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Abstract

Bioglasses are solid materials consisted of sodium oxide, calcium oxide, silicon dioxide

and phosphorus in various proportions and have used in bone tissue engineering.

There have been ongoing efforts to improve the surface properties of bioglasses to

increase biocompatibility and performance. The aim of the present study is to modify

the bioglass surface with an amino acid mixture consisting of arginine, aspartic acid,

phenylalanine, cysteine, histidine and lysine, to characterize the surface, and to evalu-

ate the performance and biocompatibility in vitro and in vivo. The untreated bioglass,

bioglass kept in simulated body fluid (SBF), and modified bioglass were used in further

evaluation. After confirmation of the surface modification with FT-IR analyses and

SEM analyses, MC3T3-E1 preosteoblasts adhesion on the surface was also revealed

by SEM. The modified bioglass had significantly higher ALP activity in colorimetric

measurement, rate of calcium accumulations in Alizarin red s staining, lower rate of

cell death in Annexin-V/PI staining to determine apoptosis and necrosis. Having

higher cell viability rate in MTT test and absence of genotoxicity in micronucleus test

(OECD 487), the modified bioglass was further confirmed for biocompatibility

in vitro. The results of the rat tibial defect model revealed that the all bioglass treat-

ments had a significantly better bone healing score compared to the untreated nega-

tive control. However, the modified bioglass exhibited significantly better bone

healing efforts especially during the first and the second months compared to the

other bioglass treatment treatments. As a result, the amino acid surface modification

of bioglasses improves the surface biocompatibility and osteogenic performance that

makes the amino acid modified bioglass a better candidate for bone tissue

engineering.

1 This article was produced from the doctoral thesis titled “Modified bioglass: in vitro and in vivo efficacy evaluation by means of hard tissue engineering”.

Received: 31 October 2023 Revised: 8 July 2024 Accepted: 9 July 2024

DOI: 10.1002/jemt.24659

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Author(s). Microscopy Research and Technique published by Wiley Periodicals LLC.

26 Microsc Res Tech. 2025;88:26–41.wileyonlinelibrary.com/journal/jemt

https://orcid.org/0000-0003-0326-3407
mailto:y.ozkabadayi@kku.edu.tr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jemt
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjemt.24659&domain=pdf&date_stamp=2024-08-18


Research Highlights

• Bioglass surface modification with amino acids contributes to bioglass-tissue inter-

action with an improved cell attachment.

• Modified bioglass increases in vitro Alp activity and calcium accumulation, and also

positively affects cell behavior by supporting cell adaptation.

• Bioglass exerts osteogenic potential in vivo especially during early bone healing.
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1 | INTRODUCTION

Bone tissue has a good regeneration capability by not forming scar tis-

sue during the healing process (Marsell & Einhorn, 2011). Although

anatomical reduction and stable fixation are necessary in fracture

healing, many other factors including osteoblasts, osteoclasts, growth

factors, hormones, age, nutrition, and chronic diseases can also affect

the healing process (Keating et al., 2005). Even if the well-organized

fracture healing process continues in a normal pathophysiological

state, presence of other clinical conditions such as skeletal defects,

avascular necrosis and osteoporosis can be highly influential on frac-

ture healing (Raisz, 1999). In addition, open fractures (especially open

tibia fractures) with soft tissue loss and periosteal detachment as a

result of severe trauma, blast injuries, infection or tumor resections

that require extensive debridement can also lead to critical bone loss

(Keating et al., 2005). Fractures with extensive bone loss needs addi-

tional interventions to augment the healing process (Keating

et al., 2005).

The bone tissue engineering strategies include the use of compo-

nents such as cells, growth factors and scaffolds for repair and regen-

eration. Although biomaterial systems containing biological

components are potentially valuable, difficulties in clinical practice

and high cost are limiting factors for the use of these components.

Therefore, bone tissue engineering applications mostly prefer the use

of materials (Atala et al., 2012; Hunter & Sherman, 2017). Bioactive

glasses are among the biomaterials used for bone regeneration. Bioac-

tive glasses are hard and solid materials consisted of sodium oxide,

calcium oxide, silicon dioxide and phosphorus in various proportions

(Hench et al., 1971). A biologically active hydroxyapatite layer is

formed where bioactive glasses come into contact with host tissue in

the physiological environment (Cao & Hench, 1996). Substances such

as silicon, sodium, calcium, and phosphate released during the degra-

dation process also stimulate cells to synthesize new tissue (Cao &

Hench, 1996). However, there are some current problems encoun-

tered in previous studies on bioglass, for example, insufficient interac-

tion of the bioglass surface with the host tissue (Baino et al., 2018).

Events such as cell adhesion, adhesion or activation of proteins, and

the host immune response to the biomaterial occur at the biomaterial-

tissue interface, and these biological events are determined by the

physical and chemical properties of the biomaterial surface. Therefore,

surface modification of biomaterials without changing their bulk (vol-

ume) properties seems to an acceptable approach with promising

results not only for better attachment but also increased biocompati-

bility (Anderson, 2001; Anderson et al., 2008). Among the biomole-

cules used in surface modification of biomaterials are amino acids,

which have isoelectric points depending on the functional groups and

side chains in their structures (Agarwal & García, 2019; Lee

et al., 2012; Uddin et al., 2010). Having such surface properties pro-

vide changes in the surface charge of amino acids. The electrostatic

attraction between the amino acid and the biomaterial surface can

be modulated by pH adjustment to attach acidic or basic amino acids

on the biomaterial surface (Lee et al., 2013). The present study

aimed to improve biocompatibility of bioglass by surface modifica-

tion. For this aim, the bioglass surface was modified with a mixture

of amino acids consisting of arginine, aspartic acid, phenylalanine,

cysteine, histidine, and lysine. Then, the bioactivity and biocompati-

bility of the modified bioglass were evaluated by in vitro and in vivo

experiments.

