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Abstract
Zn-MOF/bioactive glass nanoparticles were successfully prepared using quick–alkali-modified sol–gel and tested for gen-
tamicin drug delivery. Samples of 0 and 0.8 mol% Zn MOF contents (BG and BG/Zn MOF, respectively) were characterized 
using XRD, FTIR, TEM, and SEM/EDX. In addition, zeta characteristics and surface area parameters were also evaluated. 
Moreover, the cell viability of the prepared samples was tested against the osteosarcoma MG-63 cell line to evaluate the 
ability of prepared samples for bone regeneration. In addition, the antimicrobial activity of glass samples with and without 
antibiotics was determined against different microorganisms. Finally, the samples were loaded with gentamicin drug, and 
drug release profile and kinetics were studied too. XRD and FTIR results confirmed the physicochemical properties of the 
prepared samples. TEM results showed that particles were in the nano-sized range in both samples; however, the presence 
of Zn MOF increased the dispersity of particles. Both samples were bioactive, as indicated by hydroxyapatite formation on 
their surfaces. Cytotoxicity estimation of prepared materials exhibited their safe and nontoxic nature. BG/Zn MOF sample 
demonstrated prolonged drug release and excellent antimicrobial activity in comparison to BG alone. Therefore, the present 
study provides promising preliminary results regarding the usage of BG/Zn MOF nanoparticles loaded with gentamicin as 
an effective approach for bone regeneration.
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Graphical Abstract

Highlights

•	 Bioactive glass doped with zinc-based MOF nanoparticles was prepared and characterized.
•	 In vitro bioactivity, antibiotic release profile, and antimicrobial properties were evaluated.
•	 Cytotoxicity on osteoblast-like cells was estimated.
•	 The produced nanoparticles showed a long-term release of gentamicin drug.
•	 The prepared materials had no toxic effect on cells and could be safely used as biocompatible materials for bone regen-

eration.

Keywords  Nano bioactive glass (BG) · Zn/MOF · Sol–gel · Drug delivery · Cytotoxicity

1  Introduction

Bone is a very dynamic tissue with an intrinsic capacity 
for self-regeneration [1]. Nevertheless, bone self-healing is 
extremely impeded in large bone defects caused by tumors, 
necrosis, osteoporosis, and bone infection [1, 2]. Therefore, 
orthopedic devices or bone grafting materials must be used 
in these situations. However, micro-organism adhesion to 
grafting materials is a main cause of implant failure. Implant 

infection is a severe problem that leads to bone tissue 
destruction and several replacement surgeries [1–5].

Antibiotics are generally used to treat bone infections, but 
long-term systemic antibiotics can lead to several problems. 
Consequently, alternative strategies for delivering antibiotics 
locally or targeting antibacterial nanoparticles to the infected 
site should be used to combat infections [3–5].

In the literature, bioactive glasses are used in differ-
ent biomedical applications, such as hard and soft tissue 
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regeneration as well as drug delivery systems [6–8]. Bio-
active glasses have unique properties in terms of excellent 
bioactivity and biocompatibility, which makes them useful 
in the fields of scaffold construction and pharmaceuticals 
[9]. The properties of bioactive glasses are highly dependent 
on their composition and preparation methods. By adjusting 
the compositional elements, we can control glass bioactivity, 
biocompatibility, degradation rates, and biological applica-
tion possibilities [10, 11]. In the same context, by tuning 
preparation methods, we could obtain different systems 
with different shapes, porosities, and several sizes ranging 
from micron size to nano-sized glasses. However, bioac-
tive glasses have some drawbacks, such as low mechanical 
strength, fracture toughness, and brittle nature.

These restrictions decrease the use of bioactive glass as a 
pure material. Therefore, bioactive glass was doped by other 
materials to enhance its properties. Recently, metal–organic 
frameworks (MOFs) have committed strenuous interest in 
biomedical applications owing to their excellent biocom-
patibility and biodegradation, stability, and ability to be 
functionalized [12–14]. Besides, MOFs are promising drug 
delivery systems for their tunable porosity, larger surface 
area, and great biodegradability [12, 15, 16].

Zn-based MOFs could be used to control the degradation 
rate of bioactive glass, adjust drug delivery, and increase 
strength. Moreover, the presence of zinc is very important. 
Zinc (Zn) is an essential mineral that is a component of more 
than 300 enzymes and it is involved in cell proliferation, 
differentiation, and survival. Zinc has antibacterial and anti-
inflammatory properties. It has a great role in bone metabo-
lism; zinc can enhance DNA in osteoblasts and reduce bone 
resorption activity. Furthermore, Nano-ZIF-8 film increased 
alkaline phosphatase activity, extracellular matrix minerali-
zation, and osteogenic gene expression, according to previ-
ous studies [12, 15, 16]. Therefore, we can predict that the 
addition of Zn/MOF to BG may aid in the bone regeneration 
process.

