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ABSTRACT
Bone loss resulting from degenerative diseases and trauma is a significant clinical
burden which is likely to grow exponentially with the aging population. In a number of
conditions where pre-formed materials are clinically inappropriate an injectable bone
forming hydrogel could be beneficial. The development of an injectable hydrogel to
stimulate bone repair and regeneration would have broad clinical impact and economic
benefit in a variety of orthopedic clinical applications.
We have previously reported the development of a Laponite® crosslinked pNIPAMco-DMAc (L-pNIPAM-co-DMAc) hydrogel delivery system, loaded with hydroxyapatite
nanoparticles (HAPna), which was capable of inducing osteogenic differentiation
of mesenchymal stem cells (MSCs) without the need for additional growth factors
in vitro. However to enable progression towards clinical acceptability, biocompatibility
and efficacy of the L-pNIPAM-co-DMAc hydrogel to induce bone repair in vivo must
be determined.
Biocompatibility was evaluated by subcutaneous implantation for 6 weeks in
rats, and efficacy to augment bone repair was evaluated within a rat femur defect
model for 4 weeks. No inflammatory reactions, organ toxicity or systemic toxicity
were observed. In young male rats where hydrogel was injected, defect healing
was less effective than sham operated controls when rat MSCs were incorporated.
Enhanced bone healing was observed however, in aged exbreeder female rats where
acellular hydrogel was injected, with increased deposition of collagen type I and
Runx2. Integration of the hydrogel with surrounding bone was observed without the
need for delivered MSCs; native cell infiltration was also seen and bone formation
was observed within all hydrogel systems investigated.
This hydrogel can be delivered directly into the target site, is biocompatible,
promotes increased bone formation and facilitates migration of cells to promote
integration with surrounding bone, for safe and efficacious bone repair.
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INTRODUCTION

bone density in osteoporosis which affects 3 million in
the UK [27, 28]; iii) aiding in the repair of non-union
fractures which cost the NHS ~£7000-£79,000 per patient
[29], finally, iv) such an approach could be utilised to
improve fixation of prosthetic joints that have loosened
due to osteolysis [30]. In addition, the use of an injectable
hydrogel, with intrinsic osteogenic capacity, could be
beneficial in certain load bearing bone applications.
For example, to improve and accelerate internal bone
fixation and integration of bone cages such as those used
in clinical practice for intervertebral disc fusion [31].
The development of an injectable hydrogel to stimulate
bone repair and regeneration would therefore have
broad clinical impact and economic benefit in a variety
of orthopedic clinical applications. An ideal injectable
bone graft hydrogel, would be one with: low viscosity for
minimally invasive delivery; can fill complex voids in
vivo before rapid in situ gelation; be biocompatible and be
osteoconductive to promote integration. To date, hydrogel
systems incorporated with MSCs have been reported for
bone regeneration (Supplementary Table 1); however
few of these are injectable and the majority require the
addition of growth factors to stimulate osteogenesis,
adding both complexity and cost to the treatment strategy
[32–36].
We have previously reported the development
of a synthetic Laponite® crosslinked pNIPAM-coDMAc hydrogel (L-pNIPAM-co-DMAc) loaded with
hydroxyapatite nanoparticles (HAPna), which induces
osteogenic differentiation of MSCs in vitro, without
the need for osteogenic growth factors [18]. This
synthetic hydrogel is clinically appealing for bone
repair since it is cytocompatible in the liquid state and
therefore enables the safe incorporation and delivery
of MSCs. The hydrogel undergoes rapid gelation at
body temperature and the synthesis does not require
the addition of chemicals for gelation or clean-up [18,
37]. The combination of all of these properties in one
hydrogel system is unlike any other hydrogel system for
bone repair previously developed. The clinical success
of this hydrogel is dependent on the safe delivery of the
scaffold and incorporated MSCs; maintenance within the
defect site; integration with surrounding bone tissue; and
the capacity to stimulate bone repair within an in vivo
bone defect.
This study investigated the biocompatibility
in vivo following rat subcutaneous implantation and
biocompatibility and efficacy following injection into a
rat femur defect model. L-pNIPAM-co-DMAc hydrogels
with and without rat MSCs and HAPna were investigated
to test the hypothesis that the delivery of MSCs within
L-pNIPAM-co-DMAc, with incorporated HAPna, would
aid scaffold integration as well as promote and accelerate
bone healing.

Bone loss resulting from degenerative diseases and
trauma is a significant clinical burden which is likely to
grow exponentially with the aging population [1]. Bone
autografts are considered the gold standard treatment
for bone repair; however, this is hampered by limited
availability and donor-site morbidity [2]. Allografts are
more readily available but can result in immunogenicity
and poor outcomes [3, 4]. Consequently, there is a growing
clinical need for the development of novel synthetic bone
grafting materials which can substitute and augment bone
effectively [5, 6]. A variety of bone substitute materials
including: ceramics [7, 8] and metals [9] have been used
therapeutically. However, these are synthesised as preformed constructs, and normally implanted by invasive
surgery increasing operative risk.
Hydrogels, are a group of biomaterials which may
overcome these limitations as they can be administered
in a minimally invasive manner and fill complex cavities
in vivo [10]. Recently Lohmann et al., 2017 reported the
use of a 3D architectured hydrogel in vivo, within a rat
calvarial defect, which displayed significant promise
for bone regeneration comparable with autologous bone
grafts [11]. However, similarly to the clinical bone
grafts that are currently available, this hydrogel was
implanted as pre-formed discs [11]. Temperature sensitive
hydrogels are attractive since they can be applied as a
liquid directly into the defect site, before in situ gelation
at body temperature [12]. Furthermore, hydrogels enable
the incorporation of bioactive factors such as calciumbased minerals to enhance scaffold mineralisation and
osteogenicity [13–16]; they also facilitate the delivery
of regenerative cells such as mesenchymal stem cells
(MSCs) [17–19], the combination of these factors
may provide intrinsic osteogenic capabilities [20].
Studies have also shown that substrate stiffness and
nanotopography can influence cell attachment, function
and differentiation [21–24]. The incorporation and
delivery of MSCs within a suitable hydrogel would not
only serve to maintain the delivered MSCs at the injection
site, but could also promote integration with surrounding
bone tissue and provide a micronevrimonent surrounding
the cells to modulate their osteogenic differentiation. A
major drawback of hydrogels is that they do not possess
the mechanical robustness to be used in load bearing
applications [25], however their use in a variety of nonweight bearing orthopedic situations could be beneficial
particularly where pre-formed materials are clinically
inappropriate or challenging. Applications could include:
i) augmenting bone around dental implants and for
treatment of bone defects in patients with periodontal
disease which affects 45% of adults moderately and
5% of adults severely within the UK [26]; ii) increasing
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RESULTS

controls, indicating no signs of systemic inflammatory
response or organ toxicity (Figure 1J–1O).

In vivo safety: subcutaneous implantation

In vivo efficacy: femur defect model in 10–12
weeks old male Wistar rats

Gross examination of organs and implantation site

All animals survived surgery and the 4 week
postoperative course without complications. The average
weight of all animals increased slightly indicating good
post-operative development and healthy status of animals.
Furthermore no gross or histological evidence of infection
or organ toxicity was observed in any animal.

All animals, in all experimental groups and sham
operated controls, survived the subcutaneous implantation
surgery and 6 weeks postoperative course without any
surgery-related or implantation-related complications.
The animal weight was recorded before surgery and
immediately following sacrifice. Overall the weight of all
animals increased slightly indicating good post-operative
development and healthy status of all animals (data not
shown). Following animal sacrifice, the liver, kidney,
testes and lymph nodes were extracted; no gross evidence
of infection or organ toxicity was observed in any animal
(data not shown). Gross examination of implantation sites
demonstrated encapsulation of hydrogel constructs by
surrounding tissues (Figure 1A, 1B). No gross differences
were observed between hydrogel formulations or sham
operated animals (Figure 1A–1C). The tissue surrounding
and encapsulating the hydrogel was macroscopically
healthy with no signs of infection, inflammation or
vascularisation (Figure 1A, 1B).

