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Abstract

Mesoporous bioactive nanoparticles (MBNs) have been developed as promising additives

to various types of bone or dentin regenerative material. However, biofunctionality of MBNs

as dentin regenerative additive to dental materials have rarely been studied. We investi-

gated the uptake efficiency of MBNs-NH2 with their endocytosis pathway and the role of

MBNs-NH2 in odontogenic differentiation to clarify inherent biofunctionality. MBNs were fab-

ricated by sol-gel synthesis, and 3% APTES was used to aminate these nanoparticles

(MBNs-NH2) to reverse their charge from negative to positive. To characterize the MBNs-

NH2, TEM, XRD, FTIR, zeta(ξ)-potential measurements, and Brunauer–Emmett–Teller

analysis were performed. After primary cultured rat dental pulp stem cells (rDPSCs) were

incubated with various concentrations of MBNs-NH2, stem cell viability (24 hours) with or

without differentiated media, internalization of MBNs-NH2 in rDPSCs (~4 hours) via specific

endocytosis pathway, intra or extracellular ion concentration and odontoblastic differentia-

tion (~28 days) were investigated. Incubation with up to 50 μg/mL of MBNs-NH2 had no

effect on rDPSCs viability with differentiated media (p>0.05). The internalization of MBNs-

NH2 in rDPSCs was determined about 92% after 4 hours of incubation. Uptake was signifi-

cantly decreased with ATP depletion and after 1 hour of pre-treatment with the inhibitor of

macropinocytosis (p<0.05). There was significant increase of intracellular Ca and Si ion

concentration in MBNs-NH2 treated cells compared to no-treated counterpart (p<0.05). The

expression of odontogenic-related genes (BSP, COL1A, DMP-1, DSPP, and OCN) and the

capacity for biomineralization (based on alkaline phosphatase activity and alizarin red stain-

ing) were significantly upregulated with MBNs-NH2. These results indicate that MBNs-NH2

induce odontogenic differentiation of rDPSCs and may serve as a potential dentin regenera-

tive additive to dental material for promoting odontoblast differentiation.

PLOSONE | DOI:10.1371/journal.pone.0150727 March 14, 2016 1 / 22

OPEN ACCESS

Citation: Lee J-H, Kang M-S, Mahapatra C, Kim H-W

(2016) Effect of Aminated Mesoporous Bioactive

Glass Nanoparticles on the Differentiation of Dental

Pulp Stem Cells. PLoS ONE 11(3): e0150727.

doi:10.1371/journal.pone.0150727

Editor: Hélder A. Santos, University of Helsinki,

FINLAND

Received: November 24, 2015

Accepted: February 17, 2016

Published: March 14, 2016

Copyright: © 2016 Lee et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in any

medium, provided the original author and source are

credited.

Data Availability Statement: All relevant data are

available via Figshare (https://dx.doi.org/10.6084/m9.

figshare.2766625.v1).

Funding: This research was supported by a grant

from the Basic Science Research Program through

the National Research Foundation of Korea (NRF)

funded by the Ministry of Education (2009-0093829)

and by the Ministry of Science, ICT & Future Planning

(NRF-2015R1C1A1A01052127).

Competing Interests: The authors have declared

that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0150727&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.6084/m9.figshare.2766625.v1
https://dx.doi.org/10.6084/m9.figshare.2766625.v1


Introduction

Bioactive glass particles have been introduced as promising additives in the medical and dental

fields, not only because of their apatite-forming, antibacterial, and neutralizing abilities, but

also for their considerable mechanical properties and biofunctionality for hard tissue formation

[1,2]. To date, these particles have been applied to various types of biomaterials, such as a bone

or dentin scaffold matrix, dental composite resin, and regenerative endodontic materials [3–8].

Recently, bioactive glass nanoparticles have been developed that offer more surface area to

combine with biomaterials and better biological and mechanical properties for substrate mate-

rials per weight of bioactive glass, as compared with conventional microsized bioactive glass

[9–13].

Mesoporous material contains pores with diameters between 2 and 50 nm, intermediate in

size between microporous (<2 nm) and macroporous (>50 nm) particles [14]. It has been

suggested that mesoporous particles with well-ordered pores may act as potential vehicles for

loading natural or synthetic biomolecules and orchestrating their release [15]. Although meso-

porous silica was developed for biomedical uses, it has limited application for bone or dentin-

pulp regeneration owing to its lack of bioactivity [16,17].

Mesoporous bioactive glasses have received considerable attention because they have highly

ordered pores and greater bioactivity than conventional bioactive glasses [18]. Considering

their desirable pore structure and superior in vitro bioactivity, mesoporous bioactive glasses

may be promising biomaterials or additives for dental materials. Recently, mesoporous bioac-

tive glass nanoparticles (MBNs) have been developed that combine the above-mentioned

advantages of both nanoparticles and mesoporosity [19]. It has already been shown that the

incorporation of MBNs in calcium phosphate cements improves bioactivity in simulated body

fluid and that these nanoparticles can be used as vehicles to load and deliver therapeutic drugs

or molecules [20–22]. Because most of these biomolecules and drugs have a negative charge

[23,24], an amine group (−NH2) was introduced in the MBNs (MBNs–NH2) to change their

naturally negative charge to a positive charge for loading drugs or biomolecules, and the uptake

efficiency of nanoparticle is able to be increased owing to the attractive force between the nega-

tively charged cells and MBNs-NH2 [22]. Therefore, such amination is one of the essential sur-

face modifications that will allow these nanoparticles to interact with cells and exert biological

effects, such as increased cell attachment and differentiation, and to combine with negatively

charged therapeutic drugs or molecules [25,26].

Dentin–pulp regeneration using conventional dental materials is not easy because there is

not enough bioactivity and cellular activity [27]. When dentin–pulp tissue is damaged, regener-

ated pulp tissue should be functionally competent, that is, capable of forming dentin to repair

lost structure and generate dentin quickly to seal the clean pulp environment from the external

oral environment [28]. Among the various promising bioactive materials developed thus far,

MBNs—especially MBNs–NH2 that exhibit excellent bioactivity and cellular activity as a result

of various released ions and their positive charge, or MBNs–NH2 incorporated in endodontic

materials—are of great interest because of their potential use in regenerative endodontic appli-

cations [29,30]. Because MBNs–NH2may possibly be detached fromMBNs–NH2 incorporated

in endodontic materials such as glass ionomer, calcium phosphate cement, and bonding agents

and because MBNs themselves could be used as biofunctional material for regenerative end-

odontic medicine, the biological activity of MBNs–NH2 in dental pulp cells needs to be

investigated.

Reports have shown that isolated dental pulp stem cells (DPSCs) can be induced to differen-

tiate into odontoblast-like cells and produce dentin-like mineral structures in vitro, and rat

dental pulp stem cells (rDPSCs) have been widely used in investigations of dentin–pulp
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regeneration owing to their high odontogenic potential and their easy accessibility, which

allows them to be readily isolated from extracted rat teeth [31–33]. However, as far as we

know, studies have not yet been carried out to determine whether MBNs–NH2 could promote

odontoblast differentiation from rDPSCs or to assess the uptake of MBNs–NH2 via underlying

endocytosis pathways.

The aim of this study was thus to investigate the uptake of MBNs–NH2 by rDPSCs and the

endocytosis pathway involved, as well as the effects of MBNs–NH2 on odontogenic differentia-

tion to clarify the inherent biofunctionality of MBNs–NH2.

Materials and Methods

Fabrication of MBNs-NH2

MBNs were prepared by sol-gel synthesis at room temperature in a mixed solution that

included water, ethanol, and 2-ethoxyethanol as co-solvents; hexadecyltrimethylammonium

bromide (CTAB) as a surfactant; aqueous ammonia as a catalyst; and calcium nitrate tetrahy-

drate as a precursor, according to procedures described elsewhere [34,35]. After the mixture

was vigorously stirred (30 min), tetraethyl orthosilicate was added, and the solution was again

vigorously stirred for 4 hours. The molar ratio of calcium oxide (CaO) to silicon dioxide (SiO2)

was set at 15:85. A white precipitate was obtained in a gel state, filtered, washed with pure

water, and dried in air at 60°C for 24 hours. The precipitate was then heated to 600°C at a rate

of 1°C/min to remove any remaining CTAB, and the sample was finally calcined at 600°C in

air for 5 hours. After washed with ethanol and de-ionized water (DW), nanoparticles were

dried overnight in a vacuum to obtain MBNs. MBNs were then surface-functionalized with–

NH2 groups through a post-synthesis procedure [23]. Briefly, 0.2% w/v of MBNs was dispersed

in anhydrous toluene and refluxed (N2), with stirring, with 3% APTES at 80°C for 24 hours.

The NH2-functionalized nanoparticles were then collected by centrifugation, washed with tolu-

ene, and finally dried at 80°C in a vacuum for 24 hours.

Characterization of MBNs-NH2

The morphology and nanostructure of the samples were examined by means of high-resolution

transmission electron microscopy (TEM) (JEM-3010, JEOL, Akishima, Tokyo, Japan) operat-

ing at 300 kV. To determine the glass phase of MBNs-NH2, X-ray diffraction (XRD) (Rigaku,

Danvers, MA, USA) was used to scan specimens in the range of two-theta (2θ) diffraction

angles, from 10 to 50 degrees, at a rate of 2 degrees/min, with a step-width of 0.02 degree using

Cu Kα1 radiation at 40 kV and a current strength of 40 mA.

The chemical bond structures before and after amination were evaluated by means of dia-

mond-crystal accessory attenuated total reflectance–Fourier transform infrared spectroscopy

(ATR–FTIR) (PerkinElmer, Shelton, CT, USA) at a resolution of 4 cm−1 in the range of 4,000

to 400 cm−1.

The surface electrical properties of the MBNs-NH2 were investigated with zeta (ξ)-potential

measurements (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK), and the zeta-potential

was measured in water at 25°C at a pH of 7 with an applied field strength of 20 V cm−1. This

instrument automatically calculates the electrophoretic mobility (U), and the zeta-potential is

obtained by means of the Helmholtz–Smoluchowski equation ξ = U�γ/ε, where ε is the di-elec-

tric constant and γ is the dispersing medium viscosity.

The mesoporous structure of MBNs-NH2 was analyzed according to N2 adsorption–desorp-

tion measurements using an automated surface area and pore size analyzer (Quadrasorb SI,

Quantachrome Instruments, Boynton Beach, FL, USA). The specific surface area was
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determined according to the Brunauer–Emmett–Teller method, and the pore size distribution

was assessed using the non-local density functional theory method.