Herein, we will fabricate nanoscaled Zn-MOF/bioactive 
glass composite for drug delivery applications, and investi-
gate their physicochemical properties, in vitro apatite form-
ing ability, cell biocompatibility, and antimicrobial effect.

2 � Experimental method

2.1 � Materials

Tetraethyl orthosilicate (TEOS), calcium nitrate tetrahydrate 
(Ca (NO) 3·4H2O), and triethyl phosphate (TEP) all ≥ 98% 
and purchased from Fluka (Buchs, Switzerland). Ammonia 
solution, 33%, and nitric acid, 68%, were purchased from 
Merck, USA. Both nitric acid and ammonia solutions were 
diluted to 2 M using distilled water.

2.2 � ZIF‑8 fabrication

ZIF-8 nanoparticles (Zinc MOF, zinc methylimidazolate, 
2-methylimidazole zinc salt) were previously prepared and 
fully characterized as described in Moaness et al. [17].

2.3 � Preparation of nano bioactive glass (BG) 
and BG/Zn MOF

Nano bioactive glasses and BG/Zn MOF in the 60 SiO2–10 
P2O5–(30–x) CaO–(x) ZIF-8 nanoparticles (x = 0 and 0.8% 
mol%) system, with codes and compositions illustrated 
in Table 1, were fabricated through quick alkali-modified 
sol–gel technique [18]. First, TEOS, distilled water, and 2 
M nitric acid (as a hydrolysis catalyst) were consecutively 
mixed in ethanol and the mixture was allowed to react for 
60 min under continuous magnetic stirring for the acid 
hydrolysis of TEOS. Then, the suitable amounts of a series 
of reagents were added in the following sequence: TEP, 
Ca(NO3)2·4H2O, and ZIF-8 nanoparticles, allowing 30 min 
for each reagent to react completely.

The molar ratio of water/TEOS is fixed at 12/1, the ratio 
of H2O/Ethanol is 1/1, and the volume ratio of water/nitric 
acid is fixed at 6/1 [19]. To prevent particle aggregation, 
the mixture was then transferred into a standard ultrasonic 
bath operating at a frequency of 50–60 kHz, 100–200 W, 
and then, 2 M ammonia solution (a gelation catalyst) was 
dropped into the mixture under constant stirring. The gela-
tion of the mixture took place in a few minutes. Finally, the 
prepared gels were dried at 60 °C for 2 days in a drying oven. 
The dry gel powders were calcined at 700 °C for 3 h. The 
calcination's heating rate was set at 3 °C/min.

3 � Characterization of prepared samples

The morphology and size of the prepared BG as well as BG/
Zn MOF were examined using high-resolution transmission 
electron microscopy (HR-TEM) (JEM-2100, Jeol, Japan). To 
form a diluted suspension, we ultrasonically dispersed the 
powder samples in 10 ml of distilled water, and then, small 
drops of this suspension were dropped on the surface of 
copper grids that were allowed to air dry on the surface of a 

Table 1   Codes and composition of the prepared samples

Sample code Composition (mol %)

SiO2 CaO P2O5 ZIF-8 
nanopar-
ticles

BG 60 30 10 0
BG/Zn MOF 60 29.2 10 0.8
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filter paper. The grids were placed in the grid box and exam-
ined by the TEM machine. The samples were also imaged 
using scanning electron microscopy. In addition, elemen-
tal analyses were conducted on the above-selected samples 
using energy dispersive X-rays (EDX) analysis.

The characterization of the physicochemical nature of the 
prepared samples was performed using X-ray diffraction analy-
sis (XRD) the XRD was carried out at a 2θ (Bragg angle) of 
5–80°, using a Bruker D8 Advance X-ray diffractometer (Ger-
many). The diffraction patterns were recorded at a voltage of 
40 kV with a current of 40 mA, using copper (Kα) radiation 
(1.5406 Å).

The functional groups of the two synthesized samples BG 
and BG/Zn MOF were evaluated using Fourier transform 
infrared spectroscopy (FTIR). The functional groups were 
determined in 400–4000 cm−1 wavenumber range at room 
temperature (25 °C) at a resolution of 4 cm−1 employing 
Fourier transform infrared spectrophotometer (model FT/
IR-6100 type A).

The evaluation of surface charges of the synthesized 
samples was assessed using Zetasizer (Nano ZS, Malvern 
Instruments Ltd, UK). The prepared BG and BG/Zn MOF 
were individually suspended in distilled water, sonicated 
for 30–60 min, and forced to pass through a micro-filter 
(0.22 μm). Filtered sample suspension was transferred to 
a measuring cell (DTS1060, Malvern). For data analysis, 
specific software (Version 4.0) was utilized. An electric field 
was applied.

In addition, surface area parameters were developed using 
nitrogen adsorption–desorption isotherms of an automatic 
analyzer (Quantachrome Nova 8, Automated Gas Sorption 
System, and Version 1.12).

