ROYAL SOCIETY

Journal of
Materials Chemistry B

OF CHEMISTRY

View Article Online
View Journal | View Issue

Antibacterial 45S5 Bioglass®-based scaffolds
reinforced with genipin cross-linked gelatin
for bone tissue engineeringf

CrossMark
& click for updates

Cite this: J. Mater. Chem. B, 2015,
3, 3367

Wei Li,#* Hui Wang,i° Yaping Ding,® Ellen C. Scheithauer,? Ourania-Menti Goudouri,?
Alina Griinewald,® Rainer Detsch,® Seema Agarwal® and Aldo R. Boccaccini*?

4555 Bioglass® (BG) scaffolds with high porosity (>90%) were coated with genipin cross-linked gelatin
(GCG) and further incorporated with poly(p-xylyleneguanidine) hydrochloride (PPXG). The obtained GCG
coated scaffolds maintained the high porosity and well interconnected pore structure. A 26-fold higher
compressive strength was provided to 45S5 BG scaffolds by GCG coating, which slightly retarded but
did not inhibit the in vitro bioactivity of 45S5 BG scaffolds in SBF. Moreover, the scaffolds were made
antibacterial against both Gram-positive and Gram-negative bacteria by using polyguanidine, i.e. PPXG,
in this study. Osteoblast-like cells (MG-63) were seeded onto PPXG and GCG coated scaffolds. PPXG
was biocompatible with MG-63 cells at a low concentration (10 pg mL™). MG-63 cells were shown to
attach and spread on both uncoated and GCG coated scaffolds, and the mitochondrial activity
measurement indicated that GCG coating had no negative influence on the cell proliferation behavior of
MG-63 cells. The developed novel antibacterial bioactive 4555 BG-based composite scaffolds with
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1. Introduction

Tissue and organ failure is a major health problem. Among
them, bone is one of the most common tissues necessitating
replacement or repair as bone failure can widely result from
trauma, tumor, bone related diseases or aging.! Using scaffolds
made from engineered biomaterials is an effective approach to
restore function of damaged bone or to regenerate bone tissues.”
An ideal scaffold should act as a temporary template to support
cell activity and to induce extracellular matrix deposition until
new bone forms in the defect sites.>* The essential properties
that an ideal scaffold should possess for bone tissue engineering
applications have been comprehensively discussed in detail in
the literature,>”” and include suitable mechanical properties,
bioactivity and 3D pore architecture.
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improved mechanical properties are promising candidates for bone tissue engineering.

4585 Bioglass®™ (BG)-based scaffolds fabricated by the foam
replication method meet several important properties of an
ideal bone tissue engineering scaffold, due to the intrinsic
bioactivity, biocompatibility, osteogenic and angiogenic effects
of 4585 BG,*'° and the high porosity and interconnected large
pore structure derived from the foam replication method.'**?
The high porosity and large pore size of such scaffolds are
favorable for osteogenesis and vascularization throughout the
entire 3D structure.'>"® However, the high porosity also limits
the mechanical properties of the scaffolds.'" Besides the concern
of mechanical properties, antibacterial action should also be
taken into consideration since the risk of infection exists during
scaffold implantation which may eventually lead to implantation
failure. To this end, in previous efforts 45S5 BG scaffolds have been
coated with polymers (e.g poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBV)" or polycaprolactone (PCL)/chitosan’®), and these
polymers were shown to not only enhance the mechanical proper-
ties of the scaffolds without significantly sacrificing the porosity
and pore size but also impart an antibiotic release function to the
scaffolds. It is worth noting that the compressive strength of these
coated scaffolds (0.1-0.2 MPa), although improved, still falls close
to the lower bound of the values for cancellous bone.'® Therefore,
the relatively low mechanical properties still limit the potential
application of these coated scaffolds.

The present research aims at developing 45S5 BG-based
scaffolds with a novel coating based on gelatin for increased
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mechanical properties (compressive strength and the work of
fracture) and antibacterial effect. Gelatin, a water soluble natural
polymer, has been shown to be able to considerably improve the
mechanical properties of bioactive glass/ceramic scaffolds due to its
strengthening and toughening effects which can be linked to a
micron-scale crack-bridging mechanism."”'® However, gelatin, in its
original state, dissolves/degrades rapidly in aqueous solution,"*°
which may lead to the quick loss of its reinforcing effects on
scaffolds. In order to decrease the dissolution/degradation rate,
gelatin has been chemically cross-linked with crosslinking
reagents, such as glutaraldehyde or genipin.'' Genipin was
reported to be much less cytotoxic than glutaraldehyde.>* There-
fore, in the present study, genipin is selected as the crosslinking
agent for gelatin which will be used for coating the 45S5 BG
scaffolds prepared by the foam replication method.

As mentioned above, an antibiotic release function can be
incorporated into the scaffolds in order to reduce and combat
bacterial infection, which is one of the major complications
associated with implants.**** However, the emergence of resistance
of bacteria to antibiotics becomes a common phenomenon, because
inappropriate antibacterial treatment and overuse of antibiotics
accelerate the evolution of resistant strains.”> Therefore, there is a
particular interest in the development of new biocides in order to
fight infections. Biocidal cationic polymers, such as polyguanidines,
have attracted considerable attention for their high antibacterial
activity and low toxicity to humans, and they have been widely
investigated or used as disinfectants or biocides in ophthalmology,
water systems, topical wounds and environments.”**° The anti-
bacterial action of the polyguanidines starts with the interaction of
positively charged polymer molecules with the bacteria which carry a
net negative charge on their surface due to negatively charged lipids
in the cell membrane, and followed by the hole-formation ie.,
perturbations of the polar headgroups and the hydrophobic core
region of the lipids membranes killing the bacteria.***

Based on the facts discussed above, in order to incorporate
an effective antibacterial function to the gelatin coated 45S5
BG-based scaffolds, poly(p-xylyleneguanidine) hydrochloride
(PPXG), which belongs to the polyguanidines, was used as
the antibacterial agent. To the best of our knowledge, poly-
guanidine has not been used as an antibacterial agent in bone
tissue engineering scaffolds; this work was thus dedicated to
fabricate and characterize 4555 BG scaffolds which were coated
with genipin cross-linked gelatin (GCG) and then incorporated
with PPXG. This study is focused on the investigation of the
antibacterial effect and biocompatibility that PPXG can confer
to the 45S5 BG scaffolds. In addition, the influence of GCG
coating on the mechanical properties and bioactivity of the
45S5 BG scaffolds was also studied.