Micro CT analysis of femur defect region in young
male rats
Percentage bone volume (% bv), as an end point
measure of bone formation within the femur defect region,
was assessed using Micro-CT (Figure 2A). No significant
difference in % bv was observed in young male Wistar
rats between sham operated animals and hydrogel injected
groups (Figure 2A). However a decreasing trend in the
% bv was observed in young male Wistar rats where
L-pNIPAM-co-DMAc (±HAPna) incorporated with MSCs
had been injected (Figure 2A).
Histological evaluation of femur defect region in
young male rats

Histological evaluation of organs and implantation
site

Histopathological analysis of the femur defect site
in young rats was performed to assess the bone healing
response and local tissue response. All three sham
operated controls displayed almost complete healing, with
newly regenerated immature bone matrix found within
the defect region (Figure 3). L-pNIPAM-co-DMAc was
observed within the defect region in all animals where
it had been injected regardless of whether HAPna and/
or MSCs were incorporated (Figure 3). L-pNIPAM-coDMAc integrated with the surrounding bone tissue with
no evidence of fibrous encapsulation (Figure 3). No
histological evidence of toxicity or inflammatory response
were observed (Figure 3). In general where L-pNIPAMco-DMAc was injected, regardless of whether HAPna or
MSCs were incorporated, the regeneration of new bone
matrix was evident in association with the hydrogel
(Figure 3). However the hydrogel was seen to disrupt the
cortical plate, delaying healing in comparison to sham
operated controls (Figure 3). Where acellular L-pNIPAMco-DMAc with HAPna was injected, the defect region
healed well, with bone formation observed in association
with the hydrogel and infiltration of numerous osteoblast
like cells (Figure 3). Where L-pNIPAM-co-DMAc with
incorporated MSCs (±HAPna) had been injected, the
healing response was histologically less effective, with
large voids showing no evidence of newly regenerated

Histopathological assessment of the implantation
site was performed to investigate hydrogel integrity and
local tissue response following subcutaneous implantation
of hydrogel scaffolds (Figure 1D–1F). All hydrogels
remained in place where implanted, with no evidence of
angiogenesis, granulation tissue or inflammatory response
(Figure 1D, 1E). Hydrogels were surrounded by fibrous
connective tissue with no evidence of hydrogel degradation
(Figure 1D, 1E). Calcium deposition, confirmed via
alizarin red staining, was observed within the hydrogel
region of 10 animals (Figure 1G–1I, and Supplementary
Table 2), independent of which hydrogel formulation
was implanted (Figure 1G–1I and Supplementary Table
2). Haematoxylin and eosin stained liver, kidney, testes
and lymph node sections displayed normal histological
appearance with no evidence of infection or toxicity in
any animal (Supplementary Figure 1).
Blood and biochemistry analysis
Blood samples were extracted from animals
following sacrifice and full blood count, differential blood
count and serum biochemistry was performed (Figure
1J–1O). No significant differences in haematological and
serum biochemistry parameters were seen between any
animals in any test group compared to sham operated
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Figure 1: In vivo safety analysis following 6 weeks. (A, B) Macroscopic images following 6 weeks after subcutaneous implantation

of L-pNIPAM-4h hydrogel (A) and L-pNIPAM-co-DMAc-4h hydrogel (B). Black arrows indicate hydrogel encapsulated by the
surrounding tissue. (C) Macroscopic image of sham operated control following 6 weeks. (D, E) haematoxylin and eosin (H&E), of (D)
L-pNIPAM-4h hydrogel and (E) L-pNIPAM-co-DMAc-4h hydrogel following 6 weeks. (F) H&E of sham operated control following 6
weeks. (G) Representative microscopic image stained with alizarin red (AR) demonstrating where calcium deposits were observed within
L-pNIPAM-4h hydrogel region. (H) Representative microscopic image stained with AR demonstrating where calcium deposits were not
observed within L-pNIPAM-co-DMAc-4h hydrogel region. (I) AR staining of sham operated control. Scale bar 100 µm. (J–O) Blood and
biochemistry analysis. Graphs shown include: lymphocytes, haemoglobin, creatine, alanine transferase (ALT), alkaline phosphatase (ALP)
and C-reactive protein (CCRP).
www.oncotarget.com
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bone matrix, present in the defect region 4 weeks post
implantation (Figure 3).

Histological evaluation of femur defect region in
female ex-breeder rats

Micro CT analysis of femur defect region in
young vs aged sham operated controls

Within the sham operated controls, two animals
displayed effective healing of the femur defect; whilst
fibrous tissue was observed overlying the defect region
with little histological evidence of bone healing in the
remaining four animals. In general where L-pNIPAMco-DMAc was injected, regardless of whether HAPna or
MSCs were incorporated, the hydrogel integrated with
the surrounding bone tissue with no evidence of fibrous
encapsulation (Figure 4A). No histological evidence of
toxicity or inflammatory response towards the injected
hydrogels was observed in any animal (Figure 4A).
L-pNIPAM-co-DMAc was observed within the defect
region in all animals where it had been injected (Figure
4A). Bone regeneration was confined to the bone cortex
region in sham operated controls. However collagen
deposition, as identified via Masson’s trichrome staining,
and newly regenerated bone matrix, extended past the
femur cortex and into the bone marrow space where
the hydrogel was injected (Figure 4A, 4B). The healing
response between sham operated controls and hydrogel
injected animals was found to be histologically distinct.
Within sham operated controls, bone regeneration was
initiated from the cortical plate around the periphery of
the defect region and healed towards the centre (Figure
4A). In contrast where L-pNIPAM-co-DMAc had been
injected, the bone repair was initiated in the centre of
the defect region in direct association with the injected
hydrogel (Figure 4A). Where acellular L-pNIPAMco-DMAc, without HAPna, was injected, 5/7 animals
displayed effective healing across the entire width of
the defect region. However hydrogel was also located
outside the defect region which was not associated with
bone remodelling (Figure 4A). Where L-pNIPAM-co-

To test the hypothesis that: aged (>6 months) female
exbreeder rats would have a reduced or delayed healing
capacity, Micro-CT analysis of the femur defect after 4 weeks
was performed on sham operated controls in young males (n
= 7) and aged female ex-breeder Wistar rats (n = 7) (Figure
2B). One young control was excluded due to pre-existing
femur pathology. The % bv within the femur defect site of
young male Wistar rats in the sham operated control group
was significantly higher (P = 0.0002) than that of the aged
female exbreeder rats 4 weeks post operation (Figure 2B).

In vivo efficacy: femur defect model in aged (>6
months) female ex-breeder Wistar rats
All aged female ex-breeder Wistar rats in
the different hydrogel scaffold groups and sham
operated control group survived surgery and the 4
weeks postoperative course. One animal injected with
L-pNIPAM-co-DMAc +MSC +HAPna, was excluded as
no visible defect following 4 weeks could be seen using
Micro-CT or histological analysis, as such the region of
interest could not be objectively selected.
Micro CT analysis of femur defect region in aged
(>7 months) female ex-breeder Wistar rats
No significant difference in the % bv was observed
between ex-breeder female Wistar rats in the hydrogel
scaffold injected groups and sham operated control group
(Figure 2B).

Figure 2: Bone volume (%) assessed using Micro-CT. (A) Pilot study with 10–12 week (young) male white Wistar rats (n = 3).

(B) Control 10–12 week (young) male white Wistar rats (n = 6), compared with older (>7 months) exbreeder female white Wistar rats
(n = 7). * indicates statistical significance (P ≤ 0.05).
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DMAc + HAPna was injected, both with and without
incorporated MSCs, the hydrogel was observed within the
centre of the defect region in all animals and was found
to be associated with newly regenerated bone matrix
(Figure 4A). No histological evidence of enhanced repair
with the incorporation of MSCs within L-pNIPAM-coDMAc + HAPna was observed in comparison to the
injection of acellular L-pNIPAM-co-DMAc + HAPna
(Figure 4A).

was performed on tissue sections within the femur defect
region of aged female Wistar rats (Figures 4B, 5). Cellular
and matrix collagen staining in the centre of the defect
region was observed histologically in association with
L-pNIPAM-co-DMAc in all cases (Figure 4A). Where
L-pNIPAM-co-DMAc + HAPna (±MSCs) (P = 0.0085
without MSCs, P = 0.0197 with MSCs) was injected, the
percentage area of collagen staining was significantly
increased in the centre of the defect region in comparison
to sham operated controls (Figure 5). No significant
difference in the percentage area of collagen staining was
observed where acellular L-pNIPAM-co-DMAc, without
HAPna, was injected in comparison to sham operated
controls (Figure 5). No significant difference in the percent
area of collagen staining was observed within the defect

Assessment of collagen deposition within the femur
defect within aged female ex-breeder Wistar rats
Masson’s trichrome staining, to assess collagen
deposition as an early matrix marker of bone formation,

Figure 3: In vivo rat femur defect study in 10–12 week old male white Wistar rats. H&E and Masson’s trichrome as well as
3D Micro-CT reconstructed images of the femur defect site following 4 weeks repair time. Scale bar 1000 µm.
www.oncotarget.com
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area between acellular L-pNIPAM-co-DMAc+HAPna
with and without incorporated MSCs (Figure 5).

type X; as well as the late bone markers osteopontin and
osteocalcin to assess the bone healing response within
the rat femur defect model following 4 weeks repair time
(Figure 6). The macrophage marker (CD68), was only
expressed by a few cells within the defect region of both
sham operated control and hydrogel injected animals
with no difference in expression observed between the
different experimental groups (Supplementary Figure
2). The osteoblast specific transcription factor runx2
was expressed by cells within the defect region in all

Immunohistochemistry evaluation of the femur defect
within aged female ex-breeder rats
Immunohistochemistry was utilised to determine
protein expression for the macrophage marker: CD68;
the early bone markers: runx2 and alkaline phosphatase;
the bone matrix markers: collagen type I and collagen