4 � Assessment of bioactivity

In vitro bioactivity evaluation was determined by immersing 
the prepared samples (BG and BG/Zn MOF) in a simulated 
body fluid (SBF), a water solution of various inorganic ions 
in a concentration close to that in human blood plasma, for 
estimating the formation of hydroxyapatite on the surface of 
the immersed samples. After 4 weeks of immersion in SBF, 
the discs were removed and characterized by SEM coupled 
with EDX, and Fourier transform infrared spectra (FTIR).

Different discs of BG and BG/Zn MOF samples were 
immersed into SBF and incubated at 37 °C, pH 7.4 for dif-
ferent periods (1, 3,7, 14, and 28 days). At the predetermined 
periods, the ionic components liberated from samples into 
SBF were measured either by a spectrophotometer or ICP 
(inductively coupled plasma). Moreover, pH changes were 
also examined at the same periods.

5 � In vitro assessment of drug loading 
and release

Gentamicin sulfate was used as a drug model. It is a broad-
spectrum antibiotic for gram-negative and gram-positive 
bacteria [20]. The drug was loaded into BG and BG/Zn 
MOF nanoparticles by immersing 0.05 g glass powder in 
10 ml of gentamicin solution (0.4 mg/ml) for 24 h under 
stirring. Subsequently, the glass powder was collected 
using filter paper and dried at 60 °C. The amounts of loaded 
drug were calculated using UV/Vis spectroscopy (UNICO 
UV2000) at wavelength 232 nm.

The drug release was determined at 37 °C up to 28 days. 
The drug release profile was calculated by soaking drug-
loaded samples in 10 ml of phosphate-buffered solution 
(PBS, pH 7.4). 2 ml of PBS was collected at the predominant 
time (1, 3,6,12 h, 1, 2, 4, 7,10,14,28 d), then replaced with 
2 ml of fresh phosphate buffered solution. These samples 
were kept at 20 °C for further investigation. The amount of 
released drug from samples as well as the calibration curve 
was estimated using a UV spectrophotometer at a wave-
length of 232 nm.

6 � Cytotoxicity assessment

Human osteosarcoma (MG63) cells were used to evaluate 
the cytotoxicity of the samples. MG63 cells were obtained 
from Nawah Scientific Inc., (Mokatam, Cairo, Egypt).

Cell viability was assessed with the aid of SRB assay. 
Cell viability becomes assessed via SRB assay. Aliquots of 
100 μl cell suspension (5 × 103 cells) have been plated in 
96-well plates and incubated in whole medium for 24 h. 
Cells were treated with some other aliquot of 100 dμL media 
containing numerous concentrations of the drug. After drug 
exposure, cells were fixed by way of changing media with 
150 μl of 10% TCA and incubated at 4°C for 1 h. The TCA 
solution turned into eliminated, and the cells were washed 
5 times with distilled water. Aliquots of 70 μl SRB solution 
(0.4%w/v) have been added and incubated in a dark area at 
room temperature for 10 min. Plates were washed 3 times 
with 1% acetic acid and allowed to air-dry overnight. Then, 
150 μl of TRIS (10 mM) was added to solubilize the pro-
tein-bound SRB stain; the absorbance was measured at 540 
nm using a limitless F50 microplate reader (TECAN, Swit-
zerland). The study protocol was approved and examined 
according to the ethical guidelines of the medical research 
Ethics Committee of the National Research Centre, Dokki-
Egypt. Approval number: 34110723.
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7 � Assessment of antimicrobial efficacy of BG 
and Zn MOF/BG

Antimicrobial activities of BG, Zn MOF/BG, drug @BG, 
drug @ BG/Zn MOF, and drug alone were tested quali-
tatively against a variety of human pathogens. The tested 
microbial cultures were gram-positive bacteria (Staphy-
lococcus aureus ATCC 6538), gram-negative bacteria 
(Escherichia coli ATCC 25922), and pathogenic yeast (Can-
dida albicans ATCC 10231). These microbial species were 
delivered by the American Type Culture Collection (ATCC, 
Rockville MD, USA) and Northern Utilization Research and 
Development Division, United State Department of Agricul-
ture, Peoria, Illinois, USA (NRRL). The microbial cultures 
were prepared from fresh overnight broth cultures using a 
nutrient broth medium that was incubated at 37 °C.

The inoculum volume of this pathogenic strain was pre-
pared and adjusted to approximately 0.5 McFarland standard 
(1.5 × 108 CFU/ml) [21], and a 25.0 μl inoculum volume of 
each microorganism strain was inoculated separately into each 
plate containing 20.0 ml of sterile nutrient agar (NA) medium. 
In addition, 25.0 μl of each of the bacterial and fungal suspen-
sions were inoculated separately into each 100.0 ml conical 
flask containing 25.0 ml of sterile nutrient broth (NB) medium. 
The samples were applied After the media cooled and solidi-
fied on a 0.9 cm well of that inoculated agar plates which were 
organized formerly utilizing 1.0 cm cork borer applying the 
Well Diffusion Method, in this technique each well was filled 
with 100.0 µl of every sample one after the other [22]. These 
inoculated plates were located within the refrigerator for 1 h 
for extra diffusion of those samples, followed by incubation at 
37 °C for 24 h, and then antimicrobial activity was estimated 
three times as inhibition zone diameter in millimeters.

