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Abstract
Dental caries and periodontal disease are responsible for the most frequent set of chronic diseases in humans, for which no
perfectly regenerative solutions are available yet. As a result, materials combining an intrinsic antibacterial activity with
tissue regeneration properties for minimally invasive dental therapies are in high demand. Here we report on the fabrication
and characterization of a novel nanocomposite material for such dental applications. The material is composed of narrowly
disperse Na2O–CaO–P2O5–SiO2 bioglass-ceramic nanoparticles, 30–70 nm in diameter, doped with antibacterial and
osteogenic zinc and niobium ions, and hybridized with chitosan. These systems were characterized for their particle size,
morphology, atomic and phase composition, and glass-ceramic/polymer interface with the use of transmission electron
microscopy, energy-dispersive X-ray analysis, X-ray diffraction and Fourier transform infrared spectroscopy. After
annealing at 680 °C, amorphous silica in the bioglass-ceramic coexisted with silicalite-1 and combeite, the average crystallite
size of which was 20–40 nm. In spite of the significantly better incorporation of zinc than of niobium inside the glass-
ceramic network, zinc did not affect the particle size and shape distribution, while niobium lowered the average particle size.
Chitosan increased the hydration capacity of the bioglass-ceramic and it formed a continuous interface around the bioglass-
ceramic nanoparticles, devoid of micropores. This intimacy of the interface was confirmed by the downshift of the critical
Si–O(–Si) vibration modes in the bioglass-ceramic upon hybridization with chitosan. The addition of zinc ions hampered the
partial recrystallization during annealing by interfering with the Si–O network restructuring, in direct proportion with its
concentration. Niobium ions produced a similar structure-breaking effect, which was evidenced, as in the case of zinc, by
upshifting the antisymmetric Si–O–Si stretch of the bridging oxygen and increasing the full-width at half maxima for all the
major Si–O(–Si) vibration modes. The effective electrostatic attraction between the aminated hydrocarbon chains of chitosan
and the negatively charged silanol groups of silica may extend to the interaction with dentin collagen fibrils decalcified due
to caries, making the material of potential interest for adhesive fillers of cariogenic lesions in teeth. Both the undoped and the
doped bioactive glass-ceramics interacted favorably with odontoblast-like cells, accentuating their potential for further
research for applications in minimally invasive reparative dentistry.
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Highlights
● Chitosan-coated Zn- or Nb-doped Na2O–CaO–P2O5–SiO2 bioglass ceramic was synthesized and characterized.
● Chitosan increased the hydration capacity and formed a continuous interface around the nanoparticles.
● Zn hampered the recovery during annealing and Nb promoted it.
● Both Zn and Nb exhibited structure-breaking effects on the Si–O–Si glassy network.
● Zn-doped material was less viable to odontoblasts than the control and the Nb-doped one at low dosages.

1 Introduction

The rapid evolution of resistance of pathogenic micro-
organisms to the current generation of small-molecule
antibiotics has elicited the search for alternative therapies to
suppress infectious diseases and prevent potentially devas-
tating pandemics [1]. One of the most prospective alter-
natives to small-molecule antibiotics are antibacterial
inorganics [2], including materials doped with ions with
pronounced antibacterial activities [3]. Albeit less bacter-
icidal and targeted in terms of the mechanism of action,
such ions are less prone to induce the resistance in patho-
genic bacterial species than their molecular analogs [4].

In restorative dentistry, secondary caries is one of the
main causes for failure of resin-based composite restoration.
One of the fundamental reasons for this lies in the lack of
any intrinsic antimicrobial capacity of their ingredients,
which severely affects the long-term intraoral service per-
formance of the material [5]. Another reason is that no
restorative formulations are composed of nanoparticles
small enough to penetrate dentinal tubules and peritubular
dentin degraded by the cariogenic bacteria. As a result,
nanoscale materials combining an intrinsic antibacterial
activity with tissue regeneration properties are in constant
demand. All mineralized dental tissues are composite in
nature, combining a soft, protein-based matrix with a hard,
apatite component [6]. While enamel contains only trace
amounts of the organics, dentin and cementum resemble
bone in their more balanced weight ratio between the soft
and the hard components. Therefore, it is conceivable that a
restorative material designed to treat disease-affected dental
tissues should, at least in principle, imitate the composition
of such organic/ceramic hybrids [7].

Bioglass has the well-known ability to stimulate the
regeneration of hard tissues [8], including the reminer-
alization of teeth [9]. As per the Kokubo bioactivity study
assay [10], bioglass can precipitate apatite on its surface
when immersed in biological fluids, which is one of the
factors favoring hard tissue regeneration [11]. Different
formulations of bioglass and bioglass-ceramics have been
used for half a century now to repair bone and dental
defects, while more recent research has expanded bioglass
to new domains, such as soft tissue repair and drug delivery
[12].

