bacteriostatic action. The effect on the osteoblast has also been verified.



Materials & Methods
General

Minocycline hydrochloride (MC) and other organic solvents were purchased from Fuji-film
Wako Corp (Japan). CNHs were obtained from NEC Corp (Tokyo, Japan). CNHs were produced by
CO: laser ablation of a pure-graphite target at room temperature in Ar gas at 760 Torr. [40] The
purity of CNH used is about 95%, and most of the impurities of about 5% are graphitic spheres with
amorphous structure. [41] No metal catalyst was used in this process. Air-oxidized CNHs were
prepared by the reported procedure. CNHs were heated under air flow at the temperature increase

rate 1 °© C/ min, up to 550 ° C, then cooled under air flow. [42]

Preparation of MC/CNHSs conjugates

One mg of MC was dissolved in 10.0 mL of deionized water to prepare a stock solution of MC.
MC/CNHs conjugate was prepared by adding 1 mg of powdered as-grown CNHs (as-CNHs) or
CNHs oxidized at 550 °C (CNHox550) into the MC solution in various concentration of MC (0, 20,
40, 60, 80, 100, 150 pg / mL of MC for 100 pg / mL of CNHs). The CNHs and MC solution was
then subjected by ultrasonication in cold water (5 to 10 ° C) for 2 hrs. For bacterial and cell culture,

the dispersion was added in the culture medium at the concentrations as described below.

Transmission electron microscopy observation

MC/CNHs immediately after fabrication were observed by HR-TEM (JEM-2010F, JEOL, Tokyo,
Japan) with acceleration voltage of 200kv ,and STEM (Titan-cubed G2 60-300 (FEI, Hillshoro, OR,
USA) ) with acceleration voltage of 80kv. For comparison, CNHs dispersed with 100% ethanol were

also observed.



Absorption spectral measurements
Absorption spectra of MC, CNHs, and MC/CNHs were recorded by a Nanodrop UV—vis
spectrophotometer

Nanodrop (Thermo™INSIGHT, ThemoFischer, Waltham, MA, USA).

Thermo Gravimeter & Differential Thermal Analysis (TG/DTA).

For the thermogravimetric analysis, the dispersion was lyophilized using a VD-400F (TAITEC,
Saitama, Japan) and MC/CNHs was obtained as black powder. Thermogravimetric analysis was
carried out using a TG 8120 Thermo Gravimeter & Differential Thermal Analysis (Rigaku
Corporation, Tokyo, Japan). 2 mg of the sample was taken onto a platinum pan and the temperature
was increased from room temperature to 1000 °C at a rate of 10 °C/min under N, flowing at 100 mL/

min.

Quantification of released MC

The released amount of MC from CNHs was quantified by using dialysis cassettes (Slide-A-Lyzer
G2, MWCO 7k Da, ThemoFischer, Waltham, MA, USA). Dialysis cassettes containing 0.5 mL
sample solutions were placed in 10mL of phosphate buffer solution (PBS (-), Wako, Osaka, Japan) at
room temperature. An aliquot of 100 pL was taken out of each dialysis cassette at the time intervals
of 1,2, 5,8 hrs, 1, 2, 3, and 7 days. The aliquots taken at each time point were analyzed by the UV—

vis spectrophotometer at the absorbance of 350nm.

Bacterial culture
Streptcoccus mutans (ATCC 55677) was cultured in brain heart infusion (BHI; BD, Franklin Lakes,

NJ, USA ) medium, and Aggregatibacter actinomycetemcomitans (ATCC 29522) was cultured in



BHI medium with 1% yeast(Bacto™ Yeast Extract; BD, Franklin Lakes, NJ, USA). MC/CNHs
dispersion was added to the culture medium so that the minocycline concentration was 0, 0.05, 0.1,
0.2, 0.4, 0.8 pg/mL, respectively.

The tube was incubated at 37 ° C in an atmosphere with 95% air and 5% CO,. After 24 hours, the
turbidity of the medium was measured by the absorbance at 600 nm (SmartSpec Plus, BIO-RAD,
Hercules, CA, USA). The turbidity was divided by the absorbance at the time of bacterial seeding

and the growth rate was confirmed.

TEM and SEM observationof bacterial

At 20 hours after bacteria culturing, the specimen for the observations by scanning electron
microscopy (SEM) and TEM. For SEM observation, the bacterias were fixed with 2%
glutaraldehyde. After dehydration through a graded ethanol series, they were dried using the critical
point method and sputter coated with palladium-platinum for SEM observation (S-4800, HITACHI,
Tokyo, Japan). For TEM observation, the bacterias were fixed with 1% OsO4 and embedded in
epoxy resin after dehydration. The ultrathin sections were obtained using an ultramicrotome (Leica)
with a diamond knife (DiATOME). The ultrathin sections were examined by TEM (JEM 1400, 80 V)

(JEOL, Tokyo, Japan).

