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SUMMARY 

Tissue engineering is based on three major factors: cells, biological 

signals, and scaffold. The importance of biomaterial development for tissue 

engineering application is critical. Biomaterials are currently being developed for 

biological activity, and the essential property required for a functional biomaterial 

is cell attachment and cell viability. Scaffolds are also required to deliver specific 

biological signals at the specific time.  

The Leucine Zipper (LZ) is a secondary α-helical coiled-coil structure 

found in several proteins. The LZ hydrogel is a novel biomaterial and is formed 

by the inherent self-assembly property of the LZ domain in the chimeric protein. 

Such native materials may be a better candidate for tissue engineering 

applications. However, the current LZ hydrogel is not stable enough to function 

as a scaffold for a desired period of time. Furthermore, the LZ hydrogel is not yet 

developed and explored as a scaffold. As LZ is synthesized as a recombinant 

protein, ideally it should be possible to incorporate the desired functional motifs 

with specific functions. Incorporating such functional domains in the scaffold may 

enable usage for a wide range of applications.  

In this study, we developed a stable 3-D LZ hydrogel by using a 

dehydrothermal crosslinking method. The LZ hydrogel is porous. By altering the 

weight percentage of the hydrogel, the pore size and the mechanical properties 

can be changed. The LZ hydrogel is also tunable with respect to its functionality 

by incorporating different functional domains. We evaluated several different 

functional motifs after incorporated them into the LZ hydrogel. These motifs were  
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RGDS, DMP-1 derived calcium-binding domain ESQES and QESQSEQDS and 

a heparin-binding domain with a MMP-2 cleavage site. 

The LZ hydrogel by itself can provide good cell affinity for 3-D cell culture 

and did not trigger foreign body reaction when implanted subcutaneous in a wild 

type mouse. The RGDS incorporated LZ hydrogel can provide an even better cell 

culture environment by facilitating the cell attachment, proliferation and migration. 

The LZ hydrogel incorporated with DMP-1 derived calcium-binding domain 

(ESQES and QESQSEQS) showed the ability of accumulating calcium ions and 

further triggered biomineralization in vivo. This can also be used to enhance the 

hydrogel mechanical properties. The cell responses to the LZ hydrogel with an 

without pre-mineralization was also different when cultured subcutaneously in 

mice. The non-mineralized hydrogel could trigger osteogeneic differentiation 

human mesenchymal stem cells (HMSCs). The HMSCs on the pre-mineralized 

hydrogel were able to undergo the osteogenic differentiation faster.  

The incorporation of heparin-binding domain with MMP-2 cleavage site 

facilitated tethering of heparin-binding growth factors (VEGF, TGF-β1 and BMP-

2) and controlled release of active growth factor in vitro and in vivo. The growth 

factors could be released via proteolytic cleavage through the designated MMP-2 

cleavage site. Two heparin-binding growth factors including TGF-β1 and BMP-2 

were evaluated in vivo. Both remained active and influenced HMSCs fate 

showing the feasibility of this approach.  

Overall, we have shown that LZ, a self-assembling peptide can be utilized 
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for the synthesis of a defined matrix for tissue regeneration. Synthesis of the 

engineered LZ domain can facilitate the formation of physical and covalent 

crosslinks in hydrogel structures leading to the formation of interconnected pores 

of varying sizes and mechanical properties based on peptide concentration or 

composition. The incorporated functional domains can also provide the hydrogel 

with tunable properties for varied applications. This is the first report on the 

development of a stable LZ hydrogel with tunable properties.  
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I. INTRODUCTION 

A. Background 

A.1. Hydrogel for tissue engineering applications 

Tissue engineering is an interdisciplinary field combining cells, 

biological signaling molecules and scaffolds. Combination of these three could 

be used as therapeutic strategies for restoring or replacing damaged or 

malfunctioning tissues. Recently, several new biomaterials are being 

developed to function as a temporary scaffold to mimic the extracellular matrix 

(ECM) in the form of a hydrogel, to achieve a 3-D architecture and 

organization during tissue regeneration and also direct cells by providing 

biological and mechanical cues [2-7]. In living tissues, the cells are structurally 

supported and attached to the 3-D ECM that is synthesized and secreted by 

the cells themselves. The ECM regulate the cell fate by providing the biological 

and chemical cues through the intricately interwoven network made by 

hydrated proteoglycans and fibrous proteins such as collagen, fibronectin, 

laminin, and elastin [8]. Such a 3-D micro porous structure also facilitates cell-

cell communications through signal transductions carried out by biological 

chemical molecules. The mechanical support provided by the 3-D ECM also 

initiates mechano-transduction events as the cells can exert forces with each 

other. In contrast, cells cultured in 2-D monolayer in the traditional way do not 

mimic the chemical and physical cues and possibly the functions observed in 

vivo. Several studies also have highlighted and stressed the importance and 
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necessity of a 3-D cell culture environment over the traditional 2-D culture [3, 

9-14]. Hence it is important to design and synthesize a well defined 3-D 

artificial structure that is capable to accurately mimicing the microenvironment 

of the native ECM [15]. It has been shown that the refinement of the 

microstructure for 3-D cell culture significantly influences the behavior of how 

the cells respond to small biological molecules [16, 17]. Furthermore, scaffolds 

need to provide proper mechanical properties to allow cell attachment and 

migration, enable diffusion of oxygen and flow of biological substances for 

maintaining metabolic activity and also provide a localized and sustained 

release of growth factors depending on the demands of the specific application 

[18]. For different target tissue regeneration or specific biomedical applications 

such as wound healing or drug delivery, the hydrogels with different desired 

properties can be synthesized and the properties can be finely tuned 

according to the end use [6, 7, 19-22].  

A hydrogel may be defined as a material made with water-insoluble and 

crosslinked polymer network that can absorb and hold a great amount of water 

[7, 23, 24]. Such a polymer network may be made from either synthetic or 

natural origin, as a homopolymer or a copolymer [25]. Although the hydrogel 

may contain a great amount of water as much as 99% of its volume, the 

material behavior of hydrogel still remains as a solid matter [19, 25]. To date, a 

large portion of the scaffolds for tissue engineering or biomedical materials are 

focused on synthetic polymers-based materials, as they are easy to synthesize 

with varying material properties. These properties are often easily tunable by 
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adjusting its monomer compounds or synthesis methodology [26-28]. Since 

1995, one of the most important and still being widely used synthetic polymer 

hydrogel is poly(hydroxyethyl methacrylate) (polyHEMA, PHEMA) [29, 30]. 

Poly(ethylene glycol) (PEG), also known as poly(oxyethylene) or poly(ethylene 

oxide) (PEO), and its derivatives are another group that has been widely used 

as hydrogels made from synthetic polymer. The PEG family are characterized 

as having high biocompatibility, low toxicity and biodegradability makes them 

as favored candidates for biomedical applications like drug delivery and tissue 

engineering [31-33]. The other widely studied synthetic polymer-based 

hydrogel being used as a tissue engineering scaffold are poly(glycolic acid) 

(PGA), poly(lactic acid) (PLA) and their copolymer poly(lactic-co-glycolic acid) 

(PLGA). PGA, PLA, and PLGA are noted for their biodegradability and 

previous work have shown that such characteristic properties can benefit the 

repair of articular cartilage and facilitate tissue regeneration during 

implantation [34, 35]. The use of other synthetic polymer-based hydrogels 

such as poly(vinyl alcohol) (PVA) [36], polyvinylpyrrolidone (PVP) [37], 

polyimide [38], polyacrylate [39], and polyurethane [40] were also reported. 

Although the synthetic polymer-based hydrogels are favored due to the 

convenience of manipulating its characteristic properties, however, these 

materials lack biological recognition domains, suppress cell affinity and are 

immunoreactive. In order to overcome these disadvantages, grafting cell 

recognition proteins or peptides on the scaffold surface were often being used 

[33, 41, 42]. This often requires chemical reactions and treatments, which 
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results in cytotoxicity [43, 44]. Besides, surface modifications still cannot fix the 

potential immunoreactivity caused by degraded polymer debris. On the other 

hand, natural biomaterials are often derived from components of the 

extracellular matrix that already exist in nature, hence it can be recognized by 

the cellular environment and can be degraded through cellular pathways. 

Often the hydrogels made from natural materials require crosslinking either 

covalently or non-covalently [45-47]. The native biomaterials can also have 

biological functions at the molecular level and are often enzymatically 

degraded without any need of additional cues [5].  

Currently the use of natural material hydrogel can be categorized into 

two major groups, polymers derived from proteins and the polysaccharidic 

polymers. The advantage of using protein-origin polymers as hydrogel scaffold 

is the ease of mimicking the ECM characteristics and further potentially direct 

cell migration, proliferation and organization during tissue regeneration or 

wound healing. Collagen is the major content of the ECM which provides 

support to connective tissues, hence collagen-based hydrogel is widely used 

in tissue engineering or delivery systems [48-50]. Derived from denatured 

collagen, gelatin is commonly used in biomedical applications because of its 

biodegradability and biocompatibility when placed in physiological 

environments [51-53]. Fibrin and fibrinogen have been studied extensively as 

a tissue engineering scaffold because of the innate ability to facilitate cellular 

interaction and subsequently matrix remodeling [54-56]. Other polymers of 

protein-origin such as silk or silk fibroin [57-59] and elastin [60-62] hydrogels 
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were also reported. Peptide-based hydrogels is also a subgroup of the 

polymers of protein-origin..  

The other major group of natural material is polysaccharides which are 

a class of polymers constituted by simple sugar monomers [63]. 

Polysaccharide based hydrogels are characterized as a material with good 

hemo-compatibile properties that might arise because of its chemical 

properties being similar to heparin. Polysaccharides hydrogel are also non-

cytotoxic, possess good cellular interaction ability and sometimes are cheaper 

than manufacturing other natural materials.[64, 65].  In nature, chitin is the 

second most abundant polysaccharide containing polymerized carbon and 

chitosan is fully or partially deacetylated derrivative. Due to its proven 

biodegradable, biocompatible, biologically renewable, non-cytotoxic and 

biofunctional properties, chitosan has attracted a wide attention and employed 

in different applications including tissue engineering and drug delivery [66, 67]. 

In addition, chitosan is also easy to be chemically modified for surface grafting 

with biological signals and metabolically digested by enzymes, especially 

lysozyme, facilitating its biodegradability due to its amino and hydroxyl 

functional groups [68]. Among the polysaccharide hydrogel materials, alginate 

is one of the most studied and developed in tissue engineering and drug-

delivery fields. Alginate-based hydrogels are useful and attractive because of 

their pH-sensitive characteristic properties and the mild process conditions for 

gelation [48, 68, 69]. Hyaluronan is often referred to as hyaluronic acid (HA) 

since it is exist in the form of a polyanion and not in the protonated acid form in 
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vivo. HA is also widely used in tissue engineering as a scaffold probably 

because of its high content in the ECM [48, 70, 71]. Starch is another 

promising polysaccharide hydrogel material, also because of its innate 

biodegradability, renewability, and excessive abundance. However, starch by 

itself is mechanically brittle making handling extremely difficulty without adding 

any additives such as plasticizers or blending with other synthetic or natural 

polymers [72, 73]. Other polysaccharide hydrogels such as chondroitin 

sulphate [74, 75], dextran [64, 76], agar [77], carrageenans [78], cellulose [78], 

and gellan gum [64] were also reported from other studies as tissue 

engineering scaffolds or drug delivery carriers. 
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A.2. Peptide-based self-assembly hydrogels 

Although there exists some benefit of using natural materials for 

hydrogel synthesis or tissue engineering or drug delivery applications, it 

possesses a major drawback: the difficulty of maintaining consistency from 

batch to batch during the synthesis of the hydrogel.  However, this can be 

overcome by an alternate strategy using precisely designed recombinant or 

chimeric proteins as well as by the introduction of predictable crosslinking 

methodology. Bringing such a programmable methodology during the 

synthesis of natural polymer hydrogel can be extremely attractive as it will 

contain predictable properties such as degradation rate or concentration of 

bound biological signal motifs or growth factors which are useful for tissue 

engineering or drug delivery purposes [15, 61, 62].  

The use of peptide-based hydrogels as a scaffold in regenerative 

medicine exhibits several advantages including mimicking the ECM contents, 

favorable for cell attachment, proliferation and organization during the 

regenerative process. In the molecular perspective, the peptide-based 

hydrogel can be considered as a series of combination of 20 distinct amino 

acids. By arranging the amino acids in different combinations, one can easily 

build the desired peptide sequence that exhibit unique functions. The current 

drawback of peptide-based hydrogel, however, is the fabrication difficulties of 

3-D, stable, hierarchical scaffolds that can mimic the structural complexity of 

the natural ECM. 
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Self-assembly is defined as the spontaneous association of monomers 

or peptide building blocks following thermally equilibrium conditions and 

assemble into an ordered network structure through non-covalent interactions 

and therefore this assembly is reversible without any human interference. The 

phenomenon of molecular level self-assembly from the smaller building blocks 

to a super-structure network is not a simple and random aggregation. It is 

rather a specific interaction between these building blocks that result in a well-

defined super-structure with a hierarchical order on larger scales [79]. These 

non-covalent interactions include electrostatic interactions, hydrogen bond 

binding, hydrophobic interactions, van der Waals interactions and aromatic π - 

π interaction. The hydrogel formation also involves a transition from a solution 

state into a gel state by the interaction of the building blocks (sol-gel transition). 

These transitions may be triggered by the change of solution conditions such 

as pH  [80], changing of the solvent [81], addition salts [82], or thermal cycling 

[83]. The casting of the self-assembled hydrogel by different methods can also 

alter the properties [84]. These transitions are reversible in nature and can be 

easily interrupted by environmental stimuli. The self-assembled hydrogel are 

versatile and can be used in different forms as well as injected for medical 

applications [85, 86]. Since the hydrogel transition does not involve any 

covalent bond formation, it is often happens much faster then the crosslinked 

polymer based hydrogels [87-92]. The peptide-based hydrogel system offers a 

great opportunity for creating a chimeric protein based hydrogel with innate 

self-assembling property to build a hydrogel using a bottom-up strategy [93]. 
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However, in order to increase the mechanical stability of the scaffold, some 

studies introduced covalent binding on top of the self-assembly hydrogel [94]. 

The easiest method used to detect the formation of the self-assembled 

hydrogel was performed by inverting the vial containing the hydrogel and 

further determined its mechanical properties by quantitative rheology 

measurements [95].  

Chimeric proteins designed for hydrogel formation via self-assembly 

can efficiently form a stable 3-D hydrogel [88, 96-99]. In addition, these 

chimeric backbone proteins can be incorporated with functional motifs for fine 

tuning its  properties to mimic the complexity of natural ECM. For example, the 

common drawback of covalent immobilization of biological molecules on the 

material surface with desired functions may be lost during the coupling 

process [100] but the use of chimeric proteins could alleviate this problem. The 

emergence of molecular self-assembly based hydrogels hold great promise in 

tissue engineering and regeneration applications. 

The diversity of peptide building blocks that exist throughout the 

proteome in nature enables the greater possibility of peptide-based hydrogel 

that can be achieved. Researchers have found many examples of peptides 

that fold into 3-D structure and also identified different peptide motif domains 

for various end applications in tissue engineering. By careful designing and 

selecting the functional peptide motifs, we can manipulate the functional 

properties of the chimeric proteins.  
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In the field of peptide-based hydrogels, the coiled-coil α-helical structure 

is the one that has been explored extensively as a self-assembling motif in 

hydrogel formation. Proteins contain coiled-coil structure abundantly exists in 

nature and critical for their physiological function. For example, the blood clots 

that are formed by the fibrin fibers are assembled by fibrin monomer 

containing coiled-coil structure. The fibrin monomers are a long chain and 

originate from the aggregation of the soluble plasma protein, fibrinogen, after 

activation by the protease thrombin. These fibrin monomers then further 

aggregate and assemble via its coiled-coil linkers to form the fibrin fiber and 

then form a polymerized network as blood clots [101]. The coiled-coil structure 

contains heptad repeats of amino acids. By simply having three heptad 

repeats (21 amino acids), a self-assembled hydrogel can form as nanofibers at 

a relatively high peptide concentrations and at low pH values [102]. Leucine 

zipper (LZ) domain is another example of coiled-coil structure and extensively 

studied as the self-assembling motif in the synthesis of hydrogel scaffolds for 

tissue engineering applications. 

Just like the coiled-coil α-helical structure, the β-sheet structure is 

another structural group of self-assembling motif and is also abundantly 

present  in nature and finds in  biomaterials such as silk fibroin. The β-sheet 

structure is known to form β-strands as observed in amyloid fibrils with the 

alignment of hydrogen bonds perpendicular to the fibril axis [103-105]. In early 

studies back to 1975, it was suggested that an alternative arrangement of the 

hydrophilic and the hydrophobic amino acids tends to form a β-sheet structure 
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with one side hydrophilic and the other side hydrophobic [106]. In recent years, 

there are many hydrogels made of β-sheet fibril-rich structures. For example, 

the domain K24 (KLEALYVLGFFGFFTLGIMLSYIR) is the residues 41-67 but 

without the residues 47-49 of the transmembrane domain of protein IsK. This 

is one of the first sequence taken from a native protein and shown to form a 

self-assembled β-sheet hydrogel with proper viscoelastic gel properties [107]. 

Originated from the yeast protein zuotin, the 16-residue peptide EKA16-II 

(AEAEAKAKAEAEAKAK) and its derivatives including RADA16-I, (RADA)4, 

and RAD16-II (RARADADARARADADADA) can self-assemble into β-sheet 

structure by salt-induced method under physiological conditions [108-110]. 

Similar salt-induced β-sheet fibril formation for peptides like FEK-16 or 

(FEFEFKFK)2 were also investigated and used for a variety of tissue 

engineering purposes [111]. Q11 (QQKFQFQFEQQ) is another well-studied 

peptide that was specifically designed to carry biological signal motifs such as 

RGDS or IKVAV at its N-termini to facilitate cell recognition and adhesiveness 

for tissue engineering applications [112, 113]. With proper design, a two-step 

self-assembled β-sheet hydrogel formation can be achieved by making the 

peptide fold into β-hairpin conformation by first stimulating environmental 

changes like  pH, salt ion concentration, or temperature. MAX1, whose 

sequence is (VK)4-VDPPT-(KV)4-CONH2, and its derivative MAX8 are one of 

such peptides used for two-step self-assembly into β-sheet hydrogel [114, 

115]. Some extremely short peptides can also be attached to aromatic 

components to create a π-stacking (stacking the aromatic rings) interaction 
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and further facilitate the peptide self-assembly. Examples including Boc (tert-

butoxycarbonyl), Fmoc (9-fluofluorenylmethoxycarbonyl), and naphthyl group 

(Nap) conjugate with dipeptides [83, 116]. 

Sometimes the fused organic functional group can participate in the 

self-assembly together with the peptide just like the peptide amphiphiles. The 

peptide amphiphiles was first introduced in 1995 and usually includes three 

major domains:  a hydrophobic alkyl tail, a peptide which is capable of forming  

a β-sheet with hydrogen bonds, and a functional peptide motif which is 

hydrophilic and can be incorporated with desired biological signals [117, 118].  

