
Vol.:(0123456789)1 3

Progress in Biomaterials (2022) 11:79–94 
https://doi.org/10.1007/s40204-022-00181-y

ORIGINAL RESEARCH

Drug infused  Al2O3‑bioactive glass coatings toward the cure 
of orthopedic infection

P. Bargavi1 · R. Riju Chandran1 · D. Durgalakshmi2 · P. Rajashree4 · R. Ramya3 · S. Balakumar1 

Received: 25 September 2021 / Accepted: 11 January 2022 / Published online: 30 January 2022 
© The Author(s), under exclusive licence to Islamic Azad University 2022

Abstract
A unique implant coated substrate with dual-drug-eluting system exhibiting antibacterial, anti-inflammatory, and bone 
regenerative capacity has been fabricated using spray pyrolysis deposition (SPD) method. Bioglass (BG) and BG-alumina 
(BG-Al) composites coatings with different concentrations of Al incorporated on BG network over the Cp-Ti substrate were 
fabricated using SPD technique. Phase purity of BG and BG-Al composites were analyzed by XRD in which  Na2Ca2Si3O9 
and β-Na2Ca4(PO4)2SiO4) and  Na7.15(Al7.2Si8.8O32) phases were formed. Surface morphology of the coated substrates was 
analyzed by SEM. Uniformity of the coatings were evaluated by surface profilometer and the uniform distribution the nano-
particles were confirmed with Elemental mapping. Systematically, each apatite layer formation on coated substrate was con-
firmed by immersing the samples for 1, 3, and 7 days in simulated body fluid and the needle-like structure was characterized 
using SEM. Cumulative release of Tetracycline hydrochloride (Tet) antibiotic and Dexamethasone (Dex) anti-inflammatory 
drug-loaded BG-Al and BG-Al composite-coated substrate were studied for 24 h. Antibacterial activity of the coated sub-
strates were evaluated by time-dependent growth inhibition and minimal inhibitory concentration (MIC) assays in which 
BG-Al and BG-Al composite loaded with Tet showed considerable growth inhibition against S. aureus. Osteoblast-like cells 
(MG-63) exhibited profound proliferation with no cytotoxic effects which was due to release of Dex drug-coated substrates. 
Thus, surface modification of Cp-Ti substrate with BG, BG-Al composites coatings loaded with Tet and Dex drug can be 
considered for post-operative orthopedic implant infection application.
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Introduction

Today, most countries in the world are having high elderly 
population, and due to presence of comorbidity such as 
osteoporosis, diabetes, and bone tumors, there is a growing 
demand for efficient implant material. Bacterial infection is 
one of the most frequent problems related to implant surgery 

(Guilherme et al. 2006). Formation of bacterial biofilms 
due to settlement and proliferation of bacteria on surface of 
implantable devices results in many serious problems such as 
delaying healing process, causing implant failure (Wheeler 
and Stokes 1997). Colonization of bacteria on implant sur-
face triggers inflammation in the adjacent tissues leading to 
bone degradation. Furthermore, sustained immune response 
to the implant-associated biofilm often leads to a state of 
chronic inflammation, which complicates post-op treatments 
(Gil-Albarova et al. 2004). In spite of fragmentary medical 
advances in refining the choice of materials or surgeries, 
considerable risk of implants becoming infected still lin-
gers (Niedzielski et al. 2011). In addition to microbes being 
introduced during the time of surgery, there is a constant 
challenge from bacteria in the systemic circulation that tends 
to aggregate on vulnerable implant surface. Prevalence of 
implant infection ranges from 2.5% in hip and knee replace-
ment surgery to 10% in joint revision surgeries (Hench et al. 
1998). Contaminated implants pose an onerous clinical task. 
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Characteristically, despite prolonged antibiotic therapy, once 
infected, implants require surgical removal. This increases 
patient morbidity and economic burden (Felora and Reza 
2011). Antibiotics are still unsurpassable in preventive man-
agement of implant infections. Conversely, the antimicrobial 
potency of antibiotics is deteriorating over time due to the 
development of resistant microbial strains.

As a consequence, the risk of implant infection is increas-
ing provoking researchers to explore novel ways to counter-
act such infections. Most of the bacterial species have been 
reported to be found attached in surface-related biofilms, 
rather than detached forms (Francesco and Enrica 2017). 
Irrevocable adherence to the implant surface occurs with 
adhesion proteins contributing to 80% of clinical microbial 
infections. Rendering the implant surface less vulnerable to 
bacterial colonization would vividly lower the rate of infec-
tion (Ghannam et al. 2001). Implant surface modification 
can be effectively accomplished by coating with bioactive 
glass (BG). BG is an exemplary material made of silica, cal-
cium, and boron, which possesses inherent biocompatibility 
(Manam et al. 2017).

BG has an innate potential of high strength, low weight, 
and has wide spectra of biomedical applications, specifically 
in areas related to tissue regeneration and restorative den-
tistry (Laczka et al. 2000). Among the various types of BG, 
borate BG has demonstrated potent antimicrobial property 
even with highly pathogenic strains of MRSA and E. coli. 
Improved antimicrobial property is attained with increased 
pH of the tissue microenvironment that is a deterrent to 
bacterial growth and prevents biofilm formation on the BG 
surface (Clark 2010).

