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Cu, Zn doped borate bioactive glasses:
antibacterial efficacy and dose-dependent in vitro
modulation of murine dendritic cells

Katharina Schuhladen, €2 Lena Stich,” Jochen Schmidt, © ¢
Alexander Steinkasserer,? Aldo R. Boccaccini ) *@ and Elisabeth Zinser

Among emerging biomaterials, bioactive glasses (BGs) are being widely explored for various applications
in tissue engineering. However, the effects of BGs (in particular BG ionic dissolution products) on immune
cells and specifically on dendritic cells (DCs), which are the most potent antigen-presenting cells of the
immune system, have not been previously investigated in detail. Such interactions between BGs and DCs
must be assessed as a novel biocompatibility criterion for biomaterials, since, with the increased appli-
cation possibilities of BGs, the modulation of the immune system may induce potential complications and
undesired side effects. Indeed, the effects of BG exposure on specific immune cells are not well under-
stood. Thus, in this study we investigated, for the first time, the effect of borate BGs doped with biologi-
cally active ions on specific immune cells, such as DCs and we further investigated the antibacterial pro-
perties of these borate BGs. The compositions of the borate BGs (B3) were based on the well-known
13-93 (silicate) composition by replacing silica with boron trioxide and by adding copper (3 wt%) and/or
zinc (1 wt%). By performing an agar diffusion test, the antibacterial effect depending on the compositions
of the borate BGs could be proved. Furthermore we found a dose-dependent immune modulation of
DCs after treatment with borate BGs, especially when the borate BGs contained Zn and/or Cu.
Depending on the ion concentration and the rise in pH, the phenotype and function of DCs were
modified. While at low doses B3 and Zn-doped B3 BGs had no impact on DC viability, Cu containing BGs
strongly affected cell viability. Furthermore, the surface expression of DC-specific activation markers,
such as the major histocompatibility complex (MHC)-1I, CD86 and CD80, was modulated. In addition, also
DC mediated T-cell proliferation was remarkably reduced when treated with high doses of B3—Cu and
B3-Cu-Zn BGs. Interestingly, the release of inflammatory cytokines increased after incubation with B3
and B3-Zn BGs compared to mock-treated DCs. Considering the essential role of DCs in the modulation
and regulation of immune responses, these findings provide first evidence of phenotypic and functional
consequences regarding the exposure of DCs to BGs in vitro.

glass (BG), which was originally developed by Larry L. Hench
for bone replacement applications.”> This original 4555 BG

In the last 50 years, a significant amount of research efforts
has been focused on the development of new biomaterials,
which can be used to regenerate, repair and replace living
tissues and their functions." An early example of a biomaterial
that has the ability to bond to human tissues is 4555 bioactive
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composition (in wt%: 45.0 SiO,, 24.5 CaO, 24.5 Na,0 and 6.0
P,0s) is based on silica as a glass network former, whereas
nowadays also boron trioxide and phosphorus pentoxide are
used as basic units for novel compositions of BGs.® Borate BGs
are receiving increasing interest for their notable biological
performance, e.g. in contact with both bone and soft
tissues.”™® All types of BGs are found to be “bioactive” based
on two mechanisms: (i) the formation of an apatite layer on
the surface during the dissolution of the BG in a physiological
environment and (ii) the release of biologically active ions. The
first “bioactivity” mechanism is well described for the 45S5 BG
composition.” Briefly, the interaction of BG surfaces with body
fluids starts with an ion exchange which leads to an increase
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www.rsc.li/biomaterials-science
http://orcid.org/0000-0002-3741-7980
http://orcid.org/0000-0002-9056-2749
http://orcid.org/0000-0002-7377-2955
http://orcid.org/0000-0002-4369-0668
http://crossmark.crossref.org/dialog/?doi=10.1039/c9bm01691k&domain=pdf&date_stamp=2020-04-14
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9bm01691k
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM008008

Open Access Article. Published on 31 March 2020. Downloaded on 6/10/2026 9:01:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of the pH of the medium, followed by the formation of a silica-
rich layer and then by the growth of a calcium-phosphate rich
layer on the BG surface. This layer then crystalizes to hydroxy-
carbonate apatite, which finally promotes bonding with bone.”
“Bioactivity” strongly depends on the glass composition and
therefore on the glass reactivity. In general, borate BGs
degrade faster than silicate BGs in contact with aqueous
media, which is expected due to their relatively low chemical
durability.>® This faster degradation rate and additionally the
antiseptic properties of boric acid make borate BGs interesting
for wound healing applications.'® In this study, (SiO,-free)
borate BGs containing additionally magnesium and potassium
were investigated.''

As mentioned above, the second mechanism behind the
bioactivity of BGs is the release of biologically active ions.'?
Depending on the composition, different therapeutic active
ions such as B, Si, Ca, P, etc. are released into the human body
during the implantation of BGs. These ions have important
effects on cells. For instance, Ca and Si favor osteoblast differ-
entiation, whereas B is known to stimulate fibroblast cells and
angiogenesis.'? Increasing research efforts currently focus on
doping BGs with such biological ions, which provide a
specific, dose-dependent therapeutic effect. Typical examples
are zinc and silver, both showing antibacterial effects, and
copper and cobalt, which exhibit angiogenic properties.">**
These ions can be generally incorporated into the glass struc-
ture in small amounts, since at higher concentrations they can
have a cytotoxic effect. In the case of using copper, which is
known to promote angiogenesis by mimicking hypoxia, there-
fore leading to the upregulation of the expression of the vascu-
lar endothelial growth factor,"® a cytotoxicity level at concen-
trations above 10 mg L™ has been found.'® The present study
has focused on the systematic evaluation of the dissolution be-
havior of borate BGs doped with copper and/or zinc and the
investigation of their effect on dendritic cells. The antibacterial
effects of such BGs have also been investigated.

