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Abstract
Mesoporous bioactive glasses (MBGs) have potential applications in bone tissue regeneration around tooth implant and local
drug delivery. Small amounts of zinc added to their composition could additionally provide antibacterial and ossteoinductive
and anti-inflammatory properties. In this study, zinc-containing mesoporous bioactive glasses (5ZnO–25CaO–70SiO₂) were
synthesised using three modified surfactant-assisted sol-gel methods: dilute water (MZ1), Stöber (MZ2), and microemulsion-
assisted (MZ3). X-ray diffraction (XRD) analysis confirmed that MZ1 and MZ3 were amorphous, while MZ2 exhibited a
ZnO crystalline phase. The synthesised particles showed uniform morphology with sizes ranging from 10 to 500 nm.
Brunauer–Emmett–Teller (BET) analysis revealed that MZ1 had the highest specific surface area (726 m²/g), approximately
4.1 times higher than MZ3 (176 m²/g). Haemolysis testing showed that MZ1 and MZ2 were non-haemolytic, whereas MZ3
caused lysis of erythrocytes. All samples were biocompatible with periodontal ligament fibroblasts, maintaining cell viability
above 80% after three days of incubation. Antibacterial assays indicated that MZ2 exhibited over 60% inhibition of
P. intermedia in a dose-dependent manner, but only ~20% inhibition of P. gingivalis. MZ2 demonstrated a bacteriostatic
effect and was most effective in reducing anaerobic bacterial populations among all tested groups. These results highlight the
potential of Zn-containing mesoporous bioactive glasses as multifunctional biomaterials for periodontal tissue engineering,
suitable for such applications as scaffolds, bone cements, bone-filling granules, and antibacterial implant coatings.
Furthermore, MZ2 material due to its antimicrobial properties, can potentially be a material of choice in periodontitis/peri-
implantitis therapy applications.
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Graphical Abstract

1 Introduction

Antibiotic resistance has become a global challenge,
according to the World Health Organisation. Every year, at
least 700,000 people worldwide pass away from infections
caused by resistant bacteria [1]. A reason for that is the
prolonged use and overuse of antibiotics and implantation
of medical devices, which might form a bacterial biofilm on
their surface, becoming a source of chronic infection [2].
Recently, an increase of antibiotic resistance in patients with
infection around tooth implants (peri-implantitis) was
reported [3]. Peri-implantitis is a biofilm-induced infection
caused by anaerobic oral microflora, such as P. gingivalis
and P. intermedia. These bacteria are also responsible for
such symptoms as gum bleeding, implant mobility and oral
malodour. In 56% of cases, this infection leads to implant
failure [4]. Considering that the dissemination of oral
pathogenic bacteria might implicate cardiovascular diseases
[5], there is a strong need to develop alternative antibacterial
therapeutic approaches to eliminate antibiotic-resistant oral
pathogens.

One of the novel strategies to prevent colonisation of the
resistant Gram-negative anaerobic bacteria on the implant
surface is the application of antibacterial bioactive glasses in
situ to achieve a bacteria-free environment for re-
osseointegration [2]. Bioactive glasses are widely used as
bone grafting materials in dentistry (e.g. Perioglas®,
Novabone®) due to their osteoconductive and osteoinduc-
tive properties [6, 7]. In the last two decades, nanoscale
bioactive glasses with mesoporous ordered structure
evolved as the latest generation of smart multifunctional
materials. Mesoporous bioactive glasses (MBGs) have been
proposed as bioactive fillers and drug carriers either alone or
combined with other materials, taking advantage of their
unique porous structure to load drugs, biomolecules and
antibacterial ions [8] MBGs are produced by addition of

structure-directing agents into sol-gel chemistry, so that
they acquire a large pore volume, a highly organised
structure of channel-like pores in the 2–50 nm range, and a
large specific surface area (600–1500 m2) [9, 10]. MBGs in
the binary system SiO2-CaO exhibit better apatite-forming
capacity, and superior biological properties, as compared to
non-mesoporous sol-gel or melt-derived bioactive glasses
(BGs) [11]. Their enhanced texture facilitates quick ion
exchange between the glass surface and the surrounding
biological media, leading to fast supersaturation and pre-
cipitation of surface hydroxyapatite. Furthermore, nano-
dimensional features of mesoporous glasses favour their
direct interactions with cells and components of extra-
cellular matrix.

MBGs can incorporate different active metal ions like
Zn, Ag, Cu, Ce, Ga to boost their antibacterial properties
[6, 11–13]. These antibacterial MBGs can prevent biofilm
formation and induce bacteria-free environment for rapid
healing. The mechanism behind their antibacterial action
could be explained by rapid therapeutic ion release, and
local changes of pH. The unique surface characteristics of
MBGs could additionally provide non-specific action
against bacterial membrane. In contrast to conventional
metal oxide nanoparticles, such antibacterial glass for-
mulations are non-toxic and biocompatible. Therefore,
antibacterial MBGs seem promising materials for treatment
of antibiotic-resistant peri-implant infection and promotion
of de novo bone formation around tooth implant.

Among various antibacterial ions, zinc is known for its
relative low toxicity and excellent antibacterial and anti-
inflammatory properties. Zinc is a necessary trace element
in the human body that comes from food sources. The total
amount of zinc in the body is approximately 1.5 g in women
and 2.5 g in men [14]. Zinc participates in cellular meta-
bolism, including DNA and protein synthesis, cell signal-
ling and division. 30% of Zn is accumulated in human
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bones and it is actively involved in the synthesis of the
collagen matrix, mineralisation, and bone remodelling [15].
Zinc also contributes to wound healing processes by pro-
moting fibroblast and epithelial cell migration and pro-
liferation [16]. Due to its antibacterial properties Zn is also
formulated into many oral care products for control over
plaque and calculus, as the main causes of periodontal
disease [17]. In dentistry, zinc oxide eugenol cements are
indicated for temporary tooth filling and indirect pulp cap-
ping in case of pulp inflammation. They relieve pain and
elicit bacteriostatic and antiseptic action. Zinc has a major
role in immune function regulation, bacterial infection
control, inflammatory response balancing, and oxidative
stress reduction—all of which are linked to the pathophy-
siology of periodontal disease [18]. Furthermore, the
potential to inhibit biofilm formation of zinc-containing
glasses has been reported recently [19].