Antimicrobial efficacy of BG has been well established 
in in vitro studies against staphylococcus and streptococ-
cus strains. Ability of BG to produce hostile environment to 
bacterial growth than a direct contact killing mode makes 
it a more persuasive antimicrobial agent against most of 
the bacterial strains (Dalal et al. 2012). Furthermore, such 
antibacterial mechanism does not allow bacteria to develop 
resistance to the antimicrobial effects of BG (Wang 2003). 
Bacterial challenges during implant placement are usually 
handled by administering prophylactic antibiotics before 
surgical procedure; however, its use is highly debatable as 
inadvertent antibiotic use leads to development of resist-
ant strains (Wu et al. 2007a). Antibiotic drug delivery is 
done systemically or locally, while local application is con-
siderably advantageous due to lesser cost, low systemic 
toxicity, and increased concentration at the site of therapy 
(Verrier et al. 2004). Alteration of the implant surface by 
coating and other modifications offers a highly promising 
potential in preventing implant failure. Coating the surface 
of implants with antimicrobial agents is advantageous than 
systemic intake due to increased drug availability (Pamuła 
et al. 2012).

Implant surface modification with BG coating on Cp-Ti 
implants has been translated to clinical use in orthopedics 
and dentistry exhibiting successful outcomes in terms of 
longevity (Ashok et al. 2018; Mosab and Han-Chole 2021a; 
Tehseen et al. 2021). BG coating exhibits enhanced bio-
compatibility response with no adverse effects with minimal 
inflammation in the implant tissue interface. Moreover, BG 
coating results in improved cell attachment and augmented 
mineralization of the extracellular matrix. Besides, BG-
coated implant bone interface shows significantly higher 
osseointegration than the conventional implants (Durgalak-
shmi et al. 2018; Mosab and Han-Chole 2021b).

Recently, mesoporous BG has been the focus for many 
bio-material research groups owing to its novel properties 
such as resorbability, osseoconductivity, and renewal of 
bone-like structure. These qualities make mesoporous BG, 
an ideal substance for bone grafting and bone regeneration 
therapy (Tehseen et al. 2021). Nevertheless, BG has cer-
tain disadvantages as implant surface modifier due to low 
fracture strength, toughness, and relatively high solubility 
(Durgalakshmi et al. 2018).

This challenge was addressed by a process of combin-
ing BG to materials with more stable crystalline structure 
such as alumina (Al). Al is basically a bioinert ceramic with 
excellent biocompatible properties (Mosab and Han-Chole 
2021b). Mechanical properties of Al are superior when com-
pared with BG (Mahwish et al. 2015). Hence, incorporation 
of Al with a bio-material has proven to produce enhanced 
mechanical properties without reduction in biocompatibil-
ity (Indranee et al. 2016). Additionally, their mesoporous 
structure gives them special surface features (Pamula et al. 
2011) and converts them into suitable form for drug delivery 
of certain substances.

The aim of this study is to develop nanocoatings with 
antibacterial and biocompatible properties for orthopedic 
implants by means of spray pyrolysis method. Alumina-
incorporated bioglass (Al-BG) was chosen as an implant 
coating as it is biocompatible with controlled ion release 
properties. Al-BG has demonstrated properties to be consid-
ered as an effective drug-delivery system in other dental and 
orthopedic applications (Durgalakshmi et al. 2015). Hence, 
two drugs Tetracycline (Tet) and Dexamethasone (Dex) were 
loaded to Al-BG. Tetracycline (Tet) is a broad-spectrum 
antibiotic that has pronounced bacterial inhibiting property. 
It is specifically effective against peri-implantitis caused 
by pathogens like staphylococci and coliforms (Kokubo 
and Takadama 2006a), while Dexamethasone (Dex) is a 
potent anti-inflammatory drug. Developed implant coatings 
were subjected to a series of physicochemical analysis that 
included drug content and release profile, particle configura-
tion, variability in simulated physiological conditions, and 
surface roughness. Besides, antibacterial activity and in vitro 
biocompatibility were evaluated with S. aureus, B. subtilis, 
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E. coli, and P. aeruginosa and human osteoblast like cell 
line—MG-63, respectively.

Materials and methods

Materials

Titanium foil, 1.0 mm(0.040 in) thick, 99.2% (metal basis)—
commercially pure titanium grade II (Cp-Ti) substrate—
(Alfa Aesar), tetraethyl ortho silicate (TEOS)-(Alfa Aesar), 
calcium nitrate  (CaNO3)-(Spectrum), orthophosphoric 
acid  (H3PO4)-(Fisher Scientific), sodium hydroxide pellets 
(NaOH)-(Merck), sodium chloride (NaCl)-Merck, potas-
sium chloride (KCl)-SRL, sodium dihydrogen phosphate 
 (NaH2PO4)-RANKEM laboratory, potassium dihydrogen 
phosphate  (KH2PO4)-Merck,. Hanks balanced salt solu-
tion (HBSS)-Sigma Aldrich, Dulbecco’s minimal essential 
medium (DMEM)-(HiMedia), fetal bovine serum (FBS)—
(HiMedia), antibiotic and antimycotic solution-(Sigma), 
phosphate buffer solution, ethanol, acetone (SRL). MG-63 
osteoblasts like cells were obtained from NCCS Pune, India. 
Cells were cultured and maintained at 37 ºC with 5%  CO2.