2 | MATERIALS AND METHODS

2.1 | Modified bioglass synthesis

The bioglass used in this study is the bioglass known as “45S5 Bio-

glass®” (Hench et al., 1971) and will be referred to as untreated bio-

glass in this study. The modification solution of bioglass was prepared

by adding a mixture of amino acids to simulated body fluid (SBF). First,

SBF was prepared (Kokubo and Takadama, 2006), then the amino acid

mixture was added into the SBF. The final solution (100 ml) had

the followings: L-lysine (50mg/100ml), L-histidine (50mg/100ml), argi-

nine (100mg/100ml), aspartic acid (100mg/100ml), phenylalanine

(100mg/100ml) and cysteine (100mg/100ml). The bioglass sample

was placed in the mixture in a 250 ml conical glass container and kept

in a shaking oven (KUHNER SHAKERX, Climo-Shaker ISF1-XC, and

Switzerland) at 37 �C and 80 rpm for 25 days. Then, the fluid part was

removed and the remaining part, modified bioglass, was dried over-

night at 37 �C. For in vitro and in vivo tests, 3 different bioglass sam-

ples were used: untreated bioglass, modified bioglass, and bioglass

kept in SBF.
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2.2 | Modified bioglass characterization

2.2.1 | FT-IR spectrum

The FT-IR spectra of the bioglasses were measured using the VERTEX

70v FT-IR spectrometer (Bruker).

2.2.2 | Scanning electron microscopy imaging

The shape and topography of the bioglasses were examined using a

scanning electron microscope (JEOL, JSM-5600). For SEM examina-

tion, the bioglass samples were dried, fixed on brass plates with an

adhesive tape, coated using a gold sputter coating device (SBC-900-C

sputtering coater), and examined.

2.3 | In vitro efficacy and biocompatibility tests

L929 fibroblast and Chineese Hamster Ovary CHO cell lines were

obtained from the Sap Institute of the Turkish Ministry of Agriculture

and MC3T3-E1 preosteoblasts was generosity of Prof. Halil Murat

Aydin of Hacettepe University.

2.3.1 | Cell adhesion test

MC3T3-E1 mouse preosteoblast cell line was used in the cell adhesion

test. The cells were cultured in Dulbecco's modified Eagle's medium

(DMEM, Low Glocose, Biological Industries, Lot 2027500) containing

10% fetal bovine serum (Foetal Bovine Serum, Biological Industries,

Lot 2004013) and 1% penicillin-streptomycin (Pen-Strep Solution,

Biological Industries, Lot 1952187). To provide the basal environment

to better facilitate interaction between the biomaterial and cells, the

sterile bioglass materials were first placed in a 24-well plate and cell

cultıure medium was added on to them before incubation for an hour

at 37 �C in an environment condition with %5 CO2. Upon withdraw-

ing the culture meadia, cells were seeded on the biomaterial at a con-

centration of 5x104 cells/well and kept 4 hours to ensure cell

adhesion, and then a ready-made culture medium until covering the

top of the biomaterial. The cell seeded biometarials were kept for dif-

ferent time points: 3, 7 and 14 days, and cell adhesion along with cell

morphology was evaluated with SEM. Prior to SEM analyses, the

cell culture medium in the wells containing the cell seeded biomate-

rials were removed, and the well was washed twice with PBS before

fixing the cells with 4% paraformaldehyde for 30 minutes. Following

removal of paraformaldehyde in the wells and washing twice with

PBS for 5 minutes each, the cell seeded biomaterials were dehydrated

in an alcohol series: 30%, 50%, 70%, 80%, 96% and absolute alcohols.

After a drying process, the surface of the cell-seeded biomaterials was

coated with gold using the sputter coater device and examined

with SEM.

2.3.2 | Alkaline phosphatase activity

ALP activity was measured by a colorimetric method, in which the

SensoLyte pNPP (Catalog no: 72146) kit was used. For this purpose,

12.5x103 MC3T3-E1 preosteoblast cells per well were planted in

24-well plates, and ALP activity on MC3T3-E1 preosteoblast seeded

bioglasses were measured on the 3rd, 7th and 14th days of cultivation

in 3 replicates. At the end of the experiment periods, the absorption

values of the cell extract, which was subjected to the procedures

specified in the test kit protocol, were measured in an Elisa reader at a

wavelength of 405 nm, and the ALP activity was calculated in ng/ml.

2.3.3 | Demonstration of calcium deposits with
Alizarin Red S

Two different methods were used to evaluate calcium deposits: colori-

metric method and Alizarin Red S staining. Colorimetric measurement

was performed as stated by Quarto et al. (2015). For this purpose, 5x104

MC3T3-E1 preosteoblast cells per well were seeded in 24-well plates,

calcium deposits on MC3T3-E1 preosteoblast seeded bioglasses were

measured on the 3rd, 7th, and 14th days of cultivation in three replicates.

Alizarin Red S amounts showing calcium accumulation were calculated in

mM. Similarly, bioglasses of the 3rd, 7th, and 14th days of cultivation

were stained with Alizarin red staining in which 2% Alizarin Red S (Kim

et al., 2013) was adjusted to a pH of 4.1–4.3. The stained samples were

then viewed under an inverted microscope (Leica DMI 6000B).