Mesoporous bioactive glasses are typically produced by
the sol-gel method with addition of pore-forming agents.
Sol-gel technique has numerous advantages such as low
processing temperatures, simplicity and possibility to tailor
the materials for a specific application. In the most com-
monly used Stöber modification, a cationic surfactant cetyl
trimethylammonium bromide, or CTAB, can be added to
the synthesis solution to guide the formation of mesopores
[20]. A silicate precursor tetraethyl orthosilicate (TEOS)
and metal ion precursors are usually added into the water/
ethanol solution under basic conditions and carefully stir-
red. Then, the resulting nanoparticles are filtered, dried and
calcined to form mesoporous nanoparticles. The Stöber
technique may produce uniform MBG spheres, which
typically have diameters between 100 and 400 nm [21]. By
adjusting molar ratios, pH and added precursors it is pos-
sible to create a variety of nanoparticles with diverse
morphologies and sizes. In the microemulsion assisted sol-
gel process, organic molecules, such as ethyl acetate can
also be added during the synthesis to achieve a more uni-
form shape of the particles or to increase their dispersity.
Unfortunately, using traditional sol-gel based methods to
synthesise highly dispersed MBGs with multiple metallic
ions remains difficult because metallic precursors can
weaken the stability of nanoparticles during synthesis,
which leads to aggregation and irregularity in the
final MBGs.

To date, only a few studies exist regarding Zn-doped
MBGs (Zn-MBGs). Neščáková et al. synthesised highly
dispersed Zn-containing MBGs in the CaO-SiO2 system
using an emulsion assisted sol-gel method [22]. However,
they had a relatively low specific surface area, and their
antibacterial properties were not investigated. Another study
reported that the extract of Zn-doped binary SiO2-CaO
MBGs received after incubation in culture medium at a
concentration of 0.1 mg/mL exhibited anti-inflammatory

properties and promoted the osteogenic capacity of rat bone
marrow stromal cells (BMSCs) [23]. Naruphontjirakul et al.
used strontium (Sr)- and zinc (Zn) to partially substitute
calcium and synthesised MBG nanoparticles (MBGNs) in
the binary system SiO2-CaO using an emulsion assisted sol
gel method and tested the antibacterial activity using the
disc diffusion method against E. coli and S. aureus [24].
They found statistically significant increase in antibacterial
effect against Gram-negative bacteria (E. coli). Pour-
shahrestani et al. applied the same method for doping MBG
with Zn with molar contents of 1, 2 and 4% as substitutes of
either calcium and silicon and observed a slight decrease of
bacterial viability of S. aureus and E. coli at the highest
concentrations of their extracts [25].

In another attempt, zinc-doped bioactive glass porous
nanoparticles in the system 60SiO2- 30CaO- 5ZnO-5P2O5

(mol%) were, developed and incorporated into alginate/
chitosan composite hydrogel as a wound dressing [26]. The
authors observed efficient antibacterial effect against E. coli
and S. aureus and wound healing in an in vivo rat model.

Summarising the aforementioned reports, all the Zn-
MBGs were synthesised by the emulsion assisted sol-gel
method, and exhibited promising antibacterial, osteogenic,
and anti-inflammatory properties, although issues regarding
the optimisation of their composition and improvement of
antibacterial effectiveness are still open for further research,
to fully explore their clinical potential. There are almost no
reports on the use of the modified Stöber synthesis method
to produce such materials, while there are no available data
on the antibacterial properties Zn-doped MBGs with oral
pathogens, that would exploit their potential as therapeutic
agents in the treatment of peri-implantitis and periodontitis.

The aim of this study was to synthesise Zn containing
MBGs (5ZnO-25CaO-70SiO2%mol) using three different
modifications of the surfactant-assisted sol-gel method: (a)
modified Stöber method under dilute water conditions
[27, 28] (b) modified Stöber method with addition of
ethanol as a solvent [29] and (c) the microemulsion-assisted
sol-gel approach [30], and to compare their hemocompat-
ibility, biocompatibility and antibacterial properties against
anaerobic bacteria related to periodontitis and peri-
implantitis.

2 Materials and methods

2.1 Synthesis of Zn-containing mesoporous
bioactive glasses

The reactants that were used for the synthesis: sodium
hydroxide (NaOH), ammonium hydroxide 25%, hex-
adecyltrimethylammonium bromide (CTAB), tetraethyl
orthosilicate (TEOS), ethyl acetate, Ca(NO3)2.4H2O,
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Zn(NO3)2.6H2O were purchased from Sigma-Aldrich (now
Merck KGaA, Darmstadt, Germany).

Three types of Zn-containing mesoporous bioactive
glasses (Zn-MBGNs) with the nominal composition
70SiO2–25CaO–5ZnO (mol%) were synthesised using three
modifications of the surfactant-assisted sol-gel method
described in the literature.

MZ1 powder was synthesised using modified sol-gel
method using water as a solvent. Initially, CTAB, a soft
template for the mesoporous structure, was dissolved in the
basic aqueous medium (pH=12), followed by the addition
of TEOS as a source of Si and nitrate salts as a source of Ca
and Zn metal ions. In detail, 0.315 g NaOH was dissolved in
785 ml of ultrapure water to achieve an alkaline medium
(pH=12), where 1 gram of CTAB was dissolved. Then,
7.5 ml of TEOS were added to the mixture dropwise. After
30 min, the appropriate quantity of calcium nitrate tetra-
hydrate was added and mixed for 8 h at the T= 80oC, fol-
lowed by the addition of zinc nitrate hexahydrate and
mixing for additional 1.5 h at the same temperature. The
precipitate after washing was dried at 60 °C for 24 h and
calcined at 550 °C for 5 h with a heating rate of 1 °C/min to
remove the templating agent and nitrates.

MZ2 material was produced by a modification of the
sol-gel method with addition of ethanol as a solvent at
room temperature [29]. The first step involved dissolving
1 g of the surfactant CTAB in the mixture of 150 ml of
ultrapure water, 30 ml of ethanol, and 2 ml of ammonium
hydroxide, which served as a catalyst. Following CTAB
dissolution, the appropriate amounts of Ca(NO3)2.4H2O
and Zn(NO3)2.6H2O were added simultaneously to the
mixture and continuously stirred for 30 min. After that,
7.5 ml of TEOS was added dropwise and the resulting
solution was stirred for additional 4 h. Then, the white
precipitates were filtered and washed twice with distilled
water. Samples were then dried for 24 h at 60 °C. Lastly,
they were calcined at 550 °C for 5 h with a heating rate of
1 °C /min.

