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 Creating a new generation of biomaterials to support tissue engineering efforts is 

critical to the development of functional tissues. This thesis describes the initial phases of 

biomaterial development of seven new MultiDomain Pepties (MDPs): from their design 

and characterization, to the study of how sequential modifications affect dental stem cell 

response, and finally examines how different cell lines respond to the same MDP 

sequence. Four of the new sequences, K3(SL)6K3, K3(SL)7K3, K3(SL)8K3, and K4(SL)6K4, 

were designed to study the effect of lengthening either the amphiphilic region or charged 

domains of MDPs. Characterization of the peptides by multiple techniques showed anti-

parallel β-sheet structure that forms porous nanofiber hydrogels related to the MDP 

sequence. The remaining three new MDPs, K2(TL)6K2, K2(TL)6K2GRGDS, and 

K(TL)2SLRG(TL)3KGRGDS, were used as cell culture scaffolds and were compared to 

their previously published serine-based counterparts to examine the impact of MDP 

chemistry on the morphology and proliferation of stem cells from human exfoliated 

deciduous teeth (SHEDs). Fluorescent staining and confocal microscopy indicated that 

the serine-based hydrogels were more proliferative; the SHEDs did not require the 

integrin-binding RGDS sequence to attach and proliferate throughout the hydrogel. The 

threonine-based gels were more selective as the SHEDs were seen to remain rounded 

throughout the duration of the experiment in K2(TL)6K2. These results highlighted the 

difference that scaffold chemistry can make on cell response. NIH/3T3 fibroblasts, and 



 

EpH4-Ev mammary epithelial cells were encapsulated and cultured in K2(SL)6K2GRGDS 

hydrogels. All cell lines proliferated significantly by day eleven. Both the NIH/3T3 cells 

and the EpH4-Ev cells exhibit typical morphology, with the EpH4-Ev cells even forming 

organotypic structures. Taken together, the results from this study indicate that MDPs can 

tolerate a number of sequence modifications and are effective scaffolds for a wide range 

of cell types, even supporting the formation of organotypic structures when the 

appropriate bioactive cues are present. 
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Chapter 1: Introduction 
 
 

1.1. Extracellular Matrix 

Tens of thousand of patients are added to organ transplant lists every year, a 

number that continues to outpace the number of organ donors.1 The field of tissue 

engineering seeks to supplement this critical donor shortage by developing substitutes 

that are capable of restoring, maintaining or improving tissue function.2 The three main 

components necessary to generate such biomaterials are scaffolds, cells, and bioactive 

factors.3-5 In creating scaffolds for this purpose, researchers strive to mimic nature’s 

scaffold, the extracellular matrix (ECM).  

The ECM is a complex amalgam of components that have both structural and 

biochemical roles.3,6,7 The components of the ECM are collagen, fibronectin, 

proteoglycans, elastin, and laminin. Different types of tissues have different ratios of each 

component resulting in the diverse mechanical properties observed across tissue types. 

Collagen and elastin are fibrous proteins that provide tensile strength and resiliency, 

respectively, while the glycosaminoglycans and proteoglycans are responsible for cell 

adhesion and growth factor binding.6 In addition to binding growth factors, the ECM 

components themselves display bioactive signals to modulate cell behavior. Ideally an 

designed scaffold would mimic the ECM and have similar mechanical properties, 

structural arrangements, and provide similar biochemical cues to nearby cells. Due to 

their mechanical and chemical versatility, hydrogels are able to satisfy many of these 

requirements and have been identified as effective scaffolds for various tissue 

engineering purposes.8,9 Hydrogels can be loosely divided into three types: synthetic, 

natural, and self-assembling peptide hydrogels.  



! 2!

1.2. Synthetic Scaffolds 

Synthetic scaffolds such as PEG and PLGA are commonly used for tissue 

engineering purposes.8,10,11 One of the major advantageous of using synthetic scaffolds is 

that the relationship between the chemical composition and the physical and mechanical 

properties of the hydrogel is relatively well understood.12-15 This makes it easier to tailor 

properties such as storage modulus, compressive modulus and porosity to a specific 

value.15 Multiple types of synthetic materials can even be combined to achieve the 

desired hydrogel characterisitics.13,14  

While it is much easier to control the mechanical properties of synthetic 

hydrogels, they lack the innate biofunctionality of hydrogels created from natural 

materials. One of the major drawbacks of these synthetic materials is that they usually 

require functionalization with a bioactive peptide sequence in order for cells to attach and 

proliferate throughout the material.16-19 In addition to using covalent modification to 

improve cell interaction with the hydrogel, researchers have also used the technique to 

append drugs and larger proteins to the hydrogel to regulate cellular behavior.20 

Degradable linkers have also been used to attach drugs, proteins and even nucleotides, to 

the hydrogel for sustained release: as the linker is cleaved, either enzymatically or 

through ester hydrolysis, the attached molecule is slowly released into the system.21 

Covalent modification is not the only method through which researchers have 

added biofunctionality to PEG and PLGA; they have also combined the synthetic 

materials with naturally occurring ECM proteins and glycosaminoglycans.13,15,22-25 This 

strategy usually uses collagen, fibrin or heparin hydrogels to fill the spaces between 

electrospun PLGA nanofibers, creating composite materials that elegantly combine the 
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structural integrity of the synthetic scaffolds with the bioactivity of the natural 

components.15,22-24  

One of the disadvantages of the synthetic hydrogels is that they do not innately 

mimic the nanofibrous nature of the native ECM; typically the material exists as a 

nanoporous gel that does not contain nanofibers (Figure 1.1).15,19 As mentioned 

previously, nanofibrous scaffolds can be created by electrospinning materials to form 

fibers of a controlled size and orientation.22-24 This technique is particularly useful in the 

study of cell migration and nerve regeneration, two cases where the orientation of the 

fibers is critical to directing cell alignment.23,26 

 
Figure 1.1. SEM images demonstrate the nanoporous of morphology of PEG19 (A) and 
PEG/PLGA15 hydrogels (B). Adapted from reference 19 and 15, respectively. Scale bar 
in (A) is 100 µm.  
 

While synthetic hydrogels have many advantages over naturally occurring ones, 

they are not perfect for every application. One of the main drawbacks of these materials 

is that the gels must be covalently cross-linked outside of the body and as such are 

usually not injectable unless they are modified.25 This makes them good materials for in 

vitro studies, but less feasible for minimally invasive in vivo applications. Additionally, 

while PEG and PLGA have been approved by the FDA for biomedical applications,26-28 
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occasionally it is more beneficial to use a material made from naturally occurring 

components.    

 

1.3. Natural Scaffolds 

 Materials derived from nature have also been demonstrated to have potential as 

tissue engineering scaffolds. Collagen hydrogels have long been used as scaffolds for 3D 

culture. In 1972, Elsdale et al. were the first to note that cells responded differently when 

plated on collagen hydrogels in 2D than when they were encapsulated in collagen 

hydrogels in 3D.29 Since then, collagen hydrogels have continued to be used to study 

changes in cell response to 2D versus 3D culture.30,31 Due to the findings of these studies, 

many researchers have started developing methods in which they create arrays of cells 

grown in 3D collagen gels to better test drug activity.30,32 These techniques could be 

particularly important as the medical field moves towards more personalized medicine.32 

While collagen gels are useful for studying cell response to drug treatment, they are not 

good for spatial studies as the collagen gels contract when cells are cultured within 

them.33,34 

Chitosan, a polymer derived from shellfish, is another naturally-occurring 

polymer that is used as a scaffold for 3D culture.35 It has been used to encapsulate brown 

adipose derived stem cells for treatment of a myocardial infarct model36 where the 

chitosan scaffold increased cell differentiation into cardiac cells and increased the degree 

of angiogenesis that was observed 4 weeks after injection.36 Chitosan hydrogels are 

compatible with a range of cell types, both by itself37 and when combined with either 

synthetic or other naturally occurring materials to form composite hydrogels.38-40  
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Alginate is another naturally-occurring polymer that is taken from an ocean-based 

species, this time seaweed.41 Alginate hydrogels are similar to synthetic hydrogels in that 

they must be functionalized in order for cells to attach and spread on the scaffold (Figure 

1.2).42-45 Similar to synthetic hydrogels, the mechanical properties of the alginate 

hydrogels are easily modified by adjusting the alginate concentration, the ratio of high 

mechanical weight alginate to low mechanical weight alginate46-49 or by combining 

alginate with other materials.50  

 
Figure 1.2. Confocal fluorescence microscopy of human umbilical vein cells cultured in 
unmodified alginate hydrogels (A) and alginate hydrogels modified with RGD (B). Cells 
were stained with Alexa488-phalloidin (actin fibers, green) and Hoechst 33342 (nuclei, 
blue). Adapted from reference 43. 
 

Hyaluronic acid (HA) is a glycosaminoglycan present in native ECM that is 

usually combined with a cross-linker or another polymer material in order to form 

hydrogels.51-58 These hydrogels typically have a nanoporous morphology and lack the 

nanofibers observed in native ECM (Figure 1.3).51,53 The mechanical properties of HA 

hydrogels are generally controlled by altering the degree of cross-linking.53,54,56,57 While 

HA gels seem to combine the biofunctionality of natural materials with the mechanical 
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control of synthetic hydrogels, it is difficult to isolate the effect of HA itself since it has 

to be modified or combined with another material or a synthetic linker. 

 
Figure 1.3. SEM images of HA (A) and HA-collagen (B) gels illustrate the nanoporous 
morphology. Scale bars are 10 µm. Adapted from reference 51. 
 

Matrigel is a commercially available hydrogel made from reconstituted basement 

membrane.59 Matrigel eliminates the issues involved in creating a synthetic ECM by 

simply using ECM and all of the components that it contains. It has been shown to 

promote cell differentiation,60 and also to support the feeder-free growth of 

undifferentiated human embryonic stem cells.61 It is particularly useful in cancer biology 

and is used to test cancer cell invasiveness59 and monitor the biological effect of 

oncogenes.62 While it sounds like the perfect ECM replacement, like the other natural 

scaffolds, Matrigel is not perfect for every application. 

For all of the naturally-occurring polymers mentioned above, the potential for 

infection or xenographic issues is always a possibility. Additionally, many of the natural 

materials need to be modified or combined with other materials in order to form usable, 

bioactive hydrogels, thereby complicating the system. As such, some researchers have 
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started designing new amino acid-based molecules that combine the customizability of 

synthetic hydrogels with the bioactivity of naturally occurring ones.   

 

1.4. Self-Assembling Peptides 

 Self-assembling peptides are made of amino acids, yet are intelligently designed 

so they are neither synthetic nor natural, but are at the same time both.  Utilizing non-

covalent linkages, the peptides typically self-assemble into nanofibrous hydrogels, 

mimicking the structure of the native ECM.63 While self-assembling peptides are not 

composed of naturally-occurring sequences they often take structural cues from nature to 

drive the self-assembly process. 

 One of the main ECM proteins is collagen, a known hydrogelator29 so it stands to 

reason that researchers would design structures that mimic collagen. Yang et al. designed 

a napthelene-modified tetrapeptide, Nap-GFFY, and a series of napthelene-octapeptides 

that form hydrogels when annealed in PBS.64 Although the peptide fragments are based 

on the X-Y-Gly repeat of collagen, the CD data does not indicate triple-helix formation in 

any of the hydrogels64 suggesting that the observed nanofibers are likely the result of !-! 

interactions and not triple helices. The gels were, however, stable at physiological 

temperature and supported the culture of NIH/3T3 fibroblasts. The Hartgerink lab was 

able to create a hydrogel from the multi-hierarchical self-assembly of a collagen mimetic 

peptide (Figure 1.4).65 They demonstrated that the peptide (PKG)4(POG)4(DOG)4 formed 

nanofibers in solution and a hydrogel when mixed with phosphate buffer.65 While 

hydrogel formation did occur at physiological salt concentrations, the hydrogel was 
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temperature sensitive and degraded upon prolonged incubation at 37°C.65 As of yet, no 

other collagen mimetic peptide hydrogels have been reported.  

 
Figure 1.4. Hierarchical self-assembly of collagen (A) compared to the self-assembly of 
(PKG)4(POG)4(DOG)4 (B). Taken from reference 65. 
 

Similar to collagen, many researchers have translated the coiled-coil motif found 

in nature to design self-assembling peptides.66 The Woolfson lab has focused on the 

design of complementary peptides that fold into !-helices and then coiled-coil fibers67-70 

as imaged by SEM and TEM. In 2009 they successfully modified this system to produce 

!-helical peptide hydrogels, which are able to support rat adrenal cells over a period of 

fourteen days.71  

 Hydrogels have also been formed from "-spiral peptides.72-74 Taking cues from 

nature, the Sun lab combined the "-spiral motif of spider silk protein with a hydrophobic 

motif found in a calcium channel. They found that the FLIVIGSIIGPGGDGPGGD 

sequence forms nanofibrous hydrogels in the presences of calcium ions.72-74 These 
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hydrogels can act as an adjuvant for H1N1 swine influenza virus killed vaccine72 and are 

suitable scaffolds for the culture of MCF-7 breast cancer cells.74 

 There are also self-assembling hydrogels that are not based on naturally-occurring 

sequences.63 The class of self-assembling dipeptides primarily utilizes !-! stacking to 

drive hydrogel formation.63 One of the first hydrogel-forming dipeptides, dibenzoyl-L-

cystine, used a thiol bond to link two benzoyl-functionalized cystine residues 

together,75,76 however the majority of the dipeptides link the two amino acids using a 

peptide bond.77-82 The most common dipeptide sequence is a two phenylalanine repeat, 

usually modified with an N-terminal Fmoc or napthelene residue.77-82 Fmoc-FF hydrogels 

undergo shear recovery81 and have been shown to support chondrocyte77 and Chinese 

hamster ovary cell78 proliferation. Napthelene-FF also forms hydrogels, which have been 

used to deliver drugs and other small molecules in vivo.80,82 Provided that a napthelene 

residue is attached to the N-terminus, dipeptide hydrogels can even be formed by "-

amino acids, which should slow hydrogel degradation in vivo.79  

The Stupp lab created peptide amphiphiles which self-assemble into nanofibers.83 

They combined a hydrophobic alkyl tail with a hydrophobic domain and a charged head 

domain driving the peptides to form cylindrical nanofibers in which the alkyl tail packs 

into the core of the nanofiber (Figure 1.5).83 The peptide amphile sequence is easily 

modified and different bioactive sequences can be added to the C-terminus to increase the 

bioactivity of the hydrogel.84,85 Researchers have adapted peptide amphiphiles to alter the 

functionality for angiogenesis,84 tissue regeneration85 and a variety of other 

applications.86,87 Both the chemistry and the orientation of peptide amphiphiles can be 

controlled. Annealing the peptide amphiphiles and then injecting the heated solution into 
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a high-ionic strength salt solutions results in the formation of peptide “noodles” which 

contain aligned nanofibers.88 Stupp et al. have demonstrated that these aligned structures 

can support the growth of neural cells and may be useful for the treatment of spinal cord 

injuries.88  

 
Figure 1.5. Molecular model of a peptide amphiphile molecule (A) and a schematic 
showing the packing of peptide amphiphiles into a cylindrical micelle (B). Adapted from 
reference 83. 
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1.4.1. Self-Assembling !-Sheet Peptides 

 Self-assembling !-sheet peptides are a class of peptides that have been shown to 

be useful for a wide variety of tissue engineering purposes; from immune adjuvants,89 to 

carriers for bioactive molecules,3,90 to cell culture scaffolds.91 Most self-assembling !-

sheet peptide sequences include an alternating hydrophilic-hydrophobic domain that 

drives !-sheet formation.7,63 These !-sheet nanofibers can then be cross-linked, either 

covalently or by using ionic interactions, resulting in hydrogel formation.7,63  

The Zhang lab was one of the first to report the development of self-assembling 

!-sheet peptides that formed hydrogels.92 The RADA16 peptide that they developed 

established the alternating hydrophilic-hydrophobic design as one of the mainstays of !-

sheet peptides.91-93 The RADA16 peptide supports a variety of cell types and can also 

tolerate the addition of bioactive sequences such as RGDS without a loss in nanofiber 

formation.91,94-98 The RADA peptides can act as scaffolds to support encapsulated cell 

growth, but can also be modified to induce angiogenesis.97 

Pochan and Schneider have incorporated the alternating hydropholic-hydrophobic 

design into !-hairpin peptides.99-106 The MAX1 peptide (VKVKVKVK-VDPPT-

KVKVKVKV-NH2) consists of alternating lysine and valine residues, as well as a 

tetrapeptide (-VDPPT-) that forces the peptide to adopt a type II’ turn structure (Figure 

1.6).99  

These peptides form hydrogels that are pH sensitive and can be designed to be 

photopolymerizable.99,106 The !-hairpin design is flexible and can tolerate the addition of 

bioactive sequences designed to enhance hydrogel degradation.100  
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Figure 1.6. Sequence and proposed structure of MAX1 and two possible folding 
pathways (pathway a and pathway b). Taken from reference 99. 
 

MAX1 forms branching nanofibers, but when the sequence is modified so that the first 

two and last two valine residues are replaced with bulky 2-napthylalanine residues, and 

the remaining valine residues are replaced with alanine (LNK1), un-branched nanofibers 

are formed.105 The researchers suggest that this nanofiber morphology is the result of the 

sequence modification, which forces the peptides into a “lock-and-key” fit, where the 

peptide monomer can only interact with another peptide in a specific orientation.105 More 

importantly the MAX1 hydrogels are able to shear recover while the LNK1 hydrogels do 

not.105 While the MAX1 hydrogels do undergo shear recovery, they do not gel fast 

enough to encapsulate cells homogeneously.101 The hydrogel gelation kinetics only 

improve when the second lysine residue after the tetrapeptide is replaced with glutamic 

acid (VKVKVKVK-VDPPT-KVEVKVKV-NH2, MAX8).101 Even with this modification, 

the encapsulated cells remain rounded in the hydrogel, demonstrating a lack of 

interaction with the scaffold.101  
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 The Collier lab primarily works with QKFQFQFEQQ (Q11), another self-

assembling !-sheet peptide that utilizes both electrostatic and hydrophobic interactions to 

drive self-assembly.107-112 They have investigated the response of cells to 3D culture in 

hydrogels of both RADA and Q11 and determined that the specificity of the cell 

interactions with the material is an important characteristic to consider when designing 

ECM-mimetics.96 They are primarily interested in the immunological properties of !-

sheet fibrillar peptides and have determined that for Q11 and RADA16, the peptide itself 

does not cause an immune response; it is the formation of nanofibers that activates T-cell 

response.113 They have been able to demonstrate sustained immunogenicity up to one 

year after injection of the Q11 nanofibers.113 

Q11 nanofibers can also be modified to incorporate multiple bioactive proteins.110 

Both GFP and RFP were expressed and attached to a !-tail, which then inserted itself into 

Q11 nanofibers.110 By mixing different ratios of GFP, RFP and Q11 nanofibers they were 

able to generate solutions containing different colors of nanofibers, effectively 

demonstrating the ability to incorporate multiple proteins into a single nanofiber (Figure 

1.7).110 This is one step closer to developing an ECM mimetic that more completely 

combines all of the different components of native ECM.110  

Q11 peptides are not the only ones to incorporate aromatic amino acids into the 

core of the peptide backbone. The Nilsson lab has developed (FKFE)2 and derivatives 

that vary the aromaticity and hydrophobicity of the amino acids to better understand 

nanofiber formation.114,115 Additionally, the Aggeli lab incorporates aromatic amino acids 

into the design of an 11-amino acid peptide, QQRFEWEFEQQ (P11-4), that forms 

hydrogels under physiological conditions and is able to support cell proliferation.9,116,117 
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!
Figure 1.7. Schematic of how GFP and RFP insert into the Q11 nanofibers. Adapted 
from reference 110.  
!
 

1.4.2. Multi-Domain Peptides 

MultiDomain Peptides (MDPs) are a subsection of self-assembling !-sheet 

peptides that were first reported by the Hartgerink lab in 2007.118 The basic MDP design 

contains an alternating hydrophilic-hydrophobic block flanked by two charged 

domains.118 As in the other !-sheet nanofiber peptides, the !-sheet conformation is driven 

by the central amphiphilic domain.118 The !-sheet conformation forces the hydrophilic 

residues to be on one face of the !-sheet and the hydrophobic residues to be on the other. 

