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ABSTRACT 

The behavior of mammalian and bacterial cells is governed by their surroundings, and the 

interactions of cells with their nearest neighbors. In this work, I will demonstrate how self-

associating proteins such as leucine zippers or SpyTag and SpyCatcher can be used either 

in hydrogels for cell culture, or to drive the aggregation of cells into artificial, engineered 

communities. I further demonstrate how these self-associating protein-based materials can 

either alter the fate of cultured cells, or directly change cellular behavior through the 

activation of a quorum sensing circuit.   

In the first chapter, I discuss protein-based methods for making different types of 

organoids. Organoids are groups of cells derived from stem or progenitor cells that form a 

multicellular structure consisting of different cell types. These organoids are currently of 

interest as disease model systems, pharmaceutical test platforms, and replacement tissues. 

However, most studies of organoids to date have derived them from Matrigel-based 

cultures. While versatile and inexpensive, Matrigel is undefined, suffers from batch-to-

batch variability, and its xenogeneic nature means that organoids derived from Matrigel are 

unlikely to be approved for clinical use. In Chapter 1, I review current state-of-the-art 

materials developed as alternatives to Matrigel, such as naturally-derived extracellular 

matrices, synthetic hydrogels, and recombinant proteins serving as artificial extracellular 

matrices. I consider the advantages and disadvantages of each method, as well as speculate 

on possible future directions for the field.   

Of these alternatives to Matrigel, recombinant protein-based artificial extracellular matrices 

have the advantage of being easy to engineer, as genetic encoding of the material allows 

precise control over molecular weight and functionality. Development of these types of 

materials has long been a focus of work in our laboratory, and in Chapter 2, I discuss the 

development of two protein-based hydrogels expressed in Escherichia coli, which are 

based on a previously-reported PEP hydrogel. These new “PEXEP-type” hydrogels are 

physically cross-linked by leucine zippers derived from rat cartilage oligomeric matrix 

protein (COMPcc), incorporate chemical cues from fibronectin and collagen IV, and were 
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used for pancreatic cell culture in defined medium. When comparing this defined, 

protein-based medium to methylcellulose-Matrigel, we find that the growth of endocrine 

cells is promoted, as opposed to the ductal cells found in methylcellulose-Matrigel culture. 

We further find a difference in colony types observed based on whether the fibronectin or 

collagen IV cue is present. More interestingly, the protein-based culture material promotes 

the growth of endocrine progenitor cells, which may be useful for further studying the 

formation of the Islets of Langerhans. Finally, we observe that sorted populations of murine 

cells cultured in our protein hydrogels have a lower rate of colony formation, and this 

reduction in the number of colonies is not observed in methylcellulose-Matrigel culture. 

We believe that this might be evidence for a paracrine effect that promotes cell growth, 

particularly the growth of putative endocrine colonies, though further experiments are 

required to confirm this effect.  

In Chapter 2, I demonstrate how a self-associating protein can be used to change the fate of 

a cell culture, and give rise to multicellular colonies. However, for the purpose of 

constructing bioreactors, microbial fuel cells, or systems for environmental remediation, it 

may be advantageous to design tissue-like systems de novo, making multifunctional 

communities of bacteria that function as artificial tissues. In Chapter 3, I will discuss the 

construction of a synthetic microbial community of E. coli cells, whose quorum sensing 

response is governed by aggregation of the cells. This aggregation in turn is driven by the 

expression of surface-displayed self-associating proteins, and I will discuss methods 

developed to control the size, reversibility, and morphology of these aggregates. As the 

behavior of these aggregates is dependent on cell-cell communication facilitated by 

proximity, these consortia represent early examples of synthetically-designed artificial 

tissues that can be governed by engineered cell-cell signaling. 
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C h a p t e r  I  

ORGANOID CULTURE IN NON-MATRIGEL MATERIALS 

INTRODUCTION 

 Organoids are groups of cells derived from stem and progenitor cells that form  

structures similar to organs in function, spatial organization, and cellular diversity (1). 

Organoids recapitulate important organ function in vitro while remaining a convenient size. 

They also lack interfering cell types such as epithelial, vascular, or nervous tissue. For these 

reasons, organoids are used to study the development of entire organs (2), as disease model 

systems for cancers (3), neural disorders (4), diabetes and autism (5), as pharmaceutical 

testing platforms (6), as model systems for CRISPR-CAS9-mediated treatment of genetic 

diseases (7), and as replacement organs for transplant (8, 9). By obtaining either adult or 

induced pluripotent stem cells from patients with a given disease, it is in theory possible to 

recapitulate their specific organs in miniature, leading ultimately to personalized medicine 

(10). The wide range of clinical applications of organoids is the subject of a recent review 

by Drost and Clevers (11), and these promising tissues are subject to intensive study in 

medicine and studies of cellular development. 

 A great diversity of organoids have been cultured in the milieu of Matrigel, a material  

derived from the secretion of Engelbreth-Holm-Swarm mouse sarcoma cells and used for a 

wide variety of cell culture studies (12). An important property of Matrigel is that at high 

concentrations Matrigel is semisolid, thereby permitting organoid growth in a 3-

dimensional space. In the organoid culture system first reported, Clevers and co-workers 

grew human intestinal Lgr5+ cells in high concentrations of Matrigel supplemented with 

growth factors WNT, Noggin, R-spondin and EGF (13). This culture system has been 

widely adapted to form organoids from other organs such as the colon, stomach, and liver 

(14-18). Related methods have been used to construct simulated versions of the inner ear 

(19), and pancreas (20-23). The wide number of organoid types that can be made using 
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Matrigel-based culture methods has been excellently reviewed elsewhere (24, 25), and is 

outside the scope of the present work.   

Despite its versatility and relatively low cost, Matrigel is an extremely complex medium, 

with a proteomic profile determining that it consists of over 1800 unique proteins (26). The 

undefined nature of Matrigel makes it difficult to determine exactly which factors are 

responsible for the creation of a given organoid, and in many stem cell culture contexts, the 

lot-to-lot variation of Matrigel is observed to affect ultimate cellular fate (27, 28). In fact, 

standardization and reproducibility of organoid culture is one of the foremost concerns in 

the field at present, and this is impossible to realize as long as an undefined medium 

remains at the center of organoid creation (29, 30). Its undefined nature aside, the 

xenogeneic origin of Matrigel precludes its use in making organoids for clinical 

applications (31, 32). Injections of human embryonic stem cells in the presence of Matrigel 

in an in vivo system are also linked to a higher incidence of formation of cancer cells such 

as teratomas (33-35). Matrigel also may not contain all ECM proteins necessary for proper 

organoid formation. For example, it has been observed that gut organoids cultured in 

Matrigel lack villi-type structures, and this has been attributed to an insufficient 

concentration of laminin 511 (36, 37). Finally, it has become increasingly obvious that the 

mechanical properties of a 3D cell culture medium such as stiffness or viscoelasticity (38), 

can have a large effect on cell (39), tissue (40), organoid (41), and organ development (42, 

43).  

A critical limitation of a Matrigel-based culture is that the mechanical properties of 

Matrigel can only be changed by altering the concentration, chemical composition, or 

morphology of the material, making it difficult to conduct properly-controlled experiments 

where the variables of elastic modulus and chemical concentration are isolated (44-46). 

Worse, the mechanical properties of Matrigel are heterogeneous within an individual gel, 

with certain patches of a gel found to have an elastic modulus several times higher than the 

average elastic modulus of the overall medium, in a manner not easily controlled by the 
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experimenter (47, 48). It is therefore possible that mechanical differences in an individual 

Matrigel culture have an effect that is not well understood, or even detected. 

While organoids clearly have great potential, there is a need to develop alternate culture  

materials and methods that do not rely on Matrigel. These defined culture media will 

enable a more systematic study of the effects of mechanical and chemical properties on the 

development and behavior of organoids, and permit their use in clinical transplantation 

studies. In this review, we will discuss recently-developed alternatives to Matrigel for 

culture of stem cells and organoids in vitro, and suggest areas where further research is 

needed.  

ORGANOID CULTURE IN NATURAL DECELLULARIZED ECM 

 Organ development occurs in the complex chemical and mechanical environment of the  

extracellular matrix, which provides signaling cues, serves as an adhesive substrate, and 

sequesters growth factors to create complex microenvironments that allow organs to 

become spatially organized (49). In order to accurately recapitulate the composition and 

structure of native ECM in organ development, as well as retain native vascularization, 

some organoids have been grown in decellularized ECM from human or animal donors. 

Methods for decellularization of ECM typically involve the perfusion of various detergents 

such as sodium dodecyl sulfate (SDS) through donor tissues under the pressure of a 

peristaltic pump. The methods used are dependent on target tissue and not readily 

generalizable: the various methods to decellularize tissues have been reviewed elsewhere 

(50). Some of these tissues can be derived from human donors, while others are derived 

from xenogeneic materials in order to obviate the need for human donors. If the xenogeneic 

materials are properly prepared, they do not cause a serious immune response (51), and 

similar decellularized ECM scaffolds are FDA approved for numerous clinical applications 

such as heart valve replacement, facial reconstruction, and osteopathic implants (49, 52).   