Figure 4: Histological assessment of the defect site after 4 weeks repair time following a non-critical sized defect in the midshaft of the
femur in exbreeder female (>6 months old) rats, stained with H&E (A) or Masson’s trichrome (B). Representative images from 6 replicates
for each experimental group to demonstrate the best, mid and worst bone repair observed from independent pathological assessment. Scale
bar: 1000 µm.
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animals, however increased immunopositivity for runx2
were observed in L-pNIPAM-co-DMAc injected defects
in comparison to sham operated controls (Figure 6). The
highest immunopositivity for runx2 was observed in
animals where L-pNIPAM-co-DMAC with incorporated
MSCs was injected (Figure 6). Immunopositive cellular
and matrix staining for alkaline phosphatase and collagen
type I, both early markers of bone regeneration, were
highly expressed across the entire width of the defect
region in 2/6 sham operated controls, where effective
healing occurred (Figure 6). However, in the remaining
4/6 animals, where incomplete healing occurred, limited
matrix immunopositivity for alkaline phosphatase and
collagen type I were observed (Figure 6). Intense cellular
and matrix staining for alkaline phosphatase and collagen
type I was observed throughout the defect region in all
animals where L-pNIPAM-co-DMAc had been injected,
regardless of whether HAPna and/or MSCs were
incorporated (Figure 6). Immunopositive matrix staining
for collagen type I was observed in the same position as
the collagen staining observed via Masson’s trichrome.
Collagen type X, was also expressed within the defect
region of all animals, however increased immunopositivity
were identified histologically in sham operated controls
in comparison to L-pNIPAM-co-DMAc injected
animals (Figure 6). High levels of immunopositivity for
osteopontin and osteocalcin were observed in 2/6 sham
operated controls where effective healing was evident;
however in the 4 remaining sham operated controls and
L-pNIPAM-co-DMAc injected animals, low levels of

cellular staining for both late phase bone markers were
observed (Figure 6).
FTIR analysis of femur defect region in female
exbreeder rats
FTIR imaging was performed to determine the
location of the L-pNIPAM-co-DMAc within each bone
section and was achieved by plotting the integrated
intensity of infrared peaks specific to the different
components within the sample. The amide I peak (~1660
cm-1) was used to elucidate the location of the bone tissue,
but no attempt was made to distinguish between the
different bone matrix species. The peak associated with
the carbonyl of the DMAc comonomer was used to show
the prevalence of the hydrogel and the C-H bending mode
~1460 cm-1 was used to determine the distribution of the
embedding wax (Supplementary Figure 3).
There was no evidence of any hydrogel in the
control sample (Figure 7). Images generated for the
samples that were injected with L-pNIPAM-co-DMAc,
with or without HAPna and/or MSCs, showed colocalisation of the hydrogel and bone tissue within the
defect zone indicating good integration with the newly
formed bone tissue (Figure 7).

DISCUSSION
Tissue engineering strategies which combine matrix
secreting cells with a functional support scaffold, offer a

Figure 5: Percentage area of collagen staining (blue) within the femur defect site from histological sections stained
with Masson’s trichrome, in exbreeder female (>6 months old) rats. * indicates statistical significance (P = ≤ 0.05).
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18284

Oncotarget

promising alternative to autologous bone grafts for repair
of bone defects. The aim of this study was to evaluate the
safety and efficacy of L-pNIPAM-co-DMAc containing
HAPna and MSCs, within a rat non-critical sized femur
defect model following 4 weeks repair time. The femur
defect model used in this study is a self-healing defect
and therefore enables the evaluation of whether the
hydrogel could promote and accelerate bone repair, in
comparison to the native animal healing response. We
evaluated several clinical requirements within the femur
defect model, including: biocompatibility; injection of
the hydrogel; maintenance of the hydrogel within the
defect region; integration with surrounding bone tissue
as well as the osteogenic potential to differentiate MSCs

into bone matrix secreting cells for the regeneration and
augmentation of bone tissue.

L-pNIPAM-co-DMAc biocompatiblity and
delivery
The clinical translation of suitable bone graft
materials is reliant on excellent biocompatibility [38, 39].
The pre-set hydrogel constructs subcutaneously implanted
in this study were shown to be biocompatible, with no
evidence of a local or systemic inflammatory response,
or organ toxicity. Hydrogel constructs were shown to
be biocompatible regardless of whether the copolymer,
DMAc, was incorporated to tailor the gelation temperature

Figure 6: Immunohistochemistry assessment of the defect site in exbreeder female (>6 months old) rats. Scale bar: 200 µm.
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of the hydrogel to 37° C. Furthermore, reduction of the
polymerisation time from 24 h to 4 h, reducing the overall
synthesis duration, did not affect biocompatibility. In
addition, no evidence of toxicity or inflammation was
observed where L-pNIPAM-co-DMAc, with and without
incorporated HAPna and MSCs, were injected as a liquid
into the femur defect, before in situ gelation. Many
hydrogel systems, previously reported, have not been
fully reacted prior to injection, requiring co-injection with
crosslinking agents [40–42]; this raises significant safety
concerns to surrounding tissues during hydrogel delivery
and precludes the incorporation of regenerative cells. The
biocompatibility of L-pNIPAM-co-DMAc in the liquid
and gelled state, demonstrated here in vivo, is extremely
promising for patient administration as it provides the
capacity for cell delivery and minimally invasive injection.
This reduces operative risk and minimises the surgical
disturbance of surrounding tissues associated with the
implantation of bone graft materials [43, 44]. Gelation
of L-pNIPAM-co-DMAc at physiological temperature,
within the bone defect, is advantageous over numerous
photo-crosslinkable hydrogels developed for bone repair.
As the use of UV light to induce in situ gelation poses
safety concerns to both delivered cells and surrounding
tissues during administration [45, 46].
One of the major concerns of injectable biomaterials,
particularly with incorporated stem cells with potency to
differentiate into multiple cell types, is controlling the
location of biomaterial and delivered cells following

injection [46, 47]. All L-pNIPAM-co-DMAc hydrogels,
demonstrated rapid gelation (<5 s) and were still
maintained within the bone defect in all animals after 4
weeks. However, newly regenerated bone matrix extended
past the bone cortex region and within the bone marrow
space where the hydrogel had been injected. It is essential
that hydrogels delivered as liquids are injected with
precision within the defect location to prevent spillage and
leakage to surrounding tissues [48, 49]; however within
the femur defect model, the bone injury spans the entire
thickness of the cortex and leaves the bone marrow cavity
space exposed. It is likely that L-pNIPAM-co-DMAc
will be most suitable for applications to fill bone defects
in clinical cases of osteoporosis, smaller bone fractures
where irregular shaped defects are contained within intact
bone, within spinal fusions where spinal cages are used
providing a contained space and periodontal regenerative
therapy [43, 50].

Efficacy of L-pNIPAM-co-DMAc for bone
augmentation
The ability of L-pNIPAM-co-DMAc, ± HAPna
and MSCs, to promote and accelerate bone healing
within a self-healing femur defect model, was evaluated
to determine clinical efficacy for bone repair. Successful
bone regeneration is reliant on the presence of bone
matrix secreting cells, either differentiated osteoblasts
or MSCs which have the ability to differentiate into

Figure 7: Representative FTIR tissue distribution map of a transverse section within the defect region of paraffin
embedded rat femur. Overlapping regions displayed between bone tissue (Amide group- 1661 cm-1) and the pNIPAM-co-DMAc
hydrogel (identified via the carbonyl group on DMAc 1738 cm-1). Distribution map of wax (1483 cm-1) also included as a control.
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osteoblasts dependant on their surrounding environmental
cues. It is therefore critical that the hydrogel is able to
act as an osteoinductive extracellular matrix support
which facilitates the adhesion and infiltration of these
cells. Unlike previous materials where cell penetration
has been an issue [51], native osteoblast cells were
observed histologically within the centre of the acellular
L-pNIPAM-co-DMAc ± HAPna, in all animals where
it had been injected. This osteoblast cell infiltration is
essential not only for deposition of newly regenerated bone
matrix, but also to support graft integration with adjacent
bone tissue. Biomaterial osteointegration is essential to
prevent graft extrusion and provide a functional bone/
scaffold matrix with optimum mechanical performance
[52, 53]. Unlike previous polymeric bone implants
which became encapsulated by fibrous tissue following
implantation [54], L-pNIPAM-co-DMAc was found to
integrate with surrounding bone tissue in all animals,
regardless of whether HAPna or MSCs were incorporated.
In young male rats, where L-pNIPAM-co-DMAc
was injected, defect repair was less effective where MSCs
had been injected. MSC delivery, to induce regeneration
of bone defects, has been investigated in vivo in many
bone defect models, with positive results [55, 56]. The
less effective healing response observed in young male
rats where MSCs were injected could be due to the ex vivo
culture and expansion of MSCs performed in this study
prior to implantation. This may have resulted in an altered
MSC cell phenotype, similar to the reduced osteogenic
differentiation capacity and bone forming ability from
MSCs cultured ex vivo prior to transplantation reported
in other studies [57, 58]. It is also possible that delivered
MSCs failed to survive since expanded MSCs have been
shown in vivo to lose their immunosuppressive activity
following implantation and subsequently be destroyed [38,
59]. It is likely that the MSCs transplanted within young
male rats in this study were not required to accelerate
native bone healing since the femur defect model spans
the entire bone cortex, exposing the bone marrow space
where there is a large population of native MSCs to aid
in bone matrix repair. The transplanted MSCs utilised in
this study were not autologous to the animal recipient and
therefore would have needed to adapt and survive within
the defect environment. Only then can they differentiate
into osteoblasts, depositing newly regenerated bone matrix
and this may have resulted in a delayed healing response.
However, in a non-union defect or in individuals whom
have a defective bone healing response, due to either
age or disease, implanted MSCs may still be required to
promote the initial stages of bone repair.
To better reflect the aged target population typically
afflicted by impaired bone healing, the femur defect was
performed within aged (>6month) female ex-breeder
rats. Bone healing of the femur defect in aged female
ex-breeder rats was confirmed to be less effective in
comparison to young male rats, with a significantly lower
www.oncotarget.com