2. Materials and methods
2.1. Preparation of 45S5 BG scaffolds

Commercially available melt-derived 45S5 BG powder (mean
particle size ~5 pm) and polyurethane (PU) foams (45 pores per
inch, Eurofoam, Troisdorf, Germany) were used for preparing
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the scaffolds by the foam replication method.""** In brief, the
slurry was prepared by dissolving 6% w/v polyvinyl alcohol
(PVA) (M, ~ 30000, Merck, Darmstadt, Germany) in water,
and followed by adding 45S5 BG powder to the PVA solution up
to a concentration of 50 wt%. PU foams were immersed and
rotated in the slurry, and then taken out from the slurry. The
extra slurry was completely squeezed out from the foams. The
foams were left to dry at room temperature followed by repeating
the procedure described above one more time. The obtained
green bodies were heated at 400 °C for 1 h to decompose the PU
foams, and then at 1100 °C for 2 h to densify the glass network.
The heating and cooling rates used were 2 °C min ' and
5 °C min~", respectively.

2.2. Synthesis and antibacterial activity of PPXG

PPXG was synthesized by condensation polymerization of
pxylylenediamine and guanidine hydrochloride in melt according
to the literature.’>** A dry 100 mL three necked round bottom
flask equipped with a thermometer and a reflux condenser was
charged with guanidine hydrochloride (6.18 g, 50.00 mmol) and
p-xylylenediamine (4.78 g, 50.00 mmol). The reagents were
heated up to 150 °C. The polycondensation reaction was stopped
after 5 hours by cooling the reaction flask in an ice bath and the
polymer was obtained as a colorless transparent solid. The
polymer was structurally characterized using 1D (*H and °C),
2D heteronuclear single quantum coherence (HSQC) NMR and
atmospheric pressure chemical ionization (APCI) spectroscopic
techniques (Fig. S1 and S2; see ESIt). The molecular weight of
the polymer (M, :2200, M,,:2500, PDI: 1.12) was determined by
MALDI-TOF MS (Fig. S3, ESIT). In addition, the thermal behavior
of the polymer was analyzed using differential scanning calori-
metry (DSC) and thermogravimetry (TG) (Fig. S4 and S5, ESIt).

Minimal inhibitory concentration (MIC) and minimal bac-
tericidal concentration (MBC) were evaluated to determine the
antibacterial activity of PPXG. For a dilution series of the PPXG
solution starting from 1000 pg mL ™", each 500 pL was prepared
in a sterile 24 well plate (Greiner bio-online). Equal volumes of
bacteria (Bacillus subtilis (B. subtilis) or Escherichia coli (E. coli);
10° c¢fu mL™") were added and incubated for 24 h at 37 °C. After
this the wells were visually evaluated for bacterial growth. The
lowest concentration which remained transparent was taken as
the MIC. To determine the MBC, 100 pL of solution was removed
from each clear well and spread on nutrient agar plates and
incubated for a further 24 h at 37 °C. The lowest concentration of
biocide at which no colony formation was observed was taken as
the MBC. Each test was done in quadruplicate.

2.3. Incorporation of GCG coating and PPXG

Gelatin-genipin solution at a concentration of 5% w/v was
prepared by dissolving gelatin (type A, Sigma-Aldrich, St. Louis,
MO, USA) and genipin (Wako, Osaka, Japan) together in a
distilled water-ethanol mixture (5 vol% ethanol) under magnetic
stirring at 50 °C. The amount of genipin in the gelatin—genipin
mixture was 1 wt%. The 45S5 BG scaffolds were then completely
immersed in the gelatin-genipin mixture solution for 1 min
under vacuum, and then dried at room temperature for 1 day.

This journal is © The Royal Society of Chemistry 2015
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Subsequently the above coating procedure was repeated one
more time.

In order to load different amounts of PPXG directly into the
GCG coated scaffolds, PPXG was dissolved in methanol at
concentrations of 40, 120 and 200 pg mL™ ", respectively. Then
0.5 mL PPXG solution of each concentration was dripped onto
the GCG coated scaffolds from different sides, followed by
drying at room temperature for 1 day.

2.4. Characterization of scaffolds

2.4.1. Morphology and porosity. The microstructure of
scaffolds before and after GCG coating was characterized using
scanning electron microscopy (SEM) (LEO 435 VP, Cambridge,
UK and Ultra Plus, Zeiss, Germany). Samples were sputter
coated with gold under vacuum. SEM was also used to observe
the scaffold surfaces after immersion in simulated body fluid
(SBF) and after cell cultivation.

The porosity of scaffolds before (p;) and after (p,) coating
with GCG was calculated by eqn (1) and (2):

p1=1-— M1/(PBGV1) (1)

P2=1— (My/pg + (M — Mi)/pcca)/Va (2)

where M, and M, are the mass of the scaffolds before and after
coating, respectively; V; and V, are the volume of the scaffolds
before and after coating, respectively; ppg (= 2.74 g cm ™)
is considered as the density of sintered Bioglass@’ and pgeg
(= 1.3 g em™?) is the density of genipin cross-linked gelatin.**

2.4.2. Structural analysis. The chemical structure of the
scaffold surfaces was investigated by FTIR (Nicolet 6700,
Thermo Scientific, USA). Spectra were recorded in the absorbance
mode in the range of 2000 and 400 cm " with a resolution of
4 cm™. For FTIR measurements, the scaffolds were ground, mixed
with KBr (spectroscopy grade, Merck, Germany) and pressed into
pellets. The pellets consisted of 1 mg of sample and 200 mg of KBr.
Scaffolds were also characterized using XRD (Bruker D§ ADVANCE
Diffractometer, Cu Ka). Data were collected over the 20 range from
20° to 60° using a step size 0.02°. For XRD measurements, the
scaffolds were also ground and measured in powder form.

