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ARTICLE INFO ABSTRACT
Keywords: Scientific backgrounds: Development of nanostructured biodegradable alloys has generated a great
Biocompatibility deal of interest in the recent years as they offer promising bioactive materials for reconstruction

Antibacterial activity
Anticancer effect
Novel nanostructured Fe-Mn

of bony defects following traumatic fractures or surgical excision of tumors.

Objectives: The aim of the current study was to investigate the biocompatibility of Iron-
In-vitro study —Manganese -based alloys (Fe-Mn) with addition of copper (Cu), Tungsten (W) and cobalt (Co) to
Bone regeneration obtain 3 different alloys namely, Fe-Mn—Cu, Fe-Mn-W, and Fe-Mn-Co on normal oral epithelial
Biodegradable alloys cell line,and their possible anticancer effect on MG-63: osteosarcoma cell line.

Materials and methods: The sulforhodamine B (SRB) assay was used to assess cell viability per-
centage of both cell lines after exposure to discs of the proposed experimental alloys. Moreover,
the antibacterial effect of such alloys against Escherichia coli (E. coli) was tested using disc
diffusion susceptibility (Kirby-Bauer method) and colony suspension method.

Results: The cell viability percentage of oral epithelial cell line showed a significant increase in all
the experimental groups in comparison to the control group. The highest percentage was
observed in Fe-Mn-Co group, followed by Fe-Mn-W then Fe-Mn-Cu, at 24 and 72-h intervals,
respectively. While the cell viability percentage of osteosarcoma cell line showed significant in-
crease in all the experimental groups at 24-h intervals, it showed a significant drop in all the study
groups at 72-h intervals. The lowest percentage was observed in Fe-Mn-Cu group, followed by
Fe-Mn-W then Fe-Mn-Co. Moreover, all the examined study groups didn’t show any inhibition
zones against E. coli reference culture.
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Conclusions: The novel nanostructured biodegradable Fe-Mn—Cu, Fe-Mn-W, and Fe-Mn-Co metal
alloys exhibit good biocompatibility on oral epithelial cell lines with the enhancement of cell
proliferation in a time-dependent manner that favors bone regeneration. On the other hand, all
the alloys manifested possible anticancer activity against MG-63: osteosarcoma cell line.
Furthermore, our study sheds the light on the importance of Co, W and Cu as promising alloying
elements. However, the antibacterial activity of the examined alloys is still questionable.
Clinical relevance: The novel nanostructured biodegradable Fe-Mn-Cu, Fe-Mn-W, and Fe-Mn-Co
metal alloys offer promising bioactive materials for reconstruction of bony defects following
traumatic fractures or surgical excision of tumors, In addition, they could be excellent alternatives
for undegradable or non-resorbable alloys that are commonly used. Moreover, they could be used
as beneficial 3D printing materials to obtain patient-specific medical implants that favor bone
regeneration in addition to manufacturing of plates and screws suitable for fracture fixation.

1. Introduction

The function and aesthetic values of oral and maxillofacial regions have a significant impact on patients’ well-being and quality of
life. This gave prime importance to any proposed advances in the materials used for reconstruction of this area [1]. Stainless steel as
well as titanium and cobalt chromium alloys have long been used as suitable bone implants. Despite their high corrosion resistance,
good biocompatibility and excellent mechanical properties, being unable to degrade themselves and remain in the human body for
long time has resulted in many complications. Consequently, this raises the need for a secondary removal surgery which in turn will
cause health and economic burdens [2-4].

Development of nanostructured biodegradable alloys has generated a great deal of interest in the recent years owing to their unique
characteristics of the nanoparticles used in term of increasing their surface area with subsequent increase in their surface reactivity,
dominance of electromagnetic forces of these nanoparticles as well as their random molecular motion. These novel alloys offer
promising bioactive materials for reconstruction of bony defects following traumatic fractures or surgical excision of tumors, that can
conquer the drawbacks of the commonly used metallic materials. Owing to the various advantages of biodegradable metals, their
medical applications have been extensively studied in the past decade [5]. Among them, iron (Fe)-based alloys were investigated and
showed high strength, good biocompatibility and mechanical properties [6]. Nevertheless, its degradation rate is too low, it releases
insoluble products and hinders the use of magnetic resonance imaging. Fortunately, alloying with manganese (Mn) overcame these
limitations, where it increased degradation rate, improved the mechanical properties, strength, and formability in addition to enabling
magnetic resonance imaging [7-9].