This creates a hydrophilic and hydrophobic face within the peptide. When the peptide is 

dissolved in an aqueqous environment the hydrophobic effect drives the hydrophobic 

face of two peptides together to form a peptide “sandwich”.118 The hydrophobic effect 

drives nanofiber formation further by forcing multiple peptide “sandwiches” together in 
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an effort to minimize the loss of hydrogen bonds. Hydrogen bonding between the peptide 

backbones of two adjacent sandwiches also drives nanofiber formation.118 The length of 

the nanofibers is controlled by molecular frustration. As the nanofiber assembles, more of 

the flanking charged domains are brought into a closer proximity to one another. Since all 

of the charged domains are of a like charge, charge-charge repulsion forces oppose the 

formation of the nanofiber.118 This force works against the hydrophobic effect and the 

hydrogen bonding, resulting in a “frustrated molecule.”  The introduction of oppositely 

charged, multivalent salts removes this opposing force, allowing for the formation of 

longer nanofibers that are cross-linked together due to the multivalent nature of the salts 

(Figure 1.8).119 The modular nature of the MDP design allows for a number of 

substitutions and modifications, a fact that the Hartgerink Lab has explored and utilized 

to form a variety of bioactive sequences.120,121  

 
Figure 1.8. Schematic of MDP self-assembly (A) and the direction of hydrogen bonding 
within the MDP nanofiber (B) illustrates the forces involved in nanofiber and hydrogel 
formation. Phosphate mediated cross-linking (C) between two lysine residues reduces 
charge repulsion, lengthening the nanofibers and cross-linking them into a hydrogel.   
 
 The first MDP sequence reported was K2(QL)6K2.118 The initial paper 

systematically modified the length of both the charged domain and the length of the 
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amphphilic domain until nanofibers were observed in solution.118 The Z2(XY)6Z2 

structure was identified as the design that best balanced all of the forces involved in 

nanofiber formation and resulted in aqueous nanofibers. Bakota et al. modified 

K2(QL)6K2 by replacing the leucine residues with aromatic amino acids.122 The inclusion 

of phenylalanine did not alter nanofiber and hydrogel formation, but MDPs containing 

tyrosine and tryptophan formed parallel !-sheets and poor hydrogels.122 Aulisa et al. 

modified most of the components of the MDP structure, examining the effect of replacing 

the glutamine residues with serine, as well as the effect of changing the lysine residues 

for glutamic acid.119 The authors also investigated the effect of covalently cross-linking 

the hydrogel and examined this possibility by introducing cysteine residues into the 

amphiphilic portion of the peptide core.119 They found that replacing both the glutamine 

residues with serine, and the lysine residues with glutamic acid, modify the rheological 

properties of the hydrogel.119 Unsurprisingly, when the cysteine residues were introduced 

into the sequence, the oxidized hydrogel had a much higher storage modulus than many 

of the other sequences.119  

 Introducing cysteine, a notoriously difficult amino acid to incorporate during 

peptide synthesis, is not the only way to create MDPs that can be covalently cross-linked; 

the lysine-based hydrogels can also be covalently cross-linked by lysloxidase or plasma 

amine oxidase (PAO).123 The addition of PAO to the top of a lysine-based MDP hydrogel 

results in a time-dependent increase in storage modulus.123 Culture with PAO also 

increases the nanofiber height as measured by AFM, but does not visually appear to 

increase the degree of cross-linking between the nanofibers, suggesting that the PAO 

treatment increases inter-fiber connections, but not intra-fiber ones (Figure 1.9).123  
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Figure 1.9. AFM of K2(SL)6K2 before gelation (A), after gelation (B), and after gelation 
and four days of PAO treatment (C ) shows how nanofiber height increases after PAO 
treatment. Adapted from reference 123. 
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The MDP design will tolerate the addition of bioactive sequences to both the core 

and the C-terminus of the peptide.121 The MMP2-cleavable sequence, SLRG, is easily 

integrated into the hydrophilic-hydrophobic core of the peptide, while the integrin-

binding, RGDS, is tolerated at the tail end of the peptide.121 Previous research by the 

Hartgerink Lab established that peptides containing both the MMP2-cleavable sequence 

and the integrin-binding sequence promote cell attachment and spreading.121  

  The integrin-binding sequence can also be incorporated into glutamic acid based 

peptides.120 When the resulting peptide hydrogel is cultured above stem cells using a cell 

culture insert, the hydrogel absorbs the stem cell secretome, in a manner similar to a 

sponge absorbing water.120 This hydrogel can then be injected near the renal capsule of a 

mouse and provide a renoprotective effect during chemotherapy treatment.120 This allows 

for a higher dose of chemotherapy drugs to be delivered without damaging the kidneys, a 

common limiting factor of typical chemotherapy treatments.124   

Concurrently with the experiments in this thesis, liposomes were encapsulated in 

an MDP hydrogel, resulting in the biphasic release of cytokines.125 The cytokines in the 

hydrogel were released first, followed by the cytokines encapsulated in the liposomes. 

The modular nature of this system should allow for the encapsulation and delivery of a 

wide array of chemokines and small molecules, allowing for biphasic release with a 

single injection.125 

Heparin can also be incorporated into an MDP hydrogel in order to delay the 

release of encapsulated growth factors. Galler et al. combined K(SL)3RG(SL)3KGRGDS 

with heparin, TGF!1, FGF2, VEGF, and encapsulated dental pulp stem cells.126 The 

loaded hydrogels were then injected into dentin cylinders that were loaded into the backs 
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of immune compromised mice (Figure 1.10A).126 When the cylinders were removed and 

processed, the MDP hydrogel had been remodeled into a pulp-like material (Figure 

1.10B).126 When dental pulp stem cells (DPSCs) were encapsulated in the same material 

and cultured in vitro in three-dimensions for 5 days, they were able to attach and spread 

throughout the hydrogel, even synthesizing their own collagen to replace the MDP 

matrix.126  

 
Figure 1.10. Schematic of dental cylinder preparation (A) and hematoxylin and eosin 
stain of the loaded cylinder after transplantation shows that the DPSCs have formed a 
pulp-like material (B). Adapted from reference 126.  
 

Instead of adding soluble growth factors to MDP hydrogels, the MDP sequence 

can be altered to include growth factor fragments with the same bioactivity as the growth 

factors themselves.127 Concurrent with the work in this thesis, Kumar et al. attached a 

VEGF-mimetic sequence, KLTWQELYQLKYKGI, which surprisingly did not disrupt !-

sheet nanofiber formation.127 When injected into the backs of immune compromised rats, 

hydrogels containing this sequence were rapidly infiltrated with cells and induced the 

formation of stable blood vessels.127   

 

1.5. Conclusions and Preview of Thesis 

Ideally, a synthetic material could be created that would mimic the extracellular 

matrix in every way; it would assemble in the same manner, present the same bioactive 
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cues to cells, have the same material properties, and cells could interact with it as they 

would the native scaffold. While all of the materials described above have advantages 

and disadvantages, as of yet, no material exists that perfectly mimics the native ECM. 

Synthetic scaffolds are easily modified to obtain specific hydrogel mechanical properties, 

but the scaffolds do not mimic the nanofibrous structure of ECM and must be formed ex 

vivo making them unsuitable for minimally invasive in vivo applications. Hydrogels 

formed from natural polymers, such as alginate and hyaluronic acid, could potentially be 

useful 3D cell culture scaffolds, but with such materials there is always a risk of rejection 

and even disease transmission.  Self-assembling peptides offer an intriguing combination 

of synthetic and natural, but as of yet researchers do not understand how changes to the 

peptide chemistry affect hydrogel mechanical properties or cell response to those 

hydrogels. A better understanding of both factors would allow for the customization of 

materials for any biological application. This is even true for the MDPs that we study in 

the Hartgerink Lab. Despite extensive research into MDP design and potential MDP 

applications, little is known about the relationship between MDP chemistry and the 

resulting hydrogel mechanical properties. Nor do we understand how cells in vitro 

respond to the MDP scaffold itself.  

This thesis goes through the early phases of biomaterial development: beginning 

with the design and characterization of seven new MDPs, then studying how those 

modifications affect dental stem cell response, and finally examining MDP compatibility 

with a range of cell types. Chapter two focuses on the chemistry of MDPs. It begins by 

describing improvements to the MDP synthesis protocol and then delves into the effects 

of modifying the hydrophilic residue, the length of amphiphilic region or the length of 
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charged domains. MDP secondary structure, nanofiber morphology, and hydrogel 

rheological properties are all characterized using a variety of techniques.  

Chapter three demonstrates that when stem cells from human deciduous teeth 

(SHEDs) are cultured in the previously published serine based sequences; K2(SL)6K2, 

K2(SL)6K2GRGDS, and K(SL)3RG(SL)3KGRGDS they attach and proliferate more than 

when they are cultured in three of the new sequences described in chapter two: 

K2(TL)6K2, K2(TL)6K2GRGDS, and K(TL)2SLRG(TL)3KGRGDS. The SHEDs cultured 

in K2(TL)6K2GRGDS and K(TL)2SLRG(TL)3KGRGDS eventually attach to the 

hydrogel, indicating that the threonine-based sequences are more selective, requiring the 

integrin-binding RGDS sequence for cell attachment to occur. The serine-based 

sequences are seen as more proliferative as SHEDs will attach and proliferate throughout 

the hydrogel even in the absence of RGDS. Chapter three also describes efforts to modify 

standard cell viability assays such as MTT, LDH and caspase 3/7 staining for use with 

MDP hydrogels and discusses why none of these methods were used to characterize cell 

viability in the serine-based and threonine-based hydrogels. The formation of a gel-

within-a-gel structure and attempts to use it to create a growth factor gradient are also 

discussed.  

Finally, chapter four uses the techniques developed in chapter three to investigate 

the compatibility of MDP hydrogels with a range of cell types. CATH.a neurons, 

NIH/3T3 fibroblasts, and EpH4-Ev mammary epithelial cells are encapsulated in 

K2(SL)6K2GRGDS hydrogels and cultured for 1, 3, 7, and 11 days. All cell lines 

demonstrate significant proliferation by day eleven. The neurons remain rounded 

throughout the duration of the experiment, mimicking their morphology when cultured on 
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tissue-culture plastic. The NIH/3T3s are able to readily attach to the hydrogel scaffold 

and exhibit typical fibroblast morphology. The epithelial cells have the most interesting 

response: they form organotypic structures when cultured in K2(SL)6K2GRGDS 

hydrogels, but exhibit a cancerous morphology when cultured in K2(SL)6K2 gels. These 

results demonstrate that MDPs can be used as effective cell culture scaffolds for a variety 

of cell types, even triggering the formation of organotypic structures when the right 

bioactive cues are present.    
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Chapter 2: MDP Sequence Modification, Synthesis, and Characterization 
 
 
 It has been eight years since the first MDP sequence was published,1 and in that 

time we have developed an extensive MDP library and learned a great deal about MDP 

nanofiber and hydrogel formation.1-8 We know that MDP sequence composition plays a 

major role in the rheological properties of the resulting hydrogel,2,5,6 and as such, we 

hypothesized that MDP sequences that incorporated threonine instead of serine as the 

hydrophilic amino acid would result in hydrogels with higher storage moduli due to the 

more hydrophobic nature of the threonine side chain. The difficult synthesis and 

purification of some of these threonine-based MDP variants led! us to examine new 

methods to improve our MDP synthesis and purification techniques; even causing us to 

re-evaluate the standard MDP structure itself.  

2.1. Synthesis 

Generally, solid-phase peptide synthesis is a well-defined process: a peptide is 

built by sequentially deprotecting the N-terminus of an amino acid, coupling the next 

amino acid in the sequence, and then repeating the process.9 The synthesis of !-sheet 

peptides follows this basic protocol; however due to the tendency of these peptides to 

aggregate, their synthesis is much more difficult. To mitigate this problem, previous 

researchers in the Hartgerink Lab determined that the use of a 50/50 DMF/DMSO solvent 

mixture, which had been shown to reduce !-sheet aggregation during synthesis,10 was the 

best method to effectively synthesize MDPs.2,5 We have found that this solvent mixture 

works well for the synthesis of MDPs that have bioactive sequences incorporated into the 

peptide sequence at the C-terminus. However, for the MDP sequences that adhere to the 
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basic Z2(XY)6Z2 structure, where Z is any charged amino acid, X is any hydrophilic 

amino acid and Y is any hydrophobic amino acid, this method is not always effective.  

To further discourage peptide aggregation, the literature suggested incorporating a 

salt into the solvent,11,12 performing the reaction at an elevated temperature,13,14 or 

incorporating pseudoproline dipeptides.15,16 The first two options were not particularly 

desirable for MDP synthesis; the first introduced another component into the synthesis 

that might further complicate the reaction, while the second was not feasible as it would 

require the purchase of a new peptide synthesizer. The third option seemed reasonable; it 

would not chemically alter the synthesis conditions, but instead steriochemically prevent 

!-sheet aggregation through the incorporation of pseudoproline dipeptides.15,16  

Pseudoproline dipeptides are two amino acids that are connected by a cleavable 

linker that contorts the structure of the dipeptides into that of proline, an amino acid that 

is known to disrupt !-sheet formation (Figure 2.1).17 Pseudoproline dipeptides can be 

incorporated into the peptide sequence using the same chemistry that is used to add 

standard amino acids. Despite this, the pseudoproline dipeptides cannot be treated as a 

two-amino acid block. After the incorporation of proline, it is notoriously difficult to 

incorporate the next few amino acids; the same holds true for the pseudoproline 

dipeptides. The ease or difficulty of the synthesis is assessed based on the number of 

times that the coupling steps need to be repeated before a negative ninhydrin test is 

observed. The more times that the coupling step needs to be preformed, the more difficult 

the synthesis.   
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Figure 2.1. Pseudoproline dipeptides alter peptide conformation, reducing !-sheet 
aggregation. Pseudoproline dipeptides incorporate oxazolidine rings that mimic the 
structure of proline (A) disrupting !-sheet formation and hydrogen bonding-induced 
aggregation (B) during MDP synthesis. In the presence of TFA during peptide cleavage 
from the resin, the oxazolidine ring is converted to serine (C). A similar dipeptide is 
available for threonine-based peptides.  
 

Initially, we tried to incorporate the dipeptide into the last possible position, 

which for K2(XL)6K2 was cycle 12 (each cycle consists of the deprotection of the 

previous amino acid and the coupling of the subsequent one). This did not work very well 

as the peptide continued to aggregate because the pseudoproline was incorporated too late 

to disrupt !-sheet formation and facilitate synthesis. This resulted in a synthesis with a 

high incidence of deletions.  In contrast, adding the pseudoproline dipeptide at cycle 4 is 



! 34!

more effective, with no cycles requiring additional coupling steps. However, the 

synthesis becomes more difficult around cycle 11, suggesting that the pseudoproline 

dipeptide loses its effectiveness as the !-sheet increases in length. It was determined that 

adding the pseudoproline dipeptide at cycle 8 is most effective. At this point in the 

synthesis, the !-sheet is not long enough to be problematic and it is fairly easy to add the 

pseudoproline dipeptide. By adding the pseudoproline dipeptide at cycle 8, the dipeptide 

is incorporated into the core of the !-sheet, maximizing disruption of !-sheet formation.  

The location of the pseudoproline dipeptide at cycle 8 is optimized for MDPs that follow 

the Z2(XY)6Z2 structure; for peptides with a longer amphiphilic region, an additional 

pseudoproline dipeptide is usually required. Additionally, one drawback of the 

pseudoproline method is that not all dipeptide combinations are readily available from 

Novabiochem or Aapptec, the two companies that typically supply peptide synthesis 

reagents. This may necessitate a custom order, and thus increase cost and lag time 

between peptide design and synthesis. However, for the majority of the sequences in the 

current MDP library, a corresponding pseudoproline dipeptide is readily available.    

 

2.2. Threonine-based MDPs* 

MDPs have been modified to examine the effect of altering almost every aspect of 

the peptide sequence;1,2,4-6 however since the paper by Aulisa et al. in 2009, no 

subsequent work has investigated the effect of changing the hydrophilic amino acid.2 It 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!This section is based on data published in: Marci K. Kang, John S. Colombo, Rena N. 
D’Souza, and Jeffrey D. Hartgerink. Sequence Effects of Self-Assembling MultiDomain 
Peptide Hydrogels on Encapsulated SHED Cells. Biomacromolecules. 2014, 15, 2004-
2011. Some portions of the section on K(TL)2SLRG(TL)3KGRGDS were directly taken 
from the published text. 
!
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was initially thought that because threonine is slightly more hydrophobic than serine, the 

most commonly used hydrophilic amino acid in the MDP canon, the resulting nanofibers 

would have a greater hydrophobic force driving the nanofibers together. This would then 

result in a hydrogel with a higher storage modulus (G’) and thus better handling 

capabilities during cell culture.  Since previous research by Galler et al. determined that 

the incorporation of an MMP2 cleavage sequence (SLRG) and an integrin-binding 

sequence (RGDS) were advantageous for biological applications, threonine-based 

sequences were prepared containing both bioactive peptide sequences or solely the 

integrin-binding sequence. This resulted in a series of TL-based peptides: K2(TL)6K2, 

K2(TL)6K2GRGDS, and K(TL)2SLRG(TL)3KGRGDS.18  

 
Figure 2.2. MALDI-TOF spectrum of K2(TL)6K2.  Expected mass [M+H+]+ = 1858.3, 
observed mass = 1858.6; Expected mass [M+Na+]+ = 1880.3, observed mass 1880.6; 
Expected mass [M+K+]+ = 1896.4, observed mass = 1896.5.18  
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K2(TL)6K2 was synthesized using the pseudoproline-based solid-phase peptide 

synthesis techniques described above, and the sequence was confirmed using MALDI-

TOF mass spectrometry (Figure 2.2). Infrared spectroscopy (IR) and circular dichroism 

spectroscopy (CD) were used to determine that K2(TL)6K2 exhibits a !-sheet secondary 

structure. The IR spectrum suggests that in the dried state the peptide forms a !-sheet, 

due to a peak near 1622 cm-1 (Figure 2.3A). A slight shoulder peak at 1695 cm-1 suggests 

the formation of anti-parallel !-sheet nanofibers.  The appearance of a peak between 

1667-1675 cm-1 is due to the presence of the lysine side chains. The CD spectrum (Figure 

2.3B), which provides information about the structure of the peptide in solution, exhibits 

a maximum near 195 nm and a minimum near 215 nm, both of which are indicative of !-

sheet formation. These results are similar to what we have reported for the serine-based 

and glutamine-based MDPs.1,2,4-6 

 
Figure 2.3. IR (A) and CD (B) of K2(TL)6K2.18 
 

Nanofiber formation was confirmed using atomic force microscopy (AFM) and 

transmission electron microscopy (TEM). K2(TL)6K2 forms long, curved nanofibers 

(Figure 2.4), which differ morphologically from the more linear, rigid appearing 
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nanofibers formed by previously reported MDPs.1,2,5 It is possible that the extra methyl 

group in the threonine side chain, compared to the side chain of serine, interferes with the 

packing of the peptides resulting in a more curved nanofiber morphology. Molecular 

dynamics simulation of peptide assembly and nanofiber formation5 for both K2(TL)6K2 

and K2(SL)6K2 would provide further insight as to whether or not this is the case.  

 

 
Figure 2.4. AFM under non-gelation conditions (A), AFM under gelation conditions (B), 
and TEM under non-gelation conditions (C) of K2(TL)6K2.18 The non-gelation condition 
is when the peptide is dissolved in Milli-Q water. The gelation condition is when 
phosphate salts are added to the peptide solution.!!!! 
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K2(TL)6K2GRGDS, a threonine-based MDP containing the integrin-binding 

sequence RGDS, was also synthesized and confirmed with MALDI-TOF MS (Figure 

2.5). Following the previously published peptide design for K2(SL)6K2GRGDS, RGDS 

was appended to the C-terminus of the peptide, following a one-glycine spacer.6 Since 

peptide synthesis is performed from the C-terminus to the N-terminus, the integrin-

binding sequence is synthesized first, followed by the base MDP sequence.  

 
Figure 2.5. MALDI-TOF spectrum of K2(TL)6K2GRGDS. Expected mass [M+H+]+ = 
2330.8, observed mass = 2330.1.18 
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Generally, the addition of GRGDS at the C-terminus of the peptide makes the synthesis 

of the peptide easier and the incorporation of a pseudoproline dipeptide is not required. 

Appending the integrin-binding sequence to the C-terminus of the peptide moves the !-

sheet portion of the peptide further away from the polystyrene bead, which may make it 

easier for the synthesis reactions to occur. Based on this hypothesis, the use of resins with 

longer linkers may be advantageous for the synthesis of peptides that do not contain a 

bioactive sequence at the C-terminus.  

