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In an effort to develop a biohybrid artificial organ, mammalian cells were 

engineered with several properties to make them adept in secreting therapeutic 

proteins and surviving low oxygen levels in an encapsulated environment.  Three cell 

lines, C2C12, Jurkat, and HEK293, were investigated for their ability to secrete 

human interleukin 2 (hIL2), which can serve as an anti-cancer agent.  An intracellular 

fluorescent protein marker was independently expressed using an internal ribosome 

entry site sequence so that hIL2 remained active and free for secretion.  DsRed 

fluorescent protein markers were used since red light is known to be transmissible 

through mammalian tissue.  Transient transfection of all three cell lines proved that 

internal red fluorescence measurements were indeed linearly correlated with the 

concentration of hIL2 secreted.  To increase the survivability of encapsulated 

cultures, cells were engineered with an anti-apoptotic gene, bcl-2∆, placed under the 

control of a hypoxia sensitive promoter.  This protective system was found to lessen 

both hypoxia induced necrosis and apoptosis.  To complete the biohybrid system, a 

  



novel hydrogel (mTG-Gel), utilizing microbial transglutaminase (mTG) to 

enyzmatically crosslink gelatin, was developed as a biocompatible cellular scaffold 

for encapsulating the engineered cells.  These gels were stable at physiological 

temperature (37 oC) and could be tailored for enzymatic stability.  Specifically, 

HEK293 cells that were metabolically engineered with all the previous characteristics 

were encapsulated in 4% mTG-Gels.  In situ analysis of DsRed fluorescence showed 

that cells overlayed with mTG-Gel exhibited reductions in fluorescence with 

increasing height of gel.  Human IL2 diffusion through the hydrogel into overlaying 

media was found to exhibit the expected dependence on the square of the gel 

thickness.  Diffusion cells were used to determine an effective diffusion coefficient 

for hIL2, which compared well to that obtained from the gel-overlay cell culture 

experiments. 
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1. Introduction 

1.1 Research Motivation 

Biohybrid artificial organs combine the usage of living cells along with 

synthetic materials for the treatment of serious and chronic human ailments.  

Encapsulation therapy has already been used for treating several human diseases, 

including chronic pain [1] and Amyotrophic Lateral Sclerosis (ALS) or Lou Gehrig's 

disease [2].  In order to further expand the application of this technology, however, 

several technical challenges must yet be surmounted.  The objectives of this research 

are to address three major challenges found in creating a viable biohybrid artificial 

organ: (i) Design an in situ method for detecting therapeutic proteins secreted from 

encapsulated engineered cells; (ii) Lessen the level of necrosis and apoptosis induced 

by hypoxia, and (iii) Develop a biocompatible cellular scaffold and encapsulation 

material for the metabolically engineered cells. 

To explore the first of these considerations, cells will be engineered to secrete 

human interleukin-2 (hIL2), as a model therapeutic protein.  hIL2 is a polypeptide 

hormone and is a natural component of the body’s immune system.  This molecule 

normally functions to simulate the differentiation of enhanced cytotoxic cells, which 

have been shown to be effective in fighting cancer and AIDS.  In order to gauge how 

reliably hIL2 can be secreted in an encapsulated device, it may also be important to 

have an indicator for tracing its production.  The indicator, however, should be self-

contained, as well as detectable even when the device is implanted subdermally.  To 

address this issue, the usage of a self-fluorescing protein marker may be an ideal 

candidate for tracing therapeutic protein production and secretion.  DsRed is one of 
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such proteins, and is unique in that it emits red fluorescent light, which is translucent 

through tissues.  Thus, the co-expression of DsRed may provide a self-sufficient, and 

yet non-invasive means, for detecting hIL2 production in a transplanted device. 

The second challenge that will be studied is the issue of inadequate oxygen 

supplies inside a biohybrid artificial organ.  This problem is especially critical for 

devices that may be implanted for months and ideally, years, while cells can tolerate 

deficient oxygen levels for only a few days at best.  When the metabolic demand of 

oxygen exceeds levels that are available, cells experience a physiological state known 

as hypoxia, which has been shown to diminish engineered therapeutic protein 

production and cell viability.  Several extracellular approaches that focus on increasing 

the flux of oxygen have been taken to mitigate this issue in biohybrid organs.  

Strategies include inducing vascularization around the implant [3], electrochemically 

generating oxygen by decomposing water around the membrane [4] , as well as using 

synthetic oxygen carriers [5, 6]. 

An alternative approach of counteracting hypoxia is to obstruct apoptosis and 

necrosis signaling pathways, which are used to induce cell death.  Bcl-2∆ is an anti-

apoptotic agent, which has been shown to enhance a cell’s resistance to both hypoxia-

induced apoptosis and necrosis [7-9].  Encapsulated cells that are producing hIL2 can 

also be engineered to produce this protein as a protective agent against hypoxia.  

Furthermore, the bcl-2∆ gene can be designed to be expressed only under low oxygen 

conditions.  This functionality can be achieved by placing the gene under the control of 

a hypoxia sensitive promoter [10, 11].  In analogy to the production of the model 

therapeutic protein, a yellow fluorescent marker can be expressed for indicating the 
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level of Bcl-2∆ production and indirectly, the oxygen concentration experienced by the 

encapsulated cells. 

The third challenge of this work is to develop a biomaterial that can serve as a 

cellular scaffold, as well as a substance for encapsulating the engineered cells.   For this 

purpose, gelatin was selected as the foundational biomaterial due to its native role as 

the major building block of extracellular matrices [12-14].  Using gelatin offers a high 

biocompatibility towards encapsulated cells and host tissue alike, alleviating the issues 

of pyrogenicity and immuno-rejection [12].  Since physical hydrogels are susceptible to 

melting at physiological temperatures a permanently crosslinked hydrogel is more 

desirable as a scaffold or encapsulation material.  Although uv-light and chemical 

crosslinker are typically used for this purpose, they typically elicit cytotoxic side-

effects that detract from their efficacy [15-20] .  To overcome this compromise between 

physiological stability and compatibility, a biological enzyme that has the natural 

function of crosslinking proteins may be used with gelatin hydrogels.  

Transglutaminase is one of such innocuous and ubiquitous proteins that are naturally 

used among many plant and animal species to create permanent peptide bonds between 

individual proteins [21, 22].  A form of this enzyme, microbial transglutaminase 

(mTG), was selected as the crosslinker of choice due to it biochemical stability and 

wide approval for use in the food industry [21, 23].  Enzyme crosslinked gelatin 

hydrogels are thus not only thermally stable but also have tunable proteolytic 

degradation properties, allowing the matrix to serve as either a cellular scaffold that can 

decompose with time, or a permanent encapsulation material that will protect 

engineered cells from degradation or attack by the host’s immune system.  An 
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additional property that makes gelatin hydrogel even more amenable to this project is 

that the matrix is optically clear, which would then permit more light transmission that 

is pertinent to the first phase of this project. 

1.2 Eukaryotic Protein Expression System 

1.2.1 Transcriptional Regulations 

Gene expression in eukaryotes is highly complex, as compared to prokaryotic 

cells, containing many more regulatory mechanisms at both the transcriptional and 

translational levels.  Differences begin with eukaryotes having three separate RNA 

polymerases (I, II, III) rather than just one found in prokaryotes.  Regulation differs in 

two important aspects from the typical bacteria.  First, eukaryotic RNA polymerases 

require several general transcription factors to assemble on the promoter gene sequence 

prior to transcription.  Second, gene regulatory proteins bound to multiple 

enhancer/repressor sequences, which can be thousands of nucleotides away from the 

promoter, are often used to control mRNA polymerization.  Even after an mRNA is 

synthesized, it must undergo many extensive modifications, such as the addition of a 

5’-Cap (7-methylguanosine), and 3’-polyA tail (polyadenine) or possibly splicing 

before it can become fully functional.  In most mammalian cells, only approximately 

1% of all DNA sequences are transcribed into functional mRNAs.   

1.2.2 Translation of mRNA 

Mature mRNA expression is subject to post-transcriptional controls.  These 

methods, although less prevalent than transcriptional controls, are crucial to the 

expression of most genes.  Eukaryotic cells typically utilize the functionalities of the 5’-

Cap and 3’-polyA tail to modulate mRNA activity and stability.   
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1.2.3 Monocistronic vs. Polycistronic Translation 

As opposed to bacterial mRNAs, which have Shine-Dalgarno sequences, 

eukaryotic mRNAs utilize the 5’-Cap to bind a small ribosomal subunit for initiating 

translation.  Ribosomal subunits that bind begin scanning the nucleotide sequence for 

the first AUG start codon.  Although there are rare incidences of “leaky scanning” in 

eukaryotes, where a second or third start codon is recognized, the first AUG typically 

determines the reading frame and start site for translation.   This form of expression is 

call monocistronism.  Bacterial mRNAs often contain several ribosomal binding sites, 

giving rise to several proteins from one transcript.  Thus prokaryotes are polycistronic. 

1.2.4 Internal Ribosome Binding Site (IRES) Bicistronic System 

Some eukaryotes and viral mRNAs employ an alternative 5’-cap independent 

mechanism for initiating translation.  This form of protein expression initiates with 

ribosomes binding to an internal ribosome entry sites (IRES).  It is believed that IRES 

systems are used in crucial genes sequences in case there is a disruption to the 

availability of initiation factors, which are required for the normal cap-dependent 

translation machinery.  Disruption can be due to stress [24-26], apoptosis [27, 28], or 

G2-M cell cycle transitions [29].  The IRES gene sequence derived from 

encephalomyocarditis virus (EMCV) is typically used to create bicistronic mRNA in a 

variety of cell cultures, such as C2C12, NIH 3T3, CHO, HeLa, and COS-7 [30]. 

1.2.5 Antibiotic Resistance and Cell Selection:  

Protein synthesis requires a smooth spatial and temporal coordination of DNA, 

RNA, and regulatory proteins.  This network of molecules is intricately complex and 

offers many opportunities for disruptions.  Certain antibiotics, which are naturally 
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produced by one organism in defense towards another, exploit this complexity.  

Antibiotics that are used for cell selection in mammalian cell culture are typically 

inhibitors of protein synthesis.  Three antibiotic selection agents used in various 

constructs in this proposal include hygromycin, geneticin (G418), and puromycin.  The 

first two antibiotics are aminoglycosides and act by binding to the 30S ribosomal 

subunits, thereby preventing them from participating in the ribosome complex.  

Puromycin is an aminoneucleoside.  It functions as an aminoacyl t-RNA analog, and 

competes with endogenous tRNAs during peptide synthesis, causing translation to 

prematurely terminate [31-36].  Cell cultures that contain genes that can produce 

enzymes to deactivate the antibiotics are immune to these effects.  This form of 

resistance selection method is important in creating permanent stable cell lines in 

mammalian cultures. 

1.2.6 Secreteable Protein Processing [37] 

1.2.6.1 Sorting Signals and the Endoplasmic Reticulum 

All mRNA in eukaryotic cells, other than those manufactured in the 

mitochondria and plastid, are expressed by free or membrane-bound ribosomes found 

in the cytosol.  The final destination of a protein depends on which type of sorting 

signal it has.  Proteins have several possible sites for distribution, including the nucleus, 

mitochondria, plastids (plants), peroxisomes, and endoplasmic reticulum (ER).  

Proteins that are to be excreted extracellularly are mediated from the ER to the Golgi 

network and secretory vesicles, which are used to deliver payloads to the exterior of a 

cell. 
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There are at least two forms of sorting signals for proteins.  A signal peptide is 

typically a 15-60 continuous amino acid sequence found on either the amino (N) or 

carboxyl (C) -terminus of a protein.  The immunoglobulin (Ig) κ-chain secretion leader 

sequence, used in the vector constructs, is of this form, which contains a 63 amino acid 

sequence on the N-terminus [38, 39].  C-terminal signal peptides, such as KDEL (Lys-

Asp-Glu-Leu), are used for retaining proteins in the lumen of the ER.  The second, 

more sophisticated, sorting signal is the signal patch.  This recognition site is three 

dimensional, and is formed when separate peptide sequences come together in a folded 

protein.  This type of signal is not typically used by secreted proteins. 

In mammalian cells, the transport of proteins into the ER commonly occurs 

through a co-translational process, where proteins are translocated as they are 

synthesized.  Co-translation ensures that secreted proteins, which typically are meant to 

have hydrolase activity, are never in contact with the cytosol.  Although post-

translational translocation is also known to occur, it is usually found in yeast ER and 

bacterial plasma membranes.   

1.2.6.2 Glycosylation and Post-Translational Modification 

As a protein is translated and translocated into the lumen of the ER, it is still 

bound to the membrane by its secretion signal.  A signal peptidase is required to cleave 

the N-terminal sorting signal before the protein can be released.  Before a protein is 

freed, however, it may receive several forms of modifications.  Sulfyhydryl groups are 

catalytically attached to cysteine residues, which form disulfide bonds between 

different regions of a polypeptide.  This modification helps the protein attain its 

predetermined, three-dimensional form.  Exposed asparagine (N) residues are also 
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processed by the addition of prefabricated blocks of oligosaccharides, which may be 

trimmed later.  This N-linked glycosylation is exclusive to eukaryotes, and helps give a 

protein a rigid structure and resistance to degradation.  Protein folding is sometimes 

further assisted by chaperone proteins found in the ER.   

Secretory proteins that enter the ER are automatically shuttled to the Golgi 

complex for further processing.  Incomplete or misfolded proteins, however, are 

retained and recycled.  As particular glycoproteins enter the Golgi, N-linked 

oligosaccharides may be further trimmed or augmented.  Certain OH-groups on serine 

or threonine side chains may also receive O-linked glycosylation. 

As a secreteable protein awaits its final destination out of a cell, it has one of 

two possible paths for secretion.  All cells contain a constitutive secretory pathway, 

which is the default route.  Cells that specialize in secreting products on demand, such 

as hormones, neurotransmitters, and digestive enzymes, utilize a regulated secretory 

pathway.  The sorting signal used by this pathway is not well known, but is believed to 

be a signal patch.  Thus, the secretion pathway taken may be more dependent on the 

protein rather than the cell type.   

1.3 Fluorescent Protein Markers 

Bioluminescence is a relatively rare trait in nature, but can be found in many 

phylogenetically different groups [40] such as bacteria, dinoflagellates (plankton), 

cnidarians (jellyfish), and fireflies [40, 41].  In these organisms, the biochemical and 

physiological mechanisms for emitting light are distinct and are not evolutionarily 

conserved.   
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Natural functions for bioluminescence fall into three classes: defensive (distract 

or frighten predators), offensive (lure prey), and communication (courtship and mating) 

[42, 43].   Among the various molecules used in bioluminescence, fluorescent proteins 

are unique in that they are able to emit light when stimulated by exogenous radiation.  

Green fluorescent protein (GFP), found in various coelenterates, is of particular value 

as a biological marker, since it is able to fold and fluoresce independent of any 

cofactors or enzymatic substrates. 

1.3.1 Green Fluorescent Protein (GFP) 

Green fluorescence in Aequorea victoria jellyfish was first reported by 

Davenport and Nichol in 1955 [44].  Shimomura and colleagues later purified the 

protein extract in 1962 [45].  Interest in green fluorescent protein, however, did not 

begin to explode until thirty years later when the gene was cloned and expressed by 

Prasher and Chalfie [42].   Since that time, GFP has been expressed in a wide variety of 

prokaryotic and eukaryotic organism for innumerable applications.   

1.3.1.1 Biochemical and Physical Properties 

Most of the attributes of GFP were discovered from studies on Renilla 

reniformis (sea pansy) and Aequorea victoria (hydrozoan jellyfish), although there are 

at least twenty other naturally occurring GFPs that have been studied.  All known forms 

have a molecular weight around 27 kDa, with an acidic, compact, and globular β-can 

structure (Figure 1.1).  GFP derived from jellyfish is unique in that it is preferentially 

monomeric in dilute solutions, where others form dimers.   

9 



 

 
 
 
 
 
 
 
 
Figure 1.1 Three dimensional representation 
of β-can and α-helix structure of GFP.  

 

The β-can is composed of eleven beta-strands, which surround and protect the 

chromophore that is in the center.  The top and bottom of the can are sealed by short 

loop regions and distorted alpha helices.  This unique structure creates surprising 

chemical stability, offering protection to typical fluorescence quenching agents such as 

acrylamide, halides, and molecular oxygen.  The full length protein contains 238 amino 

acids, and has a C-terminal sequence of His-Gly-Met-Asp-Glu-Tyr-Lys [46].  This tail, 

unlike the bulk of the protein, is somewhat susceptible to proteolytic attacks by 

carboxypeptidases, proteinase K, and pronase [47].  The wild-type GFP has two 

excitation peaks, a major peak at 395nm, and a minor peak at 475nm [48].  The molar 

extinction coefficients are respectively 27,600 and 14,000 M-1cm-1 [49].  The normal 

emission peak is at 508nm.  GFP has a fluorescence quantum efficiency of 0.72-0.78 

[50]. 

1.3.1.2 GFP Variants for Mammalian Applications 

The physical and biochemical simplicity of GFP, as well as its resistance to 

proteolytic, thermal, and pH-dependent degradation makes the molecule an ideal 

marker.  Over the course of usage, many variants have been optimized for expression 
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and detection under mammalian cell systems.  A common mutant is S65T-GFP, which 

has a fluorescence signal several times stronger than the wild-type by substituting 

Ser65 with Thr [51].  Other multiple amino acid, red-shifted variants, such as EGFP, 

were designed to be brighter and have an excitation peak match that of an argon laser, 

which is commonly used with fluorescent activated cell sorters (FACS).  EGFP, 

currently licensed by Clontech Laboratories, Inc., has excitation and emission peaks at 

488nm and 507nm, respectively.  The variant is optimized for mammalian expression 

by the addition of a Kozak consensus translation initiation site at the beginning of the 

gene [52], the deletion of potentially inhibitory sequences, and containing 190 silent 

mutations using preferred human codons [53, 54].  Besides being easier to express, the 

final protein is 35 times more intense than the wild-type [55-60].  Several other variants 

and their properties, such as ECFP, and EYFP (to be used in this study), which are 

offered by Clontech, are listed in Table 1.1. 

GFP and its variants from A. victoria have since been expressed as fusion 

products in many mammalian cell types including BHK, CHO, COS, GH3, HeLa, NIH 

3T3, cc12, NRK, PTK1, and C2C12 mouse cells [50, 52, 61, 62].  Applications are 

varied, including time-lapse imaging, double-labeling, photobleaching, subcellular 

distribution, protein function and expression experiments.   Advancements in 

microscopy, spectroscopy, and imaging instruments are already offering more sensitive 

and accurate detection of this reporter protein.  Future novel applications will depend 

on the further optimization of GFP expression and spectral properties [63, 64].   
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1.3.2 New Red Fluorescent Protein (RFP) Markers 

Since the inception of fluorescent protein markers, many variants with different 

spectral properties have been created for multi-labeling purposes.  The creation of red 

fluorescent GFP mutants, however, has been elusive.  Relatively recent studies have 

shown that GFP can be made to emit red light.  However, this requires photoactivation 

of the fluorescent molecule under conditions of low oxygen with a laser [65].   More 

recently, researchers have sought a solution to this problem by using chromophores 

found in two other oceanic organisms, the common sea corals and anemones. 

