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Injectable composite colloidal gels are developed for regeneration of osteo-porotic bone defects through a bottom-up assembly from

bisphosphonate-functionalized gelatin and bioactive glass particles. Upon bisphosphonate functionalization, gelatin nanoparticles show

superior adhesion toward bioac-tive glass particles, resulting in elastic composite gels. By tuning their com-position, these composite

colloidal gels combine mechanical robustness with self-healing ability. The composite colloidal gels support cell proliferation and

differentiation in vitro without requiring any osteogenic supplement. In vivo evaluation of the composite colloidal gels reveals their

capacity to support the regeneration of osteoporotic bone defects. Furthermore, the bisphosphonate modification of gelatin induces a

therapeutic effect on the peri-implantation region by enhancing the bone density of the osteoporotic bone tissue. Consequently, these

composite colloidal gels offer new therapeutic opportunities for treatment of osteoporotic bone defects.

1. Introduction

Bone loss and fracture require effective regenerative treatment,
particularly when accompanied by a degenerative condition
such as osteoporosis.!l Currently, the use of autologous bone
is still the gold standard in clinical practice for treatment of
bone defects.’l However, disadvantages associated with this
treatment modality include donor site morbidity and limited
availability. These clinical drawbacks have urged the develop-
ment of alternative strategies for regeneration of bone tissue.!
Therefore, extensive research efforts have been dedicated to the
development of a wide range of bone regenerative materials.
Among these materials, organic-inorganic composites are
particularly  promising by mimicking the chemical
composition of bone, while combining mechanical sta-
bility with biocompatibility.’) In addition, the intraoperative
handling properties of bone-substituting biomaterials are
crucial for their clinical applicability® Hence, injectable
composite biomaterials have recently gained interest for
applications in bone regeneration.®”] Colloidal gels are
particularly promising injectable biomate-rials.®] These gels
are solely composed of colloidal particles. Various types of
par-ticles can be used as colloidal building blocks, which
can be loaded or function-alized with different types of
drugs or Dbiomolecules.”) By utilizing  reversible,
noncovalent interparticle  bonds, self-healing colloidal
gels can be prepared that

recover their mechanical properties after destructive shearing
upon extrusion through needles.®¥ Furthermore, the dynamic
and adaptive nature of colloidal gel networks can provide an
excellent microenvironment for tissue ingrowth and cellular
activity,®! potentially leading to improved bone regeneration.
We have recently shown®<%c10 that gelatin-based col-
loidal gels are promising materials for applications in bone
regeneration. Nevertheless, colloidal gels composed of only
soft organic particles are mechanically weak and lack suffi-
cient bioactivity.’>d The performance of these purely organic
colloidal systems was enhanced previously by (i) modifica-
tion of organic particles with functionally and biologically
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Scheme 1. Schematic illustration of formation of composite colloidal gels composed of bisphosphonate (BP)-functionalized gelatin and bioactive

glass particles.

active molecules®>41! or (i) inclusion of bioactive inorganic
particles.*"] Regarding strategy (i), we have recently demon-
strated'"12] that functionalization of gelatin nanoparticles with
bisphosphonate molecules enhances their binding affinity
toward calcium-containing minerals, i.e., hydroxyapatite, and
induces sustained release of bisphosphonates. Regarding
strategy (ii), it was recently shown that the inclusion of inor-
ganic fillers such as bio-inactive silical® or hydroxyapatite
particles®® generates colloidal gel composites with superior
mechanical performance. By combining both strategies, we
hypothesized that composite colloidal gels can be designed that
combine mechanical robustness, bone regenerative capacity,
and antiosteoporotic therapeutic efficacy.

Here, we report the development of injectable composite
colloidal gels assembled from bisphosphonate-functionalized
gelatin and bioactive glass (BG) particles (Scheme 1). Gelatin
was used to prepare the organic building blocks due to its wide-
spread availability,'3] availability of adhesive cell recognition
sites,!'l and ease of functionalization.!!*!2l 4555 BG (Bioglass)
particles were used as the inorganic building blocks since this
glass type is the most common type of BG due to its strong
bioactivity and biodegradability.’®) We functionalized the gel-
atin particles with calcium-binding bisphosphonate groups not
only for their capacity to bind to calcium-containing BGs,!!®
but also due to their antiosteoporotic efficacy.'”] We first used
a colloidal probe atomic force microscopy (AFM) technique to
quantify the effect of the bisphosphonate functionalization of
gelatin particles on the interparticle adhesion forces between
gelatin and BG particles. We then prepared colloidal gels from
gelatin nanoparticles, with or without bisphosphonates, and
BG particles and studied the viscoelastic properties of the
resulting gels. Next, we assessed the in vitro performance of
these composite gels by quantifying the proliferation and dif-
ferentiation of osteoblastic cells cultured on top of the gels,
and also evaluated the apatite-forming ability of these materials
in the presence or absence of cells. Finally, we examined the
bone regenerative capability of the composite colloidal gels in

vivo upon implantation into femoral condyle defects in osteo-
porotic rats.