Unlike bioglass and bioglass-ceramics, which are syn-
thetic products, chitosan is a derivative of chitin, a naturally
occurring biopolymer and the second most abundant poly-
saccharide after cellulose. It is the polymer-matrix fre-
quently used for scaffolds or drug delivery carriers because
it is biocompatible and enzymatically degradable. In com-
parison with polyesters, its high density of constitutive
amine groups endows chitosan with a cationic nature and
thus with the capacity to display excellent muco-adhesion,
in situ gelation, antimicrobial properties, the ability to
permeate the intestinal epithelium and other biological
barriers, as well as the ability to display smart, pH-
controlled dissolution and drug release properties [13].
Chitosan can also be processed in various forms, including
nanoparticles, microspheres, thin films, hydrogels, nanofi-
bers, nanocomposites, and so on [14]. Its antibacterial effect
against cariogenic S. mutans and the ability to resist biofilm
formation are also notable [15–17], which has put it on the
list of useful polymers for dental applications.

Zn is an essential microelement in the human body,
where it is involved in several protein, carbohydrate, lipid
and bone metabolic processes. It acts as a cofactor in
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enzymatic reactions and is the integral constituent of zinc-
finger protein domains. Its importance for cell growth and
differentiation, in fact, have made it the most intensely stu-
died microelement in newborn nutrition [18]. Its physiolo-
gical concentrations are tightly regulated and deficiencies in
puerility can lead to symptoms such as stomatitis, glossitis,
alopecia, growth retardation, dwarfism, immunosuppression,
and depression [19]. In addition to this, Zn ions are noted for
their antibacterial properties, which they exhibit against a
broad spectrum of bacterial species [20]. Zn can also replace
calcium ions in the hydroxyapatite lattice and has been shown
to reduce the dissolution rate of enamel upon its accom-
modation in it [21]. Zinc is naturally present in saliva and is
also added to toothpastes and mouthwashes to reduce cal-
culus formation and prevent caries by mechanisms that
include increased acid attack resistance of the apatite lattice
[22, 23], hopeite formation [24] and adsorption on crystal
surface kinks [25] to block the dissolution and promote
remineralization. Interestingly, while fluoride is more effec-
tive in preventing the demineralization of sound enamel, zinc
appears to be more effective in preventing the deminer-
alization of preformed lesions in enamel [26]. These findings
imply that while F may still be a good choice to halt the
formation of cariogenic lesions in enamel, Zn may be a more
effective ion to use to prevent the progression of preexistent
cariogenic lesions [27]. Concordantly, we hypothesize that
Zn is a good choice for use in the design and development of
new materials for the minimally invasive repair of deminer-
alized dental tissues. This hypothesis is strengthened by the
known angiogenic and osteogenic potential of Zn ions
[28, 29] as well as by their integration to hard tissues
deposited by odontoblasts [30] and pulpal cells [31].

Unlike the endogenous Zn, Nb is a chemical element
completely foreign to the human body, having no known
functions in it. It is also a markedly less explored element
for antibacterial and other biological applications. Still,
limited prior studies did show that potassium sodium nio-
bate (K0.5Na0.5NbO3) piezoceramics can decrease the
growth of Gram-positive S. aureus colonies and increase the
mesenchymal stem cell proliferation [32], even though
potassium hexaniobate (K4Nb6O17) did not show any
activity against Gram-negative E. coli [33]. The addition of
niobium pentoxide (Nb2O5) also increased the bioactivity of
gelatin/alginate membranes [34]. Still, more studies are
needed to confirm the biocompatibility and the antibacterial
capacity of Nb-containing biomaterials.

In this study we report on the synthesis of novel ion-
doped bioglass-ceramic/chitosan nanoparticles as potential
ingredients of dental biomaterials and other medical devices
designed to simultaneously halt the bacterial growth and
remineralize the demineralized tissue. We foresee that the
intrinsic antibacterial properties of one such novel nano-
composite would be owed to the combination of chitosan

and doping with antimicrobial ions, thereby overcoming the
need for the use of small-molecule inhibitors of bacterial
growth. Specifically, here we use two ionic dopants, nio-
bium (Nb) and zinc (Zn), accommodated inside the amor-
phous phase and the crystalline lattice of bioglass-ceramic
nanoparticles distributed within the polymeric matrix com-
posed of chitosan. In addition to the utilization of poten-
tially antimicrobial and osteogenic Nb and Zn ions, the core
bioglass-ceramic nanoparticles were designed to contain
both calcium and phosphate ions, with the idea that these
constitutive ions would present the growth units for the
crystallization of hydroxyapatite, thereby enabling remi-
neralization of any remnant demineralized regions of the
tooth. The material is synthesized in a multistep process
using wet chemistry and characterized for its phase com-
position, particle size, morphology and interaction between
its two components, namely bioglass-ceramic and chitosan.