1.3.2.1 DsRed – Discosoma sp (sea coral) 

DsRed fluorescent protein is derived from the sea coral, Discosoma sp.  The 

chromoprotein extracted from the coral is not naturally fluorescent, but simply red.  The 

characteristic of fluorescence is created through a combination of random and site-

directed mutagenesis techniques [66, 67].  Although this molecule only has 26-30% of 

its amino acid sequence resembling GFP, the two fluorophores share many similar 

biochemical features.  Like GFP, DsRed contains a 11-stranded β-can structure with 

central α-helices sealing the ends [68].  The red fluorescent protein also does not 

require any additional cofactors or substrates for proper folding, and is 

spectroscopically stable under a wide range of pH (5-12) [69].  Differences include its 

necessity to form tetramers rather than monomers for fluorescence, and its fluorescence 

is sensitive to mild detergents, such as sodium dodecyl sulfate (SDS).  An early version 

of this marker, DsRed1, had the tendency to form large insoluble aggregates and was 

slow to fold.  DsRed2 is the latest variant developed at Clontech, which contains three 

mutations for faster appearance of fluorescence (< 24 hr), and three others for lessening 
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aggregation.  This improved molecule has excitation and emission peaks at 561 and 

587nm, respectively (Table 1.1).  It is also the first red fluorescence protein marker 

marketed to complement GFP variants for multi-labeling experiments (Figure 1.2). 

Table 1.1 Spectroscopic properties of fluorescent proteins [70, 71]. 

 
Fluor. Protein Ex/Em Max (nm) Extinction Coeff (M-1cm-1) Quantum Yield

DsRed2 561 / 587 43,800 0.55
DsRed-Express 557 / 579 31,000 0.42

HcRed1 588 / 618 20,000 0.015
EGFP 488 / 508 55,000 0.60
EYFP 514 / 527 84,000 0.61
ECFP 434  /477 26,000 0.40 . 

 

 

 

Figure 1.2 Excitation (A) and emission (B) spectra of fluorescent proteins [Clontech] [71]. 
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1.3.2.2 HcRed – Heteractis crispa (sea anemone) 

The most applicably advanced red fluorescent protein marker is HcRed, which 

is extracted from the sea anemone, Heteractis crispa.  Similar to DsRed, this new 

protein was generated by mutating a naturally non-bioluminescent chromophore.  

HcRed, however, does not form aggregates nor tetramers for fluorescence.  The 

fluorophore is stable as a dimer, and thus requires less units of protein to fluoresce as 

brightly as DsRed.  The maximum excitation and emission peaks are also at longer 

wavelengths of 488 and 615nm, respectively, referred to as far-red fluorescence.  The 

advantages of these wavelengths include the use of less energetic or damaging light for 

excitation, and higher transmittance of red light. 

1.4 Biohybrid Artificial Organs 

Biohybrid artificial organs are implantable biomedical devices, engineered to 

incorporate live cells or tissue within a synthetic immuno-isolation barrier.  

Development of these devices began in the 1970’s with experimental implantations, 

such as those using Langerhan’s islets for the treatment of diabetes.  Biohybrid organs 

are distinguished from traditional implants in that both allogenic and xenogenic cells 

can be safely used.  Cells may also be genetically engineered to resist harsh 

environmental conditions or produce particular proteins that are not native to the cell 

type.  Besides considering the type of cells to be encapsulated, other major design 

challenges include maintaining high viability, and providing protection for the cells 

from the immune system.   
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1.4.1 Cell Source 

The choice of cells used for encapsulation will typically determine the density 

required, since different cell types have different metabolic activities and secretion 

rates.  Applications for treating the central nervous system require only low 

concentrations of neuroactive compounds due to their natural potency.  The number of 

cells required for such applications appears to be 106-107, which is equivalent to a 

volume of 1-10 µL, and is easily accommodated in an encapsulation device [69].  

Treatment of diabetes, however, may require larger quantities of therapeutics and cells.  

It is estimated that 109 cells or nearly a 1 mL volume is necessary for provide enough of 

the therapeutic compound [72].  Devices with large volumes prove difficult to implant 

due to an increase in the diffusional distance for nutrients and oxygen to travel to all 

encapsulated cells.  

1.4.2 Molecular Diffusion and Device Design 

In order to maintain cell viability, an encapsulation device must provide 

adequate freedom for nutrients and oxygen to diffuse inward and metabolic wastes to 

leave.  While nutrients such as glucose and macromolecules like albumin, growth 

factors, and transferrin may be needed for cell survival, the adequate supply of oxygen 

is the most critical factor for maintaining cell viability.  In an encapsulated cell mass, a 

necrotic core of cells usually develops for devices with a diameter larger than 150 µm 

[73].  Although necrosis may still occur for well oxygenated cells with high 

metabolisms, the lack of oxygen (hypoxia) is usually the leading cause of death or 

lowered cellular functionalities.   Perifused rat islets have been shown to have secretion 

rates of insulin of 100, 50, and 2% compared, to normoxic conditions (140 mmHg), as 
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the partial pressure of oxygen is dropped to 60, 27, and 5 mmHg, respectively (Figure 

1.3) [72]. 

 

Figure 1.3 Rate of insulin secretion as a function of oxygen partial pressure in perifused rat islets [74, 
75]. 

Several geometric configurations have been designed for balancing cell mass 

and performance with oxygen requirements.  Intravascular arteriovenous shunts are the 

most technically advanced, and have been extensively tested on large animals [76].  

These devices, however, require major surgical procedures for integration into the 

vascular system of the host, and are subject to the dangers of blood clots.  Thus, there is 

motivation for developing extravascular devices that can circumvent these difficulties.   

There are three main geometric configurations used for extravascular designs.  

Spherical microcapsules have a typical diameter range of 500 to 800 µm.  The 

production method for this configuration results in the encapsulation of a very low 

volume fraction of cells, and offers an advantage in mass transfer.  Tubular devices, 

such as hollow fibers, share similar advantages with microcapsules and additionally, are 

more readily retrievable.  Islets encapsulated in tubular diffusion chambers with an 

internal diameter of 2.2 mm have shown viable tissue near the inner surface.  Larger 

tubes with a 4.8 mm internal diameter, however, indicate a large core of necrotic cells 
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due to oxygen depletion [72].  Planar chambers formed by parallel membranes are the 

third type of design.  These devices were initially used to study immune rejection of 

transplantations.  Planar configurations, however, typically elicit a larger immune 

response than the other geometric forms. 

Using a theoretical model for oxygen diffusion and consumption, described by 

Michaelis-Menten kinetics, spheroids offer the least diffusional resistance to oxygen. 

The following parameters were used in a simulation by Colton CK, 1995 [72]: the 

maximum oxygen consumption rate, Vmax = 3 x 10-8 mol/cm3-s; Michaelis constant, Km 

= 0.44 mmHg; effective oxygen diffusion coefficient D = 1.6 x 10-5 cm2/s; and Bunsen 

solubility coefficient a =1.02 µM/mmHg.  The surface oxygen partial pressure was 

taken as pO2 = 40 mmHg, which is the typical value found in microvasculatures.  

Figure 1.4 indicates that for a slab with a thickness of 150µm, the oxygen level is 

completely depleted at the center plane.  However, the oxygen environment in the 

sphere does not become anoxic until the diameter is increased to 250µm.   

 

B A

Figure 1.4 Oxygen penetration profiles for spheres (A) and slab (B) of various diameters [72]. 
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In situations where avascularization occurs, and the oxygen source is further 

removed from the encapsulated cells, the spheroid is clearly advantageous over the 

planar conformation (Figure 1.5). 

                                                             

 

A B

Figure 1.5 Oxygen penetration profiles for spheres (A) and slabs (B) surrounded by an avascular 
diffusion barrier [77]. 

 

 

1.4.3 Immuno-Protection 

The primary objective of an immuno-isolation barrier in a biohybrid artificial 

organ is to provide protection for transplanted cells from the immune system of the 

host.  An immune response can be triggered by three possible sources, cell surface 

antigens, secreted proteins, and cell debris from dead cells.  Recognition of antigens by 

the host organism can signal cellular and humoral immune responses (Figure 1.6). 
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Figure 1.6 Cellular and humoral immune responses experienced by implanted cells. 

Cellular responses include the activation of macrophages, cytotoxic cells, and 

other immune cells.  Preventing these cells from passing through the membrane is 

relatively easy since their sizes are on the same order as the encapsulated cells.  

Macrophages, however, have the added ability to secrete low molecular weigh reactive 

metabolites.  These oxygen and nitrogen intermediates may include free radicals, 
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hydrogen peroxides, and nitric oxides, which kill surrounding cells non-discriminately.  

The humoral response also poses a serious threat to transplanted cells since 

lymphokines, cytokines, and antibodies are small and may be able to pass through the 

membrane barrier.   

1.5 Hypoxia 

Oxygen is one of the most critical molecules used by aerobic organisms since it 

is the terminal electron acceptor in metabolic pathways.  The ability of organisms to 

adapt to low oxygen conditions, or hypoxia, is crucial to survival.  In mammals, oxygen 

homeostasis is maintained meticulously at both the systemic and cellular levels. 

1.5.1 Mammalian Oxygen Homeostasis 

Oxygen concentrations in the body are monitored by chemoreceptors in the 

arterial and pulmonary neuroepithelial bodies.  Low concentrations of oxygen transduce 

an increased number of nerve signals to the brain, which in turn increase both 

respiratory and circulatory rates of an animal [78].  On the intracellular level, hypoxia 

induces the expression of many genes that help adapt cells to the lowered availability of 

oxygen.  Erythropoietin (EPO) expression increases the production of red blood cells, 

and is utilized to expand the oxygen carrying capacity of blood.  Transferrin provides 

the transport of iron, which is necessary for heme proteins [79].  Vascular endothelial 

growth factors (VEGF) are over-expressed to promote the formation of new blood 

vessels [80].  Nitric oxide and carbon monoxide, which are generated from inducible 

nitric oxide synthase (iNOS) [81] and heme oxygenase 1 (HO-1) [82], respectively, 

help reduce vascular tone so that blood can flow more freely.  Cell metabolisms are 
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also optimized as GLUT-1 expression enhances the uptake of glucose, and elevated 

amounts of glycolytic enzymes allow cells to increase anaerobic ATP synthesis. 

1.5.2 Molecular Biochemistry 

The molecular mechanism for sensing oxygen is centered on the protein call the 

hypoxia-inducible factor 1 (HIF-1).  This transcriptional activator is triggered by many 

upstream signal transduction pathways and is, in turn, responsible for inducing 

downstream target gene expression that are used to regulate oxygen homeostasis.  

Effectors of this central activator are not limited to hypoxia, but also include nitric 

oxide, cytokine, and growth factor signaling, embryonic development, and pathological 

stresses. 

HIF-1 is a heterodimer, composed of an HIF-1α subunit (120 kDa) and an HIF-

1β subunit (91-94 kDa).  It was first recognized as an oxygen sensor by its ability to 

bind and activate erythropoietin gene expression.  Purification and microsequencing of 

the protein indicates that the second subunit is identical to a previously identified aryl 

hydrocarbon receptor nuclear translocator (ARNT) protein, whereas HIF-1α is a newly 

recognized protein.  Under normal physiological conditions, both subunits are 

constitutively expressed.  HIF-1α level, however, is continually controlled by 

ubiquitination, which marks it for proteasomal degradation.  Under hypoxic conditions, 

where cells are exposed to O2 levels below 6%,  the level of expression exponentially 

increases [83]. 

The amino (N)-terminal half of HIF-1α (1-390 amino acids, AA) is determined 

to be necessary and sufficient for dimerization with HIF-1β and DNA binding.  The 

carboxyl (C)-terminal half contains two transactivation domains (531-575, 786-826 
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AA) and one regulation domain.  The actual molecular mechanism that mammalian 

cells use to sense and transduce oxygen levels for regulating HIF-1α expression and 

activity is still unclear.  Many mechanisms have been postulated [84-88], but recent 

studies indicate that reactive oxygen species (ROS), such as hydrogen peroxides, are 

either directly or indirectly responsible for regulating HIF-1α pathways [89].    

1.5.3 Normal Physiological Causes 

Hypoxic conditions can be caused by a wide variety of environmental or 

physiological stimuli.  Increased metabolism from exercise is a common cause, while 

exposure to high altitudes or embryonic development can also trigger hypoxia-induced 

pathways.  Pathological infections, vascular diseases, and cancer are also common 

causes. 

1.5.4 Conditions in Encapsulation that Cause Hypoxia 

Several geometric configurations for encapsulating foreign cells for 

implantation have been investigated.  These include spherical microencapsulations, 

planar diffusion chambers, and tubular hollow fibers.  Regardless of the configuration, 

the transport of molecular oxygen from the host tissue into the encapsulated cells faces 

several diffusional barriers.  These include the surrounding host tissue (particularly if 

an avascular fibrotic wall develops), the immuno-isolation membrane, and the mass of 

foreign cells themselves.  In the relatively stagnant environment of an encapsulated 

device, it is typical to find a central core of cells deprived of necessary oxygen 

concentrations.   
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1.5.5 Hypoxia-Induced Cell Death and Bcl-2∆ Protection 

Hypoxic stress can induce cell death by both necrosis and apoptosis.  The 

propensity towards either pathway is highly dependent on the cell type [90].  The first 

pathway, however, is typically the result of severe and prolonged exposure to a 

stimulus such as the deprivation of oxygen.  Characteristics of necrosis are cell 

membrane disruption, mitochondrial swelling, and lost of cytosolic structures.  

Apoptosis, also known as programmed cell death, is a more gradual and organized 

process characterized by chromatic condensation, DNA cleavage, cell size shrinkage, 

and cell membrane blebbing. 

Bcl-2 belongs to a family of regulatory proteins that have the ability to prevent 

or delay apoptosis.  Its activity was first described by Vaux et al. in 1988 as being able 

to protect cells from apoptosis induced by deprivation of the hormone IL3 [91].  It was 

later discovered that Bcl-2 could prevent apoptosis induced by other factors, including 

serum deprivation, heat shock, chemotherapy agents, ethanol, and hypoxia [89, 92-95].  

More recently, Bcl-2 has also been shown to inhibit necrosis induced by hypoxia and 

inhibition of mitochondrial respiration [96].  

Since the discovery of Bcl-2, other members of this family of regulatory 

proteins have been discovered.  Members include proteins that are anti-apoptotic (Bcl-

2, Bcl-xL, Bcl-w) and pro-apoptotic (Bax, Bak, Bik, and Bid).  A commonality among 

the members is four Bcl-2 homologous domains, BH (1-4), which may all be present, 

but not all active in a single protein.  Activity of BH3 has been shown to be necessary 

for the efficacy of pro-apoptotic members [96-98], while BH1, 2, and 4 are required for 

anti-apoptotic effects [9, 99].  Recent studies also indicate that a nonconserved region 

of peptides between BH3 and BH4, encoding an unstructured loop, is responsible for 

23 



attenuating the anti-apoptotic effects of Bcl-2 and Bcl-xL.  Bcl-2∆ is a deletion mutant 

of the human Bcl-2 protein, made by deleting amino acids 32-80.  In comparisons to the 

full-length protein, the deletion mutant showed enhanced ability to inhibit apoptosis.  It 

is postulated that this loop region is a negative regulatory domain used for post-

translational modifications of Bcl-2 proteins [2]. 

1.6 Cell Lines 

1.6.1 C2C12 

The C2C12 is a murine myoblast cell line, subcloned from the skeletal leg 

muscle cells of an adult C3H mouse.  The original culture was ordered from American 

Type Cell Culture (ATCC; CRL-1772, MD, USA).  C2C12 cells are not carcinomas 

and are undifferentiated.  These cells were selected for use in this project due their 

previous demonstration of endogenous HIF-1 activity, and its ability to stimulate 

hypoxic response elements of transfected genes.  C2C12 cells engineered to secrete 

human erythropoietin have been successfully encapsulated in hollow microporous 

fibers for implantation in mouse animal models [100-103]. 

1.6.2 HEK293 

The human embryonic kidney cell lined, Flp-InTM HEK293, is an attachment 

dependent strain that was obtained from Invitrogen Corporation.  This particular clone 

was modified from the basal cell line, CRL-1573 (ATCC)[104], to express zeocin 

resistance and contains a single stably integrated Flp Recombinase Target (FRT) site 

within its genome[105].  When Flp-In HEK cells are used in conjunction to FRT 

expression vectors and the Flp recombinase enzyme, the likelihood of obtaining a 

recombination event is not only dramatically higher, but also specific to the FRT 
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site[106, 107].  Thus, selecting a stable isogenic cell line is greatly facilitated compared 

to traditional random recombination techniques.  Cells that have properly integrated the 

expression vector at the FRT site will exhibit hygromycin resistance, zeocin sensitivity, 

lost of β-galactosidase activity, and expression of gene of interest. 

1.6.3 Jurkat 

Jurkat cells are a suspension cell line derived from human T-cell leukemia, TIB-

152 (ATCC) [108].  This strain of cells was originally obtained from Invitrogen, and is 

also a Flp-In modified clone.  Although Jurkat cells are attachment independent, they 

can still be grown in tissue culture flasks.  Advantages of using a suspension cell line 

are its ease of handling during passage, transfection, and cell sampling.  Jurkat cells, 

however, tend to have a poor transfection efficiency and protein production capabilities. 

1.7 Human Interleukin 2 (hIL2) 

Interleukin-2 (IL2) is a polypeptide hormone and belongs to a class of 

molecules called cytokines.  The term cytokine was first used to describe molecules 

produced by and influencing only the immune system in an autocrine manner.  It was 

later discovered that these hormones have a far reaching paracrine effect.    

Interleukin-2 is perhaps the most extensively studied lymphokine.  It has 

profound influences in the development, expansion, and activation of T cells, natural 

killer (NK) cells, and B-cells [109].  The glycoprotein is produced by activated T 

lymphocytes.  It has a molecular weight of 15-18 kDa depending on the pattern of 

glycosylation [110-112].  Incubation of human peripheral blood lymphocytes with IL2 

for 4-7 days induces the generation of lymphokine activated killer (LAK) cells, which 

are generated from NK cells.  LAK cells are shown to mediate enhanced cytotoxic 
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activity against NK-resistant tumor cell lines and freshly isolated tumor cells with little 

effect on normal cells [101, 113].   IL2 is also responsible for augmenting the release of 

other cytokines including IFN-γ, GM-CSF, TNF-α, and TNF-β, to form a network of 

responses to infections [100].  The critical role of IL2 in activating cytotoxic cells has 

led to clinical trials for the treatment of cancer [114, 115] and AIDS [1], and is thus a 

relevant choice as a model therapeutic protein for production in the encapsulated 

device. 