Dendritic cells (DCs) are specialized immune cells, which
play a crucial role in the initiation of primary immune
responses and are capable of linking innate and adaptive
immune responses."”” DCs are considered to be the most
potent antigen-presenting cells, governing both T cell immu-
nity and tolerance.'® Due to their ability to take up, process
and present antigen, and their localization in peripheral lym-
phatic tissues, DCs are able to induce an antigen-dependent
activation of naive T cells. DCs play distinct roles in shaping T
cell development, differentiation and function.'® The outcome
of the DC-T cell interaction is determined by the state of DC
maturation, the type of DC subset, the cytokine microenvi-
ronment and the tissue location. DC maturation, which is
associated with phenotypical and functional changes, is
crucial for their strong immune stimulatory potential. In their
immature state, DCs reside in peripheral tissues. Upon
antigen uptake and in the presence of inflammatory and/or
microbial stimuli, they start to mature and migrate to the T
cell areas of the peripheral lymph nodes and potently stimu-
late T cells.?>*' Mature DCs are absolutely crucial in order to
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induce potent immune responses, while immature/semi-
mature DCs have been reported to be involved in tolerogenic
mechanisms.*” The phenotype of mature DCs is characterized
by the up-regulation of co-stimulatory molecules. In addition,
signals delivered via co-stimulatory molecules such as CD80
and CD86 are essential.>® The stimulation of the CD28 recep-
tor via CD80 and CD86 leads to T cell activation, while the
engagement of CTLA-4 (CD152), CD80 and CD86 results in the
attenuation of T cell responses.>* The integration of signals
through this family of co-stimulatory and inhibitory receptors
and their ligands is critical for the activation of immune
responses and tolerance. Nothing is known about the effect of
BGs on DC functions. Accordingly, the present study has been
carried out to examine different borate BGs, which were pre-
viously developed and completely characterized,”® in terms of
their modulation capability of murine DCs. Specifically, the
impact of the ionic dissolution products (IDPs) of different
BGs on the phenotype and function of murine DCs and the
possible toxic effects of such IDPs were evaluated for the first
time. For instance, Zn was shown to influence the tolerogenic
potential of DCs in vitro and in vivo*® As discussed in a
recently published review paper,”” the present study is relevant
for BG applications because the immune system is involved in
any regeneration process in humans and therefore the influ-
ence of BGs on the immune system needs to be considered. In
addition, the BG compositions were investigated for their anti-
bacterial effects since the immune system plays an important
role in bacterial infections.

2. Materials and methods

2.1. Glass and cell culture media preparation

Different borate BGs doped with Cu and/or Zn (compositions
are given in Table 1) were prepared (at Abo Akademi, Finland)
as described previously.>® Briefly, analytical grade reagents
were melted in a platinum crucible at 1050 °C for 2 h, then
casted, annealed at 520 °C and crushed. The glasses were
melted twice to ensure homogeneity. Then, the glasses were
crushed and sieved to obtain a particle size in the range of
300-500 pm (according to scanning electron micrographs of
the produced BG particles*®). Based on microscopy obser-
vations® and the fact that the fabrication methods, including
crushing and sieving, were the same for all glasses, the specific
surface area values of the different BGs used in this study were
regarded as comparable. The glass powders were heat steri-
lized at 180 °C for 2 h.

Table 1 Composition of the investigated bioactive glasses in wt%

Name Na,0 K,O0 MgO CaO B,O0; P,05 ZnO CuO
B3 5.5 11.1 4.6 18.5 56.6 3.7 — —_
B3-Cu 5.5 11.1 4.6 15.5 56.6 3.7 — 3.0
B3-Zn 5.5 11.1 4.6 17.5 56.6 3.7 1.0 —
B3-Cu-Zn 5.5 11.1 4.6 14.5 56.6 3.7 1.0 3.0

This journal is © The Royal Society of Chemistry 2020
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To produce the conditioned media containing IDPs from
different bioactive glasses, 1 g of bioactive glass was added to
10 ml of cell culture medium (CCM) to form a 10% suspension
and media were incubated for 24 h at 37 °C under a humidi-
fied atmosphere of 95% air and 5% CO,. The used CCM was
composed of RPMI 1640 (Lonza, Veviers, Belgium) sup-
plemented with penicillin (100 U ml™", Sigma), streptomycin
(100 mg ml™", Sigma), r-glutamine (2 mM, Sigma), 2-mercap-
toethanol (50 mM, C. Roth) and 10% heat-inactivated fetal calf
serum (FCS, Merck). During incubation, the pH of the suspen-
sion was measured after 3 h, 6 h, 12 h and 24 h. The remain-
ing glass particles in the CCM were then removed and this
solution is named 10% CCM. In order to evaluate the pH
increase for 1% and 0.1% dilution, 10 ml of CCM containing
either 0.1 g or 0.01 g of different bioactive glasses was prepared
and the pH value was measured after 3 h, 6 h, 12 h and 24 h of
dissolution time. The concentration of IDPs in the 10%
dilution was measured by inductively coupled plasma atomic
emission spectroscopy (ICP-OES, Thermo Scientific iCAP 6500)
using Ar as plasma (flow rate: 10 L min~') and nebulizer gas
(0.6 L min™"). The auxiliary gas (0.2 L min™") was N,. The
aqueous calibration and sample solutions were fed to the
nebulizer at a flow rate of 3 mL min~". The plasma power was
1500 W and a 6-point calibration was performed for the
elements Na, K, Mg, Ca, P, Cu and Zn in the concentration
range between 1 mg L™ and 100 g L. The emission lines at
589.592 nm (Na), 766.49 nm (K), 285.213 nm (Mg), 317.933 nm
(Ca), 214.914 nm (P), 327.393 nm (Cu) and 206.200 nm (Zn)
were evaluated for quantification. The calibration solutions
were obtained by diluting the respective 1000 mg L™ standard
solutions specified for ICP-OES (Carl Roth, Germany). All
samples were measured in triplicates. The 10%-CCM was then
further diluted to prepare 1% and 0.1% dilution of IDPs in
CCM for in vitro cell culture tests. As control, CCM without
IDPs (mock) and CCM containing 10 mM 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid, N-(2-hydroxyethyl)pipera-
zine-N'-(2-ethanesulfonic acid) (mock buffered ) were used.