The approach of decellularization has been extensively used in the domain of liver 

reconstruction, as there is a shortage of liver donors. As an alternative, cells can be seeded 
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into liver ECM obtained either by using decellularized livers that are otherwise unsuitable 

for transplantation, or by removing a portion of a patient’s damaged liver (surgical 

resection), decellularizing it, and using the ECM as a cellular scaffold.  As early as 2004, 

Lin and co-workers reported liver tissue decellularization to support growth and 

maintenance of rat hepatocytes; however, this method relied on mechanical disruption of 

resectioned tissue, leading to loss of organ architecture and vascular networks (53). In 

contrast, Baptista and co-workers perfused Triton X-100 and ammonium hydroxide 

through a ferret hepatic vascular network to remove the cells. This method preserves the 

underlying ECM and vasculature while retaining most of the glycosaminoglycans, 

collagen, and elastin. The decellularized material could then be colonized by human fetal 

liver and endothelial cells to make a functioning organoid (54). Pinzani and co-workers 

removed cells from a human liver deemed unsuitable for transplantation by perfusion, 

finding that the perfusion process entirely removed the native cells, yet maintained the 

composition and microstructure of the liver ECM. They also found that the decellularized 

human liver sections did not cause an immune reaction when transplanted into C57BL/6J 

immunocompetent mice, and that hepatic cell lines, HepG2, LX2 and Sk-Hep-1,  re-

colonized, and proliferated within the decellularized matrix (55). Further optimization of 

the decellularization protocol in rat tissue, by adding EDTA to the detergent solution, 

allows for a more compact decellularized ECM and more complete removal of cells (56). A 

limitation of this latter study by Pinzani and co-workers is that it was not conducted with 

undifferentiated stem cells to see what effect the protocol may have on differentiation. An 

alternate approach involves decellularizing the liver matrix, lyophilizing, grinding the liver 

into a fine powder, and then using this powder to form a gel or coating to support 

differentiation, forming a liver extracellular matrix gel or LEMgel. Cho and co-workers 

used this approach with rat liver ECM, which promoted the differentiation of human 

adipose-derived stem cells into functional hepatocytes (57). More recently, Saheli and co-

workers used liver-derived ECM hydrogel to culture hepatocarcinoma cells with 

mesenchymal stem cells and umbilical cord stem cells, leading to liver-like organoids that 

have greater hepatocyte function than a comparable collagen I culture (58).  
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Decellularized matrices have also been used for the growth of human intestinal organoids 

(HIOs), though each decellularization protocol is unique, and must be conducted in a way 

that preserves vital growth factors or chemical cues on the surface of the material. 

However, merely having the appropriate ECM present is no guarantee of successful 

directed differentiation. Finkbeiner and co-workers found that the chemical cues provided 

by decellularized porcine intestinal ECM were insufficient to direct differentiation of 

human embryonic stem cells towards an endodermal or intestinal fate, even when this 

matrix was able to support seeded HIOs that had been made separately on a Matrigel-based 

matrix (59). Indeed, in a number of cases, merely having the nominally correct ECM 

present was insufficient to drive pluripotent cell differentiation: the cells have to be 

differentiated into the correct progenitor population first (60). In contrast, Shojaie and co-

workers were able to grow mouse embryonic stem cells into complex lung organoids on 

decellularized rat lung without intervening differentiation to progenitor cells. The ability to 

make these organoids was dependent on the retention of heparin sulfate proteoglycans on 

the surface of the decellularized scaffold, which suggests that in some cases the 

maintenance of proteoglycan cues is critical in directing differentiation (61). 

Similar methods have been proposed for kidney (62, 63), heart (64, 65), lung (66), and 

pancreatic (67, 68) tissues, with each tissue displaying unique challenges depending on 

organ type, as well as organ provenance. For example, the human pancreas has a higher 

lipid content than those of mouse or other animal models, meaning that decellularizing 

human organs requires different, specific conditions (68). Of particular interest to the 

pancreatic researchers is a technique developed by Chaimov and co-workers, who used 

decellularized porcine pancreas as a scaffold. Both human mesenchymal stem cells 

(hMSC) and adult human liver cells (AHLC) had pancreatic transcription factors Pax4, 

Pdx1 and MafA transduced into them by adenovirus in order to either bias the hMSCs 

towards a pancreatic lineage, or to reprogram the AHLCs into pancreatic cells. Seeding the 

cells in decellularized porcine pancreas was found to have no effect on C-peptide secretion 

of hMSCs, but AHLCs transduced while grown in the matrix did show enhanced C-peptide 

secretion. The authors then attempted to encapsulate these transduced cells in 
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decellularized ECM as a method of treating diabetic mice. The authors first encapsulated 

the cells in alginate to immobilize the cells. Decellularized ECM was then added and 

allowed to solidify around the alginate core. After the ECM had solidified, the alginate was 

removed by washing with HEPES-sodium citrate solution. The authors found that the 

decellularized ECM material did not trigger an allergic reaction in immunocompetent mice, 

that the encapsulated cells remained viable, and that the encapsulated cells differentiated to 

insulin-producing beta cells. Encapsulating the cells within decellularized ECM enhanced 

the secretion of C-peptide relative to encapsulation in alginate.  The encapsulated cells 

were able to improve glycemic control in diabetic mice over a period of approximately 7 

days (69). 

 Distinct from the use of decellularized ECM, there has been a fair amount of organoid  

culture conducted within commercially-available naturally-derived proteins, such as 

cellMatrix
tm

 products, which consist of collagen derived from porcine tendon or skin, or 

bovine lens capsules (70). Collagen I has been used to make colorectal tumor model 

organoids in 3D culture (71), and as coatings for 2D cultures of intestinal crypts (72), or 

pancreatic carcinomas (73). Aside from collagen, collagen vitrigel (74), vitronectin, and 

fibronectin have also been used as a support for organoid and mammalian cell culture. The 

primary method for culture of organoids in a collagen I matrix is the so-called Tokyo 

Medical and Dental University (TMDU) method, which was first developed by Nakamura 

and co-workers for intestinal-enteroid culture (75). Murine intact intestinal crypts and 

isolated single Lgr5+ progenitor cells are embedded in Collagen I with hepatocyte growth 

factor, bovine serum albumin (BSA) and Rspo1, EGF and Noggin growth factors resulting 

in an organoid that was able to repair damaged mouse intestinal epithelia upon 

transplantation. In contrast, the Ootani method uses a Collagen I gel where small and large 

intestinal cells are kept suspended at an air-liquid interface, which enables improved 

oxygenation of the organoid and therefore allows maintenance of viable murine organoids 

in culture for up to 350 days (76). Variants of the TMDU method have been used 

elsewhere in murine models where the organoid was then successfully implanted 

subcutaneously (77) in a long-term (one month) culture of human intestinal epithelium 
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(78), and in modelling tissue remodeling after damage to the epithelium (79). Variants of 

the Ootani method have been used in modelling the immune microenvironment of 

epithelial tumors (80), and resistance of colorectal tumors to anticancer drugs (81).  

Two factors that have been shown to affect the differentiation of progenitor cells into 

organoids in collagen-based matrices are the source of seeded cells, and the spacial 

arrangement of collagen types around the cells. Shinomura and co-workers reported that 

the choice between using the Ootani method and the TMDU method should be governed 

by the source of cells used to make the intestinal organoid. The authors found that more 

consistent results for the culture of rat organoids were obtained when homogenized tissue 

of the entire colon is grown at the air-liquid interface (the Ootani method), whereas 

attempting to grow organoids using seeded isolated intestinal crypts is more effectively 

done in 3D culture using the TMDU method (82).  

 Aside from judicious selection of cell type, the chemical makeup of the collagen or  

derived protein is also relevant. Cell fate is intimately tied to the attachment of the 

appropriate cell surface integrins to biochemical cues in the extracellular matrix (83). 

Collagen I has a higher affinity for α2β1 integrin, whereas collagen IV prefers binding to 

α1β1 integrin (84).  Both the collagens in the ECM and the integrins are spatially organized. 

Collagen IV, for instance, tends to occur exclusively in basement membranes, unlike other 

collagen types (84). Integrins are likewise spatially organized on the cell surface:  for 

example, in intestinal organoids, β4 integrins arrange themselves on the basal side of the 

cells (85), and the anchoring of β1 integrins on the basal layer is also required for proper 

apical-basal polarization (86, 87). Proper cell polarization, and engagement of the correct 

integrins, is vital to maintaining the identity and function of the cells in the organoid and in 

the body. In an attempt to simulate the spacial homogeneity of the intestine in an in vitro 

environment, Tong and co-workers cultured Lgr5+ cells that were sandwiched between a 

collagen IV-coated substrate and a collagen I gel overlay in what was termed a “Bolstering 

Lgr5 Transformational Sandwich” or “BLT sandwich.” Ultimately, this culture system 

favored the proliferation of Lgr5+ cells that remained undifferentiated (88). Similar 
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findings about matrix heterogeneity were reported by Wang and co-workers, who found 

that hepatic differentiation of mesenchymal stem cells is enhanced by using a PEG gel 

functionalized with both collagen I and fibronectin, as opposed to gels functionalized with 

only collagen I (89). 