2 Materials & methods

2.1 Bioglass-ceramic nanoparticle synthesis

The synthesis of a four-component Na2O–CaO–P2O5–SiO2

bioglass powder was achieved with a modified Stӧber pro-
cess using calcium nitrate (Ca(NO3)2·4H2O), sodium nitrate
(NaNO3), triethyl phosphate ((C2H5)3PO4) and tetraethyl
orthosilicate (Si(OC2H5)4, reagent grade, 98 %, TEOS) as the
reagents and ammonium hydroxide (ACS reagent,
28.0–30.0% NH3 basis) as the catalyst. In a round-bottom
vessel as the reaction beaker, TEOS was added to the solution
containing 200ml of deionized water and 1M ammonium
hydroxide. The addition of the reagents to the TEOS solution
was in the following order: (C2H5)3PO4, NaNO3 and Ca
(NO3)2 4H2O. The reaction mixture was kept under constant
stirring with a magnetic bar for 3 h at 60 °C. The solution
containing the bioglass precipitate was then centrifuged and
washed with ethanol and distilled (DI) water 3 times at
3500 rpm for 2 min. The supernatant was removed, and the
solid pellet dried in an oven at 60 °C for 24 h under vacuum.
To obtained the bioglass-ceramic, the samples were annealed
at 680 °C for 3 h. These thermal treatment parameters were
selected to optimally remove nitrates and incorporate calcium
ions into the silica glassy network without full crystallization.
Synthesis of Zn- and Nb-modified bioglass-ceramic by means
of partial calcium replacement was done by adding zinc
sulfate (ZnSO4) and niobium oxalate (C2H2NbO4) in the
2.5 mol.% concentration range to the TEOS solution.

2.2 Bioglass-ceramic/chitosan nanoparticle synthesis

To hybridize the as-synthesized bioglass-ceramic particles
with chitosan, 10 mg of the bioglass-ceramic powder was
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suspended in 40 ml water adjusted to pH 10 with the
dropwise addition of nM concentration NaOH, and 2 ml of
a 1 mg/ml aqueous solution of chitosan (poly(D-glucosa-
mine) deacetylated chitin, Mw= 190–310 kDa; Sigma)
containing 30 mM HCl was added dropwise to the mag-
netically stirred sol. The precipitate alongside its parent
solution was left to age under atmospheric conditions for
1 h. After the given time, the precipitate was washed with
DI water, centrifuged for 5 min at 3500 rpm, and dried in a
vacuum oven (Isotemp 280 A; p=−20 mmHg) at 60 °C.

2.3 Physicochemical characterization

Transmission electron microscopy (TEM) analysis was
carried out to examine the morphology of the bioglass-
ceramic particles incorporating different ionic additives (Nb
and Zn) and hybridized with chitosan. The bioglass-ceramic
powders were suspended in water, then picked up on Cu
grids under the microscope and imaged on a transmission
electron microscope (Tecnai BioTWIN, FEI, Hillsboro, OR)
at an accelerating voltage of 80 kV [35].

X-Ray diffraction (XRD) studies were carried out on a
Bruker D2 Phaser diffractometer using polychromatic Cu as
the irradiation source. Kβ line was stripped off with an inbuilt
filter, whereas Kα2 line was stripped off manually. Scanning
conditions were the step size of 0.02° and 314 s of irradiation
time (λ= 1.5416A) per step. The average crystallite size, d,
was estimated by applying the Debye–Scherrer equation on
the half-width of the (002) diffraction peak of chitosan
expressed in radians (β1/2), using 1.5418 Å as the wavelength
of CuKα as the radiation source (λ):

d ¼ 0:94λ=β1=2cosθ ð1Þ

Fourier transform infrared (FTIR) analysis was performed
on a Bruker Alpha Platinum attenuated total reflection
(ATR) spectrometer with a single-reflection diamond/WC
composite ATR module. The full width at half maximum
(FWHM) and the centers of the integrated major infrared
bands were measured using an automated multiple peak-
fitting Gaussian routine (OriginPro 2018). Bioglass-cera-
mic/chitosan samples prepared using different concentra-
tions of dopant precursor solutions, including 0.1 M for Nb
and 0.05 and 0.1 M for Zn, were subjected to the analysis.

2.4 Cell viability assay

The cell viability assays were performed on odontoblast-
like MDPC-23 cells. MDPC-23 cells were cultured in a cell
culture medium (Corning® DMEM [+] 4.5 g/L glucose,
L-glutamine [−] sodium pyruvate) containing 8% of fetal
bovine serum (GenClone™ FetalPURE™ 100% U.S. Ori-
gin Bovine Serum, Heat Inactivated) and 1% L-glutamine:

penicillin:streptomycin solution at 37 °C in 5% CO2. All
experiments were performed with cells within 7th to 9th
passages. For each experiment, the same passage of cells
was used. A total of 1 × 105 of cells were seeded in each 96-
well plate. Individual plates seeded with cells were then
divided to the following experimental groups: (i) No
material (Control); (ii) Material serially diluted to con-
centrations of 10000, 1000, 100, 10, 1 and 0.1 µg/mL of
particles in DMEM; (iii) No cells and 10,000 µg/mL of the
particles. All experiments were conducted in triplicates for
each group/concentration.

The cell survival was assessed after 24 h of direct contact
with the particles using CellTiter-Blue Cell Viability Assay
(Promega). The reagent was added to each 96-well plate
media for all the sample groups and incubated for 3 h at
37 °C and 5% CO2. The fluorescence was measured at
570 nm using a spectrophotometric microplate reader
(Molecular Devices). After viability was determinated in
terms of percentages compared to the raw absorbance of
control wells, the IC50 was obtained using GraphPad Prisma
8.0 assessing the Log[Dose inhibitor] variable slope. The
results were analyzed with a Normality test, after which a t-
test among the groups and One-way ANOVA were used to
statistically compare them. The test was performed using
the significance level, α, of 0.05.