The secondary structure of K2(TL)6K2GRGDS was also assessed using IR and 

CD, both of which indicated !-sheet formation (Figure 2.6). The same characteristic 

peaks that were seen in the K2(TL)6K2 spectra are observed in both the IR and CD 

spectra, the only difference being that the peak at 1695 cm-1in the IR spectrum (Figure 

2.6A) is more apparent than in the K2(TL)6K2 case (Figure 2.3A). Again, nanofiber 

morphology was visualized using AFM and TEM. In both AFM and TEM the nanofibers 

appear to be more curved than their serine-based counterparts (Figure 2.7A-C). As 

expected, the AFM of the peptide under gelation conditions showed longer, more cross-

linked nanofibers. The long-range order of the hydrogel formed by K2(TL)6K2GRGDS 

was assessed using scanning electron microscopy (SEM), demonstrating that the MDP 

nanofibers further self-assemble into a porous nanofibrous hydrogel when phosphate ions 

are introduced into the system (Figure 2.7D). 
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Figure 2.6. IR (A) and CD (B) of K2(TL)6K2GRGDS.18 
 

 
Figure 2.7. AFM under non-gelation conditions (A), AFM under gelation conditions (B), 
TEM under non-gelation conditions (C), and SEM of a hydrogel (D) of 
K2(TL)6K2GRGDS.18   
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K(TL)2SLRG(TL)3KGRGDS was also synthesized without the use of 

pseudoproline dipeptides. In this case, it is likely that the synthesis was aided by both the 

addition of the integrin-binding sequence as well as the MMP2 cleavage sequence, LRG, 

in the middle of the !-sheet region, which should help to disrupt !-sheet formation and 

aggregation negating the need for pseudoproline dipeptides. As seen in Figure 2.8, the 

mass of the peptide was confirmed using MALDI-TOF MS. The expected peaks are 

present in the IR and CD spectra, suggesting that despite modifications to the sequence, 

the peptide has still adopted a !-sheet conformation in both the dried (Figure 2.9A) and 

solution states (Figure 2.9B). 

 
Figure 2.8. MALDI-TOF spectrum K(TL)2SLRG(TL)3KGRGDS. Expected mass 
[M+H+]+ = 2273.7, observed mass = 2273.0.18 
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Figure 2.9. IR (A) and CD (B) confirm that K(TL)2SLRG(TL)3KGRGDS forms !-sheets 
when dried as a film and in solution, respectively.18 
 
 As with previous MDPs, the nanofiber formation and long-range hydrogel order 

of K(TL)2SLRG(TL)3KGRGDS was characterized using AFM, TEM, and SEM (Figure 

2.10). The same long, curved nanofibers that are seen in the nanoscopy of K2(TL)6K2 and 

K2(TL)6K2GRGDS are observed in the AFM and TEM of K(TL)2SLRG(TL)3KGRGDS 

suggesting that this morphology is a result of the incorporation of threonine and not one 

of the other modifications. Cryo-TEM images, which capture aqueous samples in 

vitreous ice, would help to confirm that this difference in morphology is due to the 

presence of threonine and not a drying artifact. In Figure 2.10D, an SEM image of a 

K(TL)2SLRG(TL)3KGRGDS hydrogel shows the nanofibrous, porous nature of the 

peptide hydrogel. This structure was also observed in previously reported MDP 

sequences that were characterized with SEM.4,5  

Like its SL-series counterpart, K(TL)2SLRG(TL)3KGRGDS contains a bioactive 

SLRG motif that is recognized by MMP2, allowing for the controlled degradation of the 

MDP.6 The incorporation of this bioactive sequence is useful for future in vivo 

experiments where we want complete proteolysis of the material to be possible.  
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Figure 2.10. AFM of a 0.01% by weight peptide solution under non-gelation conditions 
(A) and gelation conditions (B), TEM of a 0.01% by weight peptide solution under non-
gelation conditions (C) & SEM of 1% by weight hydrogel (D) of 
K(TL)2SLRG(TL)3KGRGDS nanofibers illustrate the curved morphology observed with 
the TL-based nanofibers.  
 

The MALDI-TOF spectra (Figure 2.11) of K(TL)2SLRG(TL)3KGRGDS after 48 

hour incubation with MMP-2 shows multiple degradation products, including one of the 

expected fragments: Acetyl-KTLTLS (m/z=687). Other observed fragments can be 

attributed to non-specific degradation, which was also seen by Galler et al. when 

K(SL)3RG(SL)3KGRGDS was incubated with MMP2; this suggests that incorporating 

threonine into the hydrophilic face of the peptide does not affect the designed enzymatic 

degradation.6  
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Figure 2.11. MALDI-TOF spectrometry of the peptide after 24 hours of incubation with 
MMP-2 shows partial decomposition of the parent peptide including one of the expected 
fragments: [Acetyl-KTLTLS+H+]+ (m/z = 687) as well as other fragments that suggest 
non-specific degradation: [KGRGDS-amide + K+]+ (m/z = 656), and [G(TL)3KGRGDS-
amide + Na+]+ (m/z = 670).18 

 

Generally, a material is considered a hydrogel if it has a yield point and a storage 

modulus (G’) that is an order of magnitude greater than its loss modulus (G’’). A yield 

point is the breakdown point of the hydrogel and is the point during a strain sweep 

experiment when the G’ begins to decrease while the G’’ increases.19,20 All three of the 

threonine-based hydrogels fulfill the characteristics required to be considered a hydrogel 

(Figure 2.12A).  The storage moduli of the hydrogels vary from 75 Pa to 154 Pa to 67 Pa, 
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suggesting that modifications to the peptide sequence affect the mechanical properties of 

the hydrogel.  

The threonine-based hydrogels undergo shear recovery, one of the most useful 

properties of MDP hydrogel. This is potentially useful as the MDP hydrogel could be 

loaded into a syringe, injected into the desired location, and then would reform into a 

hydrogel at the site of injection.4 To quantify the shear recovery of the hydrogels, we 

performed a shear recovery experiment where, using an oscillatory rheometer, the 

hydrogel is initially subjected to a low degree of strain (1%) for 30 minutes. This is 

followed by a period of high strain (100%), which is applied for 1 minute and then 

removed in exchange for a period of low strain (1%). The G’ and G’’ of the hydrogels are 

monitored to see if they recover to pre-high strain values. As seen in Figure 2.12B, all 

three hydrogels are able to quickly recover to their pre-high strain values. Similar 

recovery was observed with previously reported serine and glutamate based MDP 

hydrogels.2,4   

 
Figure 2.12. Rheological strain sweeps (A) and shear recovery (B) for all threonine-
based peptides. Adapted from Figure S8 in reference 15.18 
!



! 46!

2.3. Moving away from the basic Z2(XY)6Z2 structure 

 When MDPs were first created, Dong et al. methodically went through a variety 

of Kn(QL)mKn combinations to determine the optimal combination for nanofiber 

formation in solution.1 However, as the lab has become more interested in investigating 

biological applications for MDPs our focus has shifted from forming nanofibers in 

solution to forming them during hydrogel formation. Ideally, an MDP would exist as 

monomers in solution and only form nanofibers when salts are added. This would make it 

easier to work with the 2% by weight peptide solution that we use to form the 1% by 

weight hydrogels typically used in our studies. MDPs with the basic Z2(XY)6Z2 design 

form nanofibers when dissolved in an aqueous environment, resulting in a viscous 

solution that is difficult to manipulate. Additionally, these peptides are hard to purify as 

the aqueous solutions contain nanofibers too large to pass through the pores of a typical 

HPLC column. Since the peptides cannot be purified by HPLC if a peptide synthesis 

contains the desired peptide as well as other peptides that are missing amino acids, a 

subset that we call “deletions,” the entire batch of peptide is unusable and the only option 

is to re-attempt the synthesis. This wastes thousands of dollars, as well as potentially days 

of work. Another problem is that occasionally different batches of the same peptide 

sequence will behave differently; modifying the peptide sequence so that a more rigorous 

purification method can be used should eliminate this issue.   

With this in mind, we modified the base sequence of the most-used MDP series, 

K2(SL)6K2, to incorporate additional charged residues to increase charge-charge repulsion 

forces and disfavor nanofiber formation in solution. However, when oppositely charged 

salts are added, all of the charged residues should be shielded, resulting in nanofiber 
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formation and cross-linking. Based on this strategy, K3(SL)6K3 and K4(SL)6K4 were 

synthesized and purified. Unlike previous MDPs, it was possible to purify both 

K3(SL)6K3 and K4(SL)6K4 using HPLC (Figure 2.13). The HPLC chromatograms for 

both peptides show multiple peaks, suggesting that there are multiple deletions present. 

However, the main peak of each chromatogram yields only the desired peptide (Figure 

2.14).  

 
Figure 2.13. HPLC chromatograms of K3(SL)6K3 (A, C) and K4(SL)6K4 (B, D) using a 
1% gradient of solvent A to solvent B. (C) and (D) show a zoomed in view of the main 
peaks from (A) and (B), respectively.  
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Figure 2.14. MALDI-TOF spectra of peptide collected as the main peak of the HPLC 
runs for K3(SL)6K3 (A) and K4(SL)6K4 (B). Expected mass of K3(SL)6K3 [M+H+] = 
2030.5, observed mass = 2030.3. Expected mass of K4(SL)6K4 [M+H+] = 2286.9, 
observed mass = 2286.9. The HPLC spectra can be seen in Figure 2.12.  
 

As with any newly developed MDP sequence, K3(SL)6K3 and K4(SL)6K4 were 

characterized using IR, CD, AFM, TEM, and SEM. The IR spectra indicate that both 

peptides form anti-parallel !-sheet nanofibers in the dried state (Figure 2.15). For both 

peptides there is a noted increase in absorbance when the gelation state is measured rather 

than the solution state (Figure 2.15).  

 
Figure 2.15: IR spectra of K3(SL)6K3 (A) and K4(SL)6K4 (B). The solid line indicates the 
non-gelation condition spectra, while the dotted line indicates the spectra when phosphate 
ions are present (gelation condition).  
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The same trend is observed in the CD spectra, where MRE increases dramatically 

upon the addition of salt (Figure 2.16). This is not surprising as the addition of oppositely 

charged salts should shield the lysine residues and favor nanofiber formation.    

 

 
Figure 2.16. CD spectra of K3(SL)6K3 (A) and K4(SL)6K4 (B). As expected, the !-sheet 
signal (around 195 nm) increases when phosphate is present (gelation condtion).  
 

AFM of both K3(SL)6K3 and K4(SL)6K4 demonstrates the impact of shielding the 

lysine residues on nanofiber formation. For both peptides, nanofiber length and cross-

linking increases upon the addition of phosphate ions (Figure 2.17A-D). Unexpectedly, 

when the AFM images of the aqueous solutions of K3(SL)6K3 and K4(SL)6K4 are 

compared, K4(SL)6K4 appears to form longer nanofibers (Figure 2.17A, B). Since there 

are more lysine residues present in K4(SL)6K4, the charge-charge repulsion forces should 

be stronger and thus shorter nanofibers, if any, were expected. However, since AFM is a 

dried technique, this discrepancy may be a drying artifact and not an actual characteristic 

of the nanofibers. The negatively-stained TEM images suffer from the same shortcoming 

(Figure 2.17E, F). Cryo-TEM images would be useful to determine if this trend in 
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nanofiber length is real. Despite the surprise changes in fiber length in the AFM 

characterization, both peptides form hydrogels that appear similar to previously reported 

MDPs when imaged using SEM (Figure 2.17G, H).  

 
Figure 2.17. Nanoscopy images of K3(SL)6K3 (A, C, E, G) and K4(SL)6K4 (B, D, F, H).  
For each sequence there is non-gelation condition AFM (A, B), gelation condition AFM 
(C, D), negative stained TEM (E, F), and SEM of a 1% by weight hydrogel (G, H). 
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 The synthesis and characterization of K3(SL)6K3 and K4(SL)6K4 allowed us to 

probe the role of the different MDP domains on hydrogel rheological properties. 

K3(SL)7K3 and K3(SL)8K3 were prepared, characterized (Figure 2.18), and compared to 

K2(SL)6K2, K3(SL)6K3, and K4(SL)6K4 to determine what effect, if any, the length of the 

amphiphilic region and the number of charged residues play in determining the 

rheological properties of the hydrogel. The new sequences were characterized using all of 

the standard techniques. The peaks indicating the formation of anti-parallel !-sheets are 

present in both IR spectra (Figure 2.19).  

 
Figure 2.18. MALDI-TOF spectra of K3(SL)7K3 (A) and K3(SL)8K3 (B). Expected mass 
of K3(SL)7K3 [M+Na+] = 2252.7, observed mass = 2252.7. Expected mass of K3(SL)8K3 
[M+Na+] = 2452.9, observed mass = 2452.8.  
 

 
Figure 2.19. IR spectra of K3(SL)7K3 (A) and K3(SL)8K3 (B). 
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 The CD spectra suggest that both K3(SL)7K3 and K3(SL)8K3 form !-sheets in 

solution (Figure 2.20).  Interestingly, the addition of oppositely charged multivalent salts, 

which shield the charge-repulsion forces that oppose self-assembly, does not increase the 

!-sheet character of the peptides. Hydrogen bonding and hydrophobic forces driving self-

assembly could be dominating the balance between the amphiphilic region and the 

charged domains. If the forces driving nanofiber formation are much greater than the 

forces opposing it, one would expect to see no change upon adding the oppositely 

charged salts, as there are effectively no opposing forces to neutralize.   

 
Figure 2.20. CD spectra of K3(SL)7K3 (A), K3(SL)8K3 (B) and all K3(SL)mK3 peptides (C 
and D). For each sequence, the solid line indicates the non-gelation condition spectrum, 
while the spectrum for the gelation condition is plotted with a dotted line. 
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Figure 2.21. Nanoscopy images of K3(SL)7K3 (A, C, E, G) and K3(SL)8K3 (B, D, F, H). 
Again, for each sequence there is non-gelation condition AFM (A, B), gelation condition 
AFM (C, D), negative stained TEM (E, F), and SEM of a 1% by weight hydrogel (G, H). 
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The AFM, TEM, and SEM of K3(SL)7K3 and K3(SL)8K3 show that despite the 

modifications to the peptide sequence, nanofibers, and nanofibrous hydrogels are still 

formed (Figure 2.21). Slightly longer nanofibers are observed in the AFM images of both 

peptides under gelation conditions (Figure 2.21C, D), but certainly not to the degree that 

was seen in K3(SL)6K3 and K4(SL)6K4 (Figure 2.17). This weakly supports the hypothesis 

that we derived from the CD data, which suggests that for K3(SL)7K3 and K3(SL)8K3 the 

forces driving nanofiber formation are overwhelming the forces opposing it.  

The rheological data for all four new peptides did not follow the expected trend. 

Initially, it was hypothesized that increasing the number of SL repeats would result in a 

linear increase in the storage modulus of the resulting hydrogel. This is not what was 

observed (Figure 2.22). Both K3(SL)7K3 and K3(SL)8K3 have higher storage moduli than 

K3(SL)6K3, but the G’ of K3(SL)7K3 is higher than that of K3(SL)8K3 (Figure 2.22C). 

There could be a number of reasons that this is the case. It is possible that the balance 

between the number of charged residues and the number of SL repeats is critical to 

maximizing the storage modulus. It is also possible that the number of SL repeats 

correlates with a mechanical property that we are not testing. Both of these possibilities 

seem unlikely as all three peptides with six SL repeats have the same G’. Synthesizing 

and characterizing other sequences such as K2(SL)5K2, K2(SL)7K2, K2(SL)8K2, K4(SL)7K4, 

and K4(SL)8K4 would help to shed light on this subject.  A better understanding of how 

the MDP components affect the hydrogel mechanical properties would allow us to 

modify the MDP sequence to obtain a hydrogel with a higher storage modulus, which 

would enable MDP hydrogels to be used for hard tissue engineering applications such as 

bone.  
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Figure 2.22. Strain sweeps of K3(SL)7K3 (A), K3(SL)8K3 (B), and all of the Kn(SL)mKn 
peptides (C). 
 

A more interesting study involving K3(SL)6K3, K3(SL)7K3, K3(SL)8K3, and 

K4(SL)6K4 could take the characterization described above and combine it with Cryo-

TEM and molecular modeling to study the mechanism of nanofiber formation. 

Preliminary data, taken using dynamic light scattering (DLS), shows that the size of the 

nanofibers changes over time and with the sequence (Figure 2.23). Unfortunately, DLS 

measurements and calculations assume that the particles being measured are spherical, 

not fibrous which results in a measurement that significantly underestimates the length of 

the fibers.1 A more advanced model that assumes a cylindrical particle shape might allow 

DLS to be a useful technique. Otherwise a cryo-TEM time-course study of each of the 

peptides listed above, as well as K2(SL)6K2, would allow us to monitor changes in 

nanofiber length as a function of time as well as sequence. 

 
Figure 2.23. DLS of K2(SL)6K2, K3(SL)6K3, and K4(SL)6K4 at Day 0 (A) and K3(SL)6K3, 
K3(SL)7K3, K3(SL)8K3, Day 0 (B). DLS of K2(SL)6K2 at Day 0 and Day 28 clearly 
demonstrates the change in particle size over time (C).    
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Molecular dynamics simulations would provide a theoretical view of the steps 

involved in self-assembly. For simplicity, we currently describe MDP self-assembly as a 

step-wise process: first two !-sheet nanofibers come together to form a peptide 

“sandwich,” then multiple “sandwiches” come together to form a nanofiber1 (Figure 

2.24A). While this is simple to understand conceptually, it may not actually be the case. 

It is possible that the top layer of the aqueous nanofiber is actually perpendicular to the 

bottom layer (Figure 2.24B). This configuration would minimize charge-charge repulsion 

while still maximizing hydrogen bonding and the hydrophobic effect. Using the serine-

based peptide library described above, future work could shed more light on the 

nanoscale assembly of MDPs.   

 
Figure 2.24. Diagram of the current description of nanofiber alignment (A) and a 
possible alternate orientation (B).  
 

2.4. Conclusions 

In conclusion, MDP structure is easily altered and will tolerate a number of 

modifications without perturbing nanofiber or hydrogel formation.  We demonstrated that 

substituting the hydrophilic amino acid for threonine alters nanofiber morphology, but 

not nanofiber or hydrogel formation. However, the increased hydrophobicity of the 
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threonine side chains did not improve the rheological properties of the resulting hydrogel 

as expected. The MDP structure will also tolerate alterations to the canonical Z2(XY)6Z2 

structure. K3(SL)6K3 and K4(SL)6K4 were synthesized and characterized demonstrating 

that increasing the number of charged residues on the peptide termini does not have a 

negative effect on the self-assembly of the peptide, but allows for peptide purification 

using HPLC. This dramatically improves our purification capabilities, even allowing for 

the removal of sequences with single amino acid deletions, which decreases the number 

of peptide syntheses that must be completely discarded. This in turn, saves time and 

money as the researcher does not have to repeat the synthesis of the peptide.  

Additional improvements to MDP synthesis have been made through the 

incorporation of pseudoproline dipeptide residues. When incorporated in cycle 8 during 

the synthesis of Z2(XY)6Z2 peptides, the pseudoproline residues disrupt !-sheet formation 

making the synthesis easier to perform and minimizing the number of deletions that occur 

during synthesis. For sequences that follow the Z2(XY)6Z2 structure, one pseudoproline 

dipeptide should be sufficient; however for sequences that have seven or eight 

amphiphilic repeats, the location and number of pseudoprolines used needs to be 

adjusted. K3(SL)7K3 and K3(SL)8K3 were both synthesized with two pseudoproline 

residues. The rheological properties of these two peptides were compared to that of 

K2(SL)6K2, K3(SL)6K3, and K4(SL)6K4 yielding confusing results. There does not appear 

to be a direct correlation between the number of SL repeats and hydrogel G’, but all three 

sequences with six SL repeats have roughly the same G’. The synthesis and 

characterization of related sequences should shed more light on this topic. Additionally, 

preliminary DLS data suggests that altering the MDP sequence may affect self-assembly 
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rates. Unfortunately, DLS is not the ideal technique to characterize this process and 

future cryo-TEM and molecular dynamics studies are necessary to provide definitive 

conclusions.  

  

2.5. Experimental 

Multidomain Peptide Synthesis#: Unless otherwise noted, all MDPs were synthesized 

on a low loading Rink Amide MBHA resin using an automated synthesizer with 

protocols previously reported by our lab.1,4 The crude peptides were dissolved in Milli-Q 

water and the resulting solutions were dialyzed. K2(SL)6K2 and K2(TL)6K2 were dialyzed 

using 100-500 Da cut-off bags, K2(SL)6K2GRGDS and K2(TL)6K2GRGDS using 1000 

Da cut-off bags and K(SL)3RG(SL)3KGRGDS and K(TL)2SLRG(TL)3KGRGDS using 

2000 Da cut-off bags. All other peptide sequences were dialyzed using 100-500 Da cut-

off bags. Each peptide solution was dialyzed against Milli-Q water for three days, during 

which the dialysis water was refreshed twice daily. Post-dialysis the peptide was 

lyophilized yielding a white peptide powder. MALDI-TOF mass spectrometry was 

performed on a Bruker Autoflex II spectrometer to characterize the purified peptides. 