For the synthesis of MZ3 material the micro-emulsion
assisted sol-gel method of the protocol of Neščáková et al.
was strictly followed [22]. In brief, 2.24 g of CTAB was
dissolved in 104 mL of ultrapure water for 30 min at 30 °C.
32 ml of ethyl acetate was then gradually added to the
mixture while it was continuously stirred for additional
30 min. To keep the pH at 10.5 after that, ammonium
hydroxide (28%) was added. Following that, 23.04 mL of
TEOS was added and agitated for 30 min. Further, 4.34 g of
calcium nitrate tetrahydrate and 1.09 g zinc nitrate hex-
ahydrate were added with interval of 30 min and con-
tinuously stirred for additional 4 h. The suspension was
centrifuged and washed twice with ultrapure water. Finally,
the precipitate was dried in an oven at 60 °C for 24 h, and
calcinated at 700 °C for 2 h at a heating rate of 2 °C /min.

2.2 Physicochemical characterisation

2.2.1 Fourier Transform Infra-red Spectroscopy (FTIR-ATR)

A Fourier transform infra-red spectrometer (Thermo Sci-
entific NicoletTM iSTM50, Waltham, MA, USA) in Atte-
nuated Total Reflectance (ATR) mode was used to evaluate
the molecular structure of the produced powders. The FTIR
absorption spectra were obtained in range of the wave-
lengths between 4000 and 400 cm−1, with 64 scans, and
resolution of 4 cm−1. The OMNIC software was used for
the data processing.

2.2.2 X-ray Diffraction (XRD)

X-ray powder diffractometry (PANalytical, Aeris, Nether-
lands) was used for crystalline phase analysis of the spe-
cimens. The X-ray source for the XRD apparatus was a
copper (Cu) tube, which ran at 40 kV and 15 mA. The
diffraction data were obtained within the range of 10− 70°
2θ with a step size of 0.0435° 2θ degrees. Complementary
analysis was performed with X’PertHighScore and the
International Centre for Diffraction Data PDF-2 (ICDD)
database, while ICDD card #01–083-6338 was used for
ZnO identification.

2.2.3 Brunauer–Emmett–Teller (BET) and Brunauer–Joyner–
Halenda (BJH) analysis

The specific surface area (SSA), and the volume and size of
pores in the synthesised powders were analysed using a
nitrogen gas adsorption/desorption system (Quadrasorb evo,
Quantachrome instruments, Boynton, FL, United States) by
Brunauer-Emmett-Taylor (BET) according to ISO standard
9277:2010 (E) and Brunauer–Joyner–Halenda (BJH)
methods. Before analysis, the specimens were vacuum-
degassed at ambient temperature for 24 h.

2.2.4 Scanning Electron Microscopy (SEM) with Energy
Dispersive X-ray Analysis (EDX) and Scanning
Transmission Electron Microscopy (STEM)

The surface morphology of the mesoporous materials was
visualised by scanning electron microscope (Verios 5UC
(Thermo Scientific, USA)). For SEM measurements, sam-
ples were secured using an electrically conductive double-
sided adhesive carbon tape on standard aluminium pin
stubs. Images were captured in vector scanning mode using
a TLD SE detector with an acceleration voltage of 2 kV.
Prior to SEM-EDS measurement, samples were sputter-
coated with carbon using a Leica EM ACE200 sputter
coater (Leica). An X-MAX 150 EDX (Oxford) analysis was
performed to qualitatively investigate the sample
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composition. The pore morphology, configuration and
particle size of the synthesised Zn-MBGs were evaluated by
STEM. For sample preparation a small amount of powder
was dispersed in isopropyl alcohol and sonicated in an
ultrasonic bath for 5 min. Further, the specimens were
placed on a carbon coated grid and dried before analysis.
For STEM measurements, samples were transferred to a
holey carbon film 400 Cu mesh (AGS147-4). For STEM
imaging, an STM3+ detector was used at 30 kV.

2.2.5 X-ray fluorescence spectroscopy (XRF)

Qualitative and semiquantative bulk analysis of the speci-
mens was performed on a Rigaku supermini, sr.no. 16019-3
XRF wavelength dispersive spectrometer equipped with an
Pd tube, with three analysing crystals: LiF1 (for elements
Ti-U), PET (for elements Al-Ti), RX25 (for elements
F-Mg). The detectors were a SC scintillation counter, set up
with LiF1 crystal for Ti-U and F-PC flow proportional
counter, set up with PET and RX25 for F-Ti. Samples were
analysed at 50 kV and 4 mA tube-operating conditions, F-U
element range with step sizes: 0.02 deg (Ti-U), 0.05 (F-Ca)
and scanning speed 15 deg/min. Sample spin was turned on,
making the sample cup rotate during measurement.

2.3 Bioactivity evaluation

For the evaluation of the in vitro bioactivity, the synthesised
materials were immersed into Simulated Body Fluid (SBF)
solution prepared according to Kokubo et al.‘s protocol for
21 days [31]. All specimens, equal in volume, were placed
into sterile, clean bottles and incubated in SBF at a con-
centration of 75 mg/50 mL at 37 °C under static conditions.
Filtration was used to extract the powdered samples from
the SBF, which were subsequently cleaned with ultrapure
water and dried for 24 h at 60 °C. XRD, FTIR and SEM-
EDS were employed to analyse the materials for calcium-
phosphate or apatite crystals formation.