Osteoblast cell culture

Mouse osteoblast MC3T3-E1 cells were suspended in general medium consisting of 6.67x10*
cells/mL in minimum essential medium, alpha modification (a-MEM; Gibco, ThemoFischer,
Waltham, MA, USA ), containing 5 % fetal bovine serum (FBS; Biowest, Nuaillé , France), 100
units/mL penicillin, 100 pg/mL streptomycin, (Pen Strep; Gibco, France) and 5 pL/mL L-glutamine

(Sigma-Aldrich, St. Louis, MO, USA). Three hundred microliters of the cell suspension was seeded



in each well of the 48-well plates. After 3 hours, the culture medium was then replaced to osteoblast
differentiation medium consisting of with 50 uM ascorbic acid, 10 mM B-glycerophosphate with
MC/as-CNH, MC/CNHox550 dispersions as mentioned above at the concentration of 0.8 ug/mL of
MC.

After 7 days of cell culture, the amounts of DNA and ALP activities of the samples were measured.
Each well was washed twice with PBS. Three hundred microliters of the cell suspension containing
0.2% IGEPAL CA630 (Sigma-Aldrich, St. Louis, MO, USA), 10 mM Tris-HCl and 1 mM MgCl,,
pH 7.4, was added to each sample. The samples were frozen, thawed and homogenized. The sample
solution was added to 100 mL of 4 M NacCl, 0.1 M phosphate buffer (pH 7.4) and then centrifuged
for DNA analysis. Picogreen (Molecular Probes, Leiden, Netherlands) was used to measure the DNA
content by means of a microplate reader (infinite F200 PRO, TECAN, Kanagawa, Japan), with the
excitation filter set at 365 nm and the emission filter at 450 nm. Alkaline phosphatase (ALP) activity
was measured with LabAssay (Wako, Osaka, Japan) as described previously [31]. ALP activity was
normalized by DNA content. The DNA content and ALP activity were determined in five samples.
All data are presented + standard error of the mean (SEM). Statistical analyses were performed using
GraphPad Prism (GraphPad software, San Diego, CA, USA) and one-way ANOVA followed by

Dunn's multiple comparisons test.



Results

1.Preparation of MC/CNHs conjugates

Absorbances at 600 nm were used to determine the dispersed CNHs concentration in PBS (Figure
1A) because MC does not show optical absorption longer than 500 nm. It was found that the
sonication of CNHs with MC remarkably increased the absorbance at 600 nm, which indicates the
better dispersion of CNHs in the solution (Figure 1B). The dispersion solutions are stable longer than
1 hr. In the condition using 60 ug/mL of MC, absorbance at 600 nm of as-CNHs increased 4 times
relative to that without the treatment of MC (Figure 1C, D). CNHox550 also showed a remarkable
increase of the absorbance at 600 nm after with the treatment of MC, although CNHox550 without
MC-treatment showed relatively high absorbance.

In absorption spectra, MC shows a characteristic absorption band around 345 nm. MC/CNHs
conjugates showed the characteristic peak of MC whose intensity increase with the concentration of
MC (Figure 2A). Notably, MC concentrations below 20 pg/mL and 80 pg/mL in the cases of MC/as-
CNH and MC/CNHox550, respectively, do not show characteristic absorption bad of MC (Figure
2B).

Thermogravimetric analyses (TGA) were performed in N2 atmosphere to confirm the
thermodynamic detachment of decomposition of MC on the CNHs. For pure MC, a large weight loss
was observed around 230 °C, which would be assigned to the vaporization or decomposition of MC,
whereas the both pristine CNHs (as-CNHs and CNHox550) alone showed almost no weight loss
around 230 °C (Figure 3). In contrast, as-CNHs and CNHox550 which were treated with MC
demonstrated remarkable weight loss around 230 °C. Moreover, the reduction rates of weight in the
both case of as-CNHs and CNHox550 were larger than those of MC-untreated CNHs at higher
temperature than 500 °C, suggesting the decomposition of MC on the CNHs. It is also worth

mentioning that the weight loss of MC/as-CNH at the temperature higher than 600 °C is much larger



than that of MC/CNHox550.

TEM observation of MC/CNH. Figure 4 A-D showed the MC/as-CNH, figure 4 E-H showed the
MC/CNHox550. Figure 4A, E shows well-defined, especially figure 4E has a hole at the tip of the
left horn. Figure 4B, F confirmed that there were many deposits around the horn structure in
MC/CNHs in 200 kV TEM. 80kV HRTEM confirmed thread-like deposits around the horn (figure
4C, G). In STEM, MC/CNHox550 was unclear (figure 4D), but MC/as-CNH was confirmed that

there were white spots seemed to be MC (figure 4H).