2.4.3. Mechanical properties. A Zwick/Roell Z050 mechanical
tester was used to determine the mechanical properties of the
scaffolds before and after coating with GCG. The crosshead speed
was 0.5 mm min . Due to the wide range of compressive strength,
load cells with 50 N and 1 kN loading capacity were used for
measuring the uncoated and GCG coated scaffolds, respectively.
The samples were in dimensions of 10 mm x 8 mm x 8 mm.
During compressive strength test, the scaffolds were pressed in the
10 mm direction until the strain reached 70%. The maximum
stress of the obtained stress-strain curve before densification was
used to determine the compressive strength. The work of fracture
(Wap) of the scaffolds, which is related to the energy necessary to
deform a sample to a certain strain, was estimated from the area
under the load-displacement curve until 70% strain. At least five
samples were tested, and the results are given as mean =+ standard
deviation.

This journal is © The Royal Society of Chemistry 2015
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2.5. In vitro bioactivity and degradation tests

The in vitro bioactivity test was performed using the standard
procedure described by Kokubo et al>*> The scaffolds with
dimensions of 10 mm x 8 mm x 8 mm were immersed in
50 mL of SBF and maintained at 37 °C in a shaking incubator
(90 rpm) for 1, 3, 7, 14 and 28 days. The SBF was replaced twice
a week during the test. Once removed from the incubator, the
scaffolds were rinsed with deionized water and left to dry at
room temperature. Afterwards, SEM, XRD and FTIR were used
to assess hydroxyapatite (HA) formation on the scaffolds.
Weight loss of the samples was calculated using eqn (3):

Weight loss (%) = (M; — M)/M; x 100% (3)

where M; and M, are the mass of the samples before and after
immersion in SBF, respectively.

In addition to uncoated 45S5 BG scaffolds, the degradation
behavior of pure GCG films was also studied in SBF following
the procedure as described above for comparison with the
degradation behavior of GCG coated 45S5 BG scaffolds. GCG
films were prepared by drying the GCG solution used for
coating scaffolds in a petri dish.

2.6. Antibacterial test

Antibacterial activity was characterized by Kirby-Bauer test and
time-dependent shaking flask test. E. coli (DSM No. 1077, K12
strain 343/113, DSMZ) as the gram-negative and B. subtilis
(DSM No. 2109, ATCC 11774, ICI 2/4 strain, DSMZ) as the
gram-positive test organism were used.”® Tryptic soy broth
(TSB) (Sigma-Aldrich, Germany) was used as a nutrient for
E. coli (30 g L' in distilled water for liquid nutrient; 15 g L ™"
agar-agar in addition for nutrient agar plates) and peptone/
meat extract medium for B. subtilis (5 ¢ L' peptoneand 3 g L™
meat extract in distilled water for the liquid nutrient; 15 g L™"
agar-agar in addition for nutrient agar plates). Both strains
were preserved on nutrient agar plates and liquid cultures were
grown by inoculation of the liquid nutrient with a single
bacteria colony using an inoculation loop. The inoculated broth
was incubated under shaking at 37 °C until the optical density
at 578 nm had increased by 0.125 indicating a cell density of
107-10°% cfu mL . To obtain the final bacterial suspensions the
inoculated broth was diluted with the liquid nutrient to an
approximate cell density of 10° cfu mL™".

2.6.1. Kirby-Bauer test. To determine the antibacterial
activity, samples of approximately 10 mm (width) x 10 mm
(length) were placed on a nutrient agar plate previously
inoculated with 100 pL inoculum and incubated at 37 °C for
24 h. The plates were visually evaluated for a zone of inhibition
and colony formation on the surface of the sample. The
samples were removed from the incubated agar plate and a
swab from the area under the samples with a sterile inoculation
loop was transferred to a new TSB agar plate. After incubation
for 24 h at 37 °C, the colony formation was visually checked.

2.6.2. Time-dependent shaking flask test. The time-
dependent antibacterial activity was determined by the shaking
flask method: samples incorporated with different amounts of
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PPXG were incubated with an equal volume of bacterial suspension
at ambient temperature in microcentrifuge tubes, and contact
times of 60, 120, 240 and 360 min were chosen. After each time
interval, 100 puL specimens were drawn and spread on nutrient agar
plates. After 24 h at 37 °C incubation, colonies were counted and
the reduction was calculated relative to the initial cell density of the
inoculum.*

2.7. In vitro biocompatibility test

In vitro biocompatibility tests were carried out using the human
osteosarcoma cell line MG-63 (Sigma-Aldrich, Germany). Cells
were cultured at 37 °C in a humidified atmosphere of 95% air
and 5% CO, in DMEM (Dulbecco’s modified Eagle’s medium,
Gibco, Germany) containing 10 vol% fetal bovine serum (FBS,
Sigma-Aldrich, Germany) and 1 vol% penicillin/streptomycin
(Gibco, Germany). Cells were grown to confluence in 75 cm?
culture flasks (Nunc, Denmark), and afterwards harvested
using Trypsin/EDTA (Gibco, Germany) and counted using a
hemocytometer (Roth, Germany).

PPXG is water soluble and dissolves in aqueous medium
rather quickly. Since the pH of BG scaffolds needs to be regulated
in aqueous medium before seeding the cells, PPXG preloaded on
GCG coated 45S5 BG scaffolds will not be present on the scaffold
anymore after the pH regulation step. Therefore, in this study, the
in vitro biocompatibility tests were carried out in two steps rather
than directly on GCG coated 45S5 BG scaffolds loaded with PPXG.
Firstly, a preliminary test was performed on PPXG, genipin and
GCG in order to understand the behavior of MG-63 cells in the
presence of these individual components of the GCG coated 45S5
BG scaffolds. This test was carried out in a short term (2 days),
because these components will rather quickly dissolve in the cell
culture medium which thus makes long term testing impossible as
the cell culture medium needs to be changed every few days. Cell
cultivation in the well plate without any material was used as a
control. Secondly, MG-63 cells were directly cultured onto the
uncoated and GCG coated 45S5 BG scaffolds. Uncoated 45S5 BG
scaffolds were used as a control.

For preparing the samples, PPXG, genipin and GCG were
sterilized by filtering their respective solution through a
0.22 pm syringe filter. PPXG was dissolved in distilled water,
while genipin or gelatin-genipin mixture was dissolved in a
distilled water-ethanol mixture solution (5 vol% ethanol).
Uncoated 45S5 BG scaffolds were sterilized at 160 °C for 2 h
in a furnace (Nabertherm, Germany). GCG coated 45S5 BG
scaffolds were prepared by using sterilized GCG solution and
sterilized uncoated 45S5 BG scaffolds.