For evaluating bioactivity, the in vitro apatite-forming ability of the samples was tested in

Kokubo simulated body fluid at 37°C [36]. This fluid was prepared by dissolving NaCl

(142.0 mM), KCl (5.0 mM), NaHCO3 (4.2 mM), CaCl2 (2.5 mM), MgCl2�6H2O (1.5 mM),

K2HPO4�3H2O (1.0 mM), and Na2SO4 (0.5 mM) in DW adjusted to pH 7.4 with Tris-HCl

buffer. After immersing MBNs-NH2 in the simulated body fluid for 14 or 28 days, XRD analy-

sis was performed in the range of two-theta diffraction angles, from 5 to 70 degrees, at a rate of

2 degrees/min. The cumulative release of calcium and silicon ions from the particles was mea-

sured at 37°C for up to 28 days with inductively coupled plasma atomic emission spectrometry

(ICP-AES) (Optima 4300DV, Perkin-Elmer, Waltham, MA, USA), according to the previous

protocol [23]. Detection limit was determined as 0.1 ppm for Ca and Si ions. Three replicate

samples were evaluated, and the mean ± standard deviation (SD) were recorded.

Primary culture of rDPSCs
We obtained the rDPSCs from incisors isolated from 5-week-old male Sprague–Dawley rats.

All animal protocols involving animals were approved by the Animal Care and Use Committee

of Dankook University (DKU-12-015). After the rats were sacrificed, the rDPSCs collected

from the upper and lower incisors were added to a phosphate balanced solution (PBS) (Gibco,

Grand Island, NY, USA) containing 1% penicillin/streptomycin (Gibco). After the addition of

0.08% collagenase type I (Worthington Biochemical, Lakewood, NJ, USA), the solution was

incubated for 30 minutes, with tapping every 10 minutes. Following enzyme digestion, the

rDPSCs were recovered by centrifugation at 1,500 rpm for 3 minutes. The rDPSCs were cul-

tured in α-MEM (LM 008–01, Welgene, Gyeongsan-si, Gyeongsangbuk-do, Korea) supple-

mented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) and 1% penicillin/

streptomycin (Gibco) at 37°C in a humidified atmosphere containing 5% CO2. Cells subcul-

tured for three passages were used for whole experiments. To promote differentiation of the

rDPSCs into odontoblasts, we cultured the cells in odontogenic supplemental medium (OM)

that included 50 μg/mL of ascorbic acid, 100 nM of dexamethasone, and 10 mM of β-glycero-

phosphate, as described previously [37].

Cell viability
After cells were plated at a volume of 100 μl of 105 cells/mL per well on a 96-well plate (SPL

Life Sciences, Pocheon-si, Gyeonggi-do, Korea) for 24 hours, ~40 μg MBNs-NH2 to 100 μl of

104 rDPSCs (up to 400 μg MBNs-NH2 per mL of 105 rDPSCs) was incubated in each well of a

96-well plate for further 24 hours with supplemented media or OM for undifferentiated or dif-

ferentiated condition respectively. We assessed cell viability by means of a water-soluble tetra-

zolium salt (WST) assay at an absorbance of 450 nm using a plate reader (SpectraMax M2e,

Molecular Devices, Sunnyvale, CA, USA) after washing and incubating for 1 hour with 10%

WST salt (EA-Cytox, Daeil Lab, Seoul, Korea). To avoid interference by bioactive glass nano-

particle, 50 μl of supernatant was transferred to new 96-well plate and optical density was mea-

sured. Cell viability was determined based on the percentage of the optical density value for the

experimental group over that of the control group. As control group, 100 μl of 104 rDPSCs was

only incubated with supplemented media or OM.

Fabrication of fluorescent MBNs-NH2

To visualize the internalization (uptake) of MBNs-NH2 into the rDPSCs, we prepared fluores-

cein isothiocyanate isomer I (FITC)-conjugated MBNs-NH2 according to the below protocols.

Aminated Mesoporous Bioactive Glass Nanoparticles and Pulp Stem Cell Differentiation
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0.1% w/v of FITC and MBNs-NH2 were mixed together in dimethylformamide and incubated

overnight. Conjugated particles were suspended in distilled water after being washed three

times with ethanol at 10,000 rpm for 3 minutes each time. FITC-conjugated MBNs-NH2 (1 μg)

were incubated with 2×104 rDPSCs (at a concentration of 5 μg/mL of 105 rDPSCs) in each well

of a 24-well plate for a pre-determined period of time and were fixed with 10% formaldehyde

(Junsei Chemical, Chuo-ku, Japan). The concentration was decreased to one tenth of previous

50 μg/mL of nanoparticle to 105 rDPSCs to minimize overlapping cells and internalized

nanoparticle.

The samples were then subjected to regular immunocytochemical procedures; treated with

phalloidin (1:40) (A34055, Alexa Fluor 555 Phalloidin, Invitrogen, Life Technologies, Grand

Island, NY, USA) for cytoskeletal F-actin staining at room temperature for 20 minutes; and

counterstained with 40,6-diamidino-2-phenylindole (DAPI) (1:200,000) (D1306, Invitrogen) to

observe the nucleus by means of a confocal laser scanning microscope (LSM 510, Zeiss, Swit-

zerland). The internalization of MBNs-NH2 in the cells was observed by Z-stack imaging.

FITC-conjugated MBNs-NH2, F-actin, and nuclei were stained green, red, and blue,

respectively.

Quantitative analysis of internalization of MBNs-NH2 using flow
cytometry
To quantify the internalization of MBNs-NH2 into the cells and to determine the pathway of

internalization, 150 μg of FITC-conjugated MBNs-NH2 was incubated with 3×105 rDPSCs in

each well of a 6-well plate (50 μg per mL of 105 rDPSCs) for a pre-determined period of time

(0.25, 0.5, 1, 2, 4 hours). To determine the pathway of internalization, we pre-incubated

rDPSCs with 1 mM of amantadine hydrochloride (A1260, Sigma, St. Louis, MO, USA), 100

mM of genistein (G6649, Sigma), and 2.5 mM of 5-(N-ethyl-N-isopropyl) amiloride (A3085,

Sigma) for 1 hour before treating the FITC-conjugated MBNs-NH2. To determine whether the

endocytosis was ATP-dependent, the cells were incubated at 4°C for 4 hours or were pre-

treated with 100 mM of sodium azide for 1 hour. After incubating with various concentration

of each chemical for 6 hours, maximum concertation which showed non-cytotoxicity to

rDPSCs was chosen to pretreat the cells. After trypsinization (Gibco), the cells were centrifuged

at 10,000 rpm for 5 minutes, and the pellets were fixed with ice-cold PBS. Subsequently, 400 μL

of binding buffer was added to each tube prior to analysis with a FACSCalibur flow cytometer

(BD Biosciences, San Jose, CA, USA). Data for 10,000 cells in each sample were analyzed using

the CellQuest Pro software (v.5.1 BD Biosciences).

Internalization of MBNs-NH2 on TEM
TEM was used to observe internalization of the MBNs-NH2. After 4 hours of incubation with

MBNs-NH2 in a particle:cell ratio of 50 μg/mL of 105 rDPSCs, the rDPSCs were fixed for 12

hours in 2% glutaraldehyde (Merck, Kenilworth, NJ, USA) and paraformaldehyde (Merck) in

PBS (Tech&innovation, Chuncheon, Gangwon, Korea), pH 7.4. They were then post-fixed

with 1% osmium tetroxide (Polysciences, Warrington, PA, USA), dissolved in PBS for 2 hours,

and dehydrated in a gradually ascending series (from 50 to 100%) of ethanol (Merck) and infil-

trated with propylene oxide. Specimens were embedded using the Poly/Bed 812 Embedding

Kit (Polysciences) according to the manufacturer’s protocol. Sections 200 to 250 nm thick were

initially prepared and stained with toluidine blue (Sigma) for observation under a light micro-

scope. Sections of 70-nm thickness were double-stained with 6% uranyl acetate (Electron

Microscopy Sciences, Hatfield, PA, USA) and lead citrate (Fisher, Carlsbad, CA, USA) for 20

minutes and 10 minutes, respectively. Stained sections were cut by Leica EM UC7 (Leica
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Microsystems, Vienna, Austria) with a diamond knife (Diatome) and transferred onto copper

and nickel grids. All the sections were observed on TEM (JEM-1011, JEOL) at the acceleration

voltage of 80 kV.

Detection of calcium and silicon ions
Calcium and silicon ions from cells and odontoblastic differentiated media from rDPSCs not

treated or treated with MBNs–NH2 were detected at 4, 12, 24, 48, or 72 hours incubation time.

After 150 μg of MBNs–NH2 was incubated with 3×105 rDPSCs in 3 mL in each well of a six-

well plate (50 μg per mL of 105 rDPSCs) for a pre-determined period of time (4, 12, 24, 48, or

72 hours), cultured media and cell pellets were gathered for observation using inductively cou-

pled plasma atomic emission spectrometry (ICP-AES) (Optima 4300 DV, PerkinElmer). The

cultured media were centrifuged at 12,000 rpm for 10 minutes and 1.5 mL of supernatant was

gently obtained to remove any remaining nanoparticles. For detection of ion concentration in

the cells, the cells were sequentially washed three times with PBS, were trypsinized, and under-

went centrifugation (2,000 rpm, 3 min) to remove noninternalized nanoparticles. After remov-

ing supernatant, cell pellets were dried, and 9 mL of 70% of nitric acid (Sigma) was added.