2. Results

2.1. Characterization of Colloidal Building Blocks

Figure 1 shows scanning electron microscopy (SEM) images of
BG and gelatin particles in dry state. The glass particles were
irregularly shaped, whereas the gelatin nanoparticles were
highly spherical. The gelatin and BG particles had average sizes
of 210 £ 64 nm and 2.0 = 1.2 um, respectively. While the rigid
glass particles hardly swelled in water, the average diameter
of gelatin nanoparticles increased up to =332 + 3 nm (Poly-
dispersity index (PDI) = 0.14 + 0.02) upon swelling in water
as measured by means of dynamic light scattering. Sizes and
swelling ratios were similar for nonfunctionalized and bis-
phosphonate-functionalized gelatin nanoparticles, as reported
previously.'!l Elemental analysis based on quantification of
phosphorous content in gelatin nanoparticles indicated that
functionalized gelatin nanoparticles contained 2.40 + 0.01 wt%
of bisphosphonate.

2.2. Atomic Force Microscopy

Figure 2A illustrates the AFM setup used in this study for the
quantification of interactions between gelatin and BG particles.
As shown in Figure 2B, both nonfunctionalized and bisphos-
phonate-functionalized gelatin nanoparticles formed strong
adhesive bonds with BG particles, as indicated by multiple adhe-
sion events upon withdrawal of the cantilever. Figure 2C shows
the quantified adhesion force values measured in MilliQ water
and phosphate-buffered saline (PBS) solution. These quantifi-
cations revealed that the bisphosphonate functionalization of
gelatin nanoparticles enhanced their binding affinity toward



Figure 1. Scanning electron images of A) gelatin and B) bioactive glass
particles.

BG about 1.9-fold. When these measurements were performed
in PBS solutions, the measured adhesion forces for nonfunc-
tionalized and functionalized gelatin nanoparticles decreased
as compared to measurements in MilliQ water. Nevertheless,
functionalization of gelatin nanoparticles with bisphosphonate
groups resulted in a remarkable 3.6-fold enhancement of the
adhesion force in PBS, which was significantly higher as com-
pared to measurements performed in MilliQ water.

2.3. Viscoelastic Properties of Colloidal Gels

Figure 3A B shows the storage modulus (G) and tan(delta)
values for colloidal gels composed of nonfunctionalized or bis-
phosphonate-functionalized gelatin nanoparticles and different
amounts of BG particles, at a fixed particle volume fraction of
0.25. Importantly, all the colloidal gel compositions exhibited
frequency-independent solid-like behavior (Figure S2, Sup-
porting Information). The incorporation of BG particles into
colloidal gelatin gels produced more elastic gels as evidenced
by the increase of storage modulus and the decrease of the
damping factor tan(delta), which was, however, followed by a
substantial increase of tan(delta) at BG/gelatin ratios of >1 (w/w)
corresponding to a more viscous behavior for colloidal gels with
high inorganic contents. As shown in Figure 3A, pure colloidal
gelatin gels composed of bisphosphonate-functionalized
gelatin nanoparticles showed significantly lower G’ and
higher tan(delta) values as compared to gels made entirely from
nonfunctionalized gelatin nanoparticles. Upon BG incorpora-
tion, composite gels containing bisphosphonate-functionalized
gelatin nanoparticles exhibited around twofold higher G’ values
at a BG/gelatin ratio of 0.1 (w/w), whereas G’ values were sta-
tistically similar for all other BG/gelatin ratios. Furthermore,
evaluation of the yield stress indicated that the incorporation of
BG particles significantly enhanced the mechanical strength of
the colloidal gels. Moreover, similar to the measurements of the
storage modulus, the evaluation of the yield stress also revealed
that the bisphosphonate functionalization resulted in weaker
colloidal gels when only gelatin nanoparticles were used as the
colloidal building blocks (Figure S3, Supporting Information).
Since the composite colloidal gels with a BG/gelatin ratio
of 0.1 (w/w) displayed the most pronounced increase in
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Figure 2. Interparticle adhesion force measurements performed by a colloidal probe AFM technique. A) Schematic illustration of the AFM setup.
B) Representative force curves showing interactions of nonfunctionalized (Gel) or bisphosphonate-functionalized gelatin (BPGel) nanoparticles with
bioactive glass (BG) particles in MilliQ water. C) Quantified values of the interparticle adhesion force between gelatin and bioactive glass particles in
MilliQ water or PBS solution. All values in (C) are presented as average * standard deviation for n = 35 per experimental condition.
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Figure 3. A) Storage modulus (G") and B) tan(delta) of colloidal gels composed of nonfunctionalized (Gel) or bisphosphonate-functionalized (BPGel)
gelatin nanoparticles and various contents of bioactive glass. Measurements were performed at a frequency of 1 Hz. All samples in (A) and (B) were
prepared with particle volume fraction of 0.25. C) Storage modulus (G) of composite colloidal gels composed of Gel or BPGel nanoparticles at a BG/
gelatin ratio of 0.1 (w/w) and different particle volume fractions. Measurements were performed at a frequency of 1 Hz. All values are presented as
average + standard deviation for n = 3 per experimental condition. * and NS indicate P < 0.05 and not statistically significant, respectively.