% bv within the defect region, following 4 weeks repair
time in sham operated controls. This is in agreement with
the delayed bone healing in both aged [60] and female
[61] rats previously reported [3].
Regeneration of mature mineralised bone tissue
is reliant on the orchestrated production and deposition
of several matrix proteins which become organised into
a unique anisotropic hierarchical structure [62]. Bone
tissue formation is initiated by differentiation of MSCs to
osteoblasts that synthesise and deposit collagen type I, the
main extracellular matrix component of bone tissue [63].
Histologically, enhanced matrix deposition and healing
was found within hydrogel injected defects in comparison
to sham operated controls with increased deposition
of the osteoblast specific transcription factor runx2, as
well as the early bone markers alkaline phosphatase and
collagen type I. In contrast only low levels of expression
for the late bone markers osteopontin and osteocalcin,
were observed. This suggests that the matrix repair that
had taken place was early on in the bone regeneration
process. All L-pNIPAM-co-DMAc formulations were
shown to increase deposition of collagen staining which
could indicate promotion of initial stages of bone repair,
however 4 weeks post operation was not long enough for
the production of a fully mature mineralised bone matrix.
The impaired healing capacity of aged ex-breeder rats
[60], as well as potentially a reduced regenerative capacity
of native MSCs and delivered MSCs [64–67], extracted
from these animals, is likely to be the reason that complete
repair of the defect site was not seen by 4 weeks with
no significant difference observed in the bone volume
fraction on Micro-CT analysis.
Bone healing in general is initiated at the peripheral
margins of bone defects [63], as was observed within sham
operated controls. However, where L-pNIPAM-co-DMAC
was injected, the mechanism of bone repair appeared to be
different, with newly regenerated bone observed in direct
association with the hydrogel in the centre of the femur
defect. This alternative repair may be clinically beneficial
in patients with impaired healing, where bone regeneration
initiated at the peripheral margins is insufficient and
delayed.
The healing response within the femur defect
region between the different hydrogel injected groups
was histologically indistinct following 4 weeks repair
time. Recently Hayashi et al., 2016 reported that in vivo
bone repair, using a nanofiber hydrogel, was reliant
on the incorporation of stem cells. In this study, bone
repair was initiated in the centre of the femur defect even
where acellular L-pNIPAM-co-DMAC ± HAPna was
injected and migration of native cells was observed. This
suggests that the hydrogel could offer clinical benefit
even in the absence of cells [67]. However increased
runx2 immunopostivity was observed where MSCs
were incorporated within L-pNIPAM-co-DMAC with
HAPna, suggesting improved osteogenicity with the
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delivery of MSCs, in agreement with previous studies
[35, 68]. Effective bone repair and scaffold integration
was evident where L-pNIPAM-co-DMAc without
HAPna had been injected, indicating that the addition
of HAPna is not essential within L-pNIPAM-co-DMAc
for bone augmentation. This is likely due to the fact that
the hydrogel was injected within a bone defect location
and was exposed to the native osteogenic biological
cues and mechanical forces required to stimulate bone
healing. However where L-pNIPAM-co-DMAc was
injected without HAPna, hydrogel which was not
associated with bone remodelling was also located on the
outside of the defect region, suggesting local signalling
drives osteogenesis only in close proximity to the bone.
Moreover, we have also previously demonstrated that the
addition of HAPna within L-pNIPAM-co-DMAc is critical
to ensure correct osteogenic cell differentiation in vitro
[18, 37, 53].

Scaffold degradation is dependent on the chemical
and structural properties of the biomaterial, as well as
several biological factors including mechanical loading,
pH, temperature, enzymatic activity and rates of tissue
ingrowth [20, 72]. Therefore scaffold degradation will
inevitably be patient dependant and therefore designing
a hydrogel that degrades commensurate with bone ingrowth, remains a significant challenge and a barrier to the
clinical translation of these treatments. In addition, scaffold
degradation raises safety issues regarding the toxicity of
degradation products which may cause tissue dysfunction
and/or initiate an inflammatory reaction [71]. In the present
study L-pNIPAM-co-DMAC subcutaneously implanted for
6 weeks and injected within a femur defect for 4 weeks,
demonstrated no signs of scaffold degradation and hence
may avoid some of the issues and complications associated
with scaffold degradation. Long term in vivo studies within
a critically sized bone defect are essential to determine
the long term fate and efficacy of L-pNIPAM-co-DMAc.
However, it is envisaged that the non-biodegradable
hydrogel, will facilitate long term scaffold support, whilst
the newly regenerated bone tissue, will integrate with the
hydrogel and undergo natural bone tissue remodelling, to
regenerate a fully integrated and functional bone/hydrogel
scaffold matrix.

Considerations for the clinical translation of
L-pNIPAM-co-DMAc for bone repair
One of the major concerns with the use of hydrogels
for bone repair is their associated weak mechanical
properties [39]. In the present study, L-pNIPAM-coDMAc was mechanically sufficient to provide adequate
support for continued animal activity following the femur
defect. However, the femur defect was not of a critical
size and therefore the load bearing forces applied to the
scaffold do not reflect those that the scaffold would need
to withstand within a large critically sized bone defect. In
general for larger bone defects the use of L-pNIPAM-coDMAc is likely to be mechanically insufficient in early
repair stages, but may be applied as an osteogenic cell
delivery vehicle, in combination with an additional support
structure to stimulate bone regeneration and promote graft
integration. Within the femur defect performed in this
study, L-pNIPAM-co-DMAc provided initial support as
a scaffold between the adjacent bone surfaces, facilitated
native cell infiltration and graft integration. Together
with stimulating osteogenic differentiation of native
osteoprogenitor cells and transplanted stem cells. This is
shown by the production of early osteogenic markers, to
promote effective bone augmentation. Therefore in nonweight bearing situations L-pNIPAM-co-DMAc may
provide the beneficial properties of both a cell carrier and a
support scaffold to regenerate and augment bone in clinical
situations such as periodontal disease [69], increasing bone
density in osteoporosis [28], aiding fixation of prosthetic
implants [70] as well as non-union fracture [71], where
mechanical support is provided by an additional implant.
A design consideration for the development of
injectable hydrogels for bone repair, which is often
regarded as fundamental, is that the developed hydrogel
must degrade in a controlled manner to enable effective
load transfer to the newly regenerated bone matrix [71].
www.oncotarget.com

CONCLUSION
The current study used an injectable L-pNIPAMco-DMAc loaded with HAPna and MSCs to induce bone
healing within a rat femur defect. We have demonstrated
that the injectable hydrogel is biocompatible, able to
integrate with surrounding bone tissue and promote
increased deposition of early markers of bone formation.
The low viscosity nature of L-pNIPAM-co-DMAc,
enables its delivery directly into the target site, where
it can fill both micro and macro fractures. Providing a
scaffold between adjacent surfaces of bone tissue and
initial support, facilitate the migration of native cells to
aid tissue integration as well as promote the osteogenic
differentiation of transplanted stem cells to regenerate
and augment a functionally integrated bone matrix. This
system could potentially provide safe and efficacious
bone regeneration for the treatment of small bone
defects in non-union cases as well as clinical cases of
osteoporosis, fixation of prosthetic implants, spinal fusion
and periodontal regenerative therapy.