After these mixtures were incubated on a hot plate for 3 hours at 180°C and then cooled to

room temperature, 15 mL of DW was added and volatilized. The final volume was set at 1.5

mL with DW, which was the same volume as the cultured media so the ion concentrations

between the cells and the media could be compared. ICP-AES was used to detect the total Ca

and Si ion concentrations with argon plasma (6000 K). The detection limit for the Ca and Si

ions was determined to be 0.1 ppm. According to the preliminary results, there were no statisti-

cal differences in cell numbers at 4, 12, 24, 48, or 72 hours of incubation under OM with or

without MBNs–NH2 (data not shown).

mRNA expression
To measure mRNA expression, we incubated 45 or 90 μg/mL of MBNs-NH2 in 6×104 rDPSCs

(at a concentration of 25 or 50 μg/mL of 105 rDPSCs) in each well of a 24–well plate for 3, 7,

14, and 21 days with OM. The rDPSCs were cultured with or without OM as controls. Total

RNA was extracted from the rDPSCs using Ribospin (GeneAll, Seoul, Korea), and 1 μg was

reverse-transcribed to cDNA using oligo-dT primer (Venlo, Netherlands, Qiagen), a pre-mix-

ture for reverse transcription (AccuPower RT PreMix, Bioneer, Seongnamsi, Gyeonggi-do,

Korea), and a 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA). Quantitative

real-time PCR experiments were performed using a Power SYBR Green PCR Master Mix

(Applied Biosystems) and real-time PCR equipment (StepOnePlus, Applied Biosystems)

according to the manufacturer’s instructions. Real-time PCR was performed using the follow-

ing primer sequences with four sample (n = 4) in each condition: bone sialoprotein (BSP),

forward 50-ACAGCTGACGCGGGAAAGTTG-30 reverse 50-ACCTGCTCATTTTCATCCAC

TTC-30; collagen type I alpha 1 (COL1A), forward 50-CGTGACCAAAAACCAAAAGTGC-30

reverse 50-GGGTGGAGAAAGGAACAGAAA-30; dentin matrix protein 1 (DMP1), forward

50-GGACGGCTCTGAGTTCGA-30 reverse 50-TGGGTTTCCCTGCTGTTG-30; dentin sialo-

phosphoprotein (DSPP), forward 50-TGGAGACGCCACCCTTGT-30 reverse 50-TCTATCCC

GTTCCCGCTA-30; and osteocalcin (OCN), forward 50-AGACTCCGGCGCTACCTCAACAA

T-30 reverse 50-CAGCTGTGCCGTCCATACT-30. After confirming qPCR efficiency from no

template controls, positive controls (OM treatment) and no amplification controls, mRNA

expression levels of sample (n = 4) in each condition were normalized to house keeping gene

(GAPDH) and relative fold change in expression was automatically calculated using 2-ΔΔCt

value with respect to undifferentiated rDPSCs by StepOne software v2.3.
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Alkaline phosphatase assay
To measure ALP activity, we incubated 45 or 90 μg/mL of MBNs-NH2 in 6×104 rDPSCs (at a

concentration of 25 or 50 μg/mL of 105 rDPSCs) in each well of a 24–well plate for 7, 14, and

21 days with OM. At days 7, 14, and 21, the media were removed and 1 mL of 0.2% Triton X-

100 (Sigma) was added to each well. After cell lysates were placed in a 1.5-mL centrifuge tube,

and the samples were processed through three freeze–thaw cycles (−70°C and room tempera-

ture, 45 minutes each) to rupture the cell membranes and extract the proteins and DNA from

the cells, which were then centrifuged for 20 minutes at 13,000 g at 4°C. From the supernatant,

alkaline phosphatase (ALP) activity (n = 5) was measured using p-nitrophenyl phosphate (3.3

mM final concentration) as the substrate in 0.25 M of 2-aminomethyl-1-propanol (pH 10.3)

and 0.16 mM of MgCl2. Absorbance was measured at a wavelength of 405 nm using a plate

reader and was normalized to the dsDNA quantity measured by the PicoGreen assay (n = 5),

and dsDNA from the supernatant was quantified using the Quant-iT PicoGreen Kit (Invitro-

gen) following standard protocols. Briefly, 100 μL of each cell lysate solution was added to

100 μL of PicoGreen reagent and incubated in the dark at room temperature for 5 minutes.

The absorbance was read at an excitation/emission of 480/520 nm on the plate reader.

Alizarin red staining
To perform ARS staining, we incubated 45 or 90 μg/mL of MBNs-NH2 in 6×104 rDPSCs (at a

concentration of 25 or 50 μg/mL of 105 rDPSCs) in each well of a 24–well plate for 28 days

with or without OM. The rDPSCs were fixed in 10% formaldehyde for 30 minutes and rinsed

with distilled water. Cells were stained with 40 mM of alizarin red S (pH 4.2) for 30 minutes,

with gentle agitation. The level of alizarin red staining (ARS) was observed under light micros-

copy. To quantify the staining, 10% cetylpyridinium chloride (Sigma) in 10 mM of sodium

phosphate, pH7.0, was added to the culture dish for de-staining, and the culture dish was incu-

bated for 30 minutes at room temperature. ARS concentration was determined by an absor-

bance measurement at 562 nm on a multiplate reader.

Statistical analysis
All data are reported as the mean ± SD and images are shown after at least triplicate indepen-

dent experiment sets. Statistical analysis was carried out using one-way analysis of variance

(ANOVA), followed by a Tukey’s post hoc test, where significance was declared at p< 0.05.

Results

Characterization of MBNs-NH2

The typical spherical nanoparticles (�160 nm) of monodispersed sizes were observed in TEM

images before and after amination (Fig 1A and 1B). XRD patterns of the MBNs revealed a

broad, amorphous pattern from 15 to 30 degrees of two-theta diffraction angles (Fig 1C). FTIR

spectra of MBNs-NH2 showed additional bands (N–H at 695 cm−1 vibrations and 1,570 cm−1

bending mode), as compared with those of non-aminated MBNs (Fig 1D). MBNs before ami-

nation showed a negative zeta-potential (−10.2 mV), whereas APTES treatment for amination

changed the zeta-potential values to positive values (+15.3 mV) (Fig 1E).

Characteristics of the MBNs-NH2 were evaluated by the N2 adsorption–desorption mea-

surement and are summarized in Fig 1E. The N2 adsorption–desorption isotherms (Figure A

in S1 File) exhibited characteristics of the type IV isotherm of mesoporous materials according

to the IUPAC classification [38]. MBNs showed high mesoporosity, including a specific surface

area of 423.8 m2g−1 and a pore volume of 0.424 cm3g-1. The size of the mesopores was
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Fig 1. Characteristics of MBNs before and after amination. Transmission electron microscopic images showing MBNs (a) and MBNs-NH2 (b) with a
highly mesoporous structure. (c) X-ray diffraction (XRD) pattern of MBNs-NH2 showing an amorphous glass phase. (d) Amine functionalization was
confirmed on Fourier transform infrared spectroscopy (FTIR). (e) A shift of zeta (ξ)-potential to positive charge was observed after amine functionalization and
summary of mesoporous characteristics of MBNs and MBNs-NH2. (f) XRD pattern of MBNs-NH2 after immersion in simulated body fluid for 14 or 28 days
showing hydroxyapatite precipitation. (g) Cumulative release of ions fromMBNs-NH2 detected by inductively coupled plasma atomic emission spectrometry
(ICP-AES) analysis. The measurements were performed in triplicate, and representative results are shown.

doi:10.1371/journal.pone.0150727.g001
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determined to be 7.3 nm. After amination, the surface area was 370.8 m2g−1 and pore volume

was 0.373 cm3g−1 with 6.4 nm of pore size.
The bioactive (apatite-forming) ability of the MBNs-NH2 in simulated body fluid was also

assessed. After immersion in simulated body fluid for 14 or 28 days, apatite peaks (including a

main peak at 2θ~32) had developed in MBNs-NH2 and peaks have higher intensity in 28 days

than 14 days, as examined by XRD (Fig 1F). The cumulative release profiles of Si and Ca ions

from the mesoporous nanoparticles were monitored by ICP-AES for periods of up to 14 days, as

presented in Fig 1G. Over the test period, the release of Ca ions was observed to be higher than

that of Si ions. Although the amount of Ca ions released was characterized by a large initial burst

(314 and 407 ppm on 3 and 7 days) followed by trivial changes over the test period (436, 450,

and 458 ppm on days 14, 21, and 28, respectively), the amount of released Si ions increased over

time (50, 102, 160, 222, and 284 ppm on days 3, 7, 14, 21, and 28, respectively). Ca ions released

faster than Si ions along with the other mesoporous bioactive glass particles [39,40].

Cell viability and internalization of MBNs-NH2
To investigate the biocompatibility of MBNs-NH2, cell viability was measured using rDPSCs

co-incubated with various concentrations of MBNs-NH2 in OM for 24 hours. Viability was sig-

nificantly lower than in the no-treatment group when the MBNs-NH2 concentration exceeded

100 μg/mL in undifferentiated rDPSCs (Fig 2A) while cytotoxicity was observed over 75 μg/mL

in differentiated rDPSCs (p<0.05) (Fig 2B). To evaluate uptake of MBNs-NH2 by rDPSCs, the

number of cells that took up FITC-conjugated MBNs-NH2 was detected by green fluorescence.

Only 15 minutes of incubation with MBNs-NH2 revealed a�20% uptake in rDPSCs, and this

efficiency increased up to 92% after 4 hours of incubation (Fig 3A).

To determine the mechanism underlying the uptake of MBNs-NH2, the following experi-

ments were carried out. First, to confirm uptake of MBNs-NH2 by ATP-dependent endocyoto-

sis, the culture temperature was decreased to 4°C and incubated for 4 hours or the cells were

treated with 100 mM of sodium azide for 1 hour, which showed significant decrease of uptake

of MBNs-NH2 (Fig 3A and Figure B in S1 File). To investigate which ATP-dependent

Fig 2. Cell viability after 24 h incubation with various concentrations of MBNs–NH2 in (a) undifferentiated or (b) differentiated rDPSCs. After cells were plated
at a volume of 100 μL of 105 cells per well on a 96-well plate for 24 h, 5, 7.5, 10, 12.5, 15, 20, 25, 50, 75, 100, 200, or 400 μg MBNs–NH2 per mL of initial 105

rDPSCs (0.5, 0.75, 1, 1.25, 1.5, 2, 2.5, 5, 7.5, 10, 20, or 40 μg MBNs–NH2 to 100 μL of 104 rDPSCs) was incubated in each well of a 96-well plate for an
additional 24 hours with conventional supplemented media or odontogenic supplemental media. After 1 day, cell viability was determined using water-soluble
tetrazolium based on the percentage of the optical density (450 nm) value in the experimental group versus the non-treated control. Assays were
independently performed in triplicate. Representative averages (n = 5) and SD were recorded. * Significant difference vs. non-treated control (p<0.05).

doi:10.1371/journal.pone.0150727.g002
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endocytosis pathway is involved, various pretreatment was performed in Fig 3A. Uptake of

MBNs-NH2 was significantly blocked by amiloride (p<0.05), whereas amantadine and genis-

tein did not appear to influence uptake (p>0.05, Fig 3A and Figure B in S1 File). Fig 3B

through 3F show that, after incubation with MBNs-NH2 for 30 minutes, 2 hours, and 4 hours,

green particles could be seen dispersed in the cytosol, overlapping with a red cytoskeletal struc-

ture. Z-stack images after 4 hours of incubation showed internalization of green-stained

MBNs-NH2 (Fig 3B), which was confirmed on TEM images (Fig 4A and 4B). The black aster-

isks indicate the intracellular distribution of MBNs-NH2 in endosomes, and the black arrows

show engulfing MBNs-NH2 and the surrounding fluid of the extracellular fluid with membrane

ruffles, which is typical characteristic of macropinocytosis (Fig 3G and 3H). In addition, TEM

images did not show any clathrin or caveolin coated vesicle and pit. The number of green parti-

cles included cells was greater at 4 hours of incubation than at 30 minutes or 2 hours (Fig 3C

through 3F). Ca and Si ion concentration from total cells or cultured media by ICP-AES is

shown (Fig 4C and 4D). Significant increase of intracellular Si ion concentration was detected

at 4, 12, 24, 48 and 72 hours in MBNs-NH2 treated rDPSCs compared to without (w/o) treat-

ment control (p<0.05), while Ca ion concentration was significantly detected in 4 and 12

hours (p<0.05). According to the preliminary results about cell numbers at 4, 12, 24, 48 or 72

hours incubation under OM with or without MBNs-NH2, there was no statistical difference.

