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Abstract
Yan, H. 2016. New insights into principles of scaffolds design for bone application. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 1459. 87 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9767-5.

This thesis presents deeper insights into bone applicable biomaterials’ design. Poor affinity of
BMP-2 towards scaffolds required supra-physiological dose administration. Though molecules
containing sulfate could sustain BMP-2 release, side effects occurred due to BMP-2 supra-dose,
or these sulfate-containing biomolecules.

Improved affinity between BMP-2 and scaffolds was first witnessed by using an acidic
carrier (paper I). Hyaluronic acid (HA) hydrazone derived hydrogels having a pH of 4.5-loaded
BMP-2 showed sustained release of bioactive BMP-2 in vitro and enhanced bone formation
in vivo, while pH 7 HA hydrogels showed Fickian behavior and less bone formation in vivo.
Computational evaluation revealed stronger electrostatic interactions between BMP-2, and HA
were predominant at pH 4.5, whereas, weaker Van der Waals interactions played a key role at
pH 7.

During the pre-bone formation phase, endogenous cell responses to pH 4.5 and 7 with or
without BMP-2 were investigated. HA hydrogels exhibited extraordinary biocompatibility and
recruitment of neutrophils, monocytes, macrophages and stromal cells regardless of hydrogels’
pH and BMP-2 presence.  The different inflammatory responses to HA hydrogels were observed
(Appendix).

Thiol derivatives can cleave the disulfide bond of BMP-2 to generate inactive monomeric
BMP-2. In paper II, thiol-acrylate chemistry-based HA hydrogels (HA-SH) were compared
to hydrazone-based HA hydrogels as BMP-2 carriers. Thiol modified HA disrupted BMP-2
integrity and bioactivity. HA-SH hydrogels with BMP-2 exhibited less bioactive BMP-2 release
in vitro and induced less bone formation in vivo.

Accumulated evidence has shown great osteogenic potential of lithium ions (Li). In paper III,
we coordinated Li onto HA-PVA hydrazone hydrogels (Li-gel); Li-gel enhanced 3D cultured
hMSCs osteogenic differentiation and induced higher bone formation in CAM defect model.

Instead of BMP-2 protein, delivery of BMP-2-coding-plasmid can produce BMP-2 over a
long term at a closer physiological level. Yet, efficient gene delivery reagents are needed.
In paper IV, two novel gene delivery nanoplexes were developed by post coating DNA-
nanoplexes with chondroitin sulfate (CS). To ensure the stability, aldehyde-modified CS (CS-
CHO) reacted with free amines of pDNA/PEI complexes. We provided first evidence that CS-
CHO coated nanoplexes controlled the release from endosomes, which is essential for higher
transfection efficiency.

Keywords: Chondroitin sulfate, hyaluronic acid, pH, cross-linking chemistry, bone
morphogenetic protein, lithium, mesenchymal stem cell, in vivo.
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The scope and the objective of my thesis 

Damage or degradation of bone tissues, incurred by either injury or diseases, 
can significantly impact the quality of life of individuals. Every year around 
4, 000, 000 bone transplants and grafts are performed in the world [1]. Even 
though bone holds the scar-free healing capacity, this is the case only when 
the defect is smaller than critical defects. Current treatment for critical bone 
defects includes the use of autologous bone grafting [2] or artificial fixation 
[3]. However, these treatments are accompanied with complications such as 
limited sources and donor site morbidity, infection, pain and high cost [11].  

Different alternatives for critical size bone defects treatment have been 
developed in the past decades. In particular, tissue engineering has been 
rapidly growing for treating bone critical defects by combining of growth 
factors and scaffolds. This strategy is promising for prolonging the half-life 
of growth factors [4]. In particular, BMP-2 and 7 were approved for clinical 
use by FDA and EMEA and have been delivered via an absorbable collagen 
sponge (ACS) for spine diffusion [7, 8]. However, the poor affinity of BMP-
2 towards scaffolds leads to the requirement of supra-physiological doses 
administration, which results in massive side effects including inflammation 
or bone overgrowth [9, 10].  

To minimize the side effects of BMP-2 burst release, scaffolds that can 
sustain the BMP-2 release are needed. HA-derived hydrogels exhibited tun-
able properties through flexible chemistry modification and have been wide-
ly used for BMP-2 carrier for application of bone regeneration. Especially, 
sulfate containing biomolecules have been conjugated onto HA hydrogels to 
sustain BMP-2 release [5, 6]. However, these molecules have their own bio-
logical function, especially when overdosing could lead to undesirable side 
effects [6, 7].  

In this thesis, we brought the fundamental knowledge of BMP-2 into scaf-
fold design. BMP-2 is an alkaline protein with isoelectric point around 8.2. 
At pH 4.5, BMP-2 can be protonated; the protonation can lead to stronger 
electrostatic interactions between BMP-2 and anionic scaffolds in theory. 
We assumed the affinity of BMP-2 towards scaffolds could be improved by 
using an acidic carrier. Another advantage of using acidic carrier is that 
BMP-2 bioactivity can be preserved due to protonation resulting in larger 
solvent accessibility, while this protein tends to aggregate in neutral pH for-
mulations as 60% of its surface is hydrophobic [8]. The bone formation out-
come might be improved by using acidic BMP-2 carriers. However, the acid-
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ic microenvironment is ‘an alarm’ to in vivo system. The host could respond 
differently compared to neutral pH carriers in early stages before the acidic 
carrier is neutralized. This could be of significant importance since inflam-
matory responses occur in the early stage of the bone injury healing process, 
and balanced immune responses are essential for bone formation. Investigat-
ing the host response to the acidic and neutral carriers is important in order 
to interpret the cellular and molecule mechanisms, which are associated with 
latter bone formation. Another important aspect is that BMP-2 is a dimeric 
structural protein with a disulfide bond between two BMP-2 monomers.  It 
has been witnessed that disulfide bond could be disrupted in reducing envi-
ronment i.e. in presence of DTT, so the chemistry involved in the hydrogels 
needs to be favorable for maintaining BMP-2 integrity and bioactivity. 
Moreover, compared to BMP-2, metal ions, (e.g. Li, Ca, Sr) are much 
cheaper and have shown great osteogenic potential capacity. However, long-
term oral administration has led to systematic side effects [9]. Site-specific 
administration of these mental ions might be promising for inducing bone 
formation. In addition, gene therapy, instead of protein, delivers plasmid-
coding BMP-2 to either cell or in vivo, which could possibly achieve contin-
uous secreting BMP-2 mimicking physiological condition. However, lack of 
ideal gene delivery vectors is one of the main hurdles for this strategy.  

In my PhD thesis, the following questions were formulated and 
investigated.  

• Can the affinity between BMP-2 and HA hydrogels be improved 
by only tuning carrier pH?  

• How do endogenous cells, with the emphasis on immune cells 
and stromal cells, sense and respond to the different pH of artifi-
cial bone niche in vivo at the early stage? 

• How can the thiol-acrylate crosslinking chemistry for hydrogels 
influence BMP-2 bioactivity?  

• How can we establish a bone-forming niche by metal ions instead 
of sensitive BMP-2 protein for bone application? 

• How can we further improve the commonly used cationic gene 
delivery reagents? 
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Figure 1. Representative shows the scope of this thesis. The influences of pH and 
crosslinking chemistry of BMP-2 carries to BMP-2 bioactivity were investigated; 
Cellular and molecules responses to BMP-2 carriers’ pH in the early stage of bone 
formation were studied; Lithium as BMP-2 substitute was loaded onto scaffolds and 
osteogenic potential was evaluated; Non-gene delivery reagents were established.  
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1. Introduction 

1.1 Bone defects and treatments 
1.1.1 Bone defects and conventional treatments 
Bone defects due to trauma and to pathological diseases largely affect human 
life. It has been reported that nearly 10 % of bone defects remained as non-
union or delayed union problems [10].  

The conventional therapeutic strategies include autologous grafting from 
many donor sites, for instance, iliac crest [11], calvarium [12], tibia [13], rib 
[14] or mandible [15]. This strategy has been considered successful for bone 
grafting due to the supplement of fresh living, immune-compatible bony 
fragments, creating a bone formation-promoting niche locally [16]. Howev-
er, the complications such as morbidity at the injury site, high cost, chronic 
pains, deep inflammation, nerve injury, and increased operation time are 
hurdles that still exist, even if the ‘gold’ standard regulation for this second-
ary grafting has been very well described in 2000 [17]. Notably, these bone 
fragments lack osteogenicity leading to bone defect collapse [18]. Alterna-
tively, combining these bone fragments and demineralized bone matrix 
showed improved bone fracture healing and meanwhile reduced the demands 
for the amount of bone fragments to be harvested [19]. 

1.1.2 Normal bone healing process 
Understanding the normal bone healing process is important for treating 
patients with bone defects. Eventually, bone preserves the scar-free healing 
capacity. The first event that occurs after bone injury is hematoma; this fast 
blood flow brings in various immune cells and stromal cells to the injury 
sites. These cells cooperate to make a suitable bone regenerative microenvi-
ronment and initiate the bone-forming process [20]. It is believed that the 
activated innate immune system secretes several cytokines that mediate the 
recruitment of stromal cells and osteogenic differentiation. In the bone heal-
ing process, the first event that occurs is soft callus formation, which helps to 
sustain load bearing. This soft callus develops then into hyaline cartilage. 
Collagen type II is the major ECM component in the organic phase. Colla-
gen type II change to collagen type X in hypertrophic cartilage before min-
eralization happens, then vascularization occurs together with the appearance 
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of collagen type I and a woven bone structure. After the hard callus form, the 
remodeling process takes months, even years [10].  

1.1.3 TRM for bone application 
Tissue regenerative medicine (TRM) has emerged as an interdisciplinary 
field that uses growth factors, cells or scaffolds for bone application by 
learning from natural normal bone healing.  

Many growth factors (GF) including bone morphogenetic proteins 
(BMPs) insulin-like growth factor (IGF), vascular endothelial growth factor 
(VEGF), and fibroblast growth factor (FGF) play the central role for bone 
regeneration in bone defects [21]. However, the hurdle for their use within 
clinic applications is their short half-life.  

Biomaterials have been considered promising treatment tools in the tissue 
regeneration field. In particular, since 1976, Langer et al. demonstrated that 
encapsulation of the protein with a biocompatible polymer can sustain the 
release of protein and prolong their bioactivity. More and more scaffolds 
have been investigated for protein delivery [22] including polymeric foams, 
micro or nano-fiber based scaffolds, and rapid prototyped constructs [23]. In 
the past decades, hydrogels have exhibited great potential for tissue regener-
ation application due to the high aqueous biocompatible environment. Even-
tually, hydrogels absorb 1000 times of water to their dry weight, whereas, 
these hydrogels hold indissolubility due to crosslinking even after swelling 
and hydration. The stability of the crosslinking actually determines the hy-
drolytic stability of hydrogel. In addition, these hydrogels are the permeable 
and allow the exchange of oxygen, nutrition, and metabolism products [24].  

BMP-2 has been delivered by inorganic materials, synthetic polymers, 
and natural polymeric molecules [25]. In particular, absorbable collagen 
sponge [26], gelatin hydrogels [26, 27], hydroxyapatite [28], heparin conju-
gated PLGA [29], HA, etc. have been well documented as BMP-2 carriers. 
Various animal models, for instance, in the femur of rat, sheep, and mini-
pigs [30, 31], the spine and mandible in dogs [32] has been used for investi-
gation the osteogenic potential of BMP-2 immobilized by the scaffolds. 
BMP-2 and BMP-7 were approved by Food and Drug Administration (FDA) 
and European Medicines Agency (EMEA) for clinical usage via ACS scaf-
folds [33]. However, the poor affinity of the ACS toward BMP-2 resulted in 
a burst release of BMP-2. To ensure the excellent bone formation, supra-
physiological dose was used by clinicians, together with the burst release of 
BMP-2 from the ACS, leading to supra high local concentration. Complica-
tions such as inflammation [34], swelling and bone over-growth were report-
ed [35]. Currently, European market has taken the BMP-2 (InductOs®) due 
to safety concerns [36]. Therefore, researchers have been attracted to explore 
novel scaffolds that could sustain the BMP-2 release. BMP-2 and 7 were 
loaded onto PLGA and PHBV nano-capsules, which were conjugated onto 
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fibrous chitosan scaffolds, and showed sustained release and enhanced bone 
formation [23].  

1.1.4 Scaffolds for bone tissue regeneration 
The ideal scaffolds for tissue regeneration should fulfill four characters: (1) 
biocompatible and biodegradable with the rate which suits cell or tissue 
growth in vitro and in vivo; (2) suitable surface chemistry which is suitable 
for cellular attachment, proliferation and differentiation; (3) the scaffolds 
need to have highly porous structure and interconnected pore network; (4) an 
elastic modulus that suits the local tissue at the site of implantation.  So for 
bone applicable scaffolds need to have a high elastic modulus, and 3D struc-
ture. Both synthetic and natural polymers have been widely used in bone 
tissue regeneration filed.  Compared to synthetic scaffolds, materials derived 
from ECM showed higher biocompatibility.  

Hydrogels are highly hydrophilic, biocompatible, rich of porous structure 
and can be formed by crosslinking chemistry or physical linkage. The ad-
vantage of physical hydrogels is self-healing, which allows direct injection 
to the site of damaged tissue and fill in the geometry of the damage. The 
physical forces include hydrophobic interaction, hydrogen binding, and ionic 
forces. Compared to physical hydrogels, the chemistry cross-linked hydro-
gels exhibited stronger stability and tunable degradability in general.  

HA, a major component of ECM, is liner structural glycosaminoglycan 
containing disaccharides of glucuronic acid and N-acetyl glucosamine re-
peating units (Figure 1-1) and presents in various tissues among different 
species with identical structure [37]. HA is also produced by viruses, bacte-
ria and fungi [38]. HA is a bioactive molecule that is synthesized by and 
interacts with different cells and involved in various bioactivity including 
tissue injury repairing [39], would healing [40], inflammation [41], metasta-
sis [42] via different cellular receptors CD44 [43] and RHAMM, LYVE-1, 
HARE, LEC and TLR4 [44, 45]. It can enhance the recruitment of endoge-
nous cells presenting these receptors [44]. The application of this polymer 
includes macromolecular filtering, lubrication, exclusion, and water hemo-
stasis [46]. 