Recently, increasing research interests are shifting toward enhancing the properties of biodegradable metal alloys by adding more
metals using advances of nanotechnology. Among these metals, copper (Cu), tungsten (W), and cobalt (Co) were added to Fe-Mn-
based biodegradable alloys [10]. Cu is a critical component that has many biological activities and benefits, which renders it a
promising element for development of new Cu-containing biomaterials with improved healing mechanisms [11]. On the other hand, W
is well known for its inertness and stability, that’s why it has long been an attractive candidate in several medical fields. Moreover, it
has unique characteristics as hardness, ability to resist buckling forces at small dimensions as well as high tensile strength [12].

Furthermore, cobalt based alloys have been used for biomedical implants for several years, where they exhibited good mechanical
properties [13]. Accordingly, it seemed very interesting to investigate the biocompatibility of novel nanostructured Fe-Mn-based
biodegradable (Fe-Mn—-Cu, Fe-Mn-W, and Fe-Mn-Co) alloys on normal oral epithelial cell line as well as their antibacterial effects
against Escherichia coli (E. coli). Moreover, the possible anticancer effect of such alloys was also examined on osteosarcoma cell line.

2. Materials and methods
2.1. Biodegradable alloys

Three nanostructured Fe-Mn-based biodegradable (Fe-Mn-Cu, Fe-Mn-W, and Fe-Mn-Co) alloys were used. These alloys were
successfully synthesized by Ammar et al. [10] using mechanical alloying. They used high purity (99.9 %) Fe, Mn, Cu, W, and Co
elemental powders with an average particle size less than 44 pm. Moreover, they tested the physical properties and confirmed that the
obtained nanostructured alloys were homogenous with an even elemental dispersion of alloys. The designations and composition in
atomic percentage of the 4 examined nanostructured alloys were listed in the following table [1].

2.2. Cell cultures
Two cell lines were purchased from Nawah Scientific Inc (Al-Mokattam, Cairo, Egypt), MG-63: osteosarcoma and oral epithelial

OEC. Cells were maintained in DMEM media supplemented with 100 mg/ml of streptomycin, 100 units/mL of penicillin and 10 % of
heat-inactivated fetal bovine serum in humidified, 5 % (v/v) CO2 atmosphere at 37 °C.



S.A. Elborolosy et al. Heliyon 9 (2023) 20932

2.2.1. Cytotoxicity assays

Cell viability was assessed by the sulforhodamine B (SRB) assay. Aliquots of 100 pL cell suspension (5 x 10°3 cells) were incubated
in complete media in 96-well plate. The aliquots were exposed to the biodegradable discs for 24 and 72 h, however unexposed aliquots
were used as control (C). After exposure, cells were fixed by replacing media with 150 pL of 10 % TCA and incubated at 4 °C for 1 h.
Then, TCA solution was removed, and the cells were washed 5 times with distilled water. SRB solution (70 pL) (0.4 % w/v) were added
and incubated in a dark place at room temperature for 10 min, then, the plates were washed 3 times with 1 % acetic acid and allowed to
air-dry overnight. Finally, 150 pL of TRIS (10 mM) was added to dissolve protein-bound SRB stain; the absorbance was measured at
540 nm using a BMG LABTECH®- FLUOstar Omega microplate reader (Ortenberg, Germany). The cultured cells were examined under
the inverted phase contrast microscope at 10 x magnification with scale range 50-100 pm to assure viability and adequacy of cultured
cells as well as their morphology.

2.3. Antibacterial effect

The antibacterial effect of the tested materials was evaluated using disc diffusion susceptibility (Kirby-Bauer method) and colony
suspension method. For preparation of the inoculum, a disc of E. coli ATCC 8739 was inoculated into 100 ml of Tryptic Soy Broth
medium and incubated at 37 °C for 24 h. A fresh culture agar plate was prepared where a loopful from broth was streaked onto Tryptic
Soy Agar (TSA) medium, incubated at 37 °C for 21 h. A direct sterile saline solution was prepared by inoculating 3-4 colonies of E. coli,
the suspension was adjusted to achieve a turbidity equivalent to a 0.5 McFarland standard. Inoculum density was standardized by
using a 0.5 McFarland standard and DensiCHEK®© optical device. That adjustment resulted in a suspension containing approximately 1
x 10® CFU/mL of E. coli.