Significant increase of Si ion concentration was detected at 4, 12, 24, 48 and 72 hours in

MBNs-NH2 treated media compared to without (w/o) treatment control (p<0.05).

Differentiation of rDPSCs into odontoblast
Effects of MBNs-NH2 internalization on differentiation of rDPSCs, gene expressions of odonto-

blast markers, ALP activity, and in vitro calcification were investigated with OM. As demon-

strated in Fig 5A and 5B, after 3 and 7 days of culture, mRNA expression of BSP, COL1A, or

OCN genes was significantly increased in the cells treated with 50 μg/mL of MBNs-NH2, as com-

pared with the OM-treated control (p<0.05). After 14 and 21 days, mRNA levels of DMP1,

DSPP, and OCN were upregulated in the MBNs-NH2–treated cells to a greater extent than in the

OM-treated control cells (Fig 5C and 5D, p<0.05). At 21 days of incubation, mRNA levels of

DMP1 and OCN were significantly increased in the cells treated with 50 μg/mL of MBNs-NH2,

as compared with those treated with 25 μg/mL of MBNs-NH2. At 7, 14, and 21 days of culture,

statistically significant increases in ALP activity were noted in the MBNs-NH2–treated cells, as

compared with the untreated or OM-treated control cells (Fig 6A). Moreover, there was a clear

difference between theMBNs-NH2–treated cells and the untreated or OM-treated control cells

on the ARS-stained images, and quantification of the eluted products revealed a statistically sig-

nificant difference between theMBNs-NH2 groups (p<0.05) (Fig 6B and 6C).

Discussion

MBNs–NH2 have been shown to play a vital role as an additive in the successful regeneration

of the dentin–pulp complex or bone tissues when used in fabricating three-dimensional

Fig 3. Uptake of MBNs–NH2 into rDPSCs within 4 h with or without pre-treatment using various types of inhibitors or culture conditions. Incubation
at 4°C was used to prevent ATP-dependent endocytosis. (a) Uptake of FITC-labeled MBNs–NH2 into rDPSCs was characterized by flow cytometry
depending on incubating time and on pre-treatment condition (1 h), which included sodium azide (SA) (100 mM), 5-(N-ethyl-N-isopropyl) amiloride (AR) (2.5
mM), amantadine-HCl (AT) (1 mM), and genistein (GE) (100 mM). Different letters indicate significant differences at p<0.05. Confocal images of rDPSCs
incubated with MBNs–NH2. (b) 3D reconstructions and views of the xz- and yz-planes showing the FITC-labeled MBNs–NH2 (green) internalized by the cells
and associated with the actin cytoskeleton (red). (c—f) Depending on the incubation time, increases in FITC-labeled MBNs–NH2 (green) were detected in
the rDPSCs (Red = F-actin filaments, blue = nucleus, and green = FITC-labeled MBNs–NH2.) The measurements were performed in triplicate, and
representative data or images are shown.

doi:10.1371/journal.pone.0150727.g003
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scaffolds [9,21,34]. MBNs–NH2 not only increase mechanical or biological properties but also

can act as vehicles for growth factors, therapeutic drugs, or biomolecules (e.g., siRNA, recombi-

nant protein) [34]. Because MBNs–NH2 may possibly be released from the three-dimensional

scaffold or other dental materials such as glass ionomer, calcium phosphate cement, and bond-

ing agents, and because the MBNs themselves could be used as biomolecules for regeneration

in dentistry, investigations of the biological activity of MBNs–NH2 in mammalian cells are

needed. After characterizing MBNs–NH2 as compared with MBNs, we investigated the

Fig 4. (a, b) Macropinocytosis of MBNs–NH2 into rDPSCs after 4 hours of incubation by TEM images and Ca and Si ion concentrations from total cells (c) or
cultured odontogenic supplemental media (OM) (d) by ICP-AES. Low-magnification (a, ×8,000) and high-magnification (b, ×20,000, black dot box from (a))
TEM images of rDPSCs after treatment with MBNs–NH2 (50 μg/mL of 105 cells) for 4 hours. Macropinocytosis with membrane ruffles was only observed
without clathrin or caveolae-coated membrane or vesicle. Black arrow shows membrane ruffles, a typical characteristic of macropinocytosis; black asterisks
indicate the intracellular distribution of MBNs–NH2 in endosomes. Significant increases in Si ion concentration from total cells were detected at 12, 24, 48,
and 72 hours in the MBNs–NH2–treated rDPSCs compared to control (without [w/o] treatment), while Ca ion concentrations were significantly detected at 4
and 12 h of incubation (p<0.05). According to the preliminary results for cell numbers at 4, 12, 24, 48, or 72 hours of incubation under OM with or without
MBNs–NH2, there was no significant difference. * Statistically significant difference in MBNs–NH2–treated group compared with the untreated group
(p<0.05).

doi:10.1371/journal.pone.0150727.g004

Aminated Mesoporous Bioactive Glass Nanoparticles and Pulp Stem Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0150727 March 14, 2016 12 / 22



internalization of MBNs–NH2 in rDPSCs and their potency of differentiation into odontoblasts

to determine their potential as dentin–pulp regenerative additives.

Characterization of MBNs–NH2
First, MBNs and MBNs–NH2 were fabricated in nanosize (�160 nm) and were found to have

well-ordered mesoporous characteristics (�7 nm) (Fig 1A and 1B). XRD data showed a typical

amorphous glass structure, which is one of the key characteristics for the bioactivity of bioac-

tive glass (Fig 1C). Even though MBNs have beneficial characteristics, such as increased surface

area, porosity, and mesopores, and the ability to load biomolecules or therapeutic drugs, as

compared with conventional bioactive glass nanoparticles, the naturally negative charge of

MBNs is a major hurdle in attempts to load negatively charged biomolecules or therapeutic

drugs [41]. To change the surface charge from negative to positive, MBNs must be treated with

the proper concentration of APTES (to formMBNs–NH2). This process is frequently used for

amine-functionalizing in the manufacture of plastic products, which results in a change in the

surface zeta-potential from a negative value (−10.2 mV) to a positive value (+15.3 mV) (Fig

1E). This is the result of a change in the surface chemical status from a hydroxyl to an amino

group, which has been confirmed by FTIR analysis (Fig 1D)[23].

After amination, the physical characteristics of MBNs–NH2, including particle size, surface

area, pore size, and pore volume, were changed less than 15% (Fig 1E). The bioactivity of

MBNs–NH2 might be questioned, and their ability to form apatite crystals in simulated body

fluid was investigated (Fig 1F). Our results revealed clear hydroxyapatite formation, as has

been reported previously [20–23,34]. In addition, therapeutic Ca and Si ions were released for

up to 28 days, with approximately 16 ppm of Ca ions and 10 ppm of Si ions being released

Fig 5. Effects of MBNs-NH2 in rDPSCs on mRNA expression of odontoblasts at 3 days (a), 7 days (b), 14
days (c), and 21 days (d) of incubation with odontogenic supplemental medium (OM). # Statistically
significant difference vs. OM group (p<0.05). * Statistically significant difference between MBNs-NH2 –

treated groups (p<0.05). The measurements were performed in triplicate, and representative average (n = 5)
are shown with SD.

doi:10.1371/journal.pone.0150727.g005
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from 20 mg of MBNs–NH2 per day. It is well known that these ions induce odontoblast differ-

entiation (Fig 1G) [9,42]. Therefore, thanks to their ability to induce apatite mineralization and

release therapeutic ions, MBNs–NH2 are considered to be useful dentin-regenerative nano-

additives when used alone or when incorporated within biopolymer matrices, calcium phos-

phate cement, and dentin bonding agents [20–22,34].

Internalization of MBNs–NH2 in rDPSCs
To investigate the direct effect of MBNs–NH2 in terms of odontoblast differentiation, we con-

ducted a cell viability analysis. Along with the other results, the differentiated cells had more

cytotoxic sensitivity to MBNs–NH2 than did the undifferentiated cells [43,44]. The treatment

of rDPSCs with up to 50 μg/mL of MBNs–NH2 resulted in no change in differentiated cell via-

bility; consequently, we used less than 50 μg/mL for further assays.

Fig 6. Effects of MBNs-NH2 in rDPSCs on alkaline phosphatase (ALP) activity (at 7, 14, and 21 days) (a) and on calcium deposition using alizarin red
staining (ARS) (at 28 days) (b and c). After ARS was observed under the microscope (c), 10% w/v of cetylpyridinium chloride monohydrate was used for
quantitative analysis (b). Cells were incubated for 7 to 28 days in odontogenic supplemental medium (OM). Different letters indicate significant differences
among them at p<0.05. The measurements were performed in triplicate, and representative average (n = 5) with SD or images are shown.

doi:10.1371/journal.pone.0150727.g006
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It is known that nanoparticles can be transported into cells through several different path-

ways, such as nonspecific diffusion or ATP-dependent endocytosis (uptake), which encom-

passes the process of membrane manipulation to envelop and absorb materials [45]. ATP-

dependent endocytosis for nanoparticles takes three forms: macropinocytosis, receptor-medi-

ated endocytosis (clathrin-mediated or caveolae-mediated), and phagocytosis, which mostly

takes place in macrophages. First, the uptake efficiency of MBNs–NH2 increased from 23%

within 15 minutes to 92% within 4 hours. To reveal the mechanism underlying the uptake of

MBNs–NH2 in rDPSCs, two experiments were carried out: cell culture at 4°C with MBNs–

NH2 and pre-treatment with 100 mM of sodium azide prior to MBNs–NH2 co-incubation,

both of which induced cellular ATP depletion [46].