2.4 In vitro biological properties evaluation

2.4.1 Haemolysis assay

For the haemolysis assay, whole blood was taken from
healthy adults after their written consent. Red blood cells
(RBCs) were isolated from leucocytes and plasma by cen-
trifugation for 5 min at a speed of 2000 rpm and washed
three times using phosphate buffered saline (PBS). A final
suspension of 2% RBCs volume was obtained by diluting
RBCs in PBS (2% haematocrit). After that, red blood cells
were mixed separately with various MBGs concentrations
(0,06, 0,125, 0,5, and 1 mg/ml) derived from a stock solu-
tion (5 mg/mL) and incubated for 24 h at 37 oC. The

untreated red blood cells’ supernatant (Ctrl-) served as the
negative control, while the red blood cells treated with lysis
buffer served as the positive control. After the treated RBCs
were centrifuged at 2000 rpm for one minute, the super-
natants were collected and analysed using a microplate
reader (Epock, Biotek Instruments, Inc., Winooski, Ver-
mont, USA). The absorbance of the released haemoglobin
was measured at 541 nm, with a reference wavelength of
700 nm. The percentage of haemolysis was calculated based
on three independent trials using the following equation:

Hemolysis% ¼ ½sample absorbance � negative control�=
½positive control� negative control�X100

2.4.2 In vitro cytocompatibility assay

Primary cell culture of periodontal ligament fibroblasts
(PDLCs) was established from periodontal ligament tissue
received from a healthy young donor after extraction of his
third molars and signing the informed consent form. The
potential cytotoxicity of the synthesised MBGs was asses-
sed in direct contact with PLDFs using the MTT (3-(4,5-
dimethylthiazol–2-yl)-2,5-diphenyltetrazolium bromide)
assay. Initially, 96 well plates were seeded with 103 cells
each in DMEM culture medium (Dulbecco Modified
Eagle’s medium- Biosera, Nuaille, France) supplemented
with 10% FBS serum (Foetal bovine serum 10%, Gibco-
BRL, Thermo Fisher Scientific Inc., Waltham, Massachu-
setts, USA) and antibiotics/antimycotics (penicillin,
amphotericin B, streptomycin (Gibco-BRL, Thermo Fisher
Scientific Inc., Waltham, MA, USA)). The cells were left
for 24 h to adhere in an incubator with 5% CO2 atmosphere
at 37 °C. Then, MBGs were precisely weighted and ster-
ilised with UV light for 30 min. 1 mg/ml stock solutions of
MBGs were prepared and precultured in a culturing med-
ium for 24 h. Further, a sequence of dilutions with nano-
particles at two concentrations (0.25 and 0.5 mg/mL) were
added to well-plates and cell viability was evaluated after 24
and 72 h of incubation. Cells that were not in contact with
the materials were used as the positive control. To deter-
mine the mitochondrial dehydrogenase activity of living
cells, Dimethyl sulfoxide (DMSO) was added (Sigma
Aldrich, St. Louis, MO, USA), to dissolve purple formazan
crystals. Using the microplate reader measurements were
performed at the wavelength of 570 nm, with a 630 nm
reference filter. Tests were conducted in quintuplicate. The
outcomes were given as a percentage of the control average
optical density. For all the in vitro biocompatibility a sta-
tistical t-test and one-way analysis of variance (ANOVA)
were performed via the use of the GraphPad Prism
8.4.2 software programme, and the significance level was
determined at p < 0.05.
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2.5 Evaluation of the antibacterial properties

2.5.1 Bacteria preparation

The antibacterial activity of powders was investigated using
the Prevotella intermedia (DSM 20706) and Porphyr-
omonas gingivalis (DSM 20709). Strains were grown in
modified peptone yeast glucose (PYG) medium for
3–4 days under anaerobic conditions (80% N2, 10% H2,
10% CO2) and agitation (130 rpm) at 37 oC. Bacterial stocks
were kept as frozen glycerol aliquots in −80 °C. The Gas-
Pak EZ Gas Generating Pouch Systems (BD, Benex Lim-
ited, Dublin, Ireland) were used to generate the anaerobic
environment for both antibacterial evaluation in liquid broth
dilution assay and in agar plate dilution methods.

2.5.2 Liquid broth dilution assay

For the liquid broth dilution assay, fully grown anaerobic
bacteria were incubated in the presence of the materials for
3 days at 37 °C, at 130 rpm and under anaerobic conditions.
At first, materials were sterilised under UV lamp for 20 min,
sonicated for dispersion in PYG medium in water bath for
20 min at 37 °C and subjected to serial dilutions. Bacteria
growth was evaluated by optical density (OD600nm) using
the JENWAY 6305 spectrophotometer. Fully grown bac-
terial cultures were used to prepare the 10% (v/v) suspen-
sion (corresponding to 108 cfu/ml) in PYG medium for each
strain that was added to the materials suspensions at the
concentrations 0.125, 0.25, 0.5, 1 and 2 mg/ml. Bacterial
growth was determined by measuring the optical absorption
OD600nm at 600 nm. Control growth (medium without
inoculum) and blanks (medium with tested materials) were
also evaluated. The % absorbance was determined as the
absorbance ratio of material treated bacteria suspension to
fully grown suspension (control). Means and standard
deviations were calculated to evaluate tendency and varia-
bility for each condition.

2.5.3 Colony forming unit CFU assay

The antibacterial activity of MZ1, MZ2 and MZ3 were
evaluated by spread agar plate CFU (colony forming unit)
counting. The treated and untreated bacterial culture was
serially diluted and 25 μL spread in anaerobe CDC blood
agar plates (Bioprepare) and grown at 37 °C under anae-
robic conditions for 2 days. Colonies were counted and
inhibitory activity was determined by the following
equation:

%inhibition ¼ ðlog10CFUcontrol � log10CFUtreatedÞ�100=log10CFUcontrol

where, CFUcontrol: number of colonies from non-treated
specimens, CFUtreated: number of colonies in contact with

materials. All experiments were performed under anaerobic
conditions with two replicates.

3 Results

3.1 FTIR

The FTIR spectra of all three Zn containing MBGs show the
distinctive bands of amorphous silicate glasses [32]. (Fig.
1a) In particular, the band at 800 cm−1 is ascribed as
Si–O–Si bending vibration, while the band at 470 cm−1 is
assigned to the Si-O-Si rocking vibration. The IR spectra
also revealed a broad band between 1000 and 1250 cm−1

that was made up of the transverse optical mode (TO1) of
the Si–O–Si stretching vibration at 1090 cm−1 and a
shoulder at 1220 cm−1 that was ascribed to the TO2 mode
[33]. Additionally, there is a shoulder at about 960 cm−1 in
materials MZ1 and M2, which is associated with the Si–OH
bonds’ stretching vibration [33]. However, no discernible
alterations, that might be attributed to the presence of ZnO
phase were detected on FTIR spectra. The main absorption
band for the Si-O-Zn bond (stretching vibration) is located
around 457 cm−1 [34] or 474 cm−1 [35], which is probably
overlapped with the Si-O-Si (rocking) vibration, located at
470 cm−1.