2.7.1. Invitro biocompatibility of PPXG, genipin and GCG.
Various amounts of PPXG (6 pg, 18 nug and 30 pg), genipin
(30 ng) and GCG (0.6 mg and 3 mg) were obtained by adding
different volumes of their respective solution into a 48-well cell
culture plate and left to dry in the sterile bench. 60 000 MG-63
cells in 0.6 mL cell culture medium were seeded into each well,
and cells were cultivated for 2 days without changing the culture
medium. Therefore, the tested concentration of PPXG was
10 ug mL ", 30 ug mL ™" and 50 pg mL ™", genipin was 50 pg mL ",
and GCG was 1 mg mL ™" and 5 mg mL~". The water soluble
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tetrasodium (WST) test, a colorimetric assay, was used to assess
the cell viability. After cell cultivation, cell culture medium was
removed and samples were washed with 0.5 mL phosphate
buffered saline (PBS). Afterwards, 0.25 mL WST medium (con-
taining 1 vol% of WST reagent (Cell Counting Kit-8, Sigma) and
99 vol% of DMEM medium) was added and incubated for 2 h.
After incubation, 0.1 mL of the supernatant was transferred to a
96-well culture plate and spectrometrically measured using
a microplate reader (PHOmo, anthos Mikrosysteme GmbH,
Germany) at 450 nm. To analyze the adherent growth of cells
on the samples, green Calcein AM (Molecular Probes, The
Netherlands) cell-labelling solution were used for staining the
cytoplasm of the cells. After removing the cell culture medium,
0.25 mL staining solution (0.5 vol% of dye labelling solution
and 99.5 vol% of PBS) was added and incubated for 30 min.
Afterwards, the solution was removed and the samples were
washed with 0.5 mL PBS. Cells on the surfaces were fixed by
3.7 vol% paraformaldehyde. Samples were washed again and
blue fluorescent DAPI (4’,6-diamidino-2-phenylindole dihydro-
chloride, Roche, Basel, Switzerland) was added to label the
nucleus. After 5 minutes of incubation, the solution was
removed and the samples were left in PBS for microscopic
viewing using a fluorescence microscope (Axio Scope, ZEISS,
Germany).

2.7.2. In vitro biocompatibility of scaffolds. Scaffolds
(6 mm x 6 mm x 4 mm) were soaked in DMEM medium to
regulate the pH value. To evaluate the cell behavior of
osteoblast-like cells on the scaffolds, 0.3 million MG-63 cells
in 0.6 mL cell culture medium were seeded on each scaffold,
and the cells were cultivated for 2 weeks with change of culture
medium every 2-3 days. After cell cultivation, mitochondrial
activity, cell distribution, cell attachment and cell morphology
were determined. Mitochondrial activity was measured using
WST test as described in Section 2.7.1. To visualize the adherent
grown cells on the scaffolds, Vybrant™ cell-labelling solution
(Molecular Probes, The Netherlands) was used. After incubation,
the cell culture medium was removed and staining solution (5 pL
dye labelling solution to 1 mL of growth medium) was added and
incubated for 15 min. Afterwards the solution was removed, the
samples were washed with PBS and cells on the surfaces were
fixed by 3.7 vol% paraformaldehyde. Samples were washed again
and left in PBS for microscopic viewing using a confocal scan-
ning laser microscope (CSLM, Leica TCS SP5 II, Germany). The
CLSM images were taken from the outside surface of the scaf-
folds. For cell morphology characterization, cells on scaffolds
were fixed in 3 vol% paraformaldehyde, 3 vol% glutaraldehyde
(Sigma-Aldrich, Germany) and 0.2 M sodiumcacodylate (Sigma-
Aldrich, Germany). After dehydration through incubation with a
series of graded ethanol series (30, 50, 70, 80, 90, 95 and 100
vol%), the samples were critical point dried with CO, (EM
CPD300, Leica, Germany) and sputtered with gold. The cell
morphology was analyzed using SEM.

2.8. Statistical analysis

All quantitative data were expressed as the mean + standard
deviation. Statistical analysis was performed with one-way

This journal is © The Royal Society of Chemistry 2015
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analysis of variance (ANOVA) using Microsoft Excel 2010 (Micro-
soft, Redmond, WA, USA). A value of P < 0.05 was considered
statistically significant.

3. Results and discussion

3.1. Morphology of scaffolds

Typical morphologies of the uncoated (Fig. 1(a) and (b)) and
GCG coated (Fig. 1(c) and (d)) 45S5 BG scaffolds were observed
by SEM. The uncoated scaffolds (Fig. 1(a)) exhibited a highly
interconnected pore structure. The porosity and pore size were
determined to be 95% and 200-550 pm, respectively. After
coating with GCG (Fig. 1(c)), the interconnected pore structure
of the scaffolds was maintained since only very few pores were
clogged by the coating, and the porosity slightly decreased to
93%. The amount of GCG in the coated scaffolds was deter-
mined to be 15 £ 2 wt%. As shown in the cross section image at
a high magnification, the strut of the scaffold is homoge-
neously covered by the GCG coating (Fig. 1(d)), and the GCG
coating firmly adheres to the strut (Fig. 1(d) and (e)), which is
qualitatively confirmed by the fact that the GCG coating did not
peel off during cutting of the scaffolds. Moreover, it is worth
noting that the voids of the hollow struts, which result from the
burning out of polyurethane during the foam replication
method (Fig. 1(b)),"" were mostly filled with the GCG
(Fig. 1(d)). This filling effect could be attributed to the infiltra-
tion of the polymer solution into the hollow struts under the
applied vacuum condition for coating the scaffolds, and it
means many defects and cracks on the struts can be “repaired”

10 um |—

P y M
2.00 k X

10 pm

5.00K X

Fig. 1 SEM images of 45S5 BG scaffolds (a) and (b) before and (c)-(e) after
coating with GCG.
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by the GCG coating, as evidenced by the quite smooth surface
of the GCG coated strut (Fig. 1(e)), thus expecting a positive
contribution to the mechanical behavior of the scaffolds.