Decellularized ECM and naturally-derived protein methods have the advantage of quickly 

recapitulating organ function, as all the chemical cues required for the formation of a 

spatially-defined organ are already present. This minimizes the need for additional 

chemical modification of the ECM. Decellularized ECM in particular already has clearly 

defined basal and apical surfaces, and this can be simulated in naturally-derived protein 

culture by using culture methods such as the BLT sandwich. Collagen-based culture 

materials also have the advantage of already being FDA approved for a wide variety of 

applications (90), meaning that organoid culture methods using naturally-derived protein 

matrices can be rapidly translated to clinical application.  

There are, however, several disadvantages to using decellularized ECM. First, the amount 

of these materials that are available for study is ultimately limited by the availability of 

donor animals or humans. Availability is further constrained by the fact that the health of a 

donor can influence the outcomes of cell seeding. For example, emphysematic or fibrotic 

lung tissue has hardened and undergone alterations in the architecture of the tissue. These 

alterations can lead to cells failing to survive beyond one week of culture (91), or shifts in 

the expression levels of particular growth factors (92). Similarly, myocardial infarct is 

known to trigger remodeling events that stiffen the ECM and change its chemical 

composition. When mesenchymal stem cells are seeded on infarcted tissue, the phenotype 

of the cells shifts, with higher secretion levels of prosurvival and immunomodulatory 

growth factors (93). While some of these disease states appear to enhance the survival of 

seeded cells, the effects of diseased tissue should not be discounted. Even if the donor 

tissue is known to be healthy, there remains the problem of lot-to-lot variability.  Second, 

the physical properties of this decellularized ECM cannot be precisely controlled or 

designed, limiting the scope of experiments that can be conducted with these types of 
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materials. The material is also chemically undefined, meaning that the vital factors driving 

differentiation might remain unknown, unless serendipitously discovered. As noted above, 

using too harsh decellularization can strip surface proteoglycans necessary to successful 

organoid formation (61). A related difficulty is that not all decellularization protocols are 

equally effective at removing cells or other immunogenic particles, which leads to varying 

host immune responses, and in some cases the failure of implants in clinical trials (94). 

Finally, the need for pre-differentiation of pluripotent or induced-pluripotent stem cells into 

organ-specific progenitor cells means that a differentiation step is often necessary for the 

decellularized matrix approach to work, and this step not only adds complexity, but is 

typically conducted in Matrigel.  

As methods for generating large quantities of porcine or bovine collagen on an industrial 

scale at biomedical grades are well-established, collagen-driven culture methods are not 

limited by the availability of appropriate donor tissue. However, these methods still suffer 

from a lack of precise chemical definition, and some collagen-based culture methods rely 

on feeder cells (89), which introduce further undefined components into the culture 

conditions. Furthermore, it is difficult to modify the mechanical properties of these culture 

systems independent of altering chemical concentration. To more effectively elucidate the 

effect of mechanical properties on organoid development, it may be necessary to resort to 

synthetic hydrogels functionalized with cell-binding cues.  

ORGANOID CULTURE IN SYNTHETIC HYDROGELS 

 The elimination of mechanically and chemically undefined fractions from organoid culture 

has recently been the focus of a number of research efforts. These efforts have primarily 

focused on culturing organoids in hyaluronic acid-type materials, or synthetic polymers 

such as polyethylene glycol (PEG), poly-L-lactic acid (PLLA) or polylactic(co-glycolic) 

acid (PLGA). Synthetic hydrogels are particularly attractive as there are many methods to 

control their mechanical properties, mesh size, and functionality. By the inclusion of matrix 

metalloprotease (MMP) recognition sites, it is also possible to tune the erosion rate of the 

material, which is known to have consequences in cellular and organoid development (95). 
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Expanding the number of materials in which organoids can be cultured allows 

researchers precise control of the size and shape of the organoid culture, and enables use of 

methods such as electrospinning (96), photopatterning (97, 98), spraying of microspheres 

(99), inkjet and 3D printing (100), or use of microfluidic channels (101), to precisely 

control the shape and size of the organoid culture. Synthetic hydrogels can also be made 

responsive to external stimulus, such as in a recent report of a chemically-reversible 

hydrogel (102). It is also possible to alter the mechanical and physical properties of these 

hydrogels for ease of experimental use such as a thermoplastic hyaluronic acid-based 

hydrogel that solidifies at 37 degrees and which will re-liquify upon cooling, enabling 

recovery of viable organoids from culture without resorting to enzymatic digestion of the 

matrix (103). Light-sensitive polyvinyl alcohol (PVA) matrices have also recently been 

developed for cell culture, allowing an unprecedented degree of control over the precise 

spacing of incorporated biochemical cues, and local control over the material environment 

(104). The ability to exert excellent local control of the chemical and mechanical properties 

of specific locations of the material is particularly exciting, as it allows researchers to 

duplicate the heterogeneous stiffness and composition found in organs. This heterogeneity 

is important to study, as it has implications for organ disease states (105, 106). A light-

crosslinkable system allows for this heterogeneity to be effectively duplicated in vitro, and 

more precise reconstruction of diseased organs where tissue hardening has occurred, such 

as in liver fibrosis and cirrhosis (107, 108). 

Synthetic polymer-based culture also allows the evaluation of conditions for organoid 

formation using high-throughput methods (109-111). Synthetic hydrogels such as PEG can 

be functionalized with a dizzying array of biologically-active moieties that permit the 

growth and spread of a wide variety of different cell types (112-117), and it is possible to 

precisely control the concentration and spacing of these cues (118-121). Therefore, using 

synthetic hydrogels allows for the independent optimization of various factors involved in 

organoid creation, allowing researchers to more easily separate the variables of organoid 

formation. A dramatic demonstration of the utility of a PEG-based culture strategy in this 

respect was provided by Ranga and co-workers, who developed a high-throughput method 
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that allowed them to analyze 1,000 different variations of matrix elastic modulus, cell-

binding peptide, and susceptibility of the matrix to degradation by matrix metalloprotease 

(MMP) for their effects on embryonic stem cell fate at nanoliter scales (122). These efforts 

culminated in a PEG-based hydrogel system with recombinant peptides for growth of a 

neural tube-type organoid, where it was found that a laminin-functionalized PEG leads to a 

more homogenous population of neurites in terms of size and morphology, and a higher 

degree of apical-basal polarity, than cells grown in Matrigel. Patterning of cells was also 

influenced by overall matrix stiffness, with intermediate elastic moduli of 2-4 kPa found to 

be optimum for apical-basal patterning. Patterning was also dependent on how quickly the 

PEG matrix was digested by cell-secreted MMP, with more-sensitive scaffolds found to 

support less patterning, and matrix stiffness was also found to affect patterns of cell 

proliferation and apoptosis (123).  

The ability to make precisely-structured, latticed assemblies of PEG with defined pore size 

was recently used by Ng and co-workers in the creation of functional liver organoids 

derived from induced pluripotent stem cells in a colloidal crystal of PEG functionalized by 

collagen I, fibronectin, or laminin-521 (124, 125). They found that attachment of the iPSCs 

was dependent on the functionalization, with collagen I and laminin-521 leading to cellular 

attachment, and cells failing to attach to assemblies functionalized by fibronectin. This 

builds on previous work, where basic liver function could be recapitulated by such a PEG-

based scaffold (126). Similarly, the group of Kloxin and co-workers synthesized a 

photocrosslinked PEG-based gel that contained a variety of different chemical cues binding 

to different integrins in iPSCs, finding that encapsulation in these materials could drive 

different ultimate organoid fates (127). Hepatic organoids have also been grown on non 

PEG-based scaffolds, such as functionalized polyurethane surfaces (128, 129), or a 

hyaluronic acid matrix (130).   

Synthetic hydrogels allow precise control of the mechanical properties of culture medium 

Aside from the ability to precisely control the chemical cues facing cells in organoid 

culture, synthetic hydrogels also allow for the precise control of mechanical properties, 
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which have been shown to have consequences in cellular survival, proliferation, and 

ultimate fate. Lee and co-workers recently developed a hybrid biodegradable biomaterial 

for growth of liver organoids consisting of PEG-diacrylate (PEGdA) crosslinked by 

hyaluronic acid functionalized by degradable peptides, on which they cultured HepaRG 

hepatic progenitor cells as well as a co-culture of HepaRG with EC-SV40 immortalized 

cells, and fibroblasts (131). The materials were synthesized at various initial elasticities, 

ranging from 2 kPa to 20 kPa. The authors observed that HepaRG cells encapsulated by 

themselves on the softest medium did not survive, but the co-culture showed the ability to 

differentiate into both hepatic and biliary cells, and through first a decrease, then a dramatic 

increase in elastic modulus, along with evidence of collagen deposition, observed ECM 

remodeling. On a slightly stiffer culture medium, both individual cells and co-culture 

demonstrated this behavior. The authors also observed that the resulting organoids 

responded to pharmacological challenge, and that medium that was too stiff, or too soft, led 

to diminished organoid function.  