After confirming the critical role of ATP in inducing endocytosis, and considering the cell

type of rDPSCs, specific pathways were determined by 1 hour of pre-treatment with 5-(N-

ethyl-N-isopropyl) amiloride, amantadine-HCl, and genistein added to the rDPSCs, which act

as inhibitors of macropinocytosis, clathrin-mediated endocytosis, and caveolae-mediated

endocytosis, respectively, and macropinocytosis was considered to have a major role in endocy-

tosis [47]. Pretreatment with drugs to block specific endocytosis pathways has been widely

used to determine the major endocytosis pathway in biological and nanoparticle research [47–

50]. However, some researchers were uncertain about using drugs for blocking distinct endocy-

tic pathways owing to poor specificity, cell line–dependent inhibitory effects, and cytotoxicity

[51,52]. To reduce the cytotoxic influence on cellular uptake, in vitro cytotoxicity was investi-

gated with various concentrations of each blocking drug, and a non-cytotoxic maximum con-

centration was chosen for treating the rDPSCs. Although we did not include controls for

evaluating the endocytosis-blocking specificity of each drug to the rDPSCs in this experiment,

we chose 5-(N-ethyl-N-isopropyl) amiloride, amantadine-HCl, and genistein as specific inhibi-

tors of macropinocytosis, clathrin-mediated endocytosis, and caveolae-dependent endocytosis,

respectively, because their use has proved to be promising [53,54]. Phagocytosis involves the

ingestion of materials up to 10 μm in diameter [55] and can be accomplished by a few cell

types, such as macrophages, neutrophils, and dendritic cells. On the other hand, micropinocy-

tosis, clathrin-mediated, and caveolae-mediated endocytosis are uptake mechanisms that can

be carried out by virtually all cell types, and they normally involve the ingestion of nanosized

or sub-micron-sized material in solution.

TEM studies have suggested that macropinocytosis in the cellular uptake of MBNs–NH2

occurs via the plasma membrane, which has a structure different from that of other endosomes

consisting of clathrin or caveolae-coated membrane and from the morphology of the lysosomal

vesicle [56–58]. After combining results from the inhibitory drug study and the typical charac-

teristic of macropinocytosis (membrane ruffles) noted on TEM analysis, for the MBNs–NH2

particles, we determined that macropinocytosis played a major role; the caveolae-mediated and

clathrin-mediated endocytosis uptake pathways did not contribute. Macropinocytosis is the

major form of nonspecific endocytosis responsible for the majority of cases of fluid-phase

uptake for a number of cell types [48] and is reportedly involved in the uptake of nanoparticles

such as silica nanoparticles (80~500 nm), aminated silica nanoparticles (~300 nm), and non-

aminated bioactive glass nanoparticles (215±20 nm) [47,59,60].

The intracellular localization route consists of endosome, early lysosome, and late lysosome,

which are basic intracellular pathways of nanoparticles; therefore, both endosomes and lyso-

somes are confined as subcellular organelles [61]. The formation of endosomes for up to 4

hours is considered to be biocompatible and a stabilizing characteristic of nanoparticles inside

cytoplasm for drug delivery, whereas fusion into the lysosomal vesicle is regarded as an inap-

propriate characteristic owing to rapid degradation of the loaded drug and exocytosis of the

nanoparticles [62,63]. Therefore, the fabricated MBNs–NH2 used in our study are also
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assumed to have successful biocompatibility as carriers for therapeutic drugs or biomolecules

and can be used as a safe additive for prolonged drug delivery in dental materials without

severe impairment to the intracellular organisms [60]. In addition, MBNs–NH2 were found to

involve ATP-dependent macropinocytosis pathway, which is considered to be a more biocom-

patible pathway than non-compatible ATP-independent endocytosis [64,65].

When bioactive glass nanoparticles pass through the cell membrane, they show a reduction

in size, suggesting that the particles may have dissolved inside the cells and released ions [59].

According to the previous experiment, MBNs–NH2 released 0.49 μM/μg�day and 0.19 μM/

μg�day for Ca2+ and Si4+, respectively, into the outer environment [23]. Combining the results

from our study, it was assumed that when MBNs–NH2 could be internalized in rDPSCs, the

MBNs–NH2 could release Ca
2+ and Si4+ and thereby orchestrate the fate of rDPSCs into odon-

toblasts. It has already been shown that Ca2+ and Si4+ combinatorially regulate dental origi-

nated stem cells to become odontoblasts and to undergo odontoblast differentiation [42,66].

Differentiation of rDPSCs into odontoblasts
BSP and COL1A, which are well-known early markers of odontoblast differentiation [67], were

significantly expressed in 50 μg/mL of MBNs–NH2 within 7 days, as compared with the OM-

treated control. Other odontogenic markers at a relatively late stage such as DMP1, DSPP, and

OCNwere significantly expressed in the MBNs–NH2-treated groups from 14 or 21 days, as com-

pared with the OM-treated control. We also examined ALP activity and ARS correlating with cal-

cium-phosphate matrix formation in dentin prior to the initiation of mineralization [68]. High

ALP activity provides high concentrations of phosphate at the site of mineral deposition. ARS is

used to quantitatively determine the presence of calcific deposition by cells, which is a crucial step

toward the formation of calcified extracellular matrix. Differentiated odontoblasts from DPSCs

produce dentin, which consists of calcium and phosphate. Therefore, the above two assays were

promising for the evaluation of odontogenic differentiation [9]. Significant levels of ALP and ARS

were detected in the MBNs–NH2–treated cells, and treatment with 50 μg/mL had more ALP

activity and relative mineralization than 25 μg/mL, which is consistent with the qPCR results

from 14 days and 21 days. Therefore, it was concluded that MBNs–NH2 have concentration-

dependent biological effects in terms of odontoblast differentiation in rDPSCs.

In previous experiments, osteogenic or odontogenic differentiation of stem cells was

encouraged by dissolution ions (Si4+, Ca2+ and PO4
3-) of bioactive glass as well as co-culture

with bioactive glass [29,30,69,70]. The osteogenic differentiation was significantly enhanced in

bioactive glass nanoparticle–encapsulated stem cells compared with bioactive glass nanoparti-

cle–conditioned medium culture group, which means internalization of bioactive glass nano-

particle is able to help differentiation [71]. In addition, when stem cells were exposed to a pulse

of bioactive glass nanoparticle for 24 hours and further incubated with fresh media to exclude

additional ionic microenvironment from noninternalized particles, the cells were still differen-

tiated into osteogenic lineage under differentiated media conditions, and ALP activity was sig-

nificantly increased compared with the nontreated control [59].

Combining the above results, the internalization of bioactive glass nanoparticles into stem

cells is required to rapidly differentiate into an osteogenic lineage from stem cells; consequently,

odontogenic differentiation is able to be increased by endocytosis of bioactive glass nanoparticles

owing to the similar hard tissue regenerative potential of osteogenic cells and odontogenic cells.

When internalized into rDPSCs, MBNs–NH2 are considered to deliver odontoblastic differentiat-

ing ions such as Ca2+ and Si4+, and this expectation is confirmed by the results of ICP-AES in

this study. Extracellular Ca2+ and Si4+ are considered to increase odontoblastic or osteoblastic dif-

ferentiation, but the intracellular levels or effects of Ca2+ and Si4+ in differentiated odontoblasts
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have rarely been studied [72-74]. Increased intracellular Ca2+ concentrations from total cells

under no significant difference in the total cell numbers was detected in the bioactive glass–

treated osteoblasts, which contributed to the increased formation of hard tissue by the osteoblasts

[75]. Extracellular Si4+ treatment from bioactive glass–conditioned media significantly increased

the differentiation of osteoblasts even in the absence of osteogenic supplements [69]. By combin-

ing these results with the intracellular diffusion of Si4+, it can be postulated that increased intra-

cellular Ca2+ and Si4+ concentrations from total cells also benefit odontoblastic differentiation.

ICP-AES confirmed the significant increase in intracellular Ca2+ and Si4+ concentrations from

total MBNs–NH2–treated rDPSCs compared with their untreated counterparts when there was

no significant difference of total cell number between two groups at any time during incubation

(4, 12, 24, 48 or 72 hours). Therefore, along with increased odontoblastic differentiation, elevated

Ca2+ and Si4+ concentrations due to internalized MBNs–NH2 was confirmed and is considered

to contribute odontoblastic differentiation. Further study is needed to clarify that the intracellular

ions induced odontoblastic differentiation in the rDPSCs and related cellular mechanisms.

Beyond bioactive glass nanoparticles, other bioactive nanoparticles have been introduced in

hard tissue engineering. Metal oxides such as titanium dioxide (TiO2) or magnesium oxide (MgO)

nanoparticles were investigated for bone tissue engineering applications with regard to bioactivity,

but they lack biodegradability [76,77]. As for biodegradable ceramic nanoparticles, calcium phos-

phate–based nanoparticles (e.g., hydroxyapatite, tricalcium phosphate, octacalcium phosphate,

amorphous calcium phosphate, dicalcium phosphate, etc) are targeted for applications in regenera-

tion of hard tissue with its compositional to human hard tissue, good biocompatibility, bioactivity,

and osteoconductivity [78]. However, the ability to control calcium phosphate–based nanoparticle

size and modify its morphology is limited by currently available fabrication processes [79]. Bioac-

tive glass nanoparticles are considered as promising biomaterial used in the fields of dentistry and

orthopedics. Along with their bioactivity, bioactive glass nanoparticles are known to be biocompat-

ible and biodegradable without resulting in toxicity, inflammation, and a foreign-body response

[80]. In addition, it is relatively easy to modify the morphology of bioactive glass nanoparticles

(e.g., their mesoporosity) and to control their size by sol-gel methods [81]. Above characteristics

are the reasons why bioactive glass nanoparticle was chosen for dentin regeneration in this study.

Direct comparisons of the above-mentioned nanoparticles in terms of bioactivity and conse-

quent odontoblastic differentiation is beyond the scope of this discussion; however, compared

with metal oxide nanoparticles, bioactive glass nanoparticles have increasingly shown bioactiv-

ity owing to their biodegradability [82]. Compared with calcium phosphate–based nanoparti-

cles, bioactive glass nanoparticles have similar bioactivity and the potential for significantly

enhancing their bioactivity by means of morphological tunability (e.g., a more mesoporous

structure) with the development of the sol-gel processing method. For use in therapeutic dental

materials, calcium phosphate–based nanoparticles have limited esthetic appeal because they

transmit less light from the crystal structure. Because dental materials must be able to transmit

a lot of light, the amorphous structure of the bioactive glass nanoparticles seems to be a prom-

ising characteristic, which is why we chose to study them with regard to odontoblastic differen-

tiation. Future studies to directly compare calcium phosphate nanoparticles and bioactive glass

nanoparticles in terms of their bioactivity and optical properties are still needed to optimize the

use of nanoparticles for odontoblastic differentiation.