MATERIALS AND METHODS
Hydrogel synthesis
Synthesis of L-pNIPAM hydrogel
An exfoliated suspension of Laponite® clay
nanoparticles (25–30 nm diameter, <1 nm thickness) (BYK
18288
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Additives Ltd, Cheshire UK) was prepared by vigorous
stirring of Laponite® (0.1 g) in deionised H20 (18 MΩ)
(9.0 mL) for 24 h. N-isopropylacrylamide 99% (NIPAM)
(0.9 g) (Sigma, Poole, UK) and 2–2ʹ-azobisisobutyronitrile
(AIBN) (9 mg) (Sigma, Poole, UK) were added to the
suspension and stirred for 1 h. After passing the suspension
through 5–8 µm pore filter paper, polymerisation
was initiated by heating to 80° C and the reagents
were allowed to react for either 4 h (L-pNIPAM-4h)
or 24 h (L-pNIPAM-24h), to investigate the effect of
reduced synthesis time on the biocompatibility of pre-set
hydrogel constructs following subcutaneous implantation
(see section 2.2.1). It was observed that after heating
the monomeric suspension to 80° C, the transparent
liquid transformed to a milky suspension. Following 4
(L-pNIPAM-4h) or 24 h (L-pNIPAM-24h) the hydrogel
suspension was cooled to room temperature which resulted
in a solidified hydrogel.

constructs in young 10–12 weeks old male Wistar rats for 6
weeks. Four separate hydrogel batches were investigated:
L-pNIPAM-4h; L-pNIPAM-24h; L-pNIPAM-co-DMAc4h and L-pNIPAM-co-DMAc-24h together with sham
operated controls (n = 6). Reduced preparation time (4
or 24 h) was investigated to determine whether hydrogel
synthesis could be optimised for future in-clinic use.
Hydrogels for implantation were prepared by pipetting
300 µl of liquid L-pNIPAM or L-pNIPAM-co-DMAc
onto sterile petri dishes at RT, resulting in solidified
cylindrical hydrogel discs (2mm height, 14mm diameter).
All hydrogel scaffolds were sterilised prior to surgical
implantation by UV radiation (230V, 50/60Hz, 0.400KW)
for 15 minutes using TelSTAR mini-V/PCR laminar flow
cabinet with built in UV light.
Thirty 12-week old male Wistar rats with an
average weight of 327 g were used for this investigation.
Anaesthesia was induced using 5% Isofluorane/O2 (Abbott
Laboratories, Maidenhead, UK) and maintained with
1.5 – 2% Isofluorane/O2. Surgical site was prepared by
swabbing with Tisept® (Medlock Medical Ltd, Oldham
UK). A midline incision was made through the skin on
the back and a pocket developed on the left side by blunt
dissection. One hydrogel disc was placed in the pocket and
the wound closed with Vicryl™ sutures (Ethicon™, Johnson
and Johnson, Livingston, Scotland). Sham operated
control animals were treated in an identical manner but no
implant placed. After 6 weeks rats were sacrificed using
schedule one method and weights recorded. Implantation
site and organs including: liver; kidney; testes and lymph
nodes were removed and fixed in 10% w/v neutral
buffered formalin (nbf) (Leica Microsystems, Milton
Keynes UK) for histological assessment.

Synthesis of L-pNIPAM-co-DMAc with or without
hydroxyapatite nanoparticles
Synthesis of L-pNIPAM-co-DMAc was performed
as described previously [18] polymerisation at 80° C
was performed for 4 h (L-pNIPAM-co-DMAc-4h) or
24 h (L-pNIPAM-co-DMAc-24h). For hydroxyapatite
containing hydrogels the L-pNIPAM-co-DMAc was
cooled to 50° C and hydroxyapatite nanoparticles (HAPna)
(<200 nm) (Sigma, Poole UK) were homogenously mixed
into the liquid hydrogel suspension at 0.5 mg/mL as
describe previously [18].

Animals and housing
Animal experiments were performed under Project
Licences PPL 40/3311and PPL 708054 issued by the
Home Office under the Animals (Scientific Procedures)
Act of 1986. Individual protocols and study plans were
approved by the local Animal Welfare and Ethical Review
Body. A total of 83 (51 male and 32 female) Wistar rats
were used in this study. Male rats were supplied by Harlan
UK and were approximately 12 weeks old at surgery with
an average weight of 327 g for the subcutaneous model
and 385 g for the femur model. Female rats used in this
study were older (>6 months) ex-breeders, obtained from
(Charles Rivers, Harlow, UK) with an average body
weight of 411 g at surgery. All animals were of a healthy
status and were genetically unmodified. All animals
were housed in groups and kept in standard laboratory
conditions with free access to food (Teklad Global 18%
Protein Rodent Diet, Harlan Laboratories, UK) and water.

Blood collection and sample analysis
To investigate evidence of systemic inflammatory
response or organ pathology, a complete blood count,
differential blood count and serum biochemistry
analysis was performed. At sacrifice, ~1.5mL of blood
was obtained via cardiac puncture and collected into
three vials: ~1.0mL of blood was collected into EDTA
vials for full blood count and differential blood count,
150µL of blood was collected into a serum coagulation
vial for serum biochemistry analysis and a further 50
µL was collected into a second serum coagulation vial
for assessment of c-reactive protein (CRP) (IDEXX
laboratories, Ludwigsburg, Germany). Haematological
parameters analysed as part of the full blood count and
differential blood count included: haemoglobin (g/dL),
packed cell volume (%), mean cell volume (fL), mean
corpuscular height (pg), mean corpuscular haemoglobin
concentration (g/dL), erythrocytes (T/L), leukocytes
(g/L), lymphocytes (absolute/µL), thrombocytes (g/dL),
eosinophils (absolute/ µL), band neutrophils (absolute/µL),
segmented neutrophils (absolute/µL), and monocytes
(absolute/µL). A differential white blood cell count was

In vivo safety: subcutaneous implantation
Subcutaneous implantation operational procedure
Initial biocompatibility of the hydrogel was
evaluated by subcutaneous implantation of hydrogel
www.oncotarget.com

18289

Oncotarget

also assessed morphologically by blood smears. Serum
biochemistry parameters investigated included: alkaline
phosphatase (U/L), albumin (g/L), alanine transferase
(U/L) and bilirubin (µmol/L) as a measure of liver
function, as well as creatinine (µmol/L) as a measure
of kidney function. Samples taken for full blood count
and differential blood count were shipped at ambient
temperature and samples for serum biochemistry and
CRP analysis were shipped on dry ice. All samples
were analysed independently by IDEXX laboratories
(Ludwigsburg, Germany).

schedule 1 killing. Tibiae and femora were aseptically
removed, bones dissected to expose marrow space and
bone marrow flushed out using 18 gauge needle with
DMEM (Life Technologies, Paisley UK) supplemented
with 10% v/v heat inactivated foetal calf serum (FCS)
(Life Technologies, Paisley UK), 100 U/ml penicillin
(Life Technologies Paisley UK), 100 μg/ml streptomycin
(Life Technologies Paisley UK), 250 ng/ml amphotericin
(Sigma, Poole UK), 2 mM glutamine (Life Technologies,
Paisley UK) and 10 μg/ml ascorbic acid (Sigma, Poole
UK) (complete cell culture media). Mononuclear
cells were then isolated as previously described [73]
using a Histopaque 1077 gradient (Sigma, Poole, UK).
MSCs (characterised by their adherence to plastic and
morphology) were then expanded in monolayer and used
for implantation at passage 2.

In vivo efficacy rat femur defect model
Experimental design: rat femur defect model in 10–12
weeks old male Wistar rats

In vivo efficacy rat femur defect operational
procedure

For assessment of hydrogel biocompatibility and
performance in bone, a healing femur defect model was
used. A 1mm defect was created in the mid-shaft of the
right femur of 10–12 week old male Wistar rats (average
weight 385 g). Animals were divided into four separate
experimental groups to investigate the efficacy of the
L-pNIPAM-co-DMAc ± MSCs and HAPna for bone
repair. The experimental groups were divided as follows:
Sham operated control; L-pNIPAM-co-DMAc + 2 × 106
cells/mL rat MSCs; acellular L-pNIPAM-co-DMAc + 0.5
mg/mL HAPna; or L-pNIPAM-co-DMAc + 2 × 106 cells/
mL rat MSCs + 0.5 mg/mL HAPna (n = 3 per group).

Anaesthesia was induced and maintained as
described above. A single dose of 0.05ml of 50mg/ml
carprofen (Rimadyl™, Pfizer Ltd, Sandwich UK) was
given by subcutaneous injection. The right hind limb was
immobilised and the surgical site prepared by swabbing
with Tisept®. An incision was made over the right femur
and bone exposed by blunt dissection; a single defect
was created using a 1mm diameter stainless steel bur
with saline irrigation. The defect was either left untreated
to serve as a sham operated control or injected with
L-pNIPAM-co-DMAc as described previously (section
2.2.2.1). Surgical wounds were closed with resorbable
sutures. Cell seeding solutions were prepared at a density
of 2 × 106 cells/mL, homogenously mixed with the
L-pNIPAM-co-DMAc suspension (38–39° C) ± 0.5 mg/
mL HAPna (Sigma, Poole, UK) and injected directly into
the femur defect via 26-gauge needle injection (Becton
Dickinson, Plymouth, UK) until the defect cavity was full
with the implanted hydrogel. Following injection, it was
observed that the hydrogel solidified rapidly (<5 seconds)
within the bone defect site.

Experimental design: rat femur defect model in aged
(>6 months) female ex-breeder Wistar rats
Femur defects were created in female ex-breeder
Wistar rats (>6 months, average weight at surgery of 411
g) with the hypothesis that these animals would have a
reduced or delayed healing capacity which represents the
aged population which would be targeted for bone repair.
To test this hypothesis initial experiments investigated the
healing of sham operated controls in 10–12 week old male
Wistar rats in comparison to the older (>6 months) female
ex-breeder Wistar rats (n = 7). Following this, further animal
surgeries were performed to investigate the efficacy of the
L-pNIPAM-co DMAc ± MSCs and HAPna for bone repair
in aged female ex-breeder Wistar rats. The experimental
groups were: acellular L-pNIPAM-co-DMAc ± 0.5 mg/mL
HAPna; L-pNIPAM-co-DMAc + 2 × 106 cells/mL rat MSCs
+ 0.5 mg/mL HAPna (n = 7 for each group). All animals
were maintained for 4 weeks prior to sacrifice for analysis.