At a certain concentration, these peptide amphiphiles can self-assembe into 

cylindrical micelle nanofibers with the hydrophobic amphiphile occupying the 

core space, and the nanofibers are further interwoven into a viscoelastic 

hydrogel. The relatively ease of synthesis and high flexibility for tuning the 

properties drew a lot of attentions to the peptide amphiphiles. For example, the 

amphiphile can be modified with different crosslinking cues like covalent bonds 

or UV crosslinking [98, 119, 120]. The peptide sequence can also be modified 

to delay the gelation time [121]. Different biological signal motifs such as 

RGDS or IKVAV[122, 123], or growth factor binding mechanism such as 

heparin-binding motifs can also be incorporated to the hydrophilic end [98, 

124]. 

Another group of hydrogel is the elastin-like peptide-based hydrogel. 

The various peptide-based hydrogels mentioned above focuses on the 

sequence containing the structural assembly property. However, the elastin-
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like peptide assembles into a specific natural protein as the name suggests 

into elastin. Elastin is a elastic protein that exist abundantly in mammalian 

tissues like blood vessels, lung parenchyma and skin, and is the major 

component of the ECM in these tissues. Elastin is synthesized as monomers 

called tropoelastin, and the self-assembly property of tropoelastin inspired the 

synthesis of recombinant elastin-like peptides (ELPs) and ELP hydrogel 

research [125, 126].  The ELPs are derived from a naturally occurring motive 

of repeating VPGXG sequence, where X can be any amino acid but proline 

[127], and the self-assembly property is driven by a process of temperature-

induced phase separation or coacervation [128]. The modifications to the 

ELPs included changing its thermal transition temperature for gelation. By 

using a single repeat of VPGVG, the ELP thermal transition temperature can 

be tuned and capable for a local in situ gelation once the ELPs reach a tissue 

with higher temperature [129]. Or by replacing the fourth position amino acid to 

a hydrophobic one can bring the thermal transition temperature down below 

37°C by the formation of the type II β-turns [130].  Another approach to ELP 

modification was carried on the tri-block by using the plastic domain VPAG on 

both ends and the elastomeric domain VPGVG in the middle block [131-133]. 

However, there was no mention of their capability to form 3-D hydrogels with 

the tri-block ELPs [134]. Recent researches conducted on ELP hydrogels were 

on its mechanical properties and ways to introduce covalent bonds to stabilize 

it [135]. The dependency of the ELP hydrogel mechanical properties to 
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chondrogenesis was also investigated for cartilage tissue engineering [127, 

136, 137]. 
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A.3. Leucine Zipper Hydrogel  

Native biomaterials, including collagen, fibrin, chitosan and so on, are 

derived from naturally existing extracellular matrix [5]. Recently, peptide-based 

biomaterials are receiving increasing attention for tissue engineering 

applications. The ease of manipulating the peptide sequences makes it 

convenient to obtain the required biological response [138]. Hence, the idea of 

assembling each individual short domain peptides with specific functions to 

generate a “multi-domain peptide” was developed recently.  

The LZ domains, as one of the coiled-coil superstructures, are structural 

motifs that exist abundantly in native proteins like transcription factors as part 

of DNA binding domain. The LZ domains form α-helices and are constituted by 

repeated heptad amino acids in the form of abcdefg where positions a and d 

are non-polar residues and positions e and g are charged residues. Such 

arrangement of the amino acids allow the formation of coiled-coil structures as 

the side chains of the non-polar residues provide a local hydrophobic 

environment. The non-polar residues in position a and d are often leucine 

residues and therefore reflect the name of this coiled-coil structure as leucine 

zippers [139, 140]. 

The LZ chimeric peptide is one example of the ABA multi-domain 

peptide, or tri-block peptide structure, with domain A consisting of the α-helix 

coiled-coil secondary structure named LZ domain and the domain B with a 

hydrophilic flexible peptide allowing the LZ motifs to move freely. When 

present in an ionic and neutral pH condition, the α-helix coiled-coil secondary 
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structure in domain A is formed and adhere together, thereby forming a large 

network by self-assembly. Pekta et al. was the first to demonstrate the idea of 

LZ hydrogel [138, 141, 142]. Such a network composed of LZ peptides is soft 

and paste-like in appearance, and it is also not stable enough for tissue 

engineering applications. The cysteine residues was later introduced in the LZ 

ABA tri-block structure in order to provide for the formation of the covalent 

disulfide bonds to prevent the naturally reversibility of the LZ binding and to 

enhance the integrity [143]. The later studies also reported the instability of the 

ABA tri-block due to the self-aggregation and self-loop-formation and 

introduced a dissimilar coiled-coil structure to improve the erosion rate [144, 

145]. However, there has never been a stable LZ hydrogel synthesized as a 3-

D scaffold. Hence, further modification to this material is necessary for its use 

in tissue engineering applications in clinical practice. 
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A.4. Incorporation of biological motifs for cell attachment in hydrogels 

Stem cells are often favorable for tissue repair and regeneration and 

require attachment on the ECM or onto another cell. Hence when developing a 

new biomaterial, surface markers for cell recognition were often used for 

improving the cell attachment efficiency and motility during culture [146]. 

Hydrogels from native materials such as collagen, chitosan, alginate, HA or 

dextran are inherently biocompatible and bioactive, but the surface recognition 

markers still need to be incorporated for its use as a biomaterial [147].  

In nature, cells bind to adhesive proteins such as laminin and 

fibronectin present on the ECM via integrins. Short peptide motifs RGD or 

RGDS are found in many adhesive proteins and has been well characterized 

as an integrin binding receptor αvβ3 [148]. PHSRN was another surface marker 

derived from fibronectin that also triggered integrin-based intracellular 

signaling pathways that altered cell proliferation or differentiation [149]. Both 

motifs were used either chemically or physically for biomaterial surface 

modifications in order to improve surface properties. Studies also showed that 

the biomaterial surface modified with laminin derived peptide motifs such as 

YIGSR and IKVAV can significantly improve neural cell attachment [122, 150, 

151]. Longer laminin derived fragments (CDPGYIGSR and RNIAEIIKDI) 

modified agarose hydrogel surface and hyaluronic acid hydrogel surface were 

also reported for dorsal root ganglia cell growth guidance thereby improving 

neuron cell density [152-154]. 
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The α5β1 integrin-specific fragment from fibronectin was also used for 

coupling with HA for culturing mouse MSCs [155]. Other surface receptors 

such as CD44 and CD168 were used to provide attachment of stem cells in 

HA hydrogel [11]. The integrin-peptide motif affinity contributes to the 

efficiency of cell attachment and mobility. This affinity is effectively influenced 

by the concentration of the peptide motif.  Cells respond to various 

concentrations of cell attachment ECM proteins coated on a surface and 

studies demonstrated a minimum concentration range of 100~1300 fmol/cm2 

of fibronectin and vitronectin is required for sufficient cell attachment and 

spreading [156]. For a RGD peptide motif immobilized surface, a minimum 

concentration of 1 fmol/cm2 was determined for sufficient fibroblast spreading, 

and a minimum concentration of 10 fmol/cm2 was required for αvβ3 binding, 

focal adhesion and cytoskeleton organization [157]. 

Many studies have shown the inclusion of the RGD domains in the 

hydrogel may favor cell attachment, migration, differentiation and organization 

in various tissue engineering applications [158, 159]. Published studies also 

show that the self-assembled hydrogel containing the fibronectin and laminin 

peptide domains [99]. Studies on the incorporation of RGD domains on the 

self-assembled LZ hydrogel were also reported, however, these results were 

carried out on a 2-D LZ tri-block peptide surface or on a unstable 3-D LZ 

hydrogel [160-162]. 
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A.5. Mechanical property of the hydrogel 

The primary purpose of developing a scaffold for tissue engineering is 

to make an artificial filling of the vacant space lost from the original tissue. 

Thus, it is favorable for tissue regeneration if the scaffold can match the 

mechanical properties of the original tissue. The cells are able to sense the 

mechanical microenvironment condition through the transmembrane proteins 

such as integrins and regulate its behavior by responding through 

mechanotransduction [163, 164]. In the tissue microenvironments, the cells 

may experience a wide range of stiffness changes depending on if they are 

present near soft tissues or hard tissues and that will directly affect the cell 

behavior responses or gene regulation [165, 166]. For example, the brain 

tissue stiffness is about 0.1 kPa and the precalcified bone can be around 80 

kPa [167]. Many studies have shown how the mechanical properties of the 

hydrogel scaffold affect cell behaviors including attachment, migration, 

proliferation, and differentiation.  The cells can alter its behavior through the 

response from the transmembrane proteins such as integrins or through 

mechanotransduction after sensing the mechanical property profile of the 

hydrogel. 

From the perspective of tissue engineering, the mechanical properties 

are also important based on the stiffness of the regenerative tissue. Different 

cell type such as chondrocytes, fibroblasts, smooth muscle cells, endothelial 

cells, and mesenchymal stem cells may exhibit different response and 

behavior to the mechanical properties of ECM or hydrogels. For example, 
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HMSCs shows neurogenic, myogenic, or osteogenic when cultured on the 

PAAm surface with different stiffness ranging from 0.1 kPa to 34 kPa. It has 

also been reported the HMSCs differentiation can be controlled by the stiffness 

of the hydrogel [168]. 

The mechanical properties of the hydrogels may be tuned by three 

major methodologies. The most commonly used and the easiest method is to 

change the concentration of the hydrogel monomer. Higher concentrations 

than the critical gelling concentration can be used for strengthening the 

hydrogel mechanical properties [169-171]. Another approach is to increase the 

degree of crosslinking of the hydrogel. It has been reported that the changes 

of the cell growth behavior and morphology can be altered by the crosslinking 

density of the PEG-based hydrogel [172, 173]. The last method is to reinforce 

the hydrogel mechanical properties by coating or doping different materials. 

For instance, a coated layer of calcium phosphate or mixing some carbon 

nanotubes can increase the stiffness and stability of the hydrogel [174, 175]. 

Currently, either atomic force microscopy (AFM) or oscillatory 

rheometer is typically used for characterizing the mechanical properties of the 

hydrogel matrices. AFM had been used for collecting the material mechanical 

properties, including stiffness and viscoelasticity, by the micro- or nano-

indenters for more than two decades [176]. Under the force mode, the AFM 

indents the tip into the hydrogel surface and detects the deflection of the 

cantilever based on the stiffness. In order to reduce the strain at the point of 

contact, a bead is usually attached to the AFM tip [177]. Conventional 
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nanoindenters can also be used for stiffer hydrogel matrices to characterize 

the mechanical properties with similar mechanism, only with a larger tip and 

contact point compared to AFM [178]. Since the hydrogel matrices are more 

often viscoelastic which is intermediate between an ideal solid and an ideal 

liquid, an oscillatory rheometer is used. Rheology is the study of the flow and 

deformation of matter, and the measurements are collected by shearing the 

samples. The oscillatory rheometer applies a controlled oscillatory sinusoidal 

shear strain through parallel plates on the samples and the responsive torque 

stress change is measured. 

One of the major challenges in fine tuning the hydrogel mechanical 

properties is the change in its 3-D microenvironment properties.  It is worth 

noting that an increase in the hydrogel stiffness is usually accompanied by a 

decrease in pore size. This further affects the mass diffusivity due to the 

inherent permeability and porosity of the hydrogel matrices [179, 180]. 
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A.6. Incorporation of growth factors for tissue regeneration 

Hydrogel scaffolds for tissue engineering applications are meant to 

temporarily replace the native tissue and mimic the native ECM. One of the 

important functions of the native ECM is to provide soluble signaling factors, 

including growth factors, in order to trigger the cellular response for promoting 

tissue regeneration [100, 181]. This is the reason why state-of-the-art hydrogel 

scaffolds are required to have a sustained growth factor release capability [18].  

There are many studies that have demonstrated a spatial distribution of 

covalently immobilized growth factors in the scaffold [100, 182, 183]. However, 

the suitable binding sides of the growth factors for coupling are hard to obtain, 

and the reactions for coupling the growth factors to the material may damage 

its biofunctionality [100]. Thus, non-covalently binding of the growth factors 

through a specifically designed binding site provides an alternative method for 

sustained release. Such non-covalent binding interactive molecules is 

predominant in nature, for example, heparin-binding growth factors can bind 

specifically to heparan sulfate proteoglycans in the ECM via electrostatic 

binding mechanism [184]. 

 Numerous peptide motifs in several growth factors show great binding 

affinity to heparin, and this binding affinity is important for the growth factors to 

bind to the native ECM in nature. This electrostatic heparin-binding 

mechanism provides growth factor activity locally thereby preventing growth 

factor degradation, and sometimes improving the cell surface receptor binding. 

Studies have shown the development of several strategies to bind growth 
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factors on material surfaces. For example, it has been shown that the 

incorporation of sulfated glycosaminoglycans  inspired by heparan sulfate can 

provide the heparin-binding growth factors on the sulfated alginate hydrogels 

with superior binding affinity [185]. Another example is the use of 12-14, type 

three repeats of fibronectin functionized fibrin matrices, which also showed 

good binding and growth factor release characteristics in vitro [186]. However, 

the issues of not able to determine optimum binding motif concentrations may 

be a drawback for several applications. Hydrogels such as fibrin matrices have 

relatively larger network frame that may limit the maximum binding of motifs, 

while hydrogels made from peptide amphiphiles may limit the porous network 

within for potential cell movement due to the smaller building blocks [98]. 

Considering these factors, the LZ self-assembled hydrogel may provide a way 

to fine tune the growth factor binding motif concentration by simply adjusting 

its concentration by dilution rate and also maintain a suitable framework with a 

reasonable pore size for cell activities. 

The major heparin-binding growth factors include VEGF, TGF-β, BMP, 

HGF, FGF, NGF and so forth [187]. Studies in the past have demonstrated the 

practical use of heparin-binding growth factor sustained release in tissue 

engineering scaffolds [188-193]. So far, there are two approaches to develop a 

heparin-binding growth factor release hydrogel scaffold. One is to directly 

incorporate the heparin structure into the hydrogel backbone structure 

covalently via modified heparin functional groups [191] and the other is to non-

covalently and electrostatically bind the heparin molecules by introducing 
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heparin-binding peptide domain in the hydrogel backbone structure [190]. Both 

methodologies are able to allow heparin-binding growth factors be attached on 

the hydrogels and act as a growth factor reservoir for sustained release. 

.  
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B. Purpose of the study 

In order to be a considered as a suitable hydrogel scaffold to be used in 

tissue engineering applications, they must provide a good substratum cell 

attachment, cell motility, tunable mechanical properties and have the ability to 

provide controlled release of biomolecules such as growth factors. Ease of 

synthesis and non-cytotxic are also critical for modifying the hydrogel scaffold. 

The advantage of the LZ chimeric protein synthesis is that any amino 

acid residue can be added or changed easily by genetic engineering. 

Therefore, peptides with different biological functions can be incorporated in 

the LZ backbone to create a functional chimeric protein with self-assembling 

properties. Hence, developing a brand new stable hydrogel scaffold with 

tunable functions specifically designed and dedicated for various tissue 

engineering applications is the major goal of the study.  

RGDS peptide sequence is commonly found in several native proteins  

and functions to promote cell attachment through integrin receptors. Therefore,  

the RGDS motif was engineered into the LZ chimeric protein in order to 

enhance cell attachment, spreading and motility.  

Calcium-binding motifs (ESQES and QESQSEQDS) derived from DMP-

1 protein were incorporated into the LZ chimeric protein. The calcium-binding 

motifs provide the surface for binding of calcium ions and facilitate calcium 

phosphate deposition.  Deposition of calcium phosphate enhances the 

mechanical property of the hydrogel and function as an osteoinductive 

scaffold.  
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Heparin-binding domain (LRKKLGKA) was used in the LZ chimeric 

construct for binding of growth factors. The MMP-2 cleavage sequence 

(IPVSLRSG) was coupled with heparin-binding domain to provide a growth-

factor release mechanism.  This design was intended to make the LZ hydrogel 

capable of controlled-release for the heparin-binding growth factor. 

Therefore, the overall goal of this project is to demonstrate the 

feasibility of constructing mechanically stable LZ hydrogel, ligands with cell 

surface binding properties, mineral deposition motifs and growth factor binding 

and controlled release of these growth factors. By fine-tuning the properties of 

the LZ hydrogel scaffold, this scaffold can have potential applications in the 

repair and regeneration of various tissues.  
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C. Specific aims of the study 

C.1. To synthesize and develop stable LZ hydrogels with and without 

RGD domain and test its functionality in supporting 3-D cell culture 

A new LZ design was used to synthesize stable hydrogels. To increase 

stability a novel method was developed. This consisted of lyophilizing the 

hydrogel pellets and subjecting it to dehydrothermal treatment at 120°C for 12 

hours. This additional thermal processing made the LZ hydrogel a stable 

scaffold for tissue engineering applications after rehydration. It also facilitated 

sterilization of the solution. The mechanical properties of the hydrogel and its 

microstructure can also be fine tuned for specific applications by altering the 

LZ hydrogel concentrations. Biological functionality was achieved by 

incorporating the integrin binding domain RGDS into the LZ protein backbone. 

Such modifications might provide cell-binding properties to the LZ protein-

based hydrogel scaffold.  

 

C.2. To synthesize and develop stable LZ hydrogels with mineralizing 

properties for hard tissue regeneration applications 

A scaffold that can facilitate mineralization is a requirement for hard  

tissue regeneration like dentin and bone. We selected two calcium-binding 

peptides derived from Dentin Matrix Protein-1 (DMP-1) and incorporated them 

in the LZ protein construct. This design will provide the scaffold with calcium-

binding property when placed in mineralization media and initiate the process 

of mineral nucleation and growth. Such a functionalized scaffold will also 
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provide a stiffer matrix for bone and dentin tissue engineering for in vivo 

applications.  

 

C.3. To synthesize and develop stable LZ hydrogels for sustained growth 

factor release 

In order to provide biological signals to the cells, LZ hydrogel was 

designed to be bioactive. The consensus heparin-binding domain LRKKLGKA 

was introduced in the chimeric LZ protein. This domain ideally binds to heparin 

and further binds to the heparin-binding growth factors. Furthermore, we 

designed a growth-factor releasing cue by enabling the incorporation of the 

consensus matrix metalloproteinase-2 (MMP-2) cleavage site IPVSLRSG 

before the heparin-binding domain. This design would trigger the release of 

growth factors by extracellular proteases such as the MMP family members. 