3.2. Degradation behavior

Gelatin films without any crosslinking completely dissolved at
37 °C in SBF within a few minutes, which would lead to the loss
of their potential strengthening and toughening effects as a
coating on scaffolds. Therefore, the main aim to crosslink
gelatin is to decrease its dissolution/degradation rate. GCG
films only exhibited 24% weight loss after immersion in SBF
for 1 day, and their weight loss increased to 62% after 7 days
(Fig. 2). GCG films were still present in SBF after 14 days, but
they already broke up into small gelatinous blue pieces which
therefore made the weight loss measurement impossible. Also,
only small gelatinous blue pieces were visible in the SBF
solution after 28 days. The decrease of the dissolution/degradation
rate of gelatin after crosslinking with genipin has also been
reported in other studies.*" It should be pointed out that although
the dissolution/degradation behavior of the GCG film cannot be
considered as GCG coating existed on the 45S5 BG scaffolds
equally, it still could represent the gradual dissolution/degradation
trend of GCG coating. Actually, this gradually dissolution/
degradation trend of GCG coating on 45S5 BG scaffolds can
be proved by the FTIR results of GCG coated scaffolds before
and after immersion in SBF for different times. As shown in
Fig. 3, compared to the spectra of uncoated 45S5 BG scaffolds,
two new bands can be observed at 1660 cm " and 1540 cm ™.
These bands are identified as amide C—O stretching vibration
(amide I) and amide N-H bending vibration (amide Ir),>"*%%”
which indicate the presence of gelatin, in this particular case
genipin cross-linked gelatin (GCG). The intensity of the amide I
band (1660-1650 cm ') and amide II band (1540 cm )
decreased and almost disappeared as immersion time in SBF
increased, suggesting the gradual dissolution/degradation of
the GCG coating.

100
—a— GCG film
—e— Uncoated scaffold
50 —a— GCG coated scaffold
£ 60
(7]
(72}
. ‘ l
£ 40- ] s
(0]
<
20 1
41
0 v T . | ¥ T ¥ T v T b
0 5 10 15 20 25 30

Time (day)

Fig. 2 Degradation behaviors in SBF of GCG films, uncoated and GCG
coated 45S5 BG scaffolds.
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Fig. 3 FTIR spectra of uncoated 45S5 BG scaffolds (labelled as uncoated),

and GCG coated 45S5 BG scaffolds before (0 d) and after immersion in SBF
for 3, 7, 14 and 28 days.

As shown in Fig. 2, the weight loss of uncoated 45S5 BG
scaffolds increases with immersion time; however the degrada-
tion rate is reduced with immersion time. The degradation of
bioactive glass/ceramic-based scaffolds consists of the partial
dissolution of the glass and crystalline phases and the for-
mation of HA on the scaffold surface.?® The rapid weight loss at
initial immersion times is due to the fast dissolution of the
45S5 BG surface upon immersion in SBF. As the immersion
time increases, HA begins to form on the 4555 BG scaffolds,™
which compensates the weight loss caused by dissolution and
therefore reduces the overall degradation rate of the 45S5 BG
scaffolds. The weight loss of GCG coated 45S5 BG scaffolds was
similar to that of uncoated 45S5 BG scaffolds for up to 7 days,
and then became faster after 7 days. The weight loss caused by
the dissolution of the 45S5 BG surface should be slower in the
presence of GCG coating at the initial immersion stage; how-
ever the GCG coating begins to gradually dissolve upon immer-
sion in SBF which therefore results in the overall weight loss of
the GCG coated 45S5 BG scaffolds increasing and eventually it
becomes similar to that of the uncoated 45S5 BG scaffolds. As
suggested by the dissolution/degradation behavior of the GCG
film, the GCG coating on the 45S5 BG scaffolds is also likely to
largely dissolve/degrade in SBF after 7 days. Moreover, as HA
forms on both uncoated and GCG coated 45S5 BG scaffolds
after 7 days, the higher weight loss of GCG coated scaffolds over
uncoated scaffolds is assumed to be mainly attributed to the
loss of the GCG coating. To a certain extent, this assumption is
confirmed by the fact that the 12 wt% difference of the weight
loss of uncoated and GCG coated scaffolds after 14 days of
immersion in SBF is close to the amount (15 wt%) of GCG in
the coated scaffolds.

3.3. Invitro bioactivity of GCG coated 45S5 BG scaffolds

As an assessment of bioactivity, HA formation on the surface of
scaffolds upon immersion in SBF was characterized by FTIR,
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XRD and SEM. Fig. 3 shows FTIR spectra of GCG coated 45S5
BG scaffolds before and after immersion in SBF. The FTIR
spectra of GCG coated scaffolds after 3, 7, 14 and 28 days of
immersion in SBF present dual bands at 564 cm ' and 602 cm ™"
corresponding to the bending vibration of the P-O bond, which is
characteristic of a crystalline phosphate phase.'***™*' Furthermore,
the band at 876 cm™ " and the dual broad bands at 1423-1455 cm ™'
can be assigned to the stretching vibration of the C-O bond,
suggesting that the formed HA is carbonated hydroxyapatite
(cHA) rather than stoichiometric hydroxyapatite.'*3**443 1t
should be noted that, for GCG coated 45S5 BG scaffolds, the
characteristic bands of cHA after 3 days of immersion in SBF were
relatively weaker in comparison to that after 7 days. As shown in
our previous study,'* for uncoated 4585 BG scaffolds, the charac-
teristic bands of cHA did not appear after 1 day of immersion in
SBF, while these bands occurred after 3 days and their relative
intensities were quite close to those that appeared after 7 days. This
comparison between the FTIR spectra of uncoated and GCG coated
45S5 BG scaffolds after immersion in SBF suggests that the
bioactivity of 45S5 BG scaffolds was maintained after coating with
GCG, although the GCG coating may slightly retard the formation
rate of cHA at the initial stage of immersion in SBF.

Fig. 4 shows the XRD spectra of GCG coated scaffolds before
and after immersion in SBF. The peaks in scaffolds before
immersion in SBF correspond to the Na,Ca,(SisO.s) and
Na,Ca,(P0O,),Si0, phases, which have also been found in pre-
vious studies."*** Growing HA peaks (e.g. at 20 = 25.8° and
31.7°) were observed on coated scaffolds after immersion in
SBF for 7, 14 and 28 days. In addition, the crystallinity of the
sintered scaffolds decreased with increasing immersion time in
SBF as indicated by the gradual disappearance of the sharp
peaks of the Na,Ca,(SigO15) phase.