7.1 � Statistical analysis

Three samples were used for each of the quantitative experi-
ments with each measurement finished in duplicate to verify 
the reproducibility. Every parameter was expressed as the 
mean of all values and their standard deviations. Statistical 
analysis is completed using one way ANOVA test. Values 
of p < 0.05 had been taken into consideration as significant 
(*) and p < 0.0001 had been considered very significant (**).

8 � Results and discussion

8.1 � Particle size analysis via transmission electron 
microscopy (TEM)

The morphology and particle size of BG and BG/Zn MOF 
were determined via HR-TEM, as indicated in Fig. 1. In 

both samples, all particle sizes were in the nano-scale range 
(below 100 nm).

Figure 1a, b illustrates that the BG sample contains nano-
particles in the size range from 8 to 35 nm. The incorpora-
tion of Zn/MOF into BG has increased the size of particles 
to become in the range of 20–90 nm. Moreover, it increases 
the dispersity of particles, as shown in Fig. 1d, e.

Micrographs showed the amorphous nature of BG, as 
exhibited in Fig. 1c, and the crystallinity of BG/Zn MOF 
(Fig. 1f), as demonstrated by lattice planes with d-spacing 
values from 2 to 6 nm.

8.2 � Structural analysis

The XRD patterns of prepared samples are presented in 
Fig. 2a.There was no crystal phase and both samples have 
an amorphous structure. There was a diffuse halo between 
12 and 22° (2θ), this halo refers to amorphous silica [23]. 
Another weak peak observed at 2 θ = 31.7° can be attributed 
to the formation of the orthophosphate regions during syn-
thesis, as reported in previous studies with the same compo-
sition [24]. These findings suggest that even after Zn/MOF 
was incorporated into BG, the predominantly amorphous 
structure was maintained. meanwhile, there is a weak peak 
in BG/Zn Mof appeared at 2θ = 11.7° related to Zn/MOF as 
reported in [25, 26].

FTIR spectra are shown in Fig. 2b. The results indicate that 
all samples have comparable FTIR spectra, and the incorpora-
tion of Zn/MOF into BG does not alter the structure of samples. 
FTIR spectra have wavenumbers at 460, 558, 600, 797,950, 
and 1064 cm−1. Si–O bending can be seen at wavenumber 
460 cm−1. The band at 1064 cm−1 refers to P–O antisymmetric 
stretching which could have overlapped with that of Si–O–Si 
asymmetric stretching, while symmetric stretching of Si–O is 
observed at wavenumber 797 cm−1. The shoulder around 950 
cm−1 could be related to Si–O bonds containing non-bridging 
oxygen (Si–O–NBO) [18, 19, 27]. Finally, 558 and 600 cm−1 
are due to orthophosphate groups [24].

8.3 � Zetasizer characterizations

To evaluate the stability of particle suspensions, surface 
charge measurements were determined for all the prepared 
samples loaded with gentamicin and drug-free NPs.

Zeta potential values were negative for all examined sam-
ples, as illustrated in Fig. 3. Negative charge zeta potential 
is an essential issue for cell adhesion, protein adsorption, 
and good drug delivery as described previously [28–32]. 
Moreover, zeta potential values indicated that all nanoparti-
cles have good colloidal stability either with or without the 
drug. In the literature, zeta potential is considered stable if it 
has values above + 30 mV or less than − 30 mV [33].
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In drug-free nanoparticles, the zeta potential values 
were  − 15.2 and − 15.3  mV for BG and BG/Zn MOF, 
respectively. After drug-loaded nanoparticles, the zeta 
potential values were − 2.86, − 15.9, and − 15.5 mV for 
gentamicin, BG loaded with drug, and BG/Zn MOF loaded 
with drug, respectively.

8.4 � Surface area parameters evaluations

Specific surface area measurements are critical param-
eters for drug delivery systems, because they dictate vari-
ous aspects such as pore size and volume, which govern 

Fig. 1   TEM micrographs and diffraction pattern recorded for BG (a–c) and BG/Zn MOF (d–f)

Fig. 2   a XRD analysis b FTIR of the prepared samples BG and BG/Zn MOF
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the characteristics and behavior of drug loading and release 
from porous nanomaterials [34, 35].