Conclusions

MBNs–NH2 were developed as an additive material for the differentiation of rDPSCs into odon-

toblasts. A well-ordered mesoporous structure was maintained after amination, which success-

fully changed the zeta-potential from a negative to a positive charge. The in vitro biological effects
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in rDPSCs were investigated in terms of cell viability, uptake of MBNs–NH2, and odontogenic

differentiation. Cell viability was not changed during MBNs–NH2 treatments up to 50 μg/mL;

uptake efficiency was calculated to be�92%, and ATP-dependent macropinocytosis was involved

as the endocytosis pathway. Differentiation into odontoblasts was confirmed by ALP activity,

ARS staining, and the mRNA levels of odontoblastic genes, including BSP, COL1A, DMP-1,

DSPP, and OCN. Based on this work, MBNs–NH2 are potentially useful nano-additives for dental

pulp tissue regenerative materials with biocompatibility and odontogenesis.
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(PDF)

Acknowledgments

This research was supported by a grant from the Basic Science Research Program through the

National Research Foundation of Korea (NRF) funded by the Ministry of Education (2009–

0093829) and by the Ministry of Science, ICT & Future Planning (NRF-

2015R1C1A1A01052127).

Author Contributions

Conceived and designed the experiments: JHL. Performed the experiments: JHL MSK CM.

Analyzed the data: JHL MSK HWK. Contributed reagents/materials/analysis tools: JHL CM.

Wrote the paper: JHL HWK.

References
1. Jones JR. Review of bioactive glass: From Hench to hybrids. Acta Biomater. 2013; 9: 4457–4486. doi:

10.1016/j.actbio.2012.08.023 PMID: 22922331

2. Kaur G, Pandey OP, Singh K, Homa D, Scott B, Pickrell G. A review of bioactive glasses: Their struc-
ture, properties, fabrication and apatite formation. J Biomed Mater Res A. 2014; 102: 254–274. doi: 10.
1002/jbm.a.34690 PMID: 23468256

3. BaeWJ, Min KS, Kim JJ, Kim JJ, Kim HW, Kim EC. Odontogenic responses of human dental pulp cells
to collagen/nanobioactive glass nanocomposites. Dent Mater. 2012; 28: 1271–1279. doi: 10.1016/j.
dental.2012.09.011 PMID: 23031484

4. Salehi S, Gwinner F, Mitchell JC, Pfeifer C, Ferracane JL. Cytotoxicity of resin composites containing
bioactive glass fillers. Dent Mater. 2015; 31: 195–203. doi: 10.1016/j.dental.2014.12.004 PMID:
25564110

5. Vallittu PK, Närhi TO, Hupa L. Fiber glass–bioactive glass composite for bone replacing and bone
anchoring implants. Dent Mater. 2015; 31: 371–381. doi: 10.1016/j.dental.2015.01.003 PMID:
25640687

6. Chiari MDS, Rodrigues MC, Xavier TA, de Souza EMN, Arana-Chavez VE, Braga RR. Mechanical
properties and ion release from bioactive restorative composites containing glass fillers and calcium

Aminated Mesoporous Bioactive Glass Nanoparticles and Pulp Stem Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0150727 March 14, 2016 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150727.s001
http://dx.doi.org/10.1016/j.actbio.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/22922331
http://dx.doi.org/10.1002/jbm.a.34690
http://dx.doi.org/10.1002/jbm.a.34690
http://www.ncbi.nlm.nih.gov/pubmed/23468256
http://dx.doi.org/10.1016/j.dental.2012.09.011
http://dx.doi.org/10.1016/j.dental.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23031484
http://dx.doi.org/10.1016/j.dental.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25564110
http://dx.doi.org/10.1016/j.dental.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25640687


phosphate nano-structured particles. Dent Mater. 2015; 31: 726–733. doi: 10.1016/j.dental.2015.03.
015 PMID: 25892604

7. Oral O, Lassila LV, Kumbuloglu O, Vallittu PK. Bioactive glass particulate filler composite: Effect of cou-
pling of fillers and filler loading on some physical properties. Dent Mater. 2014; 30: 570–577. doi: 10.
1016/j.dental.2014.02.017 PMID: 24655591

8. Yang S-Y, Piao Y-Z, Kim S-M, Lee Y-K, Kim K-N, Kim K-M. Acid neutralizing, mechanical and physical
properties of pit and fissure sealants containing melt-derived 45S5 bioactive glass. Dent Mater. 2013;
29: 1228–1235. doi: 10.1016/j.dental.2013.09.007 PMID: 24139755

9. BaeW-J, Min K-S, Kim J-J, Kim J-J, Kim H-W, Kim E-C. Odontogenic responses of human dental pulp
cells to collagen/nanobioactive glass nanocomposites. Dent Mater. 2012; 28: 1271–1279. doi: 10.
1016/j.dental.2012.09.011 PMID: 23031484

10. Mitchell JC, Musanje L, Ferracane JL. Biomimetic dentin desensitizer based on nano-structured bioac-
tive glass. Dent Mater. 2011; 27: 386–393. doi: 10.1016/j.dental.2010.11.019 PMID: 21195473

11. Carvalho SM, Oliveira AAR, Andrade LM, Leite MF, Pereira MM. The effect of bioactive glass nanopar-
ticles on the behavior of human periodontal ligament cells. Dent Mater. 2011; 27, Supplement 1: e42–
e43.

12. Won JE, Mateos-Timoneda MA, Castano O, Planell JA, Seo SJ, Lee EJ, et al. Fibronectin immobiliza-
tion on to robotic-dispensed nanobioactive glass/polycaprolactone scaffolds for bone tissue engineer-
ing. Biotechnol Lett. 2015; 37: 935–942. doi: 10.1007/s10529-014-1745-5 PMID: 25502922

13. Noh K-T, Lee H-Y, Shin U-S, Kim H-W. Composite nanofiber of bioactive glass nanofiller incorporated
poly(lactic acid) for bone regeneration. Mater Lett. 2010; 64: 802–805.

14. Rouquerol J, Avnir D, Everett DH, Fairbridge C, Haynes M, Pernicone N, et al. Guidelines for the Char-
acterization of Porous Solids. In: Rouquerol J. FR-RKSWS, Unger KK, editors. Stud Surf Sci Catal:
Elsevier; 1994. pp. 1–9.

15. Xia W, Chang J. Well-ordered mesoporous bioactive glasses (MBG): A promising bioactive drug deliv-
ery system. J Control Release. 2006; 110: 522–530. PMID: 16375986

16. Kresge CT, Leonowicz ME, RothWJ, Vartuli JC, Beck JS. Ordered mesoporous molecular sieves syn-
thesized by a liquid-crystal template mechanism. Nature. 1992; 359: 710–712.

17. Slowing II, Vivero-Escoto JL, Wu C-W, Lin VS-Y. Mesoporous silica nanoparticles as controlled release
drug delivery and gene transfection carriers. Adv Drug Deliv Rev. 2008; 60: 1278–1288. doi: 10.1016/j.
addr.2008.03.012 PMID: 18514969

18. Yan X, Yu C, Zhou X, Tang J, Zhao D. Highly Ordered Mesoporous Bioactive Glasses with Superior In
Vitro Bone-Forming Bioactivities. Angewandte Chemie International Edition. 2004; 43: 5980–5984.

19. El-Fiqi A, Kim T-H, Kim M, EltohamyM, Won J-E, Lee E-J, et al. Capacity of mesoporous bioactive
glass nanoparticles to deliver therapeutic molecules. Nanoscale. 2012; 4: 7475–7488. doi: 10.1039/
c2nr31775c PMID: 23100043

20. El-Fiqi A, Kim JH, Kim HW. Osteoinductive fibrous scaffolds of biopolymer/mesoporous bioactive glass
nanocarriers with excellent bioactivity and long-term delivery of osteogenic drug. ACS Appl Mater Inter-
faces. 2015; 7: 1140–1152. doi: 10.1021/am5077759 PMID: 25531645

21. El-Fiqi A, Kim J-H, Perez RA, Kim H-W. Novel bioactive nanocomposite cement formulations with
potential properties: incorporation of the nanoparticle form of mesoporous bioactive glass into calcium
phosphate cements. J Mater Chem BMater Biol Med. 2015; 3: 1321–1334.

22. El-Fiqi A, Kim H-W. Mesoporous bioactive nanocarriers in electrospun biopolymer fibrous scaffolds
designed for sequential drug delivery. RSC Adv. 2014; 4: 4444–4452.

23. El-Fiqi A, Lee JH, Lee EJ, Kim HW. Collagen hydrogels incorporated with surface-aminated mesopor-
ous nanobioactive glass: Improvement of physicochemical stability and mechanical properties is effec-
tive for hard tissue engineering. Acta Biomater. 2013; 9: 9508–9521. doi: 10.1016/j.actbio.2013.07.036
PMID: 23928332

24. Banga AK. Therapeutic Peptides and Proteins: Formulation, Processing, and Delivery Systems, Sec-
ond Edition: CRC Press; 2005.

25. Chang SJ, Kuo SM, Lan JW,Wang YJ. Amination of polycarbonate surface and its application for cell
attachment. Artif Cells Blood Substit Immobil Biotechnol. 1999; 27: 229–244. PMID: 10226686

26. Wang H, Kwok DT, Xu M, Shi H, Wu Z, ZhangW, et al. Tailoring of mesenchymal stem cells behavior
on plasma-modified polytetrafluoroethylene. Adv Mater. 2012; 24: 3315–3324. doi: 10.1002/adma.
201104967 PMID: 22628263

27. Huang GTJ. Pulp and dentin tissue engineering and regeneration: current progress. Regen Med. 2009;
4: 697–707. doi: 10.2217/rme.09.45 PMID: 19761395

Aminated Mesoporous Bioactive Glass Nanoparticles and Pulp Stem Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0150727 March 14, 2016 19 / 22

http://dx.doi.org/10.1016/j.dental.2015.03.015
http://dx.doi.org/10.1016/j.dental.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25892604
http://dx.doi.org/10.1016/j.dental.2014.02.017
http://dx.doi.org/10.1016/j.dental.2014.02.017
http://www.ncbi.nlm.nih.gov/pubmed/24655591
http://dx.doi.org/10.1016/j.dental.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24139755
http://dx.doi.org/10.1016/j.dental.2012.09.011
http://dx.doi.org/10.1016/j.dental.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23031484
http://dx.doi.org/10.1016/j.dental.2010.11.019
http://www.ncbi.nlm.nih.gov/pubmed/21195473
http://dx.doi.org/10.1007/s10529-014-1745-5
http://www.ncbi.nlm.nih.gov/pubmed/25502922
http://www.ncbi.nlm.nih.gov/pubmed/16375986
http://dx.doi.org/10.1016/j.addr.2008.03.012
http://dx.doi.org/10.1016/j.addr.2008.03.012
http://www.ncbi.nlm.nih.gov/pubmed/18514969
http://dx.doi.org/10.1039/c2nr31775c
http://dx.doi.org/10.1039/c2nr31775c
http://www.ncbi.nlm.nih.gov/pubmed/23100043
http://dx.doi.org/10.1021/am5077759
http://www.ncbi.nlm.nih.gov/pubmed/25531645
http://dx.doi.org/10.1016/j.actbio.2013.07.036
http://www.ncbi.nlm.nih.gov/pubmed/23928332
http://www.ncbi.nlm.nih.gov/pubmed/10226686
http://dx.doi.org/10.1002/adma.201104967
http://dx.doi.org/10.1002/adma.201104967
http://www.ncbi.nlm.nih.gov/pubmed/22628263
http://dx.doi.org/10.2217/rme.09.45
http://www.ncbi.nlm.nih.gov/pubmed/19761395


