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A B S T R A C T   

Layer-by-layer self-assembly systems were developed using monolayer and multilayer carriers to prevent in
fections and improve bone regeneration of porous Ti-6Al-4V scaffolds. These polymeric carriers incorporated 
(Gel/Alg-IGF-1 + Chi-Cef) and (4Gel/Alg-IGF-1 + Chi-Cef) on the surface of porous implants produced via 
electron beam melting (EBM). The results showed that the drug release from multilayer carriers was higher than 
that of monolayers after 14 days. However, the carrier containing Gel/Alg-IGF-1 + Chi-Cef exhibited more 
sustained behavior. Cell morphology was characterized, revealing that multilayer carriers had higher cell 
adhesion than monolayers. Additionally, cell differentiation was significantly greater for (Gel/Alg-IGF-1) + Chi- 
Cef, and (4Gel/Alg-IGF-1) + Chi-Cef multilayer carriers than for the monolayer groups after 7 days. Notably, the 
drug dosage was effective and did not interfere, and the cell viability assay showed safe results. Antibacterial 
evaluations demonstrated that both multilayer carriers had a greater effect on Staphylococcus aureus during 
treatment. The carriers containing lower alginate had notably less effect than the other studied carriers. This 
study aimed to test systems for controlling drug release, which will be applied to improve MG63 cell behavior 
and prevent bacterial accumulation during orthopaedic applications.   

1. Introduction 

Ti6Al4V (Ti64) implants are widely used to treat one disease. 
However, bacterial colonization and interaction with cells pose a sig
nificant challenge to their constant use (Pina et al., 2019). The surface of 
an implant is susceptible to bacterial infections, mostly due to the 
development of a biofilm on its surface. This can result in a weakened 
immune response at the implant/tissue interface (Oliva et al., 2021). To 
address this issue, a wide range of antibacterial coatings for bone im
plants has been developed (Oliveira et al., 2018). The biocompatibility 
of titanium implants can be correlated with a surface protein layer that is 
produced under physiological conditions. This layer shields adhering 
bacteria from the human immune system and bactericidal medicines via 
a variety of mechanisms, once a biofilm has formed (Donlan and Cos
terton, 2002; Dunne, 2002; Harris and Richards, 2006). 

The riskiest time for infection is immediately following implantation 
since the implant’s host immunity capacity is impaired. Several strate
gies, including strict aseptic surgical protocols, have been suggested to 

reduce bacterial contamination. However, evidence suggests that bac
terial invasion typically happens after surgery (Arciola et al., 2018). To 
prevent postoperative infection, individuals receiving implantation 
regularly receive systemic antibiotics (Moris et al., 2023; Roca-Millan 
et al., 2021). However, the use of systemic antibiotics has significant 
drawbacks, including potential toxicity and limited drug delivery to the 
target site. Antibiotic topical treatment has so garnered a lot of interest 
among researchers (Dallo et al., 2023; Eady and Cove, 1990). In fact, 
they are working to create coatings for titanium implants that are loaded 
with antibiotics (Gallo et al., 2014; Stigter et al., 2002; Yu et al., 2015), 
such as carbenicillin, amoxicillin, cephazolin, tobramycin, and vanco
mycin (Chen et al., 2023). On titanium implants, antibiotics have been 
infused into the porous hydroxyapatite coating (Engesaeter et al., 2003). 
The physical absorption of these drugs onto calcium phosphate surfaces 
restricts their loaded dose and release characteristics (Fosca et al., 
2022). Biodegradable polymer materials are used to create controlled- 
release antibiotic coatings for titanium implants. Antibiotics are 
released more slowly than from calcium phosphates (Wall et al., 2021). 
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Certain bioactive compounds, such as chitosan, can prevent bacterial 
adherence and/or cause bacterial death. Chitosan is known for its 
extraordinary affinity for proteins, as well as its biocompatibility, 
biodegradability, physiological inertness, and antibacterial and fungi
static properties (Jiménez-Gómez and Cecilia, 2020). In addition, chi
tosan has been found to induce the differentiation of osteoprogenitor 
cells (Mathews et al., 2011) and enhance osteoblast cell adhesion (Kja
larsdóttir et al., 2019), viability, alkaline phosphatase activity, and 
phenotypic expression as various carriers for several active agents 
(Aranaz et al., 2021). Furthermore, polyelectrolyte multilayers made of 
chitosan and hyaluronic acid were created on titanium using layer-by- 
layer (LbL) self-assembly to achieve long-lasting antibacterial ability 
(Chua et al., 2008). In fact, multilayered polyelectrolyte films can reduce 
bacterial adherence by approximately 80 % (Kovačević et al., 2016). As 
a result, chitosan carriers are highly desirable as they can improve the 
implant capacity for tissue integration and antibacterial defense. The 
layer-by-layer assembly is a well-known method for applying thin film 
coatings. It creates a carrier by depositing consecutive layers of mate
rials with opposite charges. The flexibility of this method enables the 
incorporation of a wide range of materials and capabilities (Matabola 
et al., 2015). Ziminska et al. demonstrated that for the mechanical 
support of open-cell structures, it is possible to modify the mechanical 
characteristics of a porous structure without significantly reducing its 
porosity by depositing a mechanically strong thin layer (Ziminska et al., 
2016). On the other hand, the LbL (Min et al., 2016) was used to 
simultaneously release active drugs (Li et al., 2022). The LbL process 
involves cyclic submersion of the surface in polycations and polyanions 
charged with polyelectrolyte solutions, creating layers on the substrate 
(Baughman et al., 2002). The layers adhere to each other through 
numerous interactions between molecules, including hydrophobic 
bonds and covalent bonding (Xiao et al., 2016). The integration of 
medicines and growth factors into polyelectrolyte solutions is a crucial 
aspect. Specifically, the utilization of Ti64 porous scaffolds has 
addressed the limitations of stress shielding and bioinertness by 
imparting osteoconductive and antimicrobial properties. In our study, 
we employed polymeric carriers containing IGF-1 (Insulin-like growth 
factor 1) and cefazolin for bone regeneration and infection prevention, 
respectively. These carriers were skillfully designed to incorporate an
tibiotics into a top layer coating, synergistically combined with IGF-1 
within the polymeric matrix. The goal was to enhance both antibacte
rial properties and osteointegration in both monolayer and multilayer 
scaffold structures. Notably, prior research on dual release mechanisms 