Microcomputed tomography
Microcomputed Tomography (Micro-CT) was
performed 4 weeks after surgery on the defect site in
the femur using a Bruker SkyScan 1172, images were
reconstructed with NRecon v1.6.10.4 software and
analysis performed using CTAn v1.4.0. µCT parameters
were: X-ray source, 65kV/139uA; rotation 360°; exposure
time 1180 ms; image pixel size 10 µm; 0.5 µm aluminium
filter. A cylindrical region of interest (surrounding the
femur defect) was selected with a diameter of 1mm
and depth of 1mm, which included the entire defect
region within the mid-shaft of the femur. Parameters
for image processing were: ring artefact correction: 10;
beam hardening correction: 15%; global thresholding:

Extraction of rat mesenchymal stem cells
Rat MSCs were isolated from the same breeding line
of male 10–12 week old male Wistar rats (pooled from
n = 5) and older (<6 month) female ex-breeder Wistar
rats (pooled from n = 4). Animals were sacrificed using
www.oncotarget.com
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Table 1: Target antibodies used for IHC, their optimal concentrations and antigen retrieval methods [18]
Target Antibody
CD68
Runx2
Alkaline Phosphatase
Collagen type I
Collagen type X
Osteopontin
Osteocalcin

Clonality

Optimal Dilution
1:200
1:200
1:200

Antigen
Retrieval
Enzyme
Heat
Heat

Secondary
Antibody
Rabbit anti mouse
Rabbit anti mouse
Goat anti rabbit

Serum
Block
Rabbit
Rabbit
Goat

Mouse Monoclonal
Mouse Monoclonal
Rabbit
Polyclonal
Rabbit
Polyclonal
Rabbit
Polyclonal
Mouse Monoclonal
Mouse Monoclonal

1:200

Enzyme

Goat anti rabbit

Goat

1:400

Enzyme

Goat anti rabbit

Goat

1:200
1:400

None
Enzyme

Rabbit anti mouse
Rabbit anti mouse

Rabbit
Rabbit

Fourier transform infrared spectroscopy image
analysis of femur defect sections

80–225. 3D images of the defect region and new bone
formation, using double-time cubes algorithm, were
reconstructed for representation and the bone volume (%)
was measured.

Femur specimens were processed and sectioned as
described above (section 2.5). For FTIR image analysis
a 4 µm transverse section within the centre of the femur
defect region was mounted onto gold coated reflective
slides (Kevley Technologies, Ohio, USA). Mid-infrared
microscopic images were collected using an Agilent
680-IR FTIR spectrometer coupled with a FTIR imaging
microscope. The microscope was fitted with a liquid
nitrogen cooled 128 × 128 mercury-cadmium-telluride
focal plane array detector (FPA) and an automated
sampling stage. Images were collected and processed
using Resolutions Pro FTIR Spectroscopy software
version 5.2.0 (Agilent Technologies, UK). FTIR mosaic
images encompassing the whole of the bone sections were
collected in transflectance mode by co-adding 128 scans
at a spectral resolution of 8 cm-1 using a clean region of
the reflective substrate as a background. Species specific
images were generated by integrating the peaks ~1738,
~1660 and ~1460 cm-1, to obtain the distribution of
L-pNIPAM-co-DMAc, bone tissue and embedding wax
respectively within each section.

Histological assessment of subcutaneous
implantation site, femur defect site and organs
For histological assessment of hydrogel
biocompatibility, tissue integration and bone augmentation,
the implant sites (subcutaneous implant skin region
and femur defect region) together with vital organs
were extracted and fixed in 10% w/v formalin (Leica
Microsystems, Milton Keynes UK) overnight (organs) or
for 1 week (skin region and femur specimens). The femur
specimens were then decalcified for 3 weeks in Surgipath
Decalcifier I (Leica Microsystems, Milton Keynes UK),
with solution changed every 2 days, prior to routine paraffin
embedding. Tissue samples were serially sectioned at
4µm and sections mounted every 100µm onto positively
charged slides (Leica Microsystems, Milton Keynes UK)
for histological evaluation throughout the defect region.
Sections stained with haematoxylin and eosin (H&E)
Masson’s trichrome as described previously [18]. All
slides were blinded and independently assessed by a
histopathologist.

Data analysis, processing and statistical analysis
All slides were examined with an Olympus BX51
microscope and images captured by digital camera and
Capture Pro OEM v8.0 software (Media Cybernetics,
Buckinghamshire, UK). Histological sections were
analysed, features noted and images captured to document
their histological appearance. The percentage area of
collagen staining was assessed on slides stained with
Masson’s trichrome using image J analysis software
version 1.5i. The entire defect region (1mm diameter,
1mm depth) was selected as the region of interest. The
image was split into red, green and blue using RGB stacks
and thresholding was applied at a range of 10–120 using
the red channel which gave the best contrast for blue

Immunohistochemistry assessment of femur
defect site
Immunohistochemistry protein expression of
the macrophage marker CD68, the early bone markers
runx2 and alkaline phosphatase, the bone matrix markers
collagen type I and collagen type X, as well as the late
bone markers osteopontin and osteocalcin were selected
for immunohistochemistry (IHC) investigation to assess
the bone healing response within the rat femur defect
model following 4 weeks repair time. Sections were
then prepared as described above; IHC was performed as
previously described (Table 1) [18].
www.oncotarget.com
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(collagen) staining; the percentage area of blue staining
was then measured.
Evaluation of IHC staining was performed by
counting immuno positive and immuno negative cells
for each section and immunopositive cells expressed as a
percentage of total count.
All tests were performed at least in triplicate.
Data were assessed for normality using the Shapiro
Wilks test and found to be non-normally distributed,
as such data were non-parametric and hence statistical
comparisons were performed by Kruskal-Wallis for
pairwise comparisons (Conover-Inman) with statistical
significance accepted at p ≤ 0.05. Pairwise comparisons
were made as follows: between all implant conditions for
blood and biochemistry analysis (Figure 1C), between
all experimental groups within young 10–12 weeks old
male rats for micro CT analysis, between all experimental
groups within aged exbreeder female rats for Micro-CT
analysis (Figure 4) and between all experimental groups
within aged exbreeder female rats for % area of collagen
staining (Figure 5). Statistical analysis of the two groups:
sham operated young male rats vs sham operated aged
exbreeder female rats for micro CT analysis was performed
by Mann–Whitney U test. Data were then presented on
graphs; all replicates have been shown with median value
indicated to demonstrate clearly the spread of replicates.

in its design and coordination, aided in the analysis and
interpretation of data, secured funding and critically revised
the manuscript. AT, CS and CLLM accept responsibility
for the integrity of the data analysis. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS
We would also like to offer kind thanks to Kirsty
Nicholson, Caroline Fry and the skelet. AL analysis
laboratory services at the University of Sheffield for
assistance with Micro CT analysis.

CONFLICTS OF INTEREST
None to declare.

FUNDING
We would like to offer kind thanks to the
Biomolecular Sciences Research Centre, Sheffield
Hallam University for PhD studentship, Sheffield Hallam
University strategic research and investment funding as well
as the School of Clinical Dentistry, University of Sheffield
for funding. The Authors wish to thank the EPSRC (EP/
H000275/1 and EP/1016473/1) for funding the initial work.

Abbreviations

REFERENCES

L-pNIPAM-co-DMAc: Laponite® crosslinked
pNIPAM-co-DMAc hydrogel; HAPna: Hydroxyapatite
nanoparticles; MSCs: Mesenchymal stem cells; CRP:
c-reactive protein; FCS: Foetal calf serum; Micro-CT:
Microcomputed tomography; H&E: haematoxylin and
eosin; IHC: immunohistochemistry; Runx2: Runt related
box 2; FTIR: Fourier-transform infrared spectroscopy; FPA:
Focal plane array detector; % bv: Percentage bone volume.

1.

Ahmed LA, Center JR, Bjørnerem Å, Bluic D, Joakimsen
RM, Jørgensen L, Meyer HE, Nguyen ND, Nguyen TV,
Omsland TK. Progressively increasing fracture risk with
advancing age after initial incident fragility fracture: the
Tromsø study. Journal of Bone and Mineral Research. 2013;
28:2214–2221.

2.

Goulet JA, Senunas LE, DeSilva GL, Greenfield MLV.
Autogenous iliac crest bone graft: complications and
functional assessment. Clinical orthopaedics and related
research. 1997; 339:76–81.
Garcia P, Histing T, Holstein J, Klein M, Laschke M,
Matthys R, Ignatius A, Wildemann B, Lienau J, Peters A.
Rodent animal models of delayed bone healing and nonunion formation: a comprehensive review. Eur Cell Mater.
2013; 26:1–12.
Schwartz Z, Somers A, Mellonig JT, Carnes DL Jr, Dean DD,
Cochran DL, Boyan BD. Ability of commercial
demineralized freeze-dried bone allograft to induce
new bone formation. Journal of periodontology. 1996;
67:918–926.
Kraus KH, Kirker-Head C. Mesenchymal stem cells and
bone regeneration. Veterinary surgery. 2006; 35:232–242.
Mistry AS, Mikos AG. Tissue engineering strategies for
bone regeneration In: Anonymous Regenerative medicine
II. Springer. 2005; 1–22.