3.2 XRD

The powders MZ1, MZ2 and MZ3 had a typical XRD pattern
(Fig. 1b) of amorphous silicate materials, with a characteristic
scattering pattern at around 2θ= 18–28° which corresponded
to amorphous silicates [36]. MZ2 material also contained ZnO
crystalline phase with characteristic diffraction peaks located at
2θ degrees = ∼31.7, 34.4,36.2, 47.3,56.6, 62.7, 62.9, 66.4,
67.7, 69.1 °2θ that can be assigned to hexagonal ZnO. (ICDD
card #01–083-6338).

3.3 BET/BJH analysis

The N2 adsorption-desorption isotherms of MZ1, MZ2 and
MZ3 powders are presented in Fig. 2. MZ1, MZ2, and MZ3
are classified as mesoporous silica nanoparticles. These
nanomaterials show isotherms resembling Type IV in their
nitrogen adsorption-desorption isotherms. In addition, it
appears that MZ1 has a definite hysteresis loop, most
probably of the H1 type, which indicates that it has large
cylindrical mesopores containing a significant volume of
adsorbed substance and is highly porous. The MZ2 sample,
on the other hand, not only contains considerable inter-
particle pore space, but also has a larger hysteresis loop that
represents a blend of orderly and irregular mesopores with a
wider range of pore sizes (H1/H2 type). Between MZ1 and
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MZ2 on one side and MZ3 on the other, there appears to be
a gradual increase in the pore structure’s homogeneity since
the latter has a finer hysteresis loop relative to the two
former samples. Especially in connection with their clear
differences in pore structure and adsorption behaviour, the
latter view explains the reason why these materials could be
applicable for drug delivery systems, catalysis processes
and adsorption techniques. Surface characteristics of the
MZ1, MZ2 and MZ3 powders according to BET/BJH
analysis are depicted in Table 1.

3.4 SEM/EDS and STEM analysis

The morphology of the prepared particles was analysed
by scanning electron microscopy (SEM) and STEM, that

were depicted on Fig. 3. MZ1 material shows homo-
geneous, slightly agglomerated particles with average
size 30–50 nm. In MZ1 material hexagonal ordered
mesoporous channels running parallel to one another are
visible in the STEM pictures, suggesting that the

Fig. 2 N2 adsorption-desorption isotherms of MZ1, MZ2 and MZ3 powders

Table 1 Surface characteristics of the MZ1, MZ2 and MZ3 powders
according to BET/BJH analysis

Specimen CTAB/
TEOS
ratio

Specific
Surface area
(SSA, m2/g)

Pore
volume
(cm3/g)

BJH pore
diameter
(nm)

MZ1 1/7.5 726.9 1.54 2.97

MZ2 1/7.5 634.4 1.03 3.84

MZ3 1/10.28 176.1 0.57 3.88

Fig. 1 a FTIR spectra of the synthesised powders, initial spectra and after 21 days in SBF b XRD analysis of the Zn-MBGs before and after
immersion to SBF
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distinctive mesoporous long period order has not been
impacted by Zn ion doping. The powdered MZ2 exhibits
apparent nano-porosity and dispersed, spherical particles
with an average size of 450–550 nm. Alongside the
mesoporous structure, STEM images also show spherical,
fluffy particles with a rough surface and tiny void pores.
According to SEM analysis MZ3 powder appears non-
homogenous with different forms of mesoporous
agglomerates and ultra small particles of an average size
of few nanometres. In STEM images, the material pre-
sented loose agglomerates consisting of 10–13 nm roun-
ded particles.

3.5 XRF

The chemical composition of all Zn-MBGs, observed by
XRF is presented in the Table 2. By comparing the nominal
and detected composition, a limited incorporation of cal-
cium ions can be noted, especially in the specimen MZ1
(1.87%). MZ1 powder had the highest molar percent of
ZnO (9.63%), while the lowest content of ZnO was in MZ3
powder (3.63%).

3.6 Bioactivity evaluation

FTIR and XRD analysis revealed lack of alterations in
specimens MZ1_21 d and MZ2_21 d in SBF, as compared
to the initial materials (Fig. 1a, b). MZ3–21d material shows
two additional crystalline diffraction peaks of low intensity
at 31.5 and 45.2 2θ degrees, which we were not able to
identify. SEM analysis showed no considerable surface
changes in specimens MZ1 and MZ3 and obvious increase
of surface roughness in material MZ2, attributed to
dissolution-precipitation processes on its surface in SBF
(Fig. 4). EDX analysis of the initial materials demonstrated

Fig. 3 SEM/STEM images of
the synthesised materials

Table 2 Chemical compositions (mass %) of Zn-MBGs determined
from the XRF results

Nominal Composition MZ1 MZ2 MZ3

SiO2 70.0% 88.5% 89.44% 84.84%

CaO 25.0% 1.87% 2.63% 11.53%

ZnO 5.0% 9.63% 7.93% 3.63%

Total 100.0% 100.0% 100.0% 100.0%
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the presence of calcium and zinc peaks in the corresponding
spectra, indicating that these ions were successfully incor-
porated into the materials’ structure (Fig. 4). EDX spectra of
the specimens that were maintained in SBF for 21 days
showed only small quantities of Ca, P, Cl and Na. (Fig. 4).
Therefore, all three Zn-MBGs did not exhibit pronounced
ability to form hydroxyapatite surface layer.

3.7 Haemolysis evaluation

Two of the tested materials MZ1 and MZ2 presented no
haemolysis (<2%) at the tested concentrations, while MZ3
appeared to be haemolytic in a concentration-dependent
manner (Fig. 5a).