in Gyroid lattice scaffolds was conducted by Yavari et al. (Amin Yavari 
et al., 2020). In our investigation, we explored the influence of the 
chemical composition ratio of blended anionic polymers and the impact 
of increasing layers on the encapsulation of IGF-1 and Cefazolin within 
dode-thin lattice Ti64 scaffolds. Remarkably, the dual release of IGF-1 
and Cefazolin has not been previously investigated in any lattice 
structures. 

2. Material and Method 

2.1. Scaffold preparation 

Cubic-dodethin-shaped Ti64 porous scaffolds with 15 × 15 × 15 
mm3 dimensions were produced using an Arcam A2X EBM machine and 
used as the base substrate in this study. The surfaces of each sample were 
etched using a solution of HF, HNO3, and deionized water (2:3:5) until a 
suitable surface was achieved. Subsequently, the specimens were 
washed sequentially in deionized water. Finally, the samples were 
modified to achieve bioactive properties by alkali heat treatment 
(Mofazali et al., 2024). The scaffolds were immersed in a 5 M NaOH 
solution at 60 ◦C for 24 h. Subsequently, the implants were heated to 
600 ◦C for 1 h at a controlled rate of 5 ◦C/min. 

2.2. Layer-by-Layer assembly (LbL) process and drug loading 

In brief, the bone scaffolds underwent the LbL procedure, which 
involved coating them with multiple layers. The first cycle of coating 
consisted of dipping the scaffolds in a solution containing IGF-1 (0.02 
mg/ml) and an optimum blend of polymer 4Gel/Alg (8:2) or Gel/Alg 
(5:5), based on the degradation rate (Mofazali et al., 2024). The final dip 
involved a chitosan solution loaded with cefazolin (0.4 mg/ml). This 
cycle was repeated up to five times to form monolayer and multilayer 
coatings, which was the optimum cycle. Dipping cycles were performed 
to determine the maximum drug with a non-brittle, thin, and non-toxic 
coating. The scaffolds were then soaked in each solution and incubated 
for 10 min. Subsequently, the specimens were washed with DI water for 
1 min, as shown in Fig. 1. 

2.3. Surface and morphology characterization 

The morphology and carrier thickness of the specimens were 
examined using a scanning electron microscope (SEM, Philips XL30, 

Fig. 1. Schematic of the loading carriers development procedure.  
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Netherlands). To acquire representative photos of the coated specimens, 
several randomly selected regions of the implant surface were examined. 
The chemical composition and functional chemical group of the coatings 
were analyzed using Fourier transform infrared (FTIR) spectra obtained 
with an attenuated total reflectance accessory (ATR) in the 800–2000 
cm− 1 scanning range. 