Figure 4 illustrates the nitrogen adsorption–desorption 
isotherms and pore size distribution of BG and BG/Zn 
MOF samples. As shown in Fig. 4a, c, both samples had 
mesoporous structures of the type IV isotherm, according 
to IUPAC classification. In addition, the pore width is in 
the range of 2–40 nm (see Fig. 4b, d), the pores are charac-
terized by H3-type hysteresis loop, for nanomaterials (non-
regular, slit-shaped, and interconnective pores) [36].

Specific surface area, pore diameter, and total pore vol-
ume of prepared samples are illustrated in Table 2. Specific 
surface area values had increased to 138.451(m2/g) by add-
ing zinc MOF nanoparticles to BG in comparison to BG 
alone (128.651 m2/g), as presented in Table 2.

This large surface area is very important for tissue regen-
eration, cell proliferation, and migration [37]. Moreover, it is 
a vital parameter for drug loading and release from porous 
nanomaterials [34, 35].

The average pore diameter reported for nanoparticles was 
4.08, and 3.8617 nm for BG and BG/Zn MOF, respectively. 
It was observed that the pore size was slightly increased 
after adding zinc MOF to bio-glass. On the other hand, the 
total pore volume reported for BG and BG/Zn MOF nano-
particles was 0.618484 and 0.527947 (cm3/g), respectively, 
which approves higher pore volumes for both samples espe-
cially those containing zinc MOF. In general, the total pore 

volume decreases as surface area increases as described in 
other papers [17, 38].

8.5 � Scanning electron microscope with EDX 
before SBF immersion

Figure 5 represents the SEM micrographs and corresponding 
EDX spectra of BG and BG/Zn MOF Samples before SBF 
soaking. The surface in the BG sample showed a heteroge-
neous surface with random particles. However, the sample 
containing Zn MOF revealed a more homogenous surface, as 
illustrated in Fig. 5. The EDX spectrum shows the presence 
of Si, P, and Ca as the main elements of glass composition, 
while in BG/Zn MOF sample, the main elements are Si, P, 
and Ca in addition to Zn.

8.6 � In vitro bioactivity evaluation

8.6.1 � SEM/EDX after SBF soaking

SEM micrographs of the surface of prepared samples BG and 
BG/Zn MOF in addition to EDX analysis, after immersion 
for 4 weeks in SBF, are shown in Fig. 6. As illustrated from 
micrographs, spherical particles fully covered the surface of 
both samples. The EDX analysis for these figures illustrated 
that these layers may be stoichiometric apatite with a Ca/P 

Fig. 3   Zeta potential distribution for prepared samples with and without drug
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ratio of 1.85, and 1.76 for BG and BG/Zn MOF, respectively. 
The presence of Zn MOF improved hydroxyapatite forma-
tion and caused Ca/P to approach stoichiometric apatite value 
(Ca/P = 1.67). Ion dissolution from glass samples initiates the 
formation of hydroxyapatite layer [39].

8.6.2 � FTIR analysis after SBF immersion

FTIR spectra of the prepared samples after 4 weeks of SBF 
soaking are exhibited in Fig. 7. Both samples illustrate the 
creation of an apatite layer as showed by the presence of 
characteristic bands of hydroxyapatite [40–42].

After SBF treatment, there are new peaks developed for 
carbonate modes (C–O v 3), and (C–O v 2) that appeared 
at 1413 and 870 cm−1, respectively. In addition, the clar-
ity and intensity of the phosphorus-characteristic bands 
increased. (P–O Bend-Crystalline), (P–O Bend-Amor-
phous), [P–O (v1)] and [P–O (v3)], appeared at wavenum-
bers 560, 602, 960, 1025 cm−1, respectively. These results 
confirmed the formation of crystalline hydroxyapatite on 
BG and BG/Zn MOF disks.

Fig. 4   Isotherm and pore size distribution of a, b BG and c, d BG/Zn MOF nanoparticles

Table 2   Pore diameter, specific surface area, and total pore volume 
for prepared nanoparticles

Sample Pore diameter 
(nm)

Specific surface 
area (m2/g)

Total pore 
volume 
(cm3/g)

BG 3.8349 128.651 0.618484
BG/Zn MOF 3.8617 138.451 0.527947
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Fig. 5   SEM micrographs and 
corresponding EDX spectra of 
BG and BG/Zn MOF Samples 
before SBF soaking

Fig. 6   SEM photos and corresponding EDX spectra of BG and BG/Zn MOF samples after SBF immersion
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8.7 � Ion release and pH change analysis

The variation of concentrations of calcium, phosphorus, 
silica, and zinc ions, released from samples in SBF solu-
tion, as well as pH changes, is measured at different periods. 
Changes in SBF ion concentrations are examined as a sign 
of hydroxyapatite formation on sample surfaces.

Figure 8 shows the dissolution profiles of prepared BG 
and BG/Zn MOF samples in SBF at different periods. It is 
related to the concentrations of the elements Ca, P, Si, and 
Zn as well as the change in pH values. As shown in Fig. 8a, 
there is a rise in calcium ion concentration during the first 
three days reaching the highest values of 27.4 and 24.5 ppm 
for BG and BG/Zn MOF, respectively. After 4 weeks of 
immersion, the calcium ion concentration decreased to 11.8 
and 13.6 ppm for BG and BG/Zn MOF, respectively.