Methods

Preparation of BG‑Al coating on Cp‑Ti substrate

The Cp-Ti titanium substrate was polished with silica car-
bide grit sheets and treated with acetone ultrasonication for 
a period of 30 min for a thorough cleansing process. Surface 
etching of Cp-Ti substrates was carried out by immersing the 
plate in hydrofluoric acid (HF) for 10 s and further washed 
with distilled water. Pre-heating of the substrates was carried 
out at 500 ºC in a hot plate integrated in spray pyrolysis unit. 
Bioactive glass (BG) with a composition (% by wt) of 45% 
 SiO2:24.5%  Na2O:24.5% CaO:6%  P2O5 was chosen for our 
study (Kohal et al. 2011).

Sol preparation of 45S5 BG was done with  SiO2, CaO, 
 P2O5, and  Na2O derived from tetra ethyl orthosilicate 
(TEOS), calcium nitrate  (CaNO3), orthophosphoric acid, 
and sodium hydroxide (NaOH). Alumina was incorporated 
by adding 5, 10, and 15 (% by wt) of aluminum chloride as 
an alumina source in BG sol. Ethylene glycol (5%) was used 
as a binder; it was added and stirred well for 2 h. The pre-
pared of BG sol and alumina-added BG sol was spray coated 
over Cp-Ti substrates (cut into pieces of 2 cm × 1 cm) with 
spray pyrolysis technique. Densification of coatings was 
achieved by sintering, which involved heating and cooling 
rate of 10 °C/min by 800 °C for 3 h. The obtained samples 
were referred to as BG and BG-Al, respectively.

Materials and coatings’ characterizations

The degree of crystallinity was assessed by Gracing Inci-
dence X-ray powder diffraction GI-XRD (PANalyti-
cal Instruments, The Netherlands) operating at a voltage 
40 kV and current of 25 mA with  CuKα1 as X-ray radia-
tion source. Scanning was done at 2θ range of 20°–50°. 
Peaks were assigned and correlated with Joint Committee 
on Powder Diffraction Standards (JCPDS). Morphological 
configurations of nanobiocomposites were analyzed with 
SEM (Hitachi SU-6600, Japan). Elemental analysis was 
performed using EDS (Horiba 8121-H, Japan).

In vitro biomineralization assay

Simulated body fluid (SBF) was prepared as described by 
Kokubo and coworkers (Raja et al. 2016). Bioactivity was 
investigated by immersion in SBF for 1, 3, and 7 days at 
baseline temperature of 37 °C. After removal from SBF, 
films were rinsed using double-distilled (DD) water and 
dried. Apatite layer deposition before and after immersion 
was assessed with SEM micrographs.

Hemocompatibility assay

Hemocompatibility assay was performed with 5 mL of blood 
collected by venipuncture from healthy volunteers. Ethylene 
diamine tetra acetic acid was added to the collected blood to 
prevent coagulation. Centrifugation was done at 4000 rpm 
for 10 min at 4 °C. Erythrocytes (RBCs) after centrifugation 
were rinsed and suspended in PBS (pH 7.4). Pure BG and 
BG-Al-coated Cp-Ti substrates were added with 950 μL of 
PBS in a 6-well plate containing 50 μL RBCs in PBS that 
was incubated at 37 °C for 1 h in a shaker. Subsequently, 
sample transfers were done in 1 mL centrifuge vials and 
were again centrifuged at 4000 rpm for 10 min at 4 °C and 
supernatants were obtained. Absorbance was measured at 
540 nm using UV–Vis spectrophotometer (Geetha et al. 
2009). Percentage of hemolysis was calculated with Eq. (1)

Cell culture and Cell proliferation assay

Cell proliferation assay was conducted with human oste-
oblast-like MG-63 cell lines, (NCCS, Pune, India). Cell 
seeding was done onto 6-well plates. Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) and 1% antibiotic/antimycotic solu-
tion was used as culture medium. Plates were incubated 
in 5%  CO2 at 37 °C till the cells attained 70% confluence. 

(1)

Hemolytic percentage =
sample absorbance − negative control

positive control − negative control
× 100.
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Thin-film samples were placed in the cultured well plates 
and observed for 24 h, 48 h, and 72 h. Cell separation was 
realized with 0.25% trypsin EDTA and cells were seeded 
onto 96-well plates at a cell density of 5 ×  104 cells per well 
for further proliferation assay. MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-di-phenyltetrazolium bromide) assay was done 
to analyze cell proliferation. Sample transfer was done to 
96-well plate, further addition of 30 μL of MTT reagent to 
each well was done and plates were subjected to incubation 
for 4 h at 37 °C. MTT was reduced to formazan by meta-
bolically active cells. Formazan was dissolved with 300 μL 
of dimethylsulfoxide (DMSO) and absorbance measured at 
570 nm in an ELISA reader (Inuzuka et al. 2004). Percentage 
of cell viability calculation was done using Eq. (2)