The group of Lutholf and co-workers recently reported a well-defined, synthetic matrix for 

intestinal organoid culture from Lgr5+ progenitor cells derived from the intestinal crypt, 

which represents a major step towards more defined cultures of organoids. Their material 

consisted of a PEG gel functionalized with either an arginine-glycine-aspartic acid (RGD) 

peptide, or a laminin-111-derived peptide (132). Interestingly, the group found that higher 

matrix stiffnesses used with RGD-type materials tended to promote the survival and 

proliferation of undifferentiated stem cells, whereas the use of a softer matrix, and a 

laminin sequence, resulted in the formation of differentiated, functional organoids. It was 

also observed that the cell types were different in the defined PEG medium compared to a 

Matrigel culture, with the PEG medium both failing to support a population of Paneth cells, 

and suppressing cell proliferation more generally. General methods for the synthesis of 

these gels are presented in a subsequent methods paper that provides an excellent starting 

point for those interested in pursuing further studies in this field (133). In similar work by 

Grandi and co-workers, an oxidized polyvinyl alcohol (OxPVA), which was functionalized 

with decellularized intestinal wall, was used to treat short bowel syndrome, representing a 
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hybrid method that combines the chemical cues of native tissues with the mechanical 

tuneability of a synthetic polymer (134). The Grandi study demonstrates that organoids 

made in synthetic polymers have the potential for clinical application.  

Similarly, the Garcia group used a 4-arm PEG maleimide to encapsulate and culture 

Matrigel-derived human intestinal organoids (HIOs), and found that viability of intestinal 

organoids was hampered if the density of PEG was too high, and the matrix was 

consequently too stiff. They also found that an RGD-containing or AG73 

(CGGRKRLQVQLSIRT)- functionalized PEG material promoted organoid viability better 

than laminin-derived IKVAV or Type I collagen-derived GFOGER peptides (135, 136). 

Intriguingly, the Garcia group also found that when PEG was crosslinked in a manner that 

did not permit matrix degradation (i.e., crosslinking with DTT), organoid viability at 7 days 

was poor. When repeating the experiment with single cells in order to grow HIOs in their 

matrix, they likewise found that density of PEG was a key factor determining organoid 

growth and viability. Finally, and most dramatically, the authors demonstrated that these 

HIOs could be encapsulated in situ in a mouse model, and that the injection of these 

organoids promoted the healing of mucosal wounds in the mouse due to a successful 

engraftment of that organoid. While this encapsulation strategy was conducted with 

organoids that had previously been derived from Matrigel, it serves as further evidence that 

PEG-based materials need to be soft, and capable of degradation and remodeling, if they 

are to support intestinal organoid growth.  

Synthetic polymer-based culture methods allows the construction of organoids otherwise 

difficult to obtain 

The ability to precisely tailor the properties of synthetic hydrogels, and make them 

reproducibly, also makes them of interest for use in organoids that are difficult to grow 

reproducibly and consistently. Neural organoids, while extremely promising, have been 

known to have difficulties with reproducibility brought on by batch effects (137). Neural 

organoids were also grown on a PEG-based gel by the group of Murphy and co-workers, in 

order to develop a model system to assess neural toxicity of various chemicals in a 
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developing brain (138). By introducing neural, vascular, and microglia/macrophage cells 

in three sequential stages, the authors were able to construct organoids that were more 

representative of a complete neuronal model than ones previously published. Similarly, 

O’Brien and co-workers developed a method for culturing cerebral organoids comopoased 

of multiple cell types in a defined medium consisting of a blend of hyaluronan and chitosan 

(termed CellMate3D) in Essential 8 medium. Neural differentiation was directed by the use 

of retrovirus or Sendai virus. These organoids were developed as a model for 

adrenoleukodystrophy, and the group observed numerous cell types within the organoid 

(139). A similar method was used to create a line of neural organoids from stem cells 

derived from Down Syndrome patients (140). The group of Segura and co-workers 

developed a method by which hyaluronic acid hydrogels could be functionalized with a 

variety of cell binding peptides, finding that an exact concentration of the laminin mimetic 

IKVAV peptide led to the best survival of the organoid (141).  

The strength of the synthetic polymer in the culture of organoids is illustrated by a recent 

paper by Qi and co-workers that used electrospun polylactic(co-glycolic) acid (PLGA) 

polymers to match the stiffness and permeability of the blood-brain barrier. The 

constructed barrier was found to be selectively permeable, displaying limited permeability 

of the anti-tumor drugs paclitaxel and bortezomib, and low permeability of sodium 

fluorescein.  This work is both relevant and exciting, as the function of the blood-brain 

barrier is not only determined by what cells are present, but also by the tissue’s stiffness, 

permeability to small molecules and shape. The blood-brain barrier organoid was 

constructed by doping human induced pluripotent stem cells (hiPSC) onto the PLGA 

matrix. The authors hope that this organoid may be used to study drug delivery across the 

blood-brain barrier, or to study processes such as addiction (96).  

Other organoids, such as pancreatic organoids, have also proved difficult to obtain without 

resorting to Matrigel-based culture. To our knowledge, the first report of the use of a 

synthetic hydrogel in the creation of pancreatic organoids was a recent report of human 

pancreatic progenitors seeded in amikacin hydrate crosslinked with Poly(ethyleneglycol) 
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diglycidyl ether (PEGDE), also known as Amikagel (142). The group of Candiello and 

co-workers derived the human pancreatic progenitors from human embryonic stem cells 

using two previously reported protocols (143, 144). The progenitor cells were seeded in 

Amikagel synthesized at different elastic moduli.. Notably, no chemical signaling peptide 

was incorporated into the Amikagel. The authors found that a stiffer gel with a higher 

crosslinker content drove the progenitor cells to aggregate together, which led to an 

increased differentiation and maturation into beta-like cells.  Compared to the cells grown 

in Matrigel, the beta-like cells grown in Amikagel produced higher levels of beta-cell 

functional markers PDX1 and NKX6.1, and were more responsive to glucose challenge. 

Addition of HUVEC (human umbilical vein endothelial) cells to progenitor cells grown on 

Amikagel led to even better responses to glucose challenge, suggesting the contribution of 

endothelial cells is important for more complete differentiation and maturation to beta cells. 

This article challenges the conventional wisdom that a cell binding moiety is required for 

effective organoid formation, and if the results hold, represents a potentially new paradigm 

in organoid formation, where the material’s chemical properties do not contribute to the 

growth and differentiation of cells. A challenge to this approach is the need to control the 

size of the aggregates, and ensuring long-term viability of the resulting organoids: the 

authors observed that the aggregates were viable at 5 days, but made no determination of 

viability at later time points. We note that the size of the smallest cell aggregates reported 

by Candiello and co-workers was approximately 200 microns, yet the typical human islet 

has a diameter of approximately 130 microns (145). Larger aggregations of islets have been 

known to form necrotic centers because of a lack of nutrient diffusion, and the ideal size of 

an islet is approximately 100-150 microns in diameter (146). Precise control of the 

aggregate is essential if this method is to find broader application, particularly in 

transplantation, where viability must be maintained over a long period of time.  

 A major advantage of synthetic polymers for organoid culture is that they are well-defined 

mechanically and chemically, making it possible to tease out the effects of mechanical 

changes on cellular fate, as well as the effect, or necessity, of certain co-cultured cells (131, 

147). Additionally, many of the materials developed, such as hyaluronic acid, PEG, and 
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PLGA, have already been approved by the FDA for use in human therapeutics. Thus, the 

organoids grown in these materials will face fewer hurdles in being approved for clinical 

use. Murphy and co-workers recently assessed over 1200 different synthetic polymer 

formulations for toxicity, vascularization of cell tissue, and the ability to support formation 

of endothelial cell networks (148).  While not directly related to the growth of organoids, 

the evaluated polymer formulations may provide a valuable starting point for organoid 

researchers, particularly those concerned with vascularization of the organoids post-

implantation. 

 The disadvantages of synthetic hydrogels are several. First, with the apparent exception of  

Amikagel, synthetic hydrogels require the deliberate incorporation of biochemical cues. In 

the absence of the biochemical  cues, cells do not attach, which leads to anoikis, or 

programmed cell death (149), and failure of organoids formation (132). The biochemical 

cues also must be properly spaced, because improper spacing can also lead to cell death 

(150). For these reasons, it may be advantageous to engineer recombinant protein gels, 

where the chemical cues can be added with exact definition, the chemical and mechanical 

properties of the gel can be altered independently, and degradation rate can be tuned by 

inclusion of appropriate recognition sites for degradative enzymes such as MMP.  