2.4. Nanoindentation test 

Nanoindentation measurements were carried out using the constant 
load and unload mode in a Hysitron Inc. TriboScope nanomechanical 
test equipped with a 2D transducer and complete software. The indenter 
used was a Berkovich diamond indenter. To evaluate the bonding 
strength between substrates and coatings, as well as to analyze adhesion 
systems an atomic force microscope (AFM) was used (Nanoscope III 
from Digital Instruments, USA). Hardness and Young’s modulus were 
determined using the Oliver and Pharr method (Oliver and Pharr, 1992). 

2.5. Evaluation of cytotoxicity and cell adhesion 

Human osteoblast-like MG-63 cells were cultured in DMEM (Gibco, 
USA) with 10 % fetal bovine serum (FBS) and 1 % pen
icillin–streptomycin at 37 ◦C in a 5 % CO2 humidified atmosphere. The 
conditioned medium was prepared by soaking the scaffolds in the cell 
culture medium without FBS for 24 h. Then, the medium was collected 
and sterilized using a 0.22 um filter. The cells were seeded into 96-well 
plates at a density of 104 cells/well and cultured in the conditioned 
medium for 1, 3 and 7 days. The WST-8 assay was carried out using 
commercially available cell-counting kits CCK-8® (Dojindo CK04, 
Dojindo Laboratories, Kumamoto, Japan), following the supplier’s in
structions. The relationship between color intensity and cell viability 
was found to be similar to MTT (Ishiyama et al., 1997). After that, 10 μL 
of CCK-8® solution was added to each well, and the sample mixtures 
were placed in a spectrophotometer (BioTek) to determine the absor
bance at a wavelength of 450 nm. The percentage of viable cells was 
then calculated as follows:  

Cell viability (%) = ODsample − ODblank/ODcontrol − ODblank×100          (1) 

Fig. 2. (A) The SEM micrographs of surfaces (a) Mono [(Gel/Alg-IGF-1) Chi-Cef], (b) Multi [(Gel/Alg-IGF-1) Chi-Cef], (c) Mono [(4Gel/Alg-IGF-1) Chi-Cef], and (d) 
Multi [(4Gel/Alg-IGF-1) Chi-Cef]. (B) Surface porosities and coating thickness (a) Mono and (b) Multi polymeric carriers, respectively. 
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where the ODsample, ODcontrol, and ODblank are the optical densities of 
the sample, the control sample, and the blank well, respectively. 

The porous samples were sterilized with 70 % ethanol for 10 min and 
employed directly for the cell adhesion assay. The osteoblast-like MG63 
cell line was seeded at a density of 6000 cells per cm2 in a cell culture 
medium and cultured for 7 days. The samples were washed with PBS and 
fixed with 4 % paraformaldehyde (PFA) for 20 min at room temperature. 
The samples were dehydrated in ascending ethanol concentrations (30, 
50, 70, 80, 90, 96, and 100 %) for 10 min each. After drying in a 
ventilated hood and sputtering with gold, the samples were investigated 
using an SEM (Philips XL30, Netherlands). 

2.6. Differentiation test 

Human osteoblast-like MG-63 cells were cultured in DMEM (Gibco, 
USA) with 10 % fetal bovine serum (FBS), 1 % penicillin–streptomycin 
at 37 ◦C in 5 % CO2 humidified atmosphere. The conditioned medium 
was prepared by soaking the scaffolds in cell culture medium without 
FBS for 24 h. The conditioned medium was collected and sterilized with 
0.22 um filter. The cells were seeded into 96-well plates at a density of 
104 cells/well and cultured in the conditioned medium for 3 days. The 
cells were cultured in osteoinductive medium including 100 nM dexa
methasone (Sigma-Aldrich), 10 mM β-glycerophosphate (Sigma- 
Aldrich) and 50 µg/ml ascorbic acid (Sigma-Aldrich) for additional 14 
days. The cells were washed with PBS and fixed with 4 % PFA for 20 min 
at room temperature. The cells were stained with alkaline phosphatase 
(Sigma-Aldrich) by following the supplier’s instructions and observed 
using a microscope. 