2.5 Antimicrobial activity assay

The zone of inhibition was determined by agar diffusion
method using Trypsin Soy Agar (TSA). Isolated 24 h
colonies of Streptococcus mutans (UA159) were suspended
in sterile phosphate buffer solution. The suspension was
adjusted spectrophotometrically to match the turbidity of a
McFarland 0.5 scale. The inoculum (105 CFU/mL) proce-
dures were appropriate to provide semiconfluent growth of
the microorganism on TSA plates. Four sterilized glass
cylinders with internal diameters of 5 mm and external
diameters of 7 mm were placed on each inoculated agar
plate. Ten milligrams of each nanoparticle powder were
used to fill three cylinders, while the fourth cylinder was
filled with a 10 µL solution of 0.12% chlorhexidine, which
acted as a positive control. The plates were incubated at
37 °C in 5% CO2 for 24 h. The zones of inhibition due to
microbial growth around the cylinder containing the nano-
particles were measured and recorded after the incubation
time was over. The inhibitory zone was considered as the
shortest distance (mm) from the outside margin of the
cylinder to the initial point of the microbial growth.

Minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) were determined by broth
microdilution method [36]. Serially diluted treatments of the
three nanoparticles were mixed with the TSB medium and
added to wells of 96 well plates. The highest concentration
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was 10,000 µg/mL, decreasing tenfold until 0.1 µg/mL, was
used and added to a suspension of S. mutans containing 105

CFU/mL in each well (n= 6). Next, the plates were incu-
bated at 37 °C and 5% CO2 for 24 h to evaluate the MIC,
which was defined as the lowest concentration of nano-
particles that had restricted growth to a level of p ≤ 0.05 at
660 nm (no visible growth). To determine the MBC, an
aliquot (50 µL) of all incubated tested groups was sub-
cultured on TSA and incubated at 37 °C, 5% CO2, for 48 h.
The MBC was defined as the lowest concentration of
nanoparticles that resulted in no bacterial growth on the agar
(99.9% killed).

3 Results and discussion

Spherical and monodisperse particles present one of the
most sought after types of particles for application as dental
fillings and bone grafts in dental and orthopedic medicine
[37, 38]. Namely, sphericity and monodispersity directly
translate to the reproducibility of the treatment and ensure
an even distribution of the effect of the nanoparticles on
every region of the living tissue that comes into contact with
them [39]. Bioglass-ceramic particles without any dopants
were exactly such: round with a narrow size distribution
(Fig. 1). Low-magnification TEM images show evidence of
their disperse appearance on the formvar grid as irregularly
shaped agglomerates (Fig. 1a), but at higher magnification,
it is evident that that the degree of agglomeration is mod-
erate, allowing the particles to preserve their individuality
and characteristic spherical shapes (Fig. 1b, c). Despite the
annealing at 680 °C, no sintering and coalescence of parti-
cles were observed. The particle size was in the 25–70 nm
range (Fig. 1d), which is, theoretically, small enough to
allow the particles to penetrate dentinal tubules and peri-
tubular dentin, providing an easy access to the vicinity of
collagen fibrils that become demineralized due to the acid
attack by cariogenic bacteria. This theoretical ability is a
fundamental prerequisite for an ideal, noninvasive and
effective self-healing biomimetic remineralization strategy.

Our current work stems from the effort to create and test one
such healing capacity in a biomaterial for clinical dental
applications.

Doping with Zn or Nb, interestingly, had a very different
effect on the bioglass-ceramic particle size distribution.
Specifically, as it can be seen from TEM images shown in
Fig. 2, while the doping with Zn did not affect this size
distribution, doping with Nb significantly lowered the
average particle size in the regions where measurable con-
centration of Nb were detected. This was in spite of the 25
times higher concentration of Zn in the Zn-doped bioglass-
ceramic than the concentration of Nb in the Nb-doped
bioglass-ceramic (Table 1). The explanation to this effect
could be sought in the possibility emerging from earlier
studies [40] that Nb2O5 may be the first crystalline phase to
form from the amorphous glass during annealing, preceding
the crystallization of Si–, Na– or Ca–O networks. As a
result, Nb2O5 may be expected to decrease the crystal-
lization temperature of a ceramic glass in direct proportion
with its content [41]. This early formation of Nb2O5 theo-
retically allows it to affect the nucleation and crystal growth
of its complementary phases and thus the particle para-
meters such as size and morphology. The favorable for-
mation of calcium niobate (Ca2Nb2O7) as the secondary
phase in the intergranular areas [42] is another effect that
may have played a role in accelerating the crystallization
and diminishing the average particle size. Other crystalline
phases comprising Nb, e.g., Na4Nb8P4O32 or NaNbO3, were
also detected as the most stable crystalline pockets in Nb-
containing glass-ceramics [43], implying their early, ener-
getically favorable formation and a potential role as
nucleation surfaces that alter the crystallization mechanism
and/or rate. Another interesting effect observed from the
EDX elemental analysis was the twice more abundant
incorporation of calcium ions into the Zn-doped glass-
ceramic than into its Nb-glass analog (Table 1).