 
Figure 1-1. HA repeating unit contains alternating D-glucuronic acid and N-acetyl 
glucosamine moieties, and four hydroxyl groups and one carboxyl group are usually 
chemistry modification targets. HA can contain up to ≈ 25000 repeating units. 
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HA has a molecule weight from oligomer sizes up to approximately 10 
MDa. The high molecule weight HA can form entangled networks at dilute 
concentrations (<1 mg/ml) due to its viscoelastic property [47]. Each repeat-
ing unit contains four hydroxyl group and one carboxyl group, which are the 
targets for chemical modification of HA (Figure 1-1). It can be degraded in 
acidic, alkaline condition or in presence of enzyme. So the chemistry for 
modification of HA needs to be carried out in mild condition. Moreover, to 
keep identical structural of this native polymer so as to maintain immune-
neutrality and biological recognition, relatively lower modification is im-
portant. Up till now, HA has been modified by hydrazide groups [47], amino 
groups or aldehyde functional groups [48], methacrylate groups, and pre-
pared glycidyl methacrylate-HA conjugates [49] to form hydrogels for tissue 
regeneration application. Besides, thiol-acrylate chemistry for hydrogels 
formation has been widely reported [50]. Prestwich et al. successfully func-
tionalized HA with thiol group [51]. Co-crosslinking thiolated HA and hepa-
rin can establish a heparin immobilized system for growth factor release 
[52]. These different modifications allow researchers to design the crosslink-
ing density, percentage of modification, swelling and degradation rate to 
create tunable properties for drug release pattern from hydrogels. So far, 
HA-derived hydrogels have been used for small molecule drugs, plasmid and 
protein delivery. Moreover, the biodegradability of HA hydrogels with bone-
inducing reagents can be well vascularized to promote the bone formation 
after implanting to the injury sites. Our group reported promising results by 
using HA-derived hydrogels for delivering BMP-2 for bone formation [5, 
37, 53-55]. Furthermore, in this thesis, HA-based hydrogels’ pH and cross-
linking chemistry for forming hydrogels as BMP-2 carriers were investigat-
ed. This thesis brings forward insights to HA-hydrogels-derived BMP-2 
scaffolds for bone formation application. 

1.2 Gene therapy for bone application 
Gene therapy is another approach to deliver growth factors indirectly to 
stimulate bone regeneration. This can be achieved by delivering plasmid 
coding osteogenic factors either in vitro to cells or in vivo. Different from 
delivery protein based growth factors, we transfer genes into the target cells, 
and these genes express bioactive growth factors over a long term with a 
closer physiological level. However, safety remains as the biggest concern of 
this therapy. Ex vivo gene transfer provides us an opportunity to check the 
normality of the transfected cells before transferring them back to the pa-
tients, even though this demands higher cost and a complex procedure [56]. 
Besides the safety issue, cost and efficacy are also concerns of this applica-
tion. Delivery plasmid-coding BMP-2 has shown enhanced bone formation 
in vivo [57].  
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1.3 BMPs and BMP-2 structural  
BMP-2 is one of the most well documented osteogenic reagents for inducing 
MSCs or other osteoprogenitors differentiate into osteoblasts. It belongs to 
the transforming growth factor-beta (TGF-β) family together with TGF-β 
and activin/inhibin [58]. BMP-2 was firstly defined by Urist et al. in 1965 
[59]. BMP-2 is synthesized as a pro-protein containing 454 residues. This 
pro-protein undergoes glycosylation, proteolytial cleavage and dimerization 
till the mature protein, which contains 114 C-terminal pro-protein residues 
[60]. Similar to other TGF-β superfamily factors, BMP-2 has conserved 
cysteine knot. Each monomer contains three disulfide bridges built by six 
cysteine residues [60]. These rigid cysteine knots together with a dimeriza-
tion-formed hydrophobic core contribute to the stability of BMP-2 [60]. 
Two-monomers are antiparallel linked via a single disulfide bond (Cys 78 
from each monomer) (Figure 1-2A). The solvent accessible surfaces of the 
BMP-2 dimer exhibit a large area of hydrophobic, which explains why this 
protein tends to form aggregates in physiological condition [61]. BMP-2 has 
been characterized as a ‘knuckle’ and ‘wrist’ structure. The wrist of one 
monomer fits tightly into the other monomer concave side of the fingers 
[60]. The ‘wrist’ epitope binds to type IA and type IB receptor, whereas the 
‘knuckle’ epitope binds to type II receptor and activin receptor type II (Fig-
ure 1-2B) [62]. The ‘wrist’ epitope consists of pre-α-helix loop, the α-helix 
from one monomer, together with the second monomer finger’s concave side 
while the ‘knuckle’ epitope is formed by only one monomer, which has a 
hydrophobic surface [60]. The helix α3 structure from the monomer contacts 
with the other monomer’s β-sheets, and forms dimer BMP-2 structure. The 
finger helix cavity presents high negative potential, while there are a mixture 
of a positively charged potential at the central cavities I and II [63]. The 
heparin-binding domain of BMP-2 is located at central cavity I where both 
N-terminal residues fall into this cavity and the positively charged N-
terminal region binds to heparin [61]. The high hydrophobicity of BMP-2 
limits the solubility in the physiological condition. BMP-2 is a very sensitive 
protein; many aspects can influence the bioactivity, for instance the hydro-
phobicity of the surface [5], the pH and salt content in the formulation [8, 
64], and the reducing reagents [65, 66]. The conformation of BMP-2 could 
be affected by metal ions such as zinc, copper, calcium and so on [67, 68] 
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Figure 1-2. The structure of homodimer BMP-2. One cysteine (78) from monomer 
formed disulfide bond between monomeric BMP-2 (A), BMP-2 has been character-
ized as knuckle and wrist structures (B). 

1.4 Osteoimmunology  
Osteoimmunology is a discipline that investigates the immune system re-
sponse and skeletal interactions [69]. Indeed, there have been rapid growing 
witnesses showing that not only the immune cells contribute to bone for-
mation but also how the bone-forming cells including osteoblast and oste-
oprogenitors contribute to immune responses [70]. Redlich et al. stated that 
inflammatory loss of bone ensued whenever inflammatory disease occurred, 
as well as increased fracture risk [71]. Bone is a dynamic tissue, and in the 
process of remodeling, osteoclasts are differentiated from macrophage of 
hematopoietic stem cell origin. These cells contribute to absorb damaged 
bone, while osteoblast forms bone (Figure 1-3) [72]. The balance between 
osteoblast function and osteoclast activity is critical for maintaining bone 
mass, quality and structure. Over growth of bone leads to osteopetrosis, 
while over-activated osteoclast activity leads to osteoporosis [73, 74].  

Inflammatory diseases can trigger pro-inflammatory cytokines secretion 
such as TNF, IL-1, and IL-6 cytokines [75]. These inflammatory molecules 
can enhance osteoclastogenesis, resulting in bone degradation while inhibit-
ing osteoblast activity [75]. Macrophage colony-stimulating factor (M-CSF) 
and RANKL are key molecules for osteoclast activation [76]. Besides, Lam 
et al. showed that the differentiation of monocytes and macrophages to oste-
oclast precursors could be induced by TNF [77]. The over-expression of 
TNF can trigger pathogenesis of inflammatory osteolysis [77]. TNF inhibits 
osteoblast activity via down-regulating Runx2 transcription factor [78]. It has 
been shown that the expression of TNF can enhance bone fracture healing 
process, while the prolonged expression can delay fracture healing [79]. 
High expression of IL-6 can trigger osteoclastic differentiation. However, 
IL-6 can contribute to bone formation and IL-6 knockout mice were also 
found to have less bone mineralization and impaired bone fracture healing 
[80].  NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) 
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is found in almost all animal cells and can be activated by cytokines (IL-6, 
TNF) and inhibits osteoblast activity (Figure 1-3). Besides, B cells have 
been shown to be critical to bone homeostasis through RNAKL dependent 
manner [81].   

In a murine model, after injury, the pro-inflammatory cytokines were 
shown to peak at 24h but returned to baseline after some days [20]. The first 
recruited immune cells include neutrophils and macrophages, and these cells 
population secrete massive amounts of cytokines [79, 82], contributing to the 
complex bone healing process. BMP2 has been reported as chemoattractant 
for lymphocytes, monocytes and macrophages play critical roles in tissue 
repair [83]. In our body, monocytes maintain the self-renewing capacity, at 
certain condition, and can also differentiate into macrophages and play di-
verse roles such as modulating acute inflammatory responses [84], secreting 
BMP2 [85], and triggering ontogenenic differentiation of MSCs or other 
progenitors [83].  

Macrophages present various receptors for growth factors, T helper cell 
cytokines, B cells host and microbial products [86]. Macrophages have been 
characterized as pro inflammatory activated macrophages (termed as M1) 
and anti inflammatory activated macrophages (M2) [87]. M1 is responsible 
for type I inflammation, DTH, killing of intracellular pathogens, tumor re-
sistance, and influencing the polarization of TH1 and TH17 cells. Mantovani 
et al. proposed M1 can be induced by IFN- γ, LPS, or TNF [88]. Macro-
phages usually exhibit an inflammatory phenotype (M1) [88]. Guihard et al. 
observed a pro-osteogenic effect by co-culturing MSCs that activate pro-
inflammatory macrophages (M1) [89]. M2 macrophages exhibit potent anti-
inflammatory effects and play critical roles in tissue repair by releasing ac-
tive molecules and interacting with stem and progenitor cells [90]. M2 pro-
duce a low level of inflammatory substances, but they are high producers of 
anti-inflammatory substances [87]. Numerous studies have shown that M2 
plays a critical role in the bone-healing process. IL4 and IL 13 can trigger 
polarization of macrophage towards to M2 in vitro and positively influence 
the migration of osteoblastic cells [91].  

Even though MSCs were well known as precursors for osteoblasts, Gam-
blin et al. demonstrated MSC cells were also inducers for bone formation 
[92]. They enhance the recruitment of hematopoietic stem cells and induce 
them to differentiate into M1 and osteoclast to initiate the bone absorption 
process [92]. MSCs also exhibit unique anti-inflammatory capacity [93]. So, 
crosstalk occurs among stromal cells and innate immune system upon bone 
injury. The inflammation is essential but well balanced in normal bone heal-
ing process. A better understanding of the responses of immune cells during 
the inflammatory phase and the early bone-healing process is important for 
osteogenic system design for bone regeneration application.  
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Figure 1-3. Bone homeostasis is controlled by osteoblast and osteoclast cells. Oste-
oblast cells contribute to bone formation, while osteoclast cells eat up old or injured 
bone. Hematopoietic cells can be differentiated into osteoclast through macrophages, 
pre-osteoclast by soluble inflammatory cytokines for instance TNF or RANK, M-
CSF. B cell depletion in mice can disrupt osteoclast differentiation via lack of ex-
pression of RANKL. Wnt/β-catenin singling pathway can enhance MSCs osteogenic 
differentiation. While the osteogenic differentiation process can be inhibited by 
Wnt/β-catenin signaling pathway inhibitor for instance DKK1. NF-κB is also in-
volved in bone homeostasis via inhibiting osteoclast activity and can be activated by 
Il-6 or TNF.  

1.5 MSCs for bone application 
In the 1960s, Friedenstrin et al. reported a fraction of cells isolated from BM 
exhibited a colony-forming unit-fibroblast (CFU-F) and plural-lineage dif-
ferentiation potential [94]. Later on, these cells were defined as MSCs. Since 
then, more and more studies on MSC-based cell therapy for treating injury, 
suppressing local immune responses have emerged [95].  

MSCs can migrate to the injury site and act as immune suppressors and 
endocrine secretors, triggering the tissue damage repair. These cells are also 
capable of differentiating into osteoblast through different lineages charac-
terized by particular markers. MSCs osteogenic differentiation can be acti-
vated through the Wnt/β-catenin signaling pathway [96], TGF and BMP-2 
signaling [97], MAPK signaling pathway [98], and the RHO-GTPase signal-
ing pathway [99]. In the normal bone developing process, MSCs are either 
differentiated into pre-chondrocytes and chondrocytes to initiate the bone 
formation through endochondral ossification process or directly differentiate 
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into osteoblasts through an intramembranous ossification mechanism. CXC-
receptor 4 (CXCR4) on MSCs has been demonstrated as a key regulator in 
BM stromal cells migration [100].  

MSCs modulate immune responses through contact immune response 
[101] and non-contact immune responses [102]. MSCs have been shown to 
modulate the immune responses of lymphocytes, antigen-presenting cells 
maturation as well as NK cells activation [103, 104].  MSCs can evade the 
host immune system due to low expression of MHC calls I and complete 
lack of expression of MHC class II as well as other molecules, which are 
essential for immune cell stimulation [105, 106].  

MSCs are found in different tissues in our body. BM-derived MSC cells 
are a small heterogeneous population compared to BM cells (~0.001% of 
BM) or mononuclear cells, while the number decreases with aging [107]. In 
adults, BM MSCs are usually aspirated from the iliac crest. These cells can 
be easily harvested and expanded ex vivo. However, expanded MSCs display 
varied characters including CD markers, colony forming unit –fibroblast 
(CFU-f) capacity compared to freshly isolated MSCs [108]. Kitoh et al. iso-
lated MSC cells from adult BM and differentiated them into osteoblast in 
vitro. They were then transplanted into 2 patients in femora and tibiae areas 
and showed enhanced bone healing [109]. 20 non-unions of defective tibia 
patients were treated by direct injection of BM aspirate concentrate; 18 pa-
tients showed excellent recovery after 6-8 weeks [110]. Direct injecting 
MSCs into bone defects have been shown to be effective both in human bone 
defects and animal models.  

1.6 Substitute for bone formation 
Lithium (Li) has been used for treating patients suffering from depression in 
clinic. These patients were found to have enhanced bone mass after six 
months treatment [111]. Since then, using Li as an osteogenic potent reagent 
for osteogenesis has been widely reported. Vestergaard et al. reported that 
the risk of fracture in patients treated by Li was decreased, particularly in 
colles’ fractures and spine fractures [112].  

Li acts as a GSK-3β inhibitor, leading to inhibition β-catenin phosphory-
lation [113, 114]. The stabilized un-phosphorylated β-catenin can accumu-
late in cytosol and translocate into the nucleus to form complexes with the 
TCF/LEF complex, regulating the MSCs osteogenic differentiation. In fact, 
Wnt/β-catenin up-regulates Runx2 is an essential transcription factor for 
osteoblast differentiation from MSCs. In the Wnt/β-catenin signaling path-
way, GSK-3β strictly regulates its activity; GSK-3β also influences the oste-
oclast differentiation. RANKL-induced inactivation of GSK-3β can inhibit 
osteoclast differentiation [115]. However, this result is under debate [116]. 
GSK-3β heterozygous-deficient mice exhibit accelerated of bone growth and 
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bone defect healing in vivo compared to wild type mice [117]. Already, 
Nakanishi et al. reported that bone volume of femoral distal metaphysis was 
significantly increased after being administrated Li for 4 weeks in mice 
[118]. Systematic administration of Li can result in adverse side effects [9, 
119], Masaki et al. found that bone regeneration was accelerated after local 
application of Li [96].  