IR#: The lyophilized peptide was dissolved in Milli-Q water and 10 µL of this solution 

was pipetted onto a “Golden Gate” diamond ATR-FT-IR and allowed to dry under 

nitrogen for a few hours. A Jasco660 IR was then used to measure the absorbance from 

400-4000 cm-1, 32 accumulations were taken per spectrum. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"This experimental description was published as a portion of: Marci K. Kang, John S. 
Colombo, Rena N. D’Souza, and Jeffrey D. Hartgerink. Sequence Effects of Self-
Assembling MultiDomain Peptide Hydrogels on Encapsulated SHED Cells. 
Biomacromolecules. 2014, 15, 2004-2011. 
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CD#: All CD data was collected on a Jasco J-810 spectropolarimeter. Lyophilized peptide 

was dissolved in Milli-Q water to make a 0.01% by weight solution near pH 7. Data was 

collected at room temperature from 180-250 nm using a 0.01 cm quartz cuvette. Molar 

residual ellipticity (MRE) was calculated using ellipticity in millidegrees (!), path length 

in cm (l), molecular weight in g/mol (m), peptide concentration in mg/mL (c), and 

number of residues (nr). MRE = (!"m)÷(10"c"l"nr). 

AFM#: Samples ranging from 0.001- 1% by weight were prepared and imaged. For non-

gelled samples, the peptide was dissolved in Milli-Q water at a known concentration, pH 

adjusted to approximately pH 7, then the resulting solution was spin coated onto freshly 

cleaved mica discs using a Headway Research photoresist spinner. 5 µL of peptide 

solution was drop cast on the mica surface, allowed to dry for 5 seconds and then washed 

with Milli-Q water for 10 seconds to remove any salt crystals, after which it was spun dry 

for 10 minutes. The sample was then imaged in tapping mode using a Digital Instruments 

Nanoscope IIIa.  

Gelled samples were prepared by mixing a 2% by weight peptide solution with an 

equal volume of pH 7.4 2x phosphate buffered saline (PBS) [Life Technologies, Grand 

Island, NY] to form a hydrogel. The introduction of phosphate buffer to form a hydrogel 

is the only difference between the non-gelation condition and gelation condition sample 

preparation. The resulting 1% by weight hydrogel was then diluted with Milli-Q water to 

create suspensions that contained 0.001- 1% peptide by weight. Each suspension was 

then deposited on a freshly cleaved mica disc and spin coated using the same protocol as 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!This experimental description was published as a portion of: Marci K. Kang, John S. 
Colombo, Rena N. D’Souza, and Jeffrey D. Hartgerink. Sequence Effects of Self-
Assembling MultiDomain Peptide Hydrogels on Encapsulated SHED Cells. 
Biomacromolecules. 2014, 15, 2004-2011.!
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the non-gelled samples.  

Negative Stained TEM#: A 2% by weight solution of phosphotungstic acid (PTA) was 

prepared at pH 7 and syringe filtered through a 1.0 µm filter before use. 10 µL of peptide 

solution was pipetted onto a Quantifoil R1.2/1.3 holey carbon mesh copper grid and 

allowed to sit for one minute. Afterwards the excess solution was wicked away and the 

grid was inverted onto a pool of the prepared PTA solution for 10 minutes. The grid was 

removed from the solution and allowed to dry overnight before imaging. Imaging was 

performed using either a JEOL 1230 high contrast transmission electron microscope at 80 

kV or a JEOL 2010 TEM at 200.0 kV. 

SEM#: Lyophilized peptide was dissolved in Milli-Q water to make a 2% by weight 

solution.  125 µL of this solution was mixed with 125 µL of 2x Dulbecco’s Phosphate-

buffered saline (DPBS) [Life Technologies] to form a 1% by weight hydrogel.  100 µL 

aliquots of the resulting hydrogel were allowed to sit overnight at 4°C.  The samples were 

then dehydrated using a 30% ethanol to 100% ethanol gradient over a 9 hour time period.  

The dehydrated hydrogels were critical point dried using a critical point drier (Electron 

Microscopy Sciences EMS 850). The dried samples were attached to SEM pucks using 

conductive carbon tape and sputter coated with 7-8 nm of gold using a Denton Desk V 

Sputter system. All samples were imaged using a JEOL 6500F scanning electron 

microscope.      

Enzymatic Degredation#: K(TL)2SLRG(TL)3KGRGDS was dissolved in Milli-Q water 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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to make a 0.02% by weight solution. MMP2 was reconstituted in Hank’s buffered saline 

solution (HBSS) [Life Technologies] to create a 0.0002% by weight solution. 50 µL of 

the MMP2 solution was combined with 50 µL of the peptide solution and the resulting 

solution was placed in the incubator at 5% CO2 and 37°C for 24 hours. The solution was 

then removed from the incubator and analyzed using MALDI-TOF mass spectrometry.  

Oscillatory Rheology#: All rheological studies were performed on a TA Instruments 

AR-G2 rheometer. 200 µL of prepared hydrogel was deposited onto the rheometer stage 

using either a spatula or a cut-off pipette tip. Oscillatory rheology with a 12 mm stainless 

steel parallel plate was used with a 250 µm gap height. Strain sweep experiments were 

performed at a frequency of 1 rad/s from 0.001 200% strain.  

HPLC: Lyophilized peptide was dissolved in Solvent A (2 L Milli-Q water + 1 mL TFA) 

to make a 1% by weight solution. The peptides were run through a preparative reverse 

phase C-18 column on a Varian PrepStar220 HPLC. A 1% gradient with a 10 mL/minute 

flow rate was used to resolve the different peaks. All peaks with an intensity greater than 

200 mV were initially collected and analyzed using a Bruker microTOF to perform 

ESI/TOF mass spectrometry. Once the identity of the main peak was confirmed, 

subsequent HPLC runs where only the main peak was collected were performed to purify 

the rest of the peptide. The collections were then rotoevaporated to remove the 

acetonitrile present due to Solvent B (2 L acetonitrile + 1 mL TFA), and then frozen and 

lyophilized to yield the peptide as a white powder. The peptide was then further purified 

by dialysis using the dialysis techniques described above. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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DLS: Lyophilized peptide was dissolved in Milli-Q water to make a 1% by weight 

solution. The peptide solution was pipetted into a low volume cuvette, placed in a 

Malvern Zen 3600 Zetasizer and run at room temperature. The refractive index of water 

was entered as 1.33, and the viscosity as 0.8873 cP. Absorbance of the peptides was 

measured and entered as 0.01. After the DLS measurement was performed the samples 

were returned to eppendorfs and stored at room temperature until the next measurement. 

Samples were measured on Day 0, 1, 3, 7, 14, 21, and 28.  
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Chapter 3: Cell Encapsulation in MDP Hydrogels 
 
 
 In the previous chapter we demonstrated the versatility of MDP design and its 

ability to accommodate a number of modifications. While we could continue synthesizing 

and characterizing different MDP sequences, we need to keep in mind the end goal of our 

research: to create a functional biomaterial that can be used as a scaffold for tissue 

engineering purposes. We have previously demonstrated that K2(SL)6K2GRGDS and 

K(SL)3RG(SL)3KGRGDs are compatible with stem cells from human deciduous teeth 

(SHEDs) and that they can be used to form a pulp-like tissue in vivo,1,2 but little work has 

been done to investigate how cells respond to encapsulation within different MDP 

sequences. 

3.1. Cytocompatibility and Sequence Comparison* 

The ability of a synthetic scaffold to support cells is a critical part of the tissue 

engineering triad. Previously, we demonstrated that the SL-series of MDPs was capable 

of supporting cells, specifically SHEDs and fibroblasts.1,2 After 24 hours, SHEDs seeded 

in hydrogels of K2(SL)6K2GRGDS and K(SL)3RG(SL)3KGRGDS exhibited larger cell 

bodies when compared to cells seeded in hydrogels of K2(SL)6K2, suggesting that 

addition of the integrin-binding sequence and the enzyme-cleavable sequence positively 

altered cell morphology.1 As mentioned in the previous chapter, we incorporated these 

findings when designing the TL-series of peptides creating K2(TL)6K2GRGDS with an 

integrin-binding sequence and K(TL)2SLRG(TL)3KGRGDS, which combines both 
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integrin-binding and enzyme-cleavable sequences. Here we compare the response of 

SHED cells to encapsulation in K2(TL)6K2, K2(TL)6K2GRGDS, and 

K(TL)2SLRG(TL)3KGRGDS hydrogels and their SL analogous.3  

In order to investigate the long-term effect of MDP sequence on cellular response 

we encapsulated SHED cells in hydrogels formed from the three new threonine-based 

MDPs as well as three previously reported serine-based sequences and imaged the gels 

after one, three, seven, and eleven days in culture.1,4 Since we wanted to isolate the effect 

of the MDP sequence on cellular response we did not include any growth factors or other 

bioactive molecules in the hydrogel constructs. The nanofibrous hydrogels were cultured 

for the pre-determined period of time and then fixed and stained with Alexa488-

phalloidin & DAPI in order to visualize the actin cytoskeleton & cell nuclei, respectively. 

Confocal images of the stained gels show that by Day 1 the SHED cells spread out and 

extend processes in the serine-based hydrogels of K2(SL)6K2GRGDS and 

K(SL)3RG(SL)3KGRGDS (Figure 3.1E, I), but remain fairly rounded in the threonine-

based hydrogels of K2(TL)6K2, K2(TL)6K2GRGDS, and K(TL)2SLRG(TL)3KGRGDS 

(Figure 3.1A, E, I). Qualitatively, it appears that the SHEDs encapsulated in 

K2(SL)6K2GRGDS and K(SL)3RG(SL)3KGRGDS have slightly larger cell bodies than 

those in K2(SL)6K2 (Figure 3.1A, E, I), supporting our previous findings.1  

After three days in culture, the SHEDs encapsulated in K2(SL)6K2 and 

K2(SL)6K2GRGDS extend long processes, form cell-cell interactions and exhibit a 

fibroblast-like morphology (Figure 3.1B, F). The change is less dramatic in 

K(SL)3RG(SL)3KGRGDS where cell density remains similar to the earlier time point and 

no long, extended processes are observed (Figure 3.1J). No change in cell morphology is 
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Figure 3.1. Confocal images of SHED cells 1, 3, 7 or 11 days after 3D encapsulation in 
K2(SL)6K2 (A-D), K2(SL)6K2GRGDS (E-H), K(SL)3RG(SL)3KGRGDS (I-L), K2(TL)6K2 
(M-P), K2(TL)6K2GRGDS (Q-T), and K(TL)2SLRG(TL)3KGRGDS (U-X) hydrogels. 
The actin filaments are stained green with Alexa488-phalloidin and the cell nuclei are 
stained blue with DAPI. The images show that SL-based scaffolds are only modestly 
selective and generally promote SHED expansion. Adapted from Figure 4 and Figure 5 in 
reference 3.3  
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observed in the hydrogels of K2(TL)6K2 after three days in culture (Figure 3.1N).  

However, SHEDs cultured in the gels of K2(TL)6K2GRGDS, and 

K(TL)2SLRG(TL)3KGRGDS exhibit a stellate morphology, with a large, round cell body 

with numerous thin projections emanating from it (Figure 3.1R, V).  

By day seven the cells growing in K2(SL)6K2 and K2(SL)6K2GRGDS have begun 

to form porous networks of cells (Figure 3.1C, G). The networks formed in K2(SL)6K2 

contain denser clusters of cells with larger gaps between the clusters than those formed in 

K2(SL)6K2GRGDS (Figure 3.1C, G and 3.2C, G). At the same time point, the SHEDs 

encapsulated in the hydrogels of K2(TL)6K2GRGDS, and K(TL)2SLRG(TL)3KGRGDS 

gels acquire a more fibroblast-like morphology than what was observed at the earlier time 

points while proliferating minimally (Figure 3.1S, W). Again, the cells in K2(TL)6K2 

remain rounded (Figure 3.1O).  

 After eleven days in culture the cells invade the entirety of the hydrogels of 

K2(SL)6K2GRGDS and expand to fill the majority of gels of K2(SL)6K2 (Figure 3.1D, H). 

Figure 3.2 shows a low magnification image of the hydrogel, making it easier to see the 

degree to which the SHEDs have filled the gel (Figure 3.2D, H). In 

K(SL)3RG(SL)3KGRGDS and K2(TL)6K2GRGDS  a slight increase in cell spreading is 

noted, but other than that no change is observed compared to the day seven time point 

(Figures 3.1L and T). The lack of exogenous growth factors in these scaffolds makes 

these materials potentially interesting from a tissue engineering standpoint as the MDP 

hydrogel itself seems to be sufficient to support SHED expansion and attachment. 

Between day seven and day eleven the cells in K(TL)2SLRG(TL)3KGRGDS 

heterogeneously fill the hydrogel, resulting in large clusters of cells in some areas and  
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Figure 3.2. Low magnification confocal images of SHED cells encapsulated in 
K2(SL)6K2 (A-D), K2(SL)6K2GRGDS (E-H), K(SL)3RG(SL)3KGRGDS (I-L), K2(TL)6K2 
(M-P), K2(TL)6K2GRGDS (Q-T), and K(TL)2SLRG(TL)3KGRGDS (U-X) hydrogels 
illustrate differences in whole-gel cell cluster patterns. Again, the actin filaments are 
stained green and the cell nuclei are stained blue with DAPI. The low magnification and 
microscope settings also cause the hydrogel itself to exhibit some blue staining. All gels 
except for K2(SL)6K2GRGDS and K(SL)3RG(SL)3KGRGDS day 1 gels are full disks of 
hydrogel.  Other gels that do not appear to be a full cylinder are due to variation in the 
height of the surface of the gel. Adapted from Figure S9 and Figure S10 in reference 3.3!
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low cell density in other areas (Figure 3.1X and Figure 3.2L). For each hydrogel, Figure 

3.3 graphs the change in cell density over time. For the K(TL)2SLRG(TL)3KGRGDS 

hydrogels, the overall cell density does not change significantly from day seven to day 

eleven (Figure 3.3), suggesting that the formation of large clusters of cells arose from cell 

migration rather than from proliferation. 

 

 
Figure 3.3. Cell density by sequence over time shows that SHEDs expand rapidly in 
K2(SL)6K2GRGDS hydrogels. The black line indicates the initial cell seeding density. 
Symbols indicate: #, significant compared to its value at the previous time point; ‡, 
significant compared to all other sequences at the same time point; * significant 
compared to K2(TL)6K2 and K2(TL)6K2GRGDS at the same time point. Table of p-values 
can be found below (Table 1).3  
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Table 3.1. Table of p-values for cell proliferation data as presented in Figure 3.33 

Symbol Sequence Day Vs. Sequence Day p 
value 

* K2(SL)6K2GRGDS 3 K2(TL)6K2 3 <0.05 
* “ 3 K2(TL)6K2GRGDS 3 <0.05 
# K2(SL)6K2GRGDS 7 K2(SL)6K2GRGDS 3 <0.01 
‡ “ 7 K2(SL)6K2 7 <0.001 
‡ “ 7 K(SL)3RG(SL)3KGRGDS 7 <0.001 
‡ “ 7 K2(TL)6K2 7 <0.001 
‡ “ 7 K2(TL)6K2GRGDS 7 <0.001 
‡ “ 7 K(TL)2SLRG(TL)3KGRGDS 7 <0.001 
# K2(SL)6K2 11 K2(SL)6K2 7 <0.001 
‡ “ 11 K(SL)3RG(SL)3KGRGDS 11 <0.001 
‡ “ 11 K2(TL)6K2 11 <0.001 
‡ “ 11 K2(TL)6K2GRGDS 11 <0.001 
‡ “ 11 K(TL)2SLRG(TL)3KGRGDS 11 <0.001 
‡ K2(SL)6K2GRGDS 11 K2(SL)6K2 11 <0.05 
‡ “ 11 K(SL)3RG(SL)3KGRGDS 11 <0.001 
‡ “ 11 K2(TL)6K2 11 <0.001 
‡ “ 11 K2(TL)6K2GRGDS 11 <0.001 
‡ “ 11 K(TL)2SLRG(TL)3KGRGDS 11 <0.001 
# “ 11 K2(SL)6K2GRGDS 7 <0.001 

p-values > 0.05 not shown. 
 
 

The persistent rounded morphology of the SHED cells in the hydrogels formed 

from K2(TL)6K2 suggests that the cells are not attaching to the surrounding nanofibrous 

network (Figure 3.1M-P). Since K2(TL)6K2 does not contain the integrin-binding motif, 

this result is not unexpected. Although no morphological changes are observed, we 

believe that the cells in K2(TL)6K2 are still alive as they do not exhibit the same staining 

patterns as encapsulated cells that we have treated with methanol (Figure 3.4). We did not 

expect the cells to attach and expand well in K2(SL)6K2, which also does not contain an 

adhesion motif and only differs chemically from K2(TL)6K2 in the addition of six methyl 

groups in the hydrophilic face. It is unclear why the SHEDs are able to attach and expand 

in the hydrogels of K2(SL)6K2 while they remain rounded in K2(TL)6K2. 
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Figure 3.4. Confocal images of encapsulated SHED cells that were cultured in 
K2(SL)6K2GRGDS for seven days then incubated with cell culture media (A) and 
methanol (B) overnight. The actin filaments are stained green with Alexa488-phalloidin 
and the cell nuclei are stained blue with DAPI.3 
 

The confocal data demonstrates that the chemistry of the hydrogel can have a 

significant effect on encapsulated SHED cells. Even though chemically K2(SL)6K2 and 

K2(TL)6K2 differ only by six methyl groups, the SHED cells do not adhere and expand 

poorly in K2(TL)6K2, but thrive in K2(SL)6K2. In the serine-based sequences the presence 

of the RGDS motif encourages early cell attachment and spreading, but at later time 

points is not required for cell spreading and expansion. This is not the case for the 

threonine-based sequences, in which lack of RGDS results in rounded cell morphology at 

all time points, suggesting that the threonine sequences are more selective than the serine-

based MDPs. While it is possible that hydrogel mechanics play a role in altering cellular 

response, it seems unlikely as K2(SL)6K2GRGDS, K(SL)3RG(SL)3KGRGDS, and 

K2(TL)6K2GRGDS have similar G’ values yet elicit different cell responses (Table 2). 
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Table 3.2. Storage modulus (G’) of studied peptides3 
Number Sequence G’ (Pa) 

1 K2(SL)6K2 4001 
2 K2(SL)6K2GRGDS 1501 
3 K(SL)3RG(SL)3KGRGDS 1751 
4 K2(TL)6K2 80 
5 K2(TL)6K2GRGDS 140 
6 K(TL)2SLRG(TL)3KGRGDS 63 

 

Figure 3.3 quantifies the degree of cell expansion in each type of hydrogel over 

time. Cell density is approximately the same in each type of hydrogel on day one. By day 

three the cell density in the SL-based hydrogels increases, dramatically in the case of 

MDP K2(SL)6K2GRGDS, while the density does not change significantly in the TL-

hydrogels. The SHEDs in the SL-hydrogels continue to expand from day 3 to day 7, 

showing a significant increase (p > 0.01) in the hydrogels of K2(SL)6K2GRGDS. No 

significant change is observed in the TL-based hydrogels, which retain roughly the same 

cell density for the remainder of the experiment. Interestingly, although cell viability 

decreases in K2(TL)6K2, K2(TL)6K2GRGDS, and K(TL)2SLRG(TL)3KGRGDS over time 

(Figure 3.5 and Table 3), there is no significant change observed in cell density, 

suggesting that the rate of cell proliferation is similar to that of apoptosis. From day 7 to 

day 11 the cell density changes significantly in the K2(SL)6K2 and K2(SL)6K2GRGDS 

hydrogels, and it is unclear as to what causes the sudden increase in the population of 

cells in the K2(SL)6K2 hydrogels. However, it is possible that the production of native 

collagen and fibronectin may allow the initially unfavorable chemical environment to 

become more conducive to cell proliferation after day 7. These results suggest that the 

threonine-containing hydrogels are more selective, requiring the RGDS sequence for cell 

attachment to occur, while the serine-based sequences are more proliferative and will 
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support large increases in cell population even if bioactive sequences are not present. 