1.8 Cellular Scaffolds and Gelatin Hydrogels 

In engineering artificial tissues and organs, the incorporation of a cellular 

scaffold is crucial for providing a physical support matrix for cells to attach and grow 

on once implanted into a host.  Hydrogels are the most commonly used scaffolds due to 

their high water content (≥ 30% by weight) and structural similarity to macromolecular-

based components in the body [13].  This type of support matrix can be formed from 

both synthetic polymers, such as poly (lactide-co-glycolide) (PLG), poly (glycolic acid) 

(PGA), and copolymers (PLGA) or natural biopolymer, such as collagen, hyaluronate, 

fibrin, alginate, and chitosan [12].  Synthetic polymers often give more flexibility for 

tailoring the gelling mechanism and mechanical properties of the hydrogel, but face a 

challenge in coaxing cells to adhere and typically elicit immunogenic responses from 

the host.  Scaffolds made with natural polymers are often times more biocompatible 

with host tissues, as well as encapsulated cells, and have adequate physical strengths.  

Of all natural biopolymers used in tissue engineering, collagen is the most widely 

utilized due to its natural and dominant role as the building block of mammalian 

extracellular matrices[12].  Collagen, however, is expensive to produce and contains 
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much variability among production lots.  The basic protein element of collagen is 

gelatin, and is relatively inexpensive.  Gelatin can be derived from collagen by simple 

acidic decomposition (producing gelatin A) or alkaline treatment (producing gelatin B).  

This biomaterial has similar biocompatibility properties as collagen, and has also been 

used to deliver growth factor, as well as promote vascularization of regenerative 

tissues.  A shortcoming of physical gelatin hydrogels is that it is thermally reversible 

under physiological temperatures (37oC).  To overcome this disadvantage, however, it 

is possible to permanently crosslinking the gelatin peptides with a crosslinker.  

Although this crosslinking is traditionally done with uv-light or chemical crosslinkers 

(e.g. glutaraldehyde or diphenylphosphoryl azide) [20, 116, 117] these elements 

themselves raise an issue of cytotoxicity, which detracts from their overall applicability 

.  An alternative method for creating a permanent gelatin hydrogel is to use a natural 

biological enzyme to form covalent peptide bonds among the gelatin proteins.  A 

microbial transglutaminase (mTG) is one of such enzymes, which is also highly 

biocompatible as it is approved for use in many food manufacturing processes in 

various countries, including the United States [21].  However, the further 

characterization of the biocompatibility and degradability of mTG crosslinked 

hydrogels when they are applied as cellular scaffolds still remains unexplored.  This 

reach seeks to elucidate these properties of these hydrogels, and advance its application 

in tissue engineering.
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2. Integrated Non-Invasive System for Quantifying Secreted 
Human Therapeutic hIL2 

2.1 Introduction 

Biohybrid artificial organs are implantable biomedical devices, engineered to 

incorporate live cells within a synthetic immuno-isolation barrier.  Development of 

these devices began in the 1970’s with experimental implantations, such as those 

using Langerhan’s islets for the treatment of diabetes.  Since then, encapsulation 

therapy has been used for ameliorating other persistent ailments, including chronic 

pain [2] and amyotrophic lateral sclerosis (ALS) or Lou Gehrig's disease [100-103].  

Cancer, which is the second leading cause of mortality in the United States, is one of 

such chronic diseases that may be a target for treatment with biohybrid implants.  

Human interleukin-2 (hIL2) is a natural polypeptide hormone, which has a key role in 

activating a network of immune responses within the body [100].  The critical role of 

hIL2 has led to clinical trials for the treatment of several deadly diseases, including 

cancer [114, 115] and AIDS [118, 119].  The clinical efficacy of hIL2 makes it an 

appropriate therapeutic protein for development of usage in biohybrid organs. 

The objective of this portion of the work was to engineer mammalian cells to 

secrete hIL2 as a potential anti-cancer therapeutic, in a manner ultimately suitable for 

encapsulation behind an immuno-protective membrane.  In order to gauge the 

productivity of cells performing in this capacity, it is ideal to have a reporter system 

that can accurately and non-invasively indicate the differential secretion of hIL2.  To 

meet these criteria, a destabilized form of the DsRed-Express fluorescent protein, 

DsExDR, was selected for co-expression with hIL2.  This fluorescent protein emits 
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red light (emission maximum is 579 nm), which is translucent through tissue [120], 

and is hypothesized to discreetly trace hIL2 secretion.  Additionally, this low toxicity 

protein has a quick maturation and degradation rate (half-life is ~12 hours) to produce 

a finer differential signal as compared with other fluorescent proteins.  Although 

expressing DsExDR in fusion with hIL2 may offer the closest correlation between the 

two proteins (1:1), an internal ribosome entry site (IRES) enables the respective genes 

to be translated independently from a single monocistronic mRNA.  Thus, with 

appropriate translocation signals, the therapeutic protein can be secreted without 

secretion of the marker.  Three cell lines (C2C12, HEK293, Jurkat) were transfected 

with this bicistronic construct and tested as potential hosts for producing hIL2.  The 

specific intracellular red fluorescence, as measured by flow cytometry, was correlated 

with ELISA measurements for secreted hIL2.  

2.2 Materials and Methods 

2.2.1 Cell Culture - Passaging and Maintenance 

Three mammalian cells lines, C2C12, HEK293, and Jurkat, were used in this 

work.  C2C12 is a murine myoblast subcloned from the skeletal leg muscle of an 

adult C3H mouse (American Type Cell Culture, ATCC).  This cell line is attachment 

dependent and has been shown to efficiently produce exogenous interleukin-2 [121].  

HEK293 is a human embryonic kidney cell line, which was selected for comparison 

based on its high transfection and protein production efficiencies [108].  This 

particular strain, Flp-In™-293 (Invitrogen), contains an Flp-In Recombinase Target 

(FRT) sequence in its genome.  When used in combination with an expression vector 

that also contains an FRT sequence, a stable polyclonal cell line can be selected in 
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approximately two weeks with hygromycin (200-400 µg/mL).  This cell line is also 

attachment dependent, but is readily detached with minimal trypsinization (3-5 min, 

37oC).  The Jurkat cell line, Flp-In™-Jurkat (Invitrogen) also contains an FRT 

sequence within it genome.  These cells grow in a suspended form and are derived 

from human T-cells [122]. 

All cell lines were cultured in Dulbecco’s Modified Eagle’s Media containing 

glucose (4.5 g/L), GlutMAX™ I (3.97 mM), and 10% fetal bovine serum (FBS, 

Sigma).  Media for both FRT cell lines also contained zeocin (100 mM) in order to 

maintain the stability of their FRT insertions.  Cells were subcultured every two to 

three days in 75cm2-tissue culture flasks (Costar) as the population approached 80-

90% confluency.  Attachment cells were passaged by first removing the old media, 

and rinsing the flask with Dulbecco’s Phosphate Buffer Solution without Ca2+ or 

Mg2+ (DPBS-cm, Invitrogen).  Washed cells were then incubated in 1.5 mL of a 

0.25% Trypsin with 0.03% EDTA solution (Sigma) for 5-10 minutes in a 37oC, 8% 

CO2 incubator.  The Jurkat suspension cells did not require trypsinization, and a 

fraction of the previous culture was simply aliquoted into a new flask during 

passaging.  All cells were passaged with a 1:4 to 1:10 split ratio, and supplemented 

with fresh complete media up to 12 mL for further growth. 

2.2.2 Vector Constructs 

The expression vector used in this study, pF2, contains an assembly of four 

gene elements:  the human interleukin-2 (hIL2) gene, its Ig-κ secretion signal, an 

internal ribosome entry site (IRES), and a Destabilized DsRed-Express (DsExDR) 

fluorescent protein marker.  The secreteable hIL2 (ShIL2) fragment was first derived 
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from a previously constructed vector called pSIEG.  This vector was made by PCR 

extraction of the hIL2 gene from pBlueBacHis2-GFPuv/hIL2 [51], using the 

following primers:  5’-AAT GTC GAC AAA TGG CAC CTA CTT CAA GTT CTA 

CAA A-3’ and 5’-ATT ACC GGT TTC TTG TCA TCG TCA TCT CAA GTT AGT 

GTT GAG ATG ATG CTT TG-3’.  The first primer contained a Sal I restriction site, 

and the second primer has enterokinase (EK) and Age I restriction sites.  The blunt 

PCR fragment was first ligated to pCR-Blunt II-TOPO (pCR) (Invitrogen) before 

digesting with Sal I and Age I restriction enzymes.  The digested fragment was then 

ligated into the corresponding unique cloning sites of pEGFP1-N1 (Clontech).  Hind 

III and Not I were then used to restrict the hIL2-EK-EGFP fusion gene for ligation 

into pSecTag2A/hygro (Invitrogen) in order to add on the Ig-κ secretion signal. 

The following primers were used to extract ShIL2 from pSIEG: 5’-GAA GAT 

CTG CCG CCA CCA TGG AGA CAG ACA CAC TCC TGC TAT-3’ and 5’-GGA 

TCC GCG TTA TCA AGT TAG TGT TGA GAT GAT GCT TTG ACA AAA-3’.  

The first primer contained a Bgl II restriction site and a Kozak consensus sequence, 

which was used to further increase translation efficiency in eukaryotic cells [122, 

123].  The second primer introduced a BamH I restriction site.  A pCR plasmid was 

again used as an intermediary cloning vector.  The secreteable hIL2 gene was excised 

with Bgl II and BamH I and then ligated into pIRES2-DsRed2 (Clontech) in order to 

pick up the IRES bicistronic element.  The vector constructed thus far is called 

pShIRDs, and was initially used in a transient experiment to gauge the optimal time 

point for detection of red fluorescence. 
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The ShIL2-IRES fragment was then extracted by PCR and ligated to pDsRed-

Express-DR (Clontech) in order to add on the red fluorescent protein marker gene.  

The following primers: 5’-GAA GAT CTG CCG CCA CCA TGG AGA CAG ACA 

CAC TCC TGC TAT-3’ 5’-TCC CCG CGG GGA TGT GGC CAT ATT ATC ATC 

GTG TTT TTC AAA G-3’ were used.  The first primer was the same as the one used 

in the previous cloning procedure.  The second primer contained a Sac II restriction 

site.  pCR was again used as an intermediary cloning vector.  The final expression 

vector, pF2, was constructed by digesting the ShIL2-IRES-DsExDR fragment from 

pCR using Bgl II and Sac II restriction enzymes and ligating it to the respective 

unique sites on the host vector, pSecTag/FRT/V5-His-TOPO (Invitrogen) (Figure 

2.1). 
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Figure 2.1 The bicistronic vector, pF2, contains an internal ribosome entry site (IRES) gene 
sequence, which allows for the independent production of secreteable hIL2 and DsExDR red 
fluorescent marker proteins 
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2.2.3 Transfections 

Procedures for transfecting the HEK239 and C2C12 attachment dependent 

cell lines were developed for 24-well tissue culture plates (Costar) in a suspended 

form.  Cells were passaged, at most, two days before transfection so that they would 

remain in a non-confluent, growing state at the moment of harvest.  For collection, 

cultures were trypsinized (1.5 mL Trypsin/EDTA, 5 min, 37oC), centrifuged (500 x g, 

5 min, 25oC (RT)) and resuspended to yield 2 x 105 cells/well using 0.5 mL/well of 

complete media without antibiotics.  DNA and LipofectAmine 2000 (LF2000) 

(Invitrogen), were independently mixed with OptiMEMI (Invitrogen) in 5 mL 

polystyrene tubes and incubated for 5 min at RT.  The two solutions were then 

combined and incubated for 20 min before proportional volumes were aliquoted to 

respective wells to obtain 0, 0.2, 0.5, 0.8, 1.2, 1.6, and 2.0 µg-DNA/well 

concentrations. 

Transfections of Jurkat suspension cells were developed in 6-well plates.  

Cells were collected by the same procedure as before, and inoculated at a density of 

3.5 x 105 cells/well using 1.5 mL/well of complete media without antibiotics.  The 

concentrations used in the transfections were 2.0, 3.0, 4.5, 6.0, and 9.0 µg -DNA/well.  

If these values were normalized by the same number of cells used in the HEK293 and 

C2C12 experiments, the concentrations would be equivalent to 1.1, 1.7, 2.6, 3.4, and 

5.1 µg -DNA/well.  These higher concentrations of DNA were used due to the low 

transfection efficiency of Jurkat cells.  

In all cases, the transfection volumes were the same and the samples taken for 

protein analysis were at 24 hrs post-transfection. 
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2.2.4 ELISA 

Supernatant samples containing secreted hIL2 from the attachment cell lines 

were collected from each well and centrifuged at 2000 x g for 5 min to remove cells 

that are suspended in the media.  Supernatants from Jurkat cells were collected by 

centrifugation at 500 x g in order to preserve the cells for flow cytometry.  

Supernatant samples were immediately transferred to a -80oC freezer until assayed.  

To collect intracellular hIL2 samples, cells were lysed by adding 100 µL of M-Per 

(Pierce-Endogen).  The samples were allowed to incubate for 10 min with gentle 

shaking at RT before centrifugation at 14,000 x g for 15min.  Measurements for the 

concentrations of both secreted and intracellular hIL2 were made with an OptEIA 

Human IL-2 ELISA Kit II (BD Pharmingen).  Human IL2 standards were made by 

serially diluting a 500 pg/mL hIL2 stock provided in the kit.  A highly linear 

correlation was obtained with eight concentrations, including a zero (r2 > 0.98).  

Standards were assayed in duplicates as instructed by the manufacturer, while 

supernatant samples were always assayed in triplicate.  The calculation for the final 

concentrations of hIL2 secreted takes into account the different culture volumes due 

to the transfection procedure. 

2.2.5 Flow Cytometry 

Attachment cell samples were collected by first detaching them from the wells 

with Trypsin/EDTA (300 µL /well).  A fresh aliquot of DPBS-cm, with 10% FBS 

(300 µL /well) was added to each to neutralize the Trypsin before centrifuging at 500 

x g for 5 min.  The supernatant was then carefully aspirated and the cell pellet gently 

resuspended in 300 µL of DPBS-cm.  Half of each of these cell suspensions was used 
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for ELISA assays of intracellular hIL2, and the other half for flow cytometry.  These 

samples were then supplemented with 150 µL of DPBS-Ca2+, -Mg2+, with 7.4% 

paraformaldehyde to fix the cells.  Samples were kept in a 4oC refrigerator until they 

were ready for the flow cytometer.  Red fluorescence of C2C12, HEK293, and Jurkat 

cells was measured by a FACSCalibur™ (BD Biosciences, Immunocytometry) flow 

cytometer equipped with a 15 mW, 488 nm, air-cooled argon-ion laser and three color 

detectors (FL1=530/30, FL2=585/42, FL3=670LP), which was kindly provided by 

D.M. Mosser (University of Maryland, College Park).  FL2 was used for the detection 

of Destabilized DsRed-Express fluorescent proteins.  The cytometer was used with 

the following settings:  FSC = 1.00, SSC = 394, FL2 = 683 for Jurkat cells and FSC = 

0.485, SSC = 288 and FL2 = 538 for HEK293 and C2C12 cells.  Ten thousand cells 

were analyzed in each sample.  Fluorescence measurements were made only on live 

cells, which were gated by the upper right quadrant of an FSC-SSC dot plot.  

Histogram plots of the live cells were then used to determine the number of cells and 

their corresponding fluorescence intensities that were above background (Figure 2.2).   
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Figure 2.2 Destabilized DsRed-Express fluorescence in mammalian cells was measured using a 
FACS Calibur flow cytometer (FSC = 1.00, SSC = 394, FL2 = 683 for Jurkat cells and FSC = 0.485, 
SSC = 288 and FL2 = 538 for HEK293 and C2C12 cells).  Histograms were obtained only after gating 
live cells from dead ones using a FSC-SSC dot plot within 10,000 cell samples. 

 

All fluorescence data were reported in Total Relative Fluorescent Units 

(RFU), which is defined as the product of the number of cells and the mean 

fluorescence intensity above background.  This unit more accurately reflects the total 

number of fluorescence molecules within a cell sample and was used for correlations 

to hIL2 secretion levels. 

2.2.6 Fluorescence Microscopy 

Fluorescent cells were observed using an Olympus BX60 fluorescent 

microscope equipped with a DsRed2 filter cube (Exciter HQ540/40x, Dichroic 

Q570LP BS, Emitter HQ600/50m EM).  Cell cultures were removed from flasks by 
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either trypsinizing attached cells or by simply pipetting out suspension cultures.  

Samples were washed and resuspended in DPBS-cm in order to minimize the 

background autofluorescence of the media.  Cells were then placed on a microscope 

slide with a cover slip before imaging.   

2.3 Results and Discussion 

2.3.1 Correlating DsExDR with Intracellular hIL2  

Before exploring the utility of red fluorescent markers as indicators of 

secreted hIL2 concentrations, it was necessary to see if the bicistronic vector would 

produce both proteins and if useful correlations between fluorescence and 

intracellular hIL2 concentrations could be obtained.  Similar internal correlations, 

using fusional constructs between hIL2 and GFP, have been successfully obtained 

[124, 125].   To examine the bicistronic construct in this work, the cell line with the 

highest transfection efficiency, HEK293, was selected for trial studies.  Transfections 

were performed in 24-well tissue culture plates using 0.2, 0.5, 0.8, 1.2, 1.6, and 2.0 

µg of the pF2 vector for every 2 x 105 cells in each well.  Non-transfected cells were 

used as negative controls for both hIL2 and DsExDR expressions.  ELISAs of the 

intracellular fraction showed that hIL2 concentrations increased linearly with 

transfection DNA level when transfected with up to 1.6 µg of pF2 plasmid (Figure 

2.3A).  The intracellular hIL2 concentration, however, became saturated when 2.0 µg  
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Figure 2.3 HEK293 and C2C12 attachment cells were transfected with pF2 (0, 0.2, 0.5, 0.8, 1.2, 1.6, 
and 2.0 mg-DNA per 2 x 105 cells) for the bicistronic expression of Destabilized DsRed-Express 
(DsExDR) red fluorescent protein and secretion of human interleukin-2 (hIL2).  Both cell lines 
secreted large amounts of hIL2 on the order of nanograms per million cells (A, D).   The presence of 
hIL2 within HEK293 cells was also measured.  These cells lines were able to express similar quantities 
of the intracellular red fluorescent protein (B, E).  The elevated concentration of DsExDR at the 
highest levels of transfection resulted in decreases of fluorescence measurements in both cell lines.  
This was indicative of self-quenching.  Strong linear correlations between the two proteins were 
observed in both cell lines when the last data points were omitted (C, F).  A linear correlation of 
DsExDR with intracellular hIL2 was also present in HEK293 cells.  Jurkat cells were transfected with 
five higher concentrations of the bicistronic plasmid pF2 (1.1, 1.7, 2.6, 3.4, and 5.1 mg-DNA per 2 x 
105 cells).  This cell line secreted hIL2 concentrations that were three orders of magnitude lower than 
the previous cells (G).  This may be due to two factors that are inherent to Jurkat cells.  The first is the 
notoriously low transfection efficiency of this line, evident by observation under fluorescence 
microscopy and the lack of DsExDR self-quenching at the highest pF2 transfection level (H).  The 
second is the presence of natural regulatory mechanisms for controlling the secretion of hIL2, which is 
an intrinsic product of T-cells.  A linear correlation was found among all concentrations of secreted 
hIL2 and DsExDR fluorescence in Jurkat cells (I).
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of DNA was used.  Measurements of DsExDR fluorescence showed a similar 

trend (Figure 2.3B).  The highest concentration of pF2 transfected, however, resulted 

in a drop in total fluorescence rather than a plateaued value as found in intracellular 

hIL2 measurements.  While untested, it is speculated that this is due to aggregation 

and self-quenching of DsExDR proteins in high density [108].  A linear correlation 

between the intracellular hIL2 concentration and DsExDR fluorescence can be seen 

when the highest DNA concentration datum is omitted (r2 = 0.901) (Figure 2.3C).  