Strontium (Sr) has been extensively used pharmacologically for treating 
patients suffering from bone loss for anti-osteoporosis in the clinic [120]. 
Due to the similarity to calcium, Sr has effects both on activity of osteoblast 
and osteoclast via binding to calcium-sensing receptor (CaSR) on bone cells 
to modulate bone metabolism activity [76]. The mechanism of Sr on enhanc-
ing bone formation is to up-regulate osteogenic gene expression and ALP 
activity in BM MSCs; it meanwhile inhibits RANKL secretion so as to in-
hibit osteoclast differentiation [121, 122]. Both in vitro and in vivo studies 
showed strong evidence of enhanced bone formation after Sr treatment [123, 
124]. In bone defects, maintaining the concentration of Sr has been proved to 
accelerate the bone repair process [125]. Oral administration of Sr has been 
shown to exert side effects. New strategies for site-specific application of 
this ion is widely investigated including bioglass [126], calcium phosphates 
[127] or polymeric materials [128]. Even though the mechanisms are still 
unclear, there has been some evidence showing that Sr induces MSCs’ oste-
ogenic differentiation via the Wnt/β-catenin signaling pathway [129]. Hu-
man dental pulp stem cells treated by Sr showed enhance osteogenic differ-
entiation via the GaSR and MAPK/ERK signaling pathway [130]. It has 
been shown that Sr attenuates rhBMP-2 osteogenic differentiation via for-
mation of Sr/rhBMP-2 complexes [131].  

Calcium (Ca) phosphate constitutes the majority of the bone inorganic 
phase; so calcium-phosphate-derived transplants have been used for bridging 
bone defects. This transplant has been considered as osteoconductive materi-
als. Only in recent decades, some evidence showed calcium phosphates 
eventually exhibited osteoinductivity. Ca in an extracellular environment 
could enhance stromal cells osteogenic differentiation [132]. High Ca con-
centration can inhibit osteoclast cells forming via reacting with CaSR [133]. 
Recently, hMSCs treated by Ca exhibit enhanced osteogenic differentiation 
via connexin 43 [134].  
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2. Results and discussion 

2.1 Tuning BMP-2 carrier pH for bone application 
2.1.1 Rational  
The poor affinity between BMP-2 towards scaffolds and the short half-life 
time of BMP-2 lead to a high amount administration requirement for achiev-
ing effective outcomes in terms of bone formation. However, the high doses 
of BMP-2 could result in massive undesirable side effects and high cost. 
Researchers used nanoparticles-loaded BMP-2 conjugated on to hydrogels to 
sustain the release. Recently, it was reported that conjugating other biomole-
cules containing sulfate group (for instance, heparin) can improve the affini-
ty between BMP-2 and scaffolds subsequently to sustain the release of the 
BMP-2 [6]. Currently, whether the bone formation is more beneficial from 
burst release or sustained release of BMP-2 is still under debate[5]. The rea-
son could be because in these studies the comparison studies were carried 
out either between two types of hydrogels or hydrogels contained other bio-
molecules for BMP-2 carriers. So cleaner systems, which means same mate-
rials-derived carrier with minimal difference without using other biomole-
cules, are needed to uncover this unsolved question.  

BMP-2 could maintain higher bioactivity in acidic formulation by pre-
venting its aggregation. An acidic carrier indeed could enhance the BMP-2 
bioactivity in vivo [65]. We were firstly interested in whether BMP-2 dose 
could be further minimized by optimizing the load procedure. In our study, 
we mixed BMP-2 with pre-dissolved HA hydrogels components instead of 
absorption. Compared to absorption as the loading methods, our method 
allowed the homogenous distribution of BMP-2 on the hydrogel frame. We 
investigated pH 4.5 and 7 HA hydrogels with BMP-2 (4 µg/200 µl per im-
plants) in a rat ectopic bone model. We indeed observed significant higher 
bone volume in pH 4.5 HA hydrogels compared to pH 7 HA hydrogels. The 
phenomenon drove us to investigate the mechanisms. We considered the 
mechanism is far beyond what was interpreted by previous publication that 
the acidic carrier is able to be functionalized as acidic formulation and pre-
vents the aggregation of BMP-2 so as to reserve the BMP-2 bioactivity [65]. 
The reason is due to the gelation of the hydrogels; the BMP-2 protein is im-
mobilized onto the scaffolds, so mobility is largely limited, especially in our 
fast gelation hydrogel systems. We further investigated the BMP-2 release in 
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vitro.  Indeed, sustained release of BMP-2 from pH 4.5 hydrogels compared 
to pH 7 hydrogels was observed. Our system revealed that the pH 4.5 HA 
hydrogels sustained the release of BMP-2 and showed higher bone inducing 
capacity. We decided to use computational simulation strategy to investigate 
the interactions between BMP-2 and HA molecules at pH 4.5 and 7. As ex-
pected, from the computational study, we found that the electrostatic interac-
tion played a key role between BMP-2 and HA molecules at pH 4.5, while at 
pH 7, hydrophobic interactions played a key role.  This can be interpreted 
that at pH 4.5, the sustained release was due to stronger electrostatic interac-
tions. Even though the hydrogels could be neutralized, however, stronger 
electrostatic interaction could bring BMP-2 and HA closer and could result 
in higher hydrophobic interactions compared to initial pH 7 hydrogels. 

 
Scheme 2-1-1. Schematic representative of HA-H hydrogels crosslinking reaction.  

2.1.2 Hydrogels characterization  
We prepared HA hydrogels followed by our previous publication [135]. 
Briefly, HA-CHO and HA-CDH was dissolved in PBS at the concentration 
of 16 mg/ml, and equal volumes of the solutions were mixed properly. We 
characterized the rheology of the two hydrogels and gelation time (Figure 2-
1-1). The gelation time of pH 4.5 HA hydrogels was ≈1min, whereas, the pH 
7 HA hydrogels took ≈ 14 min to reach the gelation point (the cross of G’ 
and G’’ indicated the gelation time point). The fast gelation of the hydrogels 
decreases the time of BMP-2 in aqueous HA-derivatives solutions, which 
potentially can reserve the bioactivity of BMP-2 due to fast immobilization. 
The hydrogels having a pH of 4.5 and 7 showed similar elastic modulus (G’) 
with slightly higher G’ in pH 7 hydrogels with a similar percentage of swell-
ing (sw%) and enzymatic degradation time (HASe*) (Table 2-1-1).  Hydro-
gels having a pH of 7 showed slightly smaller molecule weight between 
crosslinkers) (Mc) and average pore size (ξ) values both before and after 
swelling (Table 2-1-1). The similarity of the hydrogels property is quite 
important for latter study since the difference of the hydrogels could also 
affect the bone formation.  
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Figure 2-1-1. Rheology study of pH 4.5 and pH 7 HA hydrogels. Gelling time eval-
uation (A,B) and mechanical property (C,D). 

Table.2-1-1 properties of pH 4.5 and pH 7 HA hydrogels. 
 Before swelling After swelling sw% HAse* (h) 

 G’ (Pa) G’’ (Pa) ξ (nm) Mc (kg/mol) G’ (Pa) G’’ (Pa)   

pH 4.5 2150±94 13.4±0.5 12.4 18.0 1574±105 14.0±1.1 24.8±3.4 20 

pH 7  2657±60 14.6±1.7 11.6 14.6 1867±28 12.1±0.6 28.1±3.0 25 

2.1.3 Evaluation of HA hydrogels containing rhBMP-2 in vivo  
2.1.3.1Bone volume study by micro-CT 
We decided to investigate pH 4.5 and pH 7 hydrogels-loaded BMP-2 bone 
inducing capacity in vivo in a rat ectopic bone model. It has already been 
reported that the acidic carrier for BMP-2 induced higher bone volume. 
However, the BMP-2 dosage was investigated was high. We were interested 
in whether BMP-2 amount could further be diminished by optimizing the 
hydrogels preparation protocol and BMP-2 loading procedure. We firstly 
dissolved HA-CHO and HA-CDH in PBS, and then we mixed BMP-2 with 
each solution to make the final concentration of BMP-2 equal to 4 µg per 
200 µl of hydrogels. 

We monitored the bone formation via µCT in vivo and ex vivo. As hy-
pothesized, the detectable mineralized bony structures were firstly shown in 
pH 4.5 HA hydrogels with BMP-2 at week 2. However, they appeared at 
week 6 in pH 7 HA hydrogels (Figure 2-1-2A) Significantly higher bone 
volume was detected in pH 4.5 HA hydrogels (62,69±22,09) compared to 
pH 7 HA hydrogels (12,44±3,16)(Figure 2-1-2A).   

To obtain higher resolution image of the neo bone, we rescanned the bone 
samples ex-vivo (Figure 2-1-2B, C). We further confirmed the higher neo-
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bone volume induced by pH 4.5 HA hydrogel (65 mm3) compared to pH 7 
HA-hydrogel induced bone (18 mm3) (Figure 2-1-2D).  

                     
Figure 2-1-2. Ectopic bone volume (BV) was quantitatively evaluated by micro CT 
(µCT). Bone volume (BV) was kinetically analyzed by µCT (A), neo bone ex vivo 
µCT scan quantitative analysis (B), and representatives of 3D reconstruction of 
images (C, D). Data represents the average of four implants. 

2.1.3.2 Histology evaluation of ex vivo ectopic bones  
To quantify the quality of the neo-bone, histology evaluation was performed.  
Figure 2-1-3 A, B shows that neo-bone H&E staining indicating that the BM 
and bone area with abundant osteoblast, osteocytes. To evaluate the minerali-
zation of the neo bone tissue, we performed Masson's trichrome stain (Figure 
2-1-3C, D). The red color indicates the mineralization region; pH 4.5 HA hy-
drogels induced better mineralization compared to pH 7 HA hydrogels. 

We also stained the osteoblast maker osteopontin (OPN) by immunohisto-
chemistry; from the results, we found higher OPN expression in pH 4.5 HA 
hydrogel-induced bones (Figure 2-1-3E, F). OPN has been documented as a 
marker for osteoblast and is responsible for directing mineralization in bone 
tissue. To quantify the orientation of collagen fibers, picro-sirus staining was 
performed and observed under polarized light microscopy, indicating that they 
exhibited natural bone collagen fiber structure (Figure 2-1-3E, F).  

We stained rat epithelial cells marker RECA-1 and visualized by PLA 
platform.  Interestingly, we found vascularization in neo-bone induced by 
pH 4.5 HA hydrogels with BMP-2 (Figure 2-1-3I). In PLA platform, oligo-
nucleotide modified secondary antibody conjugated to primary antibody, 
The rolling-circle amplification occurred once bridging probe binds to a 
specific oligonucleotide in a proximity dependent manner by ligation. The 
DNA strand was stained with a DNA binding fluorescent dye [136]. 
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Figure 2-1-3. Histological evaluation of neo-bone tissues. Hematoxylin/eosin 
(H&E) (A, B) and Masson's trichrome staining (C, D) were evaluated on paraffin-
embedded cross sections. Scales=1 mm (A-D). Picrus-sirius red staining and im-
munohistochemistry on paraffin-embedded cross sections evaluated collagen orien-
tation (E, F) and osteopontin (OPN) expression (G, H). Scales=100 µm (E, F) and 
200 µm (G, H). Angiogenesis was analyzed by PLA detection of RECA-1 on paraf-
fin-embedded cross sections. Scales=20 µm (I). 
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2.1.4 In vitro bioactivity of released rhBMP-2 and quantitative 
characterization of diffusion from HA hydrogels  
We considered whether the difference in osteogenic capacity of pH 4.5 and 
pH 7 with BMP-2 could be contributed from a different release profile. To 
verify our hypothesis, we evaluated rhBMP-2 release from HA hydrogels 
having a pH of 4.5 and 7 by performing ALP activity in the W20-17 cell 
line. Release media obtained at different time points containing BMP-2 
treated W-20-17 cells showed that released rhBMP-2 incorporated into pH 
4.5 HA hydrogels showed continuous increase of ALP activity in linear ten-
dency, indicating no burst release from day 1 to day 28. However, rhBMP-2 
released from pH 7 HA hydrogels showed burst release before day 7, and 
almost 65% of active rhBMP-2 was detected (Figure 2-1-4 dots).  

We preformed a quantitative characterization of BMP2 diffusion from 
HA hydrogels through mass balances (Figure 2-1-4 curves). We found a 
pure Fickian behavior release of BMP2 at pH 7. At the equilibrium state, 
fitting results indicated that almost 80% of the total protein is adsorbed on 
the hyaluronic acid matrix, as a consequence of the strong electrostatic inter-
actions observed in the molecular dynamics simulation. 

 
Figure 2-1-4. Experimental (dots) and predicted (continuous lines) bioactive 
rhBMP-2 release from HA hydrogels. Induction of alkaline phosphatase (ALP) 
activity in response to released rhBMP-2 from pH 4.5 and 7 HA hydrogels up to 28 
days in W-20-17 in vitro. Fickian behavior fitting for BMP-2 release from both pH 
4.5 and 7 HA hydrogels was indicated in A, while optimal fitting was for BMP-2 
release from both pH 4.5 and 7 HA hydrogels was indicated in B. Data is shown as 
an average of triplicate wells from three individual experiments. 

2.1.5 Computational simulation analysis of interaction of 
rhBMP-2 and HA at pH 4.5 and 7 
To study the affinity of BMP-2 and hyaluronic acid at pH 4.5 and 7, we per-
formed a computational simulation.  

We defined the complexes as wrist (Figure 2-1-5A), knuckle (Figure 2-
1-5B), upper (Figure 2-1-5C), and lower (Figure 2-1-5D) based on the input 
structure. 
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Figure 2-1-5. Examples of input complex structures: wrist (A), knuckle (B), upper 
(C) and lower (D). 

Firstly, we evaluated the surface charge property at pH 4.5 and pH 7. The 
blue region indicates the positively charged area while the red region refers 
to the negatively charged surface (Figure 2-1-6). BMP-2 exhibits large por-
tions of surface area that exhibit a positive electrostatic potential (Figure 2-
1-6A) compared to at pH 7 (Figure 2-1-6B). H++ software [137] was used 
to calculate the total charge of the protein. We found at pH 7, the total 
charge of BMP-2 was equal to -8 while at pH 4.5 the total charge was equal 
to +4. Notably, the change of pH influenced the charge distribution on the 
surface of BMP-2 with increases of the surface patches having positive 
charge potential at pH 4.5 ψ. So at pH 4.5, BMP-2 showed increased area of 
binding potential characterized as positively charged potential shown is Fig-
ure 2-1-6A. The negatively charged surface is presented in hyaluronic acid 
(red regions in Figure 2-1-6C) since the glucuronic acid units remain largely 
un-dissociated even at pH 4.5.   

 
Figure 2-1-6. Bone Morphogenetic Protein 2 electrostatic potential maps at pH 4.5 
(A), at pH 7 (B) and hyaluronic acid (C). Electrostatic potential ψ is expressed in 
kBTe-1 unit. 