ORGANOID CULTURE IN RECOMBINANT PROTEIN MATRICES 

Our group has long worked with programmable, genetically-encoded protein-based 

materials, which we believe may prove an attractive family of materials for the culture of 

organoids. Materials made of recombinant proteins display narrow polydispersity, are able 

to be tuned for stiffness and chemical functionality independent of each other (151, 152), 

can have their viscoelastic properties easily modified (153), and can be programmed to 

degrade and remodel at different rates via the inclusion of protease-specific recognition 

sites (154), or by changing the means by which these proteins are cross-linked (155). 

Protein-based hydrogels can also incorporate novel functionalities via site-specific 

incorporation of non-canonical amino acids (156, 157), be made thermally dynamic 

through the use of elastin-like domains (158, 159), and can be readily tailored to a variety 
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of biomedical contexts (160, 161). This programmability and ready modifiability makes 

protein-based hydrogels attractive materials for organoid culture. 

The Heilshorn group has previously demonstrated the encapsulation of stem cells in a  

collagen matrix crosslinked with tetrakis(hydroxymethyl)phosphonium chloride (162). 

Recently, this group used a recombinant collagen I matrix with a genetically-encoded RGD 

cell binding sequence to culture an adult intestinal organoid, crosslinking the collagen 

strains with varying concentrations of tetrakis(hydroxymethyl)phosphonium chloride. They 

found that a high concentration of RGD binding peptide, as well as a softer matrix or faster 

degradation rate, enhanced formation of the organoid (163). The same group also found 

that matrix degradation and remodeling was essential to the maintenance of neural cell 

stemness, and that this degradability was readily tunable by modifications to the collagen 

backbone (164). 

Recombinant laminin matricies, such as those based off of the commercially-available  

Laminin 521 and Laminin 111, have also been used in the development of organoids. 

Cameron and co-workers used a mixture of cell-therapy grade laminin 521 and laminin 111 

to differentiate human embryonic stem cells preferentially to functional and mature 

hepatocytes (165). Similarly, laminin 511 and 521 have also been used in combination for 

selective differentiation into hepatocytes (166). In contrast, laminin 411 and laminin 511 in 

combination are found to promote cholangiocyte differentiation instead (167). The effect of 

laminin 521 in particular is highly dependent upon culture conditions such as the presence 

of feeder cells. Rohn and co-workers, using a polystyrene surface coated with laminin 521, 

found that the presence of the α5 chain of laminin suppressed differentiation and instead 

promoted a quiescent mesenchymal stem cell type in rat liver culture (168). Similarly, 

Albalushi and co-workers found that pluripotent human embryonic stem cells grown on 

laminin 521 maintained their pluripotency when grown in conjunction with feeder cells 

(169), with Tryggvasson reporting similar results in both laminin 511(170) and laminin 521 

(171). The interactions of various laminin types with cells is therefore complex, and was 

the subject of a recent review (149). 
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Peptide-based hydrogels have also recently found a use in organoid culture. Zhang and  

co-workers used self-assembling peptide called RADA-16 for the culture of differentiated 

neuronal organoids in an Alzheimer’s disease model, wherein neural organoids were 

treated with amyloid-β, finding that the effects of the amyloid protein were dependent on 

whether organoid culture was conducted in 2D (where no substantial degradation of 

function was found) or 3D culture in peptide-supported matrix, which showed substantially 

lower levels of pPAK and Drebrin expression upon addition of amyloid (172). The 

difference in findings between 2D and 3D cultures in neuronal disease states is well-

known, and is the subject of a recent review (173).  

Protein-based materials have several disadvantages. First, and most obviously, not all  

proteins can be expressed in good yield, and successful expression is no guarantee of 

successful refolding or functionality. Certain recombinant proteins and self-assembling 

peptides have also been shown to be immunogenic (174, 175), immunogenic if aggregated 

(176), or are known to act as immune system adjuvants (177, 178). Merely ensuring that 

the recombinant protein comes from a human germline is insufficient to guarantee a lack of 

immune response (179), meaning that non-human proteins may also be immunogenic in 

ways that are difficult to predict.  This may have an effect on organoid culture, particularly 

those (such as one that might model tuberculosis infection) that might contain an immune 

component. Care must therefore be taken to avoid introducing immunogenic epitopes, and 

preventing an immune response may require empirical optimization. Closely related to this 

issue is that proteins for clinical use would have to be expressed in mammalian expression 

systems such as Chinese Hamster Ovary (CHO), or in yeasts such as Pichia pastoris, to 

preclude the presence of bacterial endotoxin.  

OUTLOOK 

While there are a broad number of Matrigel-free techniques that have been developed, they 

have been used in a somewhat narrow range of target tissues. Expanding the number of 

organoid types that can be cultured using non-Matrigel methods will go a long way towards 

growing acceptance of these alternate culture techniques, as well as allow more organoids 
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to be made without the presence of xenogeneic material. The ideal material for organoid 

culture should be chemically and mechanically defined, so that changes in the chemical and 

mechanical properties of the culture material can be easily and independently correlated to 

a change in organoid growth, development, or morphology. This material should also be 

easy to functionalize with biologically-relevant cell binding proteins or peptides in order to 

promote cell attachment and growth. Finally, the ideal material should mimic the dynamic 

nature of the ECM, meaning that it is easily programmable in terms of erosion rate, 

viscoelasticity, and susceptibility to degradation by enzymes secreted by cultured cells. 

Because of these requirements, it is likely that either synthetic materials such as PEG gels, 

or  programmable recombinant proteins, represent fruitful areas of future research.  

Pancreatic organoids might be the next tissue type on which to focus efforts to create 

organoids in Matrigel-free material: transplantation of islets of Langerhans is a promising 

treatment for Type 1 diabetes (180, 181), but its wider adaptation is limited by the limited 

availability of suitable cadaveric donor islets (182). Deriving functional islets of 

Langerhans from stem cells is therefore an attractive option to ensure that there are enough 

islets available for transplantation. Current uses of pancreatic organoids include models for 

cancers and other diseases (73, 183-185). Would-be creators of pancreatic organoids using 

Matrigel-free techniques could take inspiration from methods that have proven successful 

in the development of hepatic organoids, as the liver and pancreas develop from the same 

population of endodermal progenitors (186), and there has been great success in the 

reprogramming of adult liver cells to pancreatic cells (187). Using the methods discussed 

above, we anticipate a gradual shifting away from the predominant use of Matrigel in 

organoid culture. In the following chapter, we will detail our efforts at making 

programmable protein-based hydrogel materials for the purpose of culturing pancreatic 

cells.   
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C h a p t e r  I I  

A NOVEL METHOD FOR CULTURE OF PANCREATIC CELLS IN A 

DEFINED, PROTEIN-BASED MEDIUM  

INTRODUCTION 

Type 1 diabetes is an autoimmune disorder that results in the destruction of a patient’s beta 

cells, which prevents endogenous regulation of blood glucose levels. This condition affects 

approximately 0.5% of the adult population in the United States (1), and can lead to serious 

complications such as coronary artery disease, retinopathy, and diabetic nephropathy 

resulting in kidney failure (2). Currently, Type 1 diabetes is treated by a combination of 

injections of exogenous insulin, and careful regulation of diet and lifestyle. Although life-

saving, insulin injection does not completely prevent glucose excursion, which can lead to 

long-term complications (3). A promising alternative therapy is the transplantation of 

cadaveric human islets, which has been used effectively in approximately 1500 patients 

since the first report of a successful allogenic transplant in the year 2000 (4, 5). However, 

the demand for transplants will outstrip supply, as multiple donors are frequently required 

for each recipient (6), and repeated transplantations into a single recipient over time may be 

required due to progressive graft failure caused by allo- and autoimmunity (7). In order to 

meet the demand for transplantable islets, numerous researchers have sought to culture beta 

cells from pluripotent stem cells.  

In order to drive stem cells towards a beta cell lineage, it is important to consider the 

developmental origins of beta cells. In mammals, the pancreas begins as a bud of cells that 

stems from the tuboidal gut lumen. The cells in this stem proliferate, and differentiate in 

three distinct events. First is the trunk-tip differentiation, where branches emerge from a 

central ductal axis. At the tips of these branches, differentiation proceeds to acinar cells, 

responsible for production of digestive enzymes, whereas ductal progenitor cells remain on 

the trunk. In the second event, some ductal progenitors differentiate into mature ductal 

cells, while others delaminate from the trunk and form endocrine progenitor cells. These 
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endocrine progenitors then undergo fivefold differentiation into the cells that compose 

the Islets of Langerhans, namely α cells (which produce glucagon, to increase blood 

glucose), β cells (which produce insulin, to stimulate uptake of glucose by somatic cells), γ 

cells (which produce pancreatic polypeptide, to regulate pancreatic secretions), Δ cells 

(which produce somatostatin, to inhibit glucagon and insulin secretion) and ε cells (which 

produce ghrelin, to regulate appetite) (8).  