2.3.4 | Apoptosis-necrosis test

Annexin V-FLUOS Staining Kit (ROCHE) was used to evaluate the

apoptosis-necrosis rates. Briefly, MC3T3-E1 cells were seeded on

the bioglasses (5x104 MC3T3-E1 preosteoblast cells per well were

seeded in 24-well plates) and kept for 3, 7 and 14 days. At the end of

incubation, the medium was discarded, and the prepared Annexin-V

and propidium iodide (PI) dye solution was added on the cells. Upon

keeping the cell seeded biomatarials for 15 minutes at room tempera-

ture in the dark, cells on the biomatarials were examined under an

inverted microscope (Leica DMI 6000B) using the FITC fluorescent fil-

ter. The cell membrane of apoptotic cells illuminate green floure-

censce (FITC) while the nucleous of the necrotic cells illuminate red

flourence (PI). The healty cells do not illuminate neither of them.

2.3.5 | In vitro cytotoxicity testing

Cytotoxicity of modified bioglass were evaluated by a direct method,

MTT (3,[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)

test, a cited method in ISO 10993–5 standard for in vitro biocompati-

bility. Briefly, L-929 fibroblasts and MC3T3-E1 preosteoblast cells

were seeded at a densitiy of 1.0x 104 cells/well in a 96-well plate,
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then the modified bioglass was extracted in cell medium and the

obtained extract (0.2g/ml) was exposed to cells. After 24 h of incuba-

tions, MTT was added to cell containing wells and kept for 2 h. After

removal of MTT and addition of isopropyl alcohol, the absorbance

values were measured at 570 nm wavelength in an Elisa Reader

(SPECTROstar Nano- S/N 601–1841). The cell viability was calculated

using the following formula: % cell viability = (absorbance value of

test sample/negative control absorbance value) � 100. If the cell via-

bility is above 70%, the samples passes the test and meets the

requirement for in vitro biocompatibility criteria.

2.3.6 | In vitro micronucleus test

In vitro micronucleus test was conducted in accordance with ISO

10993-3 and OECD 487 standards to determine the genotoxicity

potential of the test product. Briefly, the CHO cell line specified in the

standard was exposed to the extracts obtained from the bioglass sam-

ples. Firstly, cells at a density of 15x103 were seeded into 48-well

plates. The cells were incubated for 24 hours (37�C, 5% CO2). At the

end of the incubation period, the culture media in the wells were dis-

carded and three different concentrations of the extract (1:1, 1:2, and

1:4) were added to the wells and kept either for 3 hours or 24 hours. In

the short period test (3 hours), the test was conducted either in the

presence of absence of S9 (2%), which was added along with test

extract if used. After incubation for 3 hours, the cell culture medium

was removed and a fresh medium containing cytochalasin B (3μg/ml)

for was added into the wells. In the long period test (24 hours), the test

extract and the cytochalasin B (3μg/ml) containing fresh extract were

added into the wells. Mitomycin C and cell culture medium was used as

positive and negative controls, respectively. At the end of the experi-

ment, the media in the well was discarded and 200 μl of 75 mM KCl

was added to the wells. After 5 min of incubation, KCl was removed

and a mixture of methanol and glacial acetic acid (3:1) was added into

wells to fix the cells. After that, the fixatative mixture was replaced with

PI dye, which stains cell nuclei. The mononucleated, binuclated, and

multinucleated cells were counted under an inverted florescence micro-

scope. The micronucleus rates, Cytokinesis Block Proliferation Index

(CBPI) and cytostasis were calculated as specified in the standard.

2.4 | In vivo tests

The in vivo experiments were carried out upon approval by the Kırıkkale

University Institutional Ethics Committee for Animal Experiment (Protocol

No: 2021/09–34). All animal experiments were carried out at the Kırık-

kale University Hüseyin Aytemiz Laboratory Animal Research Facility.

2.4.1 | Implantation and extremity
performance test

The protocols specified in ISO 10993-2-6-12 standards for interosseous

implantation were used to assess the local effect after implantation. A

total of 84 wistar albino male rats weighing 222.26 ± 50.04 g were used.

Under general anesthesia, unicortical critical size defects of 4 mm wide

and 4 mm long were created in the antero-medial cortex of the proximal

tibia. Animals were randomly assigned to one of the following four

groups, each having seven rats: modified bioglass, untreated bioglass, bio-

glass kept in SBF and negative control. Following implantation, animals

were euthanatized at the end of the 4th, 8th, and 12th weeks. The defect

sites were removed and placed in 10% formalin for 72 h, decalcified in %

10 formic acid solution, and embedded in paraffin following the routine

dehydration process. Then, 5 μm thick sections were cut from paraffin

blocks and stained with Masson's triple stain and hematoxylin–eosin. The

sections were examined under a light microscope (Nicon Eclipse 50i) and

the defect sites were analyzed using two different scoring systems: the

Emery scoring system for tissue integration and performance (Emery

et al., 1994) and the semi quantitative histopathological scoring cited in

ISO 10993–6 Tables 1 and Table 2 (Annex 5) (ISO 10993-6, 2016) for

assessment of local irritant effect following implantation.

TABLE 1 Histopathological evaluation of the bone defect
according to the Emery scoring system.

Score Evaluation criteria

0 Defect area is empty

1 There is only fibrous connective tissue in the defect area

2 There is more fibrous connective tissue than fibrous cartilage

3 There is more fibrous cartilage than fibrous connective tissue

4 There is only fibrous cartilage

5 There is more fibrous cartilage than bone

6 There is more bone than fibrous cartilage

7 It is just full of bone

TABLE 2 ISO 10993–6 Table 1 (Annex 5)—Semi quantitative
histopathological scoring.