The favorable interaction energy ΔE between hyaluronic acid molecule and 
BMP-2 was further analyzed at both pH 4.5 and pH 7 in Table 2-1-2, partic-
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ularly with the electrostatic and Van der Waals interactions. We demonstrat-
ed that the electrostatic interactions play a key role in the binding between 
BMP-2 and HA at pH 4.5 during the molecular dynamics simulations, while 
at pH 7, Van der Waals interactions played the critical role in complexes 
interactions (Table 2-1-2). The value listed in Table 2-1-2 refers to interac-
tion energy but not binding free energies. A similar approach has been re-
ported for characterizing the binding between HA binding peptides and gly-
cosaminoglycans in poly (ethylene glycol) hydrogels [138]. Consistently, the 
electrostatic potential maps of BMP-2 along with HA binding site at pH 4.5 
(Figure 2-1-7) showed that HA tend to bind to positively charged surface by 
electrostatic interaction, while at pH 7, the electrostatic interaction is unfa-
vorable except the lower complexes, where a positively charged binding area 
still exists (Figure 2-1-8). 

 
Figure 2-1-7. Representative electrostatic potential maps of BMP-2 along with 
HA/BMP-2 complexes at pH 4.5: wrist (A), knuckle (B), lower (C), and upper (D). 
Electrostatic potential ψ is expressed in kBTe-1 unit. 
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Figure 2-1-8. Representative electrostatic potential maps of BMP-2 along with 
HA/BMP-2 complexes at pH 7: wrist (A), knuckle (B), lower (C), and upper (D). 
Electrostatic potential ψ is expressed in kBTe-1 unit. 

Table 2-1-2. Interaction energies for each complex at pH 4.5 and pH 7 along with 
specific electrostatic and Van der Waals contributions. 

 
 
pH 4.5 

ΔE (kcal mol-1) Wrist Knuckle Lower Upper 

Electrostatic -399.85 ± 4.65  -588.48 ± 1.90  -1009.29 ± 3.85  -703.30 ± 1.80  

 Van der Waals -33.07 ± 0.51  -53.46 ± 0.23  -42.24 ± 0.41  -79.94 ± 0.29  

 Total -16.25 ± 0.49  -33.50 ± 0.40  -33.68 ± 0.46  -39.66 ± 0.47  

 pH 7 
    
 

Electrostatic 664.55 ± 3.12  361.26 ± 4.12  -86.95 ± 3.60  708.41 ± 3.56  

Van der Waals -48.82 ± 0.69  -65.26 ± 0.61  -74.88 ± 0.68  -98.07 ± 0.71  

Total -12.43 ± 0.79  -26.67 ± 0.60  -47.91 ± 0.89  -9.61 ± 0.93  

The Spatial Aggregation Propensity algorithm implemented by Chennamset-
ty et al. was used to indicate the hydrophobicity of BMP-2 with the purpose 
of investigating the Van der Waals interactions contribution to BMP-2 and 
HA interactions at pH 7 [139]. The knuckle complex structure along with 
hydrophobic patches is shown in Figure 2-1-9. The red area refers to the 
hydrophobic patches on BMP-2, while the blue area refers to the hydrophilic 
area. Notably, all complexes at pH 7 involve a strongly hydrophobic surface 
area except the lower complexes. 
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Starting from the complexes obtained at pH 4.5 and changing the protona-
tion state of the protein to the corresponding one at pH 7, we qualitatively 
simulated the effect of neutralization of pH. During the simulation period 
(75 ns), there was no dissociation between BMP-2 and HA, but they favored 
van der Waals interaction with a reduction of electrostatic interaction when 
pH was changed from 4.5 to 7. Larger hydrophobic areas were observed at 
wrist structure (Figure 2-1-10).  

 
Figure 2-1-9. Knuckle complex structure along with hydrophobic patches relative to 
Bone Morphogenetic Protein 2 at pH 7.  

 
Figure 2-1-10. Wrist complex structure (after neutralization) along with hydropho-
bic patches relative to Bone Morphogenetic Protein 2 at pH 7. 

The MMPBSA approach has been used to investigate the interaction energy 
of complexes between BMP-2 and HA to the last 25 ns (Table 2-1-3). As 
expected, the interaction is favorable for the Van der Waals interaction be-
tween the complexes except lower complexes, where there still presents 
favorable electrostatic interaction energy due to the particular charge distri-
bution. This is similar to the simulation results obtained from the initial pH 
was 7 condition (Table 2-1-3). After changing the pH from 4.5 to 7, the 
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stronger electrostatic-driven binding gradually changed to a weaker Van der 
Waals-driven binding. Even if the pH is changed from 4.5 to 7, the Van der 
Waals interaction is still stronger compared to the initial pH 7 condition.  

Table 2-1-3. Interaction energies for each complex after neutralization, along with 
specific electrostatic and Van der Waals contributions 
ΔE (kcal mol-1) Wrist Knuckle Lower Upper 

Electrostatic 453.59 ± 3.07  383.27 ± 1.60  -222.54 ± 5.08  425.02 ± 2.75 

Van der Waals -42.20 ± 0.55  -59.39 ± 0.31  -79.52 ± 0.51  -75.38 ± 0.24  

Total -11.12 ± 1.18  -1.39 ± 0.73  -46.95 ± 0.96  -25.36 ± 0.64  

2.2 Cell recruitment and cytokine expression in vivo 

2.2.1 Rational 
It has been shown that acidic carriers can induce higher bone volume in rat 
in both our study (paper I) and Luca et al. [65]. The mechanism interpreted 
so far includes that acidic formulation can preserve the bioactivity of BMP-2 
by protonating this protein. We firstly demonstrated that the acidic carrier 
improved the affinity between BMP-2 towards scaffolds via investigating in 
vitro BMP-2 release from the hydrogels having a pH of 4.5 and 7 and com-
putational simulation strategies (paper I). Computational simulation re-
vealed that at pH 4.5, protonated BMP-2 tends to binds to HA via electro-
static interaction.  

However, bone cannot form without cells. Understanding the endogenous 
cell responses to implants is important for biomaterials design for bone ap-
plication. It has been well accepted that endogenous cells are recruited onto 
the hydrogel surface, migrate inside the hydrogels, and build up the bone 
after these cell-free hydrogels are injected into animals. So we hypothesized 
that the higher bone volume formed in acidic HA hydrogels with BMP-2 
was also resulted from differential recruitment of endogenous cells and cy-
tokine secretory profile of the cells at the initial phase of the bone formation. 
The first question was how fast the pH 4.5 HA hydrogels could remain as 
acidic after subcutaneously injection in vivo. So, we firstly studied the gel 
neutralization in vivo by a pH indicator using in vivo imaging system (IVIS). 
Interestingly, we found acidic hydrogels were completely neutralized by day 
2. So, we decided to investigate the cell recruitment pattern inside of the 
hydrogels on day 2 and 6 after subcutaneous injection of our HA hydrogels 
having a pH of 4.5 and 7 with and without BMP-2. We harvested the hydro-
gels and isolated cells from hydrogels at day 2 and day 6. Fluorescence acti-
vated cell sorting (FACS) was performed to sort the cells including immune 
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cells (monocytes, macrophages and neutrophils) and stromal cells. Gene 
expression in these cell populations was further analyzed to uncover the 
molecular mechanisms involving enhanced bone formation in the acidic 
condition.  

2.2.2 Hydrogel neutralization in vivo 
To investigate how fast the pH 4.5 HA hydrogel can be neutralized in vivo 
after subcutaneous injection. SNARF-1, a pH sensitive dye was covalently 
conjugated to pH 4.5 and 7 HA-CDH derivatives (Scheme 2-2-1.). The 
emission spectrum of this dye exhibits a pH-dependent manner; the higher 
fluorescence intensity indicates that the pH is equal to 7, whereas there is no 
excitation at pH 4.5. We reacted pH 4.5 and 7 HA-CDH-SANRF-1 with pH 
4.5 and 7 HA-CHO derivatives to form pH 4.5 and 7 HA hydrogels. These 
hydrogels were injected in mice subcutaneously and monitored for the kinet-
ic neutralization via detecting the florescence intensity of SNARF-1 by IVIS. 
We found that the pH 7 HA hydrogels (left side injection spot) initially ex-
hibited high fluorescence intensity (D0) while the signal decreased with 
time. As expected, the pH 4.5 HA hydrogel (right side injection spot) did not 
show signal at day 0; however, the fluorescence intensities were increased 
with time after gradual neutralization in vivo (Figure 2-2-1A). Quantitative 
analysis reveals that pH 4.5 hydrogels were completely neutralized by day 2 
(Figure 2-2-1B).  

 
Scheme 2-2-1. Schematic representative of HA-CDH and SNARF-1 reaction. 
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Figure 2-2-1. HA hydrogel neutralization in vivo by an in vivo imaging system (IVIS). 
Representatives (A) and quantification (B) of average radiant efficiency of SNAF-1 
labeled HA hydrogel having a pH of 4.5 and 7. The left and right side indicate pH 7 
and pH 4.5 HA hydrogels, respectively. Unit=(p/s/cm²/sr) / (µW/cm²). Data are shown 
as an average of four implants in four different mice. (n=4 per group) 

2.2.3 Immune and stromal cells recruitment evaluation in vivo 
A balanced inflammation response is the key for bone healing initiation. Dur-
ing normal bone fracture healing, immune cells including neutrophils, mono-
cytes and macrophages were brought into the injury sites at the hematoma 
phase. These cells started to secrete several dozen of cytokines, enhance the 
recruitment of stromal cells, and direct the bone healing process. We analyzed 
the immune cell recruitment by FACS after subcutaneous injection of hydro-
gels by day 2 at which time point the pH started to be neutralized and day 6 at 
which time point was reported as late inflammatory phase during the normal 
bone injury healing[10]. Figure 2-2-2A shows the gating strategies for im-
mune cells and stromal cells. As expected, we detected recruitment of neutro-
phils, monocytes, macrophages as well as stromal cells in pH 4.5 and 7 HA 
hydrogels with and without BMP-2. We observed a higher frequency of mon-
ocytes and macrophages recruited into pH 4.5 HA hydrogels with BMP-2 
compared to that in pH 7. Compared to day 2, stromal cells recruited in all HA 
hydrogels exhibited higher frequency at day 6, whereas neutrophils were sig-
nificantly deceased on day 6 in pH 4.5 and 7 HA hydrogels with BMP com-
pared to day 2. No differences in frequency of other cell populations were 
observed at both day 2 and day 6. This finding is in agreement with the previ-
ous study showing that the initial reaction after injury is the recruitment of 
inflammatory cells (neutrophils and macrophages) to the injury sites during 
the inflammatory phase [10]. Monocytes and macrophages play critical roles 
in injury repair [83]. Monocytes in tissue can differentiate into macrophages 
and play diverse roles in modulating the acute inflammatory responses [84], 
secreting BMP2 [85] and inducing ontogenesis of mesenchymal progenitor 
cells [83]. The recruitment of these cells is critical for later bone formation. 
This observation suggested that HA hydrogels exhibited high biocompatibility 
for these cells.  

HA has been reported as a bioactive molecule that are capable for recruiting 
endogenous cells via different cellular surface receptors, for instance, CD44 
[43] and RHAMM, LYVE-1, HARE, LEC and TLR4[44, 45]. Even though 
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BMP-2 can act as a chemoattactant for lymphocytes, monocytes, and macro-
phages [140], BMP-2 was immobilized onto the HA hydrogels, so no signifi-
cant differences were observed in terms of cell recruitment in HA hydrogels 
with and without BMP-2.  

 
Figure 2-2-2 Endogenous cell recruitment evaluations via FACS on day 2 and day 6 
after subcutaneous injection of HA hydrogels with and without BMP2 having a pH of 
4.5 and 7. (A) Representative FACS profile showing gating strategy for different cell 
populations. The cells were first gated within live cells (propidium iodiode (PI)-) and 
singlets. (B) Quantification of percentage of neutrophils (CD45+TER119+ F4/80-
Gr1+), monocytes (CD45+TER119+F4/80+Gr1+), macrophages 
(CD45+TER119+F4/80+ Gr1-) and stromal cells (Lin-CD31-CD140B+, Lin-CD31-
CD140B+) within living cells. Data are from 4 independent experiments.  
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2.2.4 Cytokines gene expression evaluation in immune cells 
recruited in the hydrogel 
 Pro-inflammation can trigger the bone healing process; however, prolonged 
inflammation can also harm bone regeneration. Neutrophils are capable of 
modulating overall immune response, and the first leukocytes migrate from 
blood to tissues and present inflammation, and chemotaxis [141]. These cells 
are potent regulators of inflammation and change information either through 
soluble mediators or direct cell-cell contact with macrophages and other 
cells of adaptive immune system [141]. It has been reported osteoblastic 
proliferation occurred during bone fracture healing when high concentration 
of pro-inflammatory cytokines presented [142]. 

To investigate the molecular mechanisms involving the potential contri-
butions of the recruited immune cells to the enhanced bone formation in the 
acidic hydrogel with BMP-2, we analyzed the gene expression of the anti-
inflammatory and pro-inflammatory cytokines in neutrophils, monocytes and 
macrophages by Q-PCR.  

Tgm2 presents in various types of tissue and contributes to matrix stabili-
zation, cell adhesion [143]. Tgm2 knockout mice showed delayed wound 
healing [144]. We found that Tgm2 expression was highest in neutrophils 
recruited in pH 7 HA hydrogels with BMP2 at day 2(Figure 2-2-3A).  

We observed significantly enhanced TNFα expression in neutrophils and 
monocytes recruited in pH 7 HA hydrogels with BMP-2. Chemokine 
CXCL10 were significantly unregulated in monocytes recruited in pH 7 HA 
hydrogels loaded BMP2 at day 2. We could not detect IL-4, IL-13 and IL-6 
expressions in the neutrophils at day 2. However, IL6 showed higher expres-
sion in monocyte recruited in pH 7 HA hydrogels. IL4 expression was en-
hanced in monocytes recruited in pH 7 regardless of BMP2. The expression 
of Tgm2 was significantly higher in monocytes in pH 7 HA hydrogels with 
BMP-2. Interestingly, Fizz1 was highly expressed in monocytes recruited in 
pH 4.5 HA hydrogels without BMP2 (Figure 2-2-3B). Taken together, these 
data indicate the activated immune responses in monocytes recruited in pH 7 
HA hydrogels with BMP-2.  

Macrophages can be activated into M1 and M2, as previously described 
[145]. As shown in Figure 2-2-3C, gene expression in macrophages recruit-
ed in HA hydrogels were also analyzed. TNFα expression was significantly 
decreased at day 6 in macrophages recruited in pH 4.5 HA hydrogels con-
taining BMP2 compared to other groups. This may be linked to enhanced 
bone formation in the hydrogel at pH4.5 with BMP-2 since it has been re-
ported TNFα expression can trigger osteogenesis and enhance bone-healing 
process; however, a lasting up-regulation of TNFα can delay fracture healing 
[146]. Increased production of chemokines can lead to enhanced recruitment 
of endogenous cells. We here observed a significant increase of CXCL10 
expression in macrophages recruited in pH 7 HA hydrogels with BMP-2 
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group compared to pH 4.5 HA hydrogels with BMP-2 at day 2; however, the 
expression level became dramatically increased in the macrophages recruited 
in pH4.5 HA hydrogels with BMP2 at day 6.  