In vitro drug loading and releasing profile

Our main aim was to prepare the drug-loaded thin films and 
to analyze its efficiency on bacterial growth inhibition and 
cell proliferation. In this study, we have chosen two different 
drugs; Tetracycline hydrochloride (Tet)—an antibiotic; and 
Dexamethasone sodium phosphate (Dex)—an anti-inflam-
matory drug. BG and BG-Al composites act as nanocarri-
ers. Dex (10 mg) and Tet (10 mg) were taken and dissolved 
in 15 mL of PBS solutions and added in a separate 6-well 
plate and the spray-coated BG and BG-Al-coated substrates 
were immersed overnight in the drug solution at 37 ºC with 
50 rpm, and then removed and dried. Using the superna-
tant, the amount of drug loaded was calculated by dividing 
the amount of total drug loaded divided by the total weight 
of the substrates. Furthermore, the loading and releasing 
profiles of Tet- and Dex-loaded-coated substrates in PBS 
solution were evaluated using UV–Vis spectrophotometer 
at 362 nm and 300 nm as well, as shown in Eq. (3)

Time‑dependent growth inhibition assay

Assessment of bacterial growth was done from growth 
curve. Fresh colonies were inoculated on Muller Hinton 
Agar (MHA) and 50 mL of Luria–Bertaini (LB) medium. 
Optical density of 0.1 at 600 nm (O.D. of 0.1 corresponds to 

(2)Cell viability(%) =
ODof Treated

ODofControl
× 100.

(3)

[

Drug loading content (%)

=
Weight of the drugs loaded in coated substrates

Weight of the coated substrates
× 100

]

(4)

[

Drug releasing (%) =
Initial conc (drug) − Final conc (drug)

Intial Conc (drug)
× 100

]

 108 CFU/mL of medium) was used as reference for growth 
limit. Further BG, BG-Al, BG-Al-T, LB alone, and only S. 
aureus as control were added with 2 ×  108 CFU/mL. All the 
flasks were kept incubated at 37 °C with 50 rpm under shak-
ing. Optical density measurement for every 0.5, 1, 2, 3, to 
24 h time points at 600 nm was done to assess bacterial 
growth (Nayak et al. 2010).

Antibacterial activity

Bacterial species B. subtilis, E. coli, S. aureus, and P. aer-
uginosa strains were chosen and inoculated individually 
in 10 mL of Luria–Bertani (LB) media. As broth started 
becoming turbid, preparation of stock broth was done. 
Microbial loop was used to pick up the culture from the 
broth and was inoculated into the newly prepared sterile 
broth which was incubated at 37 °C. This condition was 
maintained till the growth peaked to the mid-log phase. 
Furthermore, to obtain a pellet of cells, broth was centri-
fuged at 4000 rpm for 15–20 min at 4 °C. Pellet was washed 
with PBS three times and suspended in 50 mL of PBS 
(Scheme 1).

BG-Al-coated Cp-Ti substrates containing BG, BG-Al 
5%, BG-Al 10%, and BG-Al 15% were placed in sterile 
broth, to which the prepared cell suspension was added. 
This was further incubated for 6–8 h in an orbital shaker. 
Proportion of sterile water: broth: cell suspension amounted 
to 8:1:1. Serial dilutions of cells were done in sterile PBS 
and plated using a spread plate. Controls for the test sam-
ple were duly maintained. On further incubation for 8–12 h, 
cells and colony forming unit (CFU/mL) were counted and 
their profiles were produced (Xie et al. 2005).

Results and discussion

Crystal structure analysis

XRD patterns of BG and BG-Al coated Cp-Ti substrates are 
depicted as in Fig. 1. Sodium calcium silicate, crystalline 
phase of  Na2Ca2Si3O9 formed the main peaks and alumina 
silicate in bioactive glass formed the minor phase, confirm-
ing the formation of composite BG-Al. Furthermore, a few 
peaks are matched with the phase of β-Na2Ca4(PO4)2SiO4 of 
the substrate, may be owing to the formation of additional 
crystalline phase (Long and Rack 1998; Eliades 1997). Pre-
vious results of (Behzad and Gholam 2013) (Hanawa 1999) 
stated that by increasing the sintering the temperature by 
850 ºC, there will be a formation of wollastonite  (CaSiO3) 
as a major phase along with sodium phosphate  (NaPO3). 
Whereas in this work at 800 ºC, the formation of sodium 
calcium silicate and sodium aluminum silicate phase was 
formed. In previous reports (Tariq et al. 2018), sodium 
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calcium phosphate  (NaCaPO4) crystal is the primary crystal 
formed after sintering at 800 ºC. Crystalline phase formation 
is possibly due to slow nucleation on the surface and also the 
prompt development of nuclei. The differential grain expan-
sion may direct to the rapid increase of silicate crystals, the 
residual phosphate phase migrate and surrounds the silicate 
crystals as a nucleating agent, and finally, it may form as 
 Na2Ca4(PO4)2SiO4 (Kaseem and Choe 2019). However, 
from the results of XRD, it is investigated that there was no 
 NaCaPO4 crystal phase detected, and instead, silicorhenanite 
(β-Na2Ca4(PO4)2SiO4) and  Na7.15(Al7.2Si8.8O32) phases were 
formed in the composite-coated substrate.

Those above phases were matched with JCPDF card num-
bers such as JCPDF (1053) and JCPDF (79–0993).

Functional group analysis

FTIR spectra of BG-Al coatings are shown as in Fig. 2. 
The BG spectrum shows prominent bands around 

1200–850  cm−1 and 550–400  cm−1 (Behzad and Gholam 
2013). Si–O-Si bending was assigned at 450  cm−1 and Si–O 
stretching at 1050  cm−1 and 920  cm−1, respectively. The 
peaks become sharper and the increase in intensity of the 
peak is due to the increase in concentration of alumina (5%, 
10%, and 15%) added to the network of BG.