2.2. Antibacterial analyses

Antibacterial agar diffusion tests were carried out against
Staphylococcus aureus (Gram-positive) and Escherichia coli
(Gram-negative) bacteria (obtained from the Microbiology
Department of the University of Erlangen-Nuremberg).
Bacteria were prepared and expanded according to a previously
developed protocol.?® Briefly, bacteria were suspended in Luria
broth medium until an optical density of 0.015 was reached.
Then, 20 pL of this medium containing bacteria was deposited
and spread homogeneously on a Petri dish (diameter 10 cm)
containing a uniform layer of Luria broth agar. Pellets contain-
ing milled bioactive glass powders (particle size <10 pm) were
then placed on the agar and incubated for 24 h at 37 °C. BG
pellets were made from the powders using an hydraulic press
(PE-010, Mauthe Maschinenbau) with a load of 1 ton (no addi-
tives were used). All samples were analyzed in triplicates for
Gram-positive and Gram-negative bacteria. After 24 h, the inhi-
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bition zones around the samples were assessed using ImageJ
(calculated from 10 measurements).

2.3. Mice

C57BL/6 and BALB/C mice were purchased from Charles River/
Wiga (Sulzfeld, Germany) or bred within our own facilities and
maintained under pathogen-free conditions according to the
institutional and national guidelines for the care and use of
laboratory animals. The studies were approved by the animal
ethical committee of the Government of Unterfranken,
Wiirzburg.

2.4. Invitro preparation of bone marrow-derived DCs

Bone marrow derived DCs from mice were generated as
described previously.? In brief: bone marrow precursor cells
were flushed from the femurs and tibias of C57BL/6 mice and
cultured for 6 days in 10 ml of CCM medium at a density of 2
x 10° cells per 10 cm dish (Falcon, no. 1029, bacterial quality,
Heidelberg, Germany). GM-CSF supernatant (1 :10) from a cell
line transfected with the murine GM-CSF gene was used as
described.*® On day 3, a volume of 10 ml of CCM medium con-
taining 1 ml of GM-CSF supernatant was added to the cultures.
50% of the culture supernatant was removed at day 6 and the
cells were fed again with fresh 10 ml of 1:10 diluted CCM-
medium containing GM-CSF supernatant. On day 7 immature
DCs were harvested and used for different experiments.

2.5. DC maturation and treatment with BGs

Immature DCs were cultured at a density of 1 x 10° cells per
ml in a 24 well plate together with increasing concentrations
of CCM containing IDPs from BGs. Cultures were also left
untreated (mock) or in buffered CCM (mock buffered; pH 8.5
adjusted with NaOH) for 36 h. After this time period LPS
(Escherichia coli 0127:B8, 100 ng ml ™", Sigma) was added to the
different cell cultures and left for an additional 12 h. After a
total cultivation time of 48 h mature DCs were harvested and
used for further phenotypical and functional analyses.

2.6. Phenotypic characterization of murine DCs by flow
cytometry

To determine the effect of the BG ionic dissolution products
on DC modulation, the above mentioned DCs co-incubated
with varying amounts of CCM containing IDPs from B3, B3-
Cu, B3-Zn, and B3-Cu-Zn BGs were analyzed for the
expression of DC specific surface markers using flow cytome-
try. The mature surface DC phenotype was analyzed using anti-
bodies specific for CD11c (clone N418, BioLegend), MHCII
(clone M5/114.15.2, BioLegend), CD86 (clone GL-1, BD
Biosciences), CD80 (clone 16-10A1, BioLegend) and CD83
(clone Michel-19, BioLegend). Samples were stained using
7-AAD (7-aminoactinomycin D) to determine the toxicity of the
substances and to perform the analysis of living cells
(ThermoFisher Scientific). Samples were measured using the
BD FACS Canto II cytometer and were analyzed using FCS
Express 5 Flow Cytometry Software (DeNovo software).

Biomater. Sci,, 2020, 8, 2143-2155 | 2145
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2.7. Mixed leukocyte reaction (MLR)

In order to analyze if the above described pretreated DCs have
an impact on DC-mediated allogeneic T-cell stimulation, func-
tional MLR assays were performed. Mature murine DCs, which
were generated as described in section 2.5, were harvested,
washed with PBS and counted. Afterwards the isolated DCs
were co-cultured at different ratios with allogeneic murine
splenic cells from BALB/c mice for 72 h in 200 pl of CCM in
96-well cell culture plates, without any further addition of
CCM containing IDPs. Finally the co-cultures were pulsed with
3H-thymidine (1 pC per well) (PerkinElmer) for 16 h to deter-
mine T-cell proliferation. Culture supernatants were then har-
vested onto glass fibre filters (PerkinElmer) using an
ICH-110 harvester (Inotech) and the filters were counted in a
1450 microplate reader (Wallac).

2.8. Cytometric bead array (CBA)

Supernatants of murine DC-T cell co-cultures were harvested
after 72 h and the quantities of interleukin IL-6, TNF-a, IL-1a,
GM-CSF and interferon-y (IFN-y) were determined using the

LEGENDplex™ Murine Inflammation Panel (BioLegend)
according to the manufacturer’s protocol.
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2.9. Statistical analyses

If not stated otherwise, results are displayed as mean + stan-
dard error of the mean (SEM). For multiple comparisons, data
were analyzed using two-way ANOVA or one-way ANOVA and
the Bonferroni or Dunnett multiple comparison post hoc test.
Significant differences were assumed if p was <0.05.