SEM images of GCG coated scaffolds after immersion in SBF
for different times are shown in Fig. 5. After 3 days immersion
in SBF, there were some apatite-like precipitates on the surface
of struts. As the immersion time increased to 7 days, the struts
were almost fully covered by HA crystals which can be clearly

V HA ® Na,Ca,(Si0,,) ONa,Ca,(PO,),SiO,
v
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M' o .. N oy Aty bt et ek e e
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Fig. 4 XRD spectra of GCG coated 45S5 BG scaffolds before (0 d) and
after immersion in SBF for 3, 7, 14 and 28 days.
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Fig. 5 SEM images showing HA formation on the surfaces of GCG coated
45S5 BG scaffolds after immersion in SBF for (a) and (b) 3 days and (c) and
(d) 7 days.

recognized by their well-known globular and cauliflower-
like shape.

Based on the XRD, FTIR and SEM results described above,
the bioactivity of the 45S5 BG scaffolds is confirmed to be
maintained after coating with GCG. The explanation for HA
formation on polymer coated bioactive glass/ceramic scaffolds
has been given in our previous studies.'*'” Briefly, some areas
of the struts are not fully covered by the polymer as a result of
the surface roughness of the original struts. Thus, uncoated
areas of the struts provide paths for SBF to penetrate the area
underneath the coating. Besides, in the present study, GCG will
gradually dissolve/degrade in the SBF which enables coated
areas of the struts to be increasingly exposed to SBF. Thus, the
established direct contact between SBF and the surface of
bioactive glass/ceramic struts is essential to retain the intrinsic
bioactivity of the scaffolds.

3.4. Mechanical properties

The mechanical properties of uncoated and GCG coated 45S5
BG scaffolds were investigated by the uniaxial compressive
strength test. As indicated by the typical compressive stress—
strain curves of these scaffolds (Fig. 6), the compressive
strength of GCG coated scaffolds (1.04 + 0.11 MPa) was
significantly higher than that of uncoated scaffolds (0.04 +
0.01 MPa). The area under the load-displacement curve (related
to the work of fracture) of GCG coated scaffolds was calculated
to be 285.6 £ 23.3 N mm, whereas it was only 5.0 £ 1.1 N mm
for the uncoated scaffolds. It is worth pointing out that the
uncoated scaffolds were completely broken into little pieces
during compressive strength test, while the GCG coated scaf-
folds were able to partly maintain their cuboid shape despite
being compressed (Fig. 7). Taking into consideration the high
porosity (93%) of the fabricated GCG coated scaffolds, the
achieved compressive strength (1.04 MPa) is obviously higher
than the lower bound of the values for human cancellous bone
(>0.15 MPa, porosity ~90%).'®
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Fig. 6 Typical compressive stress—strain curves of uncoated and GCG
coated 45S5 BG scaffolds, showing a remarkable improvement of
mechanical properties by the presence of the GCG coating.

Fig. 7 Digital photographs of (a) and (b) uncoated and (c) and (d) GCG
coated 45S5 BG scaffolds before ((a) and (c)) and after ((b) and (d))
compressive strength test.

It is well-known that polymer coatings can not only fill
microcracks on the strut surfaces but also fill the void of hollow
struts.">'®*> In other words, the polymer coatings turn the
original weak and brittle struts into strong and tough composite
struts, thus significantly improving the mechanical stability of
the flaw sensitive glass/ceramic struts. As a consequence, the
compressive strength and toughness of the uncoated scaffolds in
the present study are considerably improved after coating with
GCG. The strengthening and toughening effects in the present
study are in broad agreement with other studies about polymer
coated scaffolds,'*'*>*¢ and they can be explained by the
micron-scale crack-bridging mechanism.*¢~*®

It is worth mentioning that the GCG coating provides much
more significant strengthening and toughening effects than
PHBV or PCL/chitosan coating on 4585 BG scaffolds.'**’
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Fig. 8 Kirby—Bauer test using B. subtilis and E. coli for samples 1: uncoated scaffold without PPXG, 2: GCG coated scaffold without PPXG, 3: GCG coated
scaffold loaded with 10 ug mL~* PPXG, 4: GCG coated scaffold loaded with 30 pg mL™ PPXG, and 5: GCG coated scaffold loaded with 50 pug mL~* PPXG.
(a) and (b) after incubation for 24 h, (c) and (d) area under the incubated samples, (e) and (f) smears on the agar plate (bacterial growth after transferring

swab from area under the samples to a new agar plate).

Similarly, significant strengthening and toughening effects
were also observed on non-cross-linked gelatin coated Biosilicate®
scaffolds."” The different degrees of strengthening and toughening
effects obtained from different polymer coatings are likely to be
determined by the wettability of polymer solution on the scaffold
struts and the adhesion ability of the obtained polymer coating on
the scaffold struts. Obviously, low viscosity gelatin aqueous solution
is much easier to spread on and also infiltrate into the hydrophilic
glass/ceramic struts than other polymer solutions in which
synthetic polymers (e.g. PHBV or PCL) are dissolved in organic
solvent (e.g. dichloromethane or chloroform). Also, the interface
between the hydrophilic polymer (i.e. gelatin) and hydrophilic
glass/ceramic strut is likely to be stronger than that between the
hydrophobic polymer (e.g. PHBV or PCL) and hydrophilic struts,
given the evidence that GCG adheres well to the surface of
scaffold struts (Fig. 1(d)).