After the hybridization with chitosan, the bioglass-
ceramic nanoparticles became partially or completely
encapsulated within the polymeric matrix (Figs 3 and 4).
The great majority of the polymeric phase was detected

Fig. 1 TEM images of control, undoped bioglass-ceramic nanoparticles at different magnifications, ranging from the lowest (a) to the highest (c),
depicting the nanoparticle agglomeration, morphology and size. The particle size distribution histogram is shown in d
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adjacent to the surface of the bioglass-ceramic, indicating a
favorable attraction between the two. In the regions of
complete encapsulation of the bioglass-ceramic nano-
particles by the polymer, the interface between the phases

was continuous, uninterrupted and devoid of micropores
(Fig. 3). Occasionally, chitosan appeared to act as a bonding
agent between pairs of adjacent bioglass-ceramic particles
(Fig. 3). Earlier studies show analogous findings by
demonstrating that chitosan could have useful properties as
an adhesive, especially after appropriate chemical mod-
ifications that increase its hydrophobicity, such as hydro-
caffeic acidification [44], alkylation [45] or catechol group
addition [46]. With secondary caries being primarily caused
by the degradation of the interface between the tooth and
the adhesive joint and the formation of crevices that get
colonized by cariogenic pathogens, an advantage of the soft
chitosan matrix would come from its swelling into a
hydrogel when placed in the physiologic fluid of the dentin
cavity, creating a tight and conformal interface between
the nanocomposite and the surrounding dental tissue [47].

Fig. 2 TEM/EDX mapping analysis of control, undoped bioglass-ceramic nanoparticles (BG) and of bioglass-ceramic nanoparticles doped with
Zn (Zn-BG) of Nb (Nb-BG) for different atomic elements, including Si, O, Ca, and Zn/Nb (left to right)

Table 1 Elemental analysis of control, undoped bioglass-ceramic
nanoparticles (BG) and of bioglass-ceramic nanoparticles doped with
Zn (Zn-BG) or Nb (Nb-BG) based on the intensity of Kα lines in the
EDX analyses

Sample Si (at.%) O (at.%) Ca (at.%) Zn (at.%) Nb (at.%)

BG 39.3 51.9 8.8 / /

Zn-BG 23.9 58.4 12.4 5.3 /

Nb-BG 33.4 60.1 6.3 / 0.2

Fig. 3 TEM images of Zn-doped bioglass-ceramic nanoparticles
coated with chitosan. Chitosan (Ch) and bioglass-ceramic (BG) are
labeled in the bottom right image

Fig. 4 TEM images of Nb-doped bioglass-ceramic nanoparticles
coated with chitosan. Chitosan (Ch) matrix and bioglass-ceramic (BG)
nanoparticles are marked with black arrows. The splotchy appearance
of the background likely originates from beam damage and contraction
of the chitosan matrix

250 Journal of Sol-Gel Science and Technology (2021) 97:245–258



The electrostatic attraction between the aminated hydro-
carbon chains of chitosan on one side and the negatively
charged silanol groups of silica and/or the collagenous
network of dentin on the other is anticipated to strengthen
this contact and allow it to be maintained during the stages
of ionic release and bioactive remineralization.

XRD was used for the phase composition analysis of
pure bioglass-ceramic and its hybrid with chitosan. Figure 5
shows the XRD patterns of both materials, while the results
of the quantitative analysis of the bioglass-ceramic com-
ponent are presented in Table 2. The most abundant phase,
at 42.6 wt.%, is the silicalite-1 polymorph of silicon dioxide
crystallizing in the orthorhombic structure and Pnma space
group and displaying the characteristic (501) reflection at
2θ ~ 23°. [48] The second most abundant phase is amor-
phous silica (35.6 wt.%), recognizable by the broad diffuse
reflection in the 15 < 2θ < 30° range. The third and the final
silicon oxide phase detected, with 21.8 wt.%, is that of
combeite (Na2Ca2Si3O9), which crystallizes in the trigonal
structure and P3121 space group. And because the amount
of the crystalline phases outweighed the amorphous content,
the material represents a glass-ceramic rather than a clas-
sical glass. As per the Debye–Scherrer equation (Eq. (1)),
the average crystallite size – i.e., the coherence length, to be
more precise - for the amorphous component equaled
2.47 nm, while the corresponding size of the crystalline
domains for the two crystalline components, silicalite-1 and
combeite, was in the 20–40 nm range. The addition of
chitosan led to the appearance of the two characteristic
reflections [49]: (020) at 2θ ∼ 10° and (110) at 2θ ∼ 20°.
Both reflections were relatively weak and broad, signifying

low crystallinity and not an excessively high weight content
in the nanocomposite.