3. Results

3.1. Characterization of conditioned cell culture media

The used borate BGs were completely characterized in a pre-
viously published study, showing that the fabricated glasses
were successfully doped with Cu and/or Zn.*®> As previously
reported,* all fabricated BGs exhibited amorphous structure
and FTIR measurements confirmed their borate glass network.
Moreover, no pronounced effect of adding copper or zinc on
the thermal properties of the borate BGs could be observed.?®
As shown in the previous work, during the dissolution of
different borate BGs, ions were released into the medium,
which led to a pH increase. In Fig. 1, the pH increase as a func-
tion of time can be seen for the different prepared conditioned
media. During dissolution, all four types of BGs reached the

9,04 —=— Mock

—4—10% B3-Cu
& |7 1%B3-Cu

ol 0.1% B3-Cu

8,54

80 A

pH
b\

754

7,04

Time (h)

9,04 —a— Mock

—4— 10% B3-Cu-Zn
z v— 1% B3-Cu-Zn
0.1% B3-Cu-Zn

8,54

8,04

pH

7,54

7,04

Time (h)

Fig. 1 Change in pH during the preparation of conditioned cell culture media. Time-dependent increase of pH is observed in BG conditioned cell
culture media which is stabilized at 8.7 + 0.1 after 24 h. This observation is similar for the different borate-based BGs. All samples were measured in

triplicates.
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highest pH value for the 10% dilution, and after 24 h the pH
value was 8.7 + 0.1. As expected, for the 0.1% dilution and 1%
dilution the BGs reached lower pH values, of 8.2 + 0.1 and 8.5
+ 0.1, respectively, after 24 h.

The conditioned 10%-CCM was further analyzed by
ICP-OES in order to determine the concentration of the
different ions released by the BGs (Fig. 2). Based on the
amount of B released, the addition of Cu and Zn seems not to
have any influence on the network stability of the BGs, and
consequently on the ion release profile, which could be
observed also in the previously published study®. Moreover,
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glasses measured by ICP-OES. No remarkable difference between the
fabricated borate-based BGs could be found (besides the release of
copper from Cu and Cu-Zn doped BGs), proving that the addition of Cu
and/or Zn did not significantly influence the glass network. The release
of Zn could not be detected. All samples were measured in triplicates.
One-way ANOVA statistical analysis denotes significant differences com-
pared with the reference (*p < 0.05).
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according to the ICP-OES measurements, the amount of P
decreased in the conditioned media compared to the refer-
ence. This result indicates that both P and Ca (proven by the
small amount of Ca released) are involved in the precipitation
of amorphous CaP-rich species. Most interestingly, Cu could
be released from the Cu-doped and Cu-Zn-doped BGs, with
the concentration of (61.8 + 3.7) mg L' and (54.8 + 1.0) mg
L7, respectively. In contrast, Zn was not released or released
at a very low concentration (below the detection limit of the
instrument), which is in accordance with the results obtained
in our previous study on borate BGs.>

3.2. The antibacterial effect of BGs

The results of the agar-disk diffusion tests are shown in Fig. 3.
Data showed an inhibition zone greater than 1 mm, which, in
accordance with the Standard SNV 195920-1992, can be con-
sidered antibacterial.*® Therefore, all BG pellets which were in
contact with Gram-positive and Gram-negative bacteria
showed antibacterial effect to some extent. A clear difference
was observed when copper and/or zinc was added: copper had
the greatest effect, while Zn-doped BG was found to have only
a minor antibacterial effect improvement, compared to the
undoped BGs. This result is in accordance with the ion release
measurements (section 3.1) showing that zinc might not be or
be only slightly released. This behavior could also be observed
in BG pellets doped with zinc and copper, where the inhibition
zone was found to be intermediate between Zn-doped and Cu-
doped BGs. Furthermore, a significant different effect was
observed between Gram-positive and Gram-negative bacteria.
This is consistent with previous literature reports®" and might
be due to the higher susceptibility of Gram-positive bacteria,
related to differences in metabolism, cell wall composition,
cell physiology or cell structure, than Gram-negative bacteria.
Due to their highly organized compact structure, Gram-nega-

B

Fig. 3 Antibacterial effects of BGs against Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria, 24 h after incubation. (A) Summary of
mean inhibition zones of different BG pellets assessed using an agar-disk diffusion assay; (B) example of a well-plate assay showing the inhibition of
E. coli and S. aureus bacteria growth, by different BGs. All samples were measured in triplicates. One-way ANOVA statistical analysis denotes signifi-

cant differences (*p < 0.05).

This journal is © The Royal Society of Chemistry 2020
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tive bacteria are “more protected” against diffusion and pene-
tration of antibacterial ions.*?