The increase in ion concentration in the first three days 
may be due to the exchange of calcium ions with H+ or H3O+ 
ions in the solution. The subsequent decrease in calcium ion 
concentration may be due to the deposition of Ca+2 ions on 

the surface of the as-prepared materials due to the negative 
charge attraction of Si–OH groups [43].

Figure 8b displays the change in phosphorus ion in SBF 
at different periods of sample soaking. For both prepared 
samples there is a significant decrease in P ion, reaching a 
minimum value of 1.16, and 0.84 ppm, for BG and BG/Zn 
MOF, respectively, after 7 days of soaking. After 4 weeks 
of immersion, the phosphorus ion, concentrations in both 
samples became close to each other (1.90 and 1.82 ppm for 
BG and BG/Zn MOF, respectively).

The appearance of Ca and P ions in the SBF solution 
is correlated with two opposed processes: the release of 
Ca and P from the glass network results in the increase of 
their concentration in the SBF; the consumption of Ca and 
P during the formation of apatite layer causes the decrease 
of their concentration. Thus, the change in Ca concentra-
tion indicates that the release of Ca ions is higher than their 
consumption in the early stage of soaking. The decrease in 
phosphorus ions, especially during the first soaking periods, 
indicates that the consumption of phosphorus in the forma-
tion of hydroxyapatite is higher than its release from the 
samples [44].

SBF primer fluid does not contain silicone. Silicon ions 
can appear in SBF due to the loss of soluble Si (OH)4 by 
breaking Si–O–Si bonds under glass lattice interactions with 
SBF liquid.

For the BG and BG/Zn MOF samples, as shown in 
Fig. 8c, the concentration of silicon released in the solution 
increased rapidly and reached the highest value (13.2 ppm) 
for the BG sample after 7 days, while for the BG/Zn MOF 
sample, it reached the highest value (13.8) after 10 days of 
soaking in SBF. For both samples at the end of the soaking 
time, the silicon ion concentration is very close (11 and 10.8 
ppm for BG and BG/Zn MOF, respectively).

The release of silicon ions signals the first stage of disso-
lution by breaking up the outer silica layers of the network. 
Solid silica dissolves in the form of monosilicic acid Si(OH)4 
in the solution resulting from the breaking of Si–O–Si bonds 
and the formation of Si–OH (silanols) at the glass–solution 
interface [44, 45].

For the sample BG/Zn MOF that contains Zn, the release 
of Zn ion in SBF is evaluated, as observed in Fig. 8d. It 
is clear from the figure that the soaking of BG/Zn MOF 
sample leads to the appearance of Zn ion in the SBF. The 
Zn ion concentration in SBF increased by time of soaking 
and reached to maximum value after 7 days of incubation 
(0.043 ppm). During the remaining period of incubation, 
the release of Zn ions decreased and reached to value of 
0.018 ppm after 28 days. This decrease in Zn ion during the 
latest period of soaking may be due to the precipitation of 
hydroxyapatite on the sample surface. Although the low Zn 
content in BG/Zn MOF sample is favorable from the view 

Fig. 7   FTIR spectra of the prepared samples after 4 weeks of SBF 
immersion
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of decreased toxicity, it is also attributed to the increased 
ability of hydroxyapatite formation in addition to its advan-
tageous antibacterial effect [39].

The pH of the SBF-incubated samples varied similarly 
(Fig. 8e), where the pH was raised in the first day of incu-
bation from 7.40 to about 8.15 ± 0.05 for BG sample and 
8.13 ± 0.02 for BG/Zn MOF. The increase in pH values con-
tinues until the tenth day (8.92 ± 0.09, and 8.80 ± 0.02 for 
BG, and BG/Zn MOF, respectively), then begins to decrease 
gradually until it reaches 8.26 ± 0.05 and 8.30 ± 0.03 for BG 
and BG/Zn MOF, respectively, at the end of soaking time. 
These findings could be explained as follows: at the early 
stages of incubation, the dissolution of samples takes place 

leading to Ca2+, and Si leaching out from samples, so pH 
increase occurs rapidly [39]; the Zn+2 release does not con-
tribute to change in pH due to its low content in BG/Zn MOF 
sample. The decrease in pH may be ascribed to Ca+2 ions 
precipitation on the surface of the samples due to the attrac-
tion of the negative charge of Si–OH groups [46].

8.8 � In vitro drug releasing kinetics in phosphate 
buffer solution (PBS)

Figure  9a represents the concentration of gentamicin 
loaded on BG and BG/Zn MOF. The results illustrate that 

Fig. 8   Ion concentration and pH changes at different periods for prepared samples
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gentamicin was successfully loaded onto both samples. From 
the figure, it was noticed that BG/Zn MOF nanoparticles 
adsorbed a slightly lower quantity of drug (0.1550 ± 0.005 
mg) than BG sample (0.1620 ± 0.0049 mg). However, the 
amount of loaded drug was non-significantly different.