These results show that DsExDR is a suitable biomarker for hIL2 production and 

suggests that it should be tested as a measure for extracellular hIL2. 

2.3.2 Correlating DsExDR with Secreted hIL2 from Attachment Cells 

The examination of correlations between red fluorescence and hIL2 

measurements was continued by examining secreted hIL2 from the HEK293 cells, as 

well as an additional attachment dependent cell line, C2C12.  Transfections with pF2 

vectors were performed in 24-well plates of constant volume (0.5 mL).  These 

cultures were transfected with DNA concentrations identical to the previous 

intracellular hIL2 study: 0.2, 0.5, 0.8, 1.2, 1.6, and 2.0 µg-DNA per 2 x 105 cells in 

each well.  ELISAs of supernatant samples derived from HEK293 cultures and 

sampled after 24 hrs showed a linear rise in the amount of hIL2 secreted beginning 

from the lowest level of DNA transfected (Figure 2.3A). The relationship between red 

fluorescence and secreted hIL2 concentrations also followed a strong linear 

correlation (r2 = 0.931) for all DNA concentrations below 2.0 µg in HEK293 cells 

(Figure 2.3C). 
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The C2C12 cells exhibited a similar trend in hIL2 secretion as was observed 

for the HEK293 cells.  It is noteworthy, however, that the amount of secreted hIL2 

from C2C12 cells was approximately four times higher than that from HEK293 cells 

for every concentration of transfected pF2 (Figure 2.3D).  DsExDR fluorescence 

measurements in C2C12 cells displayed a rising trend to a maximum followed by a 

slight decrease at the highest DNA concentration, which was analogous to the 

behavior found in HEK293 cells (Figure 2.3E).   The datum derived from this highest 

DNA concentration was again omitted from regression analysis and the correlation 

between DsExDR fluorescence and hIL2 secretion followed a strong linear 

relationship (r2 = 0.996) (Figure 2.3F).   

2.3.3 Correlating DsExDR with Secreted hIL2 from Suspension Cells 

Jurkat cells were similarly transfected with the pF2 bicistronic vector to 

examine if the previous results can be extended to suspension type cells.  Jurkat 

cultures were transfected with five higher concentrations of pF2 due to their lower 

transfection efficiencies (1.1, 1.7, 2.6, 3.4, and 5.1 µg-DNA per 2 x 105 cells), in 6-

well tissue culture plates.  The transfected Jurkat cultures exhibited little hIL2 

secretion below the second lowest concentration of DNA used.  Significant hIL2 

secretion only began at the 1.7 µg transfection concentration (Figure 2.3G).  The level 

of hIL2 secretion approached a limit when 5.1 µg of pF2 was used.  The total level of 

protein secreted from the Jurkat cells was three orders of magnitude lower than the 

attachment cells (1-15 pg/106 cells vs. 10 ng/106 cells).  This could be due to both a 

lower transfection efficiency for Jurkat cells, and the likelihood that Jurkat cells 

temper or otherwise regulate hIL2 secretion.  As much as one order of magnitude can 
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be attributed to the difference in transfection efficiency of Jurkat cells (~10%) and 

those of C2C12 and HEK293 (~80%), which was observed by fluorescence 

microscopy.  The low level of transfection efficiency in Jurkat cells was also evident 

by the absence of DsExDR self-quenching at high plasmid concentrations.  The 

remaining orders of magnitude can be associated with the restricted secretion rates of 

hIL2 from Jurkat T-cells, which are natural producers of hIL2 and have many 

regulatory mechanisms for controlling hIL2 secretion [126].  Intracellular analyses of 

hIL2 were not performed to confirm this hypothesis.  

The total fluorescence measurements showed a pattern of DsExDR expression 

that was similar to hIL2 secretion (Figure 2.3H).  Unlike the previous two cell lines 

examined, Jurkat cells did not exhibit a quenching of fluorescence intensity at the 

highest level of DNA transfection.  A linear regression of all values resulted in a 

linear correlation (r2 = 0.972) (Figure 2.3I).  This positively demonstrated that red 

fluorescence measurements could also be used to deduce the amount of hIL2 secreted 

by suspension cell lines.   

2.3.4 Examining IRES – mediated Co-expression of DsExDR and hIL2 Proteins 

It was of interest to see whether the secreted hIL2 was correlated one to one 

with DsExDR, as would be expected for a direct fusion protein expressed 

intracellularly [72].  To accomplish this, we plotted normalized DsExDR fluorescence 

levels against normalized hIL2 secretion concentrations (Figure 2.4).  For each cell 

line, the point of normalization was based upon the optimal DNA concentration 

recommended for transfection by the manufacturer, Invitrogen (Jurkat = 1.1 µg, 

C2C12 & HEK293 = 0.8 µg, per 2 x 105 cells).  A slope of unity indicates a 
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Figure 2.4 The functionality of using the IRES bicistronic expression system among the three cell 
lines (Jurkat, C2C12, and HEK293) can be compared by plotting the expression of DsExDR and 
secretion of hIL2, each normalized by the respective data point at which the recommended transfection 
level was made (Jurkat = 1.1 mg, C2C12 & HEK293 = 0.8 mg).  A slope of unity indicates that both 
proteins are accumulating at equal rates.  Jurkat cells have the most balanced accumulation rate, while 
C2C12 and HEK293 cells accumulated slightly more fluorescent protein per hIL2 secreted. 
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 1:1 correspondence for accumulated proteins.  That is, for every DsExDR 

expressed and accumulated, an hIL2 protein was also expressed and secreted.  As 

discussed earlier, the highest level of hIL2 secretion was found in C2C12 and 

HEK293 cells, while Jurkat cells secreted comparatively much less hIL2.  When 

examining the normalized correlations among the cell lines, however, the Jurkat cells 

achieved a more balanced accumulation of both hIL2 and DsExDR molecules (1:2), 

as seen by a slope of 0.52 in Figure 2.4.  C2C12 and HEK293 cells, though higher 

producers overall, accumulated slightly smaller proportions of hIL2 with respect to 

DsExDR (1:3).  In general, the bicistronic plasmid, pF2, was successful in effecting a 

consistent and comparable accumulation of both marker and therapeutic proteins in 

three distinct mammalian cell lines. 

Observations based on Figures 2.3 and 2.4 indicated that the latter two cell 

lines, C2C12 and HEK293, were intrinsically more efficient in protein expression, 

such that even low amounts of transfected DNA were sufficient for actuation.  

Because of these elevated efficiencies, the highest level of DNA transfected (2.0 µg) 

caused DsExDR, an internally accumulated protein, to reach a saturation limit, at 

least with respect to its fluorescence signal.  hIL2, which is secreted from the cells, is 

unbound by the internal constraints or capacities of the cells, and continued to 

accumulate in the supernatant.  Although this phenomenon created a divergence in 

the relationship between the amount hIL2 secreted and the DsExDR fluorescence at 

the highest DNA transfection level, the bicistronic system functioned quite well at all 

lower transfection levels (0.2 to 1.6 µg).  Thus, applications of the pF2 vector can 

utilize a wide range of transfection concentrations in order to take advantage of the 
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bicistronic marker.  Jurkat cells, which were not as efficient in secreting hIL2 as the 

previous cell lines, equally approached a limitation in hIL2 secretion and DsExDR 

expression at the highest DNA concentration (5.1 µg).  In this case, modulating the 

level of transfected DNA produced a proportionally similar response in both hIL2 

secretion and DsExDR accumulation. 

It is noteworthy that linear correlations were obtained for all three cell lines 

(Figures 2.3, 2.4).  A simple scaling analysis of the marker half-life ( t1/2 ), assuming 

linear production and first order degradation rates for a continuously expressing 

stable cell line, shows that a measurement made at any time beyond steady state (τ ≡ 

t/t1/2 ~ 6) is equal to the quantity of protein expressed within a time frame of the 

immediate [ t1/2/ln(2) ] hours.  In the case of DsExDR, which has a reported half-life 

of ~12 hr, a measured fluorescence signal is then representative of how much protein, 

such as hIL2, was expressed in approximately the last 17 hr.  The value of using a 

destabilized marker becomes more apparent when this bicistronic system is used in 

applications such as medical devices, where measurements will indicate how much 

therapeutic was secreted within the last 17 hr rather than over the life time of the 

device.  Furthermore, a 17-hr window is a relatively short period when compared to 

the lifetime of an implant, which may be on the order of months.  This in essence 

gives a much more responsive indication of the therapeutic production rate, as 

compared to reporter systems that may utilize a stable marker.  As the half-life of a 

marker protein decreases, so does this window of representation, which in effect gives 

an even more discrete measurement of a system’s therapeutic protein secretion rate.  

However, a marker protein should also not have too short of a half-life, lest it may not 
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accumulate enough molecules to produce a detectable fluorescent signal.  Because 

DsExDR has an appreciable turnover rate, though long enough to accumulate a 

detectable signal, and also preserves the linearity of the response to hIL2 secretion, it 

is suggested that it is indeed highly suitable for indicating the secretion levels of a co-

expressed therapeutic. 

Due to the effectively discrete and linear attributes of the DsExDR signal, it is 

reasonable to believe that this marker is a good platform for non-invasively detecting 

natively secreted proteins.  The generality of this approach was also demonstrated by 

pF2’s functionality in three distinct cell lines, which varied in species, as well as 

attachment requirements.  Such findings are thus valuable for applications such as 

traditional bioreactor designs, biohybrid artificial organs and regenerative tissue 

engineering. 

2.4 Conclusions 

Three common mammalian cells lines, HEK293, C2C12, and Jurkat were 

transfected with a bicistronic vector, which enabled expression of a DsExDR red 

fluorescent protein marker and secreted hIL2.  Both DsExDR and hIL2 were 

expressed from all three cell lines.  The level of secreted hIL2, per total cell number, 

was significantly higher in C2C12 cells than in the other two. The levels expressed in 

Jurkat cells were by far the lowest among the three.  It was found that DsExDR 

fluorescence was a good indicator of intracellular hIL2 in HEK293 cells.  Further, it 

was found that DsExDR fluorescence was linearly correlated with secreted hIL2 from 

all three cell lines.  Finally, by plotting protein levels on a normalized basis, it was 

determined that the Jurkat cell line had the most balanced accumulation of DsExDR 
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protein molecules and hIL2 molecules, with a 1:2 ratio.  Though HEK293 and C2C12 

cell lines had approximately 1:3 DsExDR to hIL2 accumulation ratios, they were also 

not far from equalized production, and may also be suitable hosts for the bicistronic 

system developed here.  These results thus show promise for further developing in-

situ and non-invasive methods of monitoring therapeutic protein secretion in various 

applications such as tissue engineering.  
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3. Counteracting Apoptosis and Necrosis with Hypoxia Responsive 
Expression of Bcl-2∆ 

3.1 Introduction 

Biohybrid artificial organs are implantable medical devices designed to 

secrete therapeutic proteins from encapsulated cells, typically mammalian in origin.  

In this encapsulated environment, cells often encounter a deficiency in the availability 

of oxygen [127] resulting in hypoxia.  Since mammalian cells can only tolerate 

hypoxia for only a few days at best [89], necrosis and apoptosis quickly ensue.  The 

propensity towards either cell death pathway, however, is highly dependent on the 

cell type [3].  The first pathway is typically the result of severe and prolonged 

exposure to stimuli such as oxygen deprivation.  Characteristics of necrosis are cell 

membrane disruption, mitochondrial swelling, and lost of cytosolic structures.  

Apoptosis, also known as programmed cell death, is a more gradual and organized 

process, marked by chromatic condensation, DNA cleavage, cell size shrinkage, and 

cell membrane blebbing.  Several extracellular strategies have been designed to 

deliver more oxygen to the encapsulated cells.  These include inducing 

vascularization around the implant [4], electrochemically generating oxygen by 

decomposing water [5, 6], as well as using synthetic oxygen carriers [90].  An 

alternate method of helping cells survive hypoxia may be intracellular in nature, 

involving the metabolic engineering of encapsulated cells to become intrinsically 

more resistance oxygen deprivation. 

Bcl-2 belongs to a family of regulatory proteins that have the ability to 

prevent or delay apoptosis.  Its activity was first described by Vaux et al. in 1988 as 
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being able to protect cells from apoptosis induced by deprivation of the hormone IL3 

[91].  It was later discovered that Bcl-2 could prevent apoptosis induced by other 

factors, including serum deprivation, heat shock, chemotherapy agents, ethanol, and 

hypoxia [89, 92-95].  More recently, Bcl-2 has also been shown to inhibit necrosis 

induced by hypoxia and inhibition of mitochondrial respiration [96].  Since the 

discovery of Bcl-2, other members of this family of regulatory proteins have been 

discovered.  Members include proteins that are anti-apoptotic (Bcl-2, Bcl-xL, Bcl-w) 

and pro-apoptotic (Bax, Bak, Bik, and Bid) in nature.  A commonality among the 

members is four Bcl-2 homologous domains, BH (1-4), which may all be present but 

not all active in a single protein.  Activity of BH3 is necessary for efficacy of pro-

apoptotic members [96-98], while BH1, 2, and 4 are required for anti-apoptotic 

effects [9, 99].  Recent studies also indicate that a nonconserved region of peptides 

between BH3 and BH4, encoding an unstructured loop, is responsible for attenuating 

the anti-apoptotic effects of Bcl-2 and Bcl-xL.  Bcl-2∆ is a deletion mutant (residues 

32-80) of the human Bcl-2 protein, yielding a variant devoid of this loop, a putative 

negative regulatory domain used for post-translational modifications [7-9].  In 

comparison to the full-length protein, the deletion mutant shows enhanced ability to 

inhibit apoptosis [10, 128].   

The objective of this work is to investigate how Bcl-2∆ can be used to relieve 

hypoxic stress.  To test the effects of Bcl-2∆ on the levels of protein production, 

necrosis, and apoptosis, a mouse myoblast cell line, C2C12, was transfected to 

express a yellow fluorescent protein (EYFP) with or without Bcl-2∆ under the control 

of a strong constitutive CMV promoter.  To prevent continual or unnecessary over-
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production of this protein, however, the regulation of its expression was then placed 

under the control of a hypoxia sensitive promoter, 5HRE-hCMVmp.  These vectors 

allowed cells to differentially express either EYFP or EYFP-Bcl-2∆ based on the 

level of oxygen that is sensed.  These vectors were ultimately designed for use in 

encapsulated cells such that they can conserve their metabolic energy and produce 

Bcl-2∆ only when necessary. 

3.2 Materials and Methods 

3.2.1 Cell Culture Media and Maintenance 

A murine myoblast cell line, C2C12, was used for all experiments.  C2C12 

was subcloned from the skeletal leg muscle cells of an adult C3H mouse, and was 

obtained from American Type Cell Culture (ATCC; CRL-1772, MD, USA).  The 

myoblasts are non-carcinomas and remain undifferentiated.  Cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) supplemented with 1.5 

g/L of NaHCO3 and 5% fetal bovine serum (FBS, Sigma).  Regular maintenance of 

the cells required subculturing every two days in 75 cm2 tissue culture flasks as the 

population approached 80-90% confluency.  To detach the cells, spent media was first 

aspirated, and the culture rinsed with Dulbecco’s Phosphate Buffer Solution (DPBS) 

without Ca2+ and Mg2+ (DPBS-cm) (Invitrogen).  Rinsed cells were then incubated in 

a 0.25% Trypsin with 0.03% EDTA solution (Sigma) for 5 minutes at 37 oC.  Cells 

were passaged at a 1:10 split ratio, with 12 mL of fresh media. 

3.2.2 Construction of Recombinant Plasmids 

Four plasmids were constructed in order to test the ability of the Bcl-2∆ 

protein to be differentially induced under low oxygen conditions, as well as 
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counteract the ensuing apoptotic and necrotic cellular events.  All plasmids contained 

the gene for an enhanced yellow fluorescent protein (EYFP), which served as a 

marker for promoter induction and protein expression.  The first two plasmids (Figure 

3.1) utilized the strong constitutive cytomegalovirus (CMV) promoter, which was 

part of the backbone vector, pIRESpuro3 (Clontech).  The first construct, pCYp, 

contains only the EYFP gene.  This gene was obtained through a polymerase chain 

reaction (PCR) from a plasmid, dubbed pCYbn, which was generously donated by 

M.J. Betenbaugh (Johns Hopkins University), using the following primers: 5'- AGA 

TCC GCT AGC GCT AC -3' and 5'- GTA GCG CTA GCG GAT CT -3'.  These 

primers respectively included the NheI and EcoRI restriction enzyme sites.  The PCR 

product was digested at these restriction sites and ligated into the corresponding sites 

in pIRESpuro3.  The second plasmid constructed was pCYbp, which contained an 

EYFP-bcl2-∆ fusion gene.  This fusion was obtained by directly digesting NheI and 

EcoRI sites in the pCYbn plasmid, and ligated into pIRESpuro3.   
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Figure 3.1 Two plasmids, pCYp and pCYbp, contain strong constitutive CMV promoters, which 
permit the continual expression of protein in transfected cells.  The first vector, pCYp, serves as a 
negative control for the effects of Bcl-2∆ with respect to pCYbp. 
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The last two plasmids, pO2Yp and pO2Ybp, (Figure 3.2) were built as 

analogs to the first two plasmids with only a difference in the promoter used.  These 

vectors were constructed by replacing the CMV promoters with a hypoxia-inducible 

promoter, 5HRE-hCMVmp (5HRE), found in the p5HRE-d2EGFP vector generously 

provided by J.M. Brown (Stanford University) [129].  This promoter contains five 

hypoxia responsive elements (HRE) fused upstream of a human cytomegalovirus 

minimal promoter, and is induced only under low oxygen conditions.  In each case of 

building the last two plasmids, the original CMV promoters were first excised 

throught digestion of the flanking restriction enzymes sites, NruI and NheI, and 

replaced with 5HRE-hCMVmp.  The hypoxia-inducible promoter was obtained 

through PCR of p5HRE-d2EGFP using the following primers: 5'- TAA TTC GCG 

ACA TAT GGG TAC CGA GCT TTT CT -3' and 5'- GCA ATG CTA GCG AAT 

GCC AAG CTT CTA GT -3'.  These primers respectively included the NruI and NheI 

restriction sites. 
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Figure 3.2 Hypoxic induction of protein expression is achieved with the p5HRE-hCMVmp 
promoter, which is composed of five tandem hypoxia responsive elements (5HRE) fused to a human 
CMV minimal  promoter (hCMVmp).  The pO2Yp vector serves a negative control to pO2Ybp with 
respect to Bcl-2∆. 
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3.2.3 Transfections 

C2C12 myoblasts were transfected in both 6- and 12-well tissue culture plates 

(Costar) in an attached state (Table 3.1).  Cells were passaged at most two days 

before inoculation so that they remain in a non-confluent, growing state.  Cultures 

were harvested by trypsinization (0.5 – 1.0 mL/well of Trypsin/EDTA, 5 min, 37oC) 

and resuspended in fresh complete media at a concentration of 6 x 104 cells/mL.  6-

well plates were inoculated with 1mL/well of this cell solution while 12-well plates 

were inoculated with 0.5 mL/well.  Inoculated plates were incubated for 12 hours 

before transfection to ensure attachment of cells.  Upon transfection, a media 

exchange was performed on all wells, whereby the respective volumes of complete 

media were replaced by a serum-free media, OptiMEMI (Invitrogen).  Antibiotics 

were never used during routine passaging nor during transfection.  Transfections were 

accomplished by using a cationic lipid reagent, LipofectAmine Plus (Invitrogen).  