Animal number Sample

A1. Inflammation

Polymorphonuclear cell Score (0–4)

Lympocytes Score (0–4)

Plasma cells Score (0–4)

Macrophages Score (0–4)

Giant cells Score (0–4)

Necrosis Score (0–4)

Subtotal (�2)

A2. Neovascularization Score (0–4)

Fibrosis Score (0–4)

Fatty infiltrate Score (0–4)

Subtotal

Total A1 + A2

Average

Score Test � Control

Note: Irritation scores: None (0.0–2.9); mild (3.0–8.9); medium (9.0–15.0);
Severe (>15.0).
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2.5 | Statistical evaluation

A SPSS statistical program was used to evaluate in vitro and in vivo

test results. Data obtained from the colorimetric tests of ALP activity

and Alizarin Red S and calcium deposits were compared among groups

using ANOVA test. Data obtained from the In vitro micronucleus test

were statistically evaluated with the Fisher's exact test. For data

obtained from the Emery scoring of the bone defect, the Kruskal-

Wallis test was used to determine presence of a significant difference,

and the Mann–Whitney test was used for multiple comparisons.

3 | RESULTS

3.1 | FT-IR spectrum

The FT-IR spectrum of the regular bioglass was in 97.09% correlation

with the reference sample (45S5 Bioglass powder, Mo-Sci Corpora-

tion) since the absorption peaks were very similar (Figure 1).

The FT-IR spectra obtained from the untreated bioglass

(Figure 2) exhibited peaks among which the peak numbers of 1019

and 919 (cm�1) indicate the Si O Si bending stress and the

Si O Si asymmetric stress, respectively. In addition, the peaks of

Si bonds confirm the presence of the glassy structure, an impor-

tant feature of bioglass. On the other hand, the modified bioglass

has absorption peaks of (Figure 2), among which the peak numbers

of 1059, 952, 598, and 451 are strong bands vibration peaks

showing bonds formed between P and O that confirms the exis-

tence of the hydroxyapatite layer formed on the surface. The bio-

glass kept in SBF, another treatment, has the absorption peaks

(Figure 2), among which the peak numbers of 1064, 942, 597, and

454 (cm�1) are the bonds formed between P and O, showing the

presence of the hydroxyapatite layer. Unlike the untreated bio-

glass and bioglass kept in SBF, the modified bioglass has an

absorption peak number of 1554 cm�1 (Figure 2). This peak is due

to the N H bending vibration in amino groups. If so, this peak

confirms the presence of amino acid coating on the modified bio-

glass surface.

3.2 | SEM imaging

SEM images of the untreated bioglass revealed that the surface has

amorphous structures, and there are no hydroxyapatite crystals on

the surface (Figure 3a). On the other hand, the SEM images of the

modified bioglass revealed the presence of clearly outlined porous

structures (Figure 3c), surface accumulation of a certain type of a sub-

stance in a mottled appearance throughout the surface in a similar

manner, likely indicating amino acid accumulation (Figure 3c), and the

hydroxyapatite crystals (Figure 3d). The bioglass kept in SBF exhibited

hydroxyapatite crystals on surface (Figure 3b). All SEM images are

compatible with FT-IR measurements.

F IGURE 1 FT-IR comparison of the untreated bioglass (a) with reference sample (b).
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F IGURE 2 FT-IR spectrums of the
untreated bioglass (a), modified bioglass (b),
and bioglass kept in SBF (c).
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3.3 | Results of in vitro efficacy and
biocompatibility tests

3.3.1 | Cell adhesion

In SEM examination of the 3rd-day samples, cells seeded on the modi-

fied bioglass exhibited a spheroid morphology with cell extensions

attaching to the material surface (Figure 4a). Cells seeded on the bio-

glass kept in SBF also expressed adherence to the surface of the

material (Figure 4b). Unlike on the modified bioglass and bioglass kept

in SBF, cells seeded on the untreated bioglass had a limited number

attached cells. Cells were frequently spheroid in shape with no appar-

ent signs of attachment (Figure 4c).

In SEM examination of the 7th-day samples, cells seeded on the

modified bioglass, the attached cells on the surface expressed a squa-

mous morphology with cell extensions (Figure 5a,b). A large number

of attached MC3T3-E1 cells were also present in spheroid morphol-

ogy (Figure 5c). The spheroid cells were frequently observed in

groups. Cells seed on the bioglass kept only in SBF were seen in

spheroid morphology and frequently colonized (Figure 5d). Cells

seeded on the untreated bioglass, a small number of attached cells

with spheroid morphology were observed (Figure 5e). Cells in squa-

mous morphology with cell extensions were observed neither on the

surface of the bioglass kept in SBF nor on the untreated bioglass.

In SEM examination of the 14th-day samples, cells seeded on the

modified bioglass, a large number of cells with spheroid morphology

(Figure 6a) and cells with squamous cell morphology and extensions in

different areas were observed. Cells seed on the bioglass kept only

in SBF were seen in spheroid morphology attaching to the surface

(Figure 6b). Cells seeded on the untreated bioglass, a small number of

cells with spheroid morphology are present, attaching to the surface

(Figure 6d).

F IGURE 3 SEM images of the
untreated bioglass (a), bioglass kept in SBF
(b) and modified bioglass (c-d). In
photomicrographs, a) the untreated bioglass
has an amourphous surface structures, b)
bioglass kept in SBF showed surface
accumulations of hydroxyapatite (arrows),
c) the modified bioglass has clearly marked
pours (star), surface accumulation of a

substance throughout the surface (arrow),
and d) the modified bioglass has also
hydroxyapatite crystals (arrows).
SBF=simulated body fluid.