Figure 9b represents the in vitro cumulative release pro-
file of gentamycin of BG and BG/Zn MOF samples for 28 
days. The drug release rate was affected by introducing 
Zn MOF nanoparticles to the BG sample, as indicated in 
Fig. 9b, c.

As shown in the figures, drug release occurs in two 
stages for all samples, beginning with a fast release 
caused by the rapid release of drug molecules at the mate-
rial surface as a result of the water attack and continuing 
with a slow release caused by persistent drug release via 
pores. Thus, long-term release behavior from samples was 
achieved. The fast release ended at 24 h and the second 
gradual release started for both samples.

The burst release during 24 h was about 30.74% and 
15.95% of the total amount of absorbed drug for BG and 
BG/Zn MOF, respectively; this burst release delivers 
plenty amount of drug doses that could terminate harm-
ful bacteria. By contrast, the subsequent gradual release 
prevents bacterial re-growth or spreading to other parts.

After 28 days, the final cumulative percentage of drug 
released was about 86.082% and 79.32% of the loaded 
drug for BG and, BG/Zn MOF, respectively, Fig. 9c.

It was observed that both samples were still loaded 
with more amount of drug for further release. Moreover, 
the BG/Zn MOF sample presented a relatively slower 
rate of liberation (it reached 79.32% at the end of soaking 
time). This behavior may be due to the sluggish collapse 
of the MOFs in based media as illustrated previously 
[47].

Therefore, both samples, especially BG/Zn MOF, could 
transport extra drug doses for long periods (> 28 days), 
which could be valuable for patients suffering from bacte-
rial bone infection disorder [48].

The drug release mechanism is defined by fitting the 
data by Higuchi model [49, 50] (Fig. 9d). All samples dis-
played good linear fitting with the Higuchi model, as can 
be observed from high values of R2 that nearly equal unity 
(0.9827 and 0.9970) for the BG and BG/Zn MOF samples, 
respectively. The drug was released at a rate of 3.037 and 
2.974 d−0.5 for the previous samples. This finding exhib-
ited that the drug release mechanism for both samples was 
examined through controlled diffusion.

Fig. 9   a Mass of loaded drug, b drug cumulative concentration release (mg/ml), c drug cumulative concentration release percentage, d fitting of 
drug data with Higuchi model
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Fig. 10   Cell viability percent against different concentrations of the 
prepared samples (p < 0.05)

8.9 � Cytotoxicity test

In vitro cytocompatibility studies were investigated to 
predict the biological reactions of materials when applied 
in vivo [51]. In vitro cell viability (SRB assay) studies 
were performed on human osteoblast-like cell cultures 
(MG-63), which have the same physiology and adhesive-
ness as human osteoblast cells [52]. The cell viability per-
cent against different concentrations (100 and 300 μg/ml) 
of BG and BG/Zn MOF samples are illustrated in Fig. 10.

At both concentrations 100 or 300 μg/ml, there was no 
cytotoxic effect for all samples. At 100 μg/ml, the percent-
age of viable cells was 101.07 ± 1.92 and 102.09 ± 2.41 for 
BG and BG/Zn MOF, respectively.

It is seen that the prepared materials enhance cell pro-
liferation, because they contain elements that have osteo-
genic properties [13, 15, 53]. Even at higher concentra-
tions (300 μg/ml), the prepared materials showed excellent 
biocompatibility, with the percentage of live cells reaching 
97.14 ± 0.82 and 96.79 ± 1.20 for BG and BG/Zn MOF, 
respectively.

The cell morphology was clarified by optical micro-
scope examination with sample concentrations; of 100 
and 300 μg/ml (Fig. 11). The results showed that all sam-
ples had no toxicity after 72 h of incubation. Where the 
untreated MG-63 cells were formed of union monolayer 
of spindle-shaped cells. Concerning control, no morpho-
logical variations were noticed in the osteoblast-like cells 
treated with prepared materials and cells spread well with 
a spindle-shaped appearance, rather than a round shape. 
Figure  11 demonstrates the survival of MG-63 cells. 
Therefore, all prepared materials were biocompatible, 

had no toxic effect on cells, and could be safely used as 
biocompatible materials for bone regeneration.

8.10 � In vitro antimicrobial behavior

The prepared samples (BG&BG/Zn MOF) were exam-
ined for antimicrobial activity with and without antibiotic. 
Table 3 and Fig. 12 illustrate the inhibition zone diameter 
(mm) of samples against various microorganisms. This test 
was performed on gram-positive and gram-negative bacteria 
(Staphylococcus aureus and, Escherichia coli), as well as 
antifungal activity (Candida albicans).