IL-6 has been reported as an essential cytokine for bone formation and IL-
6 knockout mice were found to have less bone mineralization and impaired 
bone fracture healing[80]. IL-6 also showed higher expression in macro-
phages recruited in pH 7 HA hydrogels with BMP-2 compared to other 
groups at day 2. IL-4 and IL-13 were shown highly expressed in macrophage 
recruited in pH 7 HA hydrogel loaded BMP2 at day 2 and were not detecta-
ble at any groups at day 6. IL-4 and IL-13 can trigger polarization of macro-
phage towards to M2 and positively influence the migration of osteoblastic 
cells [91]. Enhanced gene expression of pro-inflammatory cytokines at day 2 
in these immune cells recruited in pH 7 HA hydrogels with BMP-2 can be 
attributed to the burst release of BMP2 which resulted from lower affinity of 
BMP-2 towards pH 7 HA hydrogel. 

Fizz and Tgm2, two commonly accepted M2 markers in mice [147], were 
highly expressed in macrophages recruited in pH 7 BMP2 at day 2. This 
again might be due to the burst release of BMP2 at pH7 in the hydrogel. 
However, the M2 marker expression became significantly higher expressed 
in macrophages in pH 4.5 HA hydrogels loaded BMP2 at day 6 compared to 
pH 7 hydrogels as well as that at day 2 (Figure 2-2-3C). These data suggest 
that pH 4.5 might contribute to the increased M2 macrophages in presence of 
BMP-2 at day 6 prior to initiation of bone formation. 

M2 have been characterized as low producers of inflammatory substanc-
es, but they are high producers of anti-inflammatory substances. Numerous 
studies have shown M2 to have a critical role in the bone healing process. 
Our pervious study reveled that pH 4.5 HA-hydrogels-loaded BMP2 showed 
significantly higher bone formation in rat ectopic bone model compared to 
pH 7-HA-hydrogels-loaded BMP2. This study suggested that polarization of 
macrophages towards M2 at relatively late inflammation stages might be 
associated with enhanced bone formation. However, the exact role of the 
cells during the bone formation should be further investigated by using an 
animal model where macrophages can be depleted. 

 
 
 
 

Figure 2-2-3 Pro-inflammatory and anti-inflammatory cytokine gene expression in 
recruited neutrophils (CD45+TER119+F4/80-GR1+) (A), monocytes 
(CD45+TER119+F4/80+GR1+) (B), and macrophage 
(CD45+TER119+F4/80+GR1-) cell population (C) after subcutaneously injection of 
HA hydrogels having a pH of 4.5 and 7 with and without BMP2. Day 2 (D2), and 
day 6 (D6). (D) The gene expression in macrophages (CD45+TER119+F4/80+GR1-
) recruited in pH 4.5 and 7 HA hydrogels with BMP-2 on day 6 (D6) to day 2 (D2) 
(*P <0.05, compared between the indicated groups using unpaired t test). 
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2.3 Crosslinking chemistry for BMP-2 bioactivity 
evaluation 
2.3.1 Rational  
The structure of bioactive BMP-2 is a disulfide-linked dimer having carboxyl-
terminal with 114-amino acid residues [148]. The BMP-2 dimer contains sev-
en conserved cysteine knots in total and only a single cysteine knot inter-chain 
by disulfide bond linkage [149]. It has already been reported that at basic pH, a 
disulfide bond can be cleaved by reductive molecules via thiol exchanging 
reaction [150]. In this reaction, thiolates attack the disulfide bond’s sulfur at-
om and break the disulfide bond; meanwhile, the other sulfur atom is released 
as a new thiolate, after which a new disulfide bond formed between attacking 
thiolate and the other sulfur. The disulfide bond of BMP-2 cleavage by DTT 
[66] and monomeric BMP-2 was found to be inactive [151].  

However, thiol-acrylate crosslinking chemistry has been one of the most 
widely used hydrogel synthesis strategies and the formed hydrogels showed 
success for BMP-2 delivery for bone formation. We hypothesized the thiol-
derived molecules could also attack the disulfide bond of BMP-2 and gener-
ate the monomer structure. Hence, we decided to compare the osteogenic 
capacity of HA-S hydrogels reacted by thiol-acrylate crosslinking chemistry 
and HA-H hydrogels by reacting aldehyde (HA-CHO) and hydrazide (HA-
hyz)-modified HA loading BMP-2 (Scheme 2-3-1). 

 
Scheme 2-3-1. Schematic representative of HA-H and HA-S hydrogels crosslinking 
reaction.  
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2.3.2 Integrity and bioactivity of BMP-2 in vitro 
To investigate whether HA-SH derivatives can negatively affect the integrity 
of BMP-2, we firstly treated BMP2 HA-SH derivatives. As shown in Figure 
2-3-1A, the visible dimer structural BMP-2 showed decreases with increas-
ing HA-SH. These results are expected and agree with previous reports of 
cleavage of the disulfide bond of homerdimer structural BMP-2 by thiolate 
of redox reagents such as DTT and monomeric structure of BMP-2 in gel 
electrophoresis [152]. Different from DTT, HA-SH derivatives have much 
higher molecule weight after attacking BMP-2 disulfide bond and replacing 
one monomer structural BMP-2 via thiol-disulfide exchange reaction; supra-
high molecule weight conjugates were possibly formed. These HA-
SH/BMP-2-monomer complexes could not migrate in gel electrophoreses 
(data not shown). It is reasonable that the monomeric BMP-2 is not visible in 
a western blot image. Monomeric BMP-2 lose osteogenic activity has been 
shown in previous study [153, 154].  To confirm the HA-SH derivatives 
indeed generated BMP-2 monomer, we further performed cellular assay to 
investigate ALP activity in W20-17 treated by BMP-2 pretreated by HA-SH 
and pre-treated by HA-CHO derivatives. As expected, BMP-2 pretreated 
with HA-SH reduced to ~ 60% bioactivity, while no significant decrease in 
BMP-2 pretreated by HA-CHO and native HA was found (Figure 2-3-1B). 
BMP-2 induced ALP activity in W20-17 is dose dependent [155].  These 
results therefore can predict the remaining amount of dimer structural BMP-
2 after treatment with HA-SH derivatives has been significantly decreased. 
The direct marker of BMP-2 signaling pathway activation is Smad1/5/8 
phosphorylation (p-SAMD 1/5/8). We further detected p-SAMD 1/5/8 level 
in C2C12 cells after treated by BMP-2 pretreated by HA-SH and HA-CHO 
derivatives. The p-SAMD 1/5/8 level in C2C12 cells were abolished after 
treatment with BMP-2 pre-treated with HA-SH derivative (Figure 2-3-1C 
line 2). Interestingly, it was also decreased in C2C12 cells treated by BMP-2 
pre-treated by HA-CHO derivative (Figure 2-3-1C line 4). However, it is 
clear that the interactions between HA-SH and BMP-2 are disruptive in 
which monomeric structure can be generated while HA-CHO and BMP-2 is 
reversible and BMP-2 integrity cannot be disrupted. The other possibility is 
that the binding between HA-CHO and BMP-2 can block the BMP-2 and its 
receptor interaction so the BMP-2 signaling was decreased.  



 44 

 
Figure 2-3-1. Influence of HA and HA derivatives on BMP-2 dimer structure and 
bioactivity. The amount of dimer BMP-2 was analyzed by western blot after HA-SH 
treatment. (A, Line 1 to 4 indicated 500 ng BMP-2, 500 ng BMP-2 treated by 5 µg, 
10 µg and 25 µg HA-SH); ALP activity in W-20-17 was studied after treatment by 
BMP-2 in presence of HA derivatives (HA-SH, HA-CHO) and native HA (B), data 
were normalized by LDH activity. The level of pSMAD1/5/8 in C2C12 cells by 
western blot (C, Non-treated line 1, after treated by BMP-2 line 2, line 3 BMP-2 
treated by HA-S, and line 3 BMP-2 treated by HA-CHO). 

2.3.3 Bioactive BMP-2 release in vitro 
We have demonstrated that HA-SH derivatives could indeed negatively in-
fluence the integrity and bioactivity of BMP-2, but we need to point out that 
during the gelation of hydrogels, HA-SH can be consumed. The treatment of 
BMP-2 by a HA-SH derivative is not representative to HA-S hydrogel load-
ed BMP-2. Therefore, when BMP-2 is loaded onto HA-S hydrogels, the 
shorter gelation time is favorable for preserving BMP-2 integrity due to im-
mobilization of BMP-2 limited its mobility.   

We decided to investigate bioactivity of released BMP-2 from HA-H and 
HA-S hydrogels by ALP assay. This experiment model represents the whole 
process including mixing BMP-2 gel components and the gelation period, 
which is to be used for in vivo study. Interestingly, at day 1, ALP activity in 
W20-17 showed a similar level, which indicated similar amount of dimer 
structural BMP-2 was released. There was a significant decrease of ALP 
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activity in W20-17 cells treated by BMP-2 released from HA-S hydrogel 
compared to HA-H hydrogel. By day 28, the activity of both released BMP-
2 and BMP-2, which were used as positive control reached to similar level 
due to the loss of bioactivity, so the ratio reached to 100% for both groups 
(Figure 2-3-2). Even though hydrogels reach to the gelation point, there 
were still free thiol and aldehyde presenting on the hydrogel frame. Possibly, 
interaction between BMP-2 with thiol and aldehyde still occurs with de-
creased activity compared to in the aqueous phase; this is due to the immobi-
lization-limited mobility. As described above, in the HA-H hydrogel frame, 
the free aldehyde only contributed to stronger immobilization of BMP-2 
while BMP-2 integrity cannot be disrupted. However, free thiol in HA-S 
hydrogels could replace one monomeric BMP-2 via thiol exchange reaction. 
Meanwhile, this could result in the release of the other monomer; however, 
monomeric BMP-2 can also bind to other free thiol functional group via 
Schiff base chemistry.   

 
Figure 2-3-2.  Biological activity of released BMP-2 was analyzed in vitro. Induc-
tion of ALP activity in response to released BMP-2 from HA-H and HA-S hydrogels 
up to 28 days in W20-17 in vitro. Data is shown as an average of triplicate wells 
from three individually experiments. Data presents the percentage of ALP activity in 
W20-17 cells treated by released BMP-2 from hydrogels to ALP activity in W20-17 
cells treated by pure BMP-2 in the same release model at the same time point. 

2.3.4 Bone formation in vivo 
2.3.4.1Bone formation in vivo by µCT 
We injected the HA-S hydrogels and HA-H hydrogels having BMP-2 into 
rats subcutaneously, and we investigated bone formation via µCT. To avoid 
the negligible effect due to saturation, the low dose of BMP-2 (4µg) was 
loaded in big volume of HA-H and HA-S hydrogels (200µl) with the pur-
pose of maintaining a low BMP-2 concentration microenvironment locally. 
The concentration of BMP-2 was diluted via a higher volume of scaffolds 
compared to previous reports (for instance: 5µg/30µl) [156]. Dynamic mi-
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cro-CT scans were performed, and HA-H hydrogels containing BMP-2 in-
duced significantly higher bone volume compared to HA-S hydrogels at 
week 8. HA-H hydrogels with BMP-2 induced bone was firstly detected at 
week 6 (Figure 2-3-3A). By week 8, neo bone tissues were harvested ex vivo 
scan by micro-CT and performed with the purpose of obtaining higher reso-
lution image. The quantitative analysis confirmed that bone volume induced 
by BMP-2 on HA-H hydrogel (12,44±3,16) was significantly higher than 
HA-S hydrogel induced bone (2.43 ± 1.68) (Figure 2-3-3B, C).  

 
Figure 2-3-3. Ectopic bone volume (BV) was quantitatively evaluated by µCT 
(µCT). Ectopic bones induced by subcutaneous injection of 200 µl HA-H and HA-S 
hydrogels containing 4 µg BMP-2 was determined by µCT. (A) The kinetics analy-
sis was performed at different weeks. Ex ectopic bone tissues harvested at week 8 
were quantified by µCT ex vivo. (B) Quantitative evaluation of ex ectopic bone (C, 
D). Representatives of 3D reconstruction of images obtained by µCT. Data is shown 
as an average of four implants in four different rats. 

2.3.4.2 Histology analysis on the neo-bone tissues  
To quantify the neo-bone tissue quality, we performed histological analysis 
on the bone paraffin sections. Representatives of H&E staining exhibited 
more osteoblast in the bone induced by HA-H hydrogels (Figure 2-3-4A) 
compared to HA-S hydrogels (Figure 2-3-4B), while both exhibited BM 
structure. We observed higher mineralization of neo bone induced by HA-H 
hydrogels (Figure 2-3-4C, red region) compared to HA-S hydrogels (Figure 
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2-3-4D) shown by Masson's trichrome stain. We performed picrus-sirius red 
staining and observed by polarized light microscopy to investigate orienta-
tion of collagen fibers. The collagen orientation in neo bone induced by both 
hydrogels (Figure 2-3-4E,F) is quite similar to collagen fibers in natural 
bone. Higher OPN expression was shown in neo-bone tissues induced by 
HA-H hydrogels (Figure 2-3-4G) compared to tissues induced by HA-S 
hydrogel implants (Figure 2-3-4 H).  

 
Figure 2-3-4. Histological evaluation of neo bones. Ex ectopic bones induced by 
subcutaneous injection of 200 µl HA-H hydrogels (A, C, E, G) and HA-S hydrogels 
(B, D, F, H) containing 4 µg BMP-2 were harvested at week 8. (A, B) Hematoxy-
lin/eosin (H&E) and (C, D) Masson's trichrome staining were evaluated on paraffin-
embedded cross sections.  Scales=1 mm (A-D). (E, F) Collagen orientation and (G, 
H) Osteopontin (OPN) expression characterization were evaluated by picrus-sirius 
red staining and immunohistochemistry on paraffin-embedded cross sections. 
Scales=100 µm (E, F), 200 µm (G, H). 

2.4 Lithium hydrogels as osteogenic bone niche   
2.4.1 Rational  
BMP-2 is still one of the most effective bone-inducing reagents. However, 
the price is quite high, and there are complications due to the side effects and 
instability. Metal ions such as Li are much cheaper and have been shown to 
have osteogenic potential in both in vitro and in vivo studies [157-159]. 
However, the systematic administration of this ion over long term can result 
in undesirable side effects [9, 160]. So, in this study, we attempted to synthe-
size Li-containing hydrogels (Li-gel) with the purpose for establishing an 
artificial bone niche. Li ions were coordinated onto HA-CHO derivatives 
during dialysis against LiOH instead of NaOH. We established the hydrogels 
via reacting HA-CHO containing Li and Na separately with PVA-
hyadrozide. These hydrogels were used for hMSCs 3D culture and showed 
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enhanced osteogenic differentiation in Li-gel. Li-gel enhanced CAM femur 
defect healing compared to Li-gel having BMP-2. 