28. Cao Y, Song M, Kim E, ShonW, Chugal N, Bogen G, et al. Pulp-dentin Regeneration: Current State
and Future Prospects. J Dent Res. 2015. doi: 10.1177/0022034515601658

29. Wang S, Gao X, GongW, Zhang Z, Chen X, Dong Y. Odontogenic differentiation and dentin formation
of dental pulp cells under nanobioactive glass induction. Acta Biomater. 2014; 10: 2792–2803. doi: 10.
1016/j.actbio.2014.02.013 PMID: 24576581

30. GongW, Huang Z, Dong Y, Gan Y, Li S, Gao X, et al. Ionic Extraction of a Novel Nano-sized Bioactive
Glass Enhances Differentiation and Mineralization of Human Dental Pulp Cells. J Endod. 2014; 40: 83–
88. doi: 10.1016/j.joen.2013.08.018 PMID: 24331996

31. Yang X, van den Dolder J, Walboomers XF, ZhangW, Bian Z, Fan M, et al. The odontogenic potential
of STRO-1 sorted rat dental pulp stem cells in vitro. J Tissue Eng Regen Med. 2007; 1: 66–73. PMID:
18038394

32. Tsukamoto Y, Fukutani S, Shin-Ike T, Kubota T, Sato S, Suzuki Y, et al. Mineralized nodule formation
by cultures of human dental pulp-derived fibroblasts. Arch Oral Biol. 1992; 37: 1045–1055. PMID:
1335227

33. About I, Bottero MJ, de Denato P, Camps J, Franquin JC, Mitsiadis TA. Human dentin production in
vitro. Exp Cell Res. 2000; 258: 33–41. PMID: 10912785

34. Kang MS, Kim JH, Singh RK, Jang JH, Kim HW. Therapeutic-designed electrospun bone scaffolds:
mesoporous bioactive nanocarriers in hollow fiber composites to sequentially deliver dual growth fac-
tors. Acta Biomater. 2015; 16: 103–116. doi: 10.1016/j.actbio.2014.12.028 PMID: 25617805

35. A. Meiszterics KS. Study of bioactive calcium silicate ceramic systems for biomedical application. In:
Jobbágy Á, editor. 5th European Conference of the International Federation for Medical and Biological
engineering: SPringer; 2011.

36. Kokubo T, Takadama H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials. 2006;
27: 2907–2915. PMID: 16448693

37. Wang J, Ma H, Jin X, Hu J, Liu X, Ni L, et al. The effect of scaffold architecture on odontogenic differenti-
ation of human dental pulp stem cells. Biomaterials. 2011; 32: 7822–7830. doi: 10.1016/j.biomaterials.
2011.04.034 PMID: 21663962

38. Sing KSW, Everett DH, Haul RAW, Moscou L, Pierotti RA, Rouquerol J, et al. Reporting Physisorption
Data for Gas/Solid Systems. Handbook of Heterogeneous Catalysis: Wiley-VCH Verlag GmbH & Co.
KGaA; 2008.

39. Ding Y, Tang S, Yu B, Yan Y, Li H, Wei J, et al. In vitro degradability, bioactivity and primary cell
responses to bone cements containing mesoporous magnesium–calcium silicate and calcium sulfate
for bone regeneration. J R Soc Interface. 2015; 12.

40. Xia W, Chang J. Preparation, in vitro bioactivity and drug release property of well-ordered mesoporous
58S bioactive glass. J Non Cryst Solids. 2008; 354: 1338–1341.

41. Doostmohammadi A, Monshi A, Salehi R, Fathi MH, Golniya Z, Daniels AU. Bioactive glass nanoparti-
cles with negative zeta potential. Ceram Int. 2011; 37: 2311–2316.

42. Wei W, Qi Y-p, Nikonov SY, Niu L-n, Messer RL, Mao J, et al. Effects of an experimental calcium alumi-
nosilicate cement on the viability of murine odontoblast-like cells. J Endod. 2012; 38: 936–942. doi: 10.
1016/j.joen.2012.03.020 PMID: 22703657

43. Samberg ME, Loboa EG, Oldenburg SJ, Monteiro-Riviere NA. Silver nanoparticles do not influence
stem cell differentiation but cause minimal toxicity. Nanomedicine. 2012; 7: 1197–1209. doi: 10.2217/
nnm.12.18 PMID: 22583572

44. Zhang H, Xia T, Meng H, Xue M, George S, Ji Z, et al. Differential Expression of Syndecan-1 Mediates
Cationic Nanoparticle Toxicity in Undifferentiated versus Differentiated Normal Human Bronchial Epi-
thelial Cells. ACS Nano. 2011; 5: 2756–2769. doi: 10.1021/nn200328m PMID: 21366263

45. Faraji AH, Wipf P. Nanoparticles in cellular drug delivery. Bioorg Med Chem. 2009; 17: 2950–2962. doi:
10.1016/j.bmc.2009.02.043 PMID: 19299149

46. Kang J, Heart E, Sung CK. Effects of cellular ATP depletion on glucose transport and insulin signaling
in 3T3-L1 adipocytes. Am J Physiol Endocrinol Metab. 2001; 280: E428–435. PMID: 11171597

47. Zhang Y, Hu L, Yu D, Gao C. Influence of silica particle internalization on adhesion and migration of
human dermal fibroblasts. Biomaterials. 2010; 31: 8465–8474. doi: 10.1016/j.biomaterials.2010.07.060
PMID: 20701964

48. Gold S, Monaghan P, Mertens P, Jackson T. A clathrin independent macropinocytosis-like entry mech-
anism used by bluetongue virus-1 during infection of BHK cells. PLoS One. 2010; 5: e11360. doi: 10.
1371/journal.pone.0011360 PMID: 20613878

49. Torii I, Morikawa S, Nagasaki M, Nokano A, Morikawa K. Differential endocytotic characteristics of a
novel human B/DC cell line HBM-Noda: effective macropinocytic and phagocytic function rather than
scavenging function. Immunology. 2001; 103: 70–80. PMID: 11380694

Aminated Mesoporous Bioactive Glass Nanoparticles and Pulp Stem Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0150727 March 14, 2016 20 / 22

http://dx.doi.org/10.1177/0022034515601658
http://dx.doi.org/10.1016/j.actbio.2014.02.013
http://dx.doi.org/10.1016/j.actbio.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24576581
http://dx.doi.org/10.1016/j.joen.2013.08.018
http://www.ncbi.nlm.nih.gov/pubmed/24331996
http://www.ncbi.nlm.nih.gov/pubmed/18038394
http://www.ncbi.nlm.nih.gov/pubmed/1335227
http://www.ncbi.nlm.nih.gov/pubmed/10912785
http://dx.doi.org/10.1016/j.actbio.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25617805
http://www.ncbi.nlm.nih.gov/pubmed/16448693
http://dx.doi.org/10.1016/j.biomaterials.2011.04.034
http://dx.doi.org/10.1016/j.biomaterials.2011.04.034
http://www.ncbi.nlm.nih.gov/pubmed/21663962
http://dx.doi.org/10.1016/j.joen.2012.03.020
http://dx.doi.org/10.1016/j.joen.2012.03.020
http://www.ncbi.nlm.nih.gov/pubmed/22703657
http://dx.doi.org/10.2217/nnm.12.18
http://dx.doi.org/10.2217/nnm.12.18
http://www.ncbi.nlm.nih.gov/pubmed/22583572
http://dx.doi.org/10.1021/nn200328m
http://www.ncbi.nlm.nih.gov/pubmed/21366263
http://dx.doi.org/10.1016/j.bmc.2009.02.043
http://www.ncbi.nlm.nih.gov/pubmed/19299149
http://www.ncbi.nlm.nih.gov/pubmed/11171597
http://dx.doi.org/10.1016/j.biomaterials.2010.07.060
http://www.ncbi.nlm.nih.gov/pubmed/20701964
http://dx.doi.org/10.1371/journal.pone.0011360
http://dx.doi.org/10.1371/journal.pone.0011360
http://www.ncbi.nlm.nih.gov/pubmed/20613878
http://www.ncbi.nlm.nih.gov/pubmed/11380694


50. Landgraf L, Müller I, Ernst P, Schäfer M, Rosman C, Schick I, et al. Comparative evaluation of the
impact on endothelial cells induced by different nanoparticle structures and functionalization. Beilstein
J Nanotechnol. 2015; 6: 300–312. doi: 10.3762/bjnano.6.28 PMID: 25821668

51. Vercauteren D, Vandenbroucke RE, Jones AT, Rejman J, Demeester J, De Smedt SC, et al. The use
of inhibitors to study endocytic pathways of gene carriers: optimization and pitfalls. Mol Ther. 2010; 18:
561–569. doi: 10.1038/mt.2009.281 PMID: 20010917

52. Khalil IA, Kogure K, Akita H, Harashima H. Uptake Pathways and Subsequent Intracellular Trafficking
in Nonviral Gene Delivery. Pharmacol Rev. 2006; 58: 32–45. PMID: 16507881

53. Chang C-C, WuM, Yuan F. Role of specific endocytic pathways in electrotransfection of cells. Molecu-
lar Therapy—Methods & Clinical Development. 2014; 1: 14058.

54. Lim S, KimW-J, Kim Y-H, Lee S, Koo J-H, Lee J-A, et al. dNP2 is a blood-brain barrier-permeable pep-
tide enabling ctCTLA-4 protein delivery to ameliorate experimental autoimmune encephalomyelitis. Nat
Commun. 2015; 6.