3.8 In vitro biocompatibility assay

Figure 5b presents relative cell viability (%) of PDLCs in
contact with the tested materials. MZ1 specimens did not
show any negative effect on the viability of PDLCs at both

tested concentrations of 0.25 mg/ml and 0.5 mg/ml, as
compared to the control. MZ2_C1 and MZ3_C1 specimens
caused a reproducible, statistically significant (p < 0.05)
reduction of cell viability/proliferation of 9.3% at 1st day
and 15.2% at 3rd day, respectively, as compared to the
control. Significant differences were observed between
intergroups across both days and doses, with MZ2_C1 and
MZ3_C1 showing consistently lower cell viability com-
pared to other conditions, as indicated by distinct statistical
groupings (p < 0.05). No significant differences were
detected between Day 1 and Day 3 within most groups,
suggesting that the observed lower cell viability is primarily
dose-dependent rather than time-dependent. However, all
tested materials are considered biocompatible, as their via-
bility was above 80% after 3 days of incubation with cells.

3.9 Antibacterial studies

Antibacterial activity of MZ1, MZ2 and MZ3 was eval-
uated using two methods: liquid broth dilution method

Fig. 4 SEM-EDS analysis of the Zn-MBGs before and after immersion to SBF
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[37] and CFU assay. From liquid broth dilution method
MZ1 and MZ2 showed a dose dependent antibacterial
activity against P. intermedia, while MZ3 had the lowest
antibacterial activity at all concentrations. Particularly,
MZ2 presented 1.32% cell viability at the concentration of
2 mg/ml, while MZ1 showed a 30.2% bacterial viability at
the same concentration (Fig. 6). For P. gingivalis MZ2
material presented 66.8% of bacterial viability in com-
parison to the respective control group. Antibacterial
activity of MZ2 was further verified by CFU assay. For
MZ2 a 62% inhibition was observed at the concentration
2 mg/ml. Low bacterial inhibition was observed with MZ1
and MZ3 at all the tested concentrations (Fig. 7). For P.
gingivalis MZ2 also showed the highest antibacterial
activity among all materials according CFU assay, which
however didn’t exceed 18%.

4 Discussion

In this study, we synthesised three Zn containing meso-
porous bioactive glass materials with the same molar
compositions (5ZnO-25CaO-70SiO2%mol) using three
modifications of the sol gel method, each with a unique
obtained composition and structure. FTIR and XRD ana-
lysis revealed that MZ1 and MZ3 were mainly composed of
an amorphous Si-O-Si network with homogeneous inclu-
sion of Ca and Zn ions into the amorphous structure. On the
other hand, in the MZ2 material a ZnO crystalline phase
was formed. Limited zinc ion incorporation into the silica
network and precipitation of ZnO crystalline phase in the
material MZ2 can be attributed to the synthesis process due
to late addition of TEOS, that followed after the addition of
nitrate salts. ZnO nanocrystals could be possibly entrapped

Fig. 6 Investigation of antibacterial activity of Zn-MBGs with liquid broth dilution assay against P. intermedia and P. gingivalis. MZ2 has the
most consistent and dose dependent antibacterial activity against both P. gingivalis and P. intermedia

Fig. 5 a Diagram representing the percentage of haemolysis of human
RBCs upon incubation with Zn-MBGs at different concentrations (1
(C1), 0.5 (C2), 0.25 (C3), 0.06 (C4) mg/ml) at 37 °C after 24 h of
incubation. b MTT cell viability assay of PDLCs treated with various

concentrations of Zn-MBGs. The symbol * represents the statistically
significant difference, at p < 0.05, between each concentration and the
control group. Different letters represent the statistically significant
intergroup differences (concentrations and days)
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inside the mesoporous structure or located within amor-
phous network of the MZ2 material.

According to XRF all synthesised MBGs showed notable
compositional differences, with respect to the nominal
composition. The highest molar percentage of CaO was
observed in MZ3 material (11.53%), while MZ1 and MZ2
powder had the high content of ZnO (9.63% and 7.93%)
and relatively low CaO percentage. This could be explained
by the limited inclusion of Ca ion into amorphous silica
network during sol-gel synthesis or its removal during the
centrifugation and washing steps. The increased ZnO con-
tent as compared to the nominal composition in specimen
MZ1 could be possibly attributed to the competitive
incorporation of smaller ions Zn2+ instead of larger Ca 2+

ions [38] into the glass structure [39]. This finding is in
agreement with the lower CaO content.

The highest surface area (726.9 m2/g) and highest pore
volume (1.54 cm3/g) were observed in the material MZ1,
followed by MZ2 material, which is expected to facilitate
protein adsorption or drug loading. In contrast, MZ3
material had the lowest specific surface area. Notably, the
SSA and pore volume of MZ1 and MZ2 materials, obtained
by two modified Stöber methods were 2–3 times higher that
of similar materials produced by other techniques [22,
40, 41].

Application of different modifications of base-catalysed
sol-gel process led to production of mesoporous nano-
particles with different shapes and sizes due to changing the
essential synthesis parameters including pH, reaction dura-
tion, and temperature, as well as the addition of the organic
molecules [20, 42]. The modified Stöber method under
dilute water conditions to produce MZ1 material resulted in
uniform 30–50 nm sized particles with narrow size dis-
tribution and well-defined periodic mesoporous structure.

Such small particle size could possibly be attributed to a
high water/ TEOS ratio and addition of NaOH catalyst
instead of ammonia that favours formation of shorter CTAB
micelles [27]. Material MZ2 was synthesised using the
classical Stöber process that resulted in the formation of
large mesoporous spherical particles with sizes in the range
of 450–550 nm. Silica precursor TEOS was hydrolysed in
an ethanol-water mixture in the presence of ammonia as a
catalyst. The Ca and Zn that were previously added in the
ethanol–water solution, were partially incorporated into the
silicon oxygen network to form BG sol nanoparticles. Then,
the vast quantities of BG sol nanoparticles interacted with
the rod–like CTAB micelles through electrostatic interac-
tion, resulting in the formation of BG–CTAB complexes.
To reduce the overall energy, the BG–CTAB complexes
aggregated to form spherical structure in the ethanol–water
solution under stirring [43, 44]. After calcination, CTAB
was removed, and mesoporous bioactive glass spheres of
450–550 nm were obtained. The particle size depends on
the rate of two processes, the hydrolysis that affects
nucleation and TEOS condensation; lower hydrolysis rate
and higher condensation rate results in large particles [34].
Large particles were produced as a result of ethanol’s sup-
pression of TEOS hydrolysis. The same is true for other
alcohols like propanol and ethylene glycol, although pro-
panol can produce particles as large as about 200 nm [45].
There are both synergistic and antagonistic interactions
among the experimental variables (ethanol, water, TEOS,
and ammonia concentrations), which also vary depending
on their respective concentration ranges. A comprehensive
multivariate study on the impact of reaction parameters on
particle size could provide more insight into the proper
combinations to control both size, Zn incorporation and
dispersibility.