storage modulus upon bisphosphonate functionalization,
this composition was selected to study the storage modulus
of the gels as a function of bisphosphonate functionalization
and particle volume fraction. As shown in Figure 3C, the G’
value of the gels was strongly enhanced by increasing particle
volume fraction. More importantly, storage moduli of gels
containing bisphosphonate-functionalized gelatin particles
were significantly higher for samples with volume fractions of
0.1 (approximately tenfold increase) and 0.25 (approximately
twofold increase), whereas the effect of bisphosphonate func-
tionalization for samples with a volume fraction of 0.4 was not
statistically significant.

Figure 4 shows the recovery of colloidal gels after shear-
induced gel network destruction. As shown in Figure 4A, com-
posite gels with a low BG content (0.1 BG/gelatin ratio) displayed
a liquid-like behavior upon destructive straining up to 1000% in
step (II). Nevertheless, upon removal of this high strain in step
(I11), these formulations recovered their elasticity almost instan-
taneously (<7 s). By increasing the glass content, however, the
self-healing ability of the composite gels gradually declined; at
a BG/gelatin ratio of 25 (w/w), the materials could recover only
less than 1% of their initial G”value (Figure 4B). The recovery of
the storage modulus of the colloidal gels did not change when
the retention time in step (I1I) was increased up to 30 min.
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Figure 4. A) Self-healing of a composite colloidal gel (BPGel+BG(0.1)) upon shear-induced failure characterized by rheological tests in three stages: (1)
time sweep at 0.5% strain, (Il) network destruction by increasing strain from 0.5% to 1000%, and (111) recovery at 0.5% strain. B) Recovery of storage
modulus (G") of colloidal gels made with different bioactive glass contents. Measurements were performed at a frequency of 1 Hz. All samples were
prepared with a particle volume fraction of 0.25. All values in (B) are presented as average * standard deviation for n = 3 per experimental condition.



Table 1. List of colloidal gel samples used for in vitro mineraliza-
tion experiments. R indicates the BG/gelatin ratio (w/w) of the corre-
sponding sample.

Sample Type of gelatin nanoparticles BG/gelatin ratio
abbreviation [w/w]

Gel Nonfunctionalized 0
Gel+BG(R) Nonfunctionalized 0.1-0.5
BPGel Bisphosphonate-functionalized 0
BPGel+BG(R) Bisphosphonate-functionalized 0.1-0.5

2.4. In Vitro Mineralization of Colloidal Gels

Table 1 lists the compositions of colloidal gels used for in vitro
mineralization experiments. Figure 5A,B shows the Fourier
transform infrared (FTIR) spectra of freeze-dried colloidal gels
after 30 d of incubation in cell culture medium with or without
cells. No remarkable differences were observed between the
spectra of samples incubated with or without cells. In these
spectra, the sharp peaks at =570 and =600 cm™" correspond to
the v, bending mode of P—O—P bond from the PO,>~ groups
of hydroxyapatite.['®18 Moreover, the peak at =871 cm™ is the
absorption peak characteristic for CO3%~ group as present in
carbonated apatite.'8] Accordingly, no evidence of mineraliza-
tion was observed for the pure gelatin gels, with or without bis-
phosphonate functionalization. Similarly, the inclusion of a low
amount of BG particles (0.1 BG/gelatin ratio (w/w)) also could
not induce apatite formation in bisphosphonate-functionalized
gels. Nevertheless, when a higher amount of BG particles
(0.5 BG/gelatin ratio (w/w)) was combined with the bisphos-
phonate-functionalized gelatin nanoparticles, the resulting gels
promoted apatite formation within their matrix. The assess-
ment of these composite gels at different incubation time
points revealed that the formation of apatite minerals in these
samples started within the first 10 d of incubation (Figure S4,
Supporting Information).