 
Figure 3.5. Cell viability data shows that cell viability decreases at later time points for 
hydrogels formed from K(SL)3RG(SL)3KGRGDS, K2(TL)6K2, K2(TL)6K2GRGDS, and 
K(TL)2SLRG(TL)3KGRGDS. Sequence number is the number assigned to each MDP 
sequence in Table 2.3  
 
Table 3.3. Percentage of viable cells with standard error of the mean.3 

 Day 1 Day 3 Day 7 Day 11 
K2(SL)6K2 92 ± 2 90 ± 2 88 ± 3 99 ± 1 
K2(SL)6K2GRGDS 92 ± 2 96 ± 1 97 ± 1 98 ± 1 
K(SL)3RG(SL)3KGRGDS 89 ± 1 89 ± 2 86 ± 2 79 ± 4 
K2(TL)6K2 95 ± 1 92 ± 2 73 ± 3 70 ± 3 
K2(TL)6K2GRGDS 91 ± 1 88 ± 1 80 ± 2 70 ± 2 
K(TL)2SLRG(TL)3KGRGDS 92 ± 2 81 ± 2 81 ± 3 77 ± 4 

 

3.2. Cell Viability Assays on Encapsulated Cells 

Ideally, actin-staining would not be required to identify live cells, and a more 

specific, conventional method could be used. Viability assays such as MTT, XTT, 

caspase 3/7 stain, and PicoGreen are common techniques used to distinguish between 
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healthy and dead or dying cells in 2D cultures. However, due to the presence of the MDP 

scaffold, all of these assays encounter problems when used with MDP hydrogels.  

 
Figure 3.6. MDP hydrogels that have absorbed the MTT dye, staining the gel purple (A). 
MDP hydrogels retain the colored formazan product resulting in lower absorbance 
readings than other biomaterials (B). The dye retention is not a sequence-specific 
characteristic (C) and affects absorbance readings even if the MDP is combined with 
another biomaterial (D).  
 

The MTT assay is a colorimetric assay in which cellular enzymes react with the 

MTT dye to produce a purple-colored product. The intensity of the purple color then 

directly correlates with the number of cells present. Typically the MTT reagent is added 

to the cells for an incubation period of one hour, and then is subsequently exchanged for 
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DMSO to solubilize the colored product.  While this protocol works well when done in 

2D culture systems, it is not as effective in 3D, particularly when used with the MDP 

scaffold. Unlike other hydrogel materials, such as collagen, the MDP scaffold retains the 

MTT dye thereby reducing the intensity and making it difficult to correlate absorbance 

values with an actual cell number (Figure 3.6A, B). Dye retention is independent of 

sequence and results in misleading absorbance values that do not correspond to the cell 

viability observed in confocal microscopy (Figure 3.6C). Even when MDP gels are 

combined with other biomaterials that do not have issues with the MTT assay, the MDPs 

affect the amount of dye retention and make the assay results unreliable (Figure 3.6D).   

In order to account for this dye retention, acellular MDP gels were prepared and 

treated using the same protocol as the cell-encapsulating MDP hydrogels. The absorbance 

values obtained from acellular hydrogels were subtracted from the experimental values in 

an effort to remove any hydrogel effects from the results (Figure 3.7A). This resulted in 

very low absorbance values as both the experimental and acellular hydrogels were 

retaining the dye. This was surprising, as the acellular gels should not contain the 

enzymes necessary to convert the MTT to the colored product. Two possible reasons for 

this were that the MDP hydrogel contained a bacterial contamination or that the MDP 

sequence itself was capable of converting the MTT. An undergraduate student in our lab, 

Lyahn Hwang, investigated these possibilities and found that no bacterial contamination 

was present in the hydrogels, and that it was actually the MDP itself that was generating 

the colored product. Additionally, she found that the different MDP sequences caused 

varying levels of MTT conversion. Therefore, when attempting to use the MTT assay 

with MDP hydrogels, it is necessary to prepare acellular gels from each MDP sequence 
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used in order to isolate the amount of absorbance that solely reflects the encapsulated cell 

population.  

 
Figure 3.7. Even acellular MDP hydrogels convert MTT to the formazan product, further 
reducing absorbance values when the values are corrected for MDP interference (A). The 
retention of the dye and the interference of the MDP itself with the assay makes it 
difficult to convert experimental absorbance (A, C) values to a realistic cell number (B, 
D).!
!

Obviously, for both the cellular and acellular gels, it is necessary to remove all of 

the dye from the hydrogel in order to obtain an accurate reading. To this end, after the 

DMSO was added to the gel, a sonication/centrifugation step was appended. For early 

time points, sonicating the hydrogel with DMSO decreases the amount of dye retained in 
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the gel, but at later time points sonication has no effect (Figure 3.7B). This may be due to 

the covalent cross-linking of nanofibers that occurs as the hydrogel is incubated with 

media.5 These covalent bonds are not disrupted by sonication and increase the degree of 

cross-linking within the hydrogel making it more difficult for the dye to be released. Dye 

retention not only skews the absorbance values (Figure 3.7C), but reduction in the 

absorbance makes it extremely difficult to correlate experimental values with those of the 

standards and obtain an estimate on the number of cells within the hydrogel (Figure 

3.7D). We also attempted to pH adjust the MDP hydrogels in order to facilitate the 

degradation of the hydrogel. Unfortunately, the MTT assay is pH sensitive and the pH 

values required to degrade MDP hydrogels caused the MTT assay to cease functioning. 

At this point it was determined that the MTT assay was not compatible with the MDP 

hydrogels and alternatives were investigated.   

 The LDH assay was used to measure the number of healthy cells encapsulated in 

the MDP hydrogels. The media was removed from the top of the hydrogel and HBSS was 

added to the tops of the gels, allowed to sit for one minute and then removed in order to 

“wash” the LDH released by dead cells from the hydrogel. Next the lysis buffer was 

applied in order to lyse the healthy cells and release the LDH contained within them. 

Following the provided protocol, which was for cells grown in 2D on-tissue-culture 

plastic, the reaction mixture was added and allowed to sit for one minute. Due to detector 

limitations, solutions were split into two aliquots and transferred to a 96-well plate for 

measurement. Measurements were taken on different sets of gels at days 1, 3, and 7. 

Again, the absorbance value trends (Figure 3.8A) did not match what was observed in 

confocal microscopy, nor did it match what was observed in the MTT assay (Figure  
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Figure 3.8. Initial LDH sequence comparison studies do not match the cell proliferation 
trends observed in confocal microscopy (A). Studies comparing the effect of different 
lysis buffers on the LDH assay suggest that 1% Triton-X produces the most reliable 
results (B).  
 

3.6C). As with the MTT assay, the hydrogel remained intact and retained the colored 

product making it difficult to obtain an accurate reading. We hypothesized that additional 

lysis buffers would help to break down the hydrogel as well as lyse the cells, so we tested 

a range of different lysis buffers and concentrations in a hydrogel-free environment 

(Figure 3.8B). SDS was not compatible with the assay and formed a white precipitate 

when the reaction mixture was added, however Tween and Triton-X both produced 

reasonable results, with 1% Triton-X yielding a nice, linear standard curve (Figure 3.8B). 

We noticed that there was also a time-dependent component of the assay, with the 

absorbance values changing over time (Figure 3.9A, B). This indicated that the timing of 

the measurements was critical in order to compare between hydrogels and correlate 

experimental values with standards to derive a number of encapsulated live cells.  
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Figure 3.9. The absorbance values of LDH experiments performed with the proprietary 
lysis buffer (A) and 2% Triton-X (B) demonstrate a time dependence.  
 
The different lysis buffer combinations were then tested on two different cell-containing 

MDP hydrogels: K2(SL)6K2GRGDS and K2(TL)6K2GRGDS (Figure 3.10E, F). The lysis 

buffer alone resulted in the highest absorbance values, but at the earlier time points all of 

the combinations produced similar results (Figure 3.10E, F). Since the gels used for this  

 
Figure 3.10. The time dependence observed when using the proprietary lysis buffer 
carries over when the lysis buffer combinations are applied to cell-laden 
K2(SL)6K2GRGDS (A) and K2(TL)6K2GRGDS (B) hydrogels.  
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experiment contained an unknown number of cells it was not possible to separate out the 

absorbance due to cells and compare the interaction between the LDH reaction solution 

and the two MDP solutions. Combining two types of lysis buffer did not reduce the 

degree to which the hydrogels retained the colored product so the experimental protocol 

was modified.  

As with the MTT assay, a centrifugation step was added to more effectively 

separate the hydrogel from the solutions. This centrifugation step was done before the 

addition of the LDH reaction solution in an attempt to eliminate any effects of the 

hydrogel on the reaction. Using this modified protocol, a sequence comparison study was 

set up (Figure 3.11A, B). The values obtained at both 25 minutes (Figure 3.11A) and 45  

 
Figure 3.11. Sequence comparison studies display different absorbance values when the 
measurements are taken 25 minutes (A) and 45 minutes (B) after the addition of the LDH 
reagent. The data from neither time point follows the cell proliferation trends observed in 
confocal microscopy.    
 

minutes (Figure 3.11B) were plotted, and neither exhibits the same trends observed in the 

confocal data, nor in the MTT data. At this point, the idea of using a colorimetric cell 

viability assay to quantify the number of cells encapsulated in an MDP hydrogel was 
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abandoned and we turned to fluorescent staining and confocal microscopy to assess cell 

viability within the MDP hydrogels.    

 The first fluorescent assay that we tried was the aptly named live/dead assay. This 

assay works by combining two fluorescent molecules (ethidium homodimer-1 and 

calcein-AM); the former can only penetrate the porous membrane of dead cells and the 

latter requires cleavage by intracellular esterases to fluoresce. We have tried repeatedly to 

get this assay to work with the MDP hydrogels and each time it has failed, typically 

because of a strong background signal in the red domain where the ethidium homodimer-

1 (dead) signal is collected. As shown in Figure 3.12, when performed in MDP 

hydrogels, the live/dead assay stains one cell both green and red indicating that the cell is 

both alive and dead. It seemed unlikely that this was true, so we decided to examine the 

possibility of using fluorescent caspase 3/7 staining to identify cells undergoing apoptosis 

within the MDP hydrogel.  

 
Figure 3.12. The live/dead assay is not an effective means to measure cell viability in 
MDP hydrogels, and may result in cells staining as both live (green) and dead (red).  
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 Caspase 3 and caspase 7 are proteins that induce apoptosis within cells.6 We used 

a stain that requires that a caspase 3/7 substrate is cleaved from the staining molecule by 

the proteins, allowing the rest of the molecule to bind to DNA and become fluorescent.7 

This should stain apoptotic cells green, allowing for differentiation between dying cells 

and healthy cells. First, we used the stain following the provided protocols, and 

counterstained with DAPI (Figure 3.13A). This resulted in very weak caspase 3/7 

staining throughout the hydrogel. In Figure 3.13A it is unclear whether or not this weak 

staining is a result of a strong background signal or whether it is indicative of apoptotic 

cells. We decided that we needed a more definitive positive control, in which we would 

purposely kill the cells in an effort to distinguish background staining from caspase 3/7 

staining. In Figure 3.13B and 3.13C the cells have been pre-stained with cell tracker blue 

so that no DAPI counterstain is necessary. The cells in Figure 3.13B have been treated 

with DMSO while the cells in Figure 3.13C were treated with normal cell culture media. 

Unfortunately, the cells in both cases show similar degrees of green fluorescence 

suggesting that the DMSO treatment is not inducing apoptosis as expected. It was also 

possible that the cell tracker blue staining was interfering with the caspase 3/7 staining, 

and so we treated hydrogel-encapsulated cells with DMSO, stained with caspase 3/7 

stain, fixed the cells, and then counterstained with DAPI (Figure 3.13D). This time the 

apoptosis staining was slightly stronger, but still fairly difficult to distinguish from the 

background. The caspase 3/7 staining intensity is similar when either cell tracker blue or 

DAPI is used as the counterstain, suggesting that the cell tracker blue dye is not 

interfering with the caspase assay (Figure 3.13B, D).  
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Figure 3.13. Caspase 3/7 (green) with a DAPI (blue) counterstain shows weak caspase 
staining (A). When encapsulated cells are stained with cell tracker blue (blue) and treated 
with DMSO (B) for 5 hours they have the same degree of caspase 3/7 staining as 
untreated cells (C). Treating the cells with DMSO and then applying the DAPI 
counterstain (D) shows that the cell tracker blue stain is not interfering with the caspase 
3/7 staining.  

 

It was possible that the 5 hour incubation period with DMSO was killing the cells, 

and since the caspase stain is designed to highlight cells that are undergoing apoptosis 

and not necessarily those that are already dead, we returned to cell tracker blue as the 
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counter stain and again treated with 10% DMSO, this time for a shorter time period 

(Figure 3.14A).  Unfortunately, when compared to the media-treated counterpart (Figure 

3.14B) the degree of caspase staining is very similar.  

 

Figure 3.14. Reducing the DMSO application time to 2 hours (A) does not result in more 
caspase staining than what is seen in the control gels (B).  
 

We attempted the assay again, this time testing 5% methanol and an apoptosis 

agent as well (Figure 3.15A-C). Little staining for apoptosis is seen in the media 

condition (Figure 3.15A), and more is seen when either 10% DMSO (Figure 3.15B) or 

5% methanol (Figure 3.15C) are added. While this result is promising, closer 

examination reveals that the apoptosis staining is not associated with the cells, shown by 

staining with cell tracker blue. We then treated cell-laden hydrogels with staurosporine, a 

natural product that is known to specifically induce apoptosis (Figure 3.16A-C).8 Figure 

3.16A shows the overlay of the apoptosis stain with the DIC image as no counterstain 

was used. There is some caspase 3/7 staining associated with the cell bodies shown by the 

DIC image, but overall, the apoptosis stain is very weak and hard to distinguish from the 

background (Figure 3.16A). When the cell-containing hydrogels are treated with  
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Figure 3.15. Comparing untreated encapsulated cells stained with cell tracker blue (G) to 
encapsulated cells treated with DMSO (H) and methanol (I) shows increased caspase 
staining in the treated gels, but the stain is not well-associated with cells.  

 

 

staurosporine and counter-stained with DAPI, we observe the weakest caspase 3/7 

staining to date (Figure 3.16B, C). Following failure of the MTT, LDH, live/dead and 

caspase 3/7 assays, we decided that the inconsistencies of the various assay methods 

outweighed their usefulness; therefore, we turned to actin/nuclei staining as a means to 

quantify the encapsulated cell population.  

 

 

Figure 3.16. Treatment with apoptosis-inducing staurosporine results in very weak 
caspase 3/7 staining when no counter stain is present (A). No apoptosis staining is 
observed when the cells are counterstained with cell tracker blue and imaged from the top 
(B) and bottom (C) of the gel.  
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3.3. Effect of Needle Shear 

While we have long touted the ability of the MDP hydrogels to undergo shear 

recovery,4,9-11 there were some questions as to whether encapsulated cells would also 

survive the shearing process. Since we were simply examining the effect of shearing on 

the cells, and thus could attempt to remove the hydrogel from the cells after shearing, 

many of the issues described above for staining cells were reduced. Using a number of 

washing and centrifugation steps, we were able to use the live/dead stain to examine cell 

viability after suspension in an MDP hydrogel and subsequent injection through a needle.   

NIH/3T3 fibroblasts of passage 8 were suspended in Dulbecco’s Phosphate 

Buffered Saline (DPBS) encapsulated in 1% by weight K2(TL)6K2GRGDS hydrogels 

using the same protocol that was used in the sequence comparison studies. The resulting 

cell-filled hydrogel was incubated at 37°C and 5% CO2 for 30 minutes. After this time, 

the hydrogel was sheared through one of three devices: a micropipette, 16 gauge needle, 

or a 22 gauge needle. After the shearing event, the hydrogel was subjected to a series of 

washing steps in an attempt to remove the hydrogel from the cells. The sample was 

washed twice with DPBS, incubated with trypsin-EDTA to break any cell-hydrogel 

bonds, and then washed two more times in DPBS. It is likely that using water to perform 

the washing steps would have removed the hydrogel more effectively, however adding 

pure water to the environment would have caused the cells to rupture, thereby skewing 

the results of the live/dead assay. As described above, the live/dead assay stains live cells 

green and dead cells red in Figure 3.17. The multiple washing/centrifugation steps 

sufficiently removed the hydrogel to the point that background fluorescence of the 

hydrogel was not an issue. Figure 3.17 shows that for both the 16 and 22 gauge needle 
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shear cases the majority of the cells survive the shearing event. Interestingly, the 

narrower needle condition had the highest percentage of live cells after shearing. One 

would typically expect that the higher shearing forces in the smaller needle would result 

in more cell death. It is possible that encapsulation in the MDP hydrogel provides a 

protective effect against these forces thereby increasing cell survival, a possibility that is 

not unprecedented.12  

!
Figure 3.17. Example images of live/dead stained cells that were encapsulated in an 
MDP hydrogel and then sheared through a pipet (A), 16 gauge needle (B), and 22 gauge 
needle (C).  The graph (D) depicts the percentage of the total number of cells that stained 
as “live” (green) or “dead” (red) for each condition. Three images, two of which are not 
shown above, were taken for each condition.  
!
!
!
!
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3.4. Gel-within-a-gel 

Since we know that cells can survive needle shear when encapsulated in MDP 

hydrogels, we utilized this knowledge to create MDP hydrogels containing regions of 

localized cells or growth factors. By localizing the growth factors we wanted to create 

growth factor gradients. In the body, the concentration of most growth factors varies both 

spatially and temporally. This growth factor gradient has been shown to be essential to 

cellular processes such as differentiation and migration.13,14 As such, we endeavored to 

create a growth factor gradient within an MDP hydrogel construct by creating a 

concentric gel-within-a-gel structure. This gel-within-a-gel was created by injecting a 

normal MDP hydrogel with a second growth factor-loaded hydrogel.   

Before we could begin creating growth factor gradients we needed to make sure 

that we could differentiate the center, injected gel from the surrounding gel. This way, 

once we began encapsulating cells we would be able to determine their proximity to the 

central growth factor-containing gel. The most obvious solution to this problem was to 

attach a fluorescent tag to the peptide hydrogel and use that to differentiate the central 

gel. To test the gel-in-a-gel procedure, a normal 1% by weight K2(TL)6K2GRGDS 

hydrogel was prepared and aliquoted into a 96-well plate. A 1% by weight 

K2(TL)6K2GRGDS gel and 1% by weight fluorescein-K3(QL)6K3 gel were mixed in a 

28:1 ratio to form a fluorescently tagged hydrogel. Ten microliters of this hydrogel was 

then injected into the center of the aliquoted K2(TL)6K2GRGDS hydrogel using a cut-off 

pipet tip to form the concentric gels shown in Figure 3.11. From the top-down view it is 

evident that the fluorescently-tagged hydrogel clearly distinguishes the center gel from 

the outer gel (Figure 3.18A). The side-view shows that the column of fluorescently-
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tagged gel extends through the entire height of the hydrogel, and also demonstrates that 

the hydrogel remains intact upon the addition of cell culture media to the top of the gel 

(Figure 3.18B).  

While it is beneficial to be able to differentiate the center gel macroscopically, we 

also needed to be able to identify the center gel microscopically. This is where the 

fluorescent-tagging method fails. As shown in Figure 3.18C, the fluorescent tagging 

makes it easy to distinguish the center gel from the outer gel, but it also disrupts the 

formation of the center gel. Instead of a clear, homogenous hydrogel there is a 

heterogenous one, which likely contains precipitated peptide aggregates (Figure 3.18C). 

It is possible that this precipitation is the result of mixing two different MDP sequences, 

K2(TL)6K2GRGDS and K3(QL)6K3, but it seems unlikely as both peptides have lysine in 

the charged domain; precipitation would be expected if the two peptides were oppositely 

charged. As a result of this finding, we began to investigate other methods for tagging the 

center gel.  

 
Figure 3.18. Macroscopically, fluorescently tagged MDP clearly delineates the center gel 
in both the top (A) and side (B) views. Confocal microscopy of the same gel (C) shows a 
clearly defined, opaque, central gel that appears to contain some precipitated peptide.  
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The next tagging device that we investigated was fluorescent polystyrene 

microspheres. We tested two different sizes of the microspheres that were 1 µm and 15 

µm in diameter. Since these microspheres are typically used in blood flow studies, we 

first tested their cytocompatibility. The 1 µm microspheres are compatible with cells 

(Figure 3.19 A-C) and when incubated with cells for 2 hours appear to aggregate on or in 

the cells (Figure 3.19B). When the cells are incubated with the 1µm microspheres for two 

days there is increased microsphere aggregation, likely within the cell as it appears to be 

filling the cytosol (Figure 3.19C). Unfortunately, when the 1µm microspheres are 

encapsulated in a hydrogel and used to tag the center gel of a gel-within-a-gel construct 

the microspheres are not visible, likely due to their small diameter (Figure 3.19D). 

 
Figure 3.19. Cytocompatibility studies reveal that NIH/3T3 cells retain their normal 
morphology and proliferation rates (A) even when 1 µm microspheres aggregate within 
the cells after incubation for 2 hours (B) and 2 days (C). When imaged using confocal 
microscopy, the 1 µm microspheres are unable to delineate the edge of the center gel (D). 
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The 15 µm microspheres are much larger, but they are not cytocompatible (Figure 3.20A, 

B). When compared to the control cells (Figure 3.20A), the cells exposed to 15 µm 

microspheres have fewer attachments and lower proliferation (Figure 3.20B). This 

suggests that the 15 µm microspheres are not a viable option for labeling the center gel. 