 

Several groups have reported the production of functional beta cells from multi-potent or 

pluripotent stem cells, in some cases resulting in islets that are capable of treating Type I 

diabetes in mice (9-11). However, these methods rely on the use of Matrigel, a medium 

composed of the secretion of Engelbreth-Holm-Swarm mouse sarcoma cells enriched for 

extracellular matrix (ECM). Despite its low cost, Matrigel is an undefined and extremely 

complex medium, with one proteomic profile determining that it consists of over 1800 

unique proteins (12). The undefined nature of Matrigel makes it difficult to determine 

exactly which factors are responsible for the differentiation of a stem cell to a particular 

lineage. Matrigel also suffers from lot-to-lot variation, and in many stem cell culture 

contexts, this has been observed to affect ultimate cellular fate (13, 14). Its undefined 

nature aside, the xenogeneic origin of Matrigel precludes its use in clinical applications (15, 

16). Injections of human embryonic stem cells in the presence of Matrigel in an in vivo 

system are also linked to a higher incidence of formation of cancer cells such as teratomas 

(17-19).  

The present work aimed to eliminate the use of Matrigel in pancreatic cell culture, more 

thoroughly understand the processes governing beta cell development and differentiation, 

and bias pancreatic cell growth in favor of the beta cell lineage. To do so, we developed a 

new method for culture of pancreatic cells using a novel, defined medium based on 

recombinant, tunable protein hydrogels. Our group has extensively explored protein-based 

hydrogels which are formed by the physical interactions of leucine zippers (20, 21). In 

particular, we developed a class of protein-based hydrogel material known as PEP-type 

materials, consisting of two leucine zippers derived from rat Cartilage Oligomeric Matrix 



 

 

32 

Protein (P) separated by an elastin-like polypeptide (ELP) consisting of repeating units of 

the protein sequence VPGXG, where X can be any amino acid other than proline (22). 

PEP-type materials have been well-characterized in terms of its mechanical properties and 

strand exchange dynamics (23, 24), and their material properties are easily modified by 

introduction of point mutations in the COMPcc coils (25), or the addition of fatty acids to 

tailor coil relaxation properties (26). This makes PEP-type materials versatile and 

customizable, and materials of this type have already been used in mammalian cell culture 

(26).  

The present work also builds on previous experiments conducted in the Ku and Tirrell 

laboratories which showed that addition of an ELP containing a 19-amino acid peptide 

sequence derived from laminin (laminin-19mer) to methylcellulose-Matrigel culture (27, 

28) resulted in colonies of mixed endocrine-acinar lineage. In order to eliminate Matrigel 

from the culture, and thereby make a more defined cell culture medium, we hypothesized 

that we could incorporate cell binding motifs such as the laminin 19-mer sequence, an 

RGD sequence, or a collagen IV mimetic in a PEP-like material.  

Herein we present the results of pancreatic cell culture in PEP-type materials containing 

either an RGD peptide (referred to either as PEREP or RGD), or a putative collagen IV 

binding motif previously reported by Fong and co-workers (referred to either as PEFEP or 

COL) (29). Compared to a Matrigel-methylcellulose culture, which favors colonies of 

ductal cells, we find that these PEP-type materials favor cells of an endocrine lineage when 

using an unsorted initial population of cells. RGD and COL also favor cells that 

demonstrate higher expression levels of Neurgenin3, which is a marker for endocrine 

progenitor cells. Furthermore, when the cells are sorted into separate populations and 

cultured in our protein-based materials, we observe fewer colonies than when the cells are 

not sorted. This effect is not observed when the sorted populations are grown in 

methylcellulose-Matrigel. We suspect that this difference in colony-forming efficiency may 

be due to paracrine signaling between individual populations which is removed by cell 

sorting, and that this paracrine signaling promotes colony formation, and favors the growth 
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of a colony morphology associated with endocrine cells. The present work thereby shows 

a new method for pancreatic cell culture, and if the putative paracrine effect is confirmed, 

may also illustrate the importance of using defined media to find effects of cell-cell 

communication on growth and differentiation.    

MATERIALS AND METHODS 

Protein Expression and Purification 

The proteins PEREP-I58A (RGD) and PEFEP-I58A (COL) were expressed in E. coli and 

purified in a manner designed to reduce contamination with endotoxin. All antibiotics were 

obtained from BioPioneer Inc. (San Diego, CA), dissolved at 1000X working 

concentration, and sterile filtered. DNA constructs of both protein types were cloned in E. 

coli strain DH10B using recursive ligation into a pQE80-L plasmid (Qiagen, Hilden, 

Germany) as described in Figure 1. Colony selection was conducted on LB medium plates 

supplemented with 100 mg/L carbenicillin. The vectorpLJD1, containing the leucine zipper 

P on a pQE80-L backbone, was digested with XhoI and HindIII (New England Biolabs, 

Ipswich, MA). This digested vector was then ligated together with an insert consisting the 

elastin-like polypeptide E6 ([(VPGAG)2VPGEG(VPGAG)2]6), and which was digested out 

of plasmid pLJD2 (pQE80-L backbone) using SalI and HindIII. As SalI and XhoI leave 

complementary sticky ends, ligation of this vector and this insert leads to a new vector, 

pMTK-PE. This vector was digested with XhoI and HindIII, allowing for the insertion of 

the appropriate peptide sequence, RGD or COL. Colonies were propagated overnight in LB 

medium supplemented with 100mg/L carbenicillin. By repeating this process several times, 

we are able to make the full RGD and COL constructs, which are presented in the 

supporting information in table ST1. Plasmids were isolated using a Qiagen QiaSpin DNA 

miniprep kit according to manufacturer’s instructions, and sequences were confirmed by 

Laragen Inc. (Culver City, CA).   
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Figure 1: Cloning strategy for obtaining PEREP and PECOLEP 

Our cloning strategy uses the fact that the sticky ends of SalI and 
XhoI are complementary, but that both sites are destroyed when 
these complementary ends are ligated together. The vector, P on a 
pQE80L backbone, is digested with XhoI and HindIII, whereas the 
insert, E6, is digested with SalI and HindIII (first image). The sticky 
ends are then ligated together, resulting in the formation of 
construct PE, and the destruction of the previous XhoI site C-
terminal to P (second image). Through three more sequential 
digestions and ligations, the entire construct (PEREP or PEFEP) is 
made, with destroyed restriction sites marked “X”. 
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After sequence verification, the plasmids were transformed into E. coli strain BL21 by 

electroporation, and selected for using LB plates supplemented with carbenicillin (100 

mg/L). Individual colonies were grown to stationary phase in LB medium supplemented 

with ampicillin (100 mg/L) by overnight incubation at 37 C. This starter culture was used 

to inoculate Terrific Broth (TB) medium likewise supplemented with ampicillin, at an 

inoculation ratio of 50:1. The TB medium was then incubated at 37 C until the culture 

reached an optical density (OD) of between 0.6 and 0.8. Expression of the protein was   

induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

working concentration of 1mM. Expression was continued for 4 H and cells were pelleted 

by centrifugation at 8000 g for 8 min. The pellet was resuspended in Buffer B (8 M urea, 

100 mM NaH2PO4, 10 mM Tris base, 10 mM imidazole, adjusted to pH 8 with NaOH) at a 

ratio of 4 mL of buffer per 1 g of wet bacterial pellet. This suspension was then frozen at -

80 C overnight, re-thawed, and the bacteria were lysed by sonication in a Q500 probe 

sonicator (Qsonica, Newtown, CT).  The bacterial lysate was clarified by centrifugation at 

50,000 g for 1 H.  

The resulting clarified supernatant was adjusted to pH 8.0 by the addition of 6 M sodium 

hydroxide, then nickel-nitrilotriacetic acid (Ni-NTA, Fisher Scientific, Tustin, CA ) resin 

was added at a ratio of approximately 1mL of settled resin to 10 mL of clarified 

supernatant. The mixture was stirred at room temperature for 1 H, then passed through a 

chromatography column. The Ni-NTA resin was washed first with 10 column-volumes of 

cold Buffer B, then with 50 column volumes of cold Buffer B supplemented with 0.1% 

Triton X-144 (Sigma-Aldrich). Next, the resin was washed with 10 column volumes of 

Buffer C (10 mM Tris base, 10 mM imidazole, pH 8), then, alternating 10 column volume 

washes of 60% isopropanol/Buffer C and Buffer C. Alternate washing with Bufer C and 

60% isopropanol/Buffer C was repeated to give 2-3 washes with the 60% isopropanol 

solution. After a final wash with Buffer C, the resin was washed with 10 column volumes 

of Buffer D (8 M urea, 100 mM Tris, pH 8). The resin was then eluted using 3 column 

volumes of Buffer D supplemented with 250 mM imidazole. The flow-through fraction and 

elution fraction of both proteins were then run on a NuPAGE 4-12% Bis-Tris protein gel 
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(ThermoFisher) after denaturation in SDS buffer, and stained with Coomassie 

InstantBlue (Expedeon, San Diego, CA).   

For refolding, the elution fraction was dialyzed against deionized water at 4C for 48 H at a 

ratio of approximately 50 parts water to 1 part elution fraction, using a dialysis membrane 

with a molecular weight cutoff of 12-14 kDa (Spectrum Laboratories, Rancho Dominguez, 

CA). The water was changed three times each day. After dialysis, the elution fraction was 

sterile-filtered in a tissue culture hood through a 0.2 μm syringe filter into a sterile conical 

tube. The conical tube was then flash-frozen in liquid nitrogen, and lyophilized for 2-3 

days. The yield of protein obtained by this method is approximately 100 mg/L of rich 

medium.  