2.3.1. Disc diffusion susceptibility (Kirby-Bauer method)

Then, around 20 ml of TSA was poured at 90 mm Petri dish then the plate was left to dry. A sterile swab was dipped into the
inoculum tube. The dried surface of TSA plate was inoculated by streaking the swab 3 times over the entire agar surface, the plate was
rotated approximately 60° each time to ensure an even distribution of the inoculum. The provided disk was placed on the surface of the
agar using sterile forceps. Finally, the plate was incubated at 37 for 24 h.

2.4. Colony suspension method

The adjusted suspension was diluted to 1 x 107 CFU/ml by taking 1 ml and inoculates it in 9 ml buffered peptone water (BPW). This
step was repeated to obtain dilution of 1 x 106 CFU/ml. Each disc was immersed in 10 ml BPW and stored at 37 °C. After 4 h, 1 ml from
the solution was aspirated and inoculated in single well. 1 ml of the prepared inoculum was added to each well, resulting in a con-
centration of 5 x 105 CFU/ml. Same Steps were followed for 24 h and 72 h at 37 °C, respectively. Moreover, a growth control well
containing inoculated broth, without sample, as well as a negative control well containing only the broth without sample or bacteria
was added to each sample plate. All Plates were incubated at 37 °C for 24 h. Finally, the wells were checked for any visual growth and
optical density of the inoculated wells was measured at 600 nm.

2.5. Statistical analysis

The data obtained from three independent series of experiments were used to calculate mean values + SD. The variance analysis
(ANOVA) and Tukey’s HSD test were performed using the statistical package for the social sciences (SPSS) version 26. The p-value
<0.05 was considered significant.

3. Results
3.1. Cytotoxicity and cell viability

In OEC cell line, the cell viability percentage showed significant increase in all the experimental groups (M1, M2, M3) in com-
parison to the control group. The highest percentage was observed in M3 group, followed by M2 then M1, at 24 and 72-h intervals,
respectively. Multiple pairwise comparisons revealed significant differences on comparing each 2 groups together at both 24 and 72-h
intervals (Tables 1 and 2) (Fig. 1a and 2).

In OS cell line, the cell viability percentage showed significant increase in all the experimental groups (M1, M2, M3) in comparison
to the control group, however multiple pairwise comparisons revealed insignificant difference among M1, M2 and M3 groups at 24-h

Table (1)

The designations and composition in atomic percentage of the 3 examined nanostructured alloys.
Experimental group Nanostructured Alloy Atomic percentage
M1 Fe-Mn-CU All have the same anatomical percentage 65:32:3
M2 Fe-Mn-W

M3 Fe-Mn-Co
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Table (2)
Mean values of cell viability percentage in the experimental groups and the P-values among them at 24 and 72-h intervals.
Cell Line C M1 M2 M3 P-value
OEC 24h 5.087 + 0.103% 28.314 + 1.350° 31.440 + 0.868° 34.015 + 0.764¢ 0.000
72h 5.296 + 0.071? 29.559 + 1.463" 33.161 + 1.386° 37.373 + 1.598¢ 0.000
oS 24 h 4.281 + 0.140% 7.698 + 1.563° 7.178 + 0.482° 7.700 + 0.538° 0.0034
72h 4.486 + 0.294% 0.505 + 0.277° 1.186 + 0.064° 2.311 + 0.381°¢ 0.000

*Subscripts with different letters within the same row are statistically significant, while Subscripts with the same letters are statistically non-
significant.

interval. On the contrary, at 72-h interval, the cell viability percentage showed significant drop in all the study groups (M1, M2, M3) in
comparison to the control group. The lowest percentage was observed in M1 group, followed by M2 then M3. Multiple pairwise
comparisons revealed significant differences between each 2 groups together at 72-h interval except for groups M1 versus M2 which
showed insignificant difference (Tables 1 and 2) (Fig. 1b and Fig. 3).

3.2. Antibacterial effect

All the examined study groups didn’t show any evidence of anti-bacterial effect against E. coli reference culture, where no inhi-
bition zones were detected at 24 and 72-h interval [Fig. 4 (A,B)].