DNA was first combined with Plus reagent in a solution of OptiMEMI.  This mixture 

incubated for 15min at room temperature and was added to a second vial containing 

LipofectAmine in a solution of OptiMEMI.  Specific amounts for transfecting either 

6-well or 12-well plates are detailed in Table 3.1.  This final mixture was also 

allowed to incubate for 15min at RT for the DNA-Lipid complexes to form, and then 

pipetted into each well drop-wise such that it did not disturb the attached C2C12 

cells. 
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Table 3.1 Transfection Protocol for C2C12 in 6- and 12-well tissue culture plates. 

 
Format Plasmid Plus OptiMEMI LipofecAmine OptiMEMI

(µg) (µL) (µL) (µL) (µL)

6-well 1.2 6 100 3.4 100

12-well 0.7 5 50 2.0 50
 

 

3.2.4 Hypoxic Chambers 

In order to simulate the various hypoxic conditions needed to induce 

apoptosis, as well as promoter response, cell culture plates were placed in individual 

hypoxic chambers within a CO2 incubator.  Each chamber was connected to its own 

particular mixture of gas.  As the gas enters the incubator, it is first passed through a 1 

liter fine bubble column, where it is humidified and heated before entering the 

individual hypoxic chambers.  Each chamber was fashioned from a 1-L plastic tray 

with a non-hermetic lid.  As the gas enters the chamber, it fills and saturatesthe 

headspace before exiting.  Gas exchange was facilitated by placing all hypoxic 

chambers on a rocker platform (Boekel).  The entire experimental assembly is 

depicted in Figure 3.3.  A kinetic measurement of the dissolved oxygen concentration 

in a mock culture, which contained 1 mL of complete media, showed that steady state 

was reached at approximately one hour for a 0% O2 gas mixture flowing at 0.5 L/min 

(Figure 3.4).  Dissolved oxygen was measured using a Clark-type dissolved oxygen 

probe with an OM4 Oxygen Meter (Microelectrodes). 
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Figure 3.3 The hypoxic incubation system is composed of individual hypoxic chambers placed upon 
a rocker platform within a CO2 incubator.  Each chamber is connected to its own gas tank via a bubble 
column, which humidifies and warms the incoming air.  The gas environment within each chamber is 
determined by the premixed composition of the compressed gas cylinders.  Mix gas flows at 0.5 L/min.  
The chambers and bubble columns are each 1L in volume.  Dissolve oxygen content in tissue cultures 
plates with 1mL of media is monitor by a Clark-type dissolved oxygen probe and OM4 Oxygen Meter 
(Microelectrodes). 
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Figure 3.4 Kinetic measurements of dissolved oxygen content within a 1mL mock culture were 
made to ensure that cells were exposed to the intended hypoxic environments.   A 0 % O2 gas mixture 
was directed into a rocking hypoxic chamber (0.5 L/min, 37 oC), which contained the mock culture.  
Steady state was reached in approximately 1 hour. 
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3.2.5 Flow Cytometry of EYFP Recombinant Proteins 

The choice of using EYFP as a fusion partner to Bcl-2∆ enabled the tracing of 

its production by means of flow cytometry.  When EYFP was produced alone, its 

fluorescence serves as an indicator of overall cell productivity.  Cell samples were 

collected by aspirating the culture media and rinsing with DPBS-cm.  To detach the 

cells, wells were filled with either 300 uL of Trypsin/EDTA for 6-well plates or with 

500 uL of Trypsin/EDTA for 12-well plates.  Samples were incubated for 5 min at 

37oC before centrifuging (500 x g, 5min) and fixing the cells in 300 µL of DPBS-cm 

+ 3.7% paraformaldehyde (DPBS-cmf).  Samples were stored in 5mL polystyrene 

culture tubes at 4oC until they were ready for analysis.  All analyses were performed 

with a FACSCalibur (Becton Dickinson, Immunocytometry) three-color flow 

cytometer (FL1=530/30, FL2=585/42, FL3=670LP) equipped with a single Argon 

laser (488nm), generously provided by D.M. Mosser (University of Maryland, 

College Park).  Ten thousand cells were analyzed in each sample.  The detectors were 

used with the following settings: FSC = 1, SSC = 350, and FL1 = 380 to 412. 

3.2.6 Viability Assay 

Cell viability was determined by a dye exclusion assay using 7-amino-

actinomycin D (7-AAD) (Beckton Dickinson, Pharmingen).  Cells samples were 

collected by centrifuging the combined supernant media and trypsinized cells.  This 

ensures that any cells that may have died and detached from the wells were taken into 

consideration for viability measurements.  Samples were then resuspended in DPBS-

cm + 5% FBS (DPBS-cms) in order to neutralize any trypsin that may have remained.  

100 µL of a 10 x dilution of 7-AAD in DPBS-cms was added to each sample, and 
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allowed to incubate for 10min in the dark at room temperature.  Formaldehyde was 

not used in this procedure.  Samples were immediately placed on ice and analyzed 

after collection.  Fresh cells that were not transfected were processed in the same way 

to serve as a negative control for 7-AAD.  The FACSCalibur flow cytometer with an 

FL3 = 400 setting was used to detect the viability dye. 

3.2.7 Apoptosis Assay 

The level of apoptosis in the cell samples was assessed with an anti-caspase-3 

apoptosis kit (BD Pharmingen).  Cells were collected similarly to the viability assay.  

Samples were resuspended in a cold Cytofix/Cytoperm (500 µL) solution for 20 min 

on ice, in order to fix the cells, as well as to permeate the membranes for the 

subsequent antibody staining.  Cells were washed with a Perm/Wash Buffer (PWB) 

(500 µL, RT) before 120 µL of the anti-caspase-3 antibody solution was added to 

each sample.  This was allowed to incubate for 30 min at RT before the samples were 

washed twice with cold PWB (4 oC).  Final samples used for flow cytometry analyses 

were resuspended in PWB.  The antibody, which was conjugated to phycoerythrin 

(PE) was detected on FL2 = 493.  As a positive control, cells were incubated for 4 

hours with a 6 µM (final concentration) solution of camptothecin (Sigma), which is a 

potent inducer of apoptosis [10].  Since all transfected cells produced EYFP, which 

has some overlapping emissions from FL1 into FL2, it was necessary to have one 

complete set of samples that were not stained with the conjugated antibody to serve as 

a background fluorescence reading for all apoptosis data. 
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3.2.8 Fluorescence Microscopy 

EYFP fluorescence was helpful as an indicator for successful transfection of 

cells.  Fluorescence was verified with an Olympus BX60 fluorescent microscope 

equipped with a UMNB filter cube (Exciter BP470-490, Dichroic DM500, Emitter 

BA515 LP).  Cell cultures were removed from tissue culture plates by trypsinization 

and washed with  DPBS-cm in order to minimize the background autofluorescence of 

media.  Cells were then placed on a microscope slide with a cover slip before 

imaging.   

3.3 Results and Discussion  

3.3.1 Differential Hypoxic Induction of Protein Production 

In order to verify the sensitivity of the 5HRE promoter within the vector 

constructs to hypoxic induction, C2C12 cells transfected with either p5HRE-d2EGFP 

or pO2Ybp were compared for their levels of fluorescent protein production under 

five oxygen conditions.  Cells inoculated in 6-well plates were placed in individual 

hypoxic chambers with gas mixtures containing either 0.0, 0.5, 1.0, 2.0, 5.0, or 21.0 

% O2 plus 5% CO2, and a balance of N2.  Cells were first incubated under ambient 

oxygen conditions for 36 hours post-transfection (hpt) before they were exposed to 

the various oxygen conditions for another 18 hours.  Under these environments, the 

level of protein induction from the highest to lowest oxygen concentrations were 

respectively 3.2 and 2.5 fold for each of the plasmids (Figure 3.5).   
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Figure 3.5 C2C12 cells transfected with pO2Ybp and p5HRE-d2EGFP were compared for their 
ability to hypoxically induce fluorescent protein production.  Cells were exposed to five oxygen 
concentrations (0.0, 0.5, 1.0, 2.0, 5.0, 21.0 %) and assayed after an 18 hour incubation.  C2C12 
cultures transfected with pO2Ybp produced enhance yellow fluorescent protein (EYFP) in a similar 
fashion to those transfected with p5HRE-d2EGFP produced destabilized enhance green fluorescent 
protein (d2EGFP).  EYFP fluorescence, however, was higher than EGFP at every O2 concentration.  
This is most likely due to the short, 2-hour half-life of the destabilized EGFP.  Both transfections 
indicated that a decrease in O2 content is able to exponentially induce fluorescence.
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The fluorescence in cells transfected with pO2Ybp was consistently higher 

than those transfected with p5HRE-d2EGFP at every oxygen level despite their 

similar quantum yields (61% and 60%, respectively).  This difference was most likely 

due to the fact that the latter plasmid expressed a destabilized form of EGFP, with a 

half-life of only two hours rather than over 24 hours as is the case with EYFP.  The 

decrease in the partial pressure of oxygen did not induce a linear response in the level 

of fluorescence, but was more exponential in nature.  This trend was supported by 

previous studies made with the 5HRE promoter [69, 130, 131].  Furthermore, there 

appeared to be a slightly higher than expected rise in fluorescence at the 5.0% O2 

level, resulting in a non-monotonic rise in the otherwise exponential trend for both 

d2EGFP and EYFP induction.  This phenomenon may reflect the evolutionarily 

optimized state for cellular metabolism, since the 5% O2 gas environment more 

closely simulated natural mammalian physiological conditions [12]. 

Upon verifying that the hypoxia inducible promoter was functioning properly 

within pO2Ybp, we compared how each of the four constructed vectors responded to 

variations in oxygen partial pressure.  Cells inoculated in 6-well plates were placed in 

individual hypoxic chambers with gas mixtures containing either 0.0, 0.5, 1.0, 2.0, 

5.0, or 21.0 % O2 plus 5% CO2, and a balance of N2 for 30 hours starting from 24 hpt.  

C2C12 transfected with pO2Yp showed similar trends in expression of EYFP as those 

transfected with pO2Ybp (Figure 3.6).   
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Figure 3.6 C2C12 cells were transfected with either pCYp, pCYbp, pO2Yp, or pO2Ybp expression 
vectors and incubated for 30 hrs under various hypoxic conditions (0.0, 0.5, 1.0, 2.0, 5.0, or 21.0 % O2 
plus 5% CO2, and a balance of N2 ) beginning at 24 hours post-transfection (hpt).  Cells that were 
transfected with the hypoxia sensitive promoters showed increased fluorescence with a decrease in O2 
concentration.  Cells that contained the CMV promoter, however, displayed an opposite trend despite 
their overall higher levels of fluorescence at all oxygen concentrations.  This decrease in fluorescence 
was indicative of metabolic stress due to hypoxia.  In all C2C12 culture, it was clear that the presence 
of Bcl-2∆ was helpful to the cells’ protein production capabilities. 
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The characteristic bump at the 5% O2 condition, however, was not as 

apparent.  Nevertheless, the culture that expressed Bcl-2∆ showed a consistently 

higher level of protein production at all oxygen concentrations.  This difference 

became even more dramatic as the oxygen level decreased and hypoxia-induced 

apoptosis came into effect.  Thus, the presence of Bcl-2∆ apparently gave these cells 

a metabolic advantage.  Myoblasts that were transfected with pCYbp and pCYp, 

showed an overall higher level of fluorescence compared to the hypoxia sensitive 

transfectants.  As expected, the CMV promoter allows a significant level of protein 

production despite limited oxygen availability.  Thus, despite the strength of the 

promoter, the trend in production suffered as the level of oxygen also decreased.  

Similar to the relationship among cells transfected with the 5HRE promoter, Bcl-2∆ 

conferred a metabolic advantage to the cells transfected with pCYbp over those with 

pCYp. 

3.3.2 Transient Expression of Heterologous Proteins under Hypoxic Condition 

C2C12 myoblasts were transfected with the four constructed plasmids, pCYp, 

pCYbp, pO2Yp, and pO2Ybp, were monitored over a 24 hour period to study their 

transient behavior under hypoxic conditions.  Cells were placed under a 2% O2 gas 

mixture environment for 24 hours post-transfection (hpt), and monitored ever 8 hours 

thereafter.  Myoblasts that contained the plasmids with the CMV promoter had 

significantly higher fluorescence intensities compared to those containing the 5HRE 

promoter (Figure 3.7).  
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Figure 3.7  C2C12 cells were transfected with either pCYp, pCYbp, pO2Yp, or pO2Ybp expression 
vectors and monitored for 24 hrs when grown under a 2% O2 hypoxic environment beginning at 24 
hpt.  All transfections, besides pO2Yp, showed an increase in EYFP fluorescence within the 24 hours.  
Although this phenomenon was expected for cells containing hypoxia inducible promoters, those 
without were apparently unencumbered within the exposure period.  All myoblasts that were able to 
express Bcl-2∆ were able to produce more EYFP than their deficient counterparts.  This indicated the 
production advantage of having the anti-apoptotic protein.  Myoblasts that were transfected with 
pO2Yp, had neither the bcl-2∆ gene, nor the brute capability of the CMV promoter, and thus lagged in 
EYFP production as time progressed. 

 

 

Within each pair of promoter constructs, the cells that contained the Bcl-2∆ 

gene produced more fluorescence in comparison to those without.  All plasmids 

beside pO2Yp showed an increase in EYFP production as a function of time, up to 48 

hpt.  This phenomena in cultures that did not have the hypoxia inducible promoter 

indicated that the strength of the CMV promoter was not hindered by the 2% O2 

environment within the 24 hour exposure.  Among the cells that contained the 5HRE 
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promoter, only those that produced Bcl-2∆ showed an increase in fluorescence as a 

function of time.  Thus, without the enhancement of Bcl-2∆, the induction of the 

5HRE promoter was not enough to overcome the detriment of hypoxia over a 24 hour 

period. 

3.3.3 Bcl-2∆ Protection of Cells under Hypoxic Stress 

In order to truly gauge the applicability of producing Bcl-2∆ for protecting 

encapsulated cells, which face extended periods of hypoxia, it was important to not 

only examine the level of protein production, but also the levels of cell viability and 

apoptosis in treated cultures.  These parameters will give a better measure of the long-

term health and metabolic productivity of the cells.  To accomplish this, cells 

transfected with the hypoxia inducible promoter vectors were placed under five 

different oxygen conditions and analyzed for their viability as well as their apoptotic 

levels.   As hypothesized, the cells that produced Bcl-2∆ had a consistently higher 

level of viability than those that were without the anti-apoptotic protein.  

Furthermore, these cells had lower levels of apoptosis (Figure 3.8).  Thus, the 

production of Bcl-2∆ was not only able to enhance the immediate protein productivity 

of its host, but also provided long term protection by reducing hypoxia induced 

necrosis and apoptosis.  
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Figure 3.8  The protective nature of Bcl-2∆ against hypoxia can be more accurately accessed through 
measurements of necrosis and apoptosis in the host.  C2C12 cells that were transfected with either 
pO2Ybp and pO2Yp were exposed to five hypoxic environments (0.0, 0.5, 1.0, 2.0, 5.0, or 21.0 % O2 
plus 5% CO2, balance N2 ) for 30 hours beginning at 24 hpt.  Myoblasts that were able to express Bcl-
2∆ were able to sustain both a higher level of viability, as well as lowered levels of apoptosis.  Thus, 
Bcl-2∆ was successful in not only enhancing protein production, but also the long term health of the 
host cells under hypoxic stress. 

 

 

3.4 Conclusions 

C2C12 mouse myoblasts transfected with pO2Ybp were compared to those 

transfected with the original plasmid vector, p5HRE-d2EGFP, in order to verify the 

sensitivity of the hypoxia inducible construct.  Both transfectants show a similar trend 

for upregulation of fluorescence protein production as the oxygen level dropped from 

21% to 0%.  The induction was exponential in nature, showing a dramatic rise below 

the 5% O2 level.  Three additional vectors were constructed in order to compare the 

efficacy of Bcl-2∆, as well as the hypoxia inducible promoters.  When cells were 
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placed under the various oxygen conditions (0.0, 0.5, 1.0, 2.0, 5.0, or 21.0 %), those 

that contained the vectors with CMV promoters (pCYbp, pCYp) produced 

significantly more fluorescence than those with the 5HRE promoters (pO2Ybp, and 

pO2Yp).  However, cells that contained the hypoxia sensitive promoters were able to 

produce more protein as the oxygen levels decreased, where as those with the 

constitutive CMV promoters declined in protein expression.  Within each type of 

promoter construct, cells that were able to manufacture Bcl-2∆ were always able to 

out-produce EYFP as compared to those that were unable.  This indicated that Bcl-2∆ 

was crucial for helping the cell’s metabolic functions despite the promoter system 

used.  An examination of the transient expression of EYFP by these four plasmids 

also indicated the same effects of Bcl-2∆ and 5HRE.  In order to prove the utility of 

Bcl-2∆ in counteracting hypoxia in an encapsulation environment, it was necessary to 

examine the long-term health of the transfected cells.  Cells transfected with pO2Ybp 

not only indicated a higher viability when compared to those transfected with pO2Yp, 

but also a lower level of apoptosis at every oxygen level tested.  Thus, the differential 

expression of Bcl-2∆ using the 5HRE promoter has been shown to enhance not only 

protein productivity under hypoxic conditions, but also resistance to necrosis and 

apoptosis. 
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4. Biocompatible Cellular Scaffold for Encapsulating Cells  

4.1 Introduction 

In the field of tissue engineering there is great interest in designing cellular 

scaffolds that are not only biocompatible, but also physically and biochemically 

robust.  Hydrogels made from thermally cooled gelatin are one of the most commonly 

used support matrices for mammalian cell growth [12].  The prevalence of gelatin 

hydrogels is due mainly to their ability to closely simulate the native environment of 

mammalian cells since gelatin is the basic building block of collagen, a major 

component of the extracellular matrix (ECM) [12-14].  The employment of these 

natural biopolymers thus offers a growth medium that is highly biocompatible with 

encapsulated cells, as well as host tissues.  Nevertheless, these physical gelatin 

hydrogels are prone to premature degradation by proteolytic enzymes, such as 

gelatinase and collagenases or by simply melting [12].  Many researchers have sought 

to create more permanent hydrogels by using either uv-light or chemical crosslinkers 

(e.g. glutaraldehyde, carbodiimide, diphenylphosphoryl azide) [13, 20, 117].  Despite 

the improved mechanical strength and proteolytic stability of these hydrogels, the 

crosslinkers often elicit either cytotoxic side-effects or immunological responses from 

the host [15-20].  These effects in turn diminish their overall applicability as 

crosslinking agents.  Thus, there is a need to develop cellular scaffolds that do not 

make concessions for either the biocompatibility or the physical and biochemical 

stabilities of the hydrogel.   