2.4.2 Hydrogels for hMSCs embedding. 
We established Li-gel and Na-gel by reacting HA-CHO-Li and HA-CHO-Na 
components with hydrazide modified PAV (Scheme 2-4-1) [53, 135]. Hu-
man bone marrow derived mesenchymal stromal cells (hMSCs) were ob-
tained from marrow aspirates using ficol density centrifugation followed by 
plastic adherence [161]. Cells from five donors were mixed and expanded in 
Cells from five donors were pooled and cultured in DMEM/F12 medium 
containing 10% of MSC tested serum, 1% pen/strep, and 5 ng/ml FGF2. The 
third passages of hMSCs were seeded inside of the hydrogels 3D by re-
suspension with one of the component solution before mixing with the other 
component solution. In this study, we used cell culture medium as a hydro-
gel-forming components solvent to ensure the viability of hMSCs. The rea-
son why we decided to use HA-PVA hydrogel for this study is due to the 
good stability when using the cell culture medium as dissolvent for making 
the hydrogels. Gels containing cells were cultured in osteogenic differentia-
tion medium containing 10% FBS, 1% pen/strep, 5mM glycerol-2-
phosphate, 10 nM of dexamethasone and 50 µg/ml ascorbic acid. Medium 
was changed every third day. 

 
Scheme 2-4-1. Synthetic Strategy of PVA-hydrazide (PVA-CDH) (A) and HA-
CHO-Li (B) 

2.4.3 Cell viability assay. 
To evaluate the biocompatibility of the gels, cell viability of hMSCs seeded 
into HA hydrogels were studied by arlarma blue assay at days 7, 14 and 21. 



 49 

As shown in Figure 2-4-1, cell viability was increased from day 7 to day 21.  
It was noted that Na-gel encouraged two-fold proliferation over time when 
compared to all other groups. This is as expected, hyaluronan has been re-
ported to enhance the cell proliferation previously [162-164]. Bao et al. re-
ported that 1mM Li enhanced MSC proliferation [165], but we did not ob-
serve this effect in our experiments.  

 
Figure 2-4-1: Cell viability of hMSCs by Alamar Blue assay after culture in gels for 
7, 14 and 21 days. All groups showed comparable cell viability over time. (n=9, 
mean ±SD).  

2.4.4 Early stage of hMSC osteogenic differentiation evaluation 
2.4.4.1 Gene expression in hMSCs early osteogenic differentiation  
The osteogenic differentiation of hMSCs is driven by essential transcription 
factor Runx2. In the endochondroal bone formation process, Sox9 interact 
with Runx2 activate the up-regulate osteogenic gene expression at different 
lineages. The ratio of Rux2 to Sox9 demonstrated to be a key marker for 
hMSCs osteogenic differentiations [166]. After culturing hMSCs in gels for 
day 7 and 14, the expression of Runx2 (Figure 2-4-2A) and Sox9 (Figure 2-
4-2B) in gene level was evaluated by real-time PCR. The ratio of Rux2 to 
Sox9 was calculated shown in Figure 2-4-2C. No difference between Na-gel 
in Runx2 to Sox 9 ratio at day 7 or day 14. Li-gel showed low ratio of 
Runx2/Sox9 at day 7 followed by a dramatic increase at day 14. Li-gel with 
rhBMP-2 showed the highest Runx2/Sox9 ratio followed by Li-gel with 
rhBMP-2 supplemented by exogenous 10 mM Li at day 14. From this exper-
iment, it is clear that the Li-gel showed a delay increase of the Runx2/Sox9 
ratio, regardless of having rhBMP-2 or not. Exogenous addition of 10 mM 
Li in osteogenic medium can accelerate the increase of Rux2/Sox9 ratio. In 
presence of rhBMP-2, hMSC cultured in Li gel showed highest Rux2/Sox9 
ratio regardless of addition of exogenous Li. So, the synergistic effect was 
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observed in Li and rhBMP-2 Li and BMP in increasing the Runx2/Sox9 ratio 
(Figure 2-4-2C).  

Osterix is known as the first downstream transcription factor after Runx2 
in the hMSCs osteogenic differentiation process [167]. Mice lost the capaci-
ty of expressing Runx2, and Osterix has been shown disability to generate 
mature osteoblast [167]. At day 7, the synergistic between rhBMP-2 and Li 
was observed. Supplemental exogenous 10 mM Li in the Li-gel group can 
slightly enhance the expression of osterix (Figure 2-4-2D). It appears that 
the expression of osterix is driven predominantly by rhBMP-2.  

The up regulation of Smad 1 expression was only shown in gels contain-
ing rhBMP-2 (Figure 2-4-2E).  

 
 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4-2. Osteo-differentiation followed by gene markers (A: Runx2, B: Sox9, 
C: ratio Runx2/Sox9 and D: Osterix). Na-gel and Na-gel BMP served as a negative 
control and positive control, respectively. Data represent mean value ±SD of relative 
expression fold change compared to Na gel group. Data is shown as fold changes. 
(n=3). 



 51 

2.4.4.2 ALP activity in hMSCs  
ALP activity of hMSCs in different groups of HA hydrogel were evaluated 
after culturing 7 and 14 days. As is shown in figure 2-5-4, high bioactivity of 
ALP was observed at day 7 in gels containing rhBMP-2 (Figure 2-4-3). The 
treatment of hMSCs by Li has been shown increased ALP activity [168].  
Aubin et al. also reported a decline of ALP activity after reaching to the peak 
[169]. Accumulated evidence has shown ALP activity is the key player in 
mineralization in osteogensis [170, 171]. Notably, the synergistic effect be-
tween Li and BMP-2 was observed at day 7. It has been demonstrated that 
BMP-2 induced ALP activity realizes on Wnt expression and signaling cas-
cade [172]. Our results suggested that Li could inhibit Wnt signaling inhibi-
tor GSK3β so as to enhance Wnt signaling.  

 
Figure 2-4-3. Alkaline phosphatase expression of hMSCs cultured in different 
groups of HA hydrogels in osteogenic medium at day 7 and day 14. (n=5, mean 
±SD) 

2.4.5 Late stage of hMSC osteogenic differentiation evaluation 
2.4.5.1 Gene expression of osteocalcin 
Osteoblasts express low level of osteocalcin while mature osteoblast express 
high levels of oscteocalcin [173]. Osteocalcin, as a bio-maker for bone turn-
over, can enhance the recruitment of osteoclast precursor cells or osteoclast 
in the bone matrix [174, 175]. Li is more predominant to up regulation of 
osteocalin compared to rhBMP-2 after culturing the cells in gels 21 days, 
and a synergistic effect was observed (Figure 2-4-4).  
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Figure 2-4-4. Relative expression folds change of osteocalcin at day 21. Data repre-
sent mean±SD of relative expression fold change. Data represent mean value ±SD of 
relative expression fold change compared to Na gel group. Data is shown as fold 
changes. (n=3). 

2.4.5.2 EX-vivo mineralization study 
Total Ca2+ ions concentration was evaluated by colorimetric assay after cul-
turing for 28 days. From the result, consistent with our gene expression 
evaluation, the synergistic effects of Li and BMP-2 were observed (Figure 
2-4-5). Highest Ca2+ concentration was detected in Li gel with rhBMP-2 and 
10 mM Li in ostogenic medium. Compared to Na-gel-BMP, Li-gel enhanced 
higher Ca2+ concentration (Figure 2-4-5). It was reported that BMP-2 in-
duced osteoblast mineralization, at least partially relied on induction of a 
Wnt autocrine/paracrine loop [172].   

 
Figure 2-4-5. Calcium deposition by colorimetric assay at day 28. The combination 
of Li and BMP-2 displayed a synergistic effect on calcium deposition. All material 
combinations exceeded the negative and positive control in calcium deposition (n=5, 
mean ±SD).  
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We further used µCT to evaluate the mineralization of hMSCs cultured in different 
gels till day 28. In accordance with the colorimetric assay, the highest mineralization 
occurred in Li-gel with rhBMP-2 together the 10 mM Li supplement in medium 
(Figure 2-4-6).  

 
Figure 2-4-6. Calcium deposition via µCT at day 28. Object volume fraction (A) 
and BV/TV (B) (n=5, mean ±SD). 

2.4.6 CAM assay 
2.4.6.1 CAM defect healing by µCT 
The osteogenic potential of Li-gel was further investigated via a CAM mod-
el, which is a novel ex-vivo colure model and has been used for investigating 
human bone cylinder defect healing ex-vivo culture [176]. The survival of 
CAM after injection of Li-gel and Li-gel with BMP-2 were evaluated. Inter-
estingly, 91% and 82% of survival of CAM injected by Li-gel and Li-gel 
with BMP-2, indicating excellent biocompatibility. It has been shown BMP-
2 can trigger programmed cell death process in the chick limb buds [177]. 
This might explain the slight decrease of CAM survival in presence of BMP-
2.  Both Li-gel and Li-gel with BMP-2 enhanced the fracture healing (Fig-
ure 2-4-7). Li-gel without BMP-2 showed slightly higher bone healing ca-
pacity compared to Li-gel with BMP-2. This can be explained from the low-
er survival after injection of Li-gel with BMP-2.  
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Figure 2-4-7. Chick femoral defects healing after injection of Li-gel with and with-
out BMP-2 after 8 days analysis by µCT, representative of 3D reconstruction imag-
es. CAMs survival and quantification analysis of neo-bone volume by µCT analysis 
of bone volume Li-Gel (n=8) and Li-gel with BMP (n=7) (mm3) (values represent 
mean ± SD). 

2.4.6.2 Histology analysis 
We stained the sections with Alcian blue/Sirius red staining of the chick 
femora; the red color indicates collagen fibers while the blue color indicates 
proteoglycans [178]. Denser collagen in chick femoral defects was observed 
after injection Li-gel without BMP-2 after 8 days (Figure 2-4-8). These 
findings agreed with the increased bone volume in femurs defect injected Li-
gel in the µCT analysis (Figure 2-4-7).  

 

 

 

 

 
 

 
 
 
 
 
 
 

Figure 2-4-8. Histological sections of Li-gel with and without BMP-2 treated fe-
murs post CAM harvest by Alcian blue/Sirius red staining and polarized microsco-
py.  
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2.5 Non-viral gene delivery system  
2.5.1 Rational  
Gene therapy is promising for treating bone critical defects. This strategy 
requires a sufficient, non-toxic bone delivery vector. pDNA/PEI binary na-
noplexes have been coated by several anionic polymers such as hyaluronic 
acid [12], CS [13] and showed improved gene delivery efficiency and re-
duced toxicity [179-181].  However, the principles of the previous coating 
strategy includes either incorporating the other anionic polymers to dilute 
coding plasmid DNA for achieving more effective ternary complexes con-
taining coding plasmid DNA or conjugating the other anionic polymers onto 
the PEI followed by reacting with plasmid DNA to form ternary complexes.  

Even though the former strategy indeed explored complexes with higher 
gene delivery efficiency but these complexes were formed based on electro-
static interaction. As expected, these electrostatic interactions derived com-
plexes can be disrupted by high concentration of salt and anionic polymeric 
molecules. The latter strategy diminished the positive charge of the cationic 
polymer so as to decrease the DNA loading efficiency.  

In our study, we explored a post-coating strategy of coating pDNA/PEI 
complexes with CS, to ensure the stability of the ternary complexes; CS-
CHO was used to react the free amines via imine/eamine chemistry (Figure 
2-5-1). 

 We demonstrated that these latter covalently binding between CS-CHO 
and PEI showed good stability and highest gene delivery efficiency and real-
ized the target gene delivery. We firstly showed the evidence that these ter-
nary complexes showed sustained release of the pDNA from endosomes and 
this is the key for enhanced gene transfection efficiency (Figure 2-5-1). 
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Figure 2-5-1. Schematic representative for ternary complexes synthesis and endo-
somes controlled release of ternary complexes. Cells via CD44 mediated endocyto-
sis can internalize ternary complexes, CS coated complexes showed controlled re-
lease from endosomes, which is the key for non-viral gene delivery. (Journal: Oom-
men  P. Varghese; Chondroitin Sulfate-Coated DNA-Nanoplexes Enhance Transfec-
tion Effi ciency by Controlling Plasmid Release from Endosomes: A New Insight 
into Modulating Nonviral Gene Transfection. May 2015. Volume 25, Issue 25. Pag-
es 3907–3915. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced 
with permission.) 

2.5.2 Synthesis of CS-CHO and its interaction with PEI 
We have reported CS-CHO synthesis under mild condition previously [135]. 
As is shown in Scheme 2-5-1, the derivatives CS-CHO can covalently bind 
to binary complexes PEI terminal amines forming reversible and unstable 
imine product via Schiff-base chemistry in aqueous conditions, or the sec-
ondary amines groups forming relatively more stable enamine product.  

 
Scheme 2-5-1. Schematic representation of covalent conjugation between CS-CHO 
and PEI resulting in imine and enamine products. (Journal: Oommen  P. Varghese; 
Chondroitin Sulfate-Coated DNA-Nanoplexes Enhance Transfection Effi ciency by 
Controlling Plasmid Release from Endosomes: A New Insight into Modulating 
Nonviral Gene Transfection. May 2015. Volume 25, Issue 25. Pages 3907–3915. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) 

2.5.3 Preparation and characterization of ternary complexes 
Colloidal suspension was formed after mixing the CS and PEI, while imme-
diate precipitation was formed when CS-CHO was mixed with PEI. Cova-
lent bonds of CS-CHO/PEI conjugates was verified by 1H-NMR and ATR-
FTIR analysis and compared with ionic CS/PEI conjugates. Methylene CH2 
protons of PEI at 3.1 ppm along with CS signals was shown in 1H-NMR 
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analysis in CS/PEI complexes (Figure 2-5-2). However, the CS-CHO/PEI 
complexes 1H-NMR analysis only showed the signal for CS but not PEI, this 
could be resulted from the binary complexes of PEI/CS-CHO are not water 
soluble, or PEI is in the core of the complexes and the signal of the PEI core 
is not detectable by 1H NMR as shown in previous study [182]. The hemiac-
etal signal of hydrated aldehyde group of CS-CHO derivative, which was 
shown at 3.6 ppm, was not detected in CS-CHO/PEI complexes, indicating 
the consumption of the aldehyde functional group on CS-CHO and the cova-
lently binding formation (Figure 2-5-2). Furthermore, aldehyde signal of 
CS-CHO at 1726 cm−1 observed by ATR-FTIR analysis disappeared in CS-
CHO/PEI binary complexes. Already, in aqueous condition, the secondary 
amine could react with aldehyde and form enamine bond [183, 184]. 
 

 

 

 

 

 

Figure 2-5-2. NMR and ATR-FTIR analysis verified covalent conjugation between 
CS-CHO and PEI. (Journal: Oommen  P. Varghese; Chondroitin Sulfate-Coated 
DNA-Nanoplexes Enhance Transfection Effi ciency by Controlling Plasmid Release 
from Endosomes: A New Insight into Modulating Nonviral Gene Transfection. May 
2015. Volume 25, Issue 25. Pages 3907–3915. Copyright Wiley-VCH Verlag GmbH 
& Co. KGaA. Reproduced with permission.) 