3.5. Antibacterial properties

PPXG exhibited high antibacterial activity as determined by MIC
and MBC values. It showed MIC values of 7.81 pg mL™ ' and
32.25 ug mL ™, and MBC values of 31.25 ug mL " and 62.50 pg mL ™"
for B. subtilis and E. coli, respectively (Fig. S6 and S7, ESIt). PPXG
was used for providing antibacterial property to GCG coated
45S5 BG scaffolds. The antibacterial property was tested using
the Kirby-Bauer test and the samples were qualitatively checked
for the zone of inhibition after incubation (Fig. 8(a) and (b)).
Both the uncoated and GCG coated 45S5 BG scaffolds (labelled 1
and 2) without PPXG did not show any zone of inhibition to the
B. subtilis and E. coli (Fig. 8(c) and (d)). GCG coated scaffolds
loaded with PPXG showed an increasing zone of inhibition to the
B. subtilis as the PPXG concentration increased (Fig. 8(c)). GCG
coated scaffold loaded with 10 ug mL™* PPXG did not clearly
exhibit a zone of inhibition to E. coli (Fig. 8(d)). However, the

3374 | J. Mater. Chem. B, 2015, 3, 3367-3378

zone of inhibition occurred and was further increased as the
PPXG concentration increased. After checking the zone of inhibition,
a swab from the area under the samples (Fig. 8(c) and (d)) was
further transferred to a new agar plate using a sterile inoculation
loop. After incubation, the colony formation was visually inspected.
As shown in Fig. 8(e) and (f), for the PPXG loaded samples, the only
bacteria which obviously existed under the scaffolds were E. coli at
the PPXG concentration of 10 pg mL™". In order to quantify the
antibacterial properties, a time-dependent shaking flask test was
further performed for up to 6 hours. A 6 hour postimplantation
period has been identified during which prevention of bacterial
adhesion is critical to the long-term success of an implant.>* Since
both of the uncoated and GCG coated scaffolds without PPXG did
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Fig. 9 Time-dependent shaking flask test results of samples 3: GCG
coated scaffold loaded with 10 pg mL™* PPXG, 4: GCG coated scaffold
loaded with 30 png mL™* PPXG, and 5: GCG coated scaffold loaded with
50 pg mL~! PPXG.
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not clearly show antibacterial properties to both B. subtilis and
E. coli, they were not further included in the time-dependent
test. As shown in Fig. 9, more than 95% of B. subtilis and E. coli
were killed until 2 hours in the presence of GCG coated
scaffolds loaded with 10—50 pg mL™" PPXG, and these anti-
bacterial effects were maintained until 6 hours with the only
exception that the E. coli began to grow after 2 hours in the presence
of GCG coated scaffolds only incorporated with 10 ug mL ™" PPXG. In
other words, the difference of sensitiveness of B. subtilis and E. coli to
PPXG becomes evident at 10 ug mL ™" after 2 hours. This would be
explained by the different features of the bacterial cell wall. Although
all bacteria have an inner membrane in their walls, gram-negative
bacteria have a unique outer membrane which envelops a barrier
function, ie., prevents drugs from penetrating the cell wall. There-
fore, E. coli, as one species of gram-negative bacteria, is likely to be
more resistant to PPXG than B. subtilis which belongs to gram-
positive bacteria.

Incorporating an antibacterial agent in scaffolds can allow
the scaffolds themselves to fight bacterial infection. GCG coated
45S5 BG scaffolds incorporated with PPXG show effective anti-
bacterial effects on both gram-positive and gram-negative bacteria,
and the antibacterial effects increase with PPXG concentration,
suggesting that PPXG and also other biocidal cationic polymers
belonging to polyguanidines are promising for the antibacterial
purpose in bone tissue engineering scaffolds.

3.6. Biocompatibility of PPXG, genipin and GCG

The in vitro biocompatibility of PPXG, genipin and GCG was
characterized by evaluating the cell proliferation and cell
morphology. Cell proliferation was measured in terms of
mitochondrial activity, and the cell morphology was observed
using calcein AM that stains the cytoplasm of living cells. Apart
from the calcein staining, cells were also stained with DAPI
which gives information about the integrity of the nucleus. The
concentration of the materials was calculated based on the
volume of the used cell culture medium. The cell culture plate
without any addition of material was used as a control. As shown
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Fig. 10 Mitochondrial activity measurement of MG-63 cells in the presence of
PPXG, genipin and GCG at different concentrations after 2 days of cultivation.
The values are mean =+ standard deviation. The asterisks indicate significant
difference. ***P < 0.001.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

in Fig. 10, the mitochondrial activity of MG-63 cells grown in the
presence of 10 pg mL~" PPXG is 79%, while it significantly
decreases when the PPXG concentration increases. This result is
in accordance with the fluorescence staining results of MG-63
cells as presented in Fig. 11(a)-(d), which also indicates a
reduction in viable cell numbers as the PPXG concentration
increases. As shown in Fig. 11(a) and (b), the cell shape, cell
membrane integrity and nucleus integrity of MG-63 cells cultured in
10 pg mL ™" PPXG solution are quite similar to those of the control
group. Taking into consideration the antibacterial test results in
Section 3.5, PPXG concentration between 10-30 pg mL~ ' would
be a balanced concentration for both antibacterial properties and
biocompatibility. As a natural crosslinking reagent, 50 pg mL "
genipin enabled MG-63 cells to show 51% mitochondrial activity
(Fig. 10), and the viable cells possessed intact nuclei and cell
membranes (Fig. 11(e)). In addition, compared to the control
group, the cell shape was not obviously affected by the genipin.

Fig. 11 Fluorescence images of MG-63 cells after 2 days of cultivation in the
presence of PPXG, genipin and GCG at different concentrations. (a) Control
group (cell culture plate), (b) PPXG 10 pg mL™2, (c) PPXG 30 pg mL™%, (d) PPXG
50 ug mL™% (e) genipin 50 ug mL™% (/) GCG 1 mg mL™* and (g) GCG
5 mg mL™%. Calcein/DAPI staining: living cells (green)/nuclei (blue).
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MG-63 cells exhibited 59% mitochondrial activity at a GCG
amount of 1 mg mL ™", and the mitochondrial activity decreased
when the GCG amount increased to 5 mg mL™*. The relatively
low mitochondrial activity of MG-63 cells in the present study on
one hand may be due to the existence of genipin, while on the
other hand it may mainly be due to the inhibition of MG-63 cell
growth under overdose of gelatin.’>*" As shown in Fig. 11(f) and
(2), compared to the control group, although an obvious
reduction in viable cell numbers is observed, the cell shape is
still similar to that of the control group. Interestingly, many of
the MG-63 cells formed clusters on the 1 mg mL™' GCG films
(Fig. 11(f)) and were found to be considerably agglomerated on
the 5 mg mL ™" GCG films as indicated by the large blue dot in
Fig. 11(g). This result indicates that at such concentration of
GCG, cell-material interactions are weaker than cell-cell inter-
actions, which becomes even more obvious when the GCG
concentration increases.