This construct should provide a potential strategy for sustained release of 

growth factor from the LZ hydrogel scaffold. 
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II. MATERIALS AND METHODS 

1. Construction of the chimeric LZ-Control protein 

The previously published leucine zipper peptide containing the six 

heptad repeat amino acid sequence was used (A1: SGELENE VAQLERE 

VRSLEDE AAELEQK VSRLKNE IEDLKAE) [194]. This A1 sequence was 

modified by the introduction of a cysteine amino acid residue to generate A2 

by site-directed mutagenesis kit (A2: CSGELENE VAQLERE VRSLEDE 

AAELEQK VSRLKNE IEDLKAE) in order to facilitate covalent binding by 

cysteine-cysteine cross-links. The site-directed mutation was done with the 

QuikChange kit (QIAGEN) according to the manufacturer's protocol. Two A2 

sequences were then separated by a spacer of two sets of 5 repeat of flexible 

peptides [C1: 5(AGAGAGPEG)]. An extra flexible tail containing another 

cysteine [C2: (AGAGAGPEG)2C] was also incorporated to the C-terminal end 

of the polypeptide. The combination of the peptide domains A2-C1-C1-A2-C2 

formed the LZ-Control polypeptide.  

 

2. Cloning of the chimeric LZ proteins with functional motifs  

This initial construct of LZ-Control was then modified to incorporate the 

functional motifs including the integrin-binding motif (RGDS) and two calcium-

binding motifs derived from DMP1 (ESQES, QESQSEQDS) in between the 

two C1 blocks in LZ-Control (A2-C1-motif-C1-A2-C2, motif = RGDS, ESQES, 

or QESQSEQDS). This polypeptide was designated as LZ-RGDS, LZ-ESQES, 

and LZ-QESQSEQDS respectively. These functional motifs were designed 
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with the same restriction sites of HindIII on the N terminus and XbaI on the C 

terminus. Such a design would allow the easy substitution of the desired 

functional motif into the chimeric LZ construct. The final LZ-Control, LZ-RGDS, 

LZ-ESQES, and LZ-QESQSEQDS chimeric protein constructs were cloned 

and verified by sequencing at the DNA Services Facility at the University of 

Illinois at Chicago Research Resources Center. The final constructs were then 

cloned into pQE9 vector (QIAGEN) and expressed recombinantly in E. coli 

strain SG13009 (QIAGEN). 

 

3. Cloning of the chimeric LZ protein with heparin-binding domain and 

the MMP2 cleavage site 

This initial construct of LZ-Control was modified with an insertion of C3 

peptide sequence (C3: AGAGAGPEG IPVSLRSG AGPEG LRKKLGKA) in 

between the A2 and C1 peptide sequence (A2-C1-C1-A2-C3-C2) where the 

specific sequences of IPVSLRSG and LRKKLGKA were the consensus 

peptide sequences for the MMP-2 cleavage site and the heparin-binding site 

respectively. This polypeptide was designated as LZ-MMPHEP. The final LZ-

MMPHEP chimeric protein construct was verified by sequencing at the DNA 

Services Facility at University of Illinois at Chicago Research Resources 

Center. The final constructs were then cloned into pQE9 vector (QIAGEN) and 

expressed recombinantly in E. coli strain SG13009 (QIAGEN). 
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4. Expression and Purification of the LZ chimeric proteins 

For expression of the chimeric proteins, a single bacterial colony was 

inoculated in 500mL LB broth containing 100 µg/mL ampicillin and 30 µg/mL 

kanamycin and grown in a 37°C shaker overnight. The culture was then 

transferred into larger 5L LB broth culture with 100 µg/mL ampicillin and 30 

µg/mL kanamycin and incubated in a 37°C shaker until OD 600 was reached. 

Protein production was induced using 1.0 ml of 1.5 mM isopropyl β-D-1- 

thiogalactopyranoside (IPTG) added to the culture and grown for an additional 

period of 5 hours. The cells were then pelleted and stored at -80°C. The LZ 

chimeric protein purification was carried out using Ni-NTA Superflow resin 

(QIAGEN) following manufacturer’s protocol.  

The elution buffer with LZ chimeric protein was extensively dialyzed for 

5 days, lyophilized and stored at -20°C until use. The purified protein was then 

run on SDS-PAGE gel and stained with Coomassie blue. The size of the LZ 

chimeric protein was approximately 37 kDa and the yield was about 80 mg/L. 

 

5. Preparation of the LZ hydrogel 

LZ hydrogels were prepared by mixing specific ratios of the LZ-Control 

protein with LZ-RGDS, LZ-ESQES, LZ-QESQSEQDS, or LZ-MMPHEP at 

concentrations from 7% ~12% (w/v) by dissolving in 100 mM phosphate buffer. 

The pH was adjusted to 7.4. The self-assembled LZ hydrogel formed within 3 

hours when incubated at 37°C. The hydrogel was then lyophilized and placed 

in a vacuum oven at 121°C and 1 Torr for 12 hours for dehydrothermal 
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treatment to facilitate further physical crosslinking and sterilization. Hydrogels 

were stored in sterile containers at room temperature. 

In this study, 7% w/v LZ hydrogels were used if not stated otherwise. 

The ratios of different LZ chimeric proteins that were combined to form 

hydrogels are listed below, 

LZ-Control:LZ-RGDS = 100:0, 75:25, or 50:50 

LZ-Control:LZ-ESQES:LZ-QESQSEQDS = 3:0:0, 2:1:0, 2:0:1, or 1:1:1 

LZ-Control:LZ-MMPHE = 90:10 

 

6. Circular Dichroism (CD) spectroscopy 

The CD spectrum was recorded using Jasco J-720 spectrometer at 

25°C. 14 µM LZ-Control, LZ-RGDS, LZ-ESQES, LZ-QESQSEQDS, or LZ-

MMPHEP solution was prepared using 100 mM phosphate buffer and the pH 

adjusted with either HCl or NaOH to 4, 7.4, or 11. The samples were heated to 

50°C for 30 minutes and slowly cooled down to room temperature before CD 

measurements to allow any possible refolding. A quartz cuvette with path 

length of 0.1 cm was used and the measurement was taken at a resolution of 

1 nm, bandwidth of 1 nm, and the wavelength range was from 200- 250 nm. 

Final spectra were obtained by subtraction of the corresponding buffer 

readings. Each sample was scanned three times.. 
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7. Scanning electron microscopy (SEM) 

The LZ-Control hydrogels from 7%, 10% and 12% w/v were quenched 

in liquid nitrogen and then placed in a pre-cooled turbo freeze-drying chamber. 

The series of drying steps from -160°C to room temperature was performed in 

increments of 20°C/hour at 1x10-3mmHg ultra low pressure. After drying, the 

samples were fractured and the exposed inner structure was mounted onto 

SEM grids. The samples were coated with 10nm osmium tetroxide and the 

imaging was performed using a Field Emission Hitachi S-4800-II SEM 

operating at 5keV. 

 

8. Cryo-transmission electron microscopy (Cryo-TEM) 

Cryo-TEM was performed using a Hitachi HD-2300A STEM. A 7% w/v 

LZ-Control hydrogel was prepared and applied directly on the TEM carbon-

coated grid and excess water was blotted with a filter paper. The samples 

were quickly frozen by plunging into liquid ethane and were kept in liquid 

nitrogen before and during the cryo-TEM imaging. 

 

9. In vitro degradation study 

The in vitro degradation rate was determined by immersing the hydrogel 

in PBS (Gibco) containing 0.5% sodium azide (Fisher Scientific). The 7% w/v 

LZ-Control hydrogel was weighed, and placed in a tube containing excess 

amount of PBS and stirred at 37°C for a period of up to 30 days. The hydrogel 

was then removed and rinsed with distilled water for several times to remove 
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the salts. After lyophilization, the hydrogel was weighed again. The weight loss 

(WL) and remaining weight (RW) was calculated according to the equation 

below , where W0 and W1 represent the hydrogel weight before 

and after soaking in PBS respectively and Remaining weight RW = 1 - WL. 

 

10. In vitro calcium phosphate mineralization on the LZ hydrogels 

 Nucleation of calcium phosphate polymorphs was carried out using two 

different techniques on the 7% w/v LZ hydrogels. The three polypeptides 

namely  LZ-Control, LZ-ESQES, and LZ-QESQSEQDS were mixed in different 

ratios ranging from  2:1:0, 2:0:1, and 1:1:1 respectively (LZ-Control:LZ-

ESQES:LZ-QESQSEQDS). In the first in vitro mineralization method, 

nucleation was carried out in the presence of physiological concentrations of 

calcium and phosphate ions as previously described [195]. Briefly, the 

combined LZ hydrogel scaffolds were placed into a channel connecting two 

halves of an electrolyte cell, one compartment containing calcium buffer (165

mM NaCl, 10 mM HEPES, and 2.5 mM CaCl2 [pH 7.4]) and the other 

phosphate buffer (165 mM NaCl and 10 mM HEPES KH2PO4 [pH 7.4]). A 

small electric current of 1 mA was passed through the system to facilitate 

movement of ions across the samples. The buffers were changed regularly 

(twice daily) to maintain a constant pH. The samples were subjected to 

nucleation for a period of 2 weeks. The method of facilitating mineralization 
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under physiological concentration of calcium and phosphate is developed and 

published in the previous publication from our lab [196]. 

In the second technique, nucleation was carried out under high 

concentrations of calcium and phosphate. Briefly, the scaffolds were immersed 

in a 1 M calcium chloride solution for a period of 30 min. They were then 

washed extensively in water to remove any nonspecifically bound calcium and 

then immersed in a 1 M sodium phosphate solution for a period of 30 min. The 

samples were then washed in water and lyophilized for further characterization 

and use. The method of facilitating mineralization under high concentration of 

calcium and phosphate is developed and published in the previous publication 

from our lab [196]. 

 

11. Microscopic magnetic resonance elastography (µMRE) 

µMRE experiments were performed on a vertical bore (54 mm 

diameter) Bruker DRX 11.74 T (500 MHz for protons) Avance MR 

Spectrometer (Oxford Instruments, Oxford, UK) equipped with the MRE 

electro-mechanical setup [197]. Briefly, 7%, 10% and 12% w/v LZ-Control 

hydrogel samples (6 mm diameter discs) were embedded in 0.75% (w/v) 

agarose gel (SeaKem LE Agarose, Lonza, Rockland, ME USA, Catalog No: 

50000) in MRE test tubes (I.D = 8.8 mm). Agarose gel was made with PBS to 

maintain osmotic and pH balance. The MRE tube was attached to a piezo-

ceramic actuator. Axisymmetric mechanical harmonic shear wave excitation 

(frequencies from 1 kHz to 4 kHz) was applied to the entire test tube through 
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the actuator driven by a power amplifier. The agarose gel was used to promote 

the transfer of shear wave motions within the samples. Shear motions were 

generated within the sample and were synchronized with the motion-encoding 

gradient of a gradient-echo based MRE pulse sequence to create shear wave 

images.  The gradient echo based MRE pulse sequence was used with the 

following imaging parameters: pulse repetition time/echo time = 400/6 ms; flip 

angle = 30°; field of view = 10 mm; slice thickness = 0.5 mm; 1 slices; in-plane 

resolution = 78 µm × 78 µm; MSG strength = 120 G/cm. From the wave image 

data, the shear stiffness was estimated using the local frequency estimation 

(LEF) inversion algorithm with directional filtering [198]. 

 

12. Oscillatory rheology 

The dynamic viscoelastic properties of the hydrogel were obtained on a 

Bohlin Gemini rheometer (Malvern Instruments, Worcestershire, UK) with 8 

mm/0° parallel plate geometry. Samples were prepared as described 

previously.  7%, 10% and 12% w/v LZ-Control hydrogel, and high 

concentrations of calcium and phosphate pre-mineralization treated 2:1:0, 

2:0:1, and 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS hydrogel were fixed 

on a glass slide and placed on the rheometer sample stage. The upper plate 

was lowered until it was in uniform contact with the LZ hydrogel top surface. 

The corresponding gap distances were 1.3-1.6 mm. Dynamic time sweep 

experiments (DTS) were performed to monitor the storage (G’) and loss (G”) 

modulus changes of the hydrogels with time. Frequency sweeps between 0.01 



 37 

and 1 Hz at 0.1% strain at 25°C were performed. To prevent evaporation, a 

chamber cover was used to protect the samples during the analysis. All 

measurements were made in triplicates on 3 different preparations of LZ 

hydrogel.  

 

13. Selected Area Electron Diffraction (SAED) 

 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogel after 

mineralization under  high calcium and phosphate concentrations were 

lyophilized, crushed and loaded onto the TEM grids. The electron diffraction 

spectra were obtained using Joel 3010EX TEM. 

 

14. Growth factor binding assay 

Heparin-binding growth factors namely VEGF, TGF-β1 and BMP-2 

were used to test for binding to LZ-MMPHEP hydrogels via heparin (prepared 

by 7% w/v of mixing 90:10 LZ-Control:LZ-MMPHEP). The LZ-MMPHEP 

hydrogels were placed in 50 µl of heparin solution (5 mg/ml in PBS) overnight 

in 4°C and washed by PBS for three times, 10 minutes each wash. Then the 

heparin bound LZ-MMPHEP hydrogels were then placed in 10 ng or 20 ng of 

VEGF (Sigma), TGF-β1 (R&D system) or BMP-2 (AKRON BIOTECH) in 50 µl 

PBS solution, overnight at 4°C and washed in PBS for three times, 30 minutes 

each wash. The growth factor solution after binding, and the PBS washes 

were combined and stored at -80°C for quantitative dot-blot analysis. 
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15. Dot-blot assay to measurethe release of heparin-binding growth 

factors  

After the process of binding heparin and growth factors, the LZ-

MMPHEP hydrogels were immediately immersed in PBS (Gibco) containing 

MMP-2 (10 ng/ 50 µl, R&D system) and 0.5% sodium azide (Fisher Scientific) 

to characterize the growth factor release profile The LZ hydrogels were placed 

on a (rotor shaker) at 37°C for a period of up to 11 days. Four samples were 

used for each time point. At each time point, the buffer containing the hydrogel 

was collected and the hydrogel was collected and washed 3 times with 150µl 

of PBS for 10 minutes and the PBS washings were also collected. The 

washings from each hydrogel were combined and dot-blotted on a 

nitrocellulose membrane (BIO-RAD) using Bio-Dot dot-blotting system (BIO-

RAD). The membrane was allowed to dry and blocked with 5% BSA in PBS for 

45 min at room temperature. After blocking, antigen detection was performed 

by incubating with anti-VEGF (1:100 Santa Cruz Biotechnology) antibody 

overnight at 4°C. After several washes with PBS, the blot was then incubated 

with HRP-conjugated goat anti-rabbit IgG secondary antibody (Chemicon 

International). The blot was again washed several times in PBS and the signal 

was developed by the SuperSignal West Femto Chemiluminescent Substrate 

(Thermo Scientific). The X-ray films were scanned and converted to a digital 

image and analyzed by ImageJ software to estimate the VEGF concentration 

in the wash buffer. 
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16. In vitro cell culture 

HMSCs isolated from the iliac crest of normal adult donors were 

obtained from the NIH-funded Tulane Cancer Research Centre. These cells 

were cultured in αMEM (minimum essential medium) (Gibco) supplemented 

with 20% fetal bovine serum (Gibco), 200 mM L-glutamine (Gibco), 1x 

Antibiotic-Antimycotic cocktail (Gibco) and incubated in a humidified, 5% CO2 

atmosphere at 37°C. When required, HMSCs stably expressing the GFP gene 

was used. 

 

17. 2-D cell culture 

For 2-D cell culture, a non-tissue culture 96 well plate was coated with 

different ratios of LZ-Control and LZ-RGDS proteins. Briefly, 5 µM LZ protein 

solution with different ratios of LZ-Control and LZ-RGDS (100:0, 75:25, 50:50) 

or bovine serum albumin (BSA) in bicarbonate/carbonate buffer (100 mM) was 

used. 100 µL of the mixture was placed in each well overnight at room 

temperature to allow protein adsorption on the plates. The next day plates 

were washed with PBS and HMSCs were seeded at concentrations of 1.5x104 

cells/well suspended in 100µl media and cell growth media was used to cover 

the cells. Medium was changed every other day. HMSCs seeded on 96 well 

polystyrene tissue culture plates (TCPS) served as positive control. 
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18. 3-D cell culture 

For 3-D cell culture, 7% w/v LZ hydrogel containing different ratios of 

LZ-Control and LZ-RGDS were used. The freeze-dried hydrogel was first 

rehydrated by incubating with the culture media at 37°C, and 5% CO2 for 1 hr 

before use. The 1% w/v PuraMatrix hydrogel (BD Biosciences) was prepared 

according to the manufacture’s protocol and served as positive control. 

1.5x104 HMSCs were seeded on to the preformed LZ hydrogel placed in 96 

well plates and cultured for 3 weeks. The medium was changed every other 

day. 

 

19. MTS cell proliferation assay 

The MTS cell proliferation assay was carried out on both 2-D surface 

and within the 3-D hydrogel with HMSCs utilizing CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (Promega) according to manufacturer’s 

instructions. For 2-D cell proliferation assay, the cells were cultured for 1, 4, 7, 

14, 21 days. At the end of the specified time points, 20 µL of proliferation 

assay reagent was mixed with 100µl of culture media and added to each well. 

The plate was then placed in a 37°C incubator for 60 minutes and the 

absorbance measured at 490 nm using a microplate reader (BioTek Synergy 

2). For 3-D cell proliferation assay, the cells were cultured for 1, 4, 7, 14 and 

21 days. The samples were washed twice with PBS and 100 µL of fresh media 

with 20 µL of proliferation assay reagent were added to each well. After 90 

minutes of incubation in a humidified 37°C chamber, the gels were removed 
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and the absorbance was measured at 490 nm using a microplate reader 

(BioTek Synergy 2). 

 

20. Time-lapse live cell imaging 

The live HMSC images were captured using the Zeiss imaging system 

equipped with an incubator that maintains temperature and carbon dioxide 

levels. 1.5x104 of the GFP-HMSCs were seeded on the 7% w/v LZ-Control 

hydrogel. The LZ hydrogel was hydrated by the cell suspension media. The 

images were captured every 15 minutes per frame via GFP signal for 16 hours 

after initial seeding. The playback of the time-lapse video is 15 frames per 

second. 

 

21. Live-dead cell assay 

Live-dead cell assay was carried out on HMSCs cultured in 3-D LZ 

hydrogel matrix for up to 7 days. At 1 day, 4 days and 7 days post seeding, 

live and dead cells were analyzed in triplicates using the live-dead cell assay 

kit (Molecular Probes) as per the manufacturer’s recommended protocol. The 

calcein AM and the ethidium homodimer concentration were 10 µM each to 

indicate the live (green) and dead (red) cells respectively. The samples were 

imaged using a Zeiss Axio-Observer D1 fluorescent microscope equipped with 

the required filter sets.  Five individual fields of view were imaged for each and 

the percentage of dead cells to live cells was calculated. The method is 

followed the previous publication from our lab [67]. 
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22. Actin staining 

HMSCs were cultured for 7, 14 & 21 days within the LZ hydrogels and 

then rinsed three times with PBS, fixed with 4% paraformaldehyde for 4 hr and 

permeabilized with 0.5% Triton X-100 in PBS. The LZ hydrogel was incubated 

with Phalloidin-TRITC (1:1000, Sigma) in PBS overnight at 4°C. The gels were 

then washed 3 times with PBS to remove nonspecific bound reagent. They 

were then viewed and z-stack images were captured using a Zeiss 710 LSM 

Meta confocal microscope. 