F IGURE 4 SEM images of MC3T3-E1 cells seeded on bioglass. a) Cell with cell extensions on the surface (arrow) are the most frequently
seen on the modified bioglass surface, b) cell adhering to the surface also appears in the bioglass kept in SBF, c). Cell attachment on the surface is
weaker and cells frequently appear in round morphology in the untreated bioglass. SBF=simulated body fluid.
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F IGURE 5 SEM images of MC3T3-E1 cells seeded on modified bioglass (a,b, and c), bioglass kept in SBF (d) and untreated bioglass (e) at day
7. a) Cell (arrows) appears as attaching to the surface with cell extensions adhering to the modified bioglass surface, b) Cells appeared in
squamous morphology with (arrow) and cell extensions (arrows and arrow heads) adhering to the modified bioglass surface (star), c) Numerous
cells in spheroid morphology (arrows) are also seen in modified bioglass, d) In bioglass kept in SBF, a small number of cells in spheroid morphology
appearred as adhering to the surface (*), and e) cells in spheroid morphology (arrow) also seen in untreated bioglass surface. However, the number
of cells on the surface was the least. SBF=simulated body fluid.

F IGURE 6 SEM images of MC3T3-E1

cells seeded on modified bioglass (a, b),
bioglass kept in SBF (c), and untreated
bioglass (d) at day 14. a) Cells (arrows)
appears as proliferating and attaching to
the surface numerous cells with spheroid
morphology adhering to the modified
bioglass surface, b) Cells appeared in
squamous morphology with and cell
extensions (arrow and arrow head) adhering
to the modified bioglass surface, c) in
bioglass kept in SBF, a less number of cells
(arrows) in spheroid morphology appearred
as adhering to the surface (*), d) cells in
spheroid morphology (arrows) also seen in
untreated bioglass surface(*). However, the
number of cells on the surface was the
least. SBF=simulated body fluid.
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3.3.2 | In vitro ALP activity

Table 3 present the ALP activity data in ng/mL. In the third and sev-

enth day samples, the ALP activity of the modified bioglass group was

significantly higher compared to those of the untreated bioglass and

negative control, but not the bioglass kept in SBF although it tends to

be significant (p = .055) (Table 3). In the 14th day samples, the modi-

fied bioglass had the highest amount of ALP activity compared to all.

3.3.3 | Alizarin red S staining

Microscopic examination of alizarin red S staining

The inverted microscope images of the 3rd day of the cells seeded in

modified bioglass revealed the areas of calcium deposition are

observed to a large extent in the culture medium (Figure 7). Cells inoc-

ulated on bioglass kept in SBF, had less calcium deposited areas com-

pared to the modified bioglass (Figure 7). Cells seeded on the

TABLE 3 Group and time-dependent
variation of in vitro ALP activity (ng/mL).

Modified bioglass Bioglass kept in SBF Untreated bioglass Negative

3rd day 2.053 ± 0.46a 1.656 ± 0.502a 0.920 ± 0.163b 0.640 ± 0.20c

7th day 2.10 ± 0.503a 1.711 ± 0.312a 1.221 ± 0.298b 0.957 ± 0.14c

14th day 2.893 ± 0.514a 1.942 ± 0.718b 1.542 ± 0.28b.c 1.33 ± 0.38c

Note: Data are given as mean ± std. Different letters in the same row indicate significant differences.

F IGURE 7 Alizarin Red S staining images of MC3T3-E1 cells seeded on biomaterials. b, e, h) compared to other bioglasses, modified bioglass
had the most intense alizarin red staining intensity and largest stained areas at the 3rd day, 7th day and 14th day, respectively. c, f, i) the bioglass
kept in SBF had stained areas but less intense and smaller areas compared to the modified bioglass. a, d, g) Compared to the others, the untreated
bioglass had the least intense staining. In all photographs, arrows indicate areas stained with Alizarin red and stars indicate biomaterial. Alizarin
Red staining, SBF= simulated body fluid.
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untreated bioglass, had the least calcium accumulated areas (Figure 7).

On the 7th and 14th days of cultivation, the calcium deposits with

better staining spreaded much larger areas in modified bioglass

(Figure 7). The results are reflected in spectrophotometric measure-

ments for which a statistical analysis was conducted (see below).

Colorimetric measurement of alizarin red S staining

Table 4 presents the Alizarin Red S concentrations given at mM levels.

In the spectrophotometric measurements of the 3rd day of cultiva-

tion, the Alizarin Red concentration was significantly higher compared

to those of the negative control (p: .035) and untreated bioglass sam-

ples (p: .039), but that of the bioglass kept in SBF (p: .069). The modi-

fied bioglass had higher amount of Alizarin Red concentrations

compared to the others at the 7th and 14th days of cultivation (p:

.007, p: .0003, respectively). Furthermore, the Alizarin Red S concen-

tration was the lowest in the samples of the untreated bioglass out of

negative control (p: .0001).

3.3.4 | In vitro apoptosis-necrosis test

In Annexin V test, the viability rates in MC3T3-E1 preosteoblasts

were significantly different among the cells exposed to the different

bioglasses at the 3rd, 7th and 14th days of cultivation (p < .01). The

cell viability was the highest in the cells cultivated on the modified

bioglass at all measurement days while the cells incubated with the

untreated bioglass had the lowest cell viability rate. (Table 5).

The Annexin V test further revealed apoptotic and necrotic rates in

MC3T3-E1 preosteoblasts. The apoptotic rates were significantly

higher compared to the necrotic rates for all treatments at all time

points (p < .01).

3.3.5 | In vitro cytotoxicity test

The results of the MTT test indicated that the highest concentration

of the modified bioglass extract (0.2 g/mL) exposed to L-929 fibro-

blasts and MC3T3-E1 osteoblasts resulted in a cell viability rates of

84.64% ± 11.63% and 86.94 ± 11.95%, respectively (Table 6).