3.7. Biocompatibility of scaffolds

Fig. 12 shows that the mitochondrial activity of MG-63 cells on
GCG coated 45S5 BG scaffolds is slightly higher than on
uncoated 45S5 BG scaffolds after 2 weeks of cultivation. How-
ever, the difference between the mitochondrial activity of these
two groups does not reach statistical significance (P > 0.05).
To visualize cell adhesion and cell distribution on the
scaffolds, MG-63 cells were labelled with Vybrant™ cell-
labelling solution. CLSM-images of uncoated and GCG coated
scaffolds after 2 weeks of cell cultivation are shown in Fig. 13.
MG-63 cells were seen to have grown on the strut surfaces of
both uncoated and GCG coated scaffolds. As judged by visual
inspection of the images, the amount of cells on GCG coated
scaffolds seems to be higher than on uncoated scaffolds, which
is in agreement with the results of the cell proliferation assay
(Fig. 12). After cell cultivation for 2 weeks, the pores of uncoated
scaffolds as well as GCG coated scaffolds were still open. This
can be attributed to the highly porous and interconnected large

140
120 {
100

o

60

40

Relative mitochondrial activity (%)

204

T T
Uncoated scaffolds GCG coated scaffolds

(Control)

Fig. 12 Mitochondrial activity measurement of MG-63 cells on GCG
coated 45S5 BG scaffolds after 2 weeks of incubation, using uncoated
45S5 BG scaffolds as a control. The values are mean =+ standard deviation.
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Fig. 13 CLSM images of MG-63 osteoblast-like cells on the surfaces of
(a) uncoated and (b) GCG coated 45S5 BG scaffolds after 2 weeks of
cultivation. The cells were stained red and the 45S5 BG surface can be
seen in green.

pore structure of the scaffolds which facilitate oxygen and
nutrient supply for the cells.

Furthermore, in order to reveal the cell-cell and cell-material
interactions, the cell morphology, especially considering how cells
attach and spread on both uncoated and GCG coated scaffolds, was
observed by SEM. Representative images are presented in Fig. 14.
Fig. 14(a) and (d) show that the strut surfaces of both uncoated and
GCG coated scaffolds are well covered by cells, and the well
flattened cells covering the scaffold struts tend to form a monolayer
in both scaffold types. A closer observation of the gap among the
cells showed that the strut surface of the GCG coated scaffold was
smooth (Fig. 14(e)), while that of the uncoated scaffold was rougher
(Fig. 14(b)). The smooth strut surface of the GCG coated scaffold is

1.00 kV 500 X 200K X 10 pm

10 pm ——

2.00 kV 3.00K X 2.00 kV

1.00 kV 200K X 10 pm 2.00 kV 300K X 10 um |

Fig. 14 SEM images of MG-63 cells on the strut surfaces of (a)—(c) uncoated
and (d)-(f) GCG coated 45S5 BG scaffolds after 2 weeks of cultivation. The
inset in (f) indicates the typical morphology of the microvilli.
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likely due to the remaining GCG coating on GCG coated scaffolds
after 2 weeks of cell cultivation. Indeed, as shown in the FTIR
results (Fig. 3), GCG does exist on GCG coated scaffolds after
immersion in SBF for 14 days. At higher magnifications
(Fig. 14(c) and (f)), the cells on both scaffold types displayed a
typical osteoblastic phenotype with mainly elongated polygonal and
flat structures as well as expressed filopodias in contact with the
scaffold surface.****> Moreover, well developed microvilli were
observed on the spread cells on both scaffold types, which indicates
that the cells are highly active.

The quantitative result of WST assay indicates that GCG
coating may have a slightly positive effect on the cell proliferation of
MG-63 cells on 45S5 BG scaffolds. Indeed, GCG coatings have been
shown to be able to significantly increase the mitochondrial activity
of human mesenchymal stem cells on porous PCL scaffolds, how-
ever, the realization of this significant improvement of cell response
is due to the fact that pure PCL scaffolds were less satisfactory in
supporting cell adhesion and growth because of their hydrophobic
nature.”® In contrast, uncoated 4555 BG scaffolds (with their hydro-
philic nature'®) in the present study already could support suitable
cell attachment and growth, as described above. The qualitative
studies, Ze., CLSM and SEM images, confirmed that MG-63 cells
could attach well and spread on uncoated 45S5 BG scaffolds, and the
cell attachment, cell spreading and cell morphology were not
significantly changed in the presence of GCG coating. All these
results indicate that the GCG coating on the scaffolds seems to have
no negative effects on cell activity, which is different from the
biocompatibility results of GCG films, as shown in Section 3.6.
The better biocompatibility of the GCG coating is due to the fact
that part of the GCG is lost during the pH regulation of GCG coated
scaffolds (pretreatment in DMEM) before starting the cell cultivation.
The remaining GCG on the scaffolds is in a reduced amount. As
discussed in Section 3.6, a relatively lower concentration of
gelatin is able to favor the growth of MG-63 cells.>*" Therefore,
GCG coated 45S5 BG scaffolds, as well as GCG coating itself at a
relatively low concentration are biocompatibility to MG-63 cells.
The biocompatibility of GCG was also demonstrated in other
studies.’”**° Especially, MG-63 cells were shown to attach on
genipin cross-linked gelatin porous scaffolds, and the cells
exhibited a fibroblastic and a polygonal like morphology after
2 weeks of cell culture.”

4. Conclusions

Significantly improved mechanical properties were conferred to
45S5 BG scaffolds by GCG coating. The GCG coating slightly
retarded but did not inhibit the cHA formation on 45S5 BG
scaffolds upon immersion in SBF, confirming the bioactive
character of the coated scaffolds. Additionally, GCG coated 45S5
BG scaffolds were antibacterial against both Gram-positive and
Gram-negative bacteria after the incorporation of polyguanidine,
i.e. PPXG. In vitro tests indicated that PPXG was biocompatible
with MG-63 cells at a low concentration, and the MG-63 cells
could attach, spread and proliferate on the GCG coated scaffolds
as on uncoated scaffolds. The obtained bioactive, antibacterial
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and biocompatible composite scaffolds with improved mechan-
ical properties represent promising candidates for bone tissue
engineering applications. They belong to a growing family of
functionalized, polymer coated BG-based scaffolds with expected
superior in vivo performance which, however, remains to be
investigated in further studies.
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