 

23. In vivo subcutaneous implantation of the LZ hydrogel scaffold 

7% w/v of LZ-Control and LZ-RGDS hydrogels were used in vivo 

subcutaneous implantation without cells. The hydrogels were implanted 

subcutaneously on the dorsal side of wild type C57BL6 mice (Charles River 

Laboratories) in the dehydrated form. After 1 and 2 weeks of implantation, the 

hydrogel scaffolds samples were removed from the sacrificed animals. After 

fixing in 4% neutral buffered formalin and embedding in paraffin. The hydrogel 

scaffold samples then are sectioned into 5 µm thick sections for following 

histological evaluation.   

7% w/v of LZ hydrogel as shown below were pre-seeded with HMSCs 

expressing GFP and used for in vivo subcutaneous implantation. The groups 

consisted of LZ-Control hydrogel, LZ-Control:LZ-RGDS hydrogel  in the ratio 

75:25, 50:50 and LZ-control: LZ-ESQES: LZ-QESQSEQDS in the ratio 1:1:1. 
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The last group was used as such or premineralized with buffer containing high 

concentrations of calcium and phosphate. The effect of growth factor release 

was studied using LZ-Control:LZ-MMPHEP hydrogel combined in 1:9 ratio and 

adsorbed with either TGF-β1 or BMP-2. Cell suspensions were prepared at 

concentrations of 5x105 cells/ 20 µL in culture media. The dry scaffolds were 

hydrated using the cell suspension buffer. The cell-impregnated hydrogel was 

then implanted subcutaneously on the dorsal side of athymic nude mice 

(Charles River Laboratories). After 2 weeks of implantation, the hydrogel 

scaffolds samples were removed from the sacrificed animals. After fixing in 4% 

neutral buffered formalin and embedding in paraffin. The hydrogel scaffold 

samples then are sectioned into 5 µm thick sections for following histological 

evaluation.   

All animal experiments in this study were performed as per the protocol 

approved by the UIC animal care committee (Assurance Number A-3460-01). 

 

24. Histology and immunohistochemistry 

All sections were deparaffinized in xylene, hydrated in graded ethanol 

solutions, and immunostained with peroxidase conjugated secondary 

antibodies or fluorescent probes according to published protocols [196, 199]. 

The following antibodies were used:  rabbit anti-cluster of differentiation 68 

(CD68) antibody (1/100, Abcam), rabbit anti- cluster of differentiation (CD31) 

antibody (1/100, Abcam), rabbit anti-fibronectin (FN) antibody (1/100, Sigma), 

rabbit anti-vascular endothelial growth factor (VEGF) antibody (1/100, Santa 
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Cruz Biotechnology), mouse anti-Dentin Matrix Protein 1 (DMP-1) antibody 

(1/2000, a gift from Dr. Chunlin Qin from Baylor College of Dentistry), rabbit 

anti-pigment epithelium-derived factor (PEDF) antibody (1/500, Millipore), 

mouse anti-von Willebrand factor (vWF) antibody (1/100, Santa Cruz 

Biotechnology), mouse anti-runt-related transcription factor 2 (RUNX2) 

antibody (1/100, abcam), mouse anti-osteocalcin (OC) antibody (1/1000, 

abcam), mouse anti-phorphoserine antibody (1/100, Sigma), rabbit anti- 

glucose-regulated protein 78 (GRP78) antibody (1/200, a gift from Dr. Sylvie 

Blond from University of Illinois at Chicago), rabbit anti-TGF-β receptor type II 

interacting protein (TRIP) antibody (1/100 Santa Cruz Biotechnology). Alizarin 

red staining to visualize calcium deposition was performed as per standard 

procedures. All fluorescently stained sections were imaged at the University of 

Illinois at Chicago Research Resource Center core imaging facility.  Imaging 

was performed using a Zeiss LSM 710 confocal microscope equipped with 

Zen image analysis software and peroxidase stained sections were imaged 

using a Zeiss Axio-observer D1 microscope.  All comparative fluorescence 

images were obtained using the same imaging conditions. 

 

25. Alizarin red staining 

All sections were deparaffinized in xylene, hydrated in graded ethanol 

solutions. 2% Alizarin Red solution (Sigma) was added to the sections and 

incubated for 30 min. The sections were then washed in acetone for 5 min and 

rainsed with distilled water and imaged. 
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26. RNA isolation and quantitative RT-PCR 

The RNA was isolated using the TRIzol Reagent (In-vitrogen) from 

HMSCs seeded on 7% w/v LZ hydrogel for 1 and 2 weeks. The hydrogel 

scaffolds that were used to determine gene expression analysis were LZ-

Control:LZ-ESQES:LZ-QESQSEQDS in the ratio 1:1:1 unmineralized or 

premineralized  with buffer containing  high concentrations of calcium and 

phosphate, and LZ-Control:LZ-MMPHEP in the ratio 1:9  bound with TGF-β1 

or BMP-2 according to the manufacturer’s instructions. The total RNA was 

dissolved in RNase/DNase free water and stored at -80°C.  

A total of 1 µg of extracted total RNA from each sample was purified  

and cDNA was generated using RT2 First Strand Kit (QIAGEN) following 

manufacturer’s recommended protocol.  

Quantitative reverse transcription RT-PCR was performed with 

FastStart Universal SYBR Green Master (Roche) using ABI StepOnePlus 

instrument. Expression of Alkaline phosphatase (ALP), OC, RUNX2, 

Phosphate regulating endopeptidase homolog X-linked (PHEX), 

Growth/differentiation factor (GDF), Osteopontin (OPN), Collagen-1 (Col-1), 

BMP-2, VEGF, TGF-β1, DMP-1, Fibroblast growth factor-1 (FGF-1), and 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were transcripts that 

were analyzed by qPCR during its linear phase of amplification. The relative 

gene expression level was estimated by using the 2−ΔΔCT method, where CT 

value = log linear plot of PCR signal versus the cycle number. ΔCT = CT value 
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of target gene − CT value of GAPDH. RT-PCR primer sequences are provided 

in Table I. 

 

27. Statistical analysis 

All experiments were performed in triplicate unless stated otherwise. 

Statistical comparisons were made using two-tailed Student's t-test. 

Experimental values are reported as the mean ± standard deviation. Data 

were analyzed using Student’s t-test and p-values less than 0.05 were 

considered statistically significant. 
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TABLE I 

LIST OF REAL TIME PCR PRIMERS 

Genes Accession Number Primer Sequences 

ALP NM_000478.4 
Forward 5’- ACTGGTACTCAGACAACGAGA -3’ 
Reward 5’- ACGTCAATGTCCCTGATGTTATG -3’ 

OC NM_000234.2 
Forward 5’- CACTCCTCGCCCTATTGGC -3’ 
Reward 5’- CCCTCCTGCTTGGACACAAAG -3” 

RUNX2 NM_001024630.3 
Forward 5’- TGGTTACTGTCATGGCGGGTA -3’ 
Reward 5’- TCTCAGATCGTTGAACCTTGCTA -3’ 

Phex NM_000444.5 
Forward 5’- GAGGCACTCGAATTGCCCT -3’ 
Reward 5’- ACTCCTGTTTAGCTTGGAGACTT -3’ 

GDF NM_004962.3 
Forward 5’- AGATCGTTCGTCCATCCAACC -3’ 
Reward 5’- GGGAGTTCATCTTATCGGGAACA -3’ 

OPN NM_001040058.1 
Forward 5’- AAACCCTGACCCATCTCAGAAGCA -3’ 
Reward 5’- TGGCTGTGAAATTCATGGCTGTGG -3’ 

Col-I NM_000088.3 
Forward 5’- GAGGGCCAAGACGAAGACATC -3’ 
Reward 5’- CAGATCACGTCATCGCACAAC -3’ 

BMP2 NM_001200.2 
Forward 5’- ACTACCAGAAACGAGTGGGAA -3’ 
Reward 5’- GCATCTGTTCTCGGAAAACCT -3’ 

VEGF NM_001025366.2 
Forward 5’- AGGGCAGAATCATCACGAAGT -3’ 
Reward 5’- AGGGTCTCGATTGGATGGCA -3’ 

TGF-b1 NM_000660.5 
Forward 5’- CAATTCCTGGCGATACCTCAG -3’ 
Reward 5’- GCACAACTCCGGTGACATCAA -3’ 

DMP1 NM_004407.3 
Forward 5’- CTCCGAGTTGGACGATGAGG -3’ 
Reward 5’- TCATGCCTGCACTGTTCATTC -3’ 

FGF1 NM_000800.4 
Forward 5’- ACACCGACGGGCTTTTATACG -3’ 
Reward 5’- CCCATTCTTCTTGAGGCCAAC -3’ 

GAPDH NM_002046.5 
Forward 5’- ACAACTTTGGTATCGTGGAAGG -3’ 
Reward 5’- GCCATCACGCCACAGTTTC -3’ 

TABLE I LIST OF REAL TIME PCR PRIMERS 
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III. RESULTS ANS DISCUSSIONS 

A. 3-D self-assembled leucine zipper hydrogel with tunable properties for 

tissue engineering 

A.1. Synthesis of chimeric leucine zipper proteins 

 A series of chimeric LZ proteins were expressed from corresponding 

artificial genes in E. coli, purified via His-tag column, and analyzed by SDS-

PAGE gel electrophoresis including LZ-Control, LZ-RGDS, LZ-ESQES, LZ-

QESQSEQES, and LZ-MMPHEP. The corresponding chimeric LZ protein 

constructs and the peptide sequences are shown in Figure 1. In order to 

provide the covalent binding in the leucine zipper dimer and tetramer structure 

and prevent the dynamic re-assembly, the disulfide bonds were provided by 

the replacement of cysteine residuals in for the first amino acid in the first 

heptad of both the LZ domains in the construct. An extra cysteine residue was 

also introduced in the flexible random-coil tail of the LZ construct for the 

formation of a stable crosslinking network structure. This is inspired from the 

previous report [143] and the chimeric LZ construct was expected to form the 

self-assembled hydrogel as depicted in Figure 2. The molecular size of the LZ 

chimeric protein was ~37 kDa and the yield was about 80 mg per liter. 

 The cloning of the chimeric LZ proteins was designed to have the 

unique restriction enzyme digestion sites on the pQE9 vector at both ends of 

the biological signal motif site. This will allow easy manipulation in  future LZ 

hydrogel studies and applications.  
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A Leucine Zipper Domain (S1C) 

  

 CGELENE VAQLERE VRSLEDE AAELEQK VSRLKNE IEDLKAE  
  

B LZ-Control  

  

 LQETHHHHHHGSGS CGELENE VAQLERE VRSLEDE AAELEQK VSRLKNE 
IEDLKAE PGSEFTSPMG (AGAGAGPEG)10 AMPLQLEGS CGELENE VAQLERE 
VRSLEDE AAELEQK VSRLKNE IEDLKAE PGSA(AGAGAGPEG)2CAAAA  

  

C LZ-RGDS 

  

 LQETHHHHHHGSGS CGELENE VAQLERE VRSLEDE AAELEQK VSRLKNE 
IEDLKAE PGSEFTSPMG (AGAGAGPEG)5 AMPLQKLRGDSRTSPMG 
(AGAGAGPEG)5 AMPLQLEGS CGELENE VAQLERE VRSLEDE AAELEQK 
VSRLKNE IEDLKAE PGSA(AGAGAGPEG)2CAAAA 

  

D LZ-ESQES 

  

 LQETHHHHHHGSGS CGELENE VAQLERE VRSLEDE AAELEQK VSRLKNE 
IEDLKAE PGSEFTSPMG (AGAGAGPEG)5 AMPLESQESPMG (AGAGAGPEG)5 
AMPLQLEGS CGELENE VAQLERE VRSLEDE AAELEQK VSRLKNE IEDLKAE 
PGSA(AGAGAGPEG)2CAAAA 
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E LZ-QESQSEQDS 

  

 LQETHHHHHHGSGS CGELENE VAQLERE VRSLEDE AAELEQK VSRLKNE 
IEDLKAE PGSEFTSPMG (AGAGAGPEG)5 AMPLQESQSEQDSPMG 
(AGAGAGPEG)5 AMPLQLEGS CGELENE VAQLERE VRSLEDE AAELEQK 
VSRLKNE IEDLKAE PGSA(AGAGAGPEG)2CAAAA 

  

F LZ-MMPHEP 

  

 LQETHHHHHHGSGS CGELENE VAQLERE VRSLEDE AAELEQK VSRLKNE 
IEDLKAE PGSEFTSPMG (AGAGAGPEG)10 AMPLQLEGS CGELENE VAQLERE 
VRSLEDE AAELEQK VSRLKNE IEDLKAE PGSAGAGAGPEG IPVSLRSG 
AGPEG LRKKLGKA (AGAGAGPEG)2CAAAA 

 
 
 
 
 
Figure 1. Schematic representation showing the peptide sequences used 
in the synthesis of the second generation chimeric leucine zipper 
protein. 
(A) LZ motif. (B) LZ-Control. (C) LZ-RGDS. (D) LZ-ESQES. (E) LZ-
QESQSEQDS. (F) LZ-MMPHEP. Note the heparin-binding domain and MMP2 
cleavage site referred to in (F) represents the sequence LRKKLGKA and 
IPVSLRSG respectively. 
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Figure 2. Shematic representation of the assembled hydrogel from 
chimeric leucine zipper protein construct. 
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A.2. Secondary structure of chimeric leucine zipper proteins 

 Circular dichroism spectroscopy was utilized to evaluate the folding of 

the chimeric LZ proteins. As expected, the molar ellipticity of the LZ-Control 

protein displayed minima at 208 and 222 nm implying that the alpha-helical 

structure is the predominant secondary structure at different pH (pH 4, pH 7.4 

and pH 11) even in the presence of the disulfide bonds (Figure 3A). However, 

the signal intensity for the alpha helix was prominent at pH 4 and pH7.4, 

suggesting that stronger electrostatic interactions are capable of facilitating 

self-assembly of the alpha-helical peptides. Similar CD spectra displaying 

minima at 208 and 222 nm were also obtained for LZ-RGDS, LZ-ESQES, LZ-

QESQSEQES, and LZ-MMPHEP at pH 7.4 (Figure 3B), indicating that the 

chimeric LZ proteins retained the alpha-helical structure even after 

incorporation of the biological signal motifs in the constructs. The alpha-helical 

structure is crucial to the LZ hydrogel self-assembly. This demonstrated that 

manipulating the sequence by addition of small signal motif sequence to the 

chimeric LZ construct is possible to tune its specific biological properties.  
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Figure 3. Secondary structure analyses of chimeric leucine zipper 
proteins by Circular Dichroism (CD). 
(A) CD spectra of LZ-Control at pH=4 (●, 14 µM), pH=7.4 (○, 14 µM), pH=11 
(▼, 14 µM) pH missing. (B) CD spectra of LZ-Control (●, 14 µM), LZ-RGDS (○, 
14 µM), LZ-ESQES (▼, 14 µM), LZ-QESQSEQDS (△, 14 µM), and LZ-
MMPHEP (■, 14 µM) at pH7.4. Spectra were recorded at 25°C in 100mM 
phosphate buffer.   
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A.3. Analysis of the surface characteristics and morphology of the 

leucine zipper hydrogels  

 The LZ hydrogels are stable and can be stored at room temperature 

under dehumidified environment for several months in its dried form after 

subjecting it to the dehydrothermal crosslinking method.  

A cysteine was introduced at the beginning of the LZ motifs at the “a” 

position and also at the flexible tail domain at the end of the LZ protein 

construct. The cysteine residue was engineered as it contains a sulfur group 

that can facilitate in disulfide bonding. The disulfide bond is a covalent bond 

and was shown previouse publications that this bonding improves the stability 

of the LZ hydrogel network. The presence of the disulfide bonds provide the 

physical association of the LZ motifs and can prevent the self-loop formation 

and also minimize the strand exchange resulting in formation of disengaged 

clusters [143]. The integrity of the LZ hydrogel was further strengthened by the 

dehydrothermal crosslinking treatment. Dehydrothermal crosslinking is a 

common method used for physical crosslinking of collagen fibers and during 

the blending of collagen with other polymers [200, 201]. It has been shown that 

the use of the dehydrothermal crosslinking treatment can improve the 

mechanical properties, and facilitate the cell attachment, proliferation, and 

migration [201]. Recently, dehydrothermal crosslinking treatment was also 

used for other natural material scaffolds for tissue engineering and drug 

delivery applications [202, 203]. By combining these two methodologies, we 

were able to fabricate a stable 3D LZ hydrogel. 
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Rehydration in PBS resulted in swelling of the LZ hydrogel to its original 

dimensions, and is flexible, soft and semi-transparent (Figure 4A). SEM 

images in Figure 4 depict the 3-D porous nature of the LZ hydrogel. The pore 

size measured from the SEM images ranged from about 100 µm in 7% w/v 

(Figure 4B), about 80 µm in 10% w/v (Figure 4C), and about 20 µm in 12% w/v 

(Figure 4D) respectively. This was calculated from the size of the scale bar in 

each image. Multiple images were used for calculating the pore size. 

Interconnectivity of the pores was also observed in all LZ hydrogels at different 

concentrations. These results indicate that it is possible to control the pore size 

by adjusting the composition of the hydrogel.  

 Cryo-TEM enables visualization of the LZ hydrogel network under 

cryogenic conditions, thereby preserving the in situ nanostructure. Dark areas 

in Figure 4E and 4F represent self-assembled hydrogel matrix while the gray 

areas represent vitrified water. Cryo-TEM images of 7% LZ hydrogel showed 

the presence of dense interconnected fibrillar microstructures resulting from 

the self-assembly process.  
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Figure 4. Microscopy-based characterization of the LZ hydrogel 
architecture. 
Image of the hydrated 7% w/v LZ-Control hydrogel (A). Examination using 
SEM show the microstructure of the fractured surface of lyophililized 7% w/v 
LZ-Control (B), 10% w/v LZ-Control hydrogel (C), and 12% w/v LZ-Control 
hydrogel (D) in 100mM phosphate buffer. Scale bar for (B), (C) & (D) 
represents 100 µm. Examination of the microstructures using Cryo-TEM show 
the microstructure of self-assembled 7% w/v LZ-Control hydrogel (E) (F). 
Image shows interconnected dense network of the self-assembled hydrogel 
matrix (dark areas) surrounded by vitreous water (light areas). Scale bar 
represents 1 µm in (E) and (F).   
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A.4. Leucine zipper hydrogel mechanical properties 

 Hydrogels for tissue engineering applications must possess sufficient 

strength as cells sense and respond to their microenvironment [204, 205]. 

Therefore, we examined the material properties of the scaffolds using 

oscillatory sheer rheology.  