To obtain a more quantitative insight into the mineralization
behavior of the colloidal gels, the dissolution of their BG con-
tent and calcium deposition within their matrix were estimated
based on their silicon and calcium contents as measured before
and after the immersion period. As shown in Figure 5C, when
the composite gels contained a low amount of BG particles
(0.1 BG/gelatin ratio (w/w)), their BG content was almost com-
pletely dissolved during the 30 d incubation period. On the con-
trary, the colloidal gels with a high BG content still contained
BG particles after the incubation period. Figure 5D shows the
estimated amounts (%) of calcium deposition in the colloidal
gels with different compositions. Almost no calcium deposition
was observed for the pure gelatin gels without bisphosphonate.
Upon bisphosphonate functionalization, a slight increase of
calcium deposition was observed for pure gelatin gels. Impor-
tantly, the inclusion of BG particles in the composition of gels
strongly stimulated calcium deposition within their matrix. The
highest level of calcium deposition was, in fact, observed for the
composite gels with the highest BG content. However, when
comparing these composite gels incubated with or without
cells, calcium deposition values were significantly higher for
the latter.

2.5. Cell Proliferation and Osteoblastic Activity

Figure 6A,B shows the DNA content and alkaline phosphatase
(ALP) activity of the cells after 10, 20, and 30 d of culture on
top of various colloidal gels, respectively. At 10 d of cell culture,
DNA content and ALP activity for all experimental groups were
similar. Most notably, cells seeded on pure gelatin gels without
bisphosphonate showed a strong increase of DNA content until
day 20, followed by a decline at day 30. However, cells seeded
on the composite gels did not show significant variations of
DNA content over time.

Concerning the ALP activity of the cells, at 20 d of cell cul-
ture, the bisphosphonate-containing groups showed higher
ALP activity levels than the bisphosphonate-free group. Nev-
ertheless, while the cells cultured on the bisphosphonate-free
gelatin gels showed increased levels of ALP activity at day 30,
the cells cultured on the bisphosphonate-containing gels with
high BG content (BPGel+BG(0.5)) showed a peak at day 20, fol-
lowed by a declined ALP activity at day 30.

Cytological evaluation of the colloidal gels after 30 d of cell
culture revealed the formation of continuous cell layers on
the surface of bisphosphonate-free gelatin gels (Figure 6C).
Interestingly, these results also showed cell ingrowth from the
surface of gels toward their interior as deep as =2.5 mm from
the surface (Figure 6D). The presence of cells on and within
bisphosphonate-containing samples was less evident. Cyto-
logical imaging, combined with SEM and energy-dispersive
X-ray (EDX) evaluations (Figure 6E-G), revealed the formation
of a thick (=100 um) layer of calcium phosphate on the sur-
face of BPGel+BG(0.5) samples. As shown in Figure 6G, this
newly formed layer was mainly composed of Ca (in red) and P
(in green), which resembles the composition of the inorganic
phase of bone, i.e., hydroxyapatite. Such a thick inorganic layer
was not detected on the surface of the other samples that con-
tained less BG particles.

2.6. Osteocompatibility of Colloidal Gels

Figure 7A shows the surgical procedure for implantation of col-
loidal gels into femoral condyles of osteoporotic rats. After eight
weeks of implantation of the colloidal gels in femoral condyle
defects, abundant bone formation was observed inside the orig-
inal defect area for all colloidal gel compositions (Figure 7B-D),
while no inflammatory response was observed for any of the
implanted materials. The histological images showed that
bone regeneration proceeded from the peripheral bone toward
the center of the defect. Importantly, a large number of blood
vessel-like structures could be observed throughout the defect
area (Figure 7E,F), which seemed more apparent for the com-
posite gels. Furthermore, as shown in Figure 7G, numerous
cells were present within the bone-free central regions of the
original defects.

Quantification of the amount of newly formed bone
inside the original defect area indicated a high degree of
bone formation for all the experimental groups (average
values ranging from 26.0% to 31.8%). The amounts of
new bone formation were statistically similar for all groups
(Figure 7H). Nevertheless, the experimental groups that
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Figure 5. In vitro mineralization of colloidal gels. FTIR spectra of the freeze-dried colloidal gels after 30 d of incubation A) without or B) with cells.
Estimated percentages of C) dissolved bioactive glass particles and D) deposited calcium within colloidal gels after 30 d of incubation with or without
cells. All values in (C) and (D) are presented as average * standard deviation for n = 3 per experimental condition. * and NS indicate P < 0.05 and not

statistically significant, respectively.

contained bisphosphonate-functionalized gelatin formed sig-
nificantly more bone than the bisphosphonate-free formulation
in the 500 um area in vicinity to the defect (Figure 7I).