2.7. The antibacterial assay 

2.7.1. Zone inhibition (ZOI) 
The antibacterial activity of monolayer and multilayer carriers (Gel/ 

Alg-IGF-1/Chi-Cef), (4Gel/Alg-IGF-1/Chi-Cef) on dode thin Ti64 bone 
scaffolds was tested against Gram-positive S. aureus (Staphylococcus 
aureus, ATCC 25923) bacteria obtained from the Pasteur Institute in 
Iran. The microorganisms were first developed in a saline buffer to 
optimize growth (106 CFU/ml) and then allowed to grow overnight in an 
incubator (35 ± 2 ◦C). The spread plate method was used to inoculate 
tryptone soy agar plates with a bacterial suspension of 1 ml for anti
microbial activity. Ti6Al4V Scaffold with carriers of cefazolin (Mono
layer and Multilayer: (Gel/Alg-IGF-1) + Chi-Cef, (4Gel/Alg-IGF-1) +
Chi-Cef, n = 3) were distributed onto the inoculated Petri dishes and 
then incubated at 37 ◦C overnight. The clear areas created around each 
carrier were measured and described as zones of inhibition (Rao et al., 
2014). The greater the inhibitory zone diameter, the higher the level of 
antimicrobial activity. 

2.7.2. Quantitative bacterial test 
To evaluate the value of the antimicrobial activity of the specimens, 

the colony-forming units (CFU) were measured. The scaffolds were 
sterilized with ethanol for 10 min before the bacterial proliferation 
assay. They were then placed in a culture plate and covered with bac
terial solutions (0.4 cc < V < 1 cc) for 1, 3, 6, and 24 h. All scaffolds were 
kept at 37 ◦C in an incubator containing 5 % CO2. The control, as-built 
Ti6Al4V modified without the carrier, was added to the wells to confirm 
the incubation process. The suspension in each well was measured using 
a colony counter.  

CFU/ml = (no. of colonies × dilution factor)/volume of culture plate       (2)  

2.8. Release of drugs 

The scaffolds from different groups were submerged in 5000 μl of 

PBS (pH = 7.2–7.4, 0.01 M) in a bain-marie at 37 ◦C. The PBS was 
refreshed on days 1, 7, and 14. The concentrations of IGF-1 and cefazolin 
in the samples at indicated time points were measured to determine drug 
release. The concentration of IGF-1 was measured using an ELISA kit for 
human IGF-1 (Abcam, ab100545), and the concentration of cefazolin 
was measured using ultra-performance liquid chromatography with UV 
detection (UPLC-UV). The mobile phase mixture consisted of 1.7 % 
formic acid with deionized water and 1 % formic acid in acetonitrile. 
The samples were eluted using a linear gradient elution program of 90 % 
water to 30 % acetonitrile at a flow rate of 1 ml/min at room temper
ature. The concentrations of cefazolin were measured by a UV/V de
tector at 270 nm after the defined time. 

2.9. Statistical analysis 

The mean ± standard deviation was used to express all result data. 
Statistical calculations were analyzed using ANOVA to evaluate the 
differences among different groups. The experiment was considered 
significant when p < .01. 

3. Result and Discussion 

3.1. Surface characterization 

Fig. 2A shows representative SEM images of mono and multi bilayers 
composed of IGF-1 and Cefazolin. The coatings consist of uniformly 
distributed polymeric layers that create a smooth surface. It was illus
trated that the drug-releasing carriers are deposited in the walls and 
pores of porous structures without changing the scaffolds. Also, the 
porosity of the structures remained unobstructed (Fig. 2B), and the 
carrier covers the surface without filling the pores. However, the poly
meric carrier created micro-cracks, as demonstrated by the evidence 
(Correlo et al., 2007; He and Liu, 2019). The presence of polymers may 
have increased water absorption, leading to the evaporation process and 
subsequent cracking. Fig. 2B shows that the minimum thickness of the 
lattice structure arm was observed on the monolayer surfaces (1.66 
mm), whereas the multilayer carrier had a thickness of 5.15 mm. To 
verify that the drug-containing carrier formed through the interaction 
between polycation and polyanion (polyelectrolytes), the FTIR spectrum 
of additively manufactured scaffolds (as shown in Fig. 3) was measured. 
The deposition of drug-containing carriers onto bone scaffolds was 
achieved through specific interactions such as electrostatic, hydrogen or 
covalent bonds. The carrier (Gel/Alg-IGF-1) + Chi-Cef exhibited 