Author contributions
AAT performed the majority of the laboratory work,
data analysis, data interpretation and statistical analysis,
contributed to study design and drafted the manuscript.
CF contributed to in vivo models, contributed to data
interpretation, study design and helped draft the manuscript.
PF conducted the pathological assessment of histological
sections, contributed to data interpretation, study design
and critically revised the manuscript. JC performed some
of the micro CT and associated data analysis, contributed to
data interpretation and critically revised the manuscript. PH
and IB contributed to data interpretation and study design,
secured funding and critically revised the manuscript. CS
performed the FTIR, conceived the study, participated
in its design and coordination, aided in the analysis and
interpretation of data, secured funding and critically revised
the manuscript. CLLM conceived the study, participated
www.oncotarget.com

3.

4.

5.
6.

18292

Oncotarget

7. Fischer CR, Cassilly R, Cantor W, Edusei E, Hammouri
Q, Errico T. A systematic review of comparative studies on
bone graft alternatives for common spine fusion procedures.
European Spine Journal. 2013; 22:1423–1435.
8. Zhang J, Liu W, Gauthier O, Sourice S, Pilet P, Rethore
G, Khairoun K, Bouler J, Tancret F, Weiss P. A simple
and effective approach to prepare injectable macroporous
calcium phosphate cement for bone repair: Syringe-foaming
using a viscous hydrophilic polymeric solution. Acta
biomaterialia. 2016; 31:326–338.
9. Andani MT, Moghaddam NS, Haberland C, Dean D, Miller
MJ, Elahinia M. Metals for bone implants. Part 1. Powder
metallurgy and implant rendering. Acta biomaterialia. 2014;
10:4058–4070.
10. Geckil H, Xu F, Zhang X, Moon S, Demirci U. Engineering
hydrogels as extracellular matrix mimics. Nanomedicine.
2010; 5:469–484.
11. Lohmann P, Willuweit A, Neffe A, Geisler S, Gebauer
T, Beer S, Coenen H, Fischer H, Hermanns-Sachweh
B, Lendlein A. Bone regeneration induced by a 3D
architectured hydrogel in a rat critical-size calvarial defect.
Biomaterials. 2017; 113:158–169.
12. Ruel-Gariepy E, Leroux J. In situ-forming hydrogels—
review of temperature-sensitive systems. European Journal
of Pharmaceutics and Biopharmaceutics. 2004; 58:409–426.
13. Gleeson J, Plunkett N, O’Brien F. Addition of
hydroxyapatite improves stiffness, interconnectivity and
osteogenic potential of a highly porous collagen-based
scaffold for bone tissue regeneration. Eur Cell Mater. 2010;
20:218–230.
14. Sinha A, Das G, Kumar Sharma B, Prabahan Roy R, Kumar
Pramanick A, Nayar S. Poly (vinyl alcohol)–hydroxyapatite
biomimetic scaffold for tissue regeneration. Materials
Science and Engineering: C. 2007; 27:70–74.

mesenchymal stem cells regenerate bone in a critical-sized
canine segmental defect. J Bone Joint Surg Am. 2003;
85:1927–1935.
20. Bueno EM, Glowacki J. Cell-free and cell-based approaches
for bone regeneration. Nature Reviews Rheumatology.
2009; 5:685–697.
21. Yang Y, Wang K, Gu X, Leong KW. Biophysical Regulation
of Cell Behavior—Cross Talk between Substrate Stiffness
and Nanotopography. Engineering. 2017; 3:36–54.
22. Wang K, He X, Linthicum W, Mezan R, Wang L,
Rojanasakul Y, Wen Q, Yang Y. Carbon nanotubes induced
fibrogenesis on nanostructured substrates. Environmental
Science: Nano. 2017; 4:689–699.
23. Wang K, Bruce A, Mezan R, Kadiyala A, Wang L, Dawson
J, Rojanasakul Y, Yang Y. Nanotopographical modulation
of cell function through nuclear deformation. ACS applied
materials & interfaces. 2016; 8:5082–5092.
24. Song L, Wang K, Li Y, Yang Y. Nanotopography promoted
neuronal differentiation of human induced pluripotent
stem cells. Colloids and Surfaces B: Biointerfaces. 2016;
148:49–58.
25. Tozzi G, De Mori A, Oliveira A, Roldo M. Composite
hydrogels for bone regeneration. Materials. 2016; 9:267.
26. White D, Tsakos G, Pitts N, Fuller E, Douglas G, Murray
J, Steele J. Adult Dental Health Survey 2009: common oral
health conditions and their impact on the population. British
dental journal. 2012; 213:567–572.
27. Office for National Statistics 2014. Annual Mid-Year
population estimates. last accessed on the 08/10/2017 at
https://www.ons.gov.uk.
28. Kanis J, Johnell O, Oden A, Jonsson B, De Laet C, Dawson
A. Risk of hip fracture according to the World Health
Organization criteria for osteopenia and osteoporosis. Bone.
2000; 27:585–590.

15. Zhao F, Grayson WL, Ma T, Bunnell B, Lu WW. Effects
of hydroxyapatite in 3-D chitosan–gelatin polymer network
on human mesenchymal stem cell construct development.
Biomaterials. 2006; 27:1859–1867.

29. Mills LA, Simpson AH. The relative incidence of fracture
non-union in the Scottish population (5.17 million): a 5-year
epidemiological study. BMJ open. 2013; 3.

16. Venugopal J, Prabhakaran MP, Zhang Y, Low S, Choon
AT, Ramakrishna S. Biomimetic hydroxyapatite-containing
composite nanofibrous substrates for bone tissue
engineering. Philos Trans A Math Phys Eng Sci. 2010;
368:2065–2081.

30. National Joint Registry. National Joint Registry 11th annual
report; 2054-183X. 2014; last viewed on 28/05/2017 http://
www.njreports.org.uk.
31. Zhao J, Hou T, Wang X, Ma S. Posterior lumbar interbody
fusion using one diagonal fusion cage with transpedicular
screw/rod fixation. European Spine Journal. 2003;
12:173–177.

17. Kim J, Kim IS, Cho TH, Lee KB, Hwang SJ, Tae G, Noh I,
Lee SH, Park Y, Sun K. Bone regeneration using hyaluronic
acid-based hydrogel with bone morphogenic protein-2
and human mesenchymal stem cells. Biomaterials. 2007;
28:1830–1837.

32. Liao H, Chen C, Chen J. Osteogenic differentiation and
ectopic bone formation of canine bone marrow-derived
mesenchymal stem cells in injectable thermo-responsive
polymer hydrogel. Tissue Engineering Part C: Methods.
2011; 17:1139–1149.

18. Thorpe AA, Creasey S, Sammon C, Le Maitre CL.
Hydroxyapatite nanoparticle injectable hydrogel scaffold to
support osteogenic differentiation of human mesenchymal
stem cells. European cells and materials. 2016; 32:1–23.

33. Martínez-Sanz E, Ossipov DA, Hilborn J, Larsson S,
Jonsson KB, Varghese OP. Bone reservoir: injectable
hyaluronic acid hydrogel for minimal invasive bone

19. Arinzeh TL, Peter SJ, Archambault MP, Van Den Bos
C, Gordon S, Kraus K, Smith A, Kadiyala S. Allogeneic
www.oncotarget.com

18293

Oncotarget

augmentation. Journal of Controlled Release. 2011;
152:232–240.

with the RGD peptide and phosphoserine to enhance
osteogenesis. Journal of Materials Chemistry B. 2016;
4:5289–5298.

34. Ben-David D, Srouji S, Shapira-Schweitzer K, Kossover
O, Ivanir E, Kuhn G, Müller R, Seliktar D, Livne E.
Low dose BMP-2 treatment for bone repair using a
PEGylated fibrinogen hydrogel matrix. Biomaterials. 2013;
34:2902–2910.

46. Cao L, Werkmeister JA, Wang J, Glattauer V, McLean KM,
Liu C. Bone regeneration using photocrosslinked hydrogel
incorporating rhBMP-2 loaded 2-N, 6-O-sulfated chitosan
nanoparticles. Biomaterials. 2014; 35:2730–2742.

35. Frasca S, Norol F, Le Visage C, Collombet J, Letourneur
D, Holy X, Ali ES. Calcium-phosphate ceramics and
polysaccharide-based hydrogel scaffolds combined with
mesenchymal stem cell differently support bone repair in
rats. Journal of Materials Science: Materials in Medicine.
2017; 28:35.

47. Vadalà G, Sowa G, Hubert M, Gilbertson LG, Denaro V,
Kang JD. Mesenchymal stem cells injection in degenerated
intervertebral disc: cell leakage may induce osteophyte
formation. Journal of tissue engineering and regenerative
medicine. 2012; 6:348–355.
48. Kisiel M, Klar AS, Martino MM, Ventura M, Hilborn J.
Evaluation of injectable constructs for bone repair with a
subperiosteal cranial model in the rat. PLoS One. 2013;
8:e71683.