As yet, the best option to differentiate two gel regions from one another is to label the 

MDP sequence with a fluorescein tag. While precipitation appears to be an issue, it is 

possible that it can be resolved by attaching the fluorescein tag to the same MDP 

sequence that will be used in the rest of the gel.   

 
Figure 3.20. Normal NIH/3T3 morphology and number (A) is lost upon the addition of 
15 µm microspheres (B).  
 
 
 Another possibility was to use GFP-expressing cells to study the gel-within-a-gel 

culture model. From Cardiff University, we obtained some dental pulp stem cells that 

were engineered to express GFP (GFP-DPSCs).15 We deviated from the concentric gel-

within-a-gel model and instead used a structure where two columns are injected into the 

aliquoted hydrogel: one containing cells and the other containing a blank gel or a 
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fibroblast growth factor (FGF2) loaded gel (Figure 3.21A, B). We moved away from the 

concentric model because we hypothesized that the two-column model would make it 

easier to observe cellular migration due to the presence or absence of FGF2; which has 

been shown to increase cell migration.16,17  

 
Figure 3.21. Cartoon of the two column gel-within-a-gel structure containing FGF2 (A) 
and a blank gel (B).  
 

In both the experimental and control case, the column of cell-laden hydrogel was 

clearly distinguishable due to the high cell density (Figure 3.22A, B). The innate 

fluorescent qualities of the encapsulated cells allowed us to do live-cell imaging for the 

first time (Figure 3.23).  

 
Figure 3.22. The column of cells is visible in both the FGF2-containing gel (A) and the 
blank gel (B).  
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This allowed us to image the same hydrogel, and the same location in the hydrogel over 

time, studying any changes in cell morphology and number. At day 1 the cells in the 

FGF2 gel, have a rounded morphology, suggesting that the cells are not forming 

attachments with the surrounding scaffold (Figure 3.23A). The number of cells present 

decreases by day 3 (Figure 3.23B) and decreases even further by day 7 (Figure 3.23C). 

This decrease in cell number is not the effect of the growth factor as the blank gels follow 

the same trend (Figure 3.23D-F).  

 
Figure 3.23. In the FGF2 MDP gel, GFP-DPSC numbers slowly decrease from day 1 
(A), to day 3 (B) to day 7 (C). The same trend is observed at the same time points in the 
blank gel (D-F) suggesting that FGF2 is not the culprit.   

 
 

After 31 days in culture, the gels were fixed and imaged for a final time point 

(Figure 3.24). Unlike the previous time points, fixing the gels allowed us to image both 

the top and bottom of the gels. The bottom of the gels followed the trend observed from 
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day 1-7; a steady decrease in cell number. The tops of the gels told a different story; for 

both the FGF2 and control gels the GFP-DPSCs had grown in sheets over the top of the 

gel (Figure 3.24). This suggests that the GFP-DPSCs prefer to grow in a 2D culture 

environment rather than encapsulated in an MDP hydrogel. It may also explain the cell 

death that we observed at the bottom of the gels; as the cells grew over the top of the 

hydrogel, they limited the diffusion of nutrients to the bottom of the hydrogel. While we 

were unable to characterize the growth factor gradient itself, it seems likely that all of the 

growth factor has diffused out of the gel since we saw the same result in both the blank 

gel and the gel containing FGF2 (Figure 3.23, 3.24).  

 
Figure 3.24. After 31 days in culture, the GFP-DPSCs grow in sheets on top of the FGF2 
hydrogel (A) and the blank gel (B).  
 
 
 Further evidence is needed to support the claim the GFP-DPSCs prefer to be 

grown in a 2D environment.  Since the GFP-DPSCs were injected through a very small 

bore needle, it is possible that the shearing forces encountered during this event caused 

the cell death, not the encapsulation in the MDP hydrogel. To test this, SHED cells, 

which we have previously shown thrive when encapsulated in serine-based MDP 
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hydrogels, were injected into MDP hydrogels and imaged over a 7-day time period 

(Figure 3.25). Since these cells are not innately fluorescent, multiple sets of gels were 

prepared and stained using the same protocols used for the sequence comparison study. 

Three hours after injection, the SHED cells remain alive (Figure 3.25A). At day 1 (Figure 

3.25B) the number of cells that exhibit a strong actin cytoskeleton has increased, and 

remains constant at day 3 (Figure 3.25C). By day 7 the cells have begun to spread out and 

attach to the hydrogel (Figure 3.25D). This is true when the bottom of the hydrogel is 

imaged (Figure 3.25D), but the degree of cell spreading and proliferation is even more 

obvious when the top of the hydrogel is imaged (Figure 3.25E). This supports our 

hypothesis that there may be poor nutrient diffusion down to the bottom of the hydrogel.   

 

 
Figure 3.25. When imaged from the bottom of the gel, SHED cells injected using a 33 
gauge needle remain balled up 3 hours (A), 1 day (B), and 3 days (C) after injection. The 
SHED cells begin to spread at the bottom of the gel (D) and form networks at the top of 
the gel (E) 7 days after injection. 
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Using the same protocol that we used for the sequence comparison studies, we 

encapsulated and cultured GFP-DPSCs in 1% by weight K(SL)3RG(SL)3KGRGDS 

hydrogels. We utilized the fluorescent properties of the cells and imaged the same gel 

after 3 hours (Figure 3.26A), 1 day (Figure 3.15B), and 3 days (Figure 3.26C) in culture. 

We observed the same decrease in cell number that we saw when the GFP-DPSCs were 

injected to the hydrogel, suggesting that the shearing event did not cause the cell death. 

Even when the cells were cultured with media containing twice the amount of FBS, they 

did not survive culture within the hydrogel (Figure 3.26D, E). This strongly suggests that 

GFP-DPSCs are not an ideal cell line for 3D culture. This is very surprising considering 

that they were isolated from the dental pulp, a 3D environment.  

 
Figure 3.26. GFP DPSCs encapsulated in MDP hydrogels decrease in number from 3 
hours (A) to 1 day (B) to 3 days (C) after injection. When cultured with media containing 
twice the amount of FBS, more cells are observed after 1 day in culture (D) than 4 days 
in culture (E).    
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3.5. Conclusions 

The cytocompatibility of MDP hydrogels was investigated. We found that altering 

the chemistry of the MDP sequence is enough to drastically affect the response of 

encapsulated cells. We cultured SHEDs in K2(SL)6K2, K2(SL)6K2GRGDS, 

K(SL)3RG(SL)3KGRGDS, K2(TL)6K2, K2(TL)6K2GRGDS, and 

K(TL)2SLRG(TL)3KGRGDS and demonstrated that the serine-based sequences have a 

more proliferative effect, while the threonine-based hydrogels are more selective and 

require that the integrin-binding sequence be present for the SHED cells to attach and 

proliferate.  

In studying the effect of different sequences on encapsulated cells, we wanted to 

assess the viability of the cells within MDP hydrogels. We were forced to devise a 

method utilizing actin and nuceli staining to differentiate between live and dead cells 

trapped within the hydrogel because the conventional methods developed for non-

hydrogel systems, such as colormetric assays or fluorescent staining for apoptotic 

markers, did not work. We attempted to troubleshoot the MTT and LDH assays, but for 

both assays the MDP hydrogels retained the colored dyes. We tried adding sonication 

steps to the protocol and centrifuging to pellet the hydrogel, but none of these steps were 

effective. Our failure to completely remove the colored dye from the hydrogel made it 

difficult to relate the absorbance measured in the assay to a quantifiable cell number. 

Fluorescent staining for apoptotic markers also failed to differentiate between live and 

dead cells. We tried the standard live/dead stain, which failed due to high background gel 

fluorescence and weak staining. We also tried to stain for caspase 3/7 expression, an 

apoptotic marker, but again we had difficulty obtaining a strong signal, even from cells 

that were treated with DMSO, methanol, or staurosporine. This forceed us to continue 
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using the actin/nuclei method. We have not examined all of the viability assays that exist, 

but we have tried a fair number of them. It is not critical to future studies that a reliable 

assay be identified, but it would be helpful to have another method to complement the 

data that we currently obtain from the actin/nuceli images.  

All of the problems mentioned above are not an issue when it is possible to at 

least partially remove the MDP hydrogel from the encapsulated cells. We were able to 

use the live/dead assay to answer the long-standing question of whether encapsulated 

cells survive being sheared through a needle. We found that cells injected through a 16 

gauge needle were more viable than those injected through a 22g one, suggesting that the 

MDPs may provide a protective effect to the encapsulated cells.  

We were able to use the shear recovery capability of the MDP hydrogel to form 

“gel-within-a-gel” structures. We created a concentric gel and examined different 

methods for delineating the two regions. Fluorescently tagging a portion of the center gel 

macroscopically appeared to work, but upon closer examination the center gel was 

heterogeneous and it appeared as if some of the peptide had precipitated. We also 

considered using microspheres, but the 1µm in diameter spheres were too small to be 

seen in confocal microscopy and the 15 µm spheres were cytotoxic. We also tested a two-

column gel-within-a-gel to examine the effect of an FGF2 gradient on GFP-DPSCs. The 

gel containing FGF2 and the blank gel had the same results, suggesting that there was no 

effect or that all of the FGF2 had diffused out of the gel. The GFP-DPSCs did not survive 

in the hydrogel and further experimentation determined that it was not due to the shearing 

event, but that the cells may prefer to grow in a 2D environment instead of a 3D one. This 

was surprising as the GFP-DPSCs were isolated from a 3D environment.  Both types of 
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gel-within-a-gel models need further investigation. A priority should be placed on 

developing a method to characterize any potential growth factor gradient. At the very 

least, we need to be able to say where the growth factor concentration is higher/lower, a 

task for which immunohistochemistry may prove useful.  

 

3.6. Experimental 

Cell Culture#: Stem cells from human exfoliated deciduous teeth (SHEDs) were 

generously gifted by the Shi lab at the University of Southern California.18 The cells were 

cultured in 75 cm2 tissue culture treated flasks at 5% CO2 and 37°C. Cells were obtained 

and seeded at 3.0!105 cells/flask and cultured until they reached 70-80% confluence. 

Once the cells expanded sufficiently, they were incubated with Trypsin-EDTA [Life 

Technologies, Grand Island, NY] to remove them from the flask surface, and suspended 

in 10 mL complete media. Complete media for the SHEDs is "-MEM with 10% fetal 

bovine serum, 1% of 500 µg/mL L-ascorbic acid 2-phosphate, and 1% of 5000 U/mL 

penicillin-streptomycin [all from Life Technologies]. This solution was centrifuged at 

1300 x g for 6 minutes to pellet the cells. The media was aspirated and then the cell pellet 

was resuspended in HBSS to a final volume of 1 mL. 10 µL of this solution was mixed 

with 190 µL of Trypan blue [Sigma-Aldrich, St.Louis, MO] to distinguish live cells from 

dead cells and to facilitate cell counting. Cells were counted using a hemocytometer and 

the concentration of cells/mL was calculated. Cells were seen to be greater than 95% 
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viable. Based on the calculated number, cells were seeded in the tissue culture flasks at 

3.0!105 cells/ flask.  

Cell culture in gels#: SHED cells were detached and suspended in HBSS at 1.0!106 

cells/mL. 2% by weight peptide solutions were prepared by dissolving 10 mg of peptide 

in 500 µL of 298 mM sucrose [Sigma Aldrich]. The cell suspension was mixed in equal 

volume with the 2% by weight peptide solution to encapsulate the cells in a hydrogel. 100 

µL of this hydrogel was then pipetted into a well of a 16-well slide. Two gels were 

prepared per condition, per time point. Once all of the gels were aliquoted into the well 

slide, the slide was placed in the incubator for 30 minutes to ensure that the gel set. After 

this incubation period, 200 µL of complete growth media was gently pipetted onto the top 

of each gel. The complete growth media used for cell culture in gels did not contain 

phenol red, but was otherwise identical in composition to the media described above. 

This is necessary because the MDP hydrogels retain the phenol red, becoming darker 

over time. The media was refreshed daily.  

Confocal microscopy#: Prior to imaging, gels were washed three times with 1x PBS then 

fixed in 10% formalin  [Fisher Scientific, Pittsburgh, PA] for 1 hour. The formalin 

solution was removed and a solution of 0.5% Triton X [Sigma Aldrich] in 1x PBS was 

applied for 15 minutes. The overall gel structure was maintained despite the addition of 

Triton-X, most likely due to covalent cross-linking as a result of media5 and 10% 

formalin exposure. After 15 minutes, the Triton X solution was removed and replaced 
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with a 100 mM glycine [Fisher Scientific] in 1x PBS solution for 10 minutes. The glycine 

solution was then removed and 1% bovine serum albumin (BSA) [Life Technologies] in 

PBS was added for 30 minutes. The BSA solution was then removed and the Alexa488-

phalloidin solution [Life Technologies] was added and allowed to sit overnight. The gels 

were then washed three times with 1x PBS, after which the ProLong Gold with DAPI 

solution [Life Technologies] was applied and allowed to sit overnight. The following day 

the gels were removed from the well-slide and placed in a 6- or 12-well plate and 

submerged in 1x PBS overnight. For imaging the gels were removed from the PBS, 

placed on a glass coverslip, and imaged using a Nikon A1-Rsi confocal system. 

Imaging encapsulated cells in a hydrogel is difficult due to the background 

fluorescence of the hydrogels. In an attempt to optimize staining to minimize background 

fluorescence, we tried two different actin stains: Alexa488-phalloidin and Alexa568-

phalloidin [Life Technologies]. We found that the Alexa488-phalloidin worked better 

with our system so we used it for all subsequent staining. The fluorescent stains were also 

allowed to sit on the gels overnight to ensure that the solutions diffused all the way 

through the hydrogel. Additionally, allowing the stained gels to sit overnight in PBS 

improved the quality of the staining, possibly by washing off any non-specifically 

associated stain that may have remained trapped in the gel.  

Assessment of cell number#: For each time-point and condition, cell counts were 

obtained by collecting five images from each of the two hydrogel constructs. The five 
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images were selected by imaging the upper left, upper right, lower right and lower left 

corners of the hydrogel, with the imaging box arranged such that the entire window was 

filled with hydrogel. The fifth image was obtained by placing the imaging window as 

close to the center of the gel as possible. The z-thickness for each image was held 

constant at 40 µm. The z-stack was converted into a single image using the extended 

depth of focus (EDF) feature in NIS-Elements. Cells were counted using ImageJ.19 The 

cell counts were averaged, and for each time-point the mean for each condition was 

plotted as cells/ 100 µL of gel. Since the cells are evenly distributed throughout the 

hydrogel, this calculation is valid (Figure 3.16). Analysis of variance (ANOVA) and 

Tukey’s test were used to determine significant differences between the different 

conditions.  

 
Figure 3.27: Confocal image of a vertical cross-section of the hydrogel demonstrates that 
the cells are evenly distributed. 
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Cell viability#: Cell viability was calculated using the same images and methodology 

used for cell number assessment: nuclei surrounded by actin were counted as viable, 

while all other nuclei were considered to be dead cells. Previous work has demonstrated a 

correlation between altered actin staining and a decrease in cell viability, supporting this 

counting methodology.20,21 For each image, the number of viable cells was divided by the 

total number of cells counted, resulting in a percent viability.  This percentage was 

averaged for each time point and condition and standard error of the mean was 

calculated.    

MTT: The MTT assay was performed using the standard protocol provided by Sigma 

Adrich [M2128]. 100 µL of the MTT reagent was added to each gel. The gels were then 

returned to the incubator for 1 hour. After this time, the MTT reagent was removed and 

200 µL of DMSO was added to each well. For experiments that included a sonication 

step, upon the addition of DMSO the pipet tip was swirled around in the MDP hydrogel 

in an attempt to facilitate the degradation of the hydrogel. The plates were then placed on 

a shaker for 15-180 minutes, depending on the experiment. The DMSO was then pipetted 

off and its absorbance was measured using a Tecan infinite M1000. If a sonication step 

was included, after the shaking step both the hydrogel and the DMSO solution were 

transfered to Eppendorf tubes and sonicated for 30 minutes. The Eppendorf tubes were 

then centrifuged at 13,000 rpm for 5 minutes to pellet the remaining hydrogel, then the 

supernatant was removed and its absorbance was measured as described above.  
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LDH: The LDH assay was performed using the provided protocols from Roche 

[04744934001, Indianapolis, IN]. Any deviations have been noted in the text or in the 

following description. At each time point the media was removed and then 200 µL of 

phosphate buffer was added to the top of each gel to “wash” it. The phosphate buffer was 

removed and the washing step was repeated. Then 100 µL of lysis buffer (kit-provided or 

otherwise) was added to each of the hydrogels. It was allowed to sit on top of the gels for 

10 minutes then 100 µL of the reaction mixture was added. The solutions were mixed 

with the hydrogel by swirling the tip of a pipet through the gel to break it up. The mixture 

was allowed to sit for 5 minutes, at which point the solution was split into two aliquots 

and transferred to a 96-well plate. Absorbance values were again measured using a Tecan 

infinite M1000. Measurements were taken every 5 minutes for 45 minutes. For 

experiments that included a centrifugation step, 10 minutes after the addition of the lysis 

buffer the hydrogels and solutions were transferred to Eppendorf tubes and centrifuged to 

pellet the hydrogel. The goal of this step was to keep the hydrogel from interfering with 

the assay. Not only did the hydrogel retain some of the colored dye, portions of the solid 

hydrogel would often end up being transferred to the measurement plate, resulting in 

imprecise absorbance values. After centrifugation, it was much easier to transfer only the 

supernatant to the measurement plate. The reaction solution was then added to the 

supernatant and the normal measurement procedure was followed.   

Live/Dead Assay in Hydrogels: Media was aspirated from the tops of the hydrogels and 

replaced with 150 µL of 2M calcein-AM/4M ethidium homodimer-1 (live/dead reagent). 

The hydrogels were then imaged using a Nikon A1-Rsi confocal system. 
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Caspase 3/7 Staining: MDP hydrogels encapsulating cells were prepared and cultured 

using the “cell culture in gels” techniques described above. If the cells were labeled with 

cell tracker blue, they were labeled before encapsulation in the MDP hydrogel, unless 

otherwise noted. When it was time to image the gels, the media was aspirated from the 

top of the gels, and 150 µL of the caspase solution was added. The caspase solution was 

prepared by adding two drops of the stock solution [R37111, Life Technologies], to 1 mL 

of media. The gels were incubated with the caspase solution for 45 minutes, at which 

point the solutions were removed and replaced with media. The gels were then imaged 

using a Nikon A1-Rsi confocal system. For experiments where the gels were treated with 

DMSO, methanol or staurosporine, those solutions were added before the caspase 

solution and left on the gels for the period of time described in the main text. After the 

incubation period, the solutions were removed, the gels were washed once with 

phosphate buffer and then the caspase solution was applied and the typical imaging 

protocol was followed. For gels that were counterstained with DAPI, the caspase solution 

was removed after the 45 minute incubation period and 1 drop of ProLong Gold with 

DAPI solution [Life Technologies] was added.  

Needle shear viability test: To study the effect of needle shear on hydrogel-encapsulated 

cell viability, NIH-3T3 cells of passage 8 were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal calf serum, 100 units/mL penicillin, 100 

µg/mL streptomycin and 0.25 µg/mL amphotericin B and incubated at 37°C with 5% 

CO2 until they reached 70% confluence.  The cells were detached using trypsin-EDTA 

and suspended at a density of 4.0 ! 106 cells/mL in a 1:1 solution of supplemented 

DMEM: 4x Dulbecco’s Phosphate-Buffered Saline (DPBS).  The cell suspension was 
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mixed with a 20 mg/mL solution of lyophilized K2(TL)6K2GRGDS in Mili-Q water that 

was pH adjusted to 7.4.  This produced a hydrogel with a peptide concentration of 10 

mg/mL and a cell density of 2.0 ! 106 cells/mL.  The hydrogel was incubated at 37°C 

with 5% CO2 for 30 min. Using a micropipette, 16 or 22 gauge needle, 400 µL of 

hydrogel was sheared into a 1.5 mL Eppendorf microcentrifuge tube.  600 µL of 1x 

DPBS was added to each Eppendorf and mixed with the hydrogel by pipetting up and 

down.  The Eppendorf tubes were centrifuged at 3000 rpm for 6 minutes, and the liquid 

was aspirated off of the top of the hydrogel-cell pellet. The hydrogel-cell pellet was re-

suspended in 500 µL of 1x DPBS and centrifuged for the same duration at the same 

speed.  The liquid was aspirated off of the top of the hydrogel-cell pellet and the pellet 

was re-suspended in 400 µL of trypsin-EDTA.  The mixture was incubated for 10 

minutes at 37°C with 5% CO2.  600 µL of complete media was added, and the resulting 

mixture was centrifuged.  The liquid was aspirated off of the top of the hydrogel-cell 

pellet, and the pellet was washed in another 500 µL of 1x DPBS.  Washing of the pellet 

in 1x DPBS was repeated, and then the hydrogel-cell pellet was suspended in 500 µL of 

2M calcein-AM/4M ethidium homodimer-1 (live/dead reagent).  The hydrogel-cell 

solution was incubated in the live/dead reagent for thirty minutes at 37°C with 5% CO2.  