2. Sustained release of MC

MC-releasing abilities of MC/CNHs conjugates were examined by dialysis. This assay allows us to
determine the amount of thermodynamically detached MC from CNHs into the solution with time.
Absorption spectra of the recovered components by the dialysis were recorded and the optical
absorbance at 350 nm were picked as the detached amount of MC from the CNHs. A control
experiment was performed with using pure MC in the absence of CNHs (Figure 5). Pure MC alone
showed quick elution from the container of dialysis, which was almost completed (~95 % relative to
the amount after 7days) within 24 hrs. This rate is a typical rate to go through the cellulose
membrane of the dialysis tube. Using the same amount of MC, MC/as-CNH and MC/CNHox550
showed 71 % and 55 % elution, respectively, relative to those after 7 days after 24 hrs. In comparing
with the pure MC, MC/as-CNH released 62 % of MC after 7 days of dialysis, whereas

MC/CNHox550 released 22 % of MC.

3. Bacterial culture
Figure 6 shows the growth rate of A.a. (Figure 6A) and S.m. (Figure 6B). MC at the concentration of

0.1 pg/mL or more showed bacteriostatic effect against 4.a. The same concentration of MC/as-CNH



also suppressed bacterial growth, whereas MC/CNHox550 at the concentration of less than 0.4
pg/mL didn’t show bacteriostatic effect. Similarly, the growth of S.m. was inhibited in the presence
of MC or MC/as-CNH at the concentration of 0.4 pg/mL or more, while more than 0.8 pg/mL
MC/CNHox550 show bacteriostatic effect.

In the SEM observation (Figure 7A, B), CNHs were observed to surround dead A4.a.(Figure 7B). By
TEM observation (Figure 7C-F), the cell wall of A.a cultured with MC was collapsed (Figure 7D).
Moreover, Some CNHs were observed by TEM to touch the cell walls of dead bacteria (Figure 7E,

F).

4. Osteoblast proliferation and differentiation

The DNA content and ALP activity of the cells cultivated for 7 days are shown in Figure 8.
Compared in the absence of MC and CNHs as control, DNA content and ALP activity normalized to
the DNA content with MC, as-CNHs, CNHox550, MC/as-CNH, MC/CNHox550 showed no
significant differences (p > 0.1). There are also no significant differences between with MC and the

groups of with CNHs.



Discussion

As-prepared CNHs are known to be water-insoluble, and thus a dispersant or applying chemical
modifications are required to solubilize CNHs in aqueous solution. [28] In the present study, it was
found that the sonication of CNHs with MC remarkably improves the CNHs concentration in water
with such a simple and facile adsorption method. In the condition using 60 pg/mL of MC, the
remarkable increase of absorbance at 600 nm indicated that the concentration of as-CNHs in the
solution increased 4 times relative to that without using MC. Even though the oxidized-CNHs
(CNHox550) is dispersible without any treatment because CNHox550 contains many of carboxylic
groups which improve water-solubility of CNHs[40-42], MC can further improve the water
dispersibility of CNHox550 significantly. These results also suggest that MCs adhere directly to
CNHs and acts as a suitable dispersant for solubilizing CNHs in the aqueous solution.

The absorption spectra of MC/CNHs in the condition using different concentrations of MC to
make the conjugate gave insight for the attachment mode of MC on or in the CNHs. MC
concentrations below 40 pg/mL and 80 pg/mL in the cases of MC/as-CNH and MC/CNHox550,
respectively, do not show remarkable absorption band of MC. This result suggests that MC adhered
on CNHs strongly. The strong attachment causes broadening of the MC peak probably due to the
strong electronic interaction between MC and CNHs. The MC absorption band was only detectable
over a certain threshold of concentration (40 pg/mL and 80 pg/mL for MC/as-CNH and
MC/CNHox550, respectively). This fact indicates that MC is, at least, in two different circumstances
in which MC strongly adheres or relatively weakly attach on the CNHs.

TGA profiles demonstrated the different situations of MC among pure MC, MC/as-CNH, and
MC/CNHox550. Weight loss around 230 °C in MC/as-CNH, and MC/CNHox550 suggests the loss
of relative free or weekly attached MC by heating. Because this loss is larger in MC/as-CNH than

that in MC/CNHox550, it can be concluded that MC/as-CNH has such MC more than
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MC/CNHox550. The weight loss of MC/as-CNH at the temperature higher than 500 °C is also much
larger than that of MC/CNHox550. It may be explained by the fact that MC can locate inside the
CNHs. It is reported that the oxidation of CNHs makes it porous [26][27], and more amount of MC
can be involved in the CNHs in the case of MC/CNHox550. And this involvement protects the inside
MC from the thermal detachment/decomposition, which is more probable in CNHox550 than as-
CNH.