3.3.6 | In vitro micronucleus test

The micronucleus rate in CHO cells exposed to extract of the positive

control was statistically higher compared to those of the modified bio-

glass and negative control (p: .00028) while there was no significantly

TABLE 4 Group and time-dependent
variation of in vitro Alizarin Red S
concentration (mM).

Modified bioglass Bioglass kept in SBF Untreated bioglass Negative

3rd day 0.09 ± 0.015a 0.06 ± 0.012a.b 0.03 ± 0.005b.c 0.02 ± 0.002c

7th day 0.18 ± 0.011a 0.14 ± 0.006b 0.13 ± 0.009c 0.05 ± 0.004d

14th day 0.36 ± 0.012a 0.30 ± 0.006b 0.25 ± 0.010c 0.17 ± 0.005d

Note: Data are given as mean ± std. Different letters in the row indicate significant differences.

TABLE 5 The cell viability apoptotic and necrotic rates of MC3T3-E1 cells cultivated on the modified bioglass determined on the 3rd, 7th and
14th days of cell culture.

3rd day Viability % Apoptosis % Necrosis %

Modified Bioglass 98.23 ± 0.05a 1.29 ± 0.15a 0.46 ± 0.10a

Bioglass Kept in SBF 94.54 ± 0.18b 4.54 ± 0.96b 0.90 ± 0.85b

Untreated Bioglass 90.26 ± 1.03c 7.69 ± 2.43c 2.05 ± 0.97c

7th Day

Modified Bioglass 96.43 ± 0.60a 2.77 ± 0.55a 0.78 ± 0.04a

Bioglass Kept in SBF 94.50 ± 1.21b 5.03 ± 0.74b 0.45 ± 0.15a

Untreated Bioglass 93.33 ± 5.43b 4 ± 1.34c 2.66 ± 0.95b

14th Day

Modified Bioglass 95.29 ± 0.09a 3.93 ± 0.46a 0.77 ± 0.37a

Bioglass Kept in SBF 93.54 ± 3.56b 4.83 ± 1.12 a 1.61 ± 0.18b

Untreated Bioglass 81.84 ± 3.65c 13.03 ± 1.21b 5.12 ± 4.87c

Note: Data are presented as in mean ± std. The mean difference is significant at the 0.01 level. Data with different superscripted letters in the same

column of the same day are significantly different.

TABLE 6 Cell viability rates (%) in MTT test following incubations
of cells with various concentrations of the modified bioglass extract.

Concentration
L-929 MC3T3-E1
Viability (% mean ± SD) Viability (% mean ± SD)

0.2 g/mL (1:1) 84.64 ± 11.63 86.94 ± 11.95

Positive Control 37.00 ± 4.05 41.13 ± 7.69

Note: Cell viability lower than 70% is considered as having cytotoxicity

potential.

ÖZKABADAYI ET AL. 35

 10970029, 2025, 1, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.24659 by K
irikkale U

niversity, W
iley O

nline L
ibrary on [24/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



difference between the modified bioglass and negative control

(Table 7). Therefore, it was concluded that the modified bioglass did

not have a potential for genotoxicity.

3.4 | In vivo tests

3.4.1 | Bone defect and intramedullary
implantation study

No incidence of animal death occurred and all animals completed the

planned clinical period of study without any adverse effects in terms

of general health status. The defect sites of the proximal tibia were

evaluated histopathologically using the Emery scoring system for tis-

sue integration and performance on the samples collected at the end

of first, second, and third months of the surgery and treatment

Table 8.

Table 8 and Figure 8 present the results of histopathological

examination of the defect sites. Compared to the untreated bioglass

and the bioglass kept in SBF, the modified bioglass had the defect site

filled significantly with trabecular bone almost completely at the end

of the first month (p < .01). In addition, there was trabecular bone for-

mation in the medullary cavity. In the negative control group with no

bioglass treatment, the defect area was completely filled with fibrous

tissue. At end of the second month, the bone formation in the defect

site treated with the modified bioglass had improved bone healing

with the formation of the secondary bone lamellae. A similar observa-

tions were made in the defect sites treated with the bioglass kept in

SBF; however, the cortical bone around the defect site was thinner.

Although it was significantly better in the untreated bioglass com-

pared to the negative control (p < .01), the defect sites and the medul-

lary cavity exhibited bone formation activity in both groups. At the

end of the 3rd month, the defect sites were closed with trabecular

bone in all groups; however, the secondary bone lamellae were higher

in the modified bioglass group with the cortical bone of sufficient

thickness.

The defect site was also evaluated for local irriation following the

intramedullary implantation of bioglasses conducted according to

the 10,993–6 standard. No irritant effects were observed at any time

points in any groups. The local response to the bioglasses was charac-

terized by very low macrophage response, limited neovascularization

and fat infiltration. Fibrosis was relatively lower in the modified bio-

glasses at the end of the first month compared to the untreated

bioglasses and the bioglass kept in SBF.

4 | DISCUSSION

The surface properties of the biomaterials generally determine their

biocompatibility and degree of tissue integration, thus researches

focused on modification of the surface properties of the biomaterials

(Anderson, 2001; Anderson et al., 2008; Variola et al., 2009).