4. Discussion

Fe-based biodegradable alloys as next-generation bone implants has attracted considerable attention in the last decade, this is
attributed to their outstanding mechanical properties and favorable biocompatibility [4]. To extend freedom in alloy design and to
upgrade the mechanical properties and degradation rates of Fe-Mn alloys, novel design strategies have been presented [1]. According
to this approach, Ammar et al. [10] produced Fe-Mn-Cu, Fe-Mn-W, and Fe-Mn-Co alloys, which were investigated in the current
work. While alloying with Cu was previously reported and has shown evident influence on density, hardness, and biodegradation rate
(about 2 times higher) of Fe [14,15], few trials reported successful addition of W and Co to Fe-Mn-based alloys [16,17].

Biocompatibility is defined as “the ability of a biomaterial to perform its desired function without eliciting any undesirable local or
systemic effects on the recipient”. Testing the biocompatibility of any biomaterial is a primary requirement in its approval for clinical
use [18].Accordingly, in vitro cytotoxicity of the novel (Fe-Mn—Cu, Fe-Mn-W, and Fe-Mn-Co) alloys was assessed on cultured cells as
described by the International Standards Organization (ISO 10993-5) [19]. In the current study, all of the examined alloys exhibited
good biocompatibility with clearly enhanced cell proliferation in a time dependent manner. In agreement with our results, several
researches revealed evident biocompatibility of Fe-Mn-based biodegradable alloys [8,20,21]. In the same line, the ability of Fe to
induce proliferation of epithelial cells, deposition of extracellular proteins and remodeling of extracellular matrix has been reported in
previous studies [22,23]. The optimum biocompatibility was reached by the alloy with Co content, this may be attributed to the ability
of low doses of Co to mimic hypoxia and upregulate hypoxia inducible factor-1a in many cell types, which enhanced cell responses [24,
25].

It’s worth noting that the antibacterial activity of metal alloys is crucial to eradicate the possibility of implant-related infections
which seriously cause implantation failure and threaten human health [26]. Several studies confirmed the antibacterial effect of
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Fig (1). Column charts showing the mean values of cell viability percentage in normal oral epithelial cell line (A) and osteosarcoma cell line (B) at
24 and 72-h intervals.
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Fig (2). OEC cell line with Inverted phase microscopic pictures at 10x magnification with scale range 50-100 pm showing the morphology of
viable epithelial cells at 24 and 72 h time intervals. Most of the cells are polyhedral and maintain inter-cellular adhesion with the adjacent cells.

M1 M2 M3

24
hrs

72
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Fig (3). OS cell line with Inverted phase microscopic pictures at 10x magnification with scale range 50-100 pm showing obvious reduction of
viable osteosarcoma cells from 24 to 72 h time intervals, especially in M1 followed by M2 then M3. Most of the cells are spindle in shape.

Fe-Mn based alloys [7,27]. So far, it is widely accepted that silver (Ag) [27] and Cu [7,14,15] are the most promising alloying elements
that have largely enhanced the antibacterial effect of the base alloys. Studies showed superior antibacterial activity of Ag more than
Cu. However, there are specific types of bacteria having more amine and carboxylic groups on the cell surface that have more affinity
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Fig (4). Photos of a 24-well plate (A) and a Petri dish (B) containing E-coli colonies and showing no inhibition zones.

to Cu, thus Cu can easily disrupt their nucleic acids and key enzymes. As known that Nano Cu oxide could reduce populations of Gram
+ ve and Gram-ve bacteria by 68 % and 65 % respectively. Moreover, while Co and Cu resisted bacterial attachment and growth
effectively, W was also listed among the metals that have exhibited antibacterial effects to some extent [26].

In the current study, all the nanostructured metals, namely Cu, W, and Co that were selected and added to Fe-Mn-based biode-
gradable alloys, due to their well-recognized potent biological antibacterial properties [10-12,34]. Unfortunately, this study failed to
prove the antibacterial efficacy of the novel nanostructures as all the examined study groups didn’t show any evidence of anti-bacterial
effect against E. coli reference culture, where no inhibition zones were detected at 24 and 72-h interval. This might designate the
limited antibacterial potential of the combined metals to perform the required synergistic antibacterial action. As the antibacterial
activity of the examined alloys is still questionable, further studies are recommended to re-evaluate the antibacterial effect of the
examined alloys using different testing protocols and different species with more time intervals and to point out the possible modi-
fications to upgrade this activity in such alloys.