Rheological studies conducted on 7, 10 and 12% w/v LZ hydrogels at 

frequency range from 0.01 to 1 Hz (Figure 5A) showed that the storage 

modulus (or elastic modulus, G’) and the loss modules (or viscous modulus, 

G”) increased with increasing concentrations of the hydrogel. The G’ was 

greater than G” by approximately an order of magnitude for all the samples 

studied and in fact the G’ values were an order of magnitude higher than the 

previously reported values [143, 206]. For example, the average storage 

moduli (G’) and loss moduli (G”) at 0.1 Hz were 2480 Pa and 203.2 Pa for 7% 

w/v, 4300 Pa and 302 Pa for 10% w/v, and 4390 Pa and 391.2 Pa for 12% w/v 

respectively.  Additionally, there was no crossover point of G’ and G” at the 

frequencies used in this study. This behavior corroborates well with published 

reports of such hydrogels and demonstrates that the LZ hydrogel can 

assemble into a fairly rigid viscoelastic material with covalent crosslinking 

introduced by cysteine residues [207]. 

 The loss tangent values represent the ratio between viscous and elastic 

properties and is the most sensitive indicator of various molecular motions 

within the material, tan δ= G”/G’.  The loss tangent values were 0.082, 0.07, 

and 0.089 for 7%, 10% and 12% w/v LZ-Control hydrogel respectively. Similar  
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Figure 5. Viscoelasticity measurements of LZ-Control hydrogel. 
(A) Graphical representation of the storage modulus G’ (solid data points) and 
the relaxation modulus G’’ (unfilled data points) with change in frequency. 
Together, the data represents the viscoelastic properties of the hydrogel. Note 
the increase in the G’ and the G’’ values with increase in the LZ concentration. 
(B) Shows changes in stiffness with frequency from magnetic resonance 
elastography. Shear stiffness was determined at all frequencies of vibration 
(1k, 2k, 3k and 4k Hz) with different concentrations of the LZ hydrogel (7%, 
10%, 12% w/v). * represents statistical significance as determined by students 
t-test of the 12% hydrogel values with respect to both 10% and 7% hydrogels 
(p<0.05 using students t-test)   
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tan δ values with different concentrations of the hydrogel indicate a similar 

connectivity pattern. Further, a lower tan δ value suggests a higher crosslink 

density [206]. However, the effects from microstructure stiffness and 

morphology may also change at the specific range of the oscillating frequency 

[208]. Thus, the results from the rheology experiments showed consistency 

between various concentrations of the LZ hydrogel including the oscillating 

frequency insensitivity and loss tangent values. 

 µMRE was used to estimate the shear stiffness of the hydrogel at 

different concentrations (7%, 10% and 12% w/v) using different frequencies 

(1k, 2k, 3k and 4k Hz) as shown in Figure 5B. In the frequency range, the 12% 

w/v hydrogel showed significantly higher shear stiffness compared to 7% and 

10% w/v LZ hydrogel. The higher shear stiffness implies greater fibrillar 

density [209, 210] due to increasing number of crosslinks present with higher 

hydrogel concentrations. Thus, the data from both the rheological and µMRE 

studies show that the mechanical strength is tunable by adjusting the LZ 

hydrogel concentration.  
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A.5. In vitro degradation rate of the leucine zipper hydrogels 

 Directly related to the material stiffness property is the maintenance of 

the integrity of the hydrogel. Degradation rate of the hydrogel was determined 

in vitro. Result presented in Figure 6 shows that 7% w/v LZ hydrogel still 

retained 60% of its original weight at 30 days. We hypothesize that the 

integrity of the hydrogel is due to the presence of the 3 cysteines engineered 

into the construct. The integrity of the LZ hydrogel was further enhanced by 

the dehydrothermal treatment that provided additional crosslinks [211, 212]. In 

its absence the hydrogel was unstable, indicating the dehydrothermal 

treatment provided a sufficient structural reinforcement to the LZ hydrogel 

stability in 3-D. The most probable cause for degradation after four weeks 

could be due to the hydrolysis [213] of the peptide bonds. Thus, the 

introduction of cysteines and the thermal treatment provided integrity and 

mechanical strength to the hydrogel. Hence the hydrogel were stable in cell 

culture media and in vivo implantation experiments and were used in all 

experiments. 
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Figure 6. Stability of the LZ-Control hydrogel. 
The graph represents drop in the weight (indicated as percentage of total 
weight) of the 7% w/v LZ- Control hydrogels immersed in PBS over time (in 
days). Results show that about 60% of the hydrogel weight still remained intact 
after 30 days indicating an approximate half-life of over a month.  
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A.6. Mesenchymal stem attachments on the leucine zipper hydrogels 

with RGDS motifs 

 Biomaterials can be designed to interact with cells by utilizing functional 

motifs found in native condition [2, 214]. Therefore, the LZ protein with and 

without the RGDS motif was tested for its ability to present a microenvironment 

that would support cell attachment. The MTS assay was used for this purpose.  

The reason for the choice of this assay was to quantitate the presence of 

metabolically active cells.  The color change observed during this assay is 

possible only if metabolically active cells are present.  Therefore, the results 

from this experiment can be used to gauge the ability of the LZ protein 

mixtures to favor cellular attachment and maintain cell functionality.   

Results from the MTS assay (Figure 7A) showed that HMSCs on LZ 

substrate containing varying amounts of RGDS ligand showed faster cellular 

attachment when compared to LZ-Control. Specifically, at the four hour time 

point, the results indicate significantly higher number of metabolically active 

cells were attached to the plates coated with 25 and 50 percent LZ-Control:LZ-

RGDS. However, at all the time points, the number of cells that attached to the 

plates were less when compared with tissue culture plates.  Thus the presence 

of RGDS elicited the desired cellular responses.  
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Figure 7. Attachment and Proliferation of HMSCs cultured on 2-D coated 
surfaces and 3-D LZ hydrogels with RGDS. 
(A) Represents attachment of HMSCs on protein coated surfaces shown as 
change in absorbance at 490 following treatment with MTS assay reagent in 2-
D cell culture system. Cells grown in tissue culture plastic served as positive 
control. LZ-RGDS motifs containing various combinations with the LZ control 
showed increase in number of attached cells. * Represents statistical 
significance (p<0.05 using students t-test) with respect to LZ-Control. (B) 
Represents proliferation of HMSCs in 3-D hydrogels containing the indicated 
combinations of LZ-Control and LZ-RGDS motifs. * Represents statistical 
significance (p<0.05 using students t-test) with respect to PuraMatrix. Note 
that the LZ hydrogels behaved significantly better than PuraMatrix.   
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A.7. Mesenchymal stem cell proliferation test on leucine zipper 

hydrogels with RGDS motifs 

 The LZ hydrogels were also tested for their ability to promote 

proliferation of HMSCs in 3-D culture conditions. 7% w/v hydrogel prepared 

with varying amounts of LZ-RGDS (100:0 or 75:25 or 50:50 LZ-control: LZ-

RGDS) were examined for proliferation at 4, 7, 10, 14 and 21 days post cell 

seeding (Figure 7B). Interestingly, all conditions favored cell adhesion. At days 

4 and 7 higher absorbance values were observed for a mixture containing 

higher amount of RGDS (LZ-Control: LZ-RGDS, 50:50). Even though the LZ-

Control favored cell proliferation, it did so after 14 days. This suggests that the 

presence and density of the RGDS ligand might be the driving force for initial 

cell adhesion and proliferation on the hydrogel. Commercially, available 

PuraMatrixTM, was used as a positive control. PuraMatrixTM is a fully synthetic 

and absorbable hydrogel composed of repeating amino acids sequence of 

RADA. Such repeated RADA sequence self-assembles into nano-fiber 

structure when presenting in the salt under physiological condition. However, 

the LZ hydrogels proved to be significantly better in promoting cell viability and 

proliferation when compared to PuraMatrixTM indicating its superior properties 

in terms of cellular compatibility (Figure 7B).  
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A.8. Cell viability within the leucine zipper hydrogels with RGDS motifs 

 Figure 8 shows the live-dead cell assay for up to 7 days after seeding 

HMSCs on the LZ hydrogel. Green staining in the images represents live cells 

and red staining represent dead cells. From the images it is clear that while the 

LZ-Control hydrogel promoted cell viability, the morphology of the cells were 

rounded at day 1 (Figure 8A1). In contrast, cells on the higher RGDS 

containing scaffold (50:50 LZ-Control: LZ-RGDS, Figure 8A3) demonstrated 

good cell adhesion and had distinct spindle shaped morphology with long 

processes. Templates with lower amount of RGDS (LZ-Control: LZ-RGDS, 

75:25) showed the least cell attachment (Figure 8A2) suggesting that the 

density of the RGDS motif is important for initial attachment. After 4 days, cells 

within all the LZ hydrogel types proliferated well and exhibited distinct 3-D 

cellular network (Figure 8B1, 8B2 and 8B3), however templates with none or 

lower amount of RGDS showed higher number of dead cells at the same time 

point (compare 8B1 and 8B2 with 8B3). From these results, we can conclude 

that although the presence of the RGDS motif is beneficial for initial cell 

attachment, over a longer time period, the cell viability is not greatly affected.  

On the other hand, because of reduced initial attachment, the total number of 

cells present in the hydrogel at a specific time point may be lesser in the LZ-

Control hydrogels and the LZ hydrogels with reduced RGD motif (LZ-Control: 

LZ-RGDS 75:25).  

Based on this data we opted to use LZ hydrogels with higher amount of 

RGDS for in vivo experiments.  



 67 

 

 
 
 
 
Figure 8. Live-dead cell assay of LZ hydrogel with RGDS. 
The live-dead cell assay was performed on HMSCs seeded on 7% w/v LZ- 
Control (Group A), LZ-Control: LZ-RGDS = 75:25 (Group B), or LZ-Control: 
LZ- RGDS = 50:50 (Group C) for 1, 4 and 7 days. “Green” stain represents live 
cells and “red” stain represents dead cells. Scale bar represents 50µm for all 
images.  
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A.9. Cell migration in 3-D leucine zipper hydrogel culture system 

 Next we investigated the migration of GFP-HMSCs during the 

proliferative phase in 3-D LZ-Control hydrogel for 7, 14 and 21 days. As the 

cell viability and proliferation of HMSCs were similar after 7 days in culture 

irrespective of the presence or absence of RGDS, we opted to use only the 

LZ-Control hydrogel for this experiment. At the end of each time point the 

HMSCs were stained with actin and observed with confocal microscopy.  

Results in Figure 9 show cell viability and the color-coding scheme 

depicts the depth of cell migration (green represents the top and blue 

represents the bottom of the hydrogel). Examination of the cell morphology 

showed long elongated polarized cells with well-developed actin-fiber bundles. 

Results in Figure 9A showed that by 1 week, cells from the surface had 

migrated within the gel. At 14 days (Figure 9B) the cells had migrated to a 

depth of 20 µm as indicated by the green color. At 21 days (Figure 9C) the 

cells still remained viable and migrated to about 100 µm within the LZ hydrogel 

as indicated by the blue color. Limitations with the confocal microscopy 

technique prevented measuring distances greater than 100 µm.   

Time-lapse observation also revealed that the cells migrated by 

extending processes towards other cells in the matrix. Thus, HMSCs traveled 

long distances within the LZ-RGDS hydrogel due to a combination of favorable 

properties of the microenvironment. 
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Figure 9. Z-stack confocal microscopy of HMSC seeded LZ-Control 
hydrogel. 
3-D reconstructed images of HMSC cultured on 7% w/v LZ-Control hydrogel 
after 7 days (A), 14 days (B), and 21 days (C) and stained with TRITC-
phalloidin staining for actin. Color-coding represents the depth profile from the 
surface red to blue at a depth of 150 µm. Phalloidin stains actin filament and 
shows the cytoskeletal organization of HMSCs within the LZ hydrogels.  
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A.10. Foreign body response to leucine zipper hydrogels  

 The LZ hydrogels were implanted subcutaneously in wild type mice to 

observe if there was a host generated foreign body response to the hydrogels. 

The scaffolds were implanted for a period of 1 and 2 weeks and explant 

sections were examined by immunohistochemistry.  

CD68, a macrophage marker was used Immunohistochemical analysis 

for CD68 positive cells showed no staining at one week (Figure 10A1, 10B1) 

indicating the absence of foreign body reaction.  After 2 weeks of implantation, 

positive staining for CD68 was observed at the periphery of the hydrogel in 

both the samples; however, they were not multi-nucleated macrophages 

(Figure 10A3 and 10B3). Multi-nucleated macrophages are the hallmark of 

adverse foreign body response. The absence of such macrophages after 2 

weeks of implantation indicated that the LZ scaffolds were not subjected to 

foreign body reaction in vivo.  

CD68 is a broad-spectrum macrophage marker. Therefore, the positive 

mono nucleated cells could be macrophage cells present in the blood due to 

the neovascularization in the LZ hydrogels after 2 weeks. 
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Figure 10. CD68 Immunohistochemistry of LZ hydrogel with RGDS. 
Images represent CD68 stained sections of LZ-Control (A1, A2 and A3) and 
LZ-RGDS (50:50) (B1, B2 and B3) scaffolds implanted subcutaneously in wild 
type mice for 1 week (A1 and B1) and 2 weeks (A2, A3 and B2, B3) 
respectively. Note the absence of CD68 positive cells in A1 and B1 indicating 
the absence of macrophages after 1 week. At 2 weeks macrophages were 
observed (A2 and B2) positive staining. The boxed areas in A2 and B2 are 
shown in higher magnification in A3 and B3 respectively. These images show 
the presence of macrophages and also absence of multi- nucleated foreign 
body giant cells indicating the absence of adverse foreign body reaction.   
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A.11. Host cell response to LZ hydrogels  

 Hematoxylin staining in Figure 10 shows that the LZ gels supported 

colonization by host cells. To analyze if the colonized host cells were able to 

secrete a matrix and promote vascularization, a series of markers was used 

for immunohistochemical analysis.  

Staining for fibronectin, the predominant ECM protein was particularly 

interesting. Intense staining of fibronectin in the ECM was observed with cells 

recruited to the LZ-RGDS scaffold (Figure 11B1-11B4) when compared with 

the control (Figure 11A1-11A4). Similar staining pattern was observed for 

DMP-1 (Dentin Matrix Protein 1) a regulatory protein in osteogenesis (Figure 

11B1-11B4). This suggested that the presence of RGDS was critical for the 

initial colonization and matrix production by host cells.  In order to determine if 

the LZ scaffold created a microenvironment for neovascularization, staining for 

VEGF (vascular endothelial growth factor) was performed. Results indicated 

that more VEGF staining was predominant at 1 week and reduced amounts 

were observed at 2 weeks (Figure 11C1-11C4). This staining pattern 

corroborated well with the levels of PEDF (Pigment-Epithelium Derived 

Factor). PEDF is one of the most potent anti-angiogenic factors and its 

expression increased at 2 weeks (Figure 11D1-11D4).   

These results imply that the LZ scaffolds can provide an environment 

that can trigger favorable host cell response by enabling deposition of the host 

cell ECM and permitting host cell-mediated vascularization. 
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Figure 11. Immunofluoresence staining of scaffold sections from LZ 
hydrogel implanted in wild type mice. 
Images are representative confocal micrographs showing the 
immunohistochemical localization of Fibronectin (A1, A2, A3 and A4), DMP-1 
(B1, B2, B3 and B4), VEGF (C1, C2, C3 and C4) and PEDF (D1, D2, D3 and D4) 
in LZ-Control (A1-D1, A3-D3) and 50:50 LZ-Control: LZ-RGDS (A2- D2, A4-D4) 
after 1 and 2 weeks of subcutaneous implantation in wild type mice. Scale bar 
represents 20 µm for all images.  
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A.12. In vivo response of leucine zipper hydrogels pre-seeded with HMSCs  

 The LZ hydrogels provided an excellent microenvironment for host cell 

colonization and proliferation without triggering foreign body response.  Our next 

step was to ascertain if LZ scaffolds seeded with mesenchymal stem cells were 

able to support the survival and proliferation of these cells in vivo. Although we 

seeded cells transfected with GFP, after post processing and section, the 

inherent GFP fluorescence was lost.  Therefore, the sections were stained using 

a GFP antibody to visualize the implanted cells.   

 At the end of 2 weeks, staining for GFP showed the presence of GFP-

positive cells within the scaffold (Figure 12A1, 12A2). As before, the ECM 

synthesized by the HMSCs seeded on the LZ-RGDS showed predominant 

staining for fibronectin (Figure 12B1, 12B2) and DMP-1 (Figure 12C1, 12C2). 

H&E staining of the tissues showed the presence of numerous RBCs indicating 

the presence of active blood flow within the scaffolds.  Neovascularization was 

observed originating from the surface of the hydrogel to the interior by H&E 

staining (Figure 12F1, 12F2). Higher vessel density was observed with LZ-RGDS 

scaffold (Figure 12F2).  Both VEGF and PEDF were expressed by the HMSCs in 

the control and the RGDS hydrogels indicating control over the process of 

angiogenesis. Presence of endothelial cells was further confirmed by observing 

the immunohistochemical localization of vWF (von Willebrand factor) (Figure 

12G1, 12G2) and CD31 markers for endothelial cells (Figure 12H1, 12H2).  
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Figure 12. Histology and immunofluoresence staining of HMSC seeded LZ- 
scaffolds implanted in immunocompromised mice. 
(A1-E1) represent immunohistochemical localization of GFP, fibronectin (FN), 
DMP-1, VEGF and PEDF in sections of LZ-Control scaffolds implanted 
subcutaneously in immunocompromised mice for 2 weeks. (A2-E2) are 
representative images showing the same from 50:50 LZ-Control:LZ-RGDS 
scaffolds. (F1, F2) are representative images of H&E stained sections of the two 
types of implanted scaffolds containing HMSCs. Note arrows indicate red blood 
cells. (G1, G2) are representative images showing the immunohistochemical 
localization of vWF and (H1, H2) show CD31 in the two types of scaffold.  
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Results from these experiments showed that the HMSCs seeded within 

the LZ-Control and LZ-RGDS scaffolds were able to proliferate and secrete an 

active ECM that favors vascularization.  
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B. Stable leucine zipper hydrogels with calcium-binding properties for hard 

tissue engineering 

B.1. In vitro nucleation of calcium phosphate polymorphs under 

physiological concentrations of calcium and phosphate ions by leucine 

zipper hydrogels containing the DMP-1 calcium-binding motif 

 Calcium plays an important role in human physiology and is highly 

regulated. About 99% of the calcium is stored in the bone as the mineral in the 

form of calcium phosphate. In the cells, the concentration of intracellular calcium 

ion is around 100 nM but can increase up to 10~100 fold depending on the 

cellular functionality. During bone mineral formation, it is known that the calcium 

ion concentration is higher then the systemic level. The calcium ion concentration 

in the ECM of bone matrix is even higher which can be up to about 12,000 fold. 

Thus, the calcium ion concentration of about 1 mM can be considered as 

systemic or physiological level [215]. In this study, we tested the mineralization 

potential of the LZ hydrogel with the calcium binding domains derived from DMP-

1 at physiological level of calcium and phosphate concentration and also at high 

concentrations. The use of physiological level concentration can provide the 

scenario whether the LZ hydrogel is capable to mineralize under normal 

conditions. The high concentrations of 1M of calcium and phosphate ions used in 

this study was to saturate the calcium binding sites in the LZ hydrogel scaffold. 