Consequently, the lost amount of MC of MC/as-CNH at higher than 500 °C is larger than that of
MC/CNHox550.

MC-releasing abilities of MC/as-CNH and MC/CNHox550 were examined by the dialysis
experiments. By comparing the optical absorbance at 350 nm, which is a characteristic band of MC,
between that after 24 hrs and 7days, MC/as-CNH and MC/CNHox550 showed 71 % and 55 % of
releases at 24 hrs. In the viewpoint of sustained-release of MC, MC/CNHox550 may be preferable
than MC/as-CNH. MC/as-CNH and MC/CNHox550 showed different elution rates and amounts of
MC each other. MC/as-CNH released 62 % of MC relative to the pure MC, whereas MC/CNHox550
released 22 % of MC after 7 days of dialysis. These results can be rationalized by the different
manners of attachment of MC on the CNH as mentioned above. That is, MC may be in three
different circumstances, which are on the surface of CNHs with strong interaction disappearing
characteristic absorption band of MC, on the surface with relatively week interaction as observed in
TGA around 230 °C, or in the CNHs in the case using CNHox550. Based on this difference, it is
expected that MC/as-CNH can distribute more amount of MC to the surrounding environment than
MC/CNHox550, and probably the released MC is effective to bacteria.

To apply MC/CNHs for peri-implantitis, it is necessary to confirm that re-osseointegration after
healing of peri-implant inflammation is not inhibited by MC/CNHs. In this study, the effect on the

initial differentiation and proliferation of osteoblasts was examined by ALP activity which is an early
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marker of osteoblastic cell differentiation.[43] In this study, MC/CNH and MC at which
concentration was effective against bacteria didn’t affect the cell differentiation and proliferation
while Park et al. reported higher density of MC such as more than 100 uM led to a dose-dependent
decrease of cellular differentiation and protein expression [39]. Besides, the presence of CNHs
didn’t show negative effect on osteoblasts. This result supports our previous report indicating that,
the ALP activity of human mesenchymal stem cells did not change with CNHs.[31]

For in vivo toxicological assessments of CNHs, Miyawaki et al. reported that the CNHs was found
to be a nonirritant and nondermal sensitizer through skin primary and conjunctival discomfort tests
and skin sensitization examination. Intratracheal instillation tests revealed that for a 90-day test
period, SWNHs rarely weakened rat lung tissue, while black pigmentation was observed due to
accumulated CNHs. [22] In addition, we have reported that CNHs have high compatibility with bone
tissue. [30] Moreover, several studies have reported about the distribution of CNHs in mice because
biodistribution is one of the important factors of in vivo behavior when evaluating the biosafety of
nanomaterials. Tahara et al. reported that CNHs intravenously administered biodistribution was
influenced by chemical functionalization and CNHs accumulation in the lungs decreased with
increased CNHs hydrophilicity. [44] Zang et al. also reported that biodistribution and excretion of
CNHs in mice. CNHs accumulated mainly in the liver and spleen and a small amount of CNHs was
excreted within the first few hours after injection, followed by much slower excretion rates obtained
after 48 hours. [45] Previously, we have reported that the distribution of the implanted single-walled
carbon nanotubes (SWCNTs) were observed by near-infrared (NIR) fluorescence imaging after
SWCNTs were implanted between the periosteum and parietal bone of mice. [46] Fluorescence was
not observed in other organs, including the liver, spleen, and lung, in whole-body imaging
experiments whereas fluorescence was clearly observed in the cranial region even after 56 days.

Then we suggested that locally implanted SWCNTSs remain at the site of implantation and do not

12



accumulate in detectable quantities in other organs. For biological applications, it is necessary to
investigate biological reactions for the long term, but these results suggested that the effects of

MC/CNHs on cells and living bodies are relatively small.

Conclusion

MC could be adhered on CNHs prepared by mixing CNHs with MC aqueous solution. MC/as-CNHs
were found to retain MC bacteriostatic properties. Therefore MC/CNHs would be advantageous for
local drug delivery therapy such as peri-implantitis. We expect that our proof-of-concept study for
local administration of MC/CNHs will promote future studies on the use of carbon nanomaterials in

biomedicine and medicine.
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Fig. 7 SEM without CNHs(A), with MC/CNHox550(B), TEM MC (-) (C), MC (+) (D), MC/CNHox550(E)

White arrow is live bacteria, red arrow is dead bacteria, and black arrow is CNHs.
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Fig. 8 ALP activity of MC3T3-E1 alone or cocultured with MC, as-CNH, CNHox550, MC/as-CNH,

MC/CNHox550 after 7days.
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