3. Discussion

Annually, around 9 million osteoporotic bone fractures occur
worldwide,!'”] which means a new osteoporotic fracture takes
place about every 4 s, resulting in various types of bone
defects. Consequently, biomaterials that can aid regeneration
of bone defects for osteoporotic patients are highly demanded.
Previous studies have demonstrated that colloidal gels can
be developed which display that posse negligible cytotoxicity

to human umbilical cord mesenchymal stem cells in vitro.2"!
Moreover, in vivo investigations have shown that these mate-
rials can be used as osteoconductive bone fillers with in vivo
drug release ability.?!] Although the assembly of biomaterials
from colloidal particles was shown to be a promising strategy
for the development of injectable and self-healing gels with
tissue regenerativel3>°%20 and drug releasel’?1:?2l capabili-
ties, the potential of colloidal gel systems for regeneration of
osteoporotic bone defects has never been explored before.
Hence, the goal of this study was to develop injectable and
self-healing composite colloidal gels that combine mechanical
robustness with the capacity to regenerate osteoporotic bone
through the concerted action of anabolic and anticatabolic
stimuli.
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Figure 6. A) DNA content and B) ALP activity of colloidal gel samples during 30 d of cell culture experiments. All values in (A) and (B) are presented

as average + standard deviation for n = 4 per experimental condition. **,
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respectively. Cross-sectional microscopy images of colloidal gels after 30 d of cell culture. Representative cytological images showing cells C) on top
and D) inside Gel samples. Representative E) cytological, F) SEM, and G) EDX mapping cross-sectional images showing extensive calcium phosphate
formation on the top surface of BPGel+BG(0.5) samples. Arrows point to the top surface of samples. *, §, and # symbols in (F) and (G) indicate the
embedding medium, the mineralized area, and the cross-section of samples.

The bulk mechanical properties of colloidal gels are deter-
mined by their microstructure, the mechanical properties of
each colloidal particle, and the interactions between these par-
ticles within a colloidal gel network.’&d We recently found®!
that functionalization of hyaluronan macromers with calcium-
binding bisphosphonate groups significantly enhances the
binding affinity of this macromer toward calcium-containing
BG particles. In addition, bisphosphonate functionalization
of gelatin nanoparticles was recently shown!'!l to increase the
interparticle adhesion between gelatin and hydroxyapatite par-
ticles. Based on these previous results, we hypothesized that
strong adhesion forces could also be created between bispho-
sphonate-functionalized gelatin and BG particles. This hypoth-
esis was indeed confirmed by means of AFM experiments
using a colloidal probe technique (Figure 2A). Nevertheless,
we also witnessed adhesive interactions between bisphospho-
nate-free gelatin and BG particles, which were similar to pre-
vious reports(?3 that demonstrated the existence of adhesive

interactions between BG surfaces and fibrous collagen. Such
adhesive interparticle interactions can arise from interparticle
van der Waals and hydrophobic forces, as well as from local
electrostatic attractions between the carboxyl or amine groups
of gelatin and the cations (Na* and Ca®*) or silanol groups of
BG particles, respectively.®*24 Nonetheless, upon bisphospho-
nate functionalization of gelatin nanoparticles, the interparticle
adhesion forces significantly increased, most likely due to the
formation of strong, but reversible, bonds between the bispho-
sphonate groups of gelatin nanoparticles and calcium ions at
the surface of the BG particle. Since biomaterials are exposed
to isotonic biological fluids when implanted in vivo,?”! we also
performed these AFM measurements in PBS solutions with
a similar ionic strength as body fluids. Our results showed
that the adhesion force values for both groups containing bis-
phosphonate-free and bisphosphonate-functionalized gelatin
decreased when measured in PBS. This decrease is related
to screening of interparticle electrostatic interactions at high
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Figure 7. Invivo evaluation of colloidal gels. A) Digital photographs showing the surgical procedure for implantation of colloidal gels into femoral condyles of
osteoporotic rats. B-D) Representative histological images of different experimental groups after eight weeks of implantation. The circles indicate the original
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and red arrows indicate blood vessel-like structures and cells, respectively. Quantified bone area (%) in H) defect and 1) peri-implantation regions. All values
in (H) and (I) are presented as average * standard deviation for n = 8 per experimental condition. ** and *** represent P < 0.01 and P < 0.001, respectively.

ionic strengths.??l Nevertheless, even in PBS, adhesion forces  that bisphosphonate-based interparticle bonds are more effec-
between BG and gelatin particles were higher after bisphospho-  tive than electrostatic interactions at high ionic strengths such
nate functionalization of gelatin particles. These findings stress  as isotonic body fluids.