To overcome the need to compromise either property, a naturally occurring 

protein crosslinking enzyme, transglutaminase, was used in this part of the work to 

67 



form thermally stable hydrogels from gelatin.  Transglutaminase functions by 

catalyzing the formation of covalent N ε-(γ-glutamyl) lysine peptide bonds between 

individual gelatin strands in order to form a permanent network of polypeptides [21, 

22].  This enzyme is ubiquitous in nature, being found among many species of the 

plant and animal kingdoms (e.g. peas, oysters, shrimps, tunas, chickens, cows, and 

humans) [23].  Microbial transglutaminase (mTG) is one form of the protein that is 

also innocuous [23].  This enzyme is commonly used in food manufacturing 

processes that are approved for human consumption by the US Food and Drug 

Administration [21].  The functional independence of mTG with respect to 

proenzymes or calcium ions, and its high level of activity over a wide range of 

temperatures (~50% at 37oC, max at 50oC) and pH values (~90% between 5 to 8), 

makes the enzyme amenable to a wide variety of gel formation and cell encapsulation 

techniques and conditions [132-134].  The improved mechanical strength and short 

amount of time (< 30 min for 4% gelatin at 37 oC) that mTG needs to form a 

permanent gelatin network also makes this type of hydrogel appropriate for live 

surgery procedures, as well as injectable tissue engineering applications [135].  To 

advance the usage of mTG towards these applications, the work here seeks to (1) 

demonstrate the biocompatibility of mTG crosslinked gelatin hydrogels as 3D cellular 

scaffolding media, and (2) to characterize the tuneable degradability of these 

hydrogels.  Biocompatible cellular scaffolds with customizable degradation rates can 

potentially be utilized in a wide variety of applications, ranging from the immuno-

isolative encapsulation of cells to time-released delivery of cells for regenerative 

medicine. 
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4.2 Materials and Methods 

4.2.1 Maintenance of Cell Cultures 

The attachment dependent human embryonic kidney cell line, HEK293 (Flp-

In™-293, Invitrogen) was cultured in Dulbecco’s Modified Eagle’s Media containing 

high glucose (4.5 g/L), GlutMAX™ I (3.97 mM) (DMEM, Invitrogen), with added 

fetal bovine serum (10%, FBS, Sigma), and zeocin (100 mM, Invitrogen) (complete 

media).  Cells were cultured in 75 cm2-tissue culture flasks (Costar) and subcultured 

every two to three days as the population approached 80-90% confluency.  Cells were 

passaged by first aspirating the spent media and then rinsing with Dulbecco’s 

Phosphate Buffer Solution without Ca2+ or Mg2+ (DPBS-cm, Invitrogen).  Rinsed 

cells were then incubated in 2 mL of a 0.25% Trypsin with 0.03% EDTA solution 

(Sigma) for 5 minutes under their normal growth environment (37 oC, 8% CO2 

incubator).  Cells were passaged with a 1:10 split ratio and supplemented with fresh 

complete media up to 12 mL for further growth.  

4.2.2 Cell Encapsulation and Culture 

Three dimensional cell encapsulates were formed by mixing HEK293 cells 

with 4% gelatin and mTG solutions.  Both gelatin and mTG stock solutions were 

sterile filtered and equilibrated in a 37 oC water bath for 20 min prior to mixing with 

cells in order to prevent heat shock.  Encapsulates were formed in white-wall, clear-

bottom, 96-well tissue culture plates (Costar) with 60 µL/well.  HEK293 cells were 

used at a density of 2,000 cells per 60 µL.  Mixtures of cells and gel were 

immediately aliquoted into well plates in order to avoid thermal cooling.  The cell 
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encapsulates were incubated under normal cell culture conditions (37 oC, 8% CO2) 

with an overlay of 100 µL of complete media. 

4.2.3 In Situ Cell Proliferation Assay 

The proliferation of encapsulated HEK293 cells was monitored with two 

membrane-permeable nucleic acid dyes, SYTO-16 and Hoechst 33342 (Molecular 

Probes; Invitrogen).  Although both dyes can bind DNA, SYTO-16 can also stain 

RNA, cytoplasm, and mitochondria.  Both dyes have the property of fluorescing only 

when bound to nucleic material, but not while they are free nor simply interacting 

with proteins such as gelatin.  Cell encapsulates were stained within the 96-well 

plates by first aspirating the media overlays and then incubating each well with 60 µL 

of either dye at 2x concentrations (SYTO-16 = 2 µM, max Ex/Em = 489/520 nm; 

Hoechst 33342 = 20 µg/mL, max Ex/Em = 350/460 nm).  Stock reagents were made 

with Dulbecco’s Phosphate Buffer Solution (DPBS, Invitrogen), and stored in the 

dark at 4 oC until needed.  The fluorescence of stained cells was measured with a 

LS55 fluorescence microplate reader (Perkin Elmer).  Since fluorescence intensity 

measurements were found to vary with incubation time (data not shown), an arbitrary 

incubation period of 4 hr was fixed for all in situ assays.  Calibration curves between 

cell number and fluorescence intensity within each well were developed for both 

SYTO-16 and Hoechst 33342 stains.  SYTO-16 staining produced a nonlinear 

correlation between cell number and fluorescence, presumably due to saturation 

(Figure 4.1).  This was less suitable as a calibration curve as compared to Hoechst 

33342 staining, which yielded a linear fit between 0 to 40,000 cells/well.   
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Figure 4.1  In situ monitoring of proliferation for gelatin encapsulated cells was attempted with both 
SYTO-16 and Hoechst 33342 nucleic acid dyes.  SYTO-16 staining produced a non-linear 
relationship, while Hoechst 33342 staining generated a linear correlation of 5.05 x 105 cells/RFU (r2 = 
0.98).  This calibration curve was generated from HEK293 cells encapsulated in 60 µL of 4% mTG-
Gel in 96-well plate using a 4 hr incubation period. 

 

4.3 Results and Discussion 

The proliferation of mTG-Gel encapsulated HEK293 cells, with an initial 

concentration of 2,000 cells/well, was monitored with Hoechst 33342 staining for a 

three week period.  Negative controls using gelatin hydrogels without any cells were 

made for each sampling time point.  Cell numbers were calculated by multiplying the 

normalized ratio of fluorescence intensity (RFUsample / RFUnegative control) by the initial 

cell concentration.  A plot of these values indicated that HEK293 cells were indeed 

proliferating within the hydrogels at a linear growth rate of 0.03 day-1 (Figure 4.2).   
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Figure 4.2  HEK293 cells (2,000 cells/well) were encapsulated in the mTG crosslinked gelatin 
hydrogels (60 µL/well) were initially seeded into 96-well plates with white walls and clear bottoms.  
Hoechst 33342 staining (4 hr incubation) showed that encapsulated cells were growing in clusters, and 
proliferating at a linear rate of approximately 0.03 day-1 (r2 = 0.95). 

 

Day 4

Day 12

Day 8

Day 21

100 µm

100 µm

100 µm

100 µm

Day 4

Day 12

Day 8

Day 21

100 µm100 µm

100 µm100 µm

100 µm100 µm

100 µm100 µm

 

Figure 4.3  HEK293 cells stained with Hoechst 33342 nuclear dye can be seen proliferating while they 
are encapsulated in mTG crosslinked gelatin hydrogels.  Cells formed spherical clusters and 
proliferated linearly with time. 
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Images of the fluorescently stained cells (Figure 4.3) showed that singly 

encapsulated cells were replicating in place and forming cellular clusters within the 

hydrogels.  Similarly, encapsulated HEK293 cells that were cast in 6-well tissue 

culture plates and grown for over one month were also observed to form clusters 1-2 

mm in diameter.  When the hydrogels were masticated and incubated in a 0.25% 

Trypsin + 0.03% EDTA solution at 37 oC for 20 minutes, the cell clusters were 

released.  These clusters, when incubated under normal cell culturing conditions, 

were able to spread out and re-colonize plate surfaces (Figure 4.4A).  Released cells 

that were of smaller cluster sizes or even singlets were also able to re-attach and 

propagate (Figure 4.4B).  Since clusters could only have formed within the 3D 

environment of the hydrogels, these results definitively prove that HEK293 cells were 

indeed viable over a one month period while encapsulated in the mTG crosslinked 

gelatin hydrogels. 
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Figure 4.4  Encapsulated HEK293 cells were released by masticating the mTG-Gels followed by a 20 
minute incubation with a 0.25% Trypsin + 0.03% EDTA solution at 37 oC.  Released cells appeared as 
clusters (A), as well as singlets (B).  Both of these forms of released cells were able to re-attach to 
tissue culture plates under normal incubation conditions (37 oC, 8% CO2).
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4.4 Conclusions 

The objective of this portion of the work was to demonstrate that gelatin 

hydrogels, crosslinked by microbial transglutaminase (mTG), were biocompatible 

towards encapsulated cells, such that they may be used as a 3D cellular scaffold.  The 

ability of HEK293 cells to proliferate within the hydrogel, as well as to re-attach to 

cell culture surfaces once released from encapsulation proved that mTG crosslinked 

hydrogels were indeed biocompatible. 
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5. Transglutaminase Crosslinked Gelatin Hydrogels as Tissue 
Engineering Scaffolds 

5.1 Introduction 

From previous work we have demonstrated that mTG-Gels are indeed 

compatible with encapsulated mammalian cells.  To further extend the applicability of 

mTG-Gels, however, it is also important to demonstrate how well these hydrogels can 

withstand thermal and proteolytic degradation, which are major concerns for natural 

biopolymer-based hydrogels.  It is also interesting to see how the degradation rate of 

mTG-Gels may be controlled to suit different applications.  Hydrogels with slow 

degradation rates may serve well as an immuno-protective encapsulation material, 

whereas hydrogels with longer degradation rates, on the order of days or weeks, can 

be utilized for slow delivery of cells in regenerative medicine.  This portion of the 

work investigates how, and at what rate, mTG-Gels are degraded under simulated 

physiological conditions, as well as seeks a mean for controlling its degradability. 

 

5.2 Material and Methods 

5.2.1 Transglutaminase Crosslinked Gelatin Hydrogels 

Gelatin hydrogels were made by three different methods, giving rise to 

thermal hydrogels (T-Gels), mTG crosslinked hydrogels (mTG-Gels), and hydrogels 

that are initially cooled before crosslinking with mTG (HybriGels).  T-Gels are 

common physical gels formed by first dissolving 300-bloom gelatin (Type A, Sigma) 

in DMEM+FBS at 70 oC for 10 min, followed by sterile filtration through 0.22 µm 

SteriFlip (Millipore) media filters before thermally setting at 4 oC for 24 hr.  These 
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hydrogels are not permanent and are thermally reversible.  Enzyme crosslinked mTG-

Gels are made by mixing dissolved gelatin with a 10% (m/v) stock solution of mTG 

(Ajinomoto, Inc.).  Stock mTG solution is made by first dissolving mTG powder in 

DMEM+FBS at 50 oC for 10 min and then sterile filtering through a 0.22µm Millex 

(Millipore) syringe filters.  Dissolved gelatin and mTG solutions are mixed with a 

final mass ratio of 0.2 g-mTG/g-gelatin.  The crosslinking reaction is allowed to take 

place in a cell culture incubator set at 37 oC for 24 hours.  HybriGels were formed by 

first cooling a gelatin solution at 4 oC for 12 hours without mTG.  Afterwards, an 

equal volume of a 10% mTG stock solution was overlaid on top of the thermal 

hydrogel to start the crosslinking.  This reaction phase was allowed to take place 

within an incubator at 37 oC for another 12 hour. 

5.2.2 Thermal and Proteolytic Degradation of mTG Crosslinked Hydrogels 

The three types of gelatin hydrogel were tested for their ability to resist 

thermal and proteolytic degradation.  Two milliliter volumes of each hydrogel were 

cast in individual 35mm Petri dishes (9.6 cm2) and allowed to set overnight before 

placing each into their respective treatments.  Thermal stability was examined by 

incubating the hydrogels under a DPBS solution at 37 oC.  Proteolytic stability was 

examined by incubating the hydrogels in a 200 mL bath of 0.25% Trypsin plus 0.03% 

EDTA at room temperature (RT).  To elucidate the mechanism by which degradation 

occurred, mTG crosslinked hydrogels were examined for characteristics of either 

surface or bulk degradation.  Surface dependence was examined by setting 10% 

HybriGels in Petri dishes with variable surface areas (9.6, 28.3, and 78.5 cm2) while 

maintaining a fixed height (0.2 cm).  Bulk degradation was studied by setting the 
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same gel in dishes with variable volumes (1, 3, and 4 mL), while maintaining a fixed 

surface area (9.6 cm2).  All treatments were performed on an orbital shaker (75 rpm).  

Petri dishes were weighed on an analytical balance (Mettler Toledo AE50) before 

gels were cast and every 30 min after formation until the gel has fully degraded. 

5.3 Results and Discussion 

5.3.1 Thermal and Proteolytic Stability of mTG-Gels 

Beyond exploring the biocompatibility of mTG crosslinked hydrogels, it was 

also important to characterize the thermal and proteolytic stability of this novel 

cellular scaffold.  Four percent T-Gels placed in a DPBS bath, equilibrated at 37 oC, 

were found to degrade within 30 min (Figure 5.1).   
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Figure 5.1 Exposure of the three hydrogels (T-Gel, mTG-Gel, and HybriGel) in a 37 oC bath of 
DPBS showed that only the uncrosslinked T-Gel was susceptible to thermal degradation. 
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The same 4% gelatin hydrogels that were crosslinked with mTG (4% mTG-

Gel), however, were extremely stable at 37 oC.  The mass of these hydrogels was 

essentially unchanged over a 4 hr period.  On the basis of these results, it was 

predicted that the mTG-Gel would also be more resistant to degradation by the model 

proteolytic enzyme, trypsin.  However, the mTG-Gel was slightly less stable as 

compared to the thermally formed T-Gel, resulting in respective degradation rates of 

19.0 µg/min and 16.5 µg/min (Figure 5.2). 
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Figure 5.2 Although 4% mTG-Gels were thermally stable, they were slightly less resistant to 
proteolysis by trypsin.  HybriGels were developed by first thermally cooling gelatin and then 
crosslinking with a 10% mTG overlay.  The resultant hydrogel was both thermally stable and as 
proteolytically resistant as the T-Gels. 
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Figure 5.3 Gelatin hydrogels formed with initial cooling, to create a physical gel, before crosslinking 
with mTG were found to be consistently more resistant to proteolysis as compared to hydrogels that 
were crosslinked before cooling (mTG-Gels).  An explanation may be that thermal cooling allows 
gelatin to first self-organize into a tight network of polypeptides through hydrogen bonding.  Once 
gelatin has formed this network, there are more potential junction points where crosslinking can occur, 
creating a denser permanent hydrogel.  mTG-Gels, however, were unable to form this tight network 
since mTG is immediately crosslinking gelatin polypeptides.  The result is a less tightly packed 
hydrogel with a larger mesh size, which may be more susceptible to proteolytic attack 
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Given the same finding upon multiple replications of the experiment, it was 

hypothesized that mTG-Gels may be more susceptible to degradation because the 

mTG is creating crosslinks before the gelatin polypeptides have a chance to form a 

tight network (Figure 5.3).  Thus, mTG-Gels would have a higher mesh size than T-

Gels, allowing them to be even more susceptible to proteolytic attack despite being 

thermally stable.  To challenge this hypothesis, 4% gelatin solutions were allowed to 

cool completely, for 12 hr, before adding an overlay of an equal volume of a 10% 

mTG enzyme solution.  The mTG overlay was allowed to incubate with the thermal 

gel for another 12 hr at 37 oC, creating a hydrogel that would theoretically have the 

same mesh size as a thermally cooled hydrogel along with the proteolytic stability of 

crosslinked mTG-Gels.  When these new hybrid hydrogels (dubbed HybriGels) were 

subjected to the same trypsin bath as before, they were found to be consistently more 

resistant to proteolytic degradation.  The rate of degradation was in fact similar to T-

Gels (Figure 5.4).  To confirm that these gels were thermally stable they were 

exposed to a 37 oC DPBS solution.  These HybriGels proved to be resistant to thermal 

degradation, as no mass was lost over a 4 hr period. 

5.3.2 Tuneable Degradability of HybriGels 

Since degradation rates of hydrogels can typically be influenced by polymer 

and crosslinking densities (mesh size), increasing gelatin concentration may be a 

simple method of retarding gel degradation rates.  Four concentrations of HybriGels 

(4, 10, 15, and 25% gelatin) were tested for their resistance to proteolytic degradation 

by trypsin.  Measurements of fractional mass remaining in the hydrogels showed that 

degradation rates decreased as a function of increasing gelatin concentration, as 
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expected (Table 5.1).  The reduction in degradation rate, however, was not linear with 

respect to gelatin concentration, where a sharp deceleration in proteolysis was 

observed between the 4% and 10% HybriGels (Figure 5.5). 

 

 

 

 

Table 5.1 Thermal and enzymatic degradation rates for various forms of hydrogels 

 

Hydrogel Form 37oC DPBS

Gelatin (m/v % ) 4 4 10 15 25

T-Gel 43.30 16.47  --  --  --

mTG-Gel -0.15 19.00  --  --  --

HybriGels 0.22 17.41 3.03 2.12 0.92

Pre-Soaked HybriGels  --  -- 6.32 3.28  --

Degradation Rates (µg/min)

0.25% Trypsin + 0.03% EDTA

 
 

 

82 



0.0

0.5

1.0

0 120 240 360 480

Fr
ac

tio
na

l M
as

s 
R

em
ai

ni
ng

4% HybriGel 10% HybriGel

15% HybriGel 25%-HybriGel

Time (min)
 

Figure 5.4 The proteolytic degradation rate of HybriGels was found to be adjustable based on the 
amount of gelatin in the hydrogel (4, 10, 15, and 25%).  A disproportionate drop in degradation rate 
between 4% and 10% HybriGels may indicate that below a critical mesh size the trypsin may be 
limited to the surface of denser gels. 

 

 

This disproportionate decrease in the degradation rate may reflect a critical 

mesh size necessary for trypsin to penetrate the hydrogel beyond the surface.  To 

investigate whether or not proteolysis was occurring mainly due to surface or bulk 

mechanisms, 10% HybriGels were set in Petri dishes with either fixed gel height and 

variable surface areas or fixed area and variable volumes.  Indeed, the degradation 

rate was strongly affected by the change in surface area and than by the change in 

volume of the hydrogel (Figure 5.5).  This indicates that the degradation of 10% 

HybriGels is dominated by surface erosion, but there is still slight bulk erosion.  This 

phenomenon would likely apply to the HybriGels of higher concentrations, whereby 
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further increasing the gelatin content only serves to linearly decrease the rate of 

proteolytic degradation at the surface of the hydrogels. 
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Figure 5.5 A study to elucidate the mechanism by which trypsin degrades 10% HybriGels.  
Proteolysis occurs mainly by surface erosion. 