The amount of endotoxin present in the sample was tested using an Invivogen HEK-Blue 

Endotoxin Standard kit (Invivogen, San Diego, CA), and found to be between 3-10 

endotoxin units/mg. The molecular weight of the protein was confirmed using electrospray 

ionization-time of flight (ESI-TOF) mass spectrometry on an LCT Premier XE electrospray 

TOF mass spectrometer (Waters, Milford, MA).  

Rheology 

Rheological studies were conducted on a TA Scientific ARES rheometer with TA 

Orchestrator software. We used a plate-and-cone geometry with a diameter of 25 mm, cone 

angle of 0.0396 radians, and a gap of 0.0483 mm (Rheometric Scientific). The geometry 

acted against a Peltier plate, which was heated to a temperature of 37 C. A thin ring of 

paraffin oil (JT Baker) was used around the geometry to prevent evaporation. A strain 

sweep was first conducted to establish the linear viscoelastic region of the material, at a 

frequency of 10 rad/s. Based on these results, frequency sweeps were conducted at a strain 

rate of 1%.  
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Isolation of the mouse pancreas 

8 day old C57BL/6 mice were obtained through a breeding program at City of Hope. The 

mice were euthanized in accordance with a protocol approved by the Institutional Animal 

Care and Use Committee of City of Hope (IACUC protocol 11017). The pancreata of the 

mice were removed into petri dishes kept on ice, containing approximately 20 mL 

Phosphate Buffered Saline (PBS) solution supplemented with penicillin/streptomycin at a 

working concentration of 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco, 

Grand Island, NY). The PBS was also supplemented with bovine serum albumin (BSA, 

Sigma) at a working concentration of 0.1%. The spleen and fat surrounding the pancreas 

were removed with tweezers under a dissecting microscope. The pancreata were washed 

twice in fresh PBS, and placed in a 1.7 mL Eppendorf tube. The pancreata were thoroughly 

minced using scissors. Cold PBS/BSA/PS (1 mL) was added, supplemented by 2 units of 

bovine pancreatic DNAseI (EMD Millipore, Temecula, CA) and 2 mg Collagenase B 

(Sigma-Aldrich, Milwaukee, WI). The pancreata were then pipetted up and down several 

times to disrupt the tissue, and incubated in a water bath at 37 C for 15 min with additional 

pipetting every 5 min. The cell suspension was placed in 25mL cold PBS/BSA/PS/DNAse, 

and centrifuged at 800 g for 5 min. The supernatant was removed, and the cells were 

resuspended in 1mL of PBS/BSA/PS/DNAse. The cell suspension was filtered sequentially 

through a 100 μm and 40 μm mesh filter, and once again centrifuged. The cells were finally 

resuspended in approximately 500 μL of PBS/BSA/PS/DNAse, stained with 0.02% Trypan 

Blue, and manually counted on a cytometer chip.  

Cell Sorting 

In order to sort cells into Ngn3+ and Ngn3- populations, we used the mouse strain 

B6.129S-Neurog3
tm1(EGFP)Khk

/Mmucd (Ngn-GFP), which substitutes GFP for a copy of 

Neurogenin3 on the 10
th

 chromosome of the mice, as detailed by Kaestner and co-workers 

(30). Mice were bred in mating trios between heterozygous females and homozygous 

males, or between heterozygous males and homozygous females. 3-day old pups were 

genotyped by Transnetyx (Cordova, TN) and heterozygous mice were used for staining and 
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sorting. Homozygous wild-type mice were used as a negative control to establish flow 

cytometry gating. The pancreata of these mice were dissociated as previously described. 

The dissociated cells were then blocked for 10 min using LEAF purified anti-mouse 

CD16/32 rat IgG2a, λ antibody solution (BioLegend, San Diego, CA) at a concentration of 

10 μL per 1mL at 4C. We then separated the cells into 150 µL aliquots representing the 

following controls for setting gates: 1) Unstained, wild-type, 2) Unstained, Ngn-GFP, 3) 

CD133-biotin positive control, 4) CD133-biotin isotype control and 5) the sample. The 

appropriate antibodies were added at concentration of 10 μL/mL. The cells were incubated 

for 20 min with pipette mixing every 5 min. Following this, the cells were pelleted and 

washed with cold PBS+BSA+PS+DNaseI. Then, Streptavidin-APC (BioLegend) was 

added at a concentration of 10 μL/mL to the CD133 controls and the sample. The tubes 

were then incubated for 15 min in the dark with mixing, then washed twice with 

PBS/BSA/PS/DNAseI. The samples were resuspended in 1 mL of PBS/BSA/PS/DNAseI, 

passed through a 60 μm mesh filter for sorting, and stained at a 1:10,000 ratio (v/v) with 4’, 

6-diamidino-2-phenylindole (DAPI, ThermoFisher). The cells were sorted on an Aria III 

instrument in the City of Hope analytical cell-sorting core. Sorting was conducted into 

DMEM-f12 supplemented with 16% filtered FCS 216. Recovered cells were plated at a 

density of either 2500 cells/100μL of medium, or 10,000 cells/100μL of medium.   

Plating cells 

Our plating medium consisted of either 1% Methylcellulose+1% Matrigel (Corning), or a 

2% solution of proteins RGD or COL in Dulbecco’s Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F12) containing L-glutamine and 15 mM HEPES (Corning, 

Manassas, VA). Proteins were dissolved in DMEM at slightly above working 

concentration, and allowed to dissolve overnight at 4 C. The addition of 2-factor growth 

medium and additional DMEM brought the final working concentration of the proteins to 

2%. The defined 2-factor growth medium is the same as previously used by Wedeken and 

co-workers (31). The growth medium was made as a master mix at 9X concentration. 100 

μL of master mix consisted of 90 μL KnockOut Serum Replacement (KSR, ThermoFisher 
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Scientific), 9 μL of 1M nicotinamide and 0.9 μL recombinant epidermal growth factor 

(EGF). The master mix was added to the dissolved protein or methylcellulose-Matrigel at a 

ratio of 11.1 μL of master mix per 100 μL of plating medium.  

To the complete plating mix were added 10,000 cells per 100 uL of medium. This 

inoculated medium was then plated on flat-bottomed 96-well uncoated plates 

(ThermoFisher). Sterile distilled water (150 μL) was added to the wells at the edge of the 

plate to prevent evaporation. Control conditions consisted of a 1% methylcellulose and 1% 

Matrigel medium in DMEM/F-12 with the same 2-factor growth medium. The plate was 

then incubated at 37 C in a 5% CO2 atmosphere in a stationary, humidified, mammalian 

cell incubator. 

Colony count microscopy and whole-mount immunostaining 

Colonies were observed and counted using an Olympus CKX31 optical microscope at 10X 

magnification, and a mechanical tabulator. For immunostaining, samples were fixed 

overnight at 4C in 4% paraformaldehyde (PFA) in PBS, by directly adding the PFA into 

the culture wells. The samples were then pooled, centrifuged at 400g for 15 min to pellet, 

and the supernatant removed. The samples were then washed in PBS, with three changes of 

wash buffer, and left on a rocking table overnight at 4C. The PBS was then removed and 

replaced with blocking buffer, and allowed to block overnight. Primary antibodies were 

then added, consisting of guinea pig anti-Ngn3 at a ratio of 1:500 (the Ngn3 antibody was a 

generous gift of the lab of Maike Sander, UC San Diego) (32), goat anti-chromogranin A at 

a ratio of 1:500 (Santa Cruz Bio, Santa Cruz, CA) and rat anti-EpCAM at a ratio of 1:100 

(Development Studies Hybridoma Bank DSHB, Iowa City, IA). The primary antibody was 

allowed to stain the sample overnight, and was then removed by 3 washes of PBS 

supplemented by 0.15% Tween-20 (PBST), followed by a fourth overnight wash in PBST. 

Donkey secondary antibodies were then added, which consisted of Cy3 anti-guinea pig at a 

ratio of 1:2000, AlexaFluor 488 anti-rat at a ratio of 1:1000, and Cy5 anti-goat at a ratio of 

1:500. All secondary antibodies were obtained from Jackson ImmunoResearch 

Laboratories (West Grove, PA). The sample was also stained with DAPI at a ratio of 
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1:2000. The secondary antibodies were applied overnight at 4C, washed three times, then 

washed for 3 days at 4C in PBST with rocking and daily changes of wash buffer. The cells 

were then imaged using an AxioObserver Z1 microscope with an ApoTome attachment 

(Carl Zeiss Inc., Oberkochen, Germany) at 20x magnification, with the averaging of three 

ApoTome images presented.  