Fig. 7 Determination of inhibitory activity of Zn-MBGs against P. intermedia and P. gingivalis by CFU assay. The CFU assay further verified the
antibacterial activity of MZ2
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MZ3 material was synthesised by the emulsion assisted
sol-gel process in accordance to the protocol of Neščáková
et al. [22] As it is commonly considered, this method allows
the production of particles with uniform compositions and
good dispersity, as well as the inclusion of metal ions. The
size of MBGs could range from 28 nm to 250 nm [46], and
by varying the proportion of aqueous ammonia utilised,
they could acquire a spherical or pineal-like shape. In brief,
in the presence of hydrophobic ethyl acetate (EA) mole-
cules, the CTAB micelles will self-assemble with EA to
form oil in water microemulsion droplets. The oil phases
may serve as barriers that stop the nanoparticles from
aggregating, while the surfactants stabilise the microemul-
sion droplets [12]. Specifically, MBG-Zn nanoparticles,
synthesised by Neščáková et al. had spherical (ovoidal)
shape and size of about 130 nm, and they were well-
dispersed. The particles, obtained in our study were of size
of 10–13 nm and were mostly aggregated. Notably, the
synthesis protocol of Neščáková et al. differs in TEOS/ EA/
water ratios, as compared to classical protocol of Liang
et al.[46], applied elsewhere, that might partially explain
divergences in the obtained results.

For drug delivery applications controlling the size and
shape of mesoporous bioactive glasses is crucial, as they
directly affect their transport within body, their interactions
with cells and, the kinetics of drug release [21]. In general,
spherically shaped particles exhibit superior injectable and
cohesive qualities and are preferred over irregularly shaped
ones [21, 28]. Hydrodynamic stability in the bloodstream is
achieved by keeping the drug carrier’s particle size between
50 and 300 nm; particles smaller than this would tend to
disperse non-specifically throughout the body because of
microscopic intercellular gaps in the normal blood vessel
walls, while particles larger than this would be entrapped in
the liver and lungs [28].

The apatite forming ability of all three materials was
tested through immersion to simulated body fluid with ion
concentrations almost the same to those of human blood
plasma [31]. The mechanism of bioactivity, according to
Larry Hench [47], involves five sequential steps: glass
dissolution, ionic exchange between the biological medium
and the glass surface, repolymerization of surface’s silica-
rich layer, followed by precipitation of amorphous calcium
phosphate, and its crystallising into carbonated hydro-
xyapatite (CHA) layer. As it was previously reported, silica-
based mesoporous bioglasses form hydroxyapatite layer
within only 1 day, due to quick dissolution and porous
texture of these material [48]. In our study, all three mate-
rials containing Zn did not form hydroxyapatite even after
21 days of immersion to SBF solution, according to FTIR,
XRD and SEM data. As reported, the addition of zinc into
bioactive glass in concentration exceeding 5% has been
shown to retard the formation of hydroxyapatite[41, 49, 50].

This can be attributed to several factors. First of all, in the
bioactive glass structure, ZnO can function as an inter-
mediate oxide or as a network modifier [51], reducing glass
solubility. [52, 53]. Secondly, Zn2+ ions can be adsorbed
on the active hydroxyapatite nucleation sites and sub-
stantially inhibit crystal growth [40]. In consistency with
our findings, Neščáková et al. reported that Zn-containing
MBG was not bioactive after 14 days of soaking in SBF
[22]. Notably, the intensity of ZnO patterns was decreased
after SBF soaking in MZ2 material, which probably resulted
from either the formation of the calcium phosphate
amorphous precipitates on the surface of nanoparticles or
some dissolution of the ZnO nanoparticles in the SBF
medium [40].

The evaluation of hemocompatibility is essential for
nanoparticles, which are intended to be used for drug
delivery particularly via intravenous administration [54].
However, it is also important to test the haemolytic potential
of any material, that will be implanted in the human body,
especially when it is nano-dimensional. The haemolysis
assay gives a clear notion of the adverse effects of nano-
particles that destroy red blood cells. RBC disintegration is
associated with release of toxic forms of haemoglobin,
which can cause oxidative stress and pro-inflammatory
responses in tissues [55]. According to the ASTM standard
(ASTMF-756-08, 2009) materials with in vitro haemolysis
up to 2% are classified as non-haemolytic, while materials
with haemolysis percentages between 2 and 5% are classi-
fied as moderately haemolytic. Only substances that cause
haemolysis above the 5% threshold are categorised as
haemolytic [56]. Numerous studies have demonstrated that
haemolytic activity of mesoporous nanoparticles depends
on concentration, their size and shape, surface area, porosity
and surface charge, more importantly, on surface silanol
content [57, 58]. Although there are quite controversial data
in the literature regarding the impact of size on haemolytic
activity, it is likely that smaller nanoparticles have higher
haemolytic potential. We suppose that the haemolytic
activity of MZ3 material could be attributed to its small
particle size (~10 nm), that probably caused direct physical
disrupting of RBCs membranes. In contrast, MZ1 and MZ2
materials presented no haemolysis at all the tested con-
centrations due to larger particle sizes, and, thus, it is
expected that will not cause local inflammatory reactions in
tissues, associated with lysis of RBCs.

MTT assay was performed in direct contact with PDLCs.
In vitro nanoparticle biocompatibility with specific cell lines
depends on their physicochemical properties (chemical
composition, size, shape, surface chemistry and charge), as
well as the concentration of the nanoparticles, and the
exposure time. All three materials were biocompatible, and
showed cell viability above 80%. The MZ1 material showed
the highest cell adhesion/proliferation rates, even though it
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had the highest ZnO content among all the tested materials
(9.63%). The majority of reports so far have concentrated
on the cytocompatibility of glasses with low ZnO contents
(3–8 mol.%). Cell culture studies with materials’ extracts on
mouse embryonic fibroblast cells (MEF), human dermal
fibroblast (NHDF) cells showed no harmful effects on cells
proliferation and even promoted differentiation of human
osteoblast-like cells (MG-63, HOS) [22, 23, 25].