All samples exhibited the presence of an inhibition 
zone against all examined microorganisms either with or 
without gentamicin. When the drug was not used, the 
sample containing zinc MOF (BG/Zn MOF) had signifi-
cantly higher inhibitory activity than the sample contain-
ing glass-only (BG) for bacterial species (p < 0.05). How-
ever, for fungi, BG showed an increase in inhibition zone 
than BG–Zn MOF.

The inhibition zone diameters created by BG were 
15.33 ± 1.15, 11.00 ± 0.00, and 19.33 ± 1.15for Escheri-
chia coli, Staphylococcus aureus, and Candida albicans, 
respectively, while the zone caused by BG/Zn MOF was 
17.66 ± 1.15, 13.33 ± 3.21, and 16.33 ± 1.15, respectively 
(Table 3).

After mixing the prepared samples with the drug, 
the inhibition zone diameter was significantly increased 
(p = 0.03) for all samples against different microorganisms. 
This means that the drug kept its antimicrobial activity after 
binding to the prepared samples. The inhibition zones range 
from 25.66 ± 0.66 to 37 ± 1.15 mm. It is worth noticing that 
the sample containing MOF mixed with the drug had the 
greatest inhibition zones for all tested microbes.

This antimicrobial activity of samples is due to the libera-
tion of alkaline ions, such as calcium and zinc, that increase 
osmolarity, osmotic pressure, and pH of the culture media, 
hence affecting microbial growth [42]. Moreover, for BG/Zn 
MOF sample, the interaction of the prepared nanoparticles 
with the cell walls of fungi or bacteria causes leakage of 
Zn2+ ions. Consequently, this process leads to the forma-
tion of reactive oxygen species, which in turn disrupts the 
integrity of the microbial cell wall, ultimately resulting in 
its demise [54–57].

In gentamicin-loaded nanoparticles (Drug @BG, and 
Drug @BG/Zn MOF), the inhibitory activity of samples 
increased, and the drug maintained its antimicrobial effi-
cacy. Gentamicin affects microbes by disrupting the integrity 
of the cell wall, leading to lysis of the cell. This disruption 
occurs sequentially, moving from the outer membrane to the 
inner membrane. Exposure to gentamicin results in a loss of 
protein and lipopolysaccharide from the outer membrane, as 
well as altered banding patterns of outer membrane proteins 
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[20, 58–60]. Gentamicin also decreases the magnesium and 
calcium content in the cell envelopes. It is thought that gen-
tamicin displaces critical metal cations within the outer 
membrane, destabilizing and removing organic compo-
nents [61]. Overall, the mechanism of action of gentamicin 
involves inhibiting protein synthesis and enhancing intracel-
lular killing of microorganisms.

9 � Conclusion

In the present work, Zn-MOF/bioactive glass nanoparticles 
were successfully prepared using quick-alkali-mediated 
sol–gel. Different characterizations of the prepared mate-
rials were assessed. The results illustrated that the addi-
tion of Zn MOF to bioactive glass increased the specific 

Fig. 11   Optical microscopic photos (20× magnification) of MG-63 cells with the prepared samples at concentrations; 100 and 300 μg/ml

Table 3   Inhibition zone diameter (millimeter) of the samples

Test microorganisms Samples

Diameter of inhibition zone (mm)

BG BG/Zn MOF Drug @BG Drug @BG/Zn MOF Drug References

Gentamicin
10 mcg

Miconizol 10 mcg

Escherichia coli
)ATCC 25922(

15.33 ± 1.15 17.66 ± 1.15 25.66 ± 0.58 30.33 ± 0.57 27.66 ± 0.57 16.00 ± 1.41 –

Staphylococcus aureus
(ATCC 6538)

11.00 ± 0.00 13.33 ± 3.21 26.66 ± 0.58 30.33 ± 1.15 28.00 ± 0.00 20.00 ± 1.41 –

Candida albicans
(ATCC 10231)

19.33 ± 1.15 16.33 ± 1.15 28.67 ± 1.54 37.33 ± 1.15 34.67 ± 1.15 – 10.0 ± 0.00
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surface area and dispersity of nanoparticles. Moreover, it 
improved hydroxyapatite formation and caused Ca/P to 
approach stoichiometric apatite value (Ca/P = 1.67). In 
addition, no morphological differences were observed in 
the osteoblast-like cells (MG-63) treated with prepared 
materials and prepared materials were biocompatible. In 

addition, the nanoparticles were functionalized by gen-
tamicin drug to solve the problem of probable infection 
related to orthopedic implantation surgeries. Gentamicin 
was successfully loaded into nanoparticles while retain-
ing its antimicrobial properties. Therefore, it may be 
concluded that the prepared nanoparticles loaded with 

Fig. 12   Antimicrobial effects 
of the tested samples against 
different microorganisms
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gentamicin can be used as a potential approach for bone 
regeneration.
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