After incubation, the solution was centrifuged to isolate the hydrogel-cell pellet.  The 

resulting pellet was washed first with 500 µL of DPBS and then with 500 µL of Hank’s 

Buffered Saline Solution (HBSS).  The final hydrogel-cell pellet was suspended in 400 

µL of HBSS and plated on a 4-well chamber slide.  The cells and hydrogels were imaged 

using a Nikon TE300 inverted fluorescence microscope.  All chemicals were obtained 

from Life Technologies.    
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Gel-Within-a-Gel Formation: The concentric gel-within-a-gels were prepared by 

forming an MDP hydrogel using the standard protocol described previously. The central 

gel was injected using a 200 µL pipet tip from which the end had been cut-off, resulting 

in a larger opening. The 10 µL of labeled hydrogel was aspirated into the cut-off pipet tip, 

the cut-off pipet tip was inserted all the way to the bottom of the pre-formed hydrogel, 

and then the cut-off pipet tip was slowly backed out of the pre-formed gel as the labeled 

hydrogel was injected. This resulted in a column of labeled hydrogel in the middle of the 

pre-formed gel. Several other injection techniques were tried, from blunted needles to 

Teflon-coated needles. The Teflon-coated needles delivered the most accurate amount of 

hydrogel, but they also delivered a large amount of debris that interfered with the 

experiment. This is why the cut-off pipet tips were used.   

For the two-column gel-within-a-gel structures, both columns were injected into the main 

gel using a Teflon-coated 33 gauge needle that was slowly backed out as the hydrogel 

was injected. For both columns 10 µL of gel was injected. The final concentration for the 

cell column was 100,000 cells/ 10 µL of hydrogel and for the FGF2 column the final 

concentration was 10 µg/mL. !
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Chapter 4: MDP Hydrogels Support Organotypic Cellular Behavior* 
 
The previous chapter examined the effect of MDP hydrogels on dental stem cells; 

however, we hypothesized that the broad materials flexibility of MDPs should lend itself 

to the 3D culture of other types of cells. Here we examine the response of three non-

dental cell lines to MDP encapsulation.  

CATH.a neurons, NIH/3T3 fibroblasts, and EpH4-Ev mammary epithelial cells 

represent a variety of different cell types, yet are all adherent, murine cells that will grow 

on tissue-culture plastic. Cell lines with these characteristics were chosen to eliminate the 

possibility that any observed differences in cell response were due to species or culture 

method. CATH.a is an adherent tumor-derived neuron line that does not require 

subculture on poly-lysine coated plates. NIH/3T3 fibroblasts have an easily 

distinguishable morphology and are commonly used to test the cytocompatibility of 

biomaterials.1 They also have been successfully encapsulated and cultured in 3D in a 

number of biomaterials.2-4 EpH4-Ev is another cell line that is commonly cultured in 

3D.5-8 It is a non-tumorgenic cell line that can organize into organotypic structures when 

encapsulated in rat-tail collagen gels.9-11 The organotypic structures formed exhibit a 

structural organization similar to the mammary ducts and buds that the cells line in native 

tissue, which are described in more detail below.8 These three diverse cell lines represent 

a wide range of cell types making them ideal to test the general compatibility of MDP 

scaffolds beyond dental cell lines.   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"The work in this chapter was done in collaboration with Amanda Moore who is also of 
the Chemistry Department, and is also advised by Professor Jeff Hartgerink. Amanda 
performed the histology and provided experimental feedback and discussion. This 
chapter has been submitted for publication as: Marci K. Kang, Amanda N. Moore, and 
Jeffrey D. Hartgerink. Self-Assembling MultiDomain Peptide Hydrogels Support 
Organotypic Cellular Behavior. Biomacromolecules. Submitted.  



!

!

112!

4.1. Cell Culture Preparation 

The cell lines were all encapsulated in the MDP hydrogels using a very simple 

protocol. First, lyophilized K2(SL)6K2GRGDS peptide was dissolved in Milli-Q water to 

make a 2% by weight solution of the peptide. Then, each cell line was subcultured using 

a standard protocol, and once the desired number of cells was obtained, the cells were 

suspended in HBSS. The peptide solution and the cell suspension were then mixed in 

equal volumes, resulting in the formation of a hydrogel with an encapsulated cell 

population. Encapsulating the cells in the hydrogel allows them to grow in three-

dimensions, as they would in their native environment.  

 
Figure 4.1. All cell lines demonstrate a significant increase in cell density by day 11. 
Symbols indicate the following: * = significantly greater than day 1 & day 3 time points ( 
< 0.001), # = significantly greater than day 1, day 3 & day 7 time points ( < 0.001), ‡ = 
Significantly greater than day 1 & day 3 time points ( < 0.05). All significance 
calculations compare time points within the same cell line.   
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Table 4.1. p-values for cell proliferation data as presented in Figure 4.1. 
Symbol Cell Line Day Cell Line Day p value 
* NIH/3T3 1 NIH/3T3 7 < 0.001 
* NIH/3T3 1 NIH/3T3 11 < 0.001 
* NIH/3T3 3 NIH/3T3 7 < 0.001 
* NIH/3T3 3 NIH/3T3 11 < 0.001 
* EpH4-Ev 1 EpH4-Ev 7 < 0.001 
# EpH4-Ev 1 EpH4-Ev 11 < 0.001 
* EpH4-Ev 3 EpH4-Ev 7 < 0.001 
# EpH4-Ev 3 EpH4-Ev 11 < 0.001 
# EpH4-Ev 7 EpH4-Ev 11 < 0.001 
‡ CATH.a 1 CATH.a 11 < 0.05 
‡ CATH.a 3 CATH.a 11 < 0.05 
p-values > 0.05 not shown. 

 
Figure 4.2. Cell viability data indicates that the cell viability varies between the cell 
lines. The percentage of viable cells was calculated by dividing the number of nuclei with 
a surrounding actin cytoskeleton by the total number of nuclei. Error bars indicate 
standard error of the mean. 
 



!

!

114!

 
Table 4.2. Percentage of viable cells with standard error of the mean 
 Day 1 Day 3 Day 7 Day 11 
NIH/3T3 87 ± 1 45 ± 1 93 ± 0 85 ± 1 
EpH4-Ev 86 ± 0 92 ± 1 99 ± 0 99 ± 0 
CATH.a 30 ± 2 32 ± 1 30 ± 2 60 ± 3 

 

4.2. CATH.a neurons 

The CATH.a cells demonstrate a slight increase in cell number at day 7, and a 

significant increase by day 11 (Figure 4.1), yet they remain rounded throughout the 

duration of the experiment (Figure 4.3). A large number of nuclei without a surrounding 

actin cytoskeleton are seen at all of the time points (Figure 4.3). We generally believe 

that nuclei that lack a surrounding actin cytoskeleton correlate with dead cells and use 

this characteristic to distinguish between living and dead cells in stained confocal 

images.12 The large number of DAPI-stained nuclei without a surrounding actin 

cytoskeleton suggests that either the CATH.a cells are particularly sensitive to the rigors 

of the encapsulation process and thus have low cell viability (Figure 4.2). In particular, 

the shearing forces applied during the pipetting required to suspend the cells in the 

phosphate buffer and form a homogenous gel may be responsible for the difference. 

Others have observed a similar response when encapsulating cells in non-MDP 

biomaterials.13 We observed a similar die-off in previous work with dental cell lines and 

believe that it may be the result of the encapsulation process.12,14 Despite this, all of the 

cell lines that we have used thus far eventually recover and thrive in the 3D MDP 

hydrogel.  

 



!

!

115!

 
Figure 4.3. CATH.a cells remain rounded throughout the experiment, and form larger 
clusters over time. Despite growing in a 3D hydrogel, the observed morphology is similar 
to what is seen when the cells are cultured on tissue culture plastic.  
 

4.3. NIH/3T3 fibroblasts 

The NIH/3T3 cells initially demonstrated little change in cell number through day 

3, then expand significantly by day 7 (Figure 4.1). However, no change in cell density 

was observed from day 7 to day 11 (Figure 4.1). At day 1 the majority of the 

encapsulated NIH/3T3 cells are rounded, however a few exhibit a typical spread-out 

fibroblast morphology (Figure 4.4A).  

 
Figure 4.4. NIH/3T3 cells are able to attach and spread throughout the MDP hydrogel. 
Cell-cell interaction increases over time.   
 

In some areas there are large numbers of nuclei not surrounded by actin, which 

persists until day 3 (Figure 4.4A & 4.4B). By day 3 most of the cells have adopted an 

elongated, spread-out fibroblast morphology and a few have begun forming cell-cell 

interactions (Figure 4.4B). By day 7 the number of NIH/3T3 cells has increased tenfold, 
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with the majority of cells appearing to be attached, well-spread, and interacting with 

neighboring cells (Figure 4.4C). In some areas where cell density is very high, sheets of 

interconnected cells are formed. The cell morphology and overall organization observed 

at days 7 and 11 are similar and it is possible that the cells have reached quiescence 

(Figure 4.4C & 4.4D). The discrepancy between the apparent cell density in the confocal 

images (Figure 4.4) and the cell count (Figure 4.1) is due to the heterogeneous 

distribution of the cell density throughout the imaged area. The lower magnification 

images seen in Figure 4.5 more readily visualize the cellular distribution. 

 
Figure 4.5. Low magnification images of NIH/3T3 cells encapsulated in 
K2(SL)6K2GRGDS hydrogels at Day 7 (left) and Day 11 (right) illustrate the differences 
in cellular distribution between the time points. The actin filaments are stained green with 
Alexa488-phalloidin and the cell nuclei are stained blue with DAPI. The low 
magnification and microscope settings also cause the hydrogel itself to exhibit some blue 
staining. 
 

 Interestingly, when the NIH/3T3 cells are cultured in K2(SL)6K2 hydrogels, 

similar cell proliferation is observed through day 3 (Figure 4.6 and 4.7A). At day 7, the 

fibroblasts in the K2(SL)6K2 hydrogels have not proliferated as much as they did in the 
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K2(SL)6K2GRGDS hydrogels (Figure 4.4C, 4.6C, and 4.7A), but by day 11 the 

percentage of viable cells and overall cell number is roughly the same (Figure 4.7). Based 

on this result, NIH/3T3s should not be used to examine the effectiveness of RGDS 

functionalization as RGDS does not seem to be necessary for NIH/3T3 attachment to a 

scaffold (Figure 4.6).   

 
Figure 4.6. Even when the integrin-binding RGDS sequence is not present NIH/3T3 cells 
are able to attach and proliferate throughout K2(SL)6K2 hydrogels.  
 
 

 
Figure 4.7. Cell proliferation and viability data indicates that NIH/3T3 cells exhibit the 
same degree of proliferation (A) and viability (B) in K2(SL)6K2 hydrogels as they do in 
K2(SL)6K2GRGDS hydrogels. Error bars indicate standard error of the mean. * = 
significantly greater than Day 1 & Day 3 time point (p < 0.001), # = significantly greater 
than K2(SL)6K2 at the same time point (p < 0.001). 
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Table 4.3. Percentage of viable NIH/3T3 cells with standard error of the mean 
 Day 1 Day 3 Day 7 Day 11 
K2(SL)6K2GRGDS 87 ± 1 45 ± 1 93 ± 0 85 ± 1 
K2(SL)6K2 72 ± 2 48 ± 2 79 ± 2 86 ± 2 

 
 

4.4. EpH4-Ev mammary epithelial cells 

One day after encapsulation the EpH4-Ev cells remain rounded and exist either as 

single cells or as discrete groups of less than 10 cells (Figure 4.8A).  Most of the nuclei 

have a surrounding actin cytoskeleton, suggesting that the EpH4-Ev cells are able to 

withstand the encapsulation process better than the NIH/3T3s or the CATH.a cells. By 

day 3, the EpH4-Ev cells have expanded significantly and very few single cells are 

observed (Figure 4.8B). Instead they have formed small, discrete cell clusters some of 

which extend processes out into the hydrogel. From day 3 to day 7 in the 

K2(SL)6K2GRGDS hydrogels there is a threefold increase in cell number (Figure 4.1) and 

a large increase in the number of cell-cell interactions, where the large discrete clusters 

observed at day 3 expand and begin to merge, forming organotypic structures (Figure 

4.6C). Some cells seem to be arranging themselves around the lining of “ducts” resulting 

in the appearance of circular openings throughout the gel (Figure 4.8C). Other cells are 

arranged to form hollow amorphous structures, which have a similar morphology to 

native mammary buds (Figure 4.8C, 4.10C). The alignment of the EpH4-Ev cells around 

hollow spaces within the gel is particularly evident in the histology sections stained with 

hematoxylin and eosin (Figure 4.9B). After day 7, the EpH4-Ev cells continue to 

proliferate and by day 11 the entire hydrogel appears to be a completely interconnected 

network of “ducts” and “buds” (Figure 4.8D). 
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Figure 4.8. EpH4-Ev cells remain rounded at the earlier time points, but eventually the 
clusters of cells expand and merge to form organotypic structures that fill the hydrogel. 
These structures are primarily made up of interconnected “ducts” and “buds” that visually 
appear similar to native human mammary glands.  
 
 

 
Figure 4.9. Day 11 K2(SL)6K2GRGDS hydrogels containing NIH/3T3 (A) and EpH4-Ev 
(B) cells that have been sectioned and stained with hematoxylin and eosin illustrate the 
different structures formed by the two cell lines. For the EpH4-Ev cells (B), the staining 
supports the claim that the structures seen in the confocal images are indeed hollow. 
 
 

The appearance of similar organotypic structures in 3D culture has been 

documented, but not quite to this extent.10,11 Most of the work published in the literature 

either genetically modifies the cell line or adds growth factors to drive the formation of 

organotypic structures; here we obtain similar results with no genetic modification and no 

additional growth factors.5,8,15 Additionally, the majority of previous research has focused 

on the 3D culture of EpH4-Ev cells in collagen gels, where the simpler alveolar buds 

found in mice are observed (Figure 4.8B). The morphology of the structures formed in  
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Figure 4.10. Illustrates the different cell organizations expected for each condition: (A) 
neoplasm, (B) mouse mammary gland, and (C) human mammary gland. A cross-section 
of the simple, mouse mammary gland would result in cells lining a circular space, while 
the cross-sections of the more complex human mammary gland contain multiple 
invaginations of cells. When the EpH4-Ev cells are cultured in K2(SL)6K2GRGDS 
hydrogels for 11 days (D and E), the cells organize into structures with many infolds 
(highlighted by the white arrows), similar to what is observed in the human mammary 
gland. 
 

the MDP hydrogel seem to have similarities to the more complex human mammary 

gland, with multiple invaginations in the end bud (Figure 4.8C-E).10,15 This difference 

could be due to the high density of the RGDS ligand provided by the MDP hydrogel. In 

order to determine what was causing this interesting response, we encapsulated EpH4-Ev 
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cells in K2(SL)6K2 hydrogels which lack the RGDS sequence. Previous research into 

mammary epithelial cells and mammary carcinomas has highlighted the importance of 

ECM interaction in maintaining normal cell organization and morphology.6 Binding of 

the !1-integrin has been shown to be especially important to maintaining normal 

mammary gland structure and function as researchers have shown that abnormal !1-

integrin activation results in a cancer pathology (Figure 4.10A).16 Since the 

K2(SL)6K2GRGDS hydrogels have such a high concentration of the RGDS epitope, 

which is known to interact with the !1-integrin, we hypothesized that we would see a 

significantly different response when we encapsulated the EpH4-Ev cells in a K2(SL)6K2 

hydrogel.17 

 

4.5. EpH4-Ev cells cultured in K2(SL)6K2 hydrogels 

At day 1 the major difference between the two protocols is the extent of 

cytoskeletal network that is formed: extensive in the case of K2(SL)6K2GRGDS, but 

almost entirely lacking in the case of K2(SL)6K2 hydrogels (Figure 4.8A & 4.11A). By 

day 7 the cells in the K2(SL)6K2 hydrogels are not forming the larger structures that they 

formed when cultured in the K2(SL)6K2GRGDS hydrogels (Figure 4.11C). Instead, the  

 
Figure 4.11. Culturing the EpH4-Ev cells in K2(SL)6K2 hydrogels results in the loss of 
overall cell organization, the formation of discrete masses of cells and a general loss of 
cytoskeletal network formation. Generally, it appears that the cells prefer to form cell-cell 
contacts, rather than cell-matrix interactions, in the absence of the –RGDS.   
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Figure 4.12. Cell number (A) and viability (B) decrease over time when the EpH4-Ev 
cells are cultured in a K2(SL)6K2 hydrogel. This is the opposite of what is observed when 
the cells are cultured in K2(SL)6K2GRGDS hydrogels, highlighting the importance of the 
RGDS sequence. Symbols indicate the following: * = significantly greater than day 1 & 
day 3 time points ( < 0.001), # = significantly greater than day 1, day 3 & day 7 time 
points ( < 0.001), ‡ = Significantly greater than the same time point for the K2(SL)6K2 
condition (< 0.001).  
 
Table 4.4. Percentage of viable EpH4-Ev cells with standard error of the mean 
 Day 1 Day 3 Day 7 Day 11 
K2(SL)6K2GRGDS 86 ± 0 92 ± 1 99 ± 0 99 ± 0 
K2(SL)6K2 85 ± 2 22 ± 1 26 ± 3 17 ± 3 

 

cells in the K2(SL)6K2 hydrogels form discrete clusters of cells (Figure 4.11C). The 

EpH4-Ev cell line is non-tumorgenic so it is interesting to note that completely removing 

the signaling of the RGDS sequence is enough to cause the cells to form a tumor-like 

mass (Figure 4.10A) lacking in structural organization (Figure 4.11C & 4.11D).18 

However, there are still cells alive in the hydrogels at the later time points, suggesting 

that the cells are able to survive in such an environment (Figure 4.12). This potentially 

makes the MDP scaffold system an attractive means by which to study the role of 

specific ECM components in the development of mammary carcinomas as well as with 
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other matrix dependent cell types. For instance, future studies could utilize hydrogels 

formed of multiple different MDPs, each incorporating a distinct bioactive peptide 

sequence resembling a specific component of the ECM. By altering the ratio of bioactive 

sequences present in a given scaffold, the ideal hydrogel composition for a given cell 

type could be determined. Furthermore, perturbations of this ratio could elucidate the role 

of the native ECM in driving development of a cancerous cell morphology. 

 
4.6. Conclusion 

We have demonstrated that MDPs can be used as an effective scaffold for a 

variety of cell types, triggering the formation of organotypic structures when the correct 

bioactive sequences are present. Until this point the majority of our work has combined 

dental cell lines with MDP hydrogels. However, the flexibility of the MDP design makes 

it an attractive scaffold for a variety of tissue engineering applications. Here we examined 

the morphology, proliferation, and overall organization of CATH.a neurons, NIH/3T3 

fibroblasts, and EpH4-Ev mammary epithelial cells when encapsulated in a 3D MDP 

hydrogel. The sequence K2(SL)6K2GRGDS was used, as previous research demonstrated 

that this particular sequence was able to support cell attachment and spreading.12,14 We 

found that by day 11, all of the cell lines are able to expand significantly when 

encapsulated in the hydrogel, suggesting that MDP hydrogels are compatible with a range 

of cell types. The NIH/3T3 cells begin to exhibit a typical fibroblast morphology at day 

3, and by day 11 proliferate to form sheets of cells throughout the hydrogel. The EpH4-

Ev cells expand at day 3 to form clusters of cells with many cell-cell interactions, and by 

day 7 larger organotypic structures begin to form. The cells further expand by day 11, 

forming interconnected ducts throughout the hydrogel. Removing the integrin-binding 
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sequence from the encapsulating hydrogel results in the formation of loose clusters of 

cells, instead of the ordered organotypic structures seen in the K2(SL)6K2GRGDS 

hydrogels. This highlights the importance of the cell-ECM interaction in long-range cell 

behavior. However, the EpH4-Ev cells still survive in the K2(SL)6K2 hydrogels, 

suggesting that this highly customizable material could potentially be utilized to further 

study mammary epithelial cells and the cancers that arise from their mutation. 