On the other hand, high quantities of zinc oxide (ZnO) in
bioactive glasses have been shown to be harmful both
in vitro and in vivo, although the exact mechanism of
toxicity is still unknown. According to some research, the
ZnO disintegrates to produce Zn2+ , which is more
hazardous than ZnO nanoparticles. Cell death is the result of
lysosomal and mitochondrial damage caused by the dis-
ruption of cellular Zn homoeostasis after ZnO breakdown.
The generation of reactive oxygen species (ROS) and the
oxidative stress that follows could be another pathway.
Adenosine triphosphate (ATP) depletion in cells may result
from zinc’s inhibition of important enzymes in the
glycolytic process [2]. Thus, cytotoxic effects of MBG
containing 20% ZnO for mesenchymal stem cells has been
reported [24].

Antibacterial activity of Zn doped bioglasses is usually
investigated in the context of hospital acquired diseases
management as an alternative for antibiotic resistant
microflora. Sanchez-Salcedo et al. reported antimicrobial
activity against St. aureus and good biocompatibility of the
scaffolds with 4 mol% ZnO addition [59]. Very good anti-
microbial activity against P. aeruginosa and B. subtilis
strains was achieved by Zn containing MBGs doped with
5% mole ZnO [41]. It is reported that Gram-positive bac-
teria are more susceptible to ZnO. These are in accordance
with the findings of Sergi et al. who did not observe any
inhibitory effect of ZnO included bioactive glasses (2, 3.8,
and 5 mol%) against the Gram-negative species E. coli and
P. aeruginosa, but found out dose-dependent antibacterial
behaviour against S. epidermis [60].

To effectively treat peri-implantitis and periodontal
disease it is essential to eliminate polymicrobial com-
munities of subgingival biofilms, that become pathogenic
when key bacterial species like P. gingivalis an P.
intermedia are present, creating a protective, matrix-
embedded network that is immune system-resistant and
resistant to antimicrobial agents. Recently, Esfahaniza-
deh et al. have investigated the efficacy of Zn containing
sol-gel derived BG in improving the antibacterial prop-
erties against periodontal pathogens. The authors repor-
ted weak biofilm formation for Zn/BG through measuring
the optical density (OD) at 570 nm wavelengths, while
BG formed a partially adhered biofilm layer on the sur-
face [19].

In this study we utilised two complementary methods to
evaluate antibacterial activity: liquid broth dilution method
and CFU assay. Liquid broth dilution method provides
quantitative data for the antibacterial activity of the tested
materials, guiding the effective treatment dose in the clinical
setting. Moreover, the applied media contained all the
necessary components for bacteria growth, to further
resemble to the clinical conditions MZ2 material showed
the highest antibacterial activity among all the tested
groups, mostly against P. intermedia. This might be
attributed to the presence of ZnO nanocrystals in its com-
position. According to some theories, ZnO may have anti-
bacterial properties through breaking down the membrane
of the bacterial cell, producing intercellular reactive oxygen
species (like H2O2) that can interact with bacterial cells and
causing a marked increase in reactive oxygen species (ROS)
in the bacterial cytoplasm [60]. However, in anaerobic
conditions the exact mechanism of antibacterial action
remains unclear.

Nanoparticle-based approaches in treatment of period-
ontitis and peri-implantitis could potentially solve the pro-
blem of bacterial resistance and simultaneously promote
periodontal tissue regeneration and osteogenic repair. For
instance, metal oxide nanoparticles (Ag2O, CuO, ZnO,
Ti2O, etc.) exhibit strong non-specific action against bac-
terial membrane, however their cytotoxicity and toxic
accumulation in cells, are the limitations for their further
clinical translation [61]. Significant advantages of Zn-
MBGs obtained in our study is their reduced cytotoxicity, as
compared to ZnO nanoparticles [62], and their drug-loading
capacity. As reported, Zn doped BGs also can be used as
complementary strategy to reduce the doses of antibiotics.
Using formulation 80SiO2-15CaO5P2O5 (mol%), Heras
et al. loaded two types of mesoporous bioactive glass
scaffolds (undoped and 4% ZnO doped) with four distinct
antibiotics: levofloxacin, vancomycin, gentamicin, and
rifampicin. Studies on bacteria in vitro, showed that zinc
ions and antibiotics worked synergistically against S. aureus
and E. coli [63].

In this way, ZnO containing MZ2 material, synthesised
by the modified Stöber method with ethanol addition could
be a material of choice for periodontal therapies as an
alternative to conventional antibiotics. e.g. as component of
antibacterial gels applied locally after dental root/implant
surface decontamination. Furthermore, it could be a pro-
mising biomaterial for periodontal tissue engineering in
preparation of scaffolds, bone filling granules, bone cements
and antibacterial implant coatings. Further research on its
combination with other antibacterial substances, its osteo-
genic potential, and antibacterial action against other
resistant pathogens will be needed to expand their appli-
cation for orthopaedics and orofacial surgery.
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5 Conclusions

In this study, we synthesised three Zn containing mesoporous
bioactive glass materials with the same nominal molar com-
positions using three modifications of the sol-gel method.
MZ1 and MZ3 materials were fully amorphous, while MZ2
material contained nano ZnO crystallised within the amor-
phous network. Particles’ size ranged from approximately
10 nm to 550 nm. MZ1 and MZ2 materials, produced by two
modifications of modified Stöber method exhibited enhanced
surface characteristics with large surface area (726.9 m2/g and
634.4 m2/g) and pore volume, exceeding 2–3 times analogous
materials reported in literature. Addition of ZnO suppressed
bioactivity of all the specimens, while cell culture studies with
PDLCs showed that all the materials were cytocompatible.
Their different physicochemical characteristics had an impact
on their hemocompatibility-MZ1 and MZ2 materials were
haemocompatible, while MZ3 caused lysis of erythrocytes.
MZ1 material due to small size (~50 nm), spherical shape and
hemocompatibility could be potentially utilised for intravenous
drug delivery, taking advantage of its unique porous structure
to load drugs, biomolecules and growth factors. Novel MZ2
material showed increased antibacterial activity against P.
intermedia that could be ascribed to the presence of crystalline
zinc oxide. In conclusion, among the ones investigated MZ2
has a favourable combination of properties which is worth
additional investigation, e.g. in vivo tests, for potential use in
regenerative dentistry.
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