Hydroxyapatite and additional amino acid modification of the bioglass

were among the aim of the present study. In FT-IR examination, the

various absorption peaks observed in the modified bioglass and the

bioglass kept in SBF confirmed the presence of hydroxyapatite

formed on the surface of the bioglass, compatible with the literature

data (Adawy et al., 2009; Bayraktar & Tas, 1999; Kundu et al., 2010;

Mollazadeh et al., 2007; Tas, 2000). Furthermore, the absorption peak

at the wavelength of 1554 cm�1, belonging to the N H bending

vibration, was only seen in the modified bioglass (Silva et al., 2005;

Zhang et al., 2007). The FT-IR peaks confirmed the presence of

hydroxyapatite and additional amino acid modification of the bioglass

surface. In addition, SEM studies revealed images complementary to

the FT-IR outputs. The untreated bioglass samples had an amorphous

structure without presence of any other surface structure. The SEM

images of the untreated bioglass are similar to those observed in the

previous studies (Ravarian et al., 2010; Saboori et al., 2009). The SEM

images of the bioglass samples kept in SBF exhibited a rougher sur-

face appearance, and the surface had crystalline structures. This image

is similar to those in previously reported studies on the hydroxyapa-

tite presence on the bioglass surface kept in SBF (Kasuga et al., 2001;

Kim et al., 2003; Ohtsuki et al., 1992). In the modified bioglass

TABLE 7 Statistical comparison of the calculated micronucleus
ratios (%) in the in vitro micronucleus test.

Micronucleus
rates (%) 3 h
with S9

Micronucleus
rates (%) 3 h
without S9

Micronucleus
rates (%) 24 h
without S9

MB 1:1 1.36a 1.4a 1.56a

MB 1:2 1.19a 1.17a 1.17a

MB 1:4 1.12a 1.2a 1.18a

Negative

control

0.97a 0.95a 0.99a

Positive

control

13.6b 13b 14.62b

Note: Different letters in the same column indicate statistical difference.

TABLE 8 Scores and statistical
comparison of the groups evaluated
according to the Emery scoring system of
tissue integration and performance.

Modified bioglass Bioglass kept in SBF Untreated bioglass Negative

1st Month 3 (2–5)a 2 (1–3)b 2 (1–2)b 1 (0–2)b

2nd Month 6 (5–6)a 5 (4–6)a 4 (3–5)b 3 (1–4)c

3rd Month 6 (5–7)a 5 (4–6)b 5 (3–6)b 4 (3–5)b

Note: Data are given as median (minimum–maximum). Different letters on the same row indicate

statistical difference.
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F IGURE 8 Legend on next page.
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samples, in addition to crystalline structures of the hydroxyapatite

layer there were clearly outlined porous structures and surface accu-

mulation of a certain type of a substance in mottled appearance

throughout the surface in a similar manner, likely indicating amino acid

deposition on the surface. Thus, the FT-IR study to characterize the

materials confirmed that hydroxyapatite and amino acid deposition of

the surface.

Tissue integration of biomaterials is among the important parame-

ters to evaluate biomaterials to be used in tissue engineering. In vitro

cell attachment studies may give a clue for determination tissue inte-

gration properties of the biomaterials (Rahmany & Van Dyke, 2013).

In the present study, MC3T3-E1 osteoblasts were incubated on the

bioglasses and examined by SEM analyses. All types of bioglasses

exhibited cell adhesions on the surface to various degrees on the sam-

ples of the 3rd day. However, especially on the samples of the 7th

and 14th days of cultivation, the modified bioglass group exhibited a

better cell adhesion capacity with a higher number of cells attached

with spheroid and flat morphologies and distinct cytoplasmic exten-

sions. Thus, the modified bioglass seems to have an improved cell

adhesion property for MC3T3-E1 osteoblasts. The improved

cell adhesion property most likely due to presence of functional

groups such as NH2 and COOH on the surface of the modified bio-

glass. Keselowsky et al. (2003) concluded that amino acid coated bio-

materials increased the cell attachment capacity of materials due to

presence of such functional groups. Squamous cell morphology on the

surface has been reported to be as an indicator of osteogenic differ-

entiation in vitro (Ventre et al., 2012). In addition, the prominent cell

extensions in the squamous cells are also evidence of the cell adapta-

tion of preosteoblast cells (MC3T3-E1) to the surface. Such SEM

images indicate that MC3T3-E1 osteoblasts are well spread and

tightly attached on the surface (Clupper et al., 2003).

Among early markers of the osteoblastic differentiation is ALP

activity (Boanini et al., 2006). The differentiation process of preosteo-

blast cells (MC3T3-E1) includes proliferation, extracellular matrix mat-

uration and mineralization stages (Beck Jr, 2003). In another word,

osteoblast proliferation and differentiation precede bone mineraliza-

tion (Beresford et al., 1993; Ramaswamy et al., 2008). It has been

reported that some ions such as Ca, Sr released from bioglasses

increase the metabolic activity of osteoblasts, ALP activity, osteogenic

gene expression and matrix mineralization (Silver et al., 2001; Valerio

et al., 2004). Addition of amino acids such as aspartic acid, arginine,

and lysine to the medium increases osteoblast differentiation and

extracellular mineralization (Rautaray et al., 2005; Sarig, 2004;

Torricelli et al., 2002). In support to the previous studies, the results

of the present study indicated that samples of the modified bioglass

had a higher ALP activity compared to the untreated bioglass and bio-

glass kept in SBF. Furthermore, the results of histological staining and

colorimetric measurement of Alizarin Red concluded that degree of

mineralization is significantly higher in samples of the modified

bioglass.