36. Hsiao H, Yang S, Brey EM, Chu I, Cheng M. Hydrogel
Delivery of Mesenchymal Stem Cell–Expressing Bone
Morphogenetic Protein-2 Enhances Bone Defect Repair.
Plastic and Reconstructive Surgery Global Open. 2016; 4.

49. El-Sherbiny IM, Yacoub MH. Hydrogel scaffolds for tissue
engineering: Progress and challenges. Global Cardiology
Science and Practice. 2013; 2013:316–42.

37. Thorpe A, Boyes V, Sammon C, Le Maitre C. Thermally
triggered injectable hydrogel, which induces mesenchymal
stem cell differentiation to nucleus pulposus cells:
Potential for regeneration of the intervertebral disc. Acta
biomaterialia. 2016; 36:99–111.

50. Khan Y, Yaszemski MJ, Mikos AG, Laurencin CT. Tissue
engineering of bone: material and matrix considerations.
The Journal of bone and joint surgery. American volume.
2008; 90 Suppl 1:36–42.

38. Chatterjea A, LaPointe VL, Alblas J, Chatterjea S,
Blitterswijk CA, Boer J. Suppression of the immune
system as a critical step for bone formation from allogeneic
osteoprogenitors implanted in rats. Journal of Cellular and
Molecular Medicine. 2014; 18:134–142.

51. Weiss P, Vinatier C, Sohier J, Fatimi A, Layrolle P, Demais
V, Atmani H, Basle M, Guicheux J. Self-Hardening
Hydrogel for Bone Tissue Engineering. Macromol Simp.
2008; 266:30–35.

39. Gkioni K, Leeuwenburgh SC, Douglas TE, Mikos
AG, Jansen JA. Mineralization of hydrogels for bone
regeneration. Tissue Engineering Part B: Reviews. 2010;
16:577–585.

52. Issa TK, Bahgat MA, Linthicum FH Jr. Tissue reaction to
prosthetic materials in human temporal bones. Otology &
Neurotology. 1983; 5:40–43.
53. Thorpe A, Dougill G, Vickers L, Reeves N, Sammon C,
Cooper G, Le Maitre C. Thermally Triggered Hydrogel
Injection Into Bovine Intervertebral Disc Tissue Explants
Induces Differentiation Of Mesenchymal Stem Cells And
Restores Mechanical Function. Acta Biomaterialia. 2017;
54:212–226.

40. Shin H, Temenoff JS, Mikos AG. In vitro cytotoxicity
of unsaturated oligo [poly (ethylene glycol) fumarate]
macromers
and
their
cross-linked
hydrogels.
Biomacromolecules. 2003; 4:552–560.
41. Halacheva SS, Adlam DJ, Hendow EK, Freemont TJ,
Hoyland J, Saunders BR. Injectable biocompatible
and biodegradable pH-responsive hollow particle gels
containing poly (acrylic acid): the effect of copolymer
composition on gel properties. Biomacromolecules. 2014;
15:1814–1827.

54. Veiseh O, Doloff JC, Ma M, Vegas AJ, Tam HH, Bader
AR, Li J, Langan E, Wyckoff J, Loo WS. Size-and shapedependent foreign body immune response to materials
implanted in rodents and non-human primates. Nature
materials. 2015; 14:643–651.

42. Lally S, Mackenzie P, LeMaitre CL, Freemont TJ,
Saunders BR. Microgel particles containing methacrylic
acid: pH-triggered swelling behaviour and potential for
biomaterial application. Journal of colloid and interface
science. 2007; 316:367–375.

55. Quarto R, Mastrogiacomo M, Cancedda R, Kutepov SM,
Mukhachev V, Lavroukov A, Kon E, Marcacci M. Repair of
large bone defects with the use of autologous bone marrow
stromal cells. New England Journal of Medicine. 2001;
344:385–386.

43. Annibali S, Ripari M, LA Monaca G, Tonoli F, Cristalli MP.
Local complications in dental implant surgery: prevention
and treatment. Oral Implantol (Rome). 2008; 1:21–33.
44. Sittinger M, Hutmacher DW, Risbud MV. Current strategies
for cell delivery in cartilage and bone regeneration. Current
opinion in biotechnology. 2004; 15:411–418.

56. Marcacci M, Kon E, Moukhachev V, Lavroukov A, Kutepov
S, Quarto R, Mastrogiacomo M, Cancedda R. Stem cells
associated with macroporous bioceramics for long bone
repair: 6-to 7-year outcome of a pilot clinical study. Tissue
engineering. 2007; 13:947–955.

45. Kim S, Cui Z, Fan J, Fartash A, Aghaloo TL, Lee M.
Photocrosslinkable chitosan hydrogels functionalized

57. Banfi A, Bianchi G, Notaro R, Luzzatto L, Cancedda
R, Quarto R. Replicative aging and gene expression in

www.oncotarget.com

18294

Oncotarget

long-term cultures of human bone marrow stromal cells.
Tissue engineering. 2002; 8:901–910.

67. Hayashi K, Ochiai-Shino H, Shiga T, Onodera S, Saito A,
Shibahara T, Azuma T. Transplantation of human-induced
pluripotent stem cells carried by self-assembling peptide
nanofiber hydrogel improves bone regeneration in rat
calvarial bone defects. BDJ Open. 2016; 2.

58. Banfi A, Muraglia A, Dozin B, Mastrogiacomo M,
Cancedda R, Quarto R. Proliferation kinetics and
differentiation potential of ex vivo expanded human bone
marrow stromal cells: implications for their use in cell
therapy. Experimental hematology. 2000; 28:707–715.

68. Ben-David D, Kizhner TA, Kohler T, Müller R, Livne E,
Srouji S. Cell-scaffold transplant of hydrogel seeded with
rat bone marrow progenitors for bone regeneration. Journal
of Cranio-Maxillofacial Surgery. 2011; 39:364–371.

59. Tasso R, Augello A, Boccardo S, Salvi S, Carida M,
Postiglione F, Fais F, Truini M, Cancedda R, Pennesi
G. Recruitment of a host’s osteoprogenitor cells using
exogenous mesenchymal stem cells seeded on porous
ceramic. Tissue Engineering Part A. 2009; 15:2203–2212.

69. Sculean A, Nikolidakis D, Nikou G, Ivanovic A, Chapple
IL, Stavropoulos A. Biomaterials for promoting periodontal
regeneration in human intrabony defects: a systematic
review. Periodontology 2000. 2015; 68:182–216.

60. Lu C, Hansen E, Sapozhnikova A, Hu D, Miclau T,
Marcucio RS. Effect of age on vascularization during
fracture repair. Journal of Orthopaedic Research. 2008;
26:1384–1389.

70. Tseng SS, Lee MA, Reddi AH. Nonunions and the potential
of stem cells in fracture-healing. J Bone Joint Surg Am.
2008; 90:92–98.

61. Mehta M, Schell H, Schwarz C, Peters A, Schmidt-Bleek K,
Ellinghaus A, Bail HJ, Duda GN, Lienau J. A 5-mm femoral
defect in female but not in male rats leads to a reproducible
atrophic non-union. Archives of orthopaedic and trauma
surgery. 2011; 131:121–129.

71. Gibbs DM, Black CR, Dawson JI, Oreffo RO. A review
of hydrogel use in fracture healing and bone regeneration.
Journal of tissue engineering and regenerative medicine.
2014; 10:187–98.
72. Li X, Tsutsui Y, Matsunaga T, Shibayama M, Chung
U, Sakai T. Precise control and prediction of hydrogel
degradation
behavior.
Macromolecules.
2011;
44:3567–3571.

62. Rho J, Kuhn-Spearing L, Zioupos P. Mechanical properties
and the hierarchical structure of bone. Medical engineering
& physics. 1998; 20:92–102.

73. Le Maitre CL, Baird P, Freemont AJ, Hoyland JA. An in
vitro study investigating the survival and phenotype of
mesenchymal stem cells following injection into nucleus
pulposus tissue. Arthritis Research and Therapy. 2009;
11:R20.

63. Shapiro F. Bone development and its relation to fracture
repair. The role of mesenchymal osteoblasts and surface
osteoblasts. Eur Cell Mater. 2008; 15:e76.
64. Baxter MA, Wynn RF, Jowitt SN, Wraith J, Fairbairn
LJ, Bellantuono I. Study of telomere length reveals rapid
aging of human marrow stromal cells following in vitro
expansion. Stem cells. 2004; 22:675–682.
65. Zhou S, Greenberger JS, Epperly MW, Goff JP, Adler C,
LeBoff MS, Glowacki J. Age-related intrinsic changes in
human bone-marrow-derived mesenchymal stem cells
and their differentiation to osteoblasts. Aging cell. 2008;
7:335–343.
66. Stolzing A, Jones E, McGonagle D, Scutt A. Age-related
changes in human bone marrow-derived mesenchymal
stem cells: consequences for cell therapies. Mechanisms of
ageing and development. 2008; 129:163–173.

www.oncotarget.com

18295

Oncotarget