After preparation of colloidal gels using gelatin and BG
particles, we studied the viscoelastic properties of these mate-
rials by means of rheology. Generally, the storage modulus
of these composites increased with increasing BG content
(Figure 3A). These results are in agreement with our previous
observations,®*?! which confirmed that the combination of stiff
inorganic particles with soft organic particles results in more
elastic gels as compared to the use of organic particles only.[8d
However, as shown in Figure 3B, samples with BG/gelatin
ratios higher than 1 displayed increased tan(delta) values, indi-
cating that viscous behavior became more dominant at such
high inorganic contents. Moreover, when immersed in water,
these samples lost their integrity within a day (data not shown),
indicating that the amount of gelatin particles was insufficient
to establish a cohesive composite network. The effect of bis-
phosphonate functionalization of gelatin nanoparticles on the
mechanical properties of colloidal gels was influenced by the
composition and the particle volume fraction of these materials
(Figure 3A,C). When the colloidal gels were entirely made of gel-
atin nanoparticles, bisphosphonate functionalization resulted
in inferior mechanical properties (Figure 3A and Figure S3
(Supporting Information)), which can be attributed to repul-
sive interactions between negatively charged bisphosphonate
groups present at the surface of gelatin nanoparticles.'!] Nev-
ertheless, bisphosphonate functionalization of gelatin particles
increased the storage modulus of the formulations when BG
particles were included in the colloidal systems. This effect was,
however, not statistically significant at the highest BG contents,
possibly due to the excess of BG particles within the colloidal
gel networks at these compositions. Moreover, we found that
by increasing the particle volume fraction, the influence of bis-
phosphonate functionalization on the viscoelastic properties of
the composite gels gradually decreased. This decrease might be
caused by the transition of the colloidal assembly from a fractal
to a more compact morphology.?’) Importantly, all colloidal gels
with a BG/gelatin ratio <1 exhibited an intrinsic ability for self-
healing as evidenced by the immediate and substantial recovery
of their storage modulus after destructive shearing (Figure 4).
Based on these results, we produced composite gels using bis-
phosphonate-functionalized gelatin nanoparticles at BG/gelatin
ratios of up to 0.5 for further in vitro and in vivo evaluation.

The evaluation of in vitro mineralization of these gels in cell
culture media revealed that a minimum BG/gelatin ratio of
0.5 was essential to stimulate the formation of apatite within
the matrix. Mineralization of these composite gels started
within the first 10 d of incubation, and by day 30, the majority
of BG particles were replaced by apatite (Figure 5 and Figure S2
(Supporting Information)). The presence of cells on these com-
posites slightly decreased the extent of mineral deposition, pos-
sibly due to the formation of a cell layer limiting ion exchange
between the gels and surrounding culture media.’> These
results suggest that the mineralization of the composite col-
loidal gels mainly occurred through a passive route rather than
an active route driven by cellular mineralization.[?®]

Next, we studied the proliferation and osteoblastic activity of
MC3TS3 cells upon direct contact with the gels in the absence of
osteogenic supplements (Figure 6). At 10 d of cell culture, the
bisphosphonate functionalization of gelatin and incorporation
of BG particles into the gels did not affect the proliferation and

differentiation of cells. Nevertheless, at day 20, the presence
of bisphosphonate in gels stimulated osteoblastic differentia-
tion, which is in line with other reports showing that nitrogen-
containing bisphosphonate drugs, such as alendronate, can
stimulate osteogenic differentiation of cells.?”) Most notably,
for bisphosphonate-containing gels with the highest BG con-
tent (BG/gelatin ratio = 0.5), osteogenic differentiation of the
cells continued to increase up to day 20 before it declined. It is
known that during a normal osteogenic differentiation process,
the ALP activity reaches a peak level upon osteoblast matura-
tion, followed by a decline upon mineralization.?% Indeed, the
cytological evaluation of these composite gels (BPGel+BG (0.5))
after 30 d of cell culture confirmed the formation of a thick
layer of calcium phosphate on their surface (Figure 6), which
is in agreement with the mineralization results discussed ear-
lier. Nevertheless, it is important to point out that the in vitro
osteogenic effects of BGs depend on the concentration of their
dissolution products in cell culture medium.B! Consequently,
these results cannot be translated to in vivo conditions, in
view of the biologically more complex and perfused nature of
animal studies. Therefore, to determine the in vivo capacity of
the colloidal gels to regenerate defects in osteoporotic bone, we
implanted the bioactive composite gels (BPGel+BG (0.5)) as well
as bisphosphonate-containing (BPGel) and bisphosphonate-free
(Gel) pure gelatin gels into bone defects created in femoral
condyles of osteoporotic rats (Figure 7). After eight weeks, we
observed abundant formation of vascularized bone inside the
original defect area for all colloidal gel compositions. This vas-
cularization was more apparent for the composite gels, most
likely due to the angiogenic effect of BG particles.’13% Interest-
ingly, similar to the cytological observations (Figure 6D), cells
were observed in the central regions of the defects (Figure 7G).
We attribute this observation to local adaptation of the gel net-
work through repeated rupture and reformation of interparticle
bonds, which allows cell migration into the gels without com-
promising the bulk integrity of the gels.33 This behavior differs
from that of conventional covalently crosslinked hydrogels that
do not allow cell migration due to their static nature.>