55. Kohane DS. Microparticles and nanoparticles for drug delivery. Biotechnol Bioeng. 2007; 96: 203–209.
PMID: 17191251

56. Eidi H, David M-O, Crepeaux G, Henry L, Joshi V, Berger M-H, et al. Fluorescent nanodiamonds as a
relevant tag for the assessment of alum adjuvant particle biodisposition. BMCMed. 2015; 13: 144. doi:
10.1186/s12916-015-0388-2 PMID: 26082187

57. Liu NQ, Lossinsky AS, Popik W, Li X, Gujuluva C, Kriederman B, et al. Human immunodeficiency virus
type 1 enters brain microvascular endothelia by macropinocytosis dependent on lipid rafts and the mito-
gen-activated protein kinase signaling pathway. J Virol. 2002; 76: 6689–6700. PMID: 12050382

58. Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Size-dependent internalization of particles via the path-
ways of clathrin- and caveolae-mediated endocytosis. Biochem J. 2004; 377: 159–169. PMID:
14505488

59. Tsigkou O, Labbaf S, Stevens MM, Porter AE, Jones JR. Monodispersed Bioactive Glass Submicron
Particles and Their Effect on Bone Marrow and Adipose Tissue-Derived Stem Cells. Adv Healthc
Mater. 2014; 3: 115–125. doi: 10.1002/adhm.201300126 PMID: 23832877

60. Tao Z, Toms BB, Goodisman J, Asefa T. Mesoporosity and Functional Group Dependent Endocytosis
and Cytotoxicity of Silica Nanomaterials. Chem Res Toxicol. 2009; 22: 1869–1880. doi: 10.1021/
tx900276u PMID: 19817448

61. Luzio JP, Pryor PR, Bright NA. Lysosomes: fusion and function. Nat Rev Mol Cell Biol. 2007; 8: 622–
632. PMID: 17637737

62. PANYAM J, ZHOUW-Z, PRABHA S, SAHOO SK, LABHASETWAR V. Rapid endo-lysosomal escape
of poly(dl-lactide-co-glycolide) nanoparticles: implications for drug and gene delivery. The FASEB Jour-
nal. 2002; 16: 1217–1226. PMID: 12153989

63. Oh N, Park JH. Endocytosis and exocytosis of nanoparticles in mammalian cells. Int J Nanomedicine.
2014; 9 Suppl 1: 51–63. doi: 10.2147/IJN.S26592 PMID: 24872703

64. Kwon S, Singh RK, Perez RA, Neel EAA, Kim H-W, Chrzanowski W. Silica-based mesoporous nano-
particles for controlled drug delivery. J Tissue Eng. 2013; 4: 2041731413503357.

65. Zaborina O, Misra N, Kostal J, Kamath S, Kapatral V, El-Idrissi ME-A, et al. P2Z-independent and P2Z
receptor-mediated macrophage killing by Pseudomonas aeruginosa isolated from cystic fibrosis
patients. Infect Immun. 1999; 67: 5231–5242. PMID: 10496900

66. Saffarian Tousi N, Velten MF, Bishop TJ, Leong KK, Barkhordar NS, Marshall GW, et al. Combinatorial
effect of Si4 +, Ca2 +, and Mg2 + released from bioactive glasses on osteoblast osteocalcin expression
and biomineralization. Materials Science and Engineering: C. 2013; 33: 2757–2765.

67. Narayanan K, Srinivas R, Ramachandran A, Hao J, Quinn B, George A. Differentiation of embryonic
mesenchymal cells to odontoblast-like cells by overexpression of dentin matrix protein 1. Proc Natl
Acad Sci U S A. 2001; 98: 4516–4521. PMID: 11287660

68. Serigano K, Sakai D, Hiyama A, Tamura F, Tanaka M, Mochida J. Effect of cell number on mesenchy-
mal stem cell transplantation in a canine disc degeneration model. J Orthop Res. 2010; 28: 1267–1275.
doi: 10.1002/jor.21147 PMID: 20839317

69. Tsigkou O, Jones JR, Polak JM, Stevens MM. Differentiation of fetal osteoblasts and formation of min-
eralized bone nodules by 45S5 Bioglass1 conditioned medium in the absence of osteogenic supple-
ments. Biomaterials. 2009; 30: 3542–3550. doi: 10.1016/j.biomaterials.2009.03.019 PMID: 19339047

70. Bosetti M, Cannas M. The effect of bioactive glasses on bone marrow stromal cells differentiation. Bio-
materials. 2005; 26: 3873–3879. PMID: 15626435

71. Zhang J, Wang M, Cha JM, Mantalaris A. The incorporation of 70s bioactive glass to the osteogenic dif-
ferentiation of murine embryonic stem cells in 3D bioreactors. J Tissue Eng RegenMed. 2009; 3: 63–
71. doi: 10.1002/term.135 PMID: 19053163

Aminated Mesoporous Bioactive Glass Nanoparticles and Pulp Stem Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0150727 March 14, 2016 21 / 22

http://dx.doi.org/10.3762/bjnano.6.28
http://www.ncbi.nlm.nih.gov/pubmed/25821668
http://dx.doi.org/10.1038/mt.2009.281
http://www.ncbi.nlm.nih.gov/pubmed/20010917
http://www.ncbi.nlm.nih.gov/pubmed/16507881
http://www.ncbi.nlm.nih.gov/pubmed/17191251
http://dx.doi.org/10.1186/s12916-015-0388-2
http://www.ncbi.nlm.nih.gov/pubmed/26082187
http://www.ncbi.nlm.nih.gov/pubmed/12050382
http://www.ncbi.nlm.nih.gov/pubmed/14505488
http://dx.doi.org/10.1002/adhm.201300126
http://www.ncbi.nlm.nih.gov/pubmed/23832877
http://dx.doi.org/10.1021/tx900276u
http://dx.doi.org/10.1021/tx900276u
http://www.ncbi.nlm.nih.gov/pubmed/19817448
http://www.ncbi.nlm.nih.gov/pubmed/17637737
http://www.ncbi.nlm.nih.gov/pubmed/12153989
http://dx.doi.org/10.2147/IJN.S26592
http://www.ncbi.nlm.nih.gov/pubmed/24872703
http://www.ncbi.nlm.nih.gov/pubmed/10496900
http://www.ncbi.nlm.nih.gov/pubmed/11287660
http://dx.doi.org/10.1002/jor.21147
http://www.ncbi.nlm.nih.gov/pubmed/20839317
http://dx.doi.org/10.1016/j.biomaterials.2009.03.019
http://www.ncbi.nlm.nih.gov/pubmed/19339047
http://www.ncbi.nlm.nih.gov/pubmed/15626435
http://dx.doi.org/10.1002/term.135
http://www.ncbi.nlm.nih.gov/pubmed/19053163


72. Saffarian Tousi N, Velten MF, Bishop TJ, Leong KK, Barkhordar NS, Marshall GW, et al. Combinatorial
effect of Si4 +, Ca2 +, and Mg2 + released from bioactive glasses on osteoblast osteocalcin expression
and biomineralization. Materials Science and Engineering: C. 2013; 33: 2757–2765.

73. Varanasi VG, Leong KK, Dominia LM, Jue SM, Loomer PM, Marshall GW. Si and Ca individually and
combinatorially target enhanced MC3T3-E1 subclone 4 early osteogenic marker expression. J Oral
Implantol. 2012; 38: 325–336. doi: 10.1563/AAID-JOI-D-11-00108 PMID: 22913306

74. Li S, Hu J, Zhang G, Qi W, Zhang P, Li P, et al. Extracellular Ca2+ Promotes Odontoblastic Differentia-
tion of Dental Pulp Stem Cells via BMP2-Mediated Smad1/5/8 and Erk1/2 Pathways. J Cell Physiol.
2015; 230: 2164–2173. doi: 10.1002/jcp.24945 PMID: 25656933

75. Silver IA, Deas J, Erecińska M. Interactions of bioactive glasses with osteoblasts in vitro: effects of
45S5 Bioglass1, and 58S and 77S bioactive glasses on metabolism, intracellular ion concentrations
and cell viability. Biomaterials. 2001; 22: 175–185. PMID: 11101161

76. Gerhardt LC, Jell GMR, Boccaccini AR. Titanium dioxide (TiO2) nanoparticles filled poly(d,l lactid acid)
(PDLLA) matrix composites for bone tissue engineering. Journal of Materials Science: Materials in
Medicine. 2007; 18: 1287–1298. PMID: 17211724

77. Wu X, Liu X, Wei J, Ma J, Deng F, Wei S. Nano-TiO(2)/PEEK bioactive composite as a bone substitute
material: in vitro and in vivo studies. Int J Nanomedicine. 2012; 7: 1215–1225. doi: 10.2147/IJN.S28101
PMID: 22419869

78. Hong Y, Fan H, Li B, Guo B, Liu M, Zhang X. Fabrication, biological effects, and medical applications of
calcium phosphate nanoceramics. Materials Science and Engineering: R: Reports. 2010; 70: 225–242.

79. Epple M, Ganesan K, Heumann R, Klesing J, Kovtun A, Neumann S, et al. Application of calcium phos-
phate nanoparticles in biomedicine. J Mater Chem. 2010; 20: 18–23.

80. Jo JH, Lee EJ, Shin DS, Kim HE, Kim HW, Koh YH, et al. In vitro/in vivo biocompatibility and mechani-
cal properties of bioactive glass nanofiber and poly (ε‐caprolactone) composite materials. Journal of
Biomedical Materials Research Part B: Applied Biomaterials. 2009; 91: 213–220.

81. Ferraz M, Monteiro F, Manuel C. Hydroxyapatite nanoparticles: a review of preparation methodologies.
Journal of Applied Biomaterials and Biomechanics. 2004; 2: 74–80. PMID: 20803440

82. Gomez-Vega JM, Saiz E, Tomsia AP, Marshall GW, Marshall SJ. Bioactive glass coatings with
hydroxyapatite and Bioglass1 particles on Ti-based implants. 1. Processing. Biomaterials. 2000; 21:
105–111. PMID: 10632392

Aminated Mesoporous Bioactive Glass Nanoparticles and Pulp Stem Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0150727 March 14, 2016 22 / 22

http://dx.doi.org/10.1563/AAID-JOI-D-11-00108
http://www.ncbi.nlm.nih.gov/pubmed/22913306
http://dx.doi.org/10.1002/jcp.24945
http://www.ncbi.nlm.nih.gov/pubmed/25656933
http://www.ncbi.nlm.nih.gov/pubmed/11101161
http://www.ncbi.nlm.nih.gov/pubmed/17211724
http://dx.doi.org/10.2147/IJN.S28101
http://www.ncbi.nlm.nih.gov/pubmed/22419869
http://www.ncbi.nlm.nih.gov/pubmed/20803440
http://www.ncbi.nlm.nih.gov/pubmed/10632392