Fig. 3. FTIR analysis of the Ti64 scaffolds containing polymeric carriers.  
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characteristic stretching bands, including C = O stretching, N–H, and 
–COOH groups at 1634 cm− 1, 1539 cm− 1, and 1406 cm− 1, respectively. 
Additionally, characteristic peaks were observed at 1151 cm− 1 (C–O), 
1068 cm− 1 (C–O–C), and 1020 cm− 1 (O–H). The interaction may be 
attributed to the carboxyl (–COO− ) ions of the polyanions and the 
ammonium (–NH3

+) ions of the polycation. In fact, the 1634 cm− 1 band 
of carriers and the strengthened –COO− band at 1406 cm− 1, which is 
close to pure gelatin bands, indicate efficient bonding of gelatin. The 
interaction may be due to the conversion of electrostatic bonds into 
chemical bonds by hydrogen bonding between the gelatin –COO− ions 
and the chitosan –NH3

+ ions (Lou et al., 2017; Zhang et al., 2022). The 
characteristic bands of chitosan were observed as overlapping peaks 
located at 1596 cm− 1 (amide-II). The 1160 cm− 1 amino peak of chitosan 
overlapped with the 1151 cm− 1 peaks that corresponded to the inter
action of alginate and chitosan through electrostatic forces (Li et al., 
2005). Moreover, the emergence of amide-I peaks at 1796 cm− 1 suggests 
a strong electrostatic interaction (Wang et al., 2017). It can be observed 
that the intensity of the bands decreased with decreasing bilayers in the 
monolayer samples. 

3.2. Nanoindentation 

Nanoindentation methodologies provide valuable insights into the 
mechanical properties of coatings on substrates (Shen, 2019), which 
depends on hardness and Young’s modulus. Fig. 4 illustrates the 
load–displacement plots for different carrier structures, revealing 
distinct behaviors. It can be seen that the hardness increases with an 
increasing number of layers, particularly affecting the alginate compo
nent. This phenomenon arises from the layer-substrate interaction, 
influencing the measured hardness. The results indicate that monolayer 
and multilayer (4Gel/Alg-IGF-1) + Chi-Cef carriers exhibit a hardness of 
approximately 0.4 GPa, while the (Gel/Alg-IGF-1) + Chi-Cef multilayer 
demonstrates a hardness of approximately 0.6 GPa. Additionally, the 
load-unload curves reveal an elastic component across all carrier types. 

Interestingly, the depth value during unloading is significantly higher 
for monolayer carriers compared to their multilayer counterparts. 
Table 1 summarizes Young’s modulus and hardness values obtained 
from our nanoindentation experiments. 

3.3. Cell differentiation test 

Alkaline phosphatase (ALP) is the most widely recognized 
biochemical marker for osteoblast differentiation. A previous study 
showed that ALP activity of MG63 cell occurs in a time-dependent 
manner and can be evaluated for up to 21 days during osteoblast dif
ferentiation (Zhou et al., 2019). Osteoblast-like cells were stained with 
alkaline phosphatase after 7 and 14 days of culture in the scaffold extract 
solution. The influence of IGF-1 on differentiation varied depending on 
the type of carriers and the phase of differentiation. Fig. 5 displays the 
distribution of red-quinone derivatives, which was utilized to assess 
differentiation and cell growth, as observed under an inverted optical 

Fig. 4. Load/unload-displacement curve for the nanoindentation experiment.  

Table 1 
Experimental data derived from the nanoindentation test.  

Type of carriers Hardness (GPa) Young Modulus (GPa) 

Mono [(4Gel/Alg-IGF-1) Chi-Cef] 0.40 4.2 
Mono [(Gel/Alg-IGF-1) Chi-Cef] 0.43 4.2 
Multi [(4Gel/Alg-IGF-1) Chi-Cef] 0.45 5.2 
Multi [(Gel/Alg-IGF-1) Chi-Cef] 0.64 6.8  

