
Abstract. Background: Bioglass is a highly adoptable bone
substitute material which can be combined with so-called
therapeutic ions. However, knowledge is poor regarding the
influence of therapeutic ions on immune reactions and
associated bone healing. Thus, the aim of this work was to
investigate the influence of strontium- and copper-doped
bioglass on the induction of M1 and M2 macrophages, as
well as vascularization. Materials and Methods: Two types of
alkali glass were produced based on ICIE16 bioglass via the
melt-quench method with the addition of 5 wt% copper or
strontium (ICIE16-Cu and ICIE16-Sr). Pure ICIE16 and
45S5 bioglass were used as control materials. The ion release
and chemical composition of the bioglass were investigated,
and an in vivo experiment was subcutaneously performed on

Sprague–Dawley rats. Results: Scanning electron microscopy
revealed significant differences in the surface morphology of
the bioglass materials. Energy dispersive X-ray spectroscopy
confirmed the efficiency of the doping process by showing the
ion-release kinetics. ICIE16-Cu exhibited a higher ion release
than ICIE16-Sr. ICIE16-Cu induced low immune cell
migration and triggered not only a low number of M1 and
M2 macrophages but also of blood vessels. ICIE16-Sr
induced higher numbers of M1 macrophages after 30 days.
Both bioglass types induced numbers of M2 macrophages
comparable with those found in the control groups.
Conclusion: Bioglass doping with copper and strontium did
not significantly influence the foreign body response nor
vascularization of the implantation bed in vivo. However, all
the studied bioglass materials seemed to be biocompatible.

Bone substitute materials (BSMs) are a small group including
biomaterials mainly based on natural or synthetic calcium
phosphates and similar compounds (1). Bioactive glass is a
specific subgroup which has been shown to be a good BSM
due to its optimal bonding to newly formed bone tissue and
due to the formation of a hydroxycarbonate apatite layer
which supports bone regeneration (2). Since the invention of
bioactive glass materials in the 1970s by Professor Larry L.
Hench, with 45S5® bioglass being one of the first developed
materials, much research has been conducted on bioactive
glass (3). Silicate-based bioactive glass and glass ceramics,
such as Perioglas® (4) and Ceravital® (5, 6), have been
clinically used as BSMs for several decades. Nevertheless,
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45S5® has some disadvantages, such as the small processing
window, which can lead to crystallization during the
production process and thus to a reduction of bioactivity due
to the presence of crystalline and amorphous phases (7, 8).
Furthermore, the original composition includes a large
amount of sodium to reduce the melting temperature (9),
which leads to cell death under in vitro conditions due to a
burst release and subsequent fast increase in pH (10). Because
of its high crystallization tendency, 45S5 is difficult to shape
it into glass fibers or amorphous scaffolds without changing
its initial properties and thus its ability to bond to bone. In
contrast, ICIE16 (by weight 48.0% SiO2, 6.6% Na2O3, 2.9%
CaO, 2.5% P2O5, 10.0% K2O) was developed by Elgayar and
co-workers (11). It has a lower tendency to crystallize and a
greater sintering window (12), which makes it a promising
agent for producing various shapes, including amorphous
scaffolds (13). 

One of the most worthwhile features of bioactive glass is
the ability to incorporate vast quantities of additives into
them, such as therapeutic ions (e.g., strontium, copper, zinc,
or fluorine) or drugs (14). In this context, ICIE16 is an ideal
candidate for incorporation of therapeutically active ions into
scaffolds, which can be used for controlled degradation (13,
15). Therapeutic ions can be added in the form of metallic
ions and are also naturally present in the body. Although they
occur in the body at lower concentrations in the form of trace
elements (16), higher quantities released from bioactive glass
have stimulatory effects on certain cells, without being toxic
(16-18). Thus, therapeutic ions are able to enhance the
biological impact of bioactive glass and, therefore,
strengthen bone formation due to their stimulating effects
(19). Like any other biomaterial, bioactive glass induces an
inflammatory reaction within their implant bed (16, 20). This
reaction cascade, also known as the ‘foreign body reaction
to biomaterials’ includes macrophages as central control
elements, which significantly control material-specific
inflammation through the expression of a variety of signaling
molecules (21). The consensus is that a biomaterial should
induce an anti-inflammatory tissue response, and thereby
also a predominance of M2 macrophages, in order to support
tissue regeneration optimally (22). The addition of strontium
leads to stimulation of osteoblasts and reduction of osteoclast
activity (19, 23). Its inclusion induces new bone formation,
and it is therefore widely used as a therapeutic ion for
osteoporosis (24). Furthermore, copper is known for its
promotion of angiogenesis and (related) stimulation of bone
regeneration (25, 26). However, it is completely unknown
what influence these so-called therapeutic ions have on
inflammatory tissue reactions that are strongly connected
with tissue regeneration (16, 19). Thus, it was supposed that
their inclusion might be used to control the material-
triggered healing process by regulating the induction of M2
macrophages. In this context, it was shown that copper, zinc,

and silver have anti-inflammatory and antimicrobial
properties (27). The use of therapeutic ions in dental
applications may therefore provide advantages compared to
both purely inorganic calcium phosphate-based bone
substitute materials and to organic biomolecules (e.g.,
growth factors). Altogether, the addition of therapeutic ions
to bioactive glass might be expected to lead to a better bone-
healing process by adaption of the associated and underlying
inflammatory reactions.

Thus, the aim of this work was to investigate the influence
of the release of strontium and copper ions from bioactive
glass-based BSM on the induction of M1 and M2
macrophage subtypes.

The objectives of the present study were: (a) The synthesis
of bioactive glass 45S5 (by weight: 45% SiO2, 24.5% CaO,
24.5% Na2O, and 6.0% P2O5) and ICIE16 (by weight:
48.0% SiO2, 6.6% Na2O, 32.9% CaO, 2.5% P2O5, 10.0%
K2O); (b) incorporation of 5 mol% strontium or copper ions
into ICIE16; (c) examination of the influence of strontium
and copper on the resulting structure and material properties;
(d) evaluation of the influence of strontium and copper on
the bioactivity of the synthesized glass and the ability to
form a hydroxycarbonate apatite layer; (e) assessment of
inflammatory tissue reaction induced by ICIE16 and the
strontium- and copper-doped glass after subcutaneous
implantation for 10 and 30 days using previously established
and published methodologies (14, 28, 29). Thereby, both
pure ICIE16 and 45S5 bioglass implants served as control
materials. 45S5 Bioglass was used as a control due to its
proven biocompatibility in literature (14).

Materials and Methods
Materials. Four different bioglass alkali systems were synthesized
by melt quenching, namely 45S5 (by weight: 45% SiO2, 24.5%
CaO, 24.5% Na2O, and 6.0% P2O5), ICIE16 (by weight: 48.0%
SiO2, 6.6% Na2O, 32.9% CaO, 2.5% P2O5, 10.0% K2O), 5 mol%
Cu-doped (ICIE16-Cu) and 5 mol% Sr-doped (ICIE16-Sr) ICIE16.
45S5 and ICIE16 were prepared as control materials. Compared to
45S5, ICIE16 has a lower crystallization tendency during sintering
and remains amorphous up to 700˚C (30). Table I provides the
molecular composition of each bioglass.

Per batch, 100 g of bioglass were prepared via a melt-quench
process. High-purity powders [SiO2, Na2CO, Ca5HO13P3, Ca(OH)2,
K2CO3, CuCO3, and SrCO3] were weighed out according to the
desired relative ratios, dried at 100˚C for 24 h, melted at 1,400˚C
for 2 h, quenched at room temperature after 2 h, dried at 100˚C
overnight, milled to 100-315 μm particle size for 3 min via dry ball-
milling, and finally pressed into pellets (diameter: 1 mm, height: 0.5
mm) using pressure of 15 bars for 3 min. Finally, the materials
underwent gamma-sterilization.

Bioglass characterization. In vitro: The surface morphology of the
prepared bioglass materials was characterized via scanning electron
microscopy (SEM) with a LEO Gemini 1530 SEM (Carl Zeiss SMT
GmbH, Oberkochen, Germany) after preparation by means of a
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washing step with ethanol and drying at 50˚C. The samples were
then carbon- and gold-sputtered and examined at accelerating
voltages of 10-20 kV. Furthermore, energy-dispersive X-ray (EDX)
spectra (Kα line) of disc surface areas of 1×1 μm2 were recorded
at 10 and 20 kV in field emission gun SEM to analyze the chemical
composition and level of contamination qualitatively. 

Inductively coupled plasma optical emission spectrometry (ICP-
OES): The simulated body fluid (SBF) was prepared according to
Kokubo et al. (31). The bioglass samples were immersed in the SBF
and incubated at 37˚C for 3, 7, and 14 days, under static conditions.
After incubation, the samples were removed, and ICP-OES
measurements were performed using Ultima-2 (Horiba, Kyoto,
Japan) at 252.851 nm to determine the amounts of ions which were
dissolved from the bioglass samples into the SBF. For each sample,
three measurements were conducted at days 3, 7, and 14.

In vivo study. Experimental design. Subcutaneous implantation was
performed on 32 female Sprague–Dawley rats, 3 to 4 months old,
weighing 255±15 g, (Military Medical Academy, Belgrade, Serbia)
that were randomly assigned to groups according to bioglass type
and time point (n=4 per each group and time point). The
experimental animals were anesthetized via an intraperitoneal
injection of ketamine (100 mg/kg of body weight) and xylazine (5
mg/kg of body weight). A midline incision was made in the skin of
the scapular region, followed by a blunt incision to create a
subcutaneous pocket. Then 100 mg of bioglass was implanted in the
subcutaneous pocket under sterile conditions and the wound was
stitched with nonabsorbable suture materials. At 10 or 30 days post
implantation, animals were sacrificed using an overdose of the
anesthesia to analyze both the early and late tissue responses to the
biomaterials in accordance with previous publications (28, 32). The
biomaterials were extracted with their surrounding tissue and placed
in formaldehyde solution for preservation for 24 h. Experiments
were authorized by the Local Ethical Committee of the Faculty of
Medicine (University of Niš, Serbia) based on the approval of the
Veterinary Directorate of the Ministry of Agriculture, Forestry and
Water Management of the Republic of Serbia (approval number
323-07-01762/2019-05/9; date of approval: 01 March 2019). 

Histological workup. The explants were processed with an initial
dehydration through increasing ethanol concentrations and cleared
in xylene. Afterwards, the explants were treated with 10% Tris-
buffered ethylenediaminetetraacetic acid for 2 weeks for
decalcification to allow subsequent sectioning. The explants were
then embedded in paraffin. The paraffin blocks were sectioned at 3-
5 μm thickness. Serial sections were used for histochemical staining
(i.e., hematoxylin and eosin) and immunohistochemical staining,
i.e., against CD11c for detection of M1 macrophages, CD163 for
detection of M2 macrophages, and CD31 for detection of

endothelial cells). All antibodies were obtained from Abcam
(Cambridge, UK). Immunohistochemical staining has been
thoroughly described by Lindner et al. (28). In brief, the histological
sections were treated with citrate buffer and proteinase K at pH 8
for 20 min in a water bath at 96˚C, followed by equilibration using
TBS-T buffer. Subsequently, the slides were prepared by H2O2 and
avidin and biotin blocking solutions (Avidin/Biotin Blocking Kit;
Vector Laboratories, Burlingame, CA, USA). Incubation with the
respective primary antibody for 30 min was conducted, followed by
incubation with the secondary antibody (goat anti-rabbit IgG-B, sc-
2040, 1:200; Santa Cruz Biotechnology, Shandon, CA, USA).
Afterward, the avidin–biotin–peroxidase complex (ThermoFisher
Scientific, Dreeich, Germany) was applied for 30 min, and
counterstaining by bluing was conducted.

Histological and histomorphometrical analysis. Histopathological
evaluation was conducted using a conventional diagnostic
microscope (Axio Imager M2; Zeiss, Oberkochen, Germany). The
evaluation included determining the state of the implantation bed
and biomaterial, by assessment of granulation tissue, types of
immune cells [granulocytes, lymphocytes, macrophages, and
biomaterial-associated multinucleated giant cells (BMGCs)],
vascularization, fibrosis, hemorrhage, and necrosis. Photographs
were taken using an Axiocam 506 color connected to its software
ZEN Core (Zeiss). 

To conduct the quantitative histomorphometrical analysis, the
immunohistochemically stained slides were initially digitized using
a scanning microscope (M8; PreciPoint GmbH, Munich, Germany).
The frequency of M1 and M2 macrophages was analyzed using a
plugin in ImageJ (National Institutes of Health, Bethesda, MA,
USA) that was developed by Lindner and colleagues (28). This
plugin allows measurement of the number of positively stained cells
per mm2 and the vascularization pattern (vessels/mm2 and
percentage vascularization). 

Evaluation of the local biological effects of bioglass implantation
based on semiquantitative histopathological scoring.
Histopathological scoring of the local effects of bioglass implantation
was conducted based on ISO 10993:2016, Part 6, Annex E (33). All
microscopic analysis was performed by a single experienced
pathologist who was blinded through coded slides. A
semiquantitative histological analysis was performed on each slide
from which six high-power fields (×400) were scanned according to
the area of interest, without any overlap, establishing a count of the
surveyed cells and resulting in a score value indicating predominance
among them. The biological response parameters at the bioglass
interface were evaluated and irritancy/reactivity was scored as shown
in Table II. The mean and the standard deviation of the scoring
results of the six visual fields were calculated for each test material
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Table I. Nominal composition of the investigated bioglass types (mol%).

Material                                                         SiO2                    P2O5                    Na2O                    CaO K2O CuO SrO

Control                45S5                                   46.1                      2.6                       24.4                     26.9 0 0 0
                            ICIE16                              49.46                    1.07                      6.6                     36.27 6.6 0 0
Test                      ICIE16-Cu                        46.99                    1.02                     6.27                    34.46 6.27 5 0
                            ICIE16-Sr                         46.99                    1.02                     6.27                    34.46 6.27 0 5



and the control material (45S5 bioglass). Finally, according to Annex
E, Table E of DIN EN ISO 10993-6:2016 (33), for each test material
the relative irritancy was calculated as: Irritancy score of the test
material −irritancy score of the control material, while a negative
difference was assigned a score of 0. Irritancy status was assigned
according to the values listed in Table III.

Statistical analysis. Quantitative data from the histomorphometrical
analysis are presented as means with standard deviation. The data
were analyzed using analysis of variance tool via GraphPad Prism
9.3.1 software (GraphPad Inc., La Jolla, CA, USA). Statistical
differences were designated as significant when p-values were less
than 0.05. Both inter and intra-individual significances were
calculated. 

Results

Bioglass characterization. SEM analysis. The analysis via
SEM revealed significant differences in the surface
morphology of the (Figure 1). The surface morphology
ranged from an almost smooth surface of the 45S5 bioglass
to predominantly crystalline surface structures of ICIE16 and
ICIE16-Sr, to a vesicular surface pattern in the case of
ICIE16-Cu (Figure 1).

EDX spectroscopy. EDX spectroscopy was used to determine
the qualitative chemical composition of the samples. EDX
analyses revealed the presence of Si, Na, Ca, P, and O in the
45S5 samples, as well as of additional K in ICIE16 samples
(Figure 2). Moreover, it confirmed the presence of Cu and
Sr in the ion-doped ICIE16 bioglass materials (Figure 2).

ICP-OES. The release of ions from the ICIE16-Cu and
ICIE16-Sr materials was measured before and after
immersion in SBF for 3, 7, and 14 days (Figure 3). The
release of both ions consistently significantly increased with
time (p<0.001) (Figure 3). Moreover, a significantly higher
copper release was found at every time point compared to
strontium (Figure 3).

In vivo histopathological analysis. Histological analysis
showed that the different types of bioglass were detectable
within the subcutaneous connective tissue at day 10 and 30
post implantation. Moreover, no tissue ingrowth into the
bioglass pellets was detected. All bioglass materials were
surrounded by inflammatory cell types, i.e., mainly
macrophages, as well as lower numbers of granulocytes and
fibroblasts at 10 days post implantation (Figure 4).
Furthermore, single multinucleated giant cells (BMGCs)
were detectable at the material surfaces in all study groups.
The histopathological analysis revealed comparable extents
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Table II. Histological evaluation system for irritancy/reactivity—cell type/response. The overall irritancy score was calculated using the individual
component scores: (polymorphonuclear cells+lymphocytes+plasma cells+macrophages+giant cells+necrosis)×2+(neovascularization+fibrosis+fatty
infiltrate).

                                                                                                                                      Component score

Response                                        0                           1                                            2                                            3 4

Polymorphonuclear cells               0                 Rare, 1-5/hpf                            6-10/hpf                          Heavy infiltrate Packed
Lymphocytes                                  0                 Rare, 1-5/hpf                            6-10/hpf                          Heavy infiltrate Packed
Plasma cells                                   0                 Rare, 1-5/hpf                            6-10/hpf                          Heavy infiltrate Packed
Macrophages                                  0                 Rare, 1-5/hpf                            6-10/hpf                          Heavy infiltrate Packed
Giant cells                                      0                 Rare, 1-2/hpf                             3-5/hpf                           Heavy infiltrate Packed
Necrosis/osteolysis                        0                     Minimal                                   Mild                                  Moderate Marked
Neovascularization                        0             Minimal capillary                   Groups of 4-7                        Broad band  Extensive band
                                                                     proliferation focal,                 capillaries with                      of capillaries of capillaries with 
                                                                              1-3 buds                    supporting fibroblastic              with supporting supporting fibroblastic 
                                                                                                                           structures                              structures structures
Fibrocytes/fibroconnective           0                 Narrow band                          Moderately                           Thick band Extensive band
tissue, fibrosis                                                                                                  thick band

Fatty infiltrate                                0              Minimal amount                    Several layers                 Elongated and broad Extensive fat 
                                                                       of fat associated                 of fat and fibrosis           accumulation of fat cells completely surrounding 
                                                                           with fibrosis                                                                about the implant site the implant

Hpf: High-powered field (×400). 

Table III. Irritancy/reactivity grade [adapted from DIN EN ISO 10993-
6 (33)].

Overall irritancy score                             Irritancy/reactivity status

0.0 to 2.9                                         Minimal or no reaction (non-irritant)
3.0 to 8.9                                               Slight reaction (slight irritant)
9.0 to 15.0                                       Moderate reaction (moderate irritant)
>15.1                                                    Severe reaction (severe irritant)



of inflammatory tissue reactions in all four study groups.
However, immunohistochemical detection revealed fewer
macrophages within the implantation beds of animals
receiving ICIE16-Cu bioglass and especially lower numbers
of CD163-positive macrophages in this group compared to
the other groups (Figure 5). Between the three other study
groups, no visible differences in the occurrence of CD163-
positive cells were observed. Moreover, the analysis showed
that minimally lower numbers of CD11c-positive
macrophages were observed in the ICIE16-Cu bioglass group
compared to the other study groups. No differences in the
occurrence of this macrophage subtype ware observed in the
other study groups (Figure 6). Additionally, visibly lower
numbers of pro-inflammatory macrophages were observable
in all study groups. Furthermore, comparable numbers of
small vessels were found within the reactive connective
tissue neighboring each implant (Figure 7). 

At day 30 post implantation, still comparable tissue reaction
patterns were detected in all groups. Histopathological
analyses showed that the same types of cells, i.e., mainly

macrophages, as well as single granulocytes and fibroblasts
were involved (Figure 8). However, the number of BMGCs at
the material surface was slightly increased in all groups.
Additionally, the histopathological analyses revealed that the
numbers of M1 macrophages had visibly increased in the
groups with CIE16-Sr and the pure ICIE16 bioglass and their
numbers were higher compared to the number of CD163-
positive M2 macrophages. In contrast, in the ICIE16-Cu and
45S5 bioglass groups, comparative numbers of both
macrophage subtypes were observed (Figure 5 and Figure 6).
The observation of the implantation bed vascularization
showed that comparable numbers of vessels were still
apparent within the granulation and connective tissues
surrounding all bioglass materials (Figure 7).

Results of the histopathological scoring. Histopathological
scoring resulted in similar inflammation in all groups at day 10
post implantation (Table IV). The inflammatory tissue response
to the bioglass included cells of the immune system, i.e., mainly
polymorphonuclear cells/granulocytes (moderate presence),
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Figure 1. Exemplary scanning electron microscopy images of the surface morphology in 45S5 (A), ICIE16 (B), ICIE16-Sr (C) and ICIE16-Cu (D)
bioglass (200× magnification; scale bars=10 µm).



lymphocytes (moderate presence), plasma cells (rare),
macrophages (moderate presence) and giant cells (moderate
presence), which were comparable in all groups, as was

neovascularization (moderate); whereas fibrosis was moderate
in all ICIE16 groups and, rare in the 45S5 group). Fatty
infiltrate was not detectable in any group, nor was necrosis.
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Figure 2. Energy-dispersive X-ray spectroscopy spectra of the 45S5 (A), ICIE16 (B), ICIE16-Cu (C) and ICIE16-Sr (D) bioglass materials.



Histopathological scoring resulted in comparable degrees
of inflammation at day 30 post implantation (Table IV). The
inflammatory tissue response to the bioglass included cells
of the immune system, i.e. mainly polymorphonuclear
cells/granulocytes (moderate presence, comparable in all
groups), lymphocytes (moderate presence, comparable in all
groups), plasma cells (rare presence, comparable in all
groups), macrophages (moderate presence, comparable in all
groups), giant cells (moderate presence, comparable in all
groups), neovascularization (moderate, comparable in all
groups), fibrosis (moderate in the groups of the ICIE16
bioglass, rare in the group of the 45S5 bioglass), fatty
infiltrate (not detectable in all groups), and necrosis (not
detectable in all groups).

The irritancy score was calculated based on the scoring
results. The calculation showed that the ICIE16 bioglass
had an average treatment irritancy of 18.5 at day 10 post
implantation, and an overall irritancy score of 1.3; hence,
the biomaterial was considered non-irritant at this time
point (Table V). The ICIE16-Cu bioglass had an average
treatment irritancy of 12.5 at day 10 post implantation, and
an overall irritancy score of 0.0; hence, the biomaterial was
considered non-irritant at this time point. The ICIE16-Sr
bioglass had an average treatment irritancy of 13.7 at day
10 post implantation, and an overall irritancy score of 0.0;
hence, the biomaterial was considered non-irritant at this
time point.

At day 30 post implantation, the treatment irritancy score
of the ICIE16 bioglass had a total of 18.6, and an overall
irritancy score of 2.8; hence, the biomaterial was considered

non-irritant at this time point (Table V). The ICIE16-Cu
bioglass had an average treatment irritancy of 17.3 at day 30
post implantation, and an overall irritancy score of 1.4;
hence, the biomaterial was considered non-irritant at this
time point. The ICIE16-Sr bioglass had an average treatment
irritancy of 14.7 at day 30 post implantation, and an overall
irritancy score of 0.0; hence, the biomaterial was considered
non-irritant at this time point.

Histomorphometrical analysis of the immune response. At 10
days post implantation, ICIE16-Cu induced lower numbers of
pro-inflammatory M1-macrophages (612.7±429.5 cells/mm2)
than detected in the 45S5 group, which showed the highest
values for pro-inflammatory macrophages (4,167±1,015
cells/mm2). The evaluation furthermore revealed that in the
ICIE16-Sr (2,508±460.3 cells/mm2) and ICIE16 (2,603±851.6
cells/mm2) groups, comparable numbers of M1 macrophages
were found (Figure 8). Furthermore, the number of M1
macrophages was higher in the ICIE16-Sr group compared to
the ICIE16-Cu group, but only the number of M1
macrophages in the 45S5 group was significantly higher than
in the ICIE16-Cu group (p<0.01). In the ICIE16 group
(1,953±581.1 cells/mm2) and the 45S5 group (1,529±961.6
cells/mm2) the number of M2 macrophages was highest
followed by the ICIE16-Sr group (919.1±701.9 cells/mm2)
and the ICIE16-Cu group (47.73±39.12 cells/mm2), without
any significant differences.

At 30 days post implantation, increasing numbers of M1
macrophages were detected in the ICIE16-Cu ICIE16-Sr and
ICIE16-groups (2,091±1,820, 4,126±1,207 and 3,133±1,177
cells/mm2, respectively). Furthermore, the number of M1
macrophages in the 45S5 group decreased from 10 to 30
days (1,648±1,278 cells/mm2).

The number of M2 macrophages remained at a relatively
low level in the of the ICIE16-Cu group (859.2±380.8
cells/mm2). In the ICIE16-Sr (1,350±230.4 cells/mm2), the
ICIE16 (1,260±662.2 cells/mm2) and the 45S5 (1,504±1,401
cells/mm2) groups, comparable higher numbers of M2
macrophages were found. Thereby, only in the latter group
were similar numbers of M1 and M2 macrophages detected.

Histomorphometrical analysis of the implantation bed
vascularization. At 10 days post implantation, the lowest
numbers of vessels were found in the ICIE16-Cu group
(1,316±774 vessels/mm2), while higher numbers were
determined in the ICIE16 (2,040±1,025 vessels/mm2), 45S5
(2,643±1,331 vessels/mm2) and ICIE16-Sr (4,012±1,791
vessels/mm2) groups (Figure 9). 

At day 30 post implantation, the lowest vessel numbers were
still found in the ICIE16-Cu group (582.5±372.9 vessels/mm2)
followed by higher numbers in the ICIE16-Sr (1,806±1,548
vessels/mm2), ICIE16 (2,461±1,280 vessels/mm2) and 45S5
(2,669±985.5 vessels/mm2) groups (Figure 9). Thus, comparable
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Figure 3. Release of Cu ions from ion-doped ICIE16-Cu and Sr ions
from ICIE-16-Sr bioglass materials after immersion in simulated body
fluid (SBF) for 3, 7, and 14 days. Significantly different at p<0.001:
***between metals; ###between bioglass samples of the same type.



implantation bed vascularization was found at both study time
points in all groups (Figure 9). 

Discussion

It is still unknown what influence so-called therapeutic ions
have on inflammatory tissue reactions that are strongly
associated with tissue regeneration (34). Thus, it was
supposed that their inclusion can be used to control material-
triggered healing process by regulating the induction of M2
macrophages (35, 36). Interestingly, the research in this field

revealed immunomodulatory characteristics of different
therapeutic ions indicating they lead to the reduction of the
migration of macrophages, the formation of biomaterial-
associated multinucleated giant cells (MNGCs) and fibrous
capsules, as well as the production of inflammatory
cytokines around the implanted materials (36). It was
concluded that ion addition might allow regulation of
immune responses by altering the ionic microenvironment
(37). The use of therapeutic ions in dental applications
therefore provides many advantages compared to both purely
inorganic bone substitute materials and also to organic
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Figure 4. Exemplary histological images showing the tissue reactions to four bioglass (BG) types within subcutaneous connective tissue (CT) at 10
days (left) and 30 days (right) after implantation. Black arrows: Mononuclear cells at the material–tissue interface; black arrowheads:
multinucleated cells at the material surface; red arrows: blood vessels; green stars: fibrin network; blue arrowhead: multinucleated giant cell
associated with a fragment of ICIE16 bioglass (hematoxylin and eosin staining, 20× magnification; scale bars=20 µm).



biomolecules (e.g., growth factors). Altogether, the addition
of therapeutic ions to BSMs, such as bioglass, might lead to
a better bone-healing process by adaption of the underlying
inflammatory reactions. Thus, the present study was
conducted to investigate the chemical and in vivo influence
of doping ICIE16 bioglass with 5 wt% copper, and with 5
wt% strontium ions. 

Initially, the examination of the chemical composition of
the bioglass via EDX analysis revealed that the ion-doped
bioglass exhibited peaks reflecting the normal elemental
distribution of the pure bioglass material and confirmed the
presence of the added ions within the respective bioglass. 

To determine the release of both therapeutic ions, ICP-OES
analysis was conducted. Copper and strontium ions were
found to be released from ICIE16 in an increasing manner
over time. Additionally, it was observed that the release of
both ions consistently significantly increased with time and at
every time point, a significantly higher copper release was
found compared to strontium. In this context, it should be
mentioned that both ions are considered microelements on the
basis of their relative abundance in biological cells/tissues and
physiological fluids, i.e., concentration >100 mg/dl and <100
mg/dl, respectively (38, 39). High concentrations of these
metals can be toxic (36, 40). In the case of the bioglass
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Figure 5. Exemplary histological images showing CD163-positive M2 macrophages (red staining) within the subcutaneous connective tissue (CT)
at 10 days (left) and 30 days (right) after implantation of the four bioglass (BG) types. Stars: Cell walls at the material surface that were free of
M2 macrophages (CD163 immunostaining, 20× magnification; scale bars=20 µm).



materials studied here, the ion release was found to be below
the above thresholds with only one exception, ICIE16-Cu at
14 days. Based on these values, an increased inflammatory
reaction might be triggered by ICIE16-Cu.

The histopathological analysis showed that all bioglass types
induced moderate foreign body reactions whose manifestation
is usually seen in case of a broad variety of BSMs (29, 41).
This reaction pattern includes formation of a granulation tissue
involving mainly macrophages, biomaterial-associated MNGCs
and lymphocytes, as well as blood vessels, normally starting at
day 10 post implantation. Signs of (cellular) degradation were
also observed beginning on day 10 post implantation, including
mononuclear phagocytes within the body of the implant and
the presence of biomaterial-associated MNGCs at the material

surfaces. Interestingly, the intensity or cell number of the
granulation tissue and thus of phagocytes decreased in all
ICIE16 groups almost to slight fibrosis but not in case of the
45S5® bioglass, which suggests that the 45S5® bioglass
continuously triggers a biodegrading immune reaction. This
leads to the conclusion that the ICIE16 bioglass triggered the
observed tissue reaction and in general underwent a lower
degree of cellular biodegradation compared to that with 45S5®
bioglass. Moreover, these results also showed that the addition
of the therapeutic ions did not seem to influence the
inflammatory tissue reaction. An explanation for the latter
observation may be found in the material characteristics of both
bioglass types. Thus, the larger sintering window of ICIE16
bioglass due to its composition may result in a lower tendency
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Figure 6. Exemplary histological images showing CD11c-positive M1 macrophages (red staining) within the subcutaneous connective tissue (CT) at
10 days (left) and 30 days (right) after implantation of the four bioglass (BG) types (CD11c immunostaining, 20× magnification; scale bars=20 µm).



to crystallize, which may have influenced the tissue reaction at
the molecular level (42, 43). In this context, it has been
described that the initial binding of proteins onto biomaterial
surfaces is of high importance for the overall alignment of the
following tissue reaction (44). Thereby, the surface pattern of
the biomaterial dictates both (a) the type of proteins bound to
the surface and (b) its conformation, which will expose specific
binding sites for different cell receptors and cell types and thus
also dictate the foreign body cascade (45). In this context, it is
conceivable that the ICIE16 bioglass induced higher expression
of transforming growth factor β (TGFβ), especially isoform 1,
mainly by macrophages and biomaterial-associated MNGCs
(46). This finding was already shown by Hernandez-Pando et
al., who observed that injected nitrocellulose particles initially

caused biomaterial-associated MNGCs to express interleukin-
1α, tumor necrosis factor α, and TGFβ (47); interestingly,
TGFβ was the most persistently expressed cytokine over time
and its expression was associated with extensive chronic
fibrosis. An additional explanation for the observed pattern of
tissue reaction might be found in the fact that the ICIE16
bioglass contains a considerably lower amount of sodium
oxide; the higher sodium content of the 45S5 bioglass has been
shown to induce a strong increase in local pH, which, at least
in part, accounts for its dose-dependent cytotoxic effects
(48).Thus, it is conceivable that the higher pH within the
implantation bed of the 45S5 bioglass did not lead to fibrosis
but was a trigger for faster cellular biodegradation and served
as an inducer of phagocyte accumulation.
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Figure 7. Exemplary histological images showing blood vessels (red staining) within the subcutaneous connective tissue (CT) at 10 days (left) and
30 days (right) after implantation of the four bioglass (BG) types. (CD31 immunostaining; 200×, scale bars=20 µm).



However, the histopathological scoring showed that the
ICIE16-based bioglass can be considered as non-irritant as it
induced a slightly increased inflammatory tissue reaction
involving a granulation tissue, although its appearance was

similar to that observed in the control group of the 45S5
bioglass at day 10 and day 30 post implantation. Moreover, the
histomorphometrical analysis revealed no significant
differences between the numbers of M1 and M2 macrophages
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Figure 8. Results of the histomorphometrical analysis of CD11c-positive M1 and CD163-positive M2 macrophages (cells/mm2). ***Significantly
different at p<0.001 (n=4). 

Figure 9. Results of the histomorphometrical analysis of vessel density (vessels/mm2) at 10 and 30 days after implantation of four bioglass types
(n=4).



at the different study timepoints – with only one exception for
M1 macrophages for the 4S5S bioglass group compared to the
ICIE16-Cu group at day 10 post implantation. This finding is
also in line with the aforementioned higher phagocyte
accumulation in the case of 4S5S bioglass and additionally
shows its higher inflammatory potential. Interestingly, higher
M1 macrophage accumulation was only detected at day 10 post
implantation; this might have been the result of an increase in
pH with 45S5 bioglass being restricted to the early phase after
implantation. This assumption is based on the fact that is well
known that an apatite layer forms at the surface of bioglass that
can prevent pH shifts (14). This observation might thus be
comparable with findings made after implantation of
magnesium-based biomaterials (49). Recent advances in the
understanding of corrosion mechanisms have shown that
corrosion of magnesium continues despite the presence of an
oxide layer. This layer has been shown to prevent the corrosion
process marginally, but may fail to adequately protect
magnesium-based implants in acidic and neutral environments,
where it can corrode rapidly exposing the metal underneath to
further attack. However, in our case, no influence of the
addition of copper in ICIE16 was found, as the ratio of M1 and
M2 macrophage numbers in the ICIE16-Cu-treated group did
not significantly differ compared to the other groups.

Interestingly, the numbers of pro-inflammatory macrophages
in bioglass-treated animals tended to be higher. This
phenomenon is very interesting even in view of the
biocompatibility of the analyzed bioglass materials. Even in the
case of other BSMs, higher M1 macrophage numbers were
found within their implantation beds, which is believed to be
an unnatural immune response to such materials, even natural
materials, such as collagen membranes, amongst others (50,
51). It was also proposed that this pro-inflammatory cell type
is associated with the inflammation-based biodegradation
pattern (52). In this context, various studies have revealed a
dependency of the biodegradation capacity of macrophages,

and oxidative degradation (53). For example, it was shown that
pro-inflammatory macrophages are capable of exerting
oxidative stress and release lytic enzymes, such as nitric oxide
and reactive oxygen species (54, 55). Moreover, high levels of
reactive oxygen species were associated with high expression
of pro-inflammatory cytokines in pro-inflammatory
macrophages (56). Furthermore, a study by Wissing et al.
demonstrated that lipopolysaccharide/interferon-γ treatment of
macrophages led to a pro-inflammatory gene-expression profile
and induced significant up-regulation of lipid peroxidation,
overexpression of the oxidative genes NADPH oxidase 2
(NOX2) and nuclear factor kappa-light-chain-enhance of
activated B-cells (NFĸB) and increased enzymatic activity (57).
Thus, the comparable numbers of M1 macrophages with the
use of all bioglass types studied here may also hint at their
comparable biodegradation pattern. Another interesting finding
is the pattern of localization of the M1 and M2 macrophages
found in all study groups. The immunohistochemical study
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Table IV. Results of the evaluation of irritancy scoring of the four bioglass types. Scoring is detailed in Table II. Data are the mean scores±standard
deviation.

                                                                  ICIE16                                   ICIE16-Cu ICIE16-Sr 45S5 (Control)

Parameter                                    10 Days           30 Days          10 Days          30 Days           10 Days          30 Days           10 Days 30 Days 

Polymorphonuclear cells             2.0±0.2             2.4±0.4            2.7±0.2            2.8±0.3             2.8±0.2            1.8±0.1             2.3±0.2 1.3±0.2
Lymphocytes                                1.7±0.5             2.0±0.2            1.3±0.1            1.0±0.2             1.2±0.3            0.9±0.2             1.5±0.2 1.6±0.3
Plasma cells                                 0.3±0.1             0.3±0.2            0.1±0.1            0.1±0.1             0.3±0.1            0.1±0.1             0.3±0.2 0.3±0.2
Macrophages                                3.0±0.0             3.0±0.0            3.0±0.0           3.0±0.0            3.0±0.0           3.0±0.0           3.0±0.0 3.0±0.0
Giant cells                                    1.2±0.3             0.7±0.2            0.3±0.1            0.6±0.3             0.8±0.4            0.5±0.3             1.0±0.2 1.1±0.7
Neovascularization                      1.4±0.1             1.1±0.1            1.2±0.2            1.3±0.2             1.2±0.2            1.1±0.3             1.2±0.2 1.1±0.1
Fibrosis                                         0.8±0.2             0.8±0.3            0.8±0.2            0.8±0.2             0.9±0.3            1.0±0.0             0.1±0.1 0.2±0.1
Fatty infiltrate                              0.0±0.0             0.0±0.0            0.0±0.0            0.0±0.0             0.0±0.0            0.0±0.0             0.0±0.0 0.0±0.0
Necrosis                                        0.0±0.0             0.0±0.0            0.0±0.0            0.0±0.0             0.0±0.0            0.0±0.0             0.0±0.0 0.0±0.0

Table V. Irritancy scores and irritancy status. For each test material, the
relative irritancy was calculated as: Irritancy score test material−irritancy
score control material; a negative difference was assigned a score of 0.
Irritancy status was assigned according to Table III.

Time                  Study              Overall       Relative               Irritant 
point                  group              irritancy      irritancy                status
                                                    score             score

10 Days            ICIE16                18.5               1.3                Non-irritant
                      ICIE16-Cu             12.5           0 (−4.7)            Non-irritant
                       ICIE16-Sr              13.7           0 (−3.5)            Non-irritant
                   45S5 (Control)          17.2                 -                           -
30 Days           ICIE16                18.6               2.8                Non-irritant
                      ICIE16-Cu             17.3               1.4                Non-irritant
                       ICIE16-Sr              14.7           0 (−1.1)            Non-irritant
                   45S5 (Control)          15.8                 -                           -



showed M2 macrophages remained within the surrounding
granulation and connective tissues but not on the surface nor
within the implant body. In contrast, pro-inflammatory M1
macrophages appeared on the surface of all implants (and also
within them) starting from day 10 post implantation. These
results suggest that both macrophage subtypes have different
functionalities within the foreign body cascade, as already
suggested (58, 59). Proinflammatory cells seem to engage in
cell-mediated resorption, while anti-inflammatory cells seem
to be more involved in the regeneration of the surrounding
tissue – even in the time frame of the present study. However,
no significant differences between the M1 and M2 macrophage
subtypes were found, leading to the conclusion that all the
bioglass types analyzed are biocompatible as overall, they
induced balanced numbers of M1 and M2 macrophages.

Even though copper has been reported to have
angiogenetic potential (60-62), no significant differences were
observed in the vascularization of the implantation bed.
Contradicting the in vitro-based predications of the
angiogenetic potential of copper (26, 63), neither ICIE16-Cu
nor ICIE16-Sr enhanced implant vascularization in this study. 

Altogether, neither of these therapeutic ions had any
biological influence on the immune response or the
vascularization pattern. This result is surprising as both ions
have been described to influence both molecular cascades
but are in line with another in vivo study including an
analysis of silicate-based copper-doping that also showed no
influence and, more importantly, the materials in fact
hindered the regeneration process (62, 64).

One limitation of this study was the short-term in vivo
experiment. As bone regeneration occurs over a longer time
period, further studies within the bony microenvironment
have to be conducted in order to verify the osteogenic
potential of these ion-doped bioactive glass materials. A
further in vivo trial using bone implantation models may
show another tissue reactivity of the analyzed materials.
Another point to consider is that the in vitro investigation of
ion-release in SBF can only be seen as a limited result
compared to the ion-release in vivo. That is because SBF
differs from body fluids in the following aspects: i) body
fluid is a dynamic system while the ion-release measurement
was conducted in a static environment; ii) body fluids are
‘open’ systems, which means that their components are
constantly replaced/renewed whereas SBF was not changed
during the analysis; and iii) SBF does not include all the
components of body fluids (e.g., proteins, enzymes, and
ions). Thus, an in vivo analysis of ion release can provide
more insights into the concentrations of the ions within the
surrounding tissue and the overall dissolution behavior.

Another analysis method that could provide further
understanding is the quantitative measurement of the
nanoscale build-up of apatite and whether a correlation exists
with histomorphometrical results. 

Overall, the studied bioactive glass materials seemed to be
biocompatible, with an acceptable foreign body reaction that
is typical of synthetic BSMs. Finally, and in contradiction to
published in vitro evaluations, copper- and strontium-doping
did not significantly influence macrophage polarization, nor
vascularization.
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