 

 

To extend the applicability of using mTG crosslinked hydrogels as cellular 

scaffolds in vivo, it was interesting to see how degradation rates may be affected by 

hydration content.  To examine this factor, 10% and 15% HybriGels were formed as 

before and with pre-soaking in DPBS overnight before performing degradation 

experiments with trypsin.  As Figure 5.6 shows, the pre-soaking in DPBS tended to 

swell the hydrogels, making them more susceptible to proteolytic degradation in both 
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gelatin concentrations.  This result indicates that HybriGels may have slightly higher 

degradation rates once implanted due to hydration of the scaffold by the host.   
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Figure 5.6 Swelling studies were done to determine how proteolytic degradation rates would be 
affected by water content.  10% and 15% HybriGels that were pre-soaked in DPBS overnight (*) were 
found to be more susceptible than their non-soaked counterparts. 

 

 

5.4 Conclusions 

The discovery of a process to first thermally set a gelatin solution followed by 

enzymatic crosslinking with mTG (HybriGels), resulted in a hydrogel that was both 

thermally stable and slightly more resistant to proteolytic attack than hydrogels 

formed by concurrently mixing mTG with dissolved gelatin (mTG-Gels).  

Measurement of degradation rates under conditions of either variable surface areas or 

volumes of 10% HybriGels indicated that degradation occurred mainly through 

85 



surface-dependant mechanisms.  This demonstrated that encapsulated cells would be 

well insulated from proteolysis should they be implanted into a host body.  

Furthermore, degradation rates of HybriGels were found to be customizable based on 

the level of gelatin used to form the hydrogel.  Gelatin concentrations above 10% 

were found to be much more resistant to degradation compared to the 4% hydrogels.  

Although the ability of cells to survive direct encapsulation by these denser hydrogels 

was not examined, they may serve as an outer protective coating for cells that are 

encapsulated by 4% mTG-Gels.  Thus, successive layers of hydrogels with different 

densities can serve as either a cellular scaffold (4%) or a protective encapsulation 

(25%) biomaterial.  Utilizing mTG-Gels with customizable degradation rates may 

also provide a method of delivering regenerative cells in a controlled manner. 
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6. Diffusion of hIL2 from Encapsulated Cells 

6.1 Introduction 

To develop a biomaterial that is suitable for encapsulating cells, it is not only 

important to provide biocompatibility, but also functionality.  One such functionality 

is the ability of the biomaterial to retain engineered cells while maintaining a low 

level of diffusion barrier.  This functionality is important with respect to facilitating 

nutrient and oxygen transport, as well as diffusion of therapeutic proteins that 

engineered cells are secreting.  As shown previously, mTG-Gels made by 

enzymatically crosslinking gelatin with transglutaminase, appear to have high 

biocompatibility, as well as tunable resistance to proteolytic degradation.  In this 

portion of the work, the diffusivity of human interleukin 2 from engineered cells 

through 4% mTG-Gels was examined in order to characterize its protein transport 

capabilities.  To accomplish this, HEK293 cells were transfected with either one of 

two plasmids.  The first is pF2, which encodes a secreteable hIL2 gene along with a 

bicistronically expressed destabilized DsRed-Express fluorescent marker.  The 

second, pF3, is an analogous plasmid, having the additionally ability to induce the 

production of an anti-apoptotic protein, Bcl-2∆, based on increasing degrees of 

hypoxia.  Diffusion cells containing three different thicknesses of mTG-Gels were 

used to determine the diffusion coefficient of hIL2 for comparison to that obtained 

from the encapsulated cells.  A mathematical model was also developed to describe 

both the transient and steady state hIL2 transport behavior through the hydrogel 

membrane.
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6.2 Materials and Methods 

6.2.1 Maintenance of Cell Cultures 

The attachment-dependent human embryonic kidney cell line, HEK293 (Flp-

In™-293, Invitrogen), was cultured in Dulbecco’s Modified Eagle’s Media 

containing high glucose (4.5 g/L), GlutMAX™ I (3.97 mM) (DMEM, Invitrogen), 

with added fetal bovine serum (10%, FBS, Sigma), and zeocin (100 mM, Invitrogen) 

(complete media).  Cells were cultured in 75 cm2-tissue culture flasks (Costar) and 

subcultured every two to three days as the population approached 80-90% 

confluency.  Cells were passaged by first aspirating the spent media and then rinsing 

with Dulbecco’s Phosphate Buffer Solution without Ca2+ or Mg2+ (DPBS-cm, 

Invitrogen).  Rinsed cells were incubated in 2 mL of a 0.25% Trypsin with 0.03% 

EDTA solution (Sigma) for 5 minutes under their normal growth environment (37 oC, 

8% CO2 incubator).  Cells were passaged with a 1:10 split ratio, and supplemented 

with fresh complete media up to 12 mL for further growth.  

6.2.2 mTG-Gel Formation 

Enzyme crosslinked gelatin hydrogels (mTG-Gels) as both cell overlays and 

diffusion cell membranes were formed by mixing 300-bloom gelatin (Type A, Sigma) 

and microbial transglutaminase (mTG, lot # 97.12.04, Ajinomoto) dissolved in 

complete media.  Each solution was heated to 50 oC for 10 min, and sterile filtered 

through 0.22 µm SteriFlip (Millipore) media filters.  The mTG-Gels have a final 

gelatin concentration of 4% (g/mL) and an mTG mass ratio of 0.2 g-mTG/g-gelatin.  

The crosslinking reaction was performed in a cell culture incubator set at 37 oC for 24 

hours. 
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6.2.3 Plasmid Constructs 

The first expression vector used in this study, pF2, contains an assembly of 

four gene elements:  the human interleukin-2 (hIL2) gene, its Ig- κ secretion signal, 

an internal ribosome entry site (IRES), and a Destabilized DsRed-Express (DsExDR) 

fluorescent protein marker.  The secreteable hIL2 (ShIL2) fragment was first derived 

from a previously constructed vector called pSIEG.  This vector was made by PCR 

extraction of the hIL2 gene from pBlueBacHis2-GFPuv/hIL2 [123], using the 

following primers:  5’- AAT GTC GAC AAA TGG CAC CTA CTT CAA GTT CTA 

CAA A -3’ and 5’- ATT ACC GGT TTC TTG TCA TCG TCA TCT CAA GTT AGT 

GTT GAG ATG ATG CTT TG -3’.  The first primer contained a Sal I restriction site 

and the second primer has enterokinase (EK) and Age I restriction sites.  The blunt 

PCR fragment was first ligated to pCR-Blunt II-TOPO (pCR, Invitrogen) before 

digesting with Sal I and Age I restriction enzymes.  The digested fragment was then 

ligated into the corresponding unique cloning sites of pEGFP1-N1 (Clontech).  Hind 

III and Not I were then used to restrict the hIL2-EK-EGFP fusion gene for ligation 

into pSecTag2A/hygro (Invitrogen) in order to add on the Ig-κ secretion signal.  The 

following primers were used to extract ShIL2 from pSIEG: 5’- GAA GAT CTG CCG 

CCA CCA TGG AGA CAG ACA CAC TCC TGC TAT -3’ and 5’- GGA TCC GCG 

TTA TCA AGT TAG TGT TGA GAT GAT GCT TTG ACA AAA -3’.  The first 

primer contained a Bgl II restriction site and a Kozak consensus sequence, which was 

used to further increase translation efficiency in eukaryotic cells [51].  The second 

primer introduced a BamH I restriction site.  The pCR plasmid was again used as an 

intermediary cloning vector.  The secreteable hIL2 gene was excised with Bgl II and 
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BamH I digestion and ligated into pIRES2-DsRed2 (Clontech) in order to add the 

IRES bicistronic element.  The ShIL2-IRES fragment was then re-extracted via PCR 

and ligated to pDsRed-Express-DR (Clontech) in order to add on the red fluorescent 

protein marker gene.  The following primers: 5’-GAA GAT CTG CCG CCA CCA 

TGG AGA CAG ACA CAC TCC TGC TAT -3’ and  5’- TCC CCG CGG GGA TGT 

GGC CAT ATT ATC ATC GTG TTT TTC AAA G -3’ were used.  The first primer 

was the same as the one used in the previous cloning procedure.  The second primer 

contained a Sac II restriction site.  The pCR plasmid was used as an intermediary 

cloning vector.  The final expression vector, pF2, was constructed by using PCR to 

extract the ShIL2-IRES-DsExDR fragment using the following primers: 5'- CGA 

CAA ATG GCA CCT ACT TCA A -3' and 5'- GTC GCG AAT TTT AAC AAA 

ATA TTA ACG C -3', and directly ligating it to the host vector, pSecTag/FRT/V5-

His-TOPO (Invitrogen). 

The second vector, pF3, contains all the same genetic elements of pF2, with 

the addition of an anti-apoptotic gene, bcl-2∆, place downstream of a hypoxia 

inducible promoter, 5HRE-hCMVmp (5HRE).  A vector, dubbed pCYbn, which was 

generously donated by M.J. Betenbaugh (Johns Hopkins University), was digested 

with NheI and EcoRI restriction enzymes to obtain bcl-2∆.  This gene was then 

ligated downstream of a human cytomegalovirus (CMV) promoter in the pIRESpuro3 

(Invitrogen) cloning vector, using the respective enzyme sites, forming the vector in 

pCYbp.  The CMV promoter was subsequently replaced with the 5HRE promoter 

derived from the p5HRE-d2EGFP vector, generously provided by J.M. Brown 

(Stanford University).  This promoter was originally constructed by fusing five 
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hypoxia responsive elements (HRE) in tandem upstream of a minimal CMV 

promoter.  This promoter was extracted by PCR from p5HRE-d2EGFP using the 

following primers: 5'- TAA TTC GCG ACA TAT GGG TAC CGA GCT TTT CT -3' 

and 5'- GCA ATG CTA GCG AAT GCC AAG CTT CTA GT -3', which contained 

NruI and NheI restriction sites, respectively.  The exchange of the promoters was 

mediated by digestion and ligation of the respective NruI and NheI sites on the PCR 

product and pCYbp, to form pO2Ybp.  Since this vector contains an EYFP gene 

between the hypoxia inducible promoter and bcl-2∆, it was removed by first using 

PCR to extract the bcl-2∆ gene with the following primers: (+Nhe I) 5'- TTG CTA 

GCA TGG CGC ACG CTG -3' and (+Not I) 5'- AAG CGG CCG CGG ATC CGA A 

-3' (+Not I) and re-ligating it back into pCYbp, which effectively deleted the EYFP 

gene.  The 5HRE- bcl-2∆ fragment was then extracted by PCR using the following 

primers: (+NruI) 5'- TCG CGA TCG AGC CAC AGT G -3' and 5'- TCA CTT GTG 

GCC CAG ATA GG -3', and ligated into pSecTag/FRT/V5-His-TOPO (Invitrogen).  

A large gene segment upstream of 5HRE-bcl-2∆, flanked by two NruI sites, was 

excised, and replaced with the respective fragment from pF2, which contained the 

CMV-ShIL2-IRES-DsExDR gene fragment.  The resultant vector, pF3, thus contains 

all the elements of pF2 along with the capability to produce Bcl-2∆ in response to low 

oxygen conditions. 

6.2.4 Cell Transfection and Encapsulation 

To study the diffusion of hIL2 from HEK293 cells transfected with the pF2 

and pF3 vectors, 2D cell cultures were overlaid with various heights of 4% mTG-Gels 

(0, 0.16, 0.32, and 0.64 cm).  Cells were seeded in black walled, clear bottom, 96-well 
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tissue culture plates (Costar), as shown in Figure 6.1, at a density of 4 x 104 

cells/well.   
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Figure 6.1 To study the diffusion of hIL2, HEK293 cells were initially plated in 96-well tissue 
culture plates and transfected with either pF2 or pF3 expression vectors.  The transfected cells were 
then overlayed with various heights of 4% mTG-Gels and a top layer of liquid media.  Human IL2 
secreted from the cell are then measured in the liquid overlay once it has diffused through the 
hydrogel.  DsExDR fluorescence can be quantified photometrically through the clear-bottomed wells. 

 

 

Since fluorescence measurements are to be taken from the cells, it was 

important to obtain an even distribution of cells.  This was achieved by immediately 

centrifuging the 96-well plates after inoculation.  The plates were spun at 500 x g 

(5810R, Eppendorf) using the slowest acceleration setting (# 9) and immediately 
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decelerated as slowly as possible (# 9).  This centrifugation procedure quickly placed 

cells at the bottom surface of each well with a uniform distribution. Twenty-four 

hours after inoculation, HEK293 cells were transfected with either pF2 or pF3 vectors 

(0.2 µg/well) using LipofectAmine 2000 (0.5 µL/well, Invitrogen) and OptiMEMI 

(50 µL/well, Invitrogen).  Thirty hours post-transfection, the spent media in each well 

were aspirated, and replaced with the appropriate volumes of 4% mTG-Gels (0, 50, 

100, 200 µL/well, respectively).  After a 6 hr gelation period, the hydrogels were 

overlaid with 100 µL/well of complete media.  All gels and cells were incubated 

under normal cell culturing conditions.  

6.2.5 Fluorescence Microscopy and ELISA 

The transient expression of DsExDR by mTG-Gel overlayed cells was 

monitored with an inverted fluorescence microscope (IX71, Olympus) equipped with 

a TRITC filter cube (Ex: HQ545/30x, Dichroic: Q570LP, Em = HQ620/60m, 

Chroma).  Images of fluorescencing cells were captured by a monochrome digital 

camera (DP30, Olympus) set for a 3 s exposure.  Fluorescence intensity was then 

analyzed with ImageJ (NIH Image) software.  HEK293 cells that were not transfected 

but overlayed with various heights of mTG-Gel were used for background 

fluorescence intensities.  Each vector transfection and gel height combination was 

reproduced in triplicates. 

The detection of hIL2 secretion and diffusion through the hydrogels was 

examined by an Enzyme-Linked Immunosorbent Assay (ELISA).  Supernatant 

samples containing secreted hIL2 were collected from the media overlays within each 

well (50 µL/well).  Samples were stored in a -20oC freezer until the end of the 
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experiment and assayed immediately with an OptEIA Human IL-2 ELISA Kit II (BD 

Pharmingen).  Human IL2 standards within the kit were diluted to eight 

concentrations, ranging from 0 to 500 pg/mL, producing a highly linear fit for the 

standards (r2 > 0.98).  Standards were assayed in duplicates, as instructed by the 

manufacturer, while supernatant samples were always assayed in triplicates. 

6.2.6 Diffusion Cell Experiments 

Diffusion membranes were formed by casting 4% mTG-Gels of various 

thicknesses (0.20, 0.25, and 0.30 cm) in BD Falcon Cell Culture Inserts (BD 

Discovery Labware) as see in Figure 6.2. 
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Figure 6.2 A diffusion cells is composed of an outer well, which contains a stock solution of hIL2, 
and an inner well-insert, which contains mTG-Gels of various heights and a liquid overlay.  The liquid 
overlay is sampled over time in order to determine the effective diffusion coefficient of hIL2. 
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Each insert has a polyethylene terephthalate (PET) membrane, which has a 

low protein binding affinity and high permeability.  The membranes each have an 

area of 4.2 cm2, containing 3.0 µm pores at a density of 8 x 105 pores/cm2.  Once the 

hydrogels have been crosslinked for 24 hr, the inserts were lightly rinsed with DPBS 

(2 x 3mL) and placed into individual wells of 6-well tissue culture plates.  A 3 mL 

solution of hIL2 (10 ng/mL, Roche) was then add to the each well, while 3 mL of 

DMEM was added to the inserts.  Supernatant samples (200 µL) were taken from the 

inserts every 4 hours, for 28 contiguous hours.  Equal volumes of DMEM were used 

to replenish each well after each sampling time point.   

The insert arrangement approximates a stirred diffusion cell provided the 

membrane is the controlling transport resistance.  The change in concentration of 

hIL2 due to diffusion across the membrane can be simply described by the following 

mass balance: 

[Rate of hIL2 Leaving Well] = [Rate of hIL2 Transported Across Membrane] (6.2.2.1) 

Quantitatively, this unsteady state mass balance can be expressed as: 

mm
11 NA

dt
)C d(V

=−  (6.2.2.2)  

Where: V1 is the volume of the well (cm 3), C1 is the concentration of hIL2 in the well 

(ng cm -3), Am is the area of the membrane (cm2), and Nm is the flux across the 

membrane (ng cm -2 s -1) defined as: 

dx
dC

DN m
mm −≡  (6.2.2.3) 

To solve this equation and relate the concentration of hIL2 that is within the 

membrane (Cm) to measurable quantities, such as the concentration on both sides of 
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the membrane (C1 and C2), the diffusion equation across the membrane must first be 

solved:   2
m

2

m
m

x
CD

t
C 

∂
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=
∂

∂  (6.2.2.4) 

If the diffusion time scale across the membrane is assumed to be much smaller than 

the time scale for a concentration change within the wells, a Quasi Steady State 

Assumption (no accumulation within the membrane) can be applied, such that: 
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The solution of this second order ordinary differential equation with the boundary 

conditions (Cm= C1 Φ at x = 0) and (Cm = C2 Φ at x = L), where Φ is the partition 

coefficient and L is the membrane thickness, is: 

ΦCx
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C m

21
m +

−
=  (6.2.2.6) 

)C(C
L
ΦD

dx
dC

D  N 21
mm

mm −=−≡Thus:  (6.2.2.7) 

Substituting the right hand side of Equation (6.2.2.7) for Nm in Equation (6.2.2.2) 

then gives the following mass balance:  

L
)C

dt
V 2

mm1−
(C

ΦDA
dC 11 −

=  (6.2.2.8)  

Since it is assumed that there is no accumulation of hIL2 in the membrane, the 

concentration in the insert (C2) must be equal to the initial concentration of hIL2 in 

the well (C0) minus the insert well concentration (C1) for equal insert and well 

volumes.  Using this relationship (C2 = C0 – C1), Equation (6.2.2.5) can be rewritten 

in terms of only C1: 
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Solving this differential equation, using an initial condition of (C1 = C0 at t = 0), 

generates the following equation: 
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After again using the relation (C1 = C0 - C2), the equation above can be expressed in 

terms of concentration of hIL2 in the insert (C2) as a function of time: 
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Given the known values of Am = 4.2 cm2, V1 = 3 cm3, Lm = (0.20, 0.25, or 0.30 cm), 

and C0 = 14 ng/cm3, and the measured concentrations of hIL2 in the insert (C2), the 

expression on the left can be plotted again time.  A simple linear regression plot will 

then result in a slope that is equal to the effective diffusion coefficient (Deff ≡ Dm Φ). 

 

6.3 Results and Discussion 

6.3.1 Therapeutic Protein Secretion by Encapsulated HEK293 

Based on measurements of DsExDR fluorescence, transfected HEK293 cells 

that were not overlaid with any mTG-Gel were the least metabolically productive.  