3.3. Cell viability

BGs are being used in several biomedical applications and are
being increasingly considered for bone and soft tissue replace-
ment thanks to their ability to form strong bonding with
tissues and, in some cases, to stimulate tissue
regeneration.">**** Thus, BGs should show no or very low tox-
icity and have only limited side effects. The immune system of
the host, and thus a functional and competent immune
system, is important for maintaining control of an unwanted
immune response. However, due to their high reactivity once
in contact with water-based solutions BGs rapidly exchange
ions with the surrounding environment which can lead to an
undesired increase in the pH value under static in vitro con-
ditions making it difficult or even impossible to perform cell
culture studies.*® Therefore it is very important to analyze/
identify possible immune-modulating properties of these BG
compounds to avoid an unwanted immune response or a
decreased function of the immune system of the host. Such an
effect may result in an increased susceptibility towards other
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infections, e.g. bacterial or fungal, particularly in patients with
an already compromised immune system. DCs are known to
be the most potent antigen-presenting cells and thus are key
players during the induction of an effective and potent anti-
viral immune response. Efficient maturation of these cells is
indispensable to gain their migratory and T cell stimulatory
capacity.’® Considering these facts, we examined individual BG
compounds regarding their toxicity and their impact on
specific immune cells. Toxicity was determined by flow cyto-
metry using a standard cell viability assay (Fig. 4). To address
this demand, we generated DCs, which was achieved by flush-
ing bone marrow from the tibia of mice and culturing in
medium supplemented with BGs, as described in section 2.5.
Immature DCs were stimulated for 48 h in the presence of B3,
B3-Cu, B3-Zn and B3-Cu-Zn and then matured with LPS over-
night. The solutions of 0.1% and 1% B3 glass showed no sig-
nificant toxic effects when compared with the mock and mock
buffered control. In contrast, 10% B3 solutions showed toxic
effects (Fig. 4A). As shown in Fig. 4B, 1% B3-Cu and 10% B3-
Cu samples showed a significant increase in cell toxicity com-
pared to mock controls, which is likely due to the toxic effects
of Cu concentration. However, the concentration of 0.1% B3-
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Fig. 4 BGs modulate DC viability. Bone marrow was flushed from the femur and tibia of C57BL/6 mice and cultured in GM-CSF supplemented
media for 8 days. Immature DCs were cultivated in the presence of the indicated concentrations of (A) B3, (B) B3—Cu, (C) B3-Zn, and (D) B3—-Cu—-Zn
BGs and then matured with LPS. After 48 hours, cells were harvested and the percentage of living cells was determined. Mean + SEM of individual
experiments is shown. The experiment was conducted up to six times with cells derived from different donors. Significant changes are marked with

asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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Cu solution had no impact on the cell viability. As B3 solution
alone, only 10% B3-Zn solution led to a significant increase in
cell toxicity (Fig. 4C) compared to mock controls. As shown in
Fig. 4D both 1% and 10% B3-Cu-Zn solutions showed toxic
effects on DCs compared with untreated controls. Since in the
present context pH values were not expected to cause toxicity,
these effects can be explained by the already mentioned high
Cu concentrations.

3.4. BGs interfere with the expression of functionally
important activation molecules on DCs

Next, we investigated the impact of BGs for adverse immune-
modulatory effects on DCs. To do so, immature DCs were culti-
vated in the presence of B3, B3-Cu, B3-Zn and B3-Cu-Zn BGs
for 48 hours, as mentioned above. Mock and mock buffered cells
served as negative control. The effect of BGs on activation/pheno-
typic maturation of the murine DCs was assessed by measuring
the expression of the cell surface markers CD11c, MHC-II, CD8O0,
CD83, CD86 and CD25 (= IL-2R), as indicators of the maturation
status of the generated matured DCs (Fig. 5). Following isolation,
cell surface characterization was performed using flow cytometry
by gating on the CD11c population. As shown in Fig. 5A, 48 h of
B3 BG treatment had a significant dose-dependent impact on the
expression of the markers CD11c, MHCII and CD86 under the
1% conditions as compared to untreated (mock) DCs or mock
buffered DCs. The expression of the surface markers CD83 and
CD25 was unaffected. Interestingly, treatment with B3—Cu BG led
to a dose-dependent reduction of the expression of all surface
markers, especially MHCII, CD80, CD86 and CD25 were signifi-
cantly reduced (Fig. 5B). The addition of B3-Zn BG to DC cul-
tures showed a similar effect to B3 BG alone. The expression of
CD11c, CD80 and CD86 cells was significantly increased depend-
ing on the concentration (Fig. 5C). After 48 h of B3-Cu-Zn BG
treatment, the expression of MHCII, CD80, CD86 and CD25 was
significantly decreased as compared to the control. Furthermore
the expression of CD83 was affected, but not significantly. These
data suggest a phenotypic DC maturation or at least activation of
the cells after incubation with B3 and B3-Zn BGs. The matu-
ration of DCs in the presence of Cu containing BGs, like 10%
B3-Cu and 10% B3-Cu-Zn, led to a reduced DC activation and
maturation.

3.5. DC-mediated allogeneic T-cell proliferation is influenced
by BGs in a dose-dependent manner

Considering that BGs altered the immunogenic phenotype of
DCs, we further analyzed the effects of treatment with BG dis-
solution products on DCs through in vitro mixed leucocyte reac-
tions. This is a relatively simple way of assessing the DC-
mediated allogeneic T cell proliferation capacity and the func-
tionality of DCs. For this reason, DCs were treated with different
BGs as described above and co-cultured with allogeneic lympho-
cytes. The immunogenic potential or the ability of DCs to
induce the proliferation and/or the activation of allogeneic lym-
phocytes was analyzed using T-cell proliferation assays. In this
study, immature DCs were cultivated in the presence of BGs
with different concentrations for 48 h, matured with LPS and
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they were then incubated with different ratios of allogeneic
murine lymphocytes. T cell proliferation was assessed 72 h after
incubation. Mock and mock buffered treated samples were used
as controls (Fig. 6). While both 10% and 1% B3 and B3-Zn BG
conditions led to a significant increase in DC mediated T cell
proliferation (Fig. 6A and C), 10% B3-Cu and 10% B3-Cu-Zn
BGs inhibited T cell proliferation almost completely (Fig. 6B
and D). On the other hand, 1% B3-Cu and 1% B3-Cu-Zn BGs
increased the potential of DCs to stimulate alloreactive T cells.
Thus, the interference of BGs with full DC maturation (B3 and
B3-Zn) or reduced DC maturation (B3-Cu and B3-Cu-Zn), as
described above, has also functional consequences, ie. a
reduced capacity to stimulate T cells.