To date, the available literature lacks any evidence about antitumor effect of Fe-Mn-based biodegradable alloys, this could be
attributed to the recency of the research point. For the best of our knowledge, this study is one of the leading research projects to
unravel the possible anticancer effect of such alloys. In the same context, the potential antitumor properties of biodegradable Mg-based
alloys both in vitro and in vivo has been elucidated [28,29]. Interestingly, all the examined alloys exerted a selective time dependent
cytotoxic effect on cancer cells rather than normal cell lines. This may be attributed to production of Fe?* and Fe" ions, as well as
reactive oxygen species (ROS) and free radicals, which may exert cytotoxic effects on the cells [30]. The most potent anticancer activity
in the present study was achieved by the alloy with Cu content. Some recent studies have proposed the possible anticancer effect of Cu
[31-33].

Interestingly, the significant increase in cell viability percentage of OS cell line at 24-h interval, and the subsequent drop at 72-h
interval could be attributed to the hermetic effect of the produced ROS. This effect is expressed by biphasic action: stimulation by low
doses and inhibition by high doses. This could clarify that the limited amount of ROS at 24-h interval has stimulated the activities of the
OS cell line. Contrarily, the time dependent increase in production of ROS and their accumulation at 72-h interval, exerted a cytotoxic
and inhibitory effect on OS cell line [34].The current work affords new insights on the dual biofunction of novel nanostructured
biodegradable metal alloys, namely Fe-Mn-Cu, Fe-Mn-W, and Fe-Mn-Co. They showed two contradictory favorable effects
biocompatibility and enhancement of cell proliferation on normal cells as well as cytotoxic activity on tumor cells. This selectivity
renders the examined alloys suitable for reconstruction of bony defects following surgical excision of malignant tumors with high
recurrence rate.

Owing to their good biocompatibility, they could be used as beneficial 3D printing materials to obtain patient-specific medical
implants that favor bone regeneration in addition to manufacturing of plates and screws suitable for fracture fixation. In accordance
with our results, most previous preclinical studies on such alloys have yielded hopeful results. However, their applications in the oral
and maxillofacial regions is still taking its first steps [1]. This raises a compelling need for further investigations in these research fields
to obtain novels alloys with great potential in future applications.

LIMITATION OF THE STUDY:

As any laboratory study there are several inevitable limitations that might affect the clinical consideration as the humidity,
temperature, acidity and the harbor of different microbial species. However, this preclinical study is very essential to accurately
determine and properly interpret the mechanism of action of this novel alloys in bone regeneration and osteointegration as well as
their biocompatibility, antibacterial activity and carcinogenicity before clinical evaluation.

5. Conclusions
1. The novel nanostructured biodegradable Fe-Mn-Cu, Fe-Mn-W, and Fe-Mn-Co metal alloys exhibit good biocompatibility on oral

epithelial cell line with enhancement of cell proliferation in a time dependent manner, where Fe-Mn-Co showed the highest
biocompatibility.
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2. On the other hand, all the alloys manifested possible anticancer activity against MG-63: osteosarcoma cell line, especially
Fe-Mn—Cu.

3. Furthermore, our study sheds the light on the importance of Co, W and Cu as promising alloying elements.

. However, the antibacterial activity of the examined alloys is still questionable.

5. The novel nanostructured biodegradable Fe-Mn-Cu, Fe-Mn-W, and Fe-Mn-Co metal alloys could be considered as excellent
alternative for undegradable or non-resorbable alloys that may have some complications and subsequent need for a secondary
removal surgery accompanied by risk on patient health and extra financial demands.

6. These novel alloys offer promising bioactive materials for reconstruction of bony defects following traumatic fractures or surgical
excision of tumors, that can overcome the drawbacks of the commonly used metallic materials.

N
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List of abbreviations

Fe iron

Mn manganese
Cu copper

W tungsten
Co cobalt

E. coli  Escherichia coli
MG-63  osteosarcoma and oral epithelial OEC

(O} osteosarcoma cell line
DMEM media Dulbecco’s Modified Eagle Medium
TCA trichloric acetic acid

SRB assay Sulforhodamine B assay
BPW buffered peptone water
ROS reactive oxygen species
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