 

4.6. Experimental 

Multidomain Peptide Synthesis: K2(SL)6K2GRGDS and K2(SL)6K2 were synthesized 

on 0.37 mmol/g Rink Amide MBHA resin on an Aapptec Focus XC synthesizer using 

techniques previously reported by our lab.12,19 The crude peptides were dissolved in the 

minimal amount of Milli-Q water that afforded solubility and then placed in 100-500 

molecular weight cut-off dialysis bags. The peptide solutions were dialyzed against Milli-

Q water for three days, after which the solution was frozen and lyophilized, resulting in a 

white peptide powder. The purified peptides were characterized using either a Bruker 

Autoflex II spectrometer (MALDI-TOF mass spectrometry) or a Bruker ESI-LCMS 

system.      

Cell Culture: All cell lines were purchased from ATCC and subcultured according to the 

provided protocols. All cell lines were cultured in tissue culture treated flasks at 5% CO2 

and 37°C. The NIH-3T3 and EpH4-Ev cell lines were cultured until they reached 70-80% 

confluence. Prior to passaging the media was aspirated from the flask and the cells were 

washed once with phosphate buffer. The cells were removed from the flask using 

Trypsin-EDTA [Life Technologies] and then suspended in complete media and 
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centrifuged at 1300 x g for 6 minutes to pellet the cells. Complete media for the 3T3 cells 

consists of DMEM with 10% FBS. Complete media for the EpH4-Ev cells is the same as 

for 3T3 cells with the addition of 1.2 µg/mL puromycin [all from Life Technologies]. 

After centrifugation the media was removed and the cell pellet was resuspended in HBSS 

to a final volume of 1 mL. Ten microliters of the cells suspension was mixed with 190 µL 

of Trypan blue [Sigma-Aldrich, St.Louis, MO] to identify dead cells and facilitate cell 

counting. The concentration of cells/mL was determined using a hemocytometer and the 

cells were reseeded at 3.0!105 to 3.5!105 cells/ T75 flask. CATH.a cells were passaged 

every 4 days using a similar protocol; the only difference being that prior to passaging, 

the media and phosphate buffer used to wash the cells was retained and added to the 

trypsinized cell solution. This protocol followed the recommendations from ATCC. 

Complete media for the CATH.a cells is RPMI 1640 media plus 8% horse serum, and 4% 

FBS.  

Cell culture in hydrogels: For each cell line, a 1.0!106 cells/mL suspension in HBSS 

was prepared. Dissolving 10 mg of peptide in 500 µL of Milli-Q water yielded a 2% by 

weight peptide solution. The peptide solution was mixed with an equal volume of the cell 

suspension to encapsulate the cells in a final hydrogel that was 1% by weight and 

contained 500,000 cells/mL. The resulting hydrogel was pipetted into the wells of a 16-

well slide in 100 µL aliquots. Each hydrogel has a diameter of about 7 mm and is 

approximately 2 mm high. For each time point two hydrogels were prepared per cell line. 

The hydrogel was allowed to set in the incubator for 30 minutes to insure complete 

gelation and then 200 µL of complete growth media was gently pipetted onto the top of 

the hydrogel. The complete growth media did not contain phenol red, but was otherwise 
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identical to the growth media described above for each cell line. This media was 

refreshed daily.  

Confocal microscopy: The hydrogels were fixed and stained with DAPI and Alexa488-

phalloidin  [both from Life Technologies] using protocols previously described by our 

lab.12 The stained hydrogels were imaged using a Nikon A1-Rsi confocal system.  

Assessment of cell number: For each cell line the same protocol was followed: ten 

images with a z-thickness of 40 !m were collected at each time point, five from each 

hydrogel. Each z-stack was compressed into one image, and the number of cells in each 

image were counted using ImageJ.20 Since the cells are evenly distributed throughout the 

hydrogel, an average of the cell counts at each time point can be used to calculate cell 

density as cells/ 100 !L of hydrogel.12 For each cell line, analysis of variance (ANOVA) 

and Tukey’s test were used to determine significant differences between the different 

time points. A more detailed account of the cell counting protocol can be found in work 

previously published by our lab.12  

Histology: Prior to histological staining, gels were fixed in 4% paraformaldehyde. After 

fixation, the hydrogels were soaked in O.C.T. compound (Tissue-Tek; Torrance, CA) 

overnight21, and flash frozen using a dry ice/ethanol slurry the following day. 14 µm 

sections of the hydrogels were cut using a Leica CM 1850 UV cryostat and adhered to 

Micro Slides Superfrost® Plus slides (VWR; Radnor, PA). Sections were H&E stained 

(Mayer’s Hematoxylin- Electron Microscopy Sciences; Hatfield, PA. Accustain® Eosin 

Y- Sigma Aldrich; St. Louis, MO), and mounted with DPX mountant (Sigma Aldrich; St. 

Louis, MO) for imaging using an Evos XL Core microscope.  
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Chapter 5: Conclusions 
 

As the world’s population ages, it becomes increasingly important to be able to 

engineer and regenerate tissues. In order to do so, new biomaterials are required. Our lab 

has previously developed MultiDomain Peptides (MDPs), which self-assemble to form 

nanofibrous hydrogels suitable for a range of biological applications.1-3 This work 

describes the development of new MDPs and the characterization of their utility as in 

vitro cell culture scaffolds.  

To expand the MDP library, modifications were made to improve both MDP 

synthesis and purification. The incorporation of pseudoproline dipeptides resulted in 

syntheses with fewer deletions. This improved our synthesis success rate, decreasing the 

number of failed syntheses and thus reducing both material and time loss. Increasing the 

number of charged residues present in the MDP sequence had a similar effect, allowing 

for the purification of the MDP by HPLC, which again reduced material waste and time 

loss.    

More new MDP sequences were designed by using threonine as the hydrophilic 

amino acid. Based on previously published sequences3 this substitution yielded three new 

sequences: K2(TL)6K2, K2(TL)6K2GRGDS, and K(TL)2SLRG(TL)3KGRGDS. All of the 

new sequences formed anti-parallel !-sheets, as assessed by CD and IR. AFM and TEM 

images showed that they all formed curved nanofibers, which differed in morphology 

from the straight nanofibers formed by all of the previously published MDP sequences. 

New MDP sequences were also prepared by modifying the length of either the 

amphiphilic region or the charged domains. K3(SL)6K3, K4(SL)6K4, K3(SL)7K3, and 

K3(SL)8K3 were synthesized, characterized, and compared with the previously published4 
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K2(SL)6K2. Comparing the storage moduli (G’) of all of the hydrogels revealed that there 

might be a correlation between G' and the number of amphiphilic repeats as all of the 

sequences containing six SL repeats had roughly the same G’. However, the relationship 

between the number of amphiphilic repeats and G’ was not linear, which suggested that 

the relationship between the MDP sequence and the hydrogel storage modulus was not a 

simple one. This was important to improve our design of future MDP hydrogels. The four 

new SL-based sequences could also be used for future mechanistic studies to expand our 

understanding of the peptide self-assembly process. 

The cytocompatibility of K2(TL)6K2, K2(TL)6K2GRGDS, and 

K(TL)2SLRG(TL)3KGRGDS was assessed by using them as 3D culture scaffolds for 

stem cells from human exfoliated deciduous teeth (SHEDs). SHED cells were 

encapsulated in both the threonine and serine-based MDP hydrogels and SHED 

morphology and proliferation was compared.3 SHED cells spread out and proliferated 

rapidly throughout the serine-based gels, but only attached to the threonine gels that 

contained the RGDS integrin-binding motif. This suggested that the serine gels were 

more proliferative, while the threonine-based gels were more selective and required the 

RGDS for cells to attach. This finding highlighted the importance of tailoring the MDP 

sequence to the desired application. 

Lastly, we determined that MDP hydrogels are compatible with a number of 

different cell types. Neurons, fibroblasts, and mammary epithelial cells were 

encapsulated in K2(SL)6K2GRGDS hydrogels and we found that all of the cell lines had 

proliferated significantly after eleven days in culture. The fibroblasts were able to attach 

and spread throughout the hydrogel and exhibited a typical fibroblast morphology from 
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day three on. The mammary epithelial cells initially formed cell clusters within the 

K2(SL)6K2GRGDS hydrogels, but by day seven began to form organotypic structures that 

resembled mammary buds and ducts. When the mammary epithelial cells were cultured 

in K2(SL)6K2 hydrogels the cells survived, but formed loosely associated clusters of cells 

that lacked structural organization; an architecture commonly observed in tumors. This 

emphasized the importance of cell-scaffold interactions in long-range cell organization.  

This work demonstrates that MDPs are highly adaptable materials that can elicit 

different cell responses based on MDP chemistry alone. MDP hydrogels are compatible 

with a wide range of cell types and their innate cytocompatibilty makes them ideal for a 

range of tissue engineering applications. When the right biological cues are provided 

MDP hydrogels can even support the formation of organotypic structures. This innate 

biocompatibility, combined with the modular design makes MDP hydrogels ideal 

scaffolds for regenerative medicine and tissue engineering.  

!!
!
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Table of MDPs, 1 of 5

Nanofibers Hydrogel

(Y/N) (Y/N)
Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.

Bakota, E. Ph.D. Thesis, Rice University, 2011.
C4K2(QL)5K2* solubility 

issues
Bakota, E. Ph.D. Thesis, Rice University, 2011.

E(CLEL)3E BS Synthesized and characterized by Virany Yuwono

E(CLSL)3E oxidized aBS Y Y 6135 740 Aulisa, L et al. Biomacromolecules 2009, 10, 2694.

E(CLSL)3E reduced aBS Y Y 276 24 Aulisa, L et al. Biomacromolecules 2009, 10, 2694.
Synthesized and characterized by He Dong

Bakota, E. Ph.D. Thesis, Rice University, 2011.
E(QL)6E* aBS Y Y 98 9 Aulisa, L et al. Biomacromolecules 2009, 10, 2694.

Dong, H. Ph.D. Thesis, Rice University, 2008.
Bakota, E. Ph.D. Thesis, Rice University, 2011.

E(SL)6E aBS Y Y 481 63 Aulisa, L et al. Biomacromolecules 2009, 10, 2694.

E(SL)6E2 aBS Synthesized and characterized by Erica L Bakota

E(SL)6EGRGDS Synthesized by Brynnan M Webster

E(SLEL)3E BS Synthesized and characterized by Virany Yuwono

E2(CLSL)3E2 BS Synthesized and characterized by He Dong

E2(QA)6E2 RC Synthesized and characterized by He Dong

E2(QF)5E2 aBS Y Bakota, E. Ph.D. Thesis, Rice University, 2011.
Synthesized and characterized by He Dong

Bakota, E. Ph.D. Thesis, Rice University, 2011.
E2(QF)6E2 !-helix Y

Y

-

E(QA)6E BS Y 16 2

Appendix I: Table of MDPs

Sequence Secondary 
Structure

G’ (Pa) G’’ 
(Pa)

Relevant Chapter(s)/Reference

(QL)6 insoluble insoluble - -

E(QL)6EGRGDS* BS Y
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Nanofibers Hydrogel
(Y/N) (Y/N)

Dong, H. Ph.D. Thesis, Rice University, 2008.
Bakota, E. Ph.D. Thesis, Rice University, 2011.

E2(SL)3RG(SL)3E2GRGDS BS Y Bakota, E. Ph.D. Thesis, Rice University, 2011.

E2(SL)6E2 aBS Y Y 2090 168 Bakota, E et al. Biomacromolecules 2011, 12, 82.

E2(SL)6E2GRGDS aBS Y Y 480 21 Bakota, E et al. Biomacromolecules 2011, 12, 1651.

E2G(CLSL)3GE2 BS Synthesized and characterized by Virany Yuwono

E4(QL)6E4
# !-helix Y Y Dong, H. Ph.D. Thesis, Rice University, 2008.

E4(QL)6E4GRGDS# !-helix Y Y Dong, H. Ph.D. Thesis, Rice University, 2008.

H3(QL)6H3 BS Y Synthesized and characterized by He Dong

K(QL)4K Y Synthesized and characterized by He Dong

K(QL)6K insoluble insoluble - - - Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.

K(SL)3RG(SL)3K aBS Y 175 (s) 25 (s) Galler, K et al.  J. Am. Chem. Soc. 2010, 132, 3217.

K(SL)3RG(SL)3KGKLTWQE
LYQLKYKGI

aBS Y Y 200 20 Kumar, V et al. ACS Nano 2015, 9, 860.

Chapter 3
Galler, K et al.  J. Am. Chem. Soc. 2010, 132, 3217.

40, 5, Chapters 2 and 3
67 (s) 5 (s) Kang, M et al. Biomacromolecules 2010, 15, 2004.

K2(CLQL)3K2* Y (Tris) Bakota, E. Ph.D. Thesis, Rice University, 2011.

K2(CLSL)3K2 oxidized aBS Y Y 13220 700 Synthesized and characterized by Amanda N Moore

K2(CLSL)3K2 reduced aBS Y Y 667 53 Synthesized and characterized by Amanda N Moore

K2(NL)6K2 Y Bakota, E. Ph.D. Thesis, Rice University, 2011.

K2(QF)5K2* BS Y Y 253 19 Bakota, E. Ph.D. Thesis, Rice University, 2011.

Relevant Chapter(s)/Reference

K(TL)2SLRG(TL)3KGRGDS aBS Y Y

K(SL)3RG(SL)3KGRGDS aBS Y Y 172 (s) 20 (s)

E2(QL)6E2 BS Y Y

Sequence Secondary 
Structure

G’ (Pa) G’’ 
(Pa)
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Nanofibers Hydrogel
(Y/N) (Y/N)

K2(QF)6K2 aBS Y Y 175 13 Bakota, E et al. Biomacromolecules 2013, 14, 1370.

K2(QFQL)3K2 aBS Y Y 321 31 Bakota, E et al. Biomacromolecules 2013, 14, 1370.
Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.

Bakota, E. Ph.D. Thesis, Rice University, 2011.
Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.

Bakota, E. Ph.D. Thesis, Rice University, 2011.
Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.

Bakota, E. Ph.D. Thesis, Rice University, 2011.
Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.

Bakota, E. Ph.D. Thesis, Rice University, 2011.
Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.
Aulisa, L et al. Biomacromolecules 2009, 10, 2694.

Bakota, E. Ph.D. Thesis, Rice University, 2011.
K2(QW)5K2 BS Y Y 28 3 Bakota, E. Ph.D. Thesis, Rice University, 2011.

Bakota, E et al. Biomacromolecules 2013, 14, 1370.
Bakota, E. Ph.D. Thesis, Rice University, 2011.

K2(QY)5K2 RC Y Y 11 3 Bakota, E. Ph.D. Thesis, Rice University, 2011.
Bakota, E et al. Biomacromolecules 2013, 14, 1370.

Bakota, E. Ph.D. Thesis, Rice University, 2011.
K2(SF)5K2 BS Y Bakota, E. Ph.D. Thesis, Rice University, 2011.

K2(SF)6K2 aBS Y? Bakota, E. Ph.D. Thesis, Rice University, 2011.

K2(SL)2(SA)2(SL)2K2 aBS Y Y 158 14 Synthesized and characterized by I-Che Li

K2(SL)2SA(SL)3K2 aBS Y Y 142 13 Synthesized and characterized by I-Che Li

K2(SL)3RG(SL)3K2 aBS Y 45 (s) 5 (s) Galler, K et al.  J. Am. Chem. Soc. 2010, 132, 3217.

K2(QL)4K2* RC N

13 3

Y Y

K2(QL)5K2* BS Y

K2(QY)6K2 pBS Y Y

109 10

K2(QW)6K2 pBS Y Y 18 2

K2(QL)6K2* aBS

N

K2(QL)2K2 RC N

K2(QL)3K2* RC

Sequence Secondary 
Structure

G’ (Pa) G’’ 
(Pa)

Relevant Chapter(s)/Reference
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Nanofibers Hydrogel
(Y/N) (Y/N)

191, 17, Chapters 3 and 4
400 (s) 25 (s) Aulisa, L et al. Biomacromolecules 2009, 10, 2694.

Galler, K et al.  J. Am. Chem. Soc. 2010, 132, 3217.
23, 4, Chapters 3 and 4

150 (s) 10 (s) Galler, K et al.  J. Am. Chem. Soc. 2010, 132, 3217.

Kang, M et al. Biomacromolecules 2010, 15, 2004.
K2(SL)6RK2LGKA aBS Y Y 110 7 Synthesized and characterized by Marci K Kang

K2(SW)5K2 BS Bakota, E. Ph.D. Thesis, Rice University, 2011.

K2(SW)6K2 BS Bakota, E. Ph.D. Thesis, Rice University, 2011.
Chapters 2 and 3

Kang, M et al. Biomacromolecules 2010, 15, 2004.
Bakota, E. Ph.D. Thesis, Rice University, 2011.

109, 6, Chapter 2
180 (s) 11 (s) Kang, M et al. Biomacromolecules 2010, 15, 2004.

K2C(QL)6CK2*  solubility 
issues

Bakota, E. Ph.D. Thesis, Rice University, 2011.

K3(QF)6K3 BS Y Y 127 15 Bakota, E. Ph.D. Thesis, Rice University, 2011.

K3(QL)6K3* !-helix Y Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.

K3(SL)6K3 aBS Y Y 195 50 Chapter 2

K3(SL)7K3 aBS Y Y 2027 146 Chapter 2

K3(SL)8K3 aBS Y Y 396 21 Chapter 2

Y Y

K2(TL)6K2 aBS Y Y

K2(SL)6K2 aBS Y Y

K2(SL)6K2GRGDS aBS

K2(TL)6K2GRGDS aBS

80 (s) 5 (s)

Y Y

Sequence Secondary 
Structure

G’ (Pa) G’’ 
(Pa)

Relevant Chapter(s)/Reference
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Nanofibers Hydrogel
(Y/N) (Y/N)

Dong, H et al. J. Am. Chem. Soc. 2007, 129, 12468.
Bakota, E. Ph.D. Thesis, Rice University, 2011.

K4(QL)6K4PHSRN BS Synthesized and characterized by He Dong

K4(SL)6K4 aBS Y Y 192 15 Chapter 2

K5(QL)6K5* RC N Bakota, E. Ph.D. Thesis, Rice University, 2011.

K6(QL)6K6* RC N Bakota, E. Ph.D. Thesis, Rice University, 2011.

K7(QL)6K7* RC N Bakota, E. Ph.D. Thesis, Rice University, 2011.

PHSRNE4(QL)6E4RGDS# !-helix Y Y Dong, H. Ph.D. Thesis, Rice University, 2008.

PHSRNGE(QL)6EGRGDS BS Y Y Dong, H. Ph.D. Thesis, Rice University, 2008.

QK2(SL)6K2Q BS Y 437 27 Bakota, E. Ph.D. Thesis, Rice University, 2011.

R(QL)4R BS Y Synthesized and characterized by He Dong

R2(QL)6R2 BS Y Synthesized and characterized by He Dong

Notes:
!All values are for when the 2wt% solution is made with water unless otherwise noted. 

!Blank spaces indicate that data regarding the specific characteristic could not be found.

"Nanofibers: Y = nanofibers observed in AFM, TEM, and/or cryo-TEM. N = no nanofibers observed. 
"Hydrogel: Y = hydrogel formed. N = no hydrogel formed. 
"G’/G’’: (s) = peptide dissolved in 298 mM sucrose.
* = Used for SWCNT study
# = transitions to "-sheet when oppositely charged salts are added

!Peptide sequences and data are from published papers, theses of previous graduate students, raw data from previous students, and 
conversations with current graduate students. 

"Secondary Structure: aBS = anti-parallel "-sheet, pBS = parallel "-sheet, BS = "-sheet (no orientation noted), RC = random coil, !-helix = 
!-helix, insoluble = peptide insoluble in water. 

Relevant Chapter(s)/Reference

K4(QL)6K4* !-helix N

Sequence Secondary 
Structure

G’ (Pa) G’’ 
(Pa)
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Appendix II: List of Publications 
 
 

 
(1) O'Leary, L. E. R.; Fallas, J. A.; Bakota, E. L.; Kang, M. K.; Hartgerink, J. D. Nat 
Chem 2011, 3, 821. 
 
(2) Kisley, L.; Chen, J.; Mansur, A. P.; Dominguez-Medina, S.; Kulla, E.; Kang, M. K.; 
Shuang, B.; Kourentzi, K.; Poongavanam, M. V.; Dhamane, S.; Willson, R. C.; Landes, 
C. F. J Chromatogr A 2014, 1343, 135. 
 
(3) Kang, M. K.; Colombo, J. S.; D'Souza, R. N.; Hartgerink, J. D. Biomacromolecules 
2014, 15, 2004. 
 
(4) Kumar, V. A.; Taylor, N. L.; Shi, S.; Wang, B. K.; Jalan, A. A.; Kang, M. K.; 
Wickremasinghe, N. C.; Hartgerink, J. D. Acs Nano 2015, 9, 860. 
 
(5) Kang, M. K.; Moore, A. N.; Hartgerink, J. D. Biomacromolecules Submitted. 
 
(6) I have also contributed work to a manuscript that being prepared by Matt Minus and 
Professor Zach Ball, both of the Chemistry department.  
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