Furthermore, an increase at 950–1000  cm−1 region is 
observed. The spectral samples of the substrates exhibit a 
band at 940  cm−1 which may be due to the formation of 
 QSi

2 (Si–O–2NBO) and bands ranging at 1030  cm−1 and at 
around 490  cm−1 are associated with stretching and bend-
ing of  QSi

3 units (Si–O–Si), respectively (Xanthappi et al. 
2011; Huang et al. 2015). The main features of FTIR spectra 
attributing to alumina are the formation of band at around 
600–850  cm−1 which may correspond to Si–O–Al vibra-
tions. Additionally, the spectra of BG-Al composites, and 
the characteristic peaks of crystallized phases in the BG 
network are experimental. There are two crystalline phases 
recognized, such as sodium calcium silicate  (Na2Ca2Si3O9) 

Scheme 1.  A schematic 
illustration of dual drugs 
(Dexamethasone (Dex)—anti-
inflammatory and Tetracycline 
(Tet)—antibacterial) infused 
 Al2O3-bioactive glass coatings 
on Cp-Ti substrate that destructs 
the microbes and enhances the 
proliferation of cells for control-
ling orthopedic infections
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as major phase, and a second crystalline phase of calcium 
phosphate. This has been reported earlier under the same 
circumstances (Oslon et al. 2005; Kournetas et al. 2017). As 
the alumina content in the composites increases, some of the 
distinctive peaks of the crystalline phases of the BG such as 
at 575  cm−1, 620  cm−1, and 900  cm−1 are overlapped with 
the alumina peaks (Davies et al. 2013).

Surface morphology and surface topography study

The surface morphology of BG-Al coatings is analyzed 
using SEM and it is shown in Fig. 3. Non-uniform distri-
butions of particles are observed that could be attributed 
to accelerated deposition that occurs with spray pyrolysis 
technique (Yigit et al. 2021; Kaseem and Choe 2021). Thus, 
deposition of particles enhanced surface roughness that 
facilitates higher cell adhesion and proliferation and may 
eventually promote osseointegration rate (Stalin et al. 2020; 
Oktay et al. 2021). The uniform distribution of nanoparticles 
is confirmed with elemental mapping method and it is shown 
in Fig. 4. In which elemental mapping image depicts the 
increase in concentration of zirconia in all three composites 
of BG-coated substrates.

3D surface morphology of BG and BG-Al coatings is 
illustrated in three dimensions in Fig. 5, as analyzed in a 
non-contact surface roughness tester. Central region of 
coatings exhibited peaks, valleys, and pits in the micro-
range. Roughness in micro-scale (50 µm) is corroborated 
with higher Al concentration. BG-Al films presented with 
comb-like peak: average surface roughness was taken as  Ra 
arithmetic mean deviation of surface roughness profile value 
as listed in Table 1. Ra value depicting the surface rough-
ness clearly indicates simultaneous increase in roughness 
with increase in concentration of Al (metal oxide); (Hussain 
et al. 2020) this is an additional benefit for cell adhesion and 
in vitro cell proliferation (Mosab and Han-Choel 2021).

Optimal Ra value favorable for cell adhesion is observed 
to be 0.5–3 microns, and our findings ranged from 1.3 to 
2.6 microns, which indicates improved cell adhesion facili-
tating enhanced osseointegration rate (Kokubo and Tak-
adama 2006b).

Biomineralization study

Surface morphology of the biomineralized surfaces is shown 
in Fig. 6. The SEM micrographs of bioglass depict BG-Al 
5%, BG-Al 10%, and BG-Al 15% after immersing in SBF 
for 1 day, 3 days, and 7 days. The BG-Al presented fine 
particle size in the range of 40–50 nm. Irregular sphere-
like morphology of the particle aggregates were observed 
in pre-immersion stage. However, post-immersion, changes 
in topography are observed as being more protruded indicat-
ing apatite deposition (Diefenderfer et al. 2003a; Seung-Pyo 
et al. 2020).

The rate of apatite formation correlated with concentra-
tion of Al, and an increase in precipitation is noted with 
higher concentration. Apatite crystals have further exhib-
ited flower-like and needle-like morphology with longer 
immersion times. Alumina has the characteristics to reduce 
bioactivity, but as glass formulation was done with sol/gel 
method, it caused formation of very small nanoparticles that 

Fig. 1  X-ray diffraction patterns of BG and BG-Al composites (BG-
Al 5%, BG-Al 10% and BG-Al 15%) coated Cp-Ti substrates

Fig. 2  FTIR spectra of BG and BG-Al composites (BG-Al 5%, 
BG-Al 10% and BG-Al 15%) coated Cp-Ti substrates
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in turn possibly led to increase in nucleation sites (Lind-
berg et al. 2008), thus, prompting considerable growth of 
HCA layer (Mosab and Han-Choel 2019a). For BG-Al 10% 
and BG-Al 15% composites, bone-like apatite formation 
is observed as copious spherical shapes in both compos-
ites, more prominently in BG-Al 15%. This prominence is 
ascribed to the presence of higher Al content resulting in 
increase in number of Al–OH groups in Si–OH matrix cul-
minating in augmented apatite growth. Hence, due to  Al2O3 
with high Si content, the apatite formation on the surface 
takes place (Diefenderfer et al. 2003b; Sollazzo et al. 2008). 
Presence of silanol groups is vital for HA formation as they 
serve as nucleation sites (Jiang et al. 2015). After initia-
tion of nucleation, apatite growth happens spontaneously 
by rapid absorption of calcium phosphate ions present in 
surrounding fluid (Webster et al. 1999; Araujo et al. 2015).