In view of the similarity regarding the amount of bone for-
mation for the various experimental groups (Figure 7H), it was
concluded that the BG particles did not influence the amount
of in vivo bone regeneration after eight weeks of implanta-
tion, even though the incorporation of BG particles was highly
beneficial for the mechanical and in vitro biological properties
of the colloidal gels. Regarding this matter, it is important to
consider that our in vitro results revealed that the majority of
BG particles of the composite gels were dissolved within a 30 d
period. Accordingly, these in vitro findings could indicate that
the amount of BG particles incorporated in the composite gels
might not be sufficient to facilitate in vivo bone regeneration
for an eight week period. Furthermore, the in vivo bioactivity
of BG particles might be affected by the low concentration of
serum calcium,?! caused by the low calcium diet of the rats.l®!
Nonetheless, it should be emphasized that we observed recently
in a recent similar animal test (data not published) that femoral
condyle defects in osteoporotic rats were regenerated for only
13.8 + 3.8% after 12 weeks (Figure S5, Supporting Informa-
tion). This observation highlights the strong capacity of the col-
loidal gels to support the regeneration of osteoporotic bone.



Finally, we investigated potential antiosteoporotic effects
of our colloidal gels on the peridefect bone tissue by quanti-
fying the bone area within a vicinity of 500 um surrounding
the defects. These quantifications indicated a significantly
enhanced bone regeneration in the surrounding tissue when the
colloidal gels were functionalized with bisphosphonate mole-
cules (Figure 7I). This antiosteoporotic effect can be ascribed
to the release of bisphosphonate moieties from the colloidal
gels, thereby attaining a therapeutically active bisphospho-
nate concentration within the peri-implantation region. These
results are in agreement with previous reports by Karlsson
et al.’”l who showed that after eight weeks of implantation
of alendronate-functionalized implants in rat tibia, released
alendronate molecules remained confined within a vicinity of
500 um surrounding the implants. The highest bone density
was observed at a distance of 10-100 um from the surface of
implants, possibly caused by optimal concentrations of released
alendronate at this distance. Nevertheless, further investiga-
tions are required to determine the stability of the increased
bone density caused by the local release of bisphosphonates,
particularly in response to the process of bone remodeling over
time. Furthermore, given the biological activity of different
ions released from BGs,BU it will be interesting to investigate
in future studies the use of other BG compositions for the
preparation of colloidal gels, notably those containing/releasing
strontium ions which might act in synergy with bisphospho-
nates, 3% leading to an improved treatment of osteoporotic bone
defects.

4, Conclusion

We demonstrated successful regeneration of osteoporotic
bone defects using bioactive composite colloidal gels made of
bisphosphonate-functionalized gelatin and BG particles. We
modified gelatin nanoparticles with bisphosphonate groups to
enhance their affinity toward BG particles and exploit their anti-
osteoporotic activity to facilitate bone regeneration under osteo-
porotic conditions. This modification resulted in enhancement
of the interparticle bonds between gelatin and BG building
blocks, which improved the stiffness of specific colloidal gel
compositions. By adjustment of the BG/gelatin ratio, composite
gels were produced that combined mechanical robustness
with self-healing ability. This self-healing capability allowed
the recovery of mechanical properties of the gels after shear-
induced destruction that can occur during injection of these
materials through narrow syringes. The composite gels induced
apatite formation and supported proliferation and differentia-
tion of osteoblastic cells in vitro without requiring additional
osteogenic supplements. In vivo evaluation of the regenerative
capacity of the composite gels using an osteoporotic rat model
demonstrated the ability of the composite gels to promote the
formation of vascularized bone inside femoral condyle defects
and to enhance the amount of bone formation around these
defects. Overall, our results demonstrate that the self-healing
composite colloidal gels developed in this study were mechani-
cally robust and stimulated the regeneration of osteoporotic
bone, which might open up new therapeutic opportunities for
treatment of osteoporotic bone defects.

5. Experimental Section

For full experimental details, see the Supporting Information.

Synthesis and Functionalization of Gelatin Nanoparticles: Gelatin
nanoparticles were synthesized by a two-step desolvation method using
acetone and water.®? Bisphosphonate functionalization of nanoparticles
was carried out according to the previous report.l""]

Atomic Force Microscopy: A colloidal probe AFM method was
used to quantify the interactions between gelatin and BG particles.
The measurements were performed in MilliQ water (pH adjusted to
7 using NaOH solution) and PBS solutions at room temperature using
a NanoWizard Il AFM instrument (JPK Instruments AG, Germany)
equipped with an inverted optical microscope (Olympus IX71, Germany).
Force measurements were performed between a BG microsphere fixed
on a cantilever and gelatin nanoparticles fixed on a glass slide.

Preparation of Colloidal Gels: To prepare the colloidal gels, different
ratios of gelatin and BG powders were added in plastic tubes and
thoroughly mixed using a spatula and vortexing. The particle volume
fraction in a colloidal gel was defined as the total volume of solid BG
particles and swollen gelatin nanoparticles divided by the total volume
of the colloidal gel (i.e., particles plus free water). Depending on the
desired particle volume fraction, a specific volume of MilliQ water was
added to the powder. After addition of water, the tubes were subjected
to 1 min of vortexing. Thereafter, the tubes were centrifuged for T min at
5000 rpm to confine the colloidal gels at the bottom of the tubes.