The idea behind the use of calcium-binding motifs is to facilitate nucleation 

of crystalline calcium phosphate. In order to verify the calcium ion binding 

abilities of the two incorporated calcium-binding motifs derived from DMP-1, we 
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performed an in vitro calcium phosphate nucleation assay. The hydrogels, 

containing either of the calcium-binding motifs (LZ-Control:LZ-ESQES:LZ-

QESQSEQDS, 2:1:0 or 2:0:1) or both of them (LZ-Control:LZ-ESQES:LZ-

QESQSEQDS 1:1:1) were placed in a nucleation chamber containing 

physiological concentrations of calcium and phosphate ions for two weeks. With 

the physiological levels, we show proof of concept that even in the presence of 

low amounts of calcium and phosphorus, the LZ hydrogel can nucleate CaP. 

 Figure 13 shows the SEM images of the LZ hydrogel surface after in vitro 

mineralization under physiological conditions for two weeks. All of the image 

showed mineral deposits. The SEM images show that there are no significant 

differences for mineral deposition across all of the three LZ hydrogel samples 

with respect to the size and quantity, except the LZ-Control:LZ-ESQES:LZ-

QESQSEQDS 2:0:1  showed some mineral deposits up to 10 µm (Figure 13B2). 

However, the LZ- Control hydrogel did not initiate deposition of calcium 

phosphate salts and no detectable peaks for calcium and phosphorus were 

obtained with EDX analysis.  

The results presented show the ability of the LZ hydrogel with DMP-1 

derived calcium-binding domains to initiate calcium phosphate nucleation 

irrespective of the calcium-binding motif used. Initiation of nucleation was 

observed even when the calcium and phosphate concentrations were as low as 

the physiological level indicating the strong calcium-binding ability of the LZ  
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Figure 13. In vitro mineralization of the LZ hydrogel with different 
combinations of DMP-1 calcium-binding domains (LZ-ESQES and LZ- 
QESQSEQDS) under physiological concentrations of calcium and 
phospahte. 
The scanning electron microscopy (SEM) images show deposition of the mineral 
on the LZ hydrogel with varying ratios of the LZ-containing DMP-1 motives 2:1:0 
LZ-Control:LZ-ESQES:LZ-QESQSEQDS (A), 2:0:1 LZ-Control:LZ- ESQES:LZ-
QESQSEQDS(B), or 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS = (C).   
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hydrogel. During bone mineralization, the local calcium and phosphate 

concentration are much higher than the physiological concentrations used in this 

study [216]. Although the use of LZ-QESQSEQDS alone may be capable of 

greater mineral deposition, this property was not exhibited when it was used in 

combination with LZ-ESQES. The combined use of these two calcium-binding 

motifs, LZ-ESQES and LZ-QESQSEQDS provided a potential strategy for tuning 

the LZ hydrogel properties with respect to mineral nucleation rates as the two 

peptides have different properties with respect to mineral nucleation.  
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B.2. In vitro nucleation of calcium phosphate under high concentrations of 

calcium and phosphate ions by leucine zipper hydrogels containing the 

DMP-1 calcium-binding motifs 

 The second step of in vitro calcium phosphate nucleation test was 

conducted by incubating the LZ hydrogels in buffers containing 1M calcium 

chloride and 1M sodium phosphate 

The SEM images of these LZ hydrogel fractured surfaces containing 

different ratios of the calcium-binding domains including 2:1:0, 2:0:1, and 1:1:1 of 

LZ-Control:LZ-ESQES:LZ-QESQSEQDS are shown in Figure 14A1-A3, B1-B3, 

and C1-C3 respectively, and the respective EDX analysis spectrums are shown 

in Figure 14A4, B4, and C4. In the 2:0:1 LZ-Control:LZ-ESQES:LZ-

QESQSEQDS LZ hydrogel, the calcium phosphate nucleation only showed 

several bulky deposits up to 10 µm on the surface (Figure 14B1-B3). However, 

the SEM images show both 2:1:0 and 1:1:1 LZ-Control:LZ-ESQES:LZ-

QESQSEQDS showed a thin layer deposition of calcium phosphate (Figure 14A1 

and C1) and the microstructure showed the plate-shaped deposition especially in 

the 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS hydrogel (Figure 14A3 and 

C3).  

The EDX analysis show the peaks of both calcium and phosphorus in all 

the LZ hydrogel samples (Figure 14A1, B1, and C1). Specifically, the spectra 

revealed that the Ca/P ratio was1.63, 1.21, and 1.59 for  2:1:0, 2:0:1, and 1:1:1 

LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogel samples respectively 

indicating the likelihood of the calcium phosphate deposits to be hydroxyapatite  
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Figure 14. In vitro mineralization on LZ hydrogel with different 
combinations of DMP-1 calcium-binding domains (LZ-ESQES and LZ- 
QESQSEQDS) under high concentrations of calcium and phosphate. 
(A1-A3) represent SEM analysis of the mineral deposits on the scaffolds 
containing 2:1:0 LZ-Control:LZ-ESQES:LZ-QESQSEQDS. These deposits were 
partially crystalline calcium phosphate and (A4) shows the energy dispersive X-
ray (EDX) analysis indicating the presence of Ca and P and the Ca to P ratio. 
(B1-B3) represents the SEM image of mineral deposits on the 2:0:1 LZ-
Control:LZ- ESQES:LZ-QESQSEQDS scaffold. The deposits were characterized 
as amorphous calcium phosphate and (B4) shows the EDX analysis indicating 
the presence of calcium and phosphorus along with the Ca to P ratio. (C1-C3) 
represents SEM images of mineral deposits present on the 1:1:1 LZ-Control:LZ- 
ESQES:LZ-QESQSEQDS. The deposits were characterized as crystalline 
hydroxyapatite and (C4) shows the EDX analysis indicating the presence of 
calcium and phosphorus along with its Ca to P ratio. Note different scale in (B3) 
was due to the overall sparse deposits in the LZ hydrogel. 
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in the 2:1:0 and the 1:1:1 hydrogels. The Ca/P ratio of 1.21 in the 2:0:1 LZ-

Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogel indicates the presence of 

amorphous calcium phosphate. On the other hand, in the 2:1:0 and 1:1:1 LZ-

Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogels, the calcium to phosphate 

ratios were that of hydroxyapatite similar to native bone that has a Ca/P ratio of 

1.50–1.667 [217]. Again, the LZ-Control hydrogel didn’t show any calcium 

phosphate mineral deposition under SEM imaging and there were no indications 

for the presence of calcium and phosphorus in the EDX analysis. 

The crystallinity of the nucleated calcium phosphate polymorphs were 

analyzed using TEM followed by SAD.  Figure 15 shows representive TEM 

(Figure 15A1-B1) and SAD images (Figure 15A2-B2) of 1:1:1 LZ-Control:LZ-

ESQES:LZ-QESQSEQDS LZ hydrogel after nucleation with high concentrations 

of calcium and phosphate. The TEM images show the presence of both single 

crystal (Figure 15A1) and multi-crystal formations (Figure 15B1) of calcium 

phosphate. The SAD images further confirmed the crystallinity of these mineral 

deposits. Figure 15A2 shows a set of two SAD phases indicating a single crystal; 

Figure 15B2 shows multiple sets of SAD phases indicating a multi-crystal 

structure. 

 The physiological levels of calcium and phosphate ions used in the first 

part represent systemic levels and do not depict the amount of calcium and 

phosphorus present in the mineralizing niche. However, mineralization at high 

concentrations is an attempt to look at the ability of the gel to nucleate in a 

scenario where they are exposed to an inorganic environment that resembles the  
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Figure 15. In vitro mineralization on the LZ hydrogel with DMP-1 calcium-
binding domains under high concentrations of calcium and phosphate. 
A1 and B1 represent the SEM micrograph images showing the plate-like 
structure of the mineralized calcium phosphate in the LZ hydrogel with DMP-1 
calcium-binding domains (1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS), A2 
and B2 show the selected area electron diffraction (SAED) data from the 
mineralized LZ scaffold indicating the presence of crystalline hydroxyapatite.  
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mineralizing niche. Results from this study confirm that the DMP1-derived 

calcium-binding peptides can indeed bind calcium and initiate the process of 

crystal nucleation and growth. Such peptides have the added advantage of 

controlling the spatial deposition of CaPs. Further different combinations of the 

two DMP-1 derived calcium-binding motifs can affect the degree and quality of 

calcium phosphate deposition. Thus the choice and the ratio of the motifs can be 

used as a tunable factor for different applications. 
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B.3. Mechanical properties of the leucine zipper hydrogel with DMP-1 

calcium-binding motifs after mineralization in high concentrations of 

calcium and phosphate buffer 

 The major purpose of introducing the DMP-1 calcium-binding motifs in the 

chimeric LZ protein construct is to reinforce and strengthen the mechanical 

properties of the hydrogel, as well as to create a biomimetic  scaffold that can be 

used for the regeneration of heard tissues such  as bone and dentin. Such 

approaches have been reported previously using pHEMA hydrogels [218, 219], 

and gelatin hydrogels [220]. 

 We examined the viscoelastic properties of the LZ hydrogel with DMP-1 

calcium-binding motifs after mineralization under high salt concentrations using 

oscillatory sheer rheology. Rheological studies conducted on the 2:1:0, 2:0:1, 

and 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogel at a frequency 

range from 0.01 to 1 Hz showed that storage moduli (G’, Figure 16A) and loss 

moduli (G”, Figure 16B) changed with different combinations of DMP-1 calcium-

binding motifs. The G’ was greater then the G” by approximately an order of 

magnitude for all the samples examined here. The average G’ at 0.1 Hz were 4.4 

kPa and 305.2 Pa, 33.5 kPa and 3.2 kPa, 244 kPa and 39.3 kPa, and 326 kPa 

and 128 kPa for LZ-Control and 2:1:0, 2:0:1, and 1:1:1 LZ-Control:LZ-

ESQES:LZ-QESQSEQDS, LZ hydrogel respectively. Also similar to the previous 

test on the LZ-Control hydrogel without any modification, there are no crossover 

point of G’ and G” at the frequencies used in this study showing that the LZ 

hydrogels are fairly rigid viscoelastic materials with covalent crosslinking.  
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Figure 16. Viscoelasticity measurements of LZ hydrogel with different 
combinations of LZ-ESQES and LZ-QESQSEQDS under high 
concentrations of calcium and phosphate. 
Graphical representation of the storage modulus G’ (A) and the relaxation 
modulus G’’ (B) with change in frequency. Note the change of G’ and G’’ values 
with the different combinations of DMP-1 calcium-binding motifs. The 1:1:1 LZ-
Control:LZ-ESQES:LZ- QESQSEQDS showed a higher value.   

A 

B 
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Comparing the highest G’ here from 1:1:1 LZ-Control:LZ-ESQES:LZ-

QESQSEQDS LZ hydrogel, it is about 130 times higher than the LZ-Control 

hydrogel without any treatments. Also note that the G’ and G” values for LZ-

Control hydrogel didn’t show a  big change (by only about two folds) with and 

without high calcium and phosphate concentration based nucleation showing that 

there was  minimal amount of non-specific calcium ion binding on the hydrogel.

 The loss tangent, tan δ= G”/G’, values at 0.1 Hz in this experiment were 

0.07, 0.09, 0.16, and 0.39 for LZ-Control, 2:1:0, 2:0:1, and 1:1:1 LZ-Control:LZ-

ESQES:LZ-QESQSEQDS hydrogel respectively. The loss tangent value of 

mineralized LZ-Control hydrogel was comparable with the value obtained without 

mineralization.  This shows no intrinsic connectivity change between them. The 

2:1:0 LZ-Control:LZ-ESQES:LZ-QESQSEQDS hydrogel did not show significant 

change in its connectivity as the loss tangent remained close to the LZ-Control 

hydrogel. However, the loss tangent value increased significantly in the 2:0:1, 

and especially in the 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS,LZ hydrogel. 

This loss tangent value increase suggests the presence of large amounts of 

calcium phosphate mineral deposition within the hydrogel. The dissipation of 

energy is higher for the hydrogel which contains deposits of  calcium phosphate 

than for the hydrogel containing water [221].  

The results from the rheology experiments shows the changes in the LZ 

hydrogels that are brought about by the incorporation of DMP-1 calcium-binding 

motifs and nucleation at high concentrations of calcium and phosphate. Based on 

the data, the 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogel exhibits 
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the best yield for the mineral deposits , therefore we selected  this combination 

for the preparation of LZ hydrogel with equal composition of LZ-ESQES and LZ-

QESQSEQDS for in vivo subcutaneous experiments.. We anticipate that such a 

mineralized LZ hydrogel would improve the mechanical properties and can be 

used in tissue engineering applications  for  bone regeneration. 
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B.4. Mesenchymal stem cell adhesion  to the luecine zipper hydrogels with 

DMP-1 calcium-binding motifs after mineralization 

 The 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogels was 

mineralized and  tested for their ability to facilitate cell attachment  and promote 

the proliferation of HMSCs under 3-D cell culture conditions. The proliferation 

experiments were performed over a period of 21 days with time points at 1, 4, 7, 

14, and 21 days. The result (Figure 17) shows that the total HMSCs cell number 

showed no significant difference in the first seven days. However, at days 14 and 

21, the LZ hydrogels with DMP-1 derived calcium-binding motifs showed a 

tendency to promote increased cell proliferation (statistically significant change 

as determined by student t-test). This suggests that the calcium phosphate 

mineral deposited on the hydrogel deposition t did not impede cell growth in the 

LZ hydrogel and even promoted cell proliferation when cultured for a  long term. 
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Figure 17. Proliferation rate of HMSCs cultured on 3-D LZ mineralized 
scaffold. LZ scaffold was subjected to mineralization under high 
concentrations of calcium and phosphate and used for culturing HMSCs. 
The MTT assay indicate the proliferation of HMSCs on mineralized 3-D LZ 
scaffolds with DMP-1 calcium-binding motifs (1:1:1 LZ-Control:LZ-ESQES:LZ- 
QESQSEQDS) * represents statistical significance (p<0.05 using students t-test) 
with respect to LZ-Control hydrogel. 
 
 
  

* 

* 
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B.5. Leucine zipper hydrogels containing DMP-1 calcium-binding motifs 

facilitated vascularization 

  The mineralized LZ scaffold had a positive effect not only on the 

mechanical property, but also facilitated cell proliferation. The next step was to 

characterize the scaffold in in vivo implantation experiments. We performed 

subcutaneous implantation in the athymic nude mice to understand the host 

responses of the pre-seeded HMSCs response on the unmineralized and 

mineralized LZ scaffolds containing DMP-1 calcium-binding motifs.  Two 

characteristic properties that were investigated were angiogenesis and 

osteogenic differentiation.  

As formally mentioned, vascularization of the scaffold indicates 

angiogenesis, and angiogenesis is known to facilitate osteogenic differentiation. 

For angiogenesis, CD31, vWF, VEGF and PEDF are the major markers used to 

detect endothelial cells and vascularization. 

 The angiogenesis related markers were used to analyze if the colonized 

host cells were able to secrete a matrix that promoted vascularization. The 

staining represented in Figure 18 shows H&E staining (A1-D1), CD31 (A2-D2), 

and vWF (A3-D3) of the implanted 1:1:1 LZ-Control:LZ-ESQES:LZ-

QESQSEQDS LZ hydrogels with and without mineralization and implanted for  2 

and 4 weeks.. The H&E staining at 2 weeks show the absence of microvessels in 

the control LZ hydrogel but a homogeneous distribution of the seeded-cells was 

observed (Figure 18A1); the mineralized LZ hydrogel also did not show 

microvessel formation, but interestingly showed some huge matrix channe
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Figure 18. Histological staining and immunohistochemical analysis of 
angiogenic markers performed on HMSC-seeded LZ scaffolds with DMP-1 
calcium-binding motifs before and after mineralization, implanted in 
immunocompromised mice. 
(A1-D1) are representative H & E images of implanted LZ hydrogel scaffolds with 
DMP-1 calcium-binding motifs (1:1:1 LZ- Control:LZ-ESQES:LZ-QESQSEQDS) 
which were either mineralized or unmineralized implanted with HMSCs and 
harvested after 2 or 4 weeks. Note the pink hematoxylin staining which indicates 
ECM deposition in the pre- mineralized LZ hydrogel scaffold (arrows in B1 and 
overall pink staining in D1) and the red blood cells (arrows in C1 and D1). (A2-D2 
and A3-D3) are representative images showing the immunohistochemical 
localization of CD31 (A2-D2) and vWF (A3-D3) in the harvested scaffolds in both 
the LZ hydrogel scaffolds with and without mineralization (1:1:1 LZ-Control:LZ-
ESQES:LZ- QESQSEQDS) containing HMSCs after 2 and 4 weeks.   
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within the hydrogel (Figure 18B1). At 4 weeks, some neovasculature was 

observed in the peripheral region of the unmineralized LZ hydrogel (Figure 

18C1); the mineralized LZ hydrogel still remained non-vascularized but showed 

great cell density with heavily  deposited ECM (Figure 18D1).  

The immunohistochemical localization of CD31 and vWF which are both 

markers for endothelial cells show the same trend. The unmineralized LZ 

hydrogel stained for both CD31 and vWF in the peripheral region of the hydrogel 

section indicating neovascularization at 2 weeks of implantation. This process 

remained active even at 4 weeks of implantation. On the other hand, mineralized 

LZ hydrogel showed only dispersed staining for CD31 and vWF within the 

hydrogel at both 2 weeks and 4 weeks indicating a slower response to 

neovascularization. 

 The immunofluorescence staining of VEGF and PEDF in the implanted 

1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogel with and without 

mineralization after 2 and 4 weeks of implantation is shown in Figure 19. At 2 

weeks, the LZ hydrogel with DMP-1 calcium-binding motif only, showed no 

staining of VEGF but a few areas stained positive for PEDF (Figure 19A1-A2). 