The FTIR analysis was conducted on pure bioglass-ceramic
samples undoped or doped with Nb and/or Zn, and on Nb-
doped bioglass-ceramic hybridized with chitosan. The bioglass-
ceramic was characterized by three prominent bands, which
originated from the stretching Si–O and bending Si–O–Si
vibration modes, the former of which manifested as bands at
1053 and 800 cm−1 and the latter of which manifested as the
band at 447 cm−1 (Fig. 6a). The analysis demonstrated no
extreme effects of the dopant presence, identity or concentra-
tion on the spectra as compared to the original bioglass-ceramic
(Fig. 6a). Correspondingly, both Nb- and Zn-doped bioglass-
ceramics produced what appeared at first sight as indistinct
spectra when compared to the spectrum of the control, undoped
bioglass-ceramic (Fig. 6a). However, a more detailed analysis
of the wavenumber shift and full-width at half maxima
(FWHM) of the infrared bands showed that there were evident
effects of the presence, concentration and chemical identity of
the ionic dopant. Thus, for example, while no significant peak
shifts were noticed in the spectrum of the bioglass-ceramic
doped with a lower, 0.05M concentration of Zn compared to
the control bioglass-ceramic, a consistent upshift to higher
wavenumbers was noticed for the higher, 0.1M concentration
of Zn. Specifically, this upshift amounted to 10.1 cm−1 for the
Si–O stretching mode centered at 1053 cm−1 in the undoped
control (Fig. 6b) and 1.5 cm−1 for the Si–O–Si bending mode
centered at 447 cm−1. The addition of Nb produced a similar,
but milder effect on the upshift of the Si–O stretching mode,
increasing its frequency by 6.1 cm−1 at the 0.1M concentration
of Nb as compared to the undoped control (Fig. 6b).

An increase of the frequency of the stretching modes
normally indicates a greater degree of independence of the
active group and a lesser overlap of its electron density with
the surrounding modes. One effect by which this can be
achieved is through modifying the crystallinity and the
concentration of voids (i.e., broken bonds in the network) in
the amorphous structure. The amorphous structure is
usually less densely packed than its crystalline analog and it
is conceivable that Nb and Zn hampered the partial
recrystallization taking place during annealing by interfer-
ing with the Si–O network restructuring, thus leaving the
structure more open than in their absence. This mechanism

Fig. 5 XRD patterns of the control, undoped bioglass-ceramic (BG)
and of its hybrid with chitosan (BG/Ch). The single silicalite-1
reflection is denoted with *, while combeite reflections are denoted
with +. Chitosan reflections are denoted with Ch and with their cor-
responding Miller indices

Table 2 Contribution of individual doped silicon oxide phases to the
total composition of the bioglass-ceramic component of the
nanocomposite, as calculated by comparing their respective
integrated diffraction peak intensities

Component Space group Percent of composition (wt.%)

Amorphous glass / 35.6

Silicalite-1 Pnma 42.6

Combeite P3121 21.8
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is confirmed by the trend in the FWHM change for all the
three major Si–O(–Si) vibrational modes upon the addition
of the ionic dopants, i.e., Nb and/or Zn. FWHM of the
absorption bands is inversely proportional to crystallinity,
so that broadening of these bands effectively corresponds to
reduced crystallinity [50], a consequence of the broader
distribution of stereochemical environments surrounding
the active vibrational modes [51, 52].

Overall, with the addition of Zn at the higher con-
centration of 0.1 M, the FWHM increased by 1.5–6%
depending on the vibration mode. However, for all the three
major Si–O(–Si) vibration modes, the FWHM increased in

direct proportion with the amount of Zn ions accommodated
inside the lattice of the bioglass-ceramic (Fig. 6c). A com-
parison between the FWHM values of the three major
vibration modes in the spectra of the bioglass-ceramic
samples doped with Zn or Nb showed that both dopants
increased the FWHM as the consequence of their acting as
structure-breakers and reducing the crystallinity of the
annealed bioglass-ceramic, with the effect of Zn being
slightly more intensive than that of Nb (Fig. 6d). This dif-
ference may be traced to the fact that Nb is pentavalent and
may substitute silicon ions in the glassy backbone with a
lesser degree of structural disruption than that resulting

Fig. 6 FTIR spectra of different bioglass-ceramic samples, including
the control, undoped sample and samples doped with different con-
centrations of niobium and zinc ions, focusing on the entire
1500–400 cm−1 spectral region recorded (a), and on the Si–O–Si

stretching mode at ~1053 cm−1 (b). FWHM values for the three main
vibration modes in the FTIR spectrum of the bioglass-ceramic as a
function of the concentration of Zn ions in it (c), and as a function of
the chemical identity of the ionic dopant (Zn or Nb) (d)
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from the incorporation of divalent Zn ions. No bands other
than the Si–O(–Si) ones appeared in the spectra of any of
the doped bioglass-ceramic samples, indicating no forma-
tion of secondary phases, such as ZnO or any of niobium
oxides (Fig. 6a), which is consistent with the results of the
diffractometric analysis.

Successful hybridization of the bioglass-ceramic with
chitosan was also demonstrated with the use of FTIR.
Whereas the use of 1:50 weight ratio of chitosan vs.
bioglass-ceramic did not show any prominent bands origi-
nating from the organic phase (data not shown for brevity
reasons), the use of ten times higher, 1:5 weight ratio
between the two components resulted in a number of pro-
minent chitosan bands, as shown in Fig. 7a–d. In particular,
Fig. 7a shows the presence of the C–O stretch centered at
1030 cm−1 and partially overlapping with the antisymmetric
Si–O–Si stretch of the bridging oxygen at 1052 cm−1. The
C–O–C stretch was detected at 1148 cm−1 and the C–O
bending, deformation mode at 1376 cm−1, confirming the
presence of chitosan. The addition of chitosan also
increased the hygroscopic character of the material, as
confirmed by the appearance of a strong O–H stretch
peaking at 3320 cm−1 and originating from the adsorbed
water molecules (Fig. 7b). In contrast, no such band was
present in the control bioglass-ceramic, be it doped or
undoped (Fig. 7b). The weak shoulder in the lower fre-
quency range of this band originated from the C–H stretch,
yet another band derived from the chitosan component (Fig.
7b). The strong bending amine vibration was detected at
1638 cm−1, being typical for the aminated chitosan mole-
cules, expectedly absent in the control sample (Fig. 7c). The
broad H–C=O carbonyl bending mode, originating from
the acetyl groups, was detected in the 550–650 cm−1 region
(Fig. 7d).