This was true for cells transfected with both pF2 (Figure 6.3) and pF3 vectors (Figure 

6.4).   
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Figure 6.3 Transient DsRed fluorescence in HEK293 cells transfected with the pF2 expression 
vector, and overlayed with three mTG-Gel thicknesses. 
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Figure 6.4 Transient DsRed fluorescence in HEK293 cells transfected with the pF3 expression 
vector, and overlayed with three mTG-Gel thicknesses. 
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This phenomenon may be attributed to the ability of the gelatin hydrogels to 

simulate a growth environment that is closer in nature to the native conditions of the 

extracellular matrix.  The advantage is of such significance that cells with any amount 

of gelatin were able to produce more fluorescent protein in comparison to cells that 

were simply cultured on a traditional tissue culture surface.  However, as the gelatin 

layer increased in height, the level of fluorescence protein production began to 

decrease proportionally.  This is reasonable given that the gelatin also serves as a 

diffusion barrier for oxygen and nutrients in the liquid media above the gel to reach 

the cells at the bottom of the wells.  Invariably though, HEK293 cells that were 

transfected with pF3, and thus capable of expressing Bcl-2∆, always produced more 

fluorescence at each respective gel thickness.  This finding is consistent with previous 

portions of this work, which showed that Bcl-2∆ not only lessened necrosis and 

apoptosis, but also increased protein production levels in several mammalian cell 

lines.  It is also noteworthy that cells that were either not overlayed or overlayed with 

only a thin layer of mTG-Gel (0.16 cm) were able to sustain an even level of 

fluorescence protein production as time progressed.  Cells that were overlayed with 

more gelatin (0.32 and 0.64 cm) showed a slight decrease in production levels for 

both pF2 and pF3 transfections.  This trend also indicated the effects of either nutrient 

or oxygen deprivation in the thicker overlays. 

With respect to hIL2 secretion and subsequent diffusion, HEK293 cells that 

were not encapsulated had the highest level of protein accumulation (Figures 6.5 – 

5.8).  As the thickness of the gelatin overlay is increased, the amount of hIL2 

accumulation begins to dramatically decrease.  This result is expected since the 
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accumulation rate of a diffusing species is classically proportional to 1/L2, where L is 

the thickness of the overlay.   Consistent with the fluorescence data, cells that were 

transfected with pF3 were able to consistently secrete and accumulate higher levels of 

hIL2 as compared to their pF2 counterparts at each overlay thickness. 
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Figure 6.5 HEK293 cells were transfected with the pF2 expression vector, and overlayed with three 
mTG-Gel thicknesses.  hIL2 was measured in the media that was covering the mTG-Gel overlays.  
Rates have units of ng/hr-106 cells. 
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Figure 6.6 HEK293 cells were transfected with the pF2 expression vector, and overlayed with three 
mTG-Gel thicknesses.  hIL2 was measured in the media that was covering the mTG-Gel overlays.  
Rates have units of ng/hr-106 cells. 
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Figure 6.7 HEK293 cells were transfected with the pF3 expression vector, and overlayed with three 
mTG-Gel thicknesses.  HIL2 was measured in the media that was covering the mTG-Gel overlays.  
Rates have units of ng/hr-106 cells. 
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Figure 6.8 HEK293 cells were transfected with the pF3 expression vector, and overlayed with three 
mTG-Gel thicknesses.  HIL2 was measured in the media that was covering the mTG-Gel overlays.  
Rates have units of ng/hr-106 cells. 
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6.3.2 Mathematical Modeling of hIL2 Release 

 
The diffusion of hIL2 from the bottom of the well (z = 0), to the top of the 

mTG-Gel overlay (z = L) can be described by the following partial differential 

equation (PDE): 
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with these initial and boundary conditions: 
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The first boundary condition (z = L) assumes that the volume of media above the 

overlay is very large relative to the volume of gel and the second boundary condition 

(z = 0) assumes that the cells produce hIL2 at a constant rate, as shown in Figures 6.3 

and 6.4 for no overlays.  By introducing the following dimensionless variables:  
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Equation (6.3.2.1) can be non-dimensionalized to the form: 
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with these new dimensionless initial and boundary conditions: 
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To solve the PDE of (6.3.2.2), the Finite Fourier Transform (FFT) method can be 

used, where:  (6.3.2.3) ∑
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Then, the FFT is applied to the right side of Equation (6.3.2.2):  
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By utilizing Equation (6.3.2.5), BC1’ and BC2’, respectively, the 1st, 2nd, and 4th 

terms are reduced to zeros, leaving the remaining terms: 
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which are further reduced by again applying Equation (6.3.2.5) for η = 1: 
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The final transformed equation becomes: 
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The general solution of this non-homogeneous first-order ordinary differential 

equation is then: 2
n

22
n

λ
τλ +

)0,( 

nχ ⋅= eCn  (6.3.2.9) 

To obtain an expression for the constant of integration, Cn, a transformed initial 

condition based on IC’  must be applied using Equation (6.3.2.4): 0=ηθ
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The solutions obtained for φn(η) in (6.3.2.5) and χn(τ) in (6.3.2.11) can be substituted 

into the Fourier Series in (6.3.2.3) to obtain an expression for θ(η,τ): 
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θ(η,τ) can be reverted to the dimensional concentration, expressed as Cm , by 

reapplying the dimensionless quantities (6.3.2.1a, b, c): 

 ∑
=

⎠⎝

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣
+

⎟
⎠
⎞

⎝
⋅

⎟
⎟

⎠
⎜
⎜

⎝
−⋅=

0n
2

2
2 )12(

21 2

n
L
z

e
 LN

 DC L

o

mm
π

π

∞ ⋅
⎟
⎞

⎜
⎛ +

−⎢
⎡

⎜
⎛ +

⎞⎛ 12
12cos

8
2

n
tDn π

     (6.3.2.13) 

To apply this equation to the experimental data, one must obtain an expression 

for the accumulation, or Q(t), defined as: 

dtCDtQ m
m

∂
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Taking the derivative of Cm with respect to z, and utilizing the simplification of 
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Through algebraic simplification and two series approximations: 
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Equation (6.3.2.12) can be reduced to: 
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A dimensionless form of this equation may be written by rearranging several 

variables: ∑
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The steady state form (t → ∞) of Equation (6.3.2.16) can be expressed as: 
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6.3.3 Obtaining the Fluxes and Diffusion Coefficient of hIL2 Secreted by HEK293 

As indicated by the positive x-intercepts of all regression lines in Figures 6.5 

to 6.8, the accumulation of hIL2 in the liquid overlay was marked by an initial lag 

period where no protein was detected.  This lag period can be attributed to both non-

steady state diffusion, as well as a delay in protein expression, since proteins are not 
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immediately produced upon transfection (t = 0).  This expression time lag (texpr) is not 

related to the molecular transport resistance that this study hopes to elucidate, and 

must first be subtracted from all time values in order to obtain data that are 

representative of only diffusional characteristics of the system.  The expression time 

lag can be readily determined by calculating the x-intercepts of regression lines in 

Figures 6.5 and 6.7 for samples that were not overlayed with gelatin, which is 

approximately 11 hr.   

Utilizing the transformed data, which now has no expression time lag, the 

fluxes of hIL2 from transfected cells were determined from samples with the thinnest 

overlays (0.16 cm) presented in Figures 6.5 and 6.7 by applying the steady state 

model expressed in equation (6.5.3.18).  First, the level of hIL2 accumulation, Q, was 

calculated by normalizing all hIL2 (ng/106 cells) values by the unit area of the wells 

(0.3156 cm2).  The data for the two thicker gels were rescaled by the ratio L1
2/L2

2, 

where L1 is the thickness of the thinnest gel (0.16 cm) and L2 is the thickness of the 

other two.  A plot of Q versus t is displayed in Figure 6.9 and 6.10 for all three gels. 
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Figure 6.9 Normalized hIL2 accumulation and time were plotted to reveal a transition from transient 
to steady state diffusion of hIL2.  An analysis of the steady state flux, indicated by the linear regression 
(circled points) shows that HEK293 transfected with pF2 were producing hIL2 at a rate of 0.94 pg/cm2 
hr. 
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Figure 6.10 Analysis of the steady state flux (circled points), show that HEK293 cells transfected 
with pF3 were producing hIL2 at double the rate (1.83 pg/cm2 hr) of cells transfected with pF2. 
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The linear trend in Q at longer times indicates a steady state rate of hIL2 

accumulation.  Based on equation (6.5.3.18), the slope of the line regressed through 

these data is the flux (No).  HEK293 cells transfected with pF2 had a hIL2 flux of 

0.94 ng/cm2-hr-106 cells.  Cells transfected with pF3 had nearly twice the flux of 1.83 

ng/cm2-hr-106 cells.  To obtain the diffusion coefficient, Equation (6.5.3.18) can be 

rearranged after setting Qss(t) = 0: 

ss
m t

LD
 2

2

=      (6.5.3.19)  

Where L is the thickness of the thinnest gel (0.16 cm), from which the steady 

state assumption was applied and tss is diffusional time lag, represented by the x-

intercept from the regression lines.  Using equation 6.5.3.19, the diffusion coefficients 

of hIL2 (Dm) were 3.5 x 10-7 cm2/s (for pF2 transfections) and 4.1 x 10-7 cm2/s (for 

pF3 transfections), which agree well with each other, as would be expected.   

To demonstrate the validity of the steady state analysis, the diffusion 

coefficients can be plugged into Equation (6.5.3.17) to see how closely it can simulate 

the non-steady state data represented by the two thicker overlays.  As seen in Figures 

6.3 and 6.4, however, the level of DsExDR fluorescence is attenuated as the overlay 

thickness increases, indicating lowered overall level of protein expression.  Thus, the 

fluxes obtained from the thinnest gel cases were rescaled by the level of DsExDR 

fluorescence in each gel thickness with respect to the thinnest gel, as shown in Table 

6.1.  
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Table 6.1 hIL2 flux determined form the thinnest overlay (0.16 cm) must be rescaled by the level of 
DsExDR fluorescence found in the thicker overlays. 

 

pF2 pF3

Flux (ng/cm2-hr-106 cells) 0.94 1.83

L (cm)

0.16 1 1

0.32 0.56 0.39

0.62 0.41 0.29

Scaling Factor

 

 

Utilizing the rescaled fluxes and the diffusion coefficients found from the 

steady state analysis, the simulated hIL2 accumulation can be compared to the data. 
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Figure 6.11 Comparison of data with simulated hIL2 accumulation using diffusion coefficients 
obtained from steady state analysis and fluxes scaled by DsExDR fluorescence for each overlay 
thickness. 
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As shown in Figure 6.11, the simulated curve fits closely with data obtained 

from the 0.32 cm-overlay, but not from with the 0.64 cm-overlay. 

6.3.4 Measuring Diffusion Coefficient of hIL2 in mTG-Gel 

To better characterize the transport characteristics of the mTG-Gels, diffusion 

cells based on cell culture inserts were modified to measure the effective diffusion 

coefficient of hIL2.  As shown in Figure 6.12, the amount of hIL2 detected on the 

insert-side (C2) was plotted against time in accordance to Equation (6.4.2.10).  The 

initial concentration of hIL2 on the well-side (C0) was also measured by ELISA, and 

found to be 14,518 pg/mL.  The remaining parameters necessary for calculating 

Equation (6.4.2.10) are as follows: Am=4.2 cm2, V1 = 3 cm3, Lm = (0.20, 0.25, and 

0.30 cm).  As expected, the data expressed as the left-hand side of (6.4.2.10) for all 

the gelatin thicknesses fell along the same linear regression line.  The slope of this 

regression is the effective diffusion coefficient, DmΦ = 3.2 x 10-7 cm2/s.  This value is 

well within the expected range of proteins that have similar molecular weights as 

hIL2 (~15 kDa) .  The ratio of this effective diffusion coefficient and the Dm value 

determined from the previous gelatin-overlay experiments reveal that the partition 

coefficient, Φ, for hIL2 between a 4% mTG-Gel and DMEM media is 0.84, which is 

very reasonable for a hydrogel that is approximately 96% water in weight. 
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Figure 6.12 Well inserts filled with three thicknesses of 4% mTG-Gels were used as diffusion cells to 
measure the diffusion coefficient of hIL2. 

 

6.4 Conclusions 

Various methods were used to calculate the diffusion coefficient of hIL2 in 

4% mTG-Gels.  Utilizing a steady state analysis of hIL2 diffusion from HEK293 cells 

overlaid with 0.16 cm of gelatin, average diffusion coefficient of 3.8 x 10-7 cm2/s was 

obtained.  Simulations of the non-steady state data was found to be very consistent 

0.32 cm overlays, but not with 0.64 cm overlays.  This may simply be due to an 

insensitivity in measuring hIL2 diffusion in thick gels, or that cell metabolism is 

affected in a way that is not accountable by scaling the flux by the DsExDR 

fluorescence.  Diffusion cells made from well inserts, however, independently 

showed a very similar effective diffusion coefficient of hIL2 is DmΦ = 3.2 x 10-7 

cm2/s.  Using the results from these two experiments, the partition coefficient is 0.84, 

which is very consistent with a highly hydrated hydrogel (~96% water).
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7. Summary 

7.1 Integrated Non-Invasive System for Quantifying Secreted Human 
Therapeutic hIL2  

Cell encapsulation has been used to treat diabetes, amyotrophic lateral 

sclerosis, and other chronic ailments by the secretion of therapeutic proteins in vivo.  

Detection of these proteins typically requires invasive procedures such as blood 

sampling or device extraction, however.  In this paper, a non-invasive means of 

measuring secreted protein concentration using a co-expressed red fluorescent protein 

marker is developed.  A bicistronic expression vector was constructed for the 

intracellular production of a red fluorescent protein marker and the secreted 

production of human interleukin-2 (hIL2).  The destabilized red fluorescent protein, 

DsExDR, was selected for its rapid turnover, as well as its ability to emit red light, 

which is readily transmitted through mammalian tissue.  Transfections of this 

bicistronic vector into three cell lines C2C12, HEK293, and Jurkat showed linear 

correlations between the expressed proteins, DsExDR (intracellular) and hIL2 

(secreted), with transfection DNA concentration. Correspondingly, there was a linear 

correlation between secreted product (hIL2) and intracellular marker (DsExDR). As 

transfection DNA was increased, Jurkat cells were found to increase secreted hIL2 in 

direct proportion to the accumulated DsExDR.  HEK293 and C2C12 cells expressed 

and secreted significantly more hIL2 than the Jurkat cells, while still maintaining a 

linear relationship. Thus, all three cell lines were suitable hosts for the bicistronic 

expression of DsExDR and expression and secretion of therapeutic hIL2. This 

reporting strategy may find the greatest use in cell encapsulation therapy.
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7.2 Counteracting Apoptosis and Necrosis with Hypoxia Responsive 
Expression of Bcl-2∆ 

In the encapsulated environment of a biohybrid artificial organ, cells often 

encounter a deficiency in the availability of oxygen.  This hypoxic condition leads to 

necrosis and apoptosis, and is a fundamental challenge to designing a viable device.  

Several strategies such as inducing vascularization around the implant, 

electrochemically generating oxygen by decomposing water, as well as using 

synthetic oxygen carriers have already been taken to mitigate the detrimental effects 

of hypoxia.  These methods seek to change the environment rather than adapt to it.  

An alternative method is to genetically engineer cells to withstand hypoxia induced 

apoptosis and necrosis.  Specifically, four plasmid vectors were constructed to 

investigate the efficacy of cells producing the anti-apoptotic protein, Bcl-2∆.  The 

first two plasmids contained a constitutive CMV promoter and were either able to 

produce Bcl-2∆ plus a yellow fluorescent marker protein (EYFP) (pCYbp) or simply 

the just EYFP without Bcl-2∆ (pCYp).  Two analogous vectors with hypoxia 

responsive promoters in lieu of the CMV promoters were also constructed (pO2Ybp, 

pO2Yp).  Although these last two vectors showed lower level of EYFP protein 

production at the all oxygen levels (0.0, 0.5, 1.0, 2.0, 5.0, or 21.0 %), they were able 

to increase expression as the oxygen decreased.  The vectors with the CMV 

promoters showed an attenuated level of expression as oxygen levels dropped.  In 

both promoter systems, the presence of Bcl-2∆ enhanced protein production.  When 

examining the amount of protection offered by Bcl-2∆, cells transfected with pO2Ybp 

showed a significantly higher viability and lowered apoptosis as compared to those 
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transfected with pO2Yp.  In summary, Bcl-2∆ was effective at prolonging cell 

viability.  Also, while not a specific objective of our work, we found that Bcl-2∆ 

increased production of hIL2. 

7.3 Biocompatible Cellular Scaffold for Encapsulating Cells 

Gelatin is one of the most commonly used biomaterials for creating cellular 

scaffolds due to its innocuous nature.  In order to create permanent hydrogels, 

however, harmful crosslinking agents are typically used.  To circumvent this problem, 

and create cellular scaffolds that are both physiologically robust and biocompatible, a 

recombinant microbial transglutaminase (mTG) was used as an enzymatic crosslinker 

of gelatin.  The biocompatibility of mTG crosslinked hydrogels (mTG-Gels) was 

demonstrated by observing the proliferation of encapsulated HEK293 cell for over a 

three week period (0.03 day-1).  Released cells were then also able to re-colonized 

tissue culture flasks.   

7.4 Transglutaminase Crosslinked Gelatin Hydrogels as Tissue Engineering 
Scaffolds 

The thermal and proteolytic stabilities of mTG-Gels were challenged by 

submersion in a 37 oC saline solution or a 0.25% trypsin + EDTA enzyme bath at RT.  

mTG-Gels were found to be resistant to both forms of degradation.  A novel 

technique for creating gelatin hydrogels, by first cooling dissolved gelatin followed 

by crosslinking with a 10% mTG overlay, produced hydrogels (HybriGels) that are 

consistently even more resistant to proteolysis.  Further investigation showed that 

degradation occurred mainly through surface-dependent mechanisms.  Degradation 
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rates were found to be adjustable based on gelatin content, such that HybriGels may 

be used for permanent cell encapsulation or time-released regenerative cell delivery. 

7.5 Diffusion of hIL2 from Encapsulated Cells 

Fluorescence measurements of DsExDR from transiently transfected HEK293 

cells showed that 0.16-cm mTG-Gel overlays were more conducive to protein 

production than cells without overlays.  This indicated that the cells may benefit from 

being surrounded by a natural cellular scaffolding biomaterial.  Further increasing the 

gel height led to relatively less fluorescence, most likely due to increased diffusional 

resistances for nutrients and oxygen to the cells.  The increased diffusion barrier was 

readily noted by drastically decreased hIL2 accumulation in the media as the gel 

thickness increased.  For either measurements, intracellular DsExDR fluorescence or 

secreted hIL2 accumulation, it was clear that cells that were able to express Bcl-2∆ 

had a higher level of protein production.  This phenomenon was also observed in the 

rate of hIL2 production from layer of cells without gel overlay: 0.94 pg/cm2-s for pF2 

and 1.83 pg/cm2-s for pF3.  From diffusion cell experiments, the effective diffusion 

coefficient of hIL2 in a 4% mTG-Gel was 3.2 x 10-7 cm2/s.  This value agrees well 

with the diffusion coefficient of 3.9 x 10-7 cm2/s, which was determined from a steady 

state model of protein diffusion from the cell layer through the gel overlay.  The ratio 

of these values represents the partition coefficient, which is equal to 0.82.  The 

diffusion coefficient regressed from the steady state hIL2 data was used to calculate 

values for the unsteady state accumulation, which compared favorably with data 

scaled in time. 
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