When compared with the VEGF and PEDF activity in Figure 11 in LZ-Control 

hydrogel, we can speculate that the VEGF signaling may occur as early as 1 

week after implantation (Figure 11C1) and decrease at 2 weeks with PEDF 

signaling being predominant as it is a regulator of angiogenesis (Figure 11C3 

and 11D3). This is further supported by immunohistochemical analysis of CD31 

and vWF that was observed at 2 weeks (Figure 18A2-A3). At 4 weeks, the VEGF   
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Figure 19. Immunofluoresence staining for angiogenic markers expressed 
by HMSC-seeded LZ scaffolds with DMP-1 calcium-binding motifs when 
implanted in immunocompromised mice. 
(A1-A2) represent immunohistochemical localization of VEGF and PEDF in 
sections of LZ hydrogel scaffolds with DMP-1 calcium-binding motifs (1:1:1 LZ-
Control:LZ-ESQES:LZ-QESQSEQDS) without mineralization and implanted 
subcutaneously in immunocompromised mice for 2 weeks, (C1-C2) are 
representative images showing the expression of the angiogenic markers after 4 
weeks of implantation. (B1-B2) represent the expression of the above mentioned 
factors on sections obtained from LZ hydrogel scaffolds with DMP-1 calcium-
binding motifs subjected to mineralization under high calcium and phosphate 
concentrations and then implanted subcutaneously in immunocompromised mice 
for 2 weeks, (D1-D2) are representative images showing the expression levels 
from sections obtained after 4 weeks of implantation.   
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and PEDF presence was high as shown in Figure 19C1 and 19C2 indicating an 

active vascularization process. On the other hand, the mineralized LZ hydrogel 

did not show the presence of VEGF and PEDF at 2 weeks of implantation (Figure 

19B1-B2). At 4 weeks, PEDF was observed when VEGF was still absent 

indicating that vasculogenesis may have been initiated between 2 weeks and 4 

weeks (Figure 19D1-D2). Overall, these results indicate that the mineralized 

matrix delays the process of vasculogenesis.    
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B.6. Evaluation of osteogenic differentiation of HMSCs seeded on 

premineralized leucine zipper hydrogels with DMP-1 calcium-binding motifs 

 The presence of calcium phosphate has been shown to induce osteogenic 

differentiation of stem cells [222, 223]. Therefore, we evaluated the ability of 

premineralized LZ hydrogel scaffold to promote osteogenic differentiation in vivo 

in a subcutaneous model. The immunofluorescence staining was performed to 

look for markers of osteogenesis like DMP-1, GRP-78, RUNX2, and 

phosphoserine in the control and premineralized experimental sections of 1:1:1 

LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogels. Sections from 2 and 4 

weeks implantation time points were analyzed. Figure 20 shows the results from 

these experiments. 

 RUNX2 is a key transcription factor and essential for osteogenic 

differentiation and bone formation [224, 225]. DMP-1 plays an important role in 

mineralization, ossification, cell attachment, and differentiation and is expressed 

in cartilage, bone, and dentin [226-229]. In the control 1:1:1 LZ-Control:LZ-

ESQES:LZ-QESQSEQDS LZ hydrogel at 2 weeks of implantation, the seeded 

HMSCs show  low levels of  RUNX2 (Figure 20A1). At 4 weeks, the expression 

level of RUNX2 increased (Figure 20C1). This result indicates that the seeded 

HMSCs could undergo osteogenic differentiation. Osteogenic differentiation of 

HMSCs were also confirmed by DMP-1 immunofluorescence. Results show that  

DMP-1 expression levels were upregulated at 4 weeks of implantation when 

compared to 2 weeks (Figure 20A2 and 20C2).  
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Figure 20. Immunofluoresence staining for osteogenic markers. HMSC- 
seeded LZ scaffolds with DMP-1 calcium-binding motifs were implanted in 
immunocompromised mice. 
(A1-A4) represent localization of RUNX2, DMP-1, GRP78, and phosphoserine in 
sections of LZ hydrogel scaffolds with DMP-1 calcium-binding motifs (1:1:1 LZ-
Control:LZ- ESQES:LZ-QESQSEQDS) without pre-mineralization and implanted 
subcutaneously in immunocompromised mice for 2 weeks. (C1-C4) are 
representative images showing the same from the hydrogel implanted for 4 
weeks. (B1-B4) represent immunohistochemical localization of same set of 
protein markers in sections of LZ hydrogel scaffolds with DMP-1 calcium-binding 
motifs subjected to mineralization with high calcium and phosphate 
ceoncentrations and implanted subcutaneously in immunocompromised mice for 
2 weeks, (D1-D4) are representative images showing the same from the 
hydrogel implanted for 4 weeks.  
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GRP-78 is well known for its major intracellular function as a molecular 

chaperone for protein folding, endoplasmic reticulum (ER) calcium-binding, or 

regulation of the ER stress sensors [230]. Recently, it has been shown to serve 

as a receptor for DMP-1 mediated signaling events and also as a facilitator of 

biomineralization [231]. Presence of GRP78 is necessary for osteoblast 

differentiation and matrix mineralization [232]. Therefore it can be treated as an 

osteogenic marker.  

During biomineralization, phosphorylated proteins serve as source of 

phosphorus for calcium phosphate nucleation. Therefore, the increased presence 

of phosphorylated proteins can be an indicator for mineralized matrix formation 

[233, 234]. The phosphoserine antibody stains all proteins with phosphoserine 

residues and was used as a marker for mineralization read out..  

In the control 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS LZ hydrogel 

after 2 and 4 weeks, the expression of GRP78 and phosphoserine were both low 

(Figure 20A3-A4 and C3-C4). This result is consistant with that of the RUNX2 

and DMP-1 staining indicating that the seeded HMSCs were still in the 

osteogenic differentiation stage. 

 On the other hand, the HMSCs didn’t express RUNX2 in the 1:1:1 LZ-

Control:LZ-ESQES:LZ-QESQSEQDS mineralized LZ hydrogel after 2 and 4 

weeks of implantation (Figure 20B1 and 20D1). At the same time DMP-1 

expression level did not change from 2 weeks to 4 weeks time point (Figure 20B2 

and 20D2). This indicates that the pre-seeded HMSCs were not in the osteogenic 

differentiation stage. Examination of GRP78 immunofluorescence staining, 
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however, showed expression at 2 weeks and the intensity increased from 2 to 4 

weeks time point (Figure 20B3 and 20D3); the phosphoserine staining also 

showed an abundance of phosphorylated proteins in the LZ hydrogel at both 2 

and 4 weeks (Figure 20B4 and 20D4).  

These results indicated that the pre-seeded HMSCs embedded cells 

initiated osteogenic differentiation at the 2 weeks time point. Multiple studies 

have shown that the stiffer cell culture substrates might promote stem cell 

differentiation [235-238]. Therefore, our results agree with published reports. 
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B.7. Calcified matrix formation in in vivo implanted 1:1:1 leucine zipper 

scaffold with calcium-binding DMP-1 motifs  

 In order to identify calcified matrix formation formation in the 

subcutaneous implanted LZ hydrogels, alizarin red staining was performed. The 

alizarin red staining is primarily used to indicate the presence of calcium in the 

tissue. Polarized light microscopy was also used to confirmthe presence of e 

calcium phosphate deposits. The calcium phosphate mineral will show 

birefringence under the polarized light. 

In Figure 21, we stained the 1:1:1 LZ-Control:LZ-ESQES:LZ-

QESQSEQDS LZ hydrogel with and without mineralization  after 2 and 4 weeks 

of subcutaneous implantation with alizarin red (Figure 21A1-21D1) and also 

imaged the slides under polarized light (Figure 21A2-21D2). In the implanted LZ 

hydrogel without mineralization, we observed some granular aggregation of 

mineral deposits in the peripheral region after 2 weeks of implantation (Figure 

21A1) and the mineral deposit was also verified by the birefringence under the 

polized light (Figure 21A2). After 4 weeks, the granular aggregations were 

reduced and instead formed a constant and homogeneous distribution of mineral 

deposition in the peripheral areas (Figure 21C1). This result suggests that the 

pre-seeded HMSCs were undergoing osteogenic differentiation and forming a 

calcified matrix. At longer time points, the CaP deposition was spread throughout 

the scaffold. The implanted premineralized 1:1:1 LZ-Control:LZ-ESQES:LZ-

QESQSEQDS LZ hydrogel showed positive staining for alizarin as it already 

contained calcium deposits  (Figure 21B1). This was also confirmed by polarized   



 108 

 
 
 
 
 
Figure 21. Histology staining of HMSC-seeded LZ scaffolds with DMP-1 
calcium-binding motifs implanted in immunocompromised mice. 
(A1-D1) are representative images of alizarin red (ALZ) stained sections of 
implanted scaffolds LZ hydrogel with DMP-1 calcium-binding motifs (1:1:1 LZ-
Control:LZ-ESQES:LZ- QESQSEQDS) subjected to with and without pre-
mineralization and seeded with HMSCs and implanted for 2 and 4 weeks. (A2-
D2) are the polarized-light micrographs in the implanted scaffolds including with 
and without pre- mineralization treatmented LZ hydrogel with DMP-1 calcium-
binding motifs (1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS) containing 
HMSCs after 2 and 4 weeks. Note the birefringence is relative to mineral density.   
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light microscopy (Figure 21B2). After 4 weeks of implantation, the LZ hydrogel 

shows stronger alizarin red staining (Figure 21D1) as well as stronger 

birefringence under the polarized light (Figure 21D2). The change in intensity of 

alizarin red staining between 2 and 4 weeks suggests increased mineral 

deposition. This supports our previous hypothesis that a stiffer substrate 

promotes faster osteogenic differentiation of HMSCs.  
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B.8. Evaluation of osteogenic gene expression in leucine zipper hydrogel 

with DMP-1 motifs 

 Gene regulation studies were conducted for HMSCs isolated from LZ 

hydrogels cultured under in vitro conditions. HMSCs were seeded on LZ 

hydrogels including LZ-Control hydrogel, 1:1:1 LZ-Control:LZ-ESQES:LZ-

QESQSEQDS hydrogel with or without mineralization treatment for up to 2 

weeks. The expression of the key osteogenic differentiation and mineralization 

related markers were evaluated and the results are shown in Figure 22. 

 Figure 22A shows the fold change in gene expression of HMSCs cultured 

on the LZ hydrogel with DMP-1 calcium-binding domains without mineralization 

treatment and compared with HMSCs cultured on LZ-Control hydrogel. The 

result shows that most of the osteogenic differentiation markers llike RUNX2 and 

OC were up regulated in the LZ hydrogel scaffold containing DMP-1 calcium-

binding motifs when compared with the LZ-Control hydrogel. DMP-1 is well 

known to function as a signaling molecule in osteogenic differentiation [239]. This 

result suggests that the calcium-binding domains derived from DMP-1 might play 

a regulatory role in regulating osteogenic differentiation through specific signaling 

mechanism.  

 Figure 22B shows the fold change in gene expression of HMSCs cultured 

on the LZ hydrogel with DMP-1 calcium-binding domains with mineralization 

treatment when compared with HMSCs cultured on the LZ-Control hydrogel 

without any treatment. The result shows high expression level of OC, GDF and   
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Figure 22. In vitro quantitative RT-PCR analysis was performed to 
determine osteogenic related gene expression levels on HMSCs seeded on 
LZ hydrogels. 
(A) represents the gene expression levels obtained from HMSC seeded LZ 
hydrogel scaffolds with DMP-1 calcium-binding motifs (1:1:1 LZ-Control:LZ-
ESQES:LZ-QESQSEQDS) without pre-mineralization and implanted for 1 and 2 
weeks. The fold changes are respective to LZ-Control hydrogel without any 
treatment. (B) represents the gene regulation of premineralized LZ hydrogel 
scaffolds with DMP-1 calcium-binding motifs (1:1:1 LZ-Control:LZ-ESQES:LZ-
QESQSEQDS) seeded with HMSCs and implanted for 1 and 2 weeks. The fold 
changes are respective to LZ-Control hydrogel without any treatment. (C) 
represents the gene regulation of premineralized LZ hydrogel scaffolds with 
DMP-1 calcium-binding motifs (1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS) 
seeded with HMSCs and implanted for 1 and 2 weeks. The fold changes are 
respective to LZ hydrogel scaffolds with DMP-1 calcium-binding motifs without 
pre-mineralization. Note 1 fold change was considered as the baseline of control. 
  

C 



 113 

BMP-2 at 2 weeks. This suggests that DMP-1 mediated mineralized scaffolds 

facilitate osteogenic differentiation. It is well established that DMP-1 plays a 

critical role to regulate the calcification of the ECM [226] and is involved in bone 

and dentin formation [240]. GDF gene was significantly up regulated at 1 and 2 

weeks. GDF is also known as BMP-3B and is involved in the bone formation and 

craniofacial skeletongenesis [241, 242], and maintains high level of expression 

during osteogenesis [243]. The up regulation of GDF and BMP-2 indicate pro-

osteogenic differentiation of the HMSCs. It suggests this could be contributed to 

the stiffer LZ hydrogel coated with calcium phosphate deposits. This result is 

consistent with previous studies demonstrate that the HMSCs differentiation can 

be controlled by the stiffness of the hydrogel [168]. Furthermore, it is possible 

that the calcium phosphate deposits might provide a sufficient source of calcium 

ions to the HMSCs and hence facilitate osteogenic differentiation. The increased 

concentration of calcium ions may also affect cell behavior and morphology 

facilitating cell-cell or cell-matrix interaction. Published studies have also 

indicated that high concentrations of calcium ions can enhance osteogenic 

differentiation and mineralization potential of mesenchymal cells [244]. Hence, 

the mineralized LZ hydrogel matrix may provide a suitable microenvironment to 

mimic bone matrix. 

 Figure 22C shows the gene expression fold changes of the HMSCs 

cultured on LZ hydrogel with DMP-1 motifs mineralized or unmineralized. The 

result shows high expression level of GDF, OPN and DMP-1. OPN is a 

phosphorylated glycoprotein with different functions and is found in several 
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different cell types including osteoblast. During the bone development, OPN is 

secreted by osteoblasts at the earlier stage. This has been suggested to promote 

the osteoblasts adhesion to the ECM [245]. OPN is also involved in regulating 

cell adhesion through the integrin ligand [246]. The up regulation of GDF, OPN 

and DMP-1 indicate the tendency of HMSC to undergo osteogenic differentiation 

when cultured on mineralized LZ hydrogel scaffold is higher then unmineralized 

LZ hydrogel. This implies the effect of osteogenic differentiation from the 

mechanical cues due to stiffer matrix may be higher than the signaling cues 

achieved by the unmineralized LZ hydrogel scaffold. 

Based on these results, it could be concluded that the cells respond to 

osteogenic differentiation based on the microenvironment. The mineralized 

hydrogel scaffold might be osteoconductive and promote expression of both early 

and late markers for osteogenic differentiation are observed.   
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C. Synthesis of leucine zipper hydrogels with growth factor releasing 

properties for hard tissue engineering 

C.1. The LZ-MMPHEP hydrogel can bind heparin and heparin-binding 

growth factors 

 The chimeric LZ-MMPHEP protein construct is shown in Figure 1F. The 

LZ-MMPHPE contains the heparin-binding sequence LRKKLGKA selected froma 

previously published study [124]. The heparin-binding domain was inserted to aid 

the tethering of heparin-binding growth factors such as VEGF, TGF-β1, and 

BMP-2. A cleavage site IPVSLRSG [247] was placed between the LZ protein 

backbone and the heparin-binding domain to facilitate proteolytic cleavage in vivo 

and thereby release the bound growth factors. 

 The LZ-MMPHEP hydrogel used in this study was a 1:9 mixture of LZ-

MMPHEP:LZ-Control 7% w/v hydrogel. In order to verify the growth factor 

binding ability of the LZ-MMPHEP hydrogel, immunofluorescence imaging was 

carried out after both of the LZ-Control and the LZ-MMPHEP hydrogel were used 

for heparin followed by VEGF binding. The results from the confocal microscopy 

images are shown in Figure 23. After excessive wash to negate the non-specific 

binding, the LZ-MMPHEP hydrogel showed homogenous distribution of TRITC 

tagged VEGF (Figure 23B) while LZ-Control only showed minimal non-specific 

signals (Figure 23A). This experiment provided validation of the concept of using 

LZ hydrogel as a growth factor reservoir by means of heparin-binding. 
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Figure 23. Functionality of the heparin-binding domain on the LZ-MMPHEP 
hydrogel. 
Binding experiments were performed by premixing recombinant VEGF with 
heparin in PBS and soaking the hydrogels in the mixture, followed by extensive 
washing and tratment with TRITC secondary. Shown here are 3-D reconstruction 
of z-stack confocal images obtained from LZ-Control hydrogel (A), or LZ-
MMPHEP hydrogel (LZ-Control:LZ-MMPHEP = 9:1) (B).  
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C.2. Growth factor binding efficiency of the LZ-MMPHEP hydrogel  

 A series of in vitro LZ-MMPHEP hydrogel characterization was carried out 

including the testing of the efficiency of binding of heparin-binding growth factor. 

The LZ-MMPHEP hydrogels were incubated with heparin and VEGF as 

described in materials and methods section. The remaining heparin and VEGF 

mixture and the wash PBS solution were then collected. The amount of unbound 

VEGF was analyzed using dot-blots. The intensity of each sample (dot) was 

compared and converted to VEGF quantity using a standard curve (Figure 24A).  

Two concentrations of 10 ng and 20 ng VEGF were used in the initial 

heparin and VEGF mixture in PBS for both LZ-Control and LZ-MMPHEP 

hydrogel binding efficiency test. The binding efficiency results are shown in 

Figure 24B. The results show that in the LZ-MMPHEP hydrogel, the loaded 

VEGF amounts were about 70% for both 10 ng and 20 ng VEGF in the initial 

loading (Figure 24B). In contrast, only about 10% and 30% of VEGF bound to 

LZ-Control hydrogel.  

It is worth noting the mole ratio of the VEGF to the heparin-binding domain 

quantity, as 20 ng of VEGF is about 952 fmole; the moles of heparin-binding 

domain in the LZ hydrogel is about 3.62 nmole showing around 3800 fold more 

available heparin-binding capacity compared to VEGF assuming a 1:1 binding 

stoichiometry. 
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Figure 24. Growth factor binding efficiency of the LZ-MMPHEP hydrogel. 
VEGF was mixed with heparin in varying amounts (10 ng and 20 ng) in PBS, and 
the LZ- Control hydrogel (-) or LZ-MMPHEP hydrogel (LZ-Control:LZ-MMPHEP = 
9:1) (+) were soaked in this mixture. The loaded VEGF was determined by 
analyzing the density of the spots on the dot-blot (A). The LZ-MMPHEP hydrogel 
loaded VEGF at approximately 70% of efficiency. Higher VEGF concentration 
was shown to increase non-specific binding in LZ-control hydrogel (B).   
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C.3. Growth factor release profile from the LZ-MMPHEP hydrogel 

 The heparin-binding growth factor release profile was also carried out by 

using the dot-blot to determine the released growth factor quantity. The initial 

loading of VEGF was 20 ng. Different amount of MMP-2 (20 ng or 50 ng) was 

added during the incubation. The results are shown in Figure 25. The LZ-

MMPHEP hydrogel released about 60% of its loaded VEGF over a period of 11 

days without the presence of MMP-2. This self-releasing behavior might partially 

be due to the degradation of the LZ hydrogel by hydrolysis [213] that was shown 

in Figure 6.  

 Both MMP-2 concentrations showed significant increase in the rate of 

VEGF release at all time points after day 1 compared to the absence of MMP-. 

When comparing the difference between the two concentrations of MMP-2 used, 

although a higher (50 ng) MMP-2 amount showed more VEGF release in the first 

5 days, it was not significantly high compared to lower (20 ng) MMP-2 amount. 