Rheological Characterizations: Rheological properties of the colloidal
gels were evaluated using an AR2000 Advanced Rheometer (TA
Instruments) with a flat steel plate geometry (8 mm diameter) and
gap distance of 500 um at 25 °C. Frequency sweep measurements
(0.1-10 Hz) were carried out at a fixed strain of 0.5%. Storage (G")
modulus, loss (G”) modulus, and tan(delta) of the colloidal samples
were determined by performing a time sweep for 1 min at 0.5% strain
and an oscillatory frequency of 1 Hz. Yield stress of colloidal gels was
determined by plotting the elastic stress (G’ multiplied by absolute
strain) as function of strain amplitude (0.5-1000%). Consequently, the
peak stress value in the elastic stress—strain curve was interpreted as
the yield stress of the colloidal gels.’% The self-healing ability of the gels
was evaluated by measuring the recovery of G” after shear-induced gel
network destruction (0.5-1000% strain).

In Vitro Cell Culture and Mineralization Experiments: Osteoblast
precursor cells (MC3T3 cell line; LGC Standards, Wesel, Germany) were
used for in vitro studies. Colloidal gel samples were incubated in cell
culture medium with or without cells for up to 30 d. FTIR spectroscopy
was used to monitor formation and growth of apatite minerals within the
freeze-dried gels after each time point with or without cells. Inductively
coupled plasma optical emission spectrometry was used for elemental
analysis of freeze-dried gels. Cell proliferation was assessed by measuring
the DNA content in each sample solution using a Quantifluor dsDNA
System (Promega Corporation, USA). The differentiation of the cultured
cells was quantified by assessing the ALP activity of the cells as an early
marker for osteoblastic differentiation. The ALP activity was measured
based on the ALP-mediated conversion of p-nitrophenyl phosphate to
nitrophenol (see the Supporting Information). For cytological analyses,
colloidal gels were fixated, dehydrated, and embedded in paraffin.
Afterward, 6 um thick sections were cut perpendicular to the cell seeded
surface using a standard microtome (RM 2165; Leica, Germany).
For evaluation of the distribution of cells throughout the gels, the
sections were stained with hematoxylin/eosin and assessed with optical
microscopy. For evaluation of apatite formation throughout the gels, the
sections were sputter-coated with a 10 nm thick chromium layer and
assessed using SEM equipped with an EDX detector.

In Vivo Characterization of Colloidal Gels: A total of 16 male Wistar rats
(12 weeks old, weight of =250 g) was used for the implantation study. The
study protocol was reviewed and approved by the Experimental Animal
Committee of the Radboud University (RU-DEC 2015-0036-004) and
carried out in accordance with national guidelines concerning care and
use of laboratory animals. The rats underwent an orchidectomy (ORX),
as described previously,4%l and had free access to water and low-calcium



pelleted chow (0.01% Ca and 0.77% P; ssniff Spezialdidten GmbH,
Soest, Germany) to induce osteoporosis. Osteoporotic conditions were
confirmed after six weeks using an in vivo microcomputed tomography
imaging system (Inveon; Siemens Medical Solutions, Knoxville, TN)
and the animals underwent surgical intervention for the implantation of
colloidal gels in both femoral condyles in a randomized manner (Table S1,
Supporting Information). In order to create bilateral frontal femoral
condyle bone defects (n = 8 per experimental group), after careful
exposure of the knee joint, a 1 mm pilot hole was drilled and the defect
was gradually widened using different drills of increasing size using a
surgical motor (Elcomed 100, W&H Dentalwerk Burmoos, Austria) at
low rotational drilling speed (800 rpm) and continuous external cooling
with saline, until a final cylindrical defect of 2.5 mm in diameter and
5 mm in depth was reached. Thereafter, the materials were implanted
in the left or right femur of each animal under inhalation anesthesia
(2% lIsoflurane by volume). After eight weeks, rats were euthanized
by CO, suffocation, after which the femoral condyles were dissected,
cleaned from adhering tissues, and then immediately fixed in neutral
buffered formaldehyde for 48 h. After fixation, samples were kept in 70%
ethanol, dehydrated in graded series of ethanol solutions (70-100%),
and embedded in poly(methylmethacrylate). Following polymerization,
non-decalcified =10 um thick longitudinal sections were made cross-
sectional perpendicular on the longitudinal axis of the implanted
material (at least three sections per specimen) using a modified sawing
microtome techniquel*l and stained with methylene blue and basic
fuchsin. Histomorphometrical analysis was carried out using Image)
software and was based on the combination of histological staining and
tissue morphology.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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