Osteoblast survival and adaption to biomaterials is critically

important in bone tissue engineering (Mitra et al., 2013). The pre-

sent study evaluated MC3T3-E1 cell viability, for which cells were

inoculated and incubated with the bioglasses of different treatments

for 3, 7, and 14 days. In addition, apoptotic and necrotic rates fol-

lowing incubation with the bioglasses were determined through

Annexin V staining method. At all-time points, MC3T3-E1 cells incu-

bated with the modified bioglass had lower rates of cytotoxicity and

consequently lower apoptotic and necrotic rates. However, the dif-

ferences were statistically significant among groups. Bioglasses of

different treatments used in the present study seem to provide a

suitable environment for preosteoblasts and to support their prolif-

eration. However, although insignificant, the higher cell viability rate

and the lower apoptotic and necrotic rates in MC3T3-E1 cells incu-

bated with the modified bioglass can be considered as the best

option to support osteoblast proliferation as a consequence of sur-

face modification with amino acids (Boanini et al., 2006; Fini

et al., 2001; Torricelli et al., 2001). The amino acids may have pro-

vided additional cytoprotective effect through participating in gluta-

thione synthesis (Beutler, 1989). Apoptosis and necrosis are two

different types of cell death (McConkey, 1998). Apoptosis is defined

as a highly regulated natural biological process of programmed cell

death in which the cell collapses and destroys itself (Kerr

et al., 1972). By way of apoptosis, the organism eliminates the

unwanted and aged cells to sustain the normal physiological func-

tions and even to adapt to the environment in tissues of the devel-

oping organism and even in those of the adult. On the other hand,

cell necrosis is defined as a cell injury in the presence of a harmful

stimulus such as chemicals, pathogens, and mechanical disturbance.

(Elmore, 2007; Lopez & Tait, 2015). The results of the Annexin V-PI

analysis in the present study indicated that exposure to the bio-

glasses of all kinds caused very limited cell cytotoxicity, and the cell

death mainly occurs through apoptosis, not necrosis. Thus, this find-

ing further supports the biocompatibility properties of bioglasses as

the extractables and leachables released from the bioglasses cause

limited harmful effect on cells and tissues.

In general, bioglasses have a good in vitro biocompatibility

(Comesaña et al., 2011; Gough et al., 2004). Our study indicated that

the amino acid modified bioglass has an improved cell survival rate and

attachment properties. The cytotoxicity test of the modified bioglass

F IGURE 8 Photographs of the bone defects treated with different bioglasses at the end of the first, second, and third months. a, b and c) The
modified bioglass application resulted in a better bone formation (arrows) at al time points compared to the other teratments. d, e, and f) In the
bioglass kept in SBF, the bioglass remnant are visible (stars) with a limited amount of bone formation /arrow) at the ent of the 1st month, which
improved at the 2nd and 3rd month. g, h, and i) the untreated bioglass resulted in morphological changes similar to the bioglass kept in SBF. J, k,
an l) The untreated control had no bone formation at the end of the 1st month; however, bone formation (arrow) seen at the end of the 2nd and
3rd months. Masson’s trichrome staing. Bar= 400μm, SBF= simulated body fluid.
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resulted in a very high cell viability in L929 fibroblasts and MC3T3-E1

preosteoblasts. Biomaterials especially those used for long terms may

induce genotoxicity as a consequence of exposure and interaction of

leached substances with cellular nuclear materials (Mohanan &

Rathinam, 1995; Tsaousi et al., 2010; Vermes et al., 2001).

One of the genotoxicity evidences is formation of micronuclei,

which are extranuclear chromosome fragments that forms whenever

a chromosome or a fragment of a chromosome is not incorporated

into one of the daughter nuclei during cell division. Chromosomal

breakage (clastogenic effect) or chromosome separations (aneugenic

effect) caused by clastogen or anogen substances in DNA induce

micronucleus formation, an evidence for a genotoxic effect (De Souza

et al., 2020). In the present study, we conducted a micronucleus test

(OECD 487) whether the modified bioglass induces a genotoxic effect

on Chinese hamser ovary (CHO) cells either in the presence or

absence of S9, a metabolic activator. We concluded that the modified

bioglass does not induce genotoxicity as the micronucleus test found

no evidence for it.

In this study, we also evaluated the untreated, bioglass kept in SBF,

and modified bioglass for their osteoblastic activities and healing mor-

phology in a rat defect model. Especially during the early healing phase

(1st and 2nd months) of the defect sites, the defect site treated with

the modified bioglass exhibited a significantly higher healing properties

compared to all. Thus, the present study has proved a support to previ-

ously reported in vitro studies. Various amino acids have been shown

to positively affect osteogenic activity and mineralization in vitro

(Rautaray et al., 2005; Sarig, 2004; Torricelli et al., 2002). In another

study, Chevalley et al. (1998) reported that the addition of arginine to

the culture medium increased the synthesis of IGF-1 and collagen in

mouse osteoblast cells. The combination of arginine and L-lysine

increased osteoblast proliferation and type-1 collagen synthesis in vitro

(Trippel, 1998). The results of the present study, the modified glass pro-

vided a better healing support especially during the early phase, sug-

gesting that the aminoacid modified bioglass should further be studied

for osteoinductivity and osteoconductivity through various molecular

technique to unveil the mechanisms behind. In the rat defect model,

the defect sites were also evaluated for the local effect following

implantation, an in vivo biocompatibility study to determine any irritant

effect at defect sites and the surrounding tissues (ISO 10993–6). Simi-

larly, the modified glass did not induce and any irritant with a better

scores compared to other treatments; thus, the amino acid modified

bioglass is biocompatible with no local irritant effect. Howe.

5 | CONCLUSION

In conclusion, the amino acid modified bioglass has better osteogenic

potential and biocompatibility in vitro an in vivo compared to the

untreated bioglass and bioglass kept in SBF, especially during the early

healing phase of the bone defects. With an improved biocompatibility,

better cell attachment property, fostering cell survival, increased ALP

activity and calcium accumulation, the amino acid modified bioglass

significantly contributes to healing process. Thus, the amino acid

modified bioglass is an appropriate material for bone tissue engineer-

ing. The future studies should focus mainly on molecular basis of bone

healing, osteoinductivity and osteoconductivity properties.
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