After 5 days of release, no significant change was observed between the two 

amounts of MMP-2. We predict that the MMP-2 to cleavage site ratio was so low 

(i.e. more sites without growth factors) that it negated the effect of a small 

change in concentration. Note the moles of MMP-2 was about 281.69 fmole for 

20 ng and 704.23 fmole for 50 ng. 
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Figure 25. Release profile of VEGF loaded from the LZ-MMPHEP hydrogel in 
the presence of varying amounts of MMP-2. 
The VEGF loaded LZ-MMPHEP hydrogel were incubated in PBS with or without 
presence of MMP-2 for over 11 days. Without MMP-2, the VEGF was released in 
a linear manner. Lack of burst effect demonstrates the self-degradation of the LZ 
hydrogel. In the presence of MMP-2, higher VEGF release was observed within 3 
to 5 days. * represents statistical significance (p<0.05 using students t-test) with 
respect to release without MMP-2. 
 
  

* 
* 
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C.4. Angiogenesis in the growth factor loaded LZ-MMPHEP hydrogels 

 To study the in vivo behavior of the growth factor-loaded LZ hydrogels, we 

performed subcutaneous implantation in nude mice. Two growth factors were 

tested. They are TGF-β1 and BMP-2. 20 ng of both growth factors was loaded 

onto the hydrogel right before implantation. Figure 26 shows a photograph of the 

LZ-Control and LZ-MMPHEP hydrogel explants after 1 and 2 weeks. We can 

observe angiogenesis and neovascularization in both of the LZ control hydrogels 

after 1 and 2 weeks (Figure 26A1-26A2). On the other hand, LZ-MMPHEP 

hydrogel with either TGF-β1 or BMP-2 were smaller and degraded faster than the 

control hydrogel during the first week. They did not change much between 1 and 

2 weeks (Figure 26B1-26B2 and 26C1-26C2). This result suggests that the 

loaded growth factors increased cellular activity and thereby increased the rate of  

LZ hydrogel degradation possibly due to increased MMP-2 production (Figure 

26B1-26B2 and 26C1-26C2).  

 Figure 27 shows immunohistochemical analysis including H&E staining, 

and staining for angiogenesis markers CD31 and vWF. Figure 28 shows the 

immunofluoresence staining for VEGF and PEDF that were performed on the LZ 

hydrogel explant sections.  

Utilizing H&E staining, the LZ-MMPHEP hydrogel loaded with TGF-β1 and 

HMSCs showed ECM deposition after 1 week of implantation (Figure 27A1) and 

the ECM formation increased intensively after 2 weeks as the eosin staining 

turned much brighter (Figure 27B1). The CD31 and vWF immunohistochemical 

localization showed the same trend. At 1 week, there was positive staining for   
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Figure 26. Images of the HMSC-seeded LZ scaffolds with heparin-binding 
domain and loaded with growth factors in immunocompromised mice. 
Photo Images represent the LZ-Control hydrogel scaffolds (A1-A2), LZ hydrogel 
scaffolds with heparin-binding domain (9:1 LZ-Control:LZ-MMPHEP) and loaded 
with BMP-2 (B1-B2), and TGF-β1 (C1-C2) and implanted subcutaneously in 
immunocompromised mice for 1 and 2 weeks 
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Figure 27. Histology staining and immunohistochemical analysis of HMSC- 
seeded LZ hydrogel scaffolds with heparin-binding domain loaded with 
growth factors and implanted in immunocompromised mice. 
(A1-D1) are representative images of H&E stained sections of implanted LZ 
hydrogel scaffolds with heparin-binding domain (9:1 LZ-Control:LZ-MMPHEP) 
and loaded with TGF-β1 or BMP-2 containing HMSCs after 1 and 2 weeks. (A2-
D2 and A3- D3) are representative images showing the immunohistochemical 
localization of CD31 (A2-D2) and vWF (A3-D3) in the implanted LZ hydrogel 
scaffolds with heparin-binding domain (9:1 LZ-Control:LZ-MMPHEP) and loaded 
with TGF-β1 or BMP-2 containing HMSCs after 1 and 2 weeks.  
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Figure 28. Immunofluoresence staining for angiogenesis markers of HMSC- 
seeded LZ scaffolds with heparin-binding domain loaded with growth 
factors and implanted in immunocompromised mice. 
(A1-A2) represent immunohistochemical localization of VEGF and PEDF in 
sections of LZ hydrogel scaffolds with heparin-binding domain (9:1 LZ- 
Control:LZ-MMPHEP) and loaded with TGF-β1 and implanted subcutaneously in 
immunocompromised mice for 1 week, (B1-B2) are representative images 
showing the same from the hydrogel implanted for 2 weeks. (C1-C2) represent 
immunohistochemical localization of same set of protein markers in sections of 
LZ hydrogel scaffolds with heparin-binding domain (9:1 LZ-Control:LZ-MMPHEP) 
and loaded with BMP-2 and implanted subcutaneously in immunocompromised 
mice for 1 week. (D1-D2) are representative images showing the same from the 
hydrogel implanted for 4 weeks. 
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CD31 and vWF in the peripheral region of the LZ hydrogel section (arrows in 

Figure 27A2 and 27A3) but the expression became more homogenous at 2 

weeks (arrows in Figure 27B2 and 27B3). The expression of CD31 and vWF 

indicates the presence of endothelial cells in the hydrogel. In fact when 

examining the photographic image of the implanted LZ hydrogel, some 

vascularization could be seen (Figure 26C1) after 1 week of implantation. The 

immunofluoresence staining was consistent with the immunohistochemical 

staining for CD31 and vWF, and showed VEGF localization at 1 week of 

implantation (Figure 28A1) but downregulated at 2 weeks (Figure 28B1). This 

indicates that angiogenesis was initiated before the 1 week time point. PEDF did 

not show any localization at both 1 and 2 weeks for LZ-MMPHEP hydrogel 

loaded with TGF-β1 (Figure 28A2 and 28B2). 

 The LZ-MMPHEP hydrogel loaded with BMP-2 and HMSCs showed high 

cell density at 1 week (Figure 27C1) and angiogenesis was observed at 2 weeks 

(arrow in Figure27D1). The CD31 and vWF immunohistochemical staining 

indicated no expression at 1 week (Figure 27C2-27C3) and its absence in the 

peripheral region of the hydrogel section (Figure 27D2-27D3). At 2 weeks 

immunofluoresence staining, showed the presence of VEGF at both 1 and 2 

weeks (Figure 28C1-28C2). No PEDF expression was observed at both time 

points (28D1-28D2). These results suggest that the LZ-MMPHEP hydrogel with 

BMP-2 and HMSCs showed angiogenesis but at a slower pace when compared 

with the TGF-β1 loaded LZ-MMPHEP hydrogel. 
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C.5. Osteogenic differentiation of HMSCs in the growth factor loaded LZ-

MMPHEP hydrogels in vivo 

 We examined the expression of osteogenic markers to track the in vivo 

response of the HMSCs to the growth factors (TGF-β1 or BMP-2). The 

immunofluoresence staining images of RUNX2 and DMP-1 are shown in Figure 

29.  

 At 1 week, the HMSCs in the LZ-MMPHEP hydrogel containing TGF-β1 or 

BMP-2 showed expression of RUNX2 (Figure 29A1 and 29C1). We predict that 

this is due to both TGF-β1 and BMP-2 being involved in the osteoblast 

differentiation pathway [248]. The immunofluorescence staining intensity was 

stronger in the BMP-2 loaded LZ-MMPHEP hydrogel indicating that the 

osteogenic potency of BMP-2 on HMSCs was higher. This was further confirmed 

by the DMP-1 staining in the BMP-2 loaded LZ-MMPHEP hydrogel that showed 

higher level of DMP-1 (Figure 29C2) expression compared to the TGF-β1 loaded 

LZ-MMPHEP hydrogels (Figure 29A2).  

RUNX2 expression level was muted in both TGF-β1 and BMP-2 loaded 

hydrogels at 2 weeks (Figure 29B1 and 29D1). This could be attributed to the 

natural progression of the differentiation process. However, DMP-1 expression 

level remained consistent throughout the time points studied, confirming 

osteogenic differentiation (Figure 29B2 and 29D2). 

The alizarin red staining is shown in Figure 30. The result shows calcium 

deposition and mineralization in the LZ-MMPHEP hydrogels loaded with TGF-β1 

and BMP-2. In comparison, both showed increased calcium accumulation from 1   
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Figure 29. Immunofluoresence staining for osteogenic markers of HMSC- 
seeded LZ scaffolds with heparin-binding domain and loaded with growth 
factors and implanted in immunocompromised mice. 
(A and B) represent immunohistochemical localization of RUNX2 and DMP-1 in 
sections of LZ hydrogel scaffolds with heparin-binding domain (9:1 LZ-
Control:LZ-MMPHEP) and loaded with TGF-β1 and implanted subcutaneously in 
immunocompromised mice for 1 week (A1-A2), and 2 weeks (B1-B2). (C and D) 
are representative images showing the same markers from LZ hydrogel scaffolds 
with heparin-binding domain (9:1 LZ-Control:LZ-MMPHEP) sections and loaded 
with BMP-2 and implanted subcutaneously in immunocompromised mice for 1 
week (C1-C2), and 2 weeks (D1-D2)  
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week to 2 weeks (Figure 30A1-30D1). However, BMP-2 was more potent in 

inducing mineralization as the birefringence was observed as early as 1 week 

(Figure 30C2) indicating early onset of calcium deposition. 
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Figure 30. Histology staining and immunostaining for osteogenesis 
markers of HMSC-seeded LZ hydrogel scaffolds with heparin-binding 
domain and loaded with growth factors and implanted in 
immunocompromised mice. 
(A and B) represent alizarin red (ALZ) staining and the polarized-light 
micrographs in sections of LZ hydrogel scaffolds with heparin-binding domain 
(9:1 LZ-Control:LZ-MMPHEP) and loaded with TGF-β1 and implanted 
subcutaneously in immunocompromised mice for 1 week (A1-A2), and 2 weeks 
(B1-B2). (C and D) are representative images showing the same from the 
sections obtained from LZ hydrogel scaffolds with heparin-binding domain (9:1 
LZ-Control:LZ-MMPHEP) and loaded with BMP-2 and implanted subcutaneously 
in immunocompromised mice for 1 week (C1-C2), and 2 weeks (D1-D2).  
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C.6. Regulation of osteogenic gene expression in LZ-MMPHEP hydrogels 

loaded with TGF-β1 or BMP-1 

Gene regulation studies were conducted on samples obtained from in vitro 

cell culture. HMSCs were seeded on LZ-Control hydrogel, 9:1 LZ-Control:LZ-

MMPHEP hydrogel loaded with TGF-β1 or BMP-2 for up to 2 weeks. The gene 

expression pattern of the key osteogenic differentiation and mineralization related 

markers were evaluated. The results are presented in Figure 31. 

Figure 31A shows fold changes in gene expression of HMSCs in the TGF-

β1 loaded hydrogels with respect to controls (LZ hydrogels loading TGF-β1). 

Results show that OC, RUNX2, OPN, TGF-β1 expression was higher than 

control and increased between 1 and 2 weeks. BMP-2 and FGF1 showed the 

highest change. These results show that the TGF-β1 tethered to the hydrogel is 

bioactive. 

Figure 31B shows similar results for HMSC cultured on BMP-2 loaded 

hydrogels. In the presence of BMP-2, osteogenic markers were up regulated at 1 

week. At 2 weeks, only OC was up regulated. Other genes either maintained 

same levels of expression or were down regulated. This change at 2 weeks could 

be related to the phenotypic changes of the cells as they differentiate to a 

functional mineralized matrix producing cell. In any event, the results show the 

feasibility of tethering growth factors to the hydrogel to influence cell fate. 
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Figure 31. In vitro quantitative RT-PCR analysis of mRNA expression from 
HMSCs seeded on LZ hydrogel and implanted in immunocompromised 
mice. 
(A) represents the gene expression levels of HMSCs obtained from LZ hydrogel 

scaffolds with heparin-binding domain (9:1 LZ-Control:LZ-MMPHEP) and loaded 

with TGF-β1 and implanted subcutaneously in immunocompromised mice for 1 

and 2 weeks. The fold changes are respective to LZ-Control hydrogel without any 

loading of growth factors. (B) represents gene expression levels of HMSCs 

obtained from LZ hydrogel scaffolds with heparin-binding domain (9:1 LZ- 

Control:LZ-MMPHEP) and loaded with BMP-2 and implanted subcutaneously in 

immunocompromised mice for 1 and 2 weeks. The fold changes were calculated 

with respect to LZ-Control hydrogel without any growth factors loaded.  
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IV. CONCLUSION 

A. Synthesis and characteristic of a stable leucine zipper hydrogel; 

evaluation of the incorporated RGDS motif 

 In this study we have shown that leucine zipper, a self-assembling peptide 

can be utilized for the synthesis of a functional scaffold for tissue engineering. 

The engineered leucine zipper domain can facilitate the formation of physical and 

covalent crosslinks in hydrogel structures leading to the formation of 

interconnected pores of varying sizes and mechanical properties can be tuned by 

manipulating the peptide concentration. The LZ hydrogel can be further 

strengthened by dehydrothermal crosslinking treatment. This results in a  stable 

hydrogel with delayed degradation rate. The biological functionality can also be 

achieved by incorporating various cell signaling domains. In this study we have 

used the integrin binding RGDS domain to be incorporated into the chimeric LZ 

protein backbone. 

This is the first report on the development of a stable 3-D LZ hydrogel with 

tunable mechanical and biological properties. Increased cell adhesion, 

proliferation and migration of HMSCs within LZ-RGDS scaffolds suggest the 

potential use of this scaffold in various in vivo tissue engineering applications. In 

vivo experiments demonstrate that the LZ scaffolds do not trigger unfavorable 

foreign body response. This property is of significant advantage for tissue 

engineering applications. The unique ability of LZ scaffolds to permit 

neovascularization without the need for delivery of growth factors such as VEGF 
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creates new opportunities in tissue regeneration. Neovascilarization ensures 

delivery of oxygen and nutrients during tissue regeneration. 

Overall, the de novo synthesized LZ chimeric protein had better 

rheological properties; tunable pore size, permitted dynamic cellular interaction, 

host cell colonization and actively permitted vascularization making it a 

biologically active scaffold for tissue engineering.  

 

B. Evaluation of the incorporated DMP-1 derived calcium binding motifs 

and the effect of high calcium and phosphate concentration on 

mineralization and cellular response of the leucine zipper hydrogel scaffold  

 The Dentin Matrix Protein-1 (DMP-1) derived calcium binding motifs, 

ESQES and QESQSEQDS, were used for being incorporated into the chimeric 

LZ protein backbone. The LZ hydrogel was cast with different combinations of 

these two calcium-binding motifs.  

 The results showed that the LZ hydrogel was able to adapt to the calcium 

binding function from the incorporated motifs. Subjecting the scaffold to   in vitro 

nucleation test, showed that the 1:1:1 LZ-Control:LZ-ESQES:LZ-QESQSEQDS 

demonstrated higher amounts of t calcium phosphate deposition under  high  

calcium and phosphate concentrations  but there was no significant advantage 

for  nucleation under physiological concentrations of calcium and phosphate. 

This suggested that not only the LZ hydrogel was capable of initiating calcium 

phosphate deposition due to the calcium-binding motifs for trapping calcium ions, 

but also was capable to form crystalline hydroxyapatite structures when the 2 
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peptides containing LZ’s were mixed in a defined ratio. This, further 

demonstrates that the LZ hydrogel is tunable and mineral deposition can 

increase the mechanical properties depending upon its use in tissue engineering 

applications. The in vivo subcutaneous implantation studies in nude mice also 

showed different response of the pre-seeded HMSCs on the LZ hydrogel with or 

without mineralized matrix. The HMSCs showed a slower pace for osteogenic 

differentiation after two weeks on the LZ hydrogel without mineralization 

treatment; whereas, the HMSCs produced a mineralized matrix as early as 1 

week in the LZ with mineralization treatment.  

 Overall, by incorporating the DMP1 motives responsible for mineralization, 

it was shown that the properties of the LZ hydrogel were tunable. 

Premineralization of the scaffold provided the use of a stiffer matrix with 

osteoconductive properties, while the unmineralized scaffold could provide 

signaling cues for osteogenic differentiation. Both matrices have the potential for 

modification, in the future, to cater to different tissue engineering applications. 

 

C. Evaluation of the incorporated heparin-binding domain and MMP-2 

cleavage site for leucine zipper hydrogel growth factor release 

 Therapeutic strategies in tissue engineering often rely on the delivery of 

growth factors to stimulate cellular activities. Therefore, the potential of LZ 

hydrogel scaffold for the release of growth factors was tested . For this the LZ 

hydrogel was engineered with the MMP-2 cleavage site at the C-terminus 

followed by the heparin-binding domain at the end. This design allowed  the 
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heparin-binding growth factors to bind to heparin which was bound  to the LZ 

hydrogel. The release of the growth factor was activated  by the MMP-2 cleavage 

site engineered into the LZ protein. The LZ hydrogel showed about 70% of 

growth factor binding efficiency with 10% to 30% of non-specific binding. About 

70% of the bound growth factor were released within 11 days without the use of 

MMP-2 protease; while the release was 90% with the use of MMP-2. The release 

of the bound growth factor due to MMP-2 was observed early on within the first 3 

days. The in vivo subcutaneous implantation studies in nude mice were 

conducted by using LZ hydrogel loaded with two kinds of growth factors. When 

loaded with TGF-β1, the pre-seeded HMSCs LZ scaffold showed a potential 

towards angiogenesis, while the BMP2 growth factor showed a tendency toward 

osteogenic differentiation. Overall, the results showed LZ hydrogel could be 

designed for the release of growth factors. In this study heparin was used to load 

growth factors. However, by carefully designing the chimeric LZ protein, various 

biological functional motifs can be incorporated for loading other proteins.  

Multiple release mechanisms can also be designed and blended using different 

chimeric LZ proteins. This allows us to generate a potentially sophisticated 

release mechanism for stimulating cellular activities for specific tissue 

engineering applications. Together, the three different types of LZ-scaffolds have 

established proof-of-concept for cell-interactive matrices for tissue engineering 

and regeneration.  
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APPENDICES 

Appendix A 

 All of the in vivo animal works in this study were conducted under the 

regulation of the Animal Care Committee (ACC) from University of Illinois at 

Chicago. The approved animal surgical protocol number is ACC 13-073. 

 The approval letter from UIC ACC for the animal surgical protocol is 

attached below. 
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Appendix B 

 Published article listed below from Biomaterials (published by Elsevier) 
was reused for part of the thesis. We would like to express our fully 
acknowledgement to Elsevier for supporting of publication sharing, disseminating 
and maximizing the impact of the research achievements. Here we also include 
the published policy for author right of reusing the published article from Elsevier 
below. 
 
CC Huang, S Ravindran, Z Yin, A George. 3-D self-assembling leucine zipper 
hydrogel with tunable properties for tissue engineering. Biomaterials. 2014; 35: 
5316�5326. doi: 10.1016/j.biomaterials.2014.03.035 
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