Hemocompatibility

Hemolytic percentage of BG and BG-Al-coated Cp-Ti sub-
strates is given in Fig. 7. ASTM standard-F756-00 (Stan 
et al. 2013a; Ma et al. 2010), < 2% hemolysis is consid-
ered as non-hemolytic; 2–5% is slightly hemolytic; > 5% 
is hemolytic. All the test samples were analyzed in tripli-
cates, hemolytic property of BG is found to be 2.5% that 
is slightly hemolytic, and BG-Al 5%, BG-Al 10%, and 
BG-Al 15%-coated Cp-Ti substrates are non-hemolytic 
(displayed < 2% lysis). Considering the concentration of 
sample, which is in the range of 15% shows < 1.5% that is 
very less in toxicity and 10% shows optimal lysis. This may 
be due to the presence of alumina nanoparticles. Hemolytic 
activity of BG-Al-coated substrates clearly indicated that 
they are hemocompatible. Since BG-Al 10% had optimal 
roughness and hemocompatibility, it was chosen for further 
investigations.

Fig. 3  Cross-sectional SEM micrographs of BG and BG-Al composites (BG-Al 5%, BG-Al 10%, and BG-Al 15%) coated Cp-Ti substrates
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FTIR analysis of drug‑loaded BG and BG‑Al 
composite substrates

FTIR analysis has been carried out to confirm the presence 
of Dex and Tet drug-loaded BG and BG-Al-coated Cp-Ti 
substrates. Figure 8 indicates that the vibrational bands at 
440  cm−1 represent Si–O–Si vibrational bending. Asym-
metric vibrations of  PO4

3 is suggestive of P = O bonding 
at 600–550  cm−1. Symmetric stretching of Si–O–Si was 
observed at 792  cm−1. Stretching vibrations of phosphate 
groups appeared at 590  cm−1 and 604  cm−1 (Lin and Hwang 
1996). Symmetric stretch of Si–O–Si is observed as band at 
800  cm−1 and vibrational modes of alumina are observed 
at 498  cm−1 to 502  cm−1 which substantiate the presence 
of alumina.

Furthermore, addition of Dex loading is identified by the 
presence of C=O stretching vibrational peak at 1060  cm−1 
(Wang et al. 2011). In the case of Tet drug-loaded BG and 
composite, as shown in Fig. 8, it is observed that there is 
a broadening peak at 800–900  cm−1 and 1100–1120  cm−1. 
This could be implicit as a credible chemical interaction 
taken place between anionic groups of BG to the moiety of 
tetracycline acid (Ribeiro et al. 2012). Hence, it confirms 
the presence of Tet drug loaded in the BG system. It may be 
attributed to the chemical interactions that have taken place 

between glass anionic phosphate group and the tetracycline 
acid moiety (Stan et al. 2013b).

Evaluating drug release of BG and BG‑Al composite 
substrates

To evaluate the drug-releasing efficiency, two different drugs 
such as Tetracycline (antibiotic) and Dexamethasone (anti-
inflammatory)-loaded BG/Al coatings have been analyzed at 
different time intervals. The surface area and porous nature 
of the BG and BG-Al coatings have been used for post-
implant drug-delivery applications (Depprich et al. 2008). 
Release profile of Tet- and Dex-loaded bioactive coatings 
was evaluated in PBS (pH 7.4) at room temperature. Figure 9 
shows the cumulative drug release of Tet- and Dex-loaded 
BG and BG-Al-coated Cp-Ti substrates.

BG-loaded substrate releases comparatively low amounts 
of drugs compared with BG-Al-coated substrate. The BG 
and BG-Al composites are spray coated over the Cp-Ti 
substrate and the amount of drugs loaded by the substrates 
is very low in concentration, since the concentration of 
the drugs taken is 10 mg (Watanabe et al. 2012; Krajew-
ski et al. 2005). Drugs are primarily administered through 
oral, intramuscular, and intravenous routes. Newer strate-
gies for improved drug availability and distribution utilizing 
nano-sized biomimetic agents are constantly being tested 

Fig. 4  Elemental mapping of BG and BG-Al composites (BG-Al 5%, BG-Al 10%, and BG-Al 15%) coated Cp-Ti substrates indicating the uni-
form distribution of the nanoparticles (dark red—Si, blue—Ca, purple—P, green—Na, and yellow—Al).
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for effective delivery at the target site (Funato et al. 2013). 
Nanoparticles of Alumina and BG are considered as potent 
drug-delivery systems due to their profound scavenging 
properties (Tran et al. 2013). Scavenging function is related 

to their antioxidant property that inhibits formation of reac-
tive oxygen species (ROS) (Duske et al. 2015).