Already, the binary complexes of pDNA/PEI with the nitrogen to phosphate 
molar ratio of 10 (N/P = 10) were shown highest transfection efficiency in 
vitro [185]. In this study, we used the same N/P =10 complexes for post 
coating of CS and CS-CHO. Firstly, DLS analysis was performed to study 
the size and ζ-potential of these binary complexes and showed that these 
complexes having an average size of ~60	nm with high positive charge 
property (+42.8 mV) as shown in Figure 2-5-3A. For post coating of these 
binary complexes, different weight ratios of CS-CHO or CS and DLS was 
performed for characterizing the size of the ζ-potential of these ternary com-
plexes. Among different weight ratios tested, the 10-weight% CS and CS-
CHO provided the most stability with the average size of 59.73 ± 2.736 nm 
and 60.18 ± 1.407 nm respectively. However these ternary complexes ζ-
potentials was shifted from positive charged to negative charged (−26.9 mV 
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and −33.8 mV respectively) (Figure 2-5-3A). Notably, our post coating 
strategy of the CS and CS-CHO did not change the complexes size com-
pared to binary complexes. 

It is important for storage stability of a medical device for application. So 
stored these ternary complexes in PBS buffer at room temperature 24 h, we 
tested the nanoplexes size distribution by DLS again, we found 
pDNA/PEI/CS nanoplexes and pDNA/PEI/CS-CHO remained same size as 
freshly prepared complexes as well as stable ζ-potential (Figure 2-5-3B), 
while binary complexes of the pDNA/PEI predictably formed aggregates 
within 30 min (data was not shown). It is known that the electrostatic inter-
actions could be disrupted by high concentrated salt solution, while the cova-
lently bond could remained stable. We performed kinetic study of ζ-potential 
of ternary complexes after addition of high concentration of NaCl (500 mM) 
to evaluate stability of electrostatic interactions of pDNA/PEI/CS and cova-
lent binding pDNA/PEI/CS-CHO. The results indicated more stable conju-
gates formed in latter complexes with the slightly increase ζ-potential (−25.7 
mV to −21.6 mV) compared to former complexes with the significant in-
crease of ζ-potential (−26.9 mV to −13.8 mV)(Figure 2-5-3C). 

 
Figure 2-5-3. Particles size and ζ-potential analysis of nanoplexes by DLS. (Journal: 
Oommen  P. Varghese; Chondroitin Sulfate-Coated DNA-Nanoplexes Enhance 
Transfection Effi ciency by Controlling Plasmid Release from Endosomes: A New 
Insight into Modulating Nonviral Gene Transfection. May 2015. Volume 25, Issue 
25. Pages 3907–3915. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.) 

Agarose gel electrophoresis assay was used for further confirmation of the 
stability of the complexes. Free DNA can be stained by SYBR® Gold, while 
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pDNA stored in complexes would decrease the mobility due to high mole-
cule weight of the complexes and these pDNA could not be stained. As pred-
icated, pDNA (Figure 2-5-4 line 1) was stained while pDNA/PEI complexes 
(Figure 2-5-4 line 2) remained stable and slower mobility. However, the 
ternary complexes of pDNA/PEI/CS were stained by SYBR® Gold, showed 
decreased mobility (Figure 2-5-4, lane 3). This is could be interpreted by 
the anionic CS could disrupt the electrostatic interactions of pDNA/PEI 
complexes. Already, heparin or CS has been used for investigation of the 
stability of ionic nanoplexes [179]. Interestingly, the pDNA/PEI/CS-CHO 
complexes showed similar mobility and stability as binary complexes indi-
cating that the covalent binding between secondary amines on PEI and alde-
hyde could stabilize the ternary complexes (Figure 2-5-4, lane 3). 

 
Figure 2-5-4. Agarose gel electrophoreses indicating stability of nanoplexes. (Jour-
nal: Oommen  P. Varghese; Chondroitin Sulfate-Coated DNA-Nanoplexes Enhance 
Transfection Effi ciency by Controlling Plasmid Release from Endosomes: A New 
Insight into Modulating Nonviral Gene Transfection. May 2015. Volume 25, Issue 
25. Pages 3907–3915. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.) 

The topography of the nanoparticles could also influence the cellular uptake 
of the complexes subsequently influence the transfection efficiency. So we 
decided to use AFM to evaluate the topography of our nanoplexes. All the 
complexes exhibited homogenous round morphology with the average size 
of 7–15 nm (Figure 2-5-5), which is much smaller compared to our DLS 
measurement results (60 nm). Notably, in DLS measurement, complexes 
remained in aqueous condition and CS molecules were hydrated, while in 
AFM measurement, complexes remained in dry condition. 
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Figure 2-5-5. The topography of pDNA/PEI, pDNA/PEI/CS and pDNA/PEI/CS-
CHO nanoplexes by AFM. (Journal: Oommen  P. Varghese; Chondroitin Sulfate-
Coated DNA-Nanoplexes Enhance Transfection Effi ciency by Controlling Plasmid 
Release from Endosomes: A New Insight into Modulating Nonviral Gene Transfec-
tion. May 2015. Volume 25, Issue 25. Pages 3907–3915. Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission.) 

2.5.4 Gene transfection studies of nanoplexes in different cell 
types  
CS has been demonstrated can bind to CD44 cellular receptors. We decided to 
test gene delivery efficiency of our ternary complexes on cells highly express 
CD44 (HCT116) [186], moderate express CD44 [34], as well as well know 
difficult transfected skin derived MSCs. Figure 2-5-6A shows the CD 44 ex-
pression by FACS histogram with respect to isotype control (blank line) 

Gene delivery complexes untaken efficiency by cells largely affect the 
gene transfection efficiency. We investigated Cy3-labelled binary and ter-
nary nanoplexes by three types of cells. HCT116 cells showed enhanced 
cellular uptake, indicating a CD44-mediated endocytosis (Figure 2-5-6C 
and 2-5-6D; green curve), followed by HEK293 cells and the MSCs, this 
results is consistent with the CD44 expression in these cells (Figure 2-5-6A; 
2-5-6C and 2-5-6D; blue and red curve).  

 
Figure 2-5-6. Representative FACS histogram showing CD44 expression (A), Cel-
lular uptake efficiency of  (B) pDNA/PEI, (C) pDNA/PEI/CS and (D) 
pDNA/PEI/CS-CHO by cells. (Journal: Oommen  P. Varghese; Chondroitin Sulfate-
Coated DNA-Nanoplexes Enhance Transfection Effi ciency by Controlling Plasmid 
Release from Endosomes: A New Insight into Modulating Nonviral Gene Transfec-
tion. May 2015. Volume 25, Issue 25. Pages 3907–3915. Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission.) 
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2.5.5 Toxicity studies of nanoplexes 
Toxicity was performed in MSCs after incubation of with the nanoplexes for 
24 h and evaluated LDH assay. Already, it has been used to indicate cells 
undergoing early necrosis and late apoptosis with a increase of LDH level 
[187]. Ternary complexes showed decreased LDH level and increased cell 
viability (Figure 2-5-7).  

 

 

 

 
 

 
 
 
 
 
 
 

Figure 2-5-7. Cell viability of the MSCs after 24 h incubation with different nano-
plexes, (Journal: Oommen  P. Varghese; Chondroitin Sulfate-Coated DNA-
Nanoplexes Enhance Transfection Effi ciency by Controlling Plasmid Release from 
Endosomes: A New Insight into Modulating Nonviral Gene Transfection. May 
2015. Volume 25, Issue 25. Pages 3907–3915. Copyright Wiley-VCH Verlag GmbH 
& Co. KGaA. Reproduced with permission.) 

2.5.6 Gene transfection study in different cell types 
We tested gene delivery efficiency of our ternary complexes by delivery 
codon-optimised firefly Luc2 plasmid to the three cell types by testing the 
luciferase activity. There experiments indicated that the pDNA/PEI/CS-CHO 
showed highest luciferase activity in these cells. The activity is in consistent 
with the CD44 expression level (Figure 2-5-8A–C). We observed transfec-
tion efficiency of CS or CS-CHO coated complexes showed enhancement 
with the prolonging the incubation time.  
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Figure 2-5-8. Luciferase activity in (A) HCT116 cells, (B) HEK 293 cells, (C) the 
MSCs transfected with nanoplexes pDNA/PEI and CS- and CS-CHO-coated 
pDNA/PEI. (Journal: Oommen  P. Varghese; Chondroitin Sulfate-Coated DNA-
Nanoplexes Enhance Transfection Effi ciency by Controlling Plasmid Release from 
Endosomes: A New Insight into Modulating Nonviral Gene Transfection. May 
2015. Volume 25, Issue 25. Pages 3907–3915. Copyright Wiley-VCH Verlag GmbH 
& Co. KGaA. Reproduced with permission.) 

2.5.7 Controlled endosomal escape of nanoplexes 
Internalized molecules via endocytosis end up endosomal proteolytic degra-
dation, same to gene delivery vectors PEI can favour endosomal escape by 
‘proton sponge effect’ has been reported [188]. Furthermore, Symens et al. 
reported that diluting coding pDNA with non-coding DNA could favour 
transfection efficiency; this is due to prolong the release of pDNA reduced 
the cytoplasmic degradation of the pDNA [189].   



 63 

We were also interested in investigating the endosomal escape capacity of 
our complexes. LysoTracker® a pH sensitive dye can accumulate in acidic 
compartments of the cell such as endosomes and lysosomes. The higher in-
tensity of read fluorescence indicates higher volume of endosome and lyso-
some formation. The first 3 h after transfection, the acidic compartments 
largely increased followed decrease with time (Figure 2-5-9B). The binary 
complexes of pDNA/PEI induced a sharp increase of acidic compartment at 
the first beginning (Figure 2-5-9A, B) possibly due to the highly positive 
charged surface leads to swelling of endolysosomal compartments resulted 
from ion flux. The fast swelling of these acidic compartments can lead to 
burst release of cargo molecules. However, the negative charged surface of 
ternary complexes showed less read fluorescence signal indicating less 
swelling of endolysosomal compartments formation possibly slowed down 
the release of the cargos. The more stable complexes of pDNA/PEI/CS-CHO 
delayed such swelling of the endolysosomes even longer compared to less 
sable pDNA/PEI/CS complexes, this has witness of less red fluoresce signal 
in pDNA/PEI/CS-CHO complexes compared to pDNA/PEI/CS at 8 h. Even-
tually, these ternary complexes showed controlled release of pDNA from 
endosomes compared to binary complexes burst release. We know no release 
from endolysosomal compartments can lead to degradation, while burst re-
lease of pDNA to cytosol can also result in cytoplasmic degradation [189]. 
These results indicated that the delivery of pDNA to nuclear not only to in-
tracellular is the key. What’s more, slowed down the release of pDNA can 
increase the chance of transporting pDNA to nuclear during mitosis. Interest-
ingly, it was reported CD 44 receptor even accumulate on nuclear of cancer 
cells [190]. This could possible increase the chance of ternary complexes 
transporting pDNA to nuclear. Already, there was evidence on nuclear trans-
location of this cell-surface receptor occurs in a transportin-dependent man-
ner, which could favour CD44-mediated nuclear transport of the cargo mole-
cules [190].  

Chloroquine can accumulate within acidic subcellular compart-
ments[191]. We pre treated HCT116 by chloroquine (100 µM) which has 
been shown no toxicity to HCT116 cells [192].  We performed transfection 
assay with our complexes. There was no difference in binary complexes 
transfection efficiency. However, the transfection efficiency was dropped in 
ternary complexes (Figure 2-5-9C). Taken together, all these demonstrated 
that pDNA were controlled released from cargo in ternary complexes. 
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Figure 2-5-9. Endosomes escape evaluation nanoplexes in HCT116 cells, as indi-
cated by LysoTracker® Red. (A) Representative fluorescence microscopy images 
after 1 h. (B) Quantitatively analysis of red fluorescence after incubation of nano-
plexes for different time points. (C) Luciferase activity with and without chloroquine 
pre-treatment in HCT116. (Journal: Oommen  P. Varghese; Chondroitin Sulfate-
Coated DNA-Nanoplexes Enhance Transfection Effi ciency by Controlling Plasmid 
Release from Endosomes: A New Insight into Modulating Nonviral Gene Transfec-
tion. May 2015. Volume 25, Issue 25. Pages 3907–3915. Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission.) 
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3. Conclusion remarks and future perspectives  

This thesis presented new insights into BMP-2 scaffolds design principles 
and other potential alternative strategies for bone regeneration.  

The ideal scaffolds for BMP-2 should be able to sustain BMP-2 release. 
The enhanced affinity between BMP-2 towards scaffolds was firstly demon-
strated and that could be achieved by only tuning carrier pH to acidic (in 
paper I). Acidic HA hydrogels carrying BMP-2 exhibited sustained release 
pattern in vitro and enhanced bone formation in vivo. Whereas neutral HA 
hydrogels release BMP-2 exhibited typical Fickian behavior and less bone 
formation in vivo. Computational simulation revealed that the stronger elec-
trostatic intermolecular interactions between BMP-2 and HA were predomi-
nant at acidic pH, while the Van del Waals interactions played a key role at 
neutral pH. 

 Moreover, the enhanced bone formation of acidic carrier with BMP-2 
might be associated with different cellular responses in vivo, since acidic 
condition can be an alarm to our body. So we quantified the frequency of 
endogenous cells recruited in the acidic and neutral HA hydrogels by FACS 
on day 2, at which time point acidic hydrogels were found neutralized as 
well as day 6 because inflammatory responses occurred within one week in 
the normal bone healing process (Appendix). We found that HA exhibited 
extraordinary biocompatibility and recruitment of neutrophils, monocytes, 
macrophages and stromal cells regardless of hydrogels’ pH and BMP-2 
presence. Significant decrease of neutrophils and increase of stromal cells 
recruitment at day 6 was observed compared to day 2. Active inflammatory 
cytokines expression together with M2 associated markers expression was 
observed in neutrophils, monocytes, and macrophages recruited in neutral 
HA hydrogels with BMP-2 at day 2. However, these gene expressions 
seemed to be suppressed on day 2 in cells recruited in pH acidic HA hydro-
gels and showed restoration on day 6. The different cellular and molecules 
responses to acidic and neural carriers with BMP-2 might be associated with 
different bone inducing capacity.  

We further compared HA-SH-based hydrogels to hydrazone-based HA 
hydrogels as BMP-2 carriers in vitro and in vivo in paper II. We found that 
HA-SH hydrogels carrying BMP-2 released less bioactive BMP-2 in vitro 
and induced lower bone volume in a rat ectopic bone model compared to 
hydrazone-based HA hydrogels. We further confirmed the loss of BMP-2 
bioactivity was because HA-SH derivatives cleaved BMP-2 disulfide bond. 
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This study thiol-acrylate chemistry for hydrogels can harm BMP-2 bioactivi-
ty and this chemistry might not suitable for hydrogels for protein containing 
disulfide bonds loading. 