TEM imaging demonstrated an intimate interaction
between the bioglass-ceramic and the polymeric component
of the material, while a direct confirmation of it in the FTIR
analysis came from the observed downshift of the critical
Si–O–Si vibrations upon the addition of chitosan. This shift
is illustrated in Fig. 7d, equaling 31 cm−1 for the Si–O–Si
bend at 447 cm−1 and 17 cm−1 for the symmetric stretch of
the three siloxane rings of SiO4 centered at 800 cm−1.
Typically, as an atomic group is brought to interaction with
another chemical group, its actively vibrating bond becomes
lengthened, leading to a corresponding downshift in the
infrared band.

Finally, to test the potential of the material for biological
application, the analysis of the viability of MDPC-23
odontoblast-like cells and antimicrobial activity in response
to doped and undoped bioglass-ceramics was conducted and
the results are presented in Fig. 8 and Fig. 9, respectively.
The viability assays were conducted in a rather broad par-
ticle concentration range of 0.1–10,000 μg/mL and the cell

viability was unaffected by any particles, be they undoped
or doped, until the concentration limit of 10 μg/mL was
exceeded. At 100 μg/mL, the only sample for which the
viability was statistically significantly lowered compared to
the control cells treated with no particles was the Zn-doped
bioglass-ceramic (Fig. 8a). This trend according to which
the cells were most adversely affected by the Zn-doped
bioglass-ceramic was reflected in the corresponding IC50

values, which were identical for the control, undoped
bioglass-ceramic and for the Nb-doped glass-ceramic:
2.5 mg/mL (Fig. 8b, d). However, at 1.9 mg/mL, the IC50

value was lower for the Zn-doped glass-ceramic (Fig. 8c),
indicating the susceptibility of the odontoblast-like cells to
the presence of Zn ions in the material at its lower doses. It
is conceivable that the cells would react equally or even
more intensely to Nb ions had their concentration in the Nb-
doped glass-ceramic not been an order of magnitude lower
than that of Zn ions in the Zn-doped glass-ceramic
(Table 1). At higher doses, however, an interesting effect
occurred, where the viability of cells challenged with the
Zn-doped glass-ceramic - to which the cells were more
susceptible at lower doses – became higher than that of the
cells treated with the control, undoped bioglass-ceramic or
with the Nb-doped glass-ceramic (Fig. 8a). Eventually, at
the highest dose of 10 mg/mL, the viability of cells treated
with the undoped, control material became lower than the
viability of cells treated with either Zn- or Nb-doped bio-
glass-ceramic (Fig. 8a), hinting at the completely viable
effect of the two dopants at the higher doses. In the anti-
microbial in vitro assay, the test compound did not sig-
nificantly affect S. mutans viability (Fig. 9) and the MIC
and MBC results were not significantly different among
groups (p > 0.05, data not shown).

Prior studies have shown that the effect of Zn added to
bioactive glass nanoparticles is cell-dependent, increasing
the viability of cells such as MG-63 osteosarcoma cells, but
decreasing the viability of cells such as embryonic fibro-
blasts in the 0.1–5 mg/ml concentration range [53].
Increasing the concentration of Zn in bioactive glasses past
a certain limit also led to a proportional decrease in the
viability of dendritic cells [54]. In contrast, the addition of
Nb ions to 45S5 bioglass of the same basic composition as
that used in this study up to 1.3 at.% did not produce any
adverse effects on human embryonic stem cells for incu-
bations reaching up to 14 days in duration [55]. All of this
makes the biological aspect of the results of this study in
agreement with the literature findings. Simultaneously, the
addition of either Zn or Nb to bioactive glass had a positive
effect on the osteogenic behavior of osteoblast-like cells, if
not on the cell proliferation [56, 57]. A whole separate
question is why the cells appear to be more affected by Zn
than by Nb ions if Zn is an essential microelement and one
of the most common dopants in materials for bone and
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Fig. 7 FTIR spectra of control, undoped bioglass-ceramic (BG) and
of chitosan-coated (BG/Ch) niobium-doped bioglass-ceramic in dif-
ferent spectral regions, including the denotations of the most

prominent vibration modes: 1400–875 cm−1 (a), 4000–2500 cm−1

(b), 1720–1560 cm−1 (c), and 950–400 cm−1 (d)
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dental tissue replacement [4], whereas Nb is foreign to the
human body and has no known functions in it. Despite that,
Nb falls in the category of metals that are no more toxic to
humans than the metals traditionally used in orthopedic and
dental biomaterials [58], such as Al, Cr, Fe, Mo, and Zr,
which encourages its continued research for applications in
dental science.