3.6. The effects of different BGs on pro-inflammatory
cytokine formation

Furthermore, we also analyzed the secretion of pro-inflamma-
tory cytokines from the supernatants of the previously
described DC-T cell co-cultures. Thus, titrated numbers of pre-
conditioned B3, B3-Cu, B3-Zn or B3-Cu-Zn BG DCs were
incubated with allogeneic T cells for 72 h and the cytokine
concentrations in the supernatants were determined using a
murine CBA kit (Fig. 7). Interestingly, DCs cultivated in B3 and
B3-Zn BG conditioned medium led to an increased production
of TNF-a, GM-CSF, IL-17A and IL-6 in a concentration-depen-
dent manner, and significance was reached when DCs were
pre-treated with 10% media of both B3 and B3-Zn BGs (see
Fig. 7A). Thus, the dose-dependent increase of DC-mediated T
cell proliferation correlates with an increased cytokine
expression profile. Interestingly in DC-T cell co-cultures, where
DCs were cultivated in 0.1% and 1% B3-Cu and B3-Cu-Zn
doped media, increased levels of TNF-a, IL-1a, IL-17A and IL-6
were measured, whereas the co-cultures with DCs pre-treated
with 10% B3-Cu and B3-Cu-Zn BGs showed clearly reduced
cytokine levels. The reduced DC-mediated T cell proliferation
correlates with a repressed cytokine expression profile.

4. Discussion

4.1. The ion release effects of BGs

BGs have the capability to release biologically active ions and
have the ability to form hydroxyapatite layers on their surface
during dissolution in aqueous environments. However, this
bioactive mechanism can also have a negative impact, since
the dissolution of BGs leads to an increase in the pH value
and osmotic pressure of the surrounding medium, which on
one hand generates a hostile environment for bacterial growth
and on the other hand can induce cytotoxic effects on
immune cells after implantation in the human body.
Furthermore, the ions released from BGs can have cytotoxic
effects when exceeding a critical concentration level, thereby
influencing gene expression.*® Therefore, in the present study
both the pH increase and the concentration of ions released
from the fabricated borate BGs doped with copper and/or zinc
were evaluated. As expected, depending on the concentration
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Fig. 5 BGs modulate the phenotype of mature murine DCs. Immature DCs were cultivated in the presence of the indicated concentrations of CCM
with BGs. After maturation with LPS, cells were harvested and the MFI of CD11c*, MHCII*, CD80*, CD83" and CD80* and CD25" on DCs, which
were treated with (A) B3, (B) B3—Cu, (C) B3-Zn, and (D) B3—-Cu-Zn BGs, was determined. Mean + SEM of individual experiments is shown. The
experiment was conducted up to six to eight times with cells derived from different donors. Significant changes are marked with asterisks (*: p <
0.05, **: p < 0.01, ***: p < 0.001).

of BGs, an increase in the pH value of the CCM was observed
(Fig. 1). However, the addition of Cu and/or Zn to the borate
BGs investigated here did not significantly influence the
increase of pH, which is in accordance with the concentration
of ions released from the different fabricated BGs and the
obtained results in the previously published study.”®

2150 | Biomater. Sci,, 2020, 8, 2143-2155

4.2. The antibacterial efficacy of borate BGs doped with
copper and zinc

The antibacterial properties of BGs can be explained by a

change in pH and by the effect of the osmotic pressure. The
shift in the pH value to a more alkaline range induces a
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Fig. 6 Treatment of DC with BGs modulates their ability to stimulate allogeneic splenic cells. Murine DCs were cultivated for 48 hours in the pres-
ence of both mock control (black square) and buffered medium (open square), or the indicated concentrations of (A) B3, (B) B3—Cu, (C) B3-Zn and
(D) B3—Cu—-Zn BGs, and consequently matured with LPS. Afterwards cells were co-cultured with allogeneic murine splenic cells for 72 hours and
cell proliferation was assessed using Thymidin incorporation. Mean + SEM of three biological triplicates is shown. One representative experiment out
of four individual experiments is shown. Significant changes are marked with asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).

hostile environment for bacteria, which leads e.g. to changes
in their morphology.*® Furthermore, changes in the ion con-
centration in the bacterial surrounding lead to decreased
pressure across the bacterial cell membrane, which induces
bacterial shrinkage and damage to the bacterial cell mem-
brane.*® Additionally, BGs offer the advantage, compared to
antibiotics, that bacteria are unlikely to develop resistant
mechanisms against their antibacterial properties, since even
after repeated exposure, minimal concentrations of BGs do not
change the antibacterial efficacy.’” Using agar diffusion tests
we demonstrated in this study an efficient antibacterial effect
of the used borate BGs on both Gram-positive and Gram-nega-
tive bacteria (Fig. 3). Since the effect of B3 BG on Gram-nega-
tive bacteria was rather low, the biocide metal ions copper
and/or zinc were additionally introduced into the B3 BG com-
position. Interestingly, although zinc could not be released
during dissolution in CCM, Zn-doped BG showed a significant
improvement of the antibacterial effect (Fig. 3). Zinc ions can
act as either bactericidal or bacteriostatic. Whereas ZnO
directly leads to the disruption of the bacterial cell wall, Zn**
can inhibit the glycolytic processes of bacteria.**™*° The dis-
solution of BGs and the release of ions (especially in the case
of zinc) are strongly dependent on the surrounding pH value.
During the growth of bacteria, an acidic environment during