Fig. 5. The Effects of carriers containing IGF-1 and cefazolin on bone differ
entiation in MG63. 
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microscope. The bright red region and the depth of redness represents 
enzyme activity. Multilayer carriers indicated more ALP activity on the 
ECM. During the 7-day culture period, cell differentiation was mostly 
higher in multi (Gel/Alg-IGF-1) + Chi-Cef and multi (4Gel/Alg-IGF-1) +
Chi-Cef compared to the other groups. The degree of differentiation 
increased with the extension of the culture period and degree of dif
ferentiation. The study examined the effect of extract solutions with 
monolayer and multilayer carriers of IGF-1/Cef on cell culture. The re
sults showed that after 14 days of incubation, the concentration of 
polymer in [(Gel/Alg-IGF-1) Chi-Cef] had the most significant effect on 
promoting MG63 cell growth. However, all carrier groups, particularly 
monolayers, provided less support for the early stage of osteogenic 
expression than the late stage. Four groups exhibited a similar tendency 
in terms of the expression levels of genes associated with to osteogenic 
differentiation. Several factors, such as the varying ratio of Gel/Alg and 
the mechanical properties of blend polymers (Begines et al., 2022), the 
differences in density between anionic polymers (Gel/Alg), and the IGF- 
1 dosage in monolayer and multilayer carriers (Amin Yavari et al., 

2020), can impact the stability of growth factor release and compromise 
their effectiveness as carriers on porous Ti64. It is important to note that 
IGF-1 has a critical effective dosage range of 10.0–500 μg/l, which has 
been demonstrated to have beneficial effects on differentiation and 
safety (Locatelli and Bianchi, 2014). IGF-1 also affects intracellular 
signalling pathways related to osteogenic differentiation (ERK1/2), 
which may influence bone growth (Guntur and Rosen, 2013). 

3.4. Biological Assays: WST test and cell morphology 

Scaffolds were prepared using the LbL self-assembly method to 
create sustained polymeric carriers, including mono (Gel/Alg-IGF-1) +
Chi-Cef, multi (Gel/Alg-IGF-1) + Chi-Cef, mono (4Gel/Alg-IGF-1) + Chi- 
Cef, and multi (4Gel/Alg-IGF-1) + Chi-Cef. The WST assay was used to 
determine cell proliferation and toxicity in extracts cultivated with 
MG63 cells for 1, 3, or 7 days. Fig. 6 compares of cell viability per
centages for different groups over 7 days. Significant differences exist 
between each group. The outcomes demonstrate that different samples 
have varying levels of cell viability at the same time interval. As the 
incubation time increases, the cell count increases. Furthermore, the cell 
proliferation rate is displayed as mono (4Gel/Alg-IGF-1) + Chi-Cef  >
mono (Gel/Alg-IGF-1) + Chi-Cef > multi (Gel/Alg-IGF-1) + Chi-Cef >
multi (4Gel/Alg-IGF-1) + Chi-Cef. Cell viability increased slightly in all 
samples over the course of three days. It is worth mentioning that multi 
(4Gel/Alg-IGF-1) + Chi-Cef has undergone significant changes. Inter
estingly, on the seventh day, the mono (4Gel/Alg-IGF-1) + Chi-Cef 
carriers exhibited higher viability than the other carriers. That is to say, 
the monolayer bilayer group had a more favorable influence on cell 
proliferation compared to the multilayer group. However, the joint 
functions of drug profiles and polymeric groups played an important 
role in promoting cell proliferation (Fortuni et al., 2019). Previous 
studies have shown that IGF-1 has a mitogenic influence at doses of 
approximately 10.0–500 μg/l after 3 days (Ni et al., 2013). After 7 days, 
cell viability exhibited a suitable trend of response to the increasing 
bilayer carriers. 

The SEM examination revealed that the MG63 cells adhered, grew, 
and distributed throughout the surfaces of four distinct sample groups 
after 7 days. Additionally, the MG63 cells adhered strongly to the porous 
surface of the scaffolds. A comparison of the morphologies of MG63 cell 
surfaces on scaffolds after culture incubation time is presented below. 
According to Fig. 7(d), (b), it can be demonstrated that the cell count of 
groups multi (4Gel/Alg-IGF-1) + Chi-Cef and multi (Gel/Alg-IGF-1) +

Fig. 6. WST colorimetric assay for cellular metabolic activity of carriers con
taining drugs. 