As far as the antibacterial activity is concerned, the
bioglass-ceramic, with or without Zn and Nb dopants, did
not display any measurable bactericidal activity against
S. mutans in the agar plate assay (Fig. 9). The only mea-
surable activity was obtained for the positive control,
chlorhexidine, equivalent to the inhibition zone of 9.2 ±
0.3 mm. The MIC and the MBC for all types of the

Fig. 9 a Representative digital image (n= 12) of a Petri dish with
Trypsin Soy Agar for 48 h and 105 CFU/mL of Streptococcus mutans
depicting the inhibition halo for all experimental groups: (1) chlor-
hexidine 0.12% 10 µL; (2) control, undoped bioglass-ceramic 10 mg;
(3) Zn-doped bioglass-ceramic 10 mg; (4) Nb-doped bioglass-ceramic
10 mg; (5) chitosan-hybridized control, undoped bioglass-ceramic
10 mg. b Representative digital image (n= 12) of a Petri dish with

Trypsin Soy Agar and aliquots of 10 µL of Trypsin Soy Agar broths
inoculated with 105 CFU/mL of Streptococcus mutans after 24 h of
incubation with different experimental groups: (1) chlorhexidine
0.12% 10 μL; (2) control, undoped bioglass-ceramic 10 mg; (3) Zn-
doped bioglass-ceramic 10 mg; (4) Nb-doped bioglass-ceramic 10 mg;
(5) chitosan-hybridized control, undoped bioglass-ceramic 5 mg; (6)
105 CFU/mL of Streptococcus mutans

Fig. 8 Viabilities of MDPC-23
odontoblast-like cells challenged
for 24 h with different doses of
control, undoped bioglass-
ceramic nanoparticles (BG) and
of bioglass-ceramic
nanoparticles doped with Zn
(BGZn) of Nb (BGNb) and
normalized to the viability of the
negative control cells challenged
with no particles (a), along with
the IC50 values for BG (b),
BGZn (c) and BGNb (d)
calculated from the viability vs.
dose curves plotted on the
logarithmic scale. Bars and dots
are data points derived from
multiple experimental and
measurement replicas, while
error bars represent standard
deviation
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bioglass-ceramic exceeded 10 mg/ml, suggesting that the
bioglass-ceramic may not be able to suppress the infectious
caries disease through ion-doping, let alone without it.
Hybridization with chitosan did not provide for any mea-
surable increase in the antibacterial activity against S.
mutans either (Fig. 9). It is likely that the high-temperature
treatment reduced the solubility of the nanoparticles and
release rate of the antibacterial ions, for which reason the
optimization of this treatment may be needed to endow the
particles with the antibacterial activity. As for the effect of
chitosan, it is possible that different assays - including the
biofilm vitality, the plaque regrowth, and other - would
yield more positive results, which would be in agreement
with earlier reports on the ability of this polymer to inhibit
S. mutans [59, 60]. Also, it is possible that despite the lack
of activity against S. mutans, the particles may exhibit
activity against other bacteria implicated in the infection of
oral cavity. All in all, futher studies are needed to optimize
the nanoparticles for a more potent cariostatic activity and
investigate their influence on the virulence factors S. mutans
and other relevant bacterial species, along with the potential
for remineralization of enamel and dentin.

4 Conclusions

The goal of this study was to synthesize and characterize
Zn–Nb bioglass-ceramic/chitosan nanoparticles for future
incorporation in remineralizing solutions, preventive and
restorative dental materials, regenerative endodontic sealers,
and bone scaffolds. This particular goal is a subset of a
broader goal, which is to develop the new and/or improve
on the existing biomimetic approaches for minimally
invasive dentistry. One such approach we are pursuing
relies on the effective deep penetration of nanoparticles into
affected tissues accompanied by the slow release of anti-
microbial and remineralizing ions, thus healing the disease-
affected tissues.

To that end, we successfully synthesized monodisperse
Na2O–CaO–P2O5–SiO2 chitosan-hybridized bioglass-cera-
mic nanoparticles doped with antibacterial, mineralizing
and osteogenic Zn and Nb ions. Such compositionally
complex composites were characterized for their particle
size, morphology, phase composition and bioglass-ceramic/
polymer interface with a range of physicochemical char-
acterization techniques. The results of TEM and FTIR
analyses demonstrated a continuous and intimate interface
between bioglass-ceramic nanoparticles and chitosan on the
atomic and the nano scales. Both Zn and Nb ions hindered
the recrystallization process of the glassy phase, but had no
significant effect on hybridization with chitosan. The
effective electrostatic attraction between the aminated
hydrocarbon chains of chitosan and the negatively charged

silanol groups of silica may extend to the interaction
between the biomaterial and dentin collagen fibrils dec-
alcified due to caries, making the material of potential
interest for incorporation into adhesive systems, solutions
and restorative materials. In spite of exhibiting no anti-
bacterial activity against caries-causing S. mutans, the
material was shown to interact favorably with odontoblast-
like cells, accentuating its potential for further research for
applications in minimally invasive reparative dentistry.
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