Single-colony RT-qPCR 

Colonies of interest in the culture medium were photographed using an Olympus CKX41 

optical microscope with a Luminera Infinity2 camera attachment. Individual colonies were 

selected using a pipette tip. The colonies were placed in a PCR pre-amplification mixture 

consisting of 5.0 μL of 2x reaction mix, 2.5 μL of Taqman probe mix, 0.2 μL of 

SuperScript III enzyme, and 1.3 μL TE buffer. The colonies were then subjected to PCR on 

a Veriti 96-well thermal cycler (Applied Biosystems, Foster City, CA) using the following 

cycles: 15 min at 55 C, then 22 cycles alternating between 95 C for 15 seconds and 65 C 

for 4 min, before being lowered to a temperature of 4 C. The pre-amplified samples were 

frozen at -20 C until used. The thawed samples were evaluated using a Fluidigm Biomark 

48.48 IFC microfluidic RT-qPCR chip (South San Francisco, CA) according to the 

manufacturer’s instructions. In brief, the samples were diluted to a volume of 45 μL using 

TE buffer. 2.7 μL of diluted sample was added to 3.3 μL of a master mix consisting of 3.0 

μL Universal PCR Master Mix and 0.3 μL 20xGE Sample Loading Reagent. Separately, 3 

μL of individual primers were mixed with 3 μL 2xGE Assay Loading Reagent. 5 μL of 

sample, and 5 μL of primer, were loaded into the appropriate well on the Fluidigm chip. 

The primer list is provided in the supporting information, Table ST3. The chip was then run 

on a Biomark real-time RT-qPCR instrument, and data was analyzed using Fluidigm 

software, followed by analysis in Microsoft Excel.  
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RESULTS AND DISCUSSION 

Protein expression and purification 

Proteins RGD and COL were obtained in yields of approximately 100 mg/L of rich 

medium after purification. The expected masses for RGD and COL were 41,202 Da and 

40,700 Da based on their sequences (see supporting information table ST1). The 

purification resulted in clean protein samples, as seen in the Coomassie gel presented in 

Figure 2. In order to confirm protein masses, ESI-TOF was carried out, which found 

masses of 41,176 Da and 40,666 Da respectively, both within 0.1% of the expected masses 

(see Figures 3 and 4).  

 

 

Figure 2: Coomassie gel of RGD and COL.  

The column flow-through of RGD is in lane 1, the final elution of 
RGD is in lane 2, the column flow-through of COL is in lane 3, and 
the final elution of COL is in lane 3. Both proteins express and 
purify well, with the elution fraction showing no other observable 
proteins. The observed masses of approximately 45 kDa are heavier 
than the expected masses of approximately 41 kDa for both 
proteins. However, these ELP proteins have a large number of 
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glutamic acid residues, which are negatively charged when run on the gel.  
Our group has consistently found that highly negatively-charged 
artificial proteins consistently run slowly on PAGE gels, and we 
suspect this reflects reduced binding of SDS to the protein. 

 

 

Figure3: RGD protein ESI trace 
The ESI spectrum of protein PEREP (RGD) is presented above. 
The primary peak of 41165 Da is within 0.1% of the expected 
protein mass, which is 41,202 Da.   
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Figure 4: COL protein ESI trace 
The ESI of protein PEFEP (COL) is presented above, with the 
primary peak showing a mass of 40666. This mass is within 0.1% of 
the expected mass of 40,700 Da. The prominent peak at 41686 Da is 
likely the result of adduct formation with Triton X-144. 

 

Protein rheology 

Both materials were characterized rheologically, to see if COL and RGD had mechanical 

properties similar to the control condition of methylcellulose-Matrigel. We wanted to 

ensure that any differences observed between cultures in methylcellulose-Matrigel and in 

protein could be primarily attributed to chemical rather than mechanical differences. We 

also needed to ensure that the moduli of the proteins were high enough to keep individual 

cells from either aggregating (which would make it difficult to conclude how observed 

colonies originated), or from settling to the bottom of the well, where the cells might 
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adhere, and where the results of culture might be affected by this adhesion. The rheology 

of these materials can be seen in Figure 5. methylcellulose-Matrigel plating material is 

quite soft, and displays an elastic modulus G’ of approximately 20 Pa: this methylcellulose-

Matrigel material consisted of 1% methylcellulose and 1% Matrigel, which was a 

concentration previously used by our laboratory [cite]. This elastic modulus is consistent 

across a broad range of frequencies, from 0.1 to 100 rad/sec. RGD and COL are slightly 

stiffer, with elastic moduli of approximately 80 and 120 Pa, when measured at a 

concentration of 2% w/v.  While they are stiffer, RGD and COL have a rheological profile 

similar to methylcellulose-Matrigel as the elastic modulus is not dependent on frequency. 

We decided that 2% w/v of protein was a concentration that gave comparable elastic 

modulus, and this concentration was therefore used in all future experiments. It is important 

to establish that the culture materials have broadly similar physical properties, as physical 

effects such as matrix stiffness are well-known to change the differentiation behavior of a 

number of different cell types (33-35).  
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Shown above are the average elastic moduli G’ (circles) and loss 
moduli G’’ (squares). Data represent the average of two replicates in 
RGD and COL, and average of 4 replicates in methylcellulose-
Matrigel, and error bars represent standard deviation.   

Protein-based materials prevent cellular aggregation 

 As our materials were quite soft, we were concerned that the cells plated in these materials  

might aggregate together, for the reasons previously explained. To preclude this possibility, 

we grew pancreatic cells in either RGD or COL materials (Figures 6 D-F and 5 G-I 

respectively), or in DMEM-F12 which did not contain either RGD, COL, or 

Figure 5: Rheology of methylcellulose-Matrigel, and protein-based culture medium 
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methylcellulose-Matrigel (Figures 6 A-C). We monitored these cells cells under a wide-

field light microscope, taking images every 10 min over 17 H. We found that growing the 

pancreatic cells in a 2% solution (w/v) of protein matrices RGD and COL prevented 

aggregation or movement of the cells (see Figures 6 D-F, 5 G-I, and supporting movies 2 

and 3), whereas in DMEM-F12 the cells readily aggregated (see Figures 6 A-C and 

supporting movie 1). There was also some evidence of cell division in the RGD and COL 

media, meaning that cells are able to grow and proliferate. This suggests that observed 

colony formation is driven by differentiation and proliferation, rather than aggregation.  

 

Figure 6: Protein-based materials prevent cellular aggregation 

The above images show cells grown for 17 hours in our  
materials Fong2 (PEFEP, micrographs D-F), RGD (PEREP, 
micrographs G-I), and in DMEM-F12 without the addition of 
matrix material (micrographs A-C). Micrographs A, D, and G show 
an  
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initial timepoint in all three materials, micrographs B, E, and H  
show a 9H timepoint, approximately halfway through the 
experiment. Micrographs C, F, and I show the cultures after 17 
hours of growth. In micrographs A-C, cells can clearly be seen 
forming larger clusters, and the extant clusters move considerably 
within each frame. In micrographs D-F and G-I, however, no such 
clustering is observed, and the clusters which have formed remain in 
the same part of the frame. Movies of all three of these conditions 
can be found in Supporting Movies 1-3.  

Cells form five major colony types in Methylcellulose-Matrigel and protein-based cultures 

After 2 or 3 days of culture, individual colonies could be observed. We classified the types 

of colonies observed into five major types: ring, budding ring, stuffed ring, beebee, and 

grapelike colonies. Examples of each of these colony types are shown in Figure 7: ring 

colonies consist of large, bright cysts that are not granular. Budding rings are ring colonies 

that appear to have a number of cells attached to, and perhaps emerging from, the ring. 

Stuffed rings are cysts that are highly granular, and dark. Small, individual, very bright and 

reflective cells in a cluster are referred to as beebee colonies. Grapelike colonies are similar 

to beebee colonies in shape and structure, but the cells composing them are slightly larger, 

and not as bright. Using a hand counter, we found the colony distributions of each colony 

type in the three types of medium we used. The results of this count are shown in Figure 8 

and are averages of three biologically-independent replicates, with between 3 and 6 

technical replicates conducted in each biological replicate. As shown in Figure 8, 

methylcellulose-Matrigel strongly favors the growth of ringlike colonies, whereas COL and 

RGD favor the growth of more grapelike colonies. Comparing COL to RGD, it appears that 

the COL material appears to favor the growth of ring colonies, whereas RGD favors the 

growth of grapelike colonies. A two-tailed Student’s t-test shows that the difference 

between the percentage of colonies is statistically significant at the P<0.05 level for ring, 

beebee, and grapelike colonies.  
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Figure7: Colony types observed in RGD, Fong, and Methylcellulose-
Matrigel 

The images above show the five major colony types observed in 
COL, RGD, or methylcellulose-Matrigel culture. The beebee colony 
consists of a loose agglomeration of small, bright cells. The grape or 
grapelike colony consists of a loose agglomeration of cells which are 
slightly larger, and not as bright. The ring colony consists of a large 
cyst which is relatively transparent. The budding ring is a ringlike 
colony which has a number of cells coming off of one or multiple 
sides. The stuffed ring is a ringlike colony that is highly granular, and 

dark. Scale bars are all 100 μm..  
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Figure 8: Colony type counts in unsorted populations after 4 days