Fig. 7. Adhesion of MG63 cells to porous substrate containing drugs. (a) Mono [(Gel/Alg-IGF-1) Chi-Cef], (b) Multi [(Gel/Alg-IGF-1) Chi-Cef], (c) Mono [(4Gel/Alg- 
IGF-1) Chi-Cef], and (d) Multi [(4Gel/Alg-IGF-1) Chi-Cef]. 
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Chi-Cef on the scaffold’s surface is significantly higher than that of the 
other groups. The surface of the scaffold is covered with irregularly 
shaped cells that have several filopodia extensions attached to them, and 
some of the cells have migrated through the pores. In addition, MG63 
cells attached to the multi (Gel/Alg-IGF-1) + Chi-Cef scaffolds spread 
extensively with their filopodia adhered to the edge of pores, as shown 
in Fig. 7(b) (Guadarrama Bello et al., 2017). In contrast, comparatively 
less MG63 cells adhere to the scaffolds of mono (Gel/Alg-IGF-1) + Chi- 
Cef and mono (4Gel/Alg-IGF-1) + Chi-Cef than other groups. The cells 
on the surface of group mono (Gel/Alg-IGF-1) + Chi-Cef spread and had 
undeveloped filopodia, as displayed in Fig. 7(a). The cells on the scaf
folds became irregular in shape after 7 days of culturing. 

3.5. Antibacterial assay 

The antimicrobial activity of Gel/Alginate-IGF-1/Chi-Cef carriers 
was measured against one important microorganism, Staphylococcus 

aureus (gram-positive). The well diffusion assay showed a significant 
enhancement in the zone of inhibition pattern with increased multilayer 
carriers containing drugs. The multilayer and monolayer carriers, (4Gel/ 
Alg-IGF-1) + Chi-Cef and (Gel/Alg-IGF-1) + Chi-Cef, respectively, 
exhibited an inhibition zone against S.aureus with a maximum size of 16 
± 0.6 mm diameter and 15 ± 0.7 mm diameter, and a minimum size of 
10 ± 0.3 mm diameter and 9 ± 0.1 mm diameter, respectively (Fig. 8a). 
Furthermore, the effect of drug-containing carriers on microorganism 
counts over time has been analyzed (Fig. 8b). The bacterial count of 
S. aureus strains in the scaffolds treated with antibiotics significantly 
decreased compared to the control group. These findings are consistent 
with the zone of inhibition test. However, it is worth noting that there 
was a substantial decrease in CFU in four cases compared to the control 
group after 24 h. The influence of carriers on the CFU of S. aureus was 
investigated. After 24 h, multilayer carriers showed significant drop in 
CFU than monolayer carriers. However, S. aureus exhibited similar 
behavior on (4Gel/Alg-IGF-1) + Chi-Cef and (Gel/Alg-IGF-1) + Chi-Cef 

Fig. 8. Antibacterial activity of as-loaded carriers containing Cefazolin on Ti6Al4V scaffolds. (a) Zone of inhibition, (b) CFU (Colony forming unit) counts after 
exposure to carriers. 
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monolayers. The bacterial reduction rate of multilayer carriers was 
mostly noticed, which was attributed to a higher loading dose of cefa
zolin (Proshin et al., 2022; Wang et al., 2004). Notably, the cefazolin has 
a minimum inhibitory concentration against pathogens (Zeller et al., 
2009). 

3.6. Drugs release 

Self-assembly monolayer, and layer-by-layer assembly methods 
(Choi et al., 2017) are thin film strategies that enable the controlled 
release of active factors and drugs. Polyelectrolyte assemblies, such as 
monolayers and multilayer carriers, are primarily responsible for the 
storage and direct delivery of drugs (Guzmán et al., 2013). Generally, 
increasing the number of layers through the layer-by-layer process en
hances the storage capacity in a multilayer carrier. The release of ther
apeutic agents is significantly influenced by the ratios of blend polymers 
(Nyamweya, 2021). The mechanical properties of the blend polymers 
were found to improve with an increased content of alginate (Begines 
et al., 2022). The percentage of alginate composition affects the dosage 
of the released drug. In all groups containing IGF-1 and Cefazolin, there 
was an initial release followed by an additional release (Fig. 9(a),(b)). 