From these results, we can observe the slow release of 
drugs (Tet- and Dex-) for 6 h, and after 12 h, the amount of 
drug release increases in Dex- and Tet-loaded BG-Al com-
posites than drug-loaded pure BG substrates. This may be 
due to reduction in porous nature and morphology of the BG 
bioactive materials. Basically, BGs’ crystalline structure is 
of nanoscale and it has an inherent nanoporous structure that 
presents with high surface area and this unique crystalline 
architecture enables in biomolecules loading. Tet and Dex 
were studied extensively using sol/gel particles. Cavalu et al. 
and Zheng et al. have also reiterated the fact that surface area 
and porosity are key determinants in drug loading (Zheng 
et al. 2015a; Stoodley et al. 2011). Furthermore, drug-release 

Fig. 5  3D Surface topography images of BG and BG-Al composites (BG-Al 5%, BG-Al 10%, and BG-Al 15%) coated Cp-Ti substrates

Table 1  Measurement of surface roughness on BG and BG-Al-coated 
substrates

Sample Ra
(µm)

Rq
(µm)

Rz
(µm)

BG 3.34 4.05 12.10
BG-Al 5% 1.42 1.95 9.28
BG-Al 10% 1.69 2.21 11.69
BG-Al 15% 1.87 2.22 8.34
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kinetics is apparently driven by diffusion through the nano-
porous system. Sustained release has been enunciated; how-
ever, controlling the rate of release is a challenge yet to be 
overcome (Costerton et al. 1999).

In vitro cell proliferation assay

Dex-loaded BG and BG-Al nanocomposite-coated substrate 
shows prominent cell proliferation rate as duration increases 
from day 1 to day 3 than control group, as shown in Fig. 10. 
Optical density variation was observed with marked 

reduction of MTT with time and concentration (Kansal et al. 
2011). Marked reduction in MTT was observed in control 
and BG during the 1st day of culture and further reduced 
during the 3rd day. MTT results revealed that there is consid-
erable increase in number of metabolically active osteoblast-
like cells. Nonetheless, the presence of 10% (% by wt) of Al 
in the BG matrix induces a cell proliferation compared with 
the control. The increase of MG-63 cell proliferation may 
be due to the higher percentage of alumina that has been 
demonstrated.

Fig. 6  SEM Surface morphological analysis of BG and BG-Al composites (BG-Al 5%, BG-Al 10%, and BG-Al 15%) coated Cp-Ti substrates 
after immersion in simulated body fluid at 1 day, 3 days, and 7 days
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MTT assay results clearly ascertain the biocompatible 
nature of BG and its nanocomposite as they support cell 
growth and proliferation at optimal concentration. Fast 
and better osseointegration is relatively stimulated through 
roughness of the coated substrate surface, than the prolif-
eration rate in less rougher topographies (Somayaji et al. 
2010a). Experimental evidence reveals that the cell prolif-
eration and cell differentiation are not prominent with lev-
eled Cp-Ti substrate layers (Mosab and Han-Choel 2019b).

However, this study substantiated that spray-coated Cp-Ti 
coating presented with a conductive surface for improved 
cell proliferation due to deposition of a coating with uniform 
surface roughness, predominantly contributed by aluminum 
oxide and Dex drug (Funato et al. 2013; Tran et al. 2013; 
Duske et al. 2015; Zheng et al. 2015a) (Lindberg et al. 2008; 
Wu et al. 2007b; Diefenderfer et al. 2003b; Osyczka et al. 
2004).

Fig. 7  Hemocompatibility analysis of BG and BG-Al composites 
(BG-Al 5%, BG-Al 10%, and BG-Al 15%) coated Cp-Ti substrates. 
Samples were analyzed in triplicate

Fig. 8  FTIR spectra of (a) Dex and (b) Tet-loaded pure BG, BG-Al composite-coated Cp-Ti substrates

Fig. 9  Cumulative drug-release study of (a) Tetracycline hydrochloride (Tet) and (b) Dexamethasone (Dex)-loaded BG and BG-Al-coated Cp-Ti 
substrates
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Remarkable osteoblast cell growth has been observed 
with spray-coated surface, similar outcomes in terms of 
osteoblast proliferation and differentiation were observed 
by varying the composition too (Stoodley et al. 2011; Cos-
terton et al. 1999; Kansal et al. 2011) (Duske et al. 2015; 
Tran et al. 2013; Zheng et al. 2015b). Dex-loaded BG-Al 
exhibited pronounced ability to stimulate proliferation and 
differentiation than the control group (Somayaji et al. 2010a) 
(Stoodley et al. 2011).

Time‑dependent growth inhibition assay

The growth curve of the bacterial cells treated with BG-Al, 
BG-Al-T, and BG coatings indicates inhibition of growth 
and reproduction of bacterial cells. Figure 11 shows growth 
curves of S. aureus strains, in LB broth inoculated with 
 107 CFU of bacteria-treated BG-Al, BG-Al-T, and BG coat-
ings (Costerton and Stewart 1999; Kansal et al. 2011). It 
has been found that the nanocoating cause a delayed growth 
of the strain S. aureus. At significant intervals, the growth 
curves of S. aureus have been observed in three phases con-
sisting of lag, exponential, and stabilization.

However, declined phase in each growth curve is exam-
ined and it is observed that the coatings containing Tetracy-
cline (T)- loaded and BG-Al show negligible activity against 
S. aureus, which indicates that there is a control in bacte-
rial growth. Alternatively, pure BG coatings show a rapid 
increase in bacterial growth and attain exponential phase, 
which is comparatively more or less equal with bacterial 
growth. Thus, in the presence of Al and Tet antibiotics, 
BG shows good bacterial growth inhibition than alone BG-
coated substrates.