We then aimed to explore BMP-2 substitute in paper III. We investigat-
ed Li-gel osteogenic potential in vitro via hMSCs osteogenic differentiation 
and a CAM femur defect model. hMSCs 3D cultured in Li-gels exhibited 
enhanced osteogenic differentiation compared to cultured in Na-gels after 
long-term culture. Surprisingly, Li-gel without BMP-2 induced higher bone 
volume formation compared to Li-gel with BMP-2 in CAM defects.  

Instead of delivery BMP-2 protein, delivering BMP-2 coding plasmid is 
an alternative for achieving physiological controlled continuous BMP-2 pro-
duction. In paper IV, we established a novel non-viral gene delivery system 
by coating CS onto pDNA/PEI derived binary complexes via electrostatic 
interaction. The stability of the ternary complexes was further improved by 
reacting CS-CHO with free amines on pDNA/PEI via iminium/enamine 
chemistry. We found that the gene delivery efficiency was significantly im-
proved among different cells types by ternary complexes compared to binary 
complexes even though the total charge of ternary complexes was altered 
from positive to negative. These complexes could be internalized by cells 
through a cell surface receptor mediated endocytosis. The toxicity of the 
ternary complexes was reduced. We firstly demonstrated that controlled 
release from endosome compartment could be achieved by post-coating of 
CS and CS-CHO on pDNA/PEI, which is the key for non-viral gene delivery 
vector-based transfection. However, these systems’ application is limited by 
restriction of serum-free gene transfer conditions.  

3.1 Future perspectives 
The in vivo cellular and molecular responses to acidic and neutral carriers 
exhibited different patterns. In particular, the immune cells including neutro-
phils, monocytes, and macrophages exhibited different activation of inflam-
matory cytokines, which might be associated with enhanced bone formation 
by using acidic carriers for BMP-2. However, animal models having a deple-
tion of macrophages needed to be compared with wild type for investigating 
bone formation induced by the two systems. Alternatively, dual delivery of 
BMP-2 and drugs, which can modulate inflammatory responses from scaf-
folds, should be investigated.  

Li-gel enhanced osteogenic differentiation of hMSCs. However, the mor-
phologies of hMSCs cultured in HA 3D hydrogels at different osteogenic 
differentiation lineages needed to be investigated. Multi-photon microscopy 
would be a promising tool for investigating the morphology of cells cultured 
in 3D transparent scaffolds. Beside, Li is a small metal ion and the diffusion 
from hydrogels is rapid. So by loading Li ions onto nanoparticles subse-
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quently onto hydrogels might improve the osteogenic potential of Li ions by 
a sustained release pattern in a long term. 

The homogenous distribution of BMP-2 onto scaffolds is important for 
both research reproducibility and future clinical application. To achieve this 
purpose, in this thesis, BMP-2 was pre-mixed properly with two-component 
solutions individually at the same concentration before the crosslinking reac-
tion. Alternatively, instead of using two spontaneous crosslinking compo-
nents, to design controllable crosslinking chemistry for hydrogels (e.g. light 
or thermal triggered reaction) formation might be an advantage for BMP-2 
and other drugs homogenous distribution on the hydrogels network.  
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5. Svensk sammanfattning 

Skada eller nedbrytning av benvävnad, som har förorsakats av antingen 
trauma eller sjukdom, kan avsevärt påverka den drabbade individens 
livskvalitet. Varje år utförs cirka 4 000, 000 bentransplantationer och andra 
kirurgiska ingrepp i världen. Även om benvävnad har ärr-läkande kapacitet 
så spelar defektens storlek roll där en viss kritisk storlek leder till att benet 
inte läker. Därför måste kritiskt stora bendefekter behandlas. Nuvarande 
behandling omfattar användandet av autolog bentransplantation eller artifi-
ciell fixering. Dessa behandlingar har ofta problem med begränsad mängd 
autologt ben som kan tas från givarstället samt associerad morbiditet, infek-
tion och smärta. Behandlingarna är även kostsamma. Olika alternativ har 
utvecklats under de senaste decennierna för att lösa problemen. I synnerhet, 
har utvecklingen inom vävnadregenerering ökat snabbt. Exempelvis 
tillväxtfaktorerna BMP-2 och 7 har godkänts för klinisk användning av FDA 
och EMEA, och har via en nedbrytbar proteinsvamp (Absorbable Collagen 
Sponge, ACS) för ryggkotsfusion. Tyvärr leder den dåliga affiniteten mellan 
BMP-2 mot bärarmaterialet (kollagensvampen) till att mycket höga halter sk 
supra-fysiologiska doser används, vilket kan resultera i massiva biverkningar 
som inflammation eller benöverväxt. Behovet av nya bärarmaterial är 
därmed stort. Exempel på nya bärarmaterial som studerats är hydrogeler 
baserade på hyaluronsyra (HA) där egenskaper kan designas genom att syn-
tetiskt manipulera den kemiska strukturen. Exempelvis har sulfat-modifierad 
HA använts för att konjugerat biomolekyler som kan interagera och kontrol-
lera BMP-2 frisättningen. 

Emellertid har dessa modifieringar sin egen biologiska funktion, vilket 
kan leda till oönskade bieffekter. Vidare kan BMP-2s aktivitet påverkas neg-
ativt av en rad betingelser såsom pH, salthalt, och reducerande miljö.  

Förbättrad affinitet mellan BMP-2 och bärarmaterial är ett sätt att styra 
frisättningen och detta visades i del I. Hyaluronsyrageler tvärbundna med 
hydrozongrupper och där pH sänkts till 4,5 uppvisade fördröjd frisättning av 
bioaktiva BMP-2 in vitro och även förbättrad benbildning in vivo. Vid pH 7 
var in vitro frisättningen diffusionskontrollerad och uppvisade ett sk Ficki-
anskt beteende. Datorsimuleringar av frisättningen vid olika pH visade på att 
elektrostatiska interaktioner dominerade mellan BMP-2 och HA vid pH 4,5 
medans vid pH 7, var det övervägande den svagare Van del Waals inter-
aktioner spelade nyckelroll för protein material interaktionen. En del av 
avhandlingen studerade den initiala fasen av benbildning in vivo, hur en-
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dogena celler svarade på pH 4,5 och pH 7 med eller utan tillsats av BMP-2. 
Det visar sig att hydrogelerna rekryterade immunceller och stromala celler 
vid dag 2 och dag 6 med något högre frekvens av stromala celler vid dag 6. 
Genuttrycket i immunceller och stromala celler som återfanns inuti hydro-
gelerna analyserades. 

BMP-2 bioaktivitet är kopplad till proteinets strukturella integritet.  I del 
II studerades tvärbindningskemins påverkan på proteinet. BMP-2 är ett 
dimeriskt protein där två subenheter binds samman men en dislufidbrygga. 
Tioler kan klyva disulfider för att generera mono BMP-2. I studien jä-
mfördes tiol-akrylat kemi-baserade HA hydrogeler (HA-SH) med hydrozon 
baserade HA hydrogeler och hur dessa eventuellt reagerade med BMP-2. Det 
visade sig HA-SH störde BMP-2 integriteten och bioaktivitet genom att 
klyva proteinet. HA-SH hydrogeler med BMP-2 frigjorde lägre halter av 
bioaktivit BMP-2 in vitro och inducerade mindre benbildning in vivo. 

Ytterligare att sätt att komma runt problematiken med tillväxtfaktorer är 
att använda andra stimuli för benbildning.Litium joner (Li) har visat sig ha 
stor osteogen potential. I del III, aggregerade vi Li till HA hydrogeler (Li-
gel); Li-gel förbättrade hMSCs osteogen differentiering odlade i 3D-kultur, 
samt en förbättrad högre volym ben i an in vivo benmodell (CAM-
modellen).  

Ett alternativ till direkt formulering av proteinet BMP-2 i bärarmaterialet 
är att leverera DNA som kodar för proteinet till celler i bendefekten. Om 
detta lyckas kan cellerna själva uttrycka BMP-2 på ett mer fysiologiskt 
kontrollerat sätt. För detta ändamål krävs en säker och effektiv teknologi 
med DNA-levererande reagens sk vektorer. I del IV utvecklades två nya 
vektorer med hjälp av anjoniska kondroitinsulfat (CS) som fick kapsla in ett 
nanokomplex av DNA och en katjonisk polymer (polyetylenimin, PEI). För 
att ytterligare stabilisera komplexet användes även en aldehyd modofieraad 
CS (CS-CHO) som reagerade med fria aminer av pDNA/PEI komplexetplex. 

Spännande nog, visade det sig att de CS-CHO belagda nanoplexes bättre 
kunde frisättas inuti cellen genom att de lättare tog sig ut ur cellens edosom-
er. Detta är viktigt för högre effektivitet vid transfektion som är måttet på 
hur myckeet DNA som kopieras in i cellen. 

Denna avhandling påvisar djupare insikter, kunskaper för ben applic-
erande biomateriala designer. 
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Appendix  

Methods 
1. HA derivatives synthesis and hydrogels preparation.  
Aldehyde (HA-CHO) modified HA derivatives was synthesized referred to 
the methods published before [135]. Briefly, 400 mg of HA (1 mmol of di-
saccharide repeating units) was dissolved by 100 mL of deionized water. 
Thereafter, N-hydroxybenzotriazole (HOBt; 153 mg, 1 mmol) and 3-amino-
1,2-propanediol (91 mg, 1 mmol) were added to the HA solution and stirred 
to dissolve HOBt. We adjusted resultant solution pH to 6.0 by using 1 M 
HCl. Then we added 1-ethyl-3-(3- dimethylaminopropyl)carbodiimide 
(EDC; 57.5 mg, 0.3 mmol) to the above solution and stirred overnight in 
room temperature. Dialysis was performed (Spectra Por-3, MWCO 3500) 
against dilute HCl (pH = 3.5) containing 0.1 M NaCl (2 × 2L, 48 h), fol-
lowed by dialysis against dilute HCl (pH 3.5) (2 × 2L, 24 h) without NaCl. 
The solution was lyophilized to obtain amino-glycerol-modified HA deriva-
tives. We selectively oxidized above lyophilized HA derivatives by using 
NaIO4. Briefly, HA derivative containing 0.5 mmol of disaccharide repeat-
ing units was dissolved in 45 mL of deionized water. We further dissolved 
NaIO4 in deionized water at the concentration of 107 mg  (0.5 mmol) per 0.5 
mL.  We mixed the two solutions and kept them at room temperature for 15 
min. 5- fold excess ethylene glycol (160 µL, 2.5 mmol) was added to quench 
the remaining NaIO4 and stirred for another 1 h. We preformed dialysis 
(Spectra Por-3, MWCO) against deionized water (2 × 2L, 48 h). The solution 
was lyophilized stored at −20 °C. 

Hydrazide modified HA (HA-CDH) was synthesized followed by previ-
ous publication [135]. Briefly, HA was dissolved in deionized water (400 mg 
per 100 ml) at room temperature. We further added dihydrazide (1 mmol, 
CDH) to the solution followed by addition of HOBt (153 mg, 1 mmol). We 
adjusted the pH to 6 followed by addition of solid EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide; 19.17 mg, 0.1 mmol) was added and 
stirred overnight. Dialysis was performed (Spectra Por-6, MWCO 3500) 
against dilute HCl (pH = 3.5) containing 0.1 M NaCl (2 × 2 L, 48 h), then 
dialyzed against deionized water (2 × 2 L, 24 h). To prepare neutralize HA-
CHO or HA-CDH, the reaction solution was dialyzed against dilute dHCl 
(pH = 3.5) containing 0.1 M NaCl (2 × 2 L, 48 h), then the pH value was 
adjusted to pH 7.4 by adding NaOH, followed by dialysis against deionized 
water (2 × 2 L, 24 h). 
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2. Subcutaneous injection of hydrogels in mice 
16 mg of HA-CHO and HA-CDH were dissolved in 0.5 ml PBS followed by 
filtration against 0.45 µm syringe filter (Pall Corp., East Hills, NY). To load 
BMP-2, equal amount of BMP-2 was added to HA-CHO and HA-CDH at the 
concentration of 4 µg per 200 µl followed by mixing the two solution. 50 µl of 
hydrogels having a pH of 4.5 and 7 with or without BMP/2 were randomly 
injected into mice subcutaneously. Each mouse, we injected four transplants. 

3. Hydrogels neutralization study in vivo by IVIS 
HA-CDH (12.5 mg, 0.031 mmol of disaccharide repeat units) was dissolved in 
3 ml of 10 mM phosphate buffer (pH 7.5) and kept in ice bath for 30 minutes. 
0.25 mg pre-dissolved SNARF-1 (50 µg/20 µl in DMSO,) was added to HA-
CDH solution drop by drop and stirred overnight in dark at room temperature. 
Resultant solution was loaded into a dialysis bag (Spectra Por-6, MWCO 
3500) and dialyzed against deionized water (pH 7 HA-CDH) and pH 4.5 de-
ionized water (pH 4.5 HA-CDH; containing HCl, 2 × 2 L, 24 h). The solution 
was lyophilized and SNARF-1 labeled HA-CDH derivative was obtained. 
SNARF-1 labeled HA-CDH was mixed with HA-CHO in syringe and kept 
overnight at 4 degree to allow the gel formation. 50 µl of the hydrogel were 
injected into mice subcutaneously. Each mouse was injected four sites. The 
neutralization of pH 4.5 HA hydrogels was monitored by IVIS. 

4. Cell recruitment study by FACS  
Total isolated cells from gel were resuspended in PBS + 10% FBS followed 
with FCR blocking and antibody staining. Propidium Iodide was used to 
exclude dead cells. Granulocytes and macrophages were then visualized 
within hematopoietic population based on CD45 (eBioscience 15-0451-83, 
clone 30-F11), GR-1 (Biolegend 108434, clone RB6-8C5), and F4/80 (eBio-
science 12-4801-80, clone BM8) staining; while pericyte population in gel 
was detected with CD140B (Biolegend 136008, clone APB5) staining on a 
FACSAria III SORP Sorter (BD Bioscience).  Percentage of cell population 
were then analyzed with a FlowJo TreeStar v9.9 BDTM  

5 Gene expression analyses by real-time PCR 
Cells were sorted directly to RLT buffer with 2-mercaptoethanol, RNA ex-
traction were followed by manufacture suggested by RNeasy® Micro Kit 
(QIAGEN). cDNA was synthesized by using SuperScript II Reverse Tran-
scriptase (Invitrogen, Carlsbad, CA) followed by the manufacturer's proto-
col. Quantitative RT-PCR was performed as described previously sing an 
ABI PRISM 7000 sequence detection system (Applied Biosystems) with 
Taqman probes (applied Biosystems).  

6. Statistic analysis  
Data was analyzed via GraphPad 6 (Graphpad Software, La Jolla, CA) and 
unpaired Student t-test was used for statistic analysis. 
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