This journal is © The Royal Society of Chemistry 2020

the agar diffusion test can occur and may lead to the release of
zinc ions, resulting in the antibacterial properties of Zn-doped
BGs. Moreover, also the presence of zinc on the surface of the
tested BG pellet (similar to the antibacterial effect of ZnO par-
ticles) may affect the bacterial growth. On the other hand, the
antibacterial effect of copper, also in the form of released ions
from Cu-doped BGs, has been well studied.”® Similar to the
effects of zinc, the bacterial membrane integrity is disrupted
by the oxidative damage of membranous phospholipids.
Furthermore, copper ions can penetrate into bacteria, leading
to oxidative stress and DNA degradation.*" A clear antibacterial
effect of copper in Cu-doped and Cu-Zn-doped BGs was detect-
able (Fig. 3), which correlates with the released copper ions
from the fabricated BGs during dissolution (Fig. 2). However,
by combining zinc and copper, no further improvement of the
antibacterial effect, compared to the Cu only doped BG, was
observed. This result is most probably due to the relatively
minor antibacterial effect of zinc ions compared to copper
ions. In summary, we hypothesize that the antibacterial effects
of the ion-doped BGs are mechanistically related to the release
of copper and/or zinc ions, since the measured pH changes
were not significantly different between the different BGs.
However, further studies involving the examination of the mor-
phological features of the bacterial cell damage need to be per-
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Fig. 7 BG treatment leads to altered cytokine production by murine
DC-T cell co-cultures. The production of TNF-a, IFN-y, IL-1a, GM-CSF,
IL-17A and IL-6 during murine DC-T cell co-cultures was determined
from the culture supernatants. Therefore DCs which were pre-incubated
with different BGs for 48 h were stimulated with LPS and co-cultured
with allogeneic T cells (ratio 1:40) for 72 h. The supernatants were
assayed using a CBA kit. Mean + SEM of four individual experiments is
shown. Significant changes are marked with asterisks (*: p < 0.05, **: p <
0.01).

formed in order to better understand the effects of released
copper and/or zinc ions and to elucidate the specific antibac-
terial mechanisms involved.

4.3. Dose-dependent immune-modulating effects of borate
BGs doped with copper and zinc on toxicity and the phenotype
of mature murine DCs

Next we investigated the functional properties of BGs on DCs.
Since BG research has focused mainly on the application of
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BGs in the field of bone tissue engineering, most conducted
in vitro studies have examined the effects of different BGs in
contact with cells involved in bone regeneration processes.*>™**
Moreover, borate based BGs have been found to be of special
interest regarding the regeneration of soft tissue, and in the
last two decades several studies have shown that BGs have
great potential in the field of wound healing®>*® and neural
tissue engineering.*® Additionally, the effects of copper and/or
zinc doped borate BGs have been evaluated in in vitro studies
using fibroblasts, osteoblasts and endothelial cells considering
similar BG compositions to those used in the present
study.**4>16:18:30755 = Although these published results are
promising, they also showed that borate BGs, especially when
doped with copper, could induce cytotoxic effects, particularly
at high doses.**>°

BGs have been extensively evaluated both in vitro and
in vivo in their ability to improve bone and soft tissue regener-
ation, and so far several FDA approved BG compositions are
commercially available in different forms (e.g. granules for
bone regeneration and fibers for wound healing
applications).*”>® However the influence of BGs on the
immune system has not been investigated substantially. Given
that the immune system is strongly involved in the processes
of wound healing and bone regeneration, the specific effects
of BGs on the immune response during soft tissue and bone
regeneration processes need to be examined. Besides recogniz-
ing and combatting pathogens possibly occurring in wound
beds, the immune system is also vitally involved in wound exci-
sion and in the healing process.’” In this respect, DCs play a
crucial role during the induction of an effective and potent
immune response and were therefore used (surprisingly for
the first time in this study) to evaluate the influence of
different BG compositions on this specific cell phenotype.
Immature DCs are located in almost every organ and monitor
the environment, e.g. for the presence of pathogens and in the
case of an infection DCs mature and induce an antigen-
specific activation of naive T cells.'”'®>® Furthermore it was
shown that DCs infiltrate and interact with implanted
biomaterials.’*®' In order to mimic this process in vitro and
to analyze the effects of BGs on the behavior of DCs, immature
DCs were matured in the presence of IDPs derived from
different BGs. At low concentrations, borate B3 BG did not
show any cytotoxic effect on matured DCs,*>***®* but, as pre-
viously reported in the literature for other cell types, 10% B3
BG showed toxic effects also on mature DCs. However, it has
been shown that by using dynamic instead of static conditions,
the presence of 10% BG does not negatively influence cell via-
bility.** According to ICP-OES measurements, no significant
differences were observed between B3 BG and B3-Zn BG
(Fig. 1 and 2). However, the addition of copper showed a sig-
nificant effect on the viability of DCs. In the case of B3—Cu and
B3-Cu-Zn BGs, the viability of cells was significantly decreased
under both the 1% and 10% conditions. According to ICP-OES
measurements, the 10% B3-Cu BG solution contained (61.75 +
7.15) mg 17" Cu ions and the 10% B3-Cu-Zn BG solution con-
tained (54.77 + 2.76) mg 1! Cu ions. We conclude from these

This journal is © The Royal Society of Chemistry 2020
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results that there is a critical biological level of Cu®" below
5 mg 17" for the survival and growth of DCs. Cu®" ions can be
released in a controlled manner and the released concen-
tration of Cu ions can be tuned with the substitution ratio of
Cu in BGs. In a previous study, using fibroblasts, the critical
biological level of Cu** was 10 mg 17".*® Since these data indi-
cate that DCs are more sensitive to copper ions, more investi-
gations are needed and should include also other immune
cells (e.g. B cells and T cells) to further study the impact of
metallic ions on immunogenic responses.