Antibacterial activity

Antibacterial activity of Tet drug-loaded pure BG and BG-
Al-coated Cp-Ti substrate has been assessed with "minimal 
inhibitory concentration" (MIC) technique (Stoodley et al. 
2011) using P. aeruginosa, E. coli, B. subtilis, and S. aureus. 
Results depicted in Fig. 12 ascertain inhibition of E. coli and 
B. subtilis, and profound inhibitory action on P. aeruginosa 
and S. aureus. Additionally, MIC exhibited linear advance-
ment in the presence of alumina content, similar to earlier 
reports (Somayaji et  al. 2010b). This attribute bestows 
reduced bacterial adhesion over the implant surface (Zan 
et al. 2010).

As reported in the literature, the results of metallic oxides 
can confer positive charge even in the presence of a negative 
charge in microorganisms (Drago et al. 2014). This eventu-
ally results in electromagnetic binding of microorganisms 
and metal oxides inhibiting microbial growth. Remarkable 
antibacterial property against Gram-negative bacteria (E. 
coli) could be attributed to the presence of positively ( +) 
charged aluminum ions interacting with negatively ( −) 
charged cell wall resulting in cell wall damage and cell death 
(Cheng et al. 2013). Furthermore, reactive oxygen species 
(ROS) released from alumina accumulates on cell surface 
and causes aggressive inhibition of S. aureus. Moreover, 
alumina causes decrease in growth rate of E. coli and P. 
aeruginosa by increasing membrane permeability that facili-
tates entry of BG-Al into membrane and cytoplasm, lead-
ing to cell death (Gao et al. 2014). Ionic dissolution of BG 
ultimately augments the pH and osmotic pressure unfavora-
ble for bacterial growth over the implant surface (Mei et al. 
2014). The experimental evidence of antimicrobial efficacy 

Fig. 10  In vitro cell viability rate of Dex-loaded BG and BG-Al com-
posites (BG-Al 5%, BG-Al 10%, and BG-Al 15%) coated Cp-Ti sub-
strates. All the samples were analyzed in triplicate

Fig. 11  Time-dependent growth inhibition assay using BG-coated 
and tetracycline-loaded BG-Al composite-coated Cp-Ti substrates
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of alumina is mainly attributed to the release of metallic 
oxides. Jiang et al. (Dong et al. 2013) established that alu-
mina does not cause nanoparticle-related toxicity as the ions 
in dissolution could not be quantified in the supernatant of 
the suspension. Also, it was reaffirmed that antibacterial fea-
ture of alumina nanoparticles was due to its positive charge 
polarizing toward the negatively charged bacterial cell wall.

Thus, pure BG coatings’ result in significantly reduced 
colony formation against Gram-positive and Gram-negative 
bacteria, compared to BG-Al-coated substrates. From the 
above statement, it is well established that ameliorated sur-
face roughness with substantial alumina content, along with 
the presence of drugs Tet in BG matrix, eventually enhances 
the control over biofilm accumulation. Aforementioned, 
bone deposition will occur unhindered in the absence of 
biofilm formation (Panacek et al. 2013; Kvitek et al. 2008; 
Knetsch and Koole 2011; Wang et al. 2013). For this reason, 
the drug-loaded BG and BG-Al show 10% elevated inhibi-
tory effect on Gram-positive and Gram-negative bacteria. 
Thus, drug-loaded BG-Al could be a potential antibacte-
rial coating for controlling orthopedic infections and post-
implant surgical infections.

Conclusion

In this work, three different percentages by weights of Al-
incorporated BG (BG-Al 5%, BG-Al 10%, and BG-Al 15%) 
were coated over Cp-Ti substrate using spray pyrolysis dep-
osition. The XRD studies confirm BG-Al composite with 
sodium calcium aluminum silicate phase formation. Surface 
morphology and elemental mapping of BG-Al composites 
coatings showed the homogeneous distributions of nanopar-
ticles were spray coated over the substrate. Enhanced apatite 
layer formation was observed, needle-like structure at day 
1 to sperulites (flower)-like structure at day 7 confirms that 

BG-Al 15% displays higher apatite layer formation. The 
hemolysis results indicate that 2.5% lysis is observed in 
pure BG, and all BG-Al composites display less than 2% 
lysis. Increased cell proliferation rate was observed in BG-Al 
composite coatings loaded with Dex drug. The cumulative 
drug release of Tet- and Dex- loaded BG and BG-Al-coated 
substrates results indicate a gradual increase of both drugs in 
PBS with respect to time. This is due to the change in mor-
phology and porous nature of the coated bioactive materi-
als. Time-dependent growth inhibition assay results indicate 
negligible growth curve decline within 14 h that Tet-loaded 
BG-Al-coated Cp-Ti substrates than BG alone. Thus, in the 
presence of Al and Tet, the BG composite revealed inhibi-
tion of biofilm formation within 12 h. Hence, the surface-
modified substrates coated with BG and BG-Al loaded with 
dual drugs such as Tet and Dex can be suggested for post-
operative orthopedic implant treatment to reduction of the 
infections and to enhance the bone bonding ability of the 
implants.
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