The burst release was significant for all of the (Gel/Alg-IGF-1) + Chi-Cef 
carriers. However, the cumulative release of cefazolin from multilayers 
was higher than that from monolayers. The release of cefazolin from 
monolayer carriers was completed in less than 7 days. For instance, Wei 
et al. (Wei et al., 2013) synthesized a cefazolin/chitosan coating on a 
MAO film, and the release was almost complete before 7 days of im
mersion. Multilayer carriers indicate that quick release occurs after one 
day of immersion and sustained release for at least 10 days. This is 
attributed to the superior cefazolin content on the layers and thick 
antibiotic film. Compared with other polymeric carriers, (Gel/Alg-IGF- 
1) + Chi-Cef had a longer sustained release time. Previous studies 
(Shidfar et al., 2017) have shown that the total time of gentamicin/ 
chitosan release from the coating can be controlled for approximately 
10 days. The IGF-1 Cumulative (Fig. 9(a)) shows an initial release after 
24 h of soaking, which increased with enhanced layers of carriers. 
Likewise, the multilayer carrier (4Gel/Alg-IGF-1) + Chi-Cef also 
demonstrated the highest initial release, due to a higher degradation 
rate compared to the carrier with a higher alginate amount (Gel/Alg- 
IGF-1) + Chi-Cef. It should be considered that the release of (Gel/Alg- 
IGF-1) + Chi-Cef was more sustained than that of (4Gel/Alg-IGF-1) +
Chi-Cef carriers, and the release of IGF-1 was slower for the former 
(Fig. 9a). Yavari et al. (Amin Yavari et al., 2020) attempted to control 
the drug delivery rate of a coating containing BMP through LbL self- 
assembly. 

4. Conclusion 

In this investigation an attempt was made to apply Gel/Alg-Chi 
carriers containing IGF-1 and cefazolin onto the treated porous Ti64 
surface using LbL self-assembly. The dual application of IGF-1 growth 
factor and cefazolin antibiotic enhances the adhesion, differentiation, 
and antibacterial properties of MG63 osteoblast-like cells, facilitated by 
the carriers. From this investigation, the following important conclu
sions are derived:  

1) The LbL self-assembly provided a platform for encapsulating Ti64 
porous surfaces independent of the polymeric ratio. 

2) The number of bilayers, which includes both monolayer and multi
layer carriers, exhibits a positive correlation with the proliferation 
and differentiation of MG63 cells. MG63 cells demonstrate optimal 
differentiation when treated with the combination of Insulin-like 
growth factor 1 (IGF-1) and cefazolin loaded onto the multi- 
layered carrier (4Gel/Alg-IGF-1) + Chi-Cef. Also, the impact of 
polymeric concentration is clearly evident in the monolayer config
uration (4Gel/Alg-IGF-1) + Chi-Cef.  

3) Both mono- and multi-bilayer carriers demonstrated adequate and 
effective antimicrobial efficacy against S. aureus, achieved through 
controlled release of cefazolin, along with satisfactory biocompati
bility in vitro.  

4) The drug release increased during the first day for each scaffold, but 
after that, the IGF-1 was gradually or almost constantly released over 
a period of 14 days. The release rate was sustained by increasing the 
number of bilayers and reducing the gelatin ratio. 

5) The release of cefazolin indicated that the concentration of multi
layer carriers remained higher than that of monolayers for 7 days. 
Also, the concentration of multi (4Gel/Alg-IGF-1) + Chi-Cef stayed 
above that of the multi (Gel/Alg-IGF-1) + Chi-Cef. 

CRediT authorship contribution statement 

Parinaz Mofazali: Writing – review & editing, Writing – original 
draft, Visualization, Methodology, Investigation, Formal analysis, Data 
curation, Conceptualization. Masoud Atapour: Supervision, Method
ology, Investigation, Formal analysis, Data curation, Conceptualization. 
Miho Nakamura: Methodology, Investigation, Funding acquisition. 
Manuela Galati: Methodology, Investigation, Funding acquisition. 

Fig. 9. Comparative release between monolayer and multilayer carriers, (a) 
IGF-1 growth factor release, and (b) Cefazolin antibiotic release. 

P. Mofazali et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 657 (2024) 124148

9

Abdollah Saboori: Methodology, Investigation, Funding acquisition, 
Formal analysis. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The data that has been used is confidential. 

Acknowledgements 

This work was supported by the Iran National Science Foundation 
(INSF, No. 4006289). Also, the Integrated Additive Manufacturing 
centre at Politecnico di Torino (IAM@polito) is acknowledged for 
sample production. 

References 

Amin Yavari, S., Croes, M., Akhavan, B., Jahanmard, F., Eigenhuis, C.C., Dadbakhsh, S., 
Vogely, H.C., Bilek, M.M., Fluit, A.C., Boel, C.H.E., van der Wal, B.C.H., 
Vermonden, T., Weinans, H., Zadpoor, A.A., 2020. Layer by layer coating for bio- 
functionalization of additively manufactured meta-biomaterials. Addit. Manuf. 32, 
100991 https://doi.org/10.1016/j.addma.2019.100991. 
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