Next, the maturation of DCs in the presence of BGs was
evaluated. When DCs capture antigens during infection, they
start to upregulate the expression of specific cell surface mole-
cules like MHCII and CD86 and via the interaction of these
molecules with T-cells, DCs induce an antigen-dependent
T-cell activation.’® Flow cytometric analysis revealed that
CD11c, which is a surface marker for myeloid DCs, was highly
expressed by all DCs treated with different investigated BG for-
mulations, confirming that DCs mature in the presence of
BGs. For the initiation of an adaptive immune response, DCs
present antigenic peptides in association with major histocom-
patibility complex class IT (MHCII) molecules to naive CD4" T
lymphocytes.®? It is worth noting that only terminally differen-
tiated mature DCs can efficiently induce immunity, whereas
immature DCs rather promote immune tolerance.®® The treat-
ment of DCs with B3 and B3-Zn BGs showed similar MHC-II
expression levels under all treatment conditions, when com-
pared to mock controls (Fig. 5). However, high concentrations
of B3-Cu and B3-Cu-Zn BGs led to reduced MHC-II expression
levels. In the case of B3 (10%) and B3-Zn (1% and 10%) BGs,
higher concentrations of CCMs, released from the BGs, led to
an activation of the cells shown by increased expression of
CD80 and CD86. On the other hand, BGs releasing copper led
to a significant decrease of these surface markers, indicating
that higher concentrations of copper induce a reduction of DC
activation and maturation. Of note, the increased expression
of co-stimulatory molecules, such as CD80 and CD86, went
along with antigen transport to the surface of DCs. Both T cell
receptor signaling and T cell activation are promoted by these
molecules.®® The expression levels of CD83 were reduced to
some extent by treatment with 10% B3-Cu and B3-Cu-Zn BGs,
but CD25 was significantly influenced by treatment with these
BGs. Overall, B3 and B3-Zn BGs promoted DC maturation,
while treatment with B3-Cu (10%) and B3-Cu-Zn (10%) BGs
induced rather an immature phenotype.

Furthermore, DCs matured in the presence of B3 and B3-Zn
(in 10% and 1%) BGs showed an increased capacity to stimulate
T-cell proliferation (Fig. 6), which is in accordance with the
increased expression levels of maturation specific molecules on
the cell surface. Additionally, these treated DCs affect T cell
polarization into a more pro-inflammatory Th17 milieu, since
the supernatants of co-cultures showed increased expression
levels of pro-inflammatory cytokines like 1L-17, IL-6, TNF-a and
GM CSF (Fig. 7A and C). In contrast, the presence of copper
modulated the capacity of DCs to stimulate T-cells in a dose-
dependent manner. At high concentrations (10% B3-Cu and
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B3-Cu-Zn), the capacity of DCs to prime T cells was signifi-
cantly reduced, whereas the 1% concentration increased the
T-cell proliferative capacity. This effect could be further speci-
fied by measuring the cytokine expression levels within the
supernatant of these co-cultures. In the case of B3-Cu BG con-
ditioned medium (1% concentration), an increased production
of cytokines like IL-1, IL-17A and IL-6 was observed (Fig. 7B and
D), whereas the 10% concentration led to a decreased cytokine
production. Of note, all BGs tested at a concentration of 0.1%
did not alter DC mediated T cell proliferation. Taken together,
our results show that DCs treated with different BGs can be
differentially modulated both in respect to the T cell phenotype
and the polarizing cytokine profiles. Our results indicate that
IL-17 may be a key cytokine in BG driving the functional modu-
lation of DC-T cell interaction. IL-17 has recently drawn much
attention in the field of immunology,®® since this cytokine plays
a key regulatory role in host defense and inflammatory diseases.
IL-17 induces the production of many other cytokines (such as
IL-6, GM-CSF, TNF-q, etc.). Moreover high levels of this cytokine
are associated with several chronic inflammatory diseases,
including rheumatoid arthritis, psoriasis and multiple scler-
0sis.®” In contrast to host defense, IL-17A has been shown to be
beneficial against infections caused by extracellular bacteria
and fungi.®® Furthermore IL-17A has been shown to recruit
myeloid derived suppressor cells (MDSCs) to dampen the anti-
tumor immunity.’” Thus, these bioactive materials are dis-
cussed as an interesting tool for DC specific regulation of
different disease entities. To control the host immune response,
either by reducing or enhancing the immune responses via
DCs, BGs harbor an interesting potential as immune-modu-
lators. Understanding the correlation between BG properties
and DC phenotype/function is very important for future appli-
cations of BGs in vivo, since specific compositions of BGs could
effectively modulate the immune system in both directions,
inducing and dampening an immune response.

In summary, our results revealed that the presence of
different compositions of BGs differentially interferes with the
phenotype and function of DCs. The special properties of Cu-
BGs could be of interest in circumstances where the immune
system is overreacting, i.e. in the case of autoimmune dis-
orders or in the case when one aims to prevent transplant
rejections. On the other hand, some BGs, e.g. Zn doped BGs
studied here, induced an enhanced DC mediated T cell pro-
liferation, and these properties could be advantageous when
one aims to induce a potent immune response, as in the case
of infections or tumor growth. Thus, BGs possess exciting
immune-modulatory properties and their prophylactic and
therapeutic potential should be explored in more detail in
future studies, particularly considering novel compositions
with controlled ion releasing capability.

5. Conclusion

From the results of this study, we conclude that BGs, especially
doped with copper and/or zinc, represent potent agents to
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avoid bacterial growth exploiting ion release during their dis-
solution in body fluids. Furthermore, BGs have very interesting
immune-modulatory effects on DCs, which we identified here
for the first time. Therefore in future studies we will further
analyze their potential to specifically modulate the immune
responses, (i) in the case of autoimmunity and transplantation
and (ii) in the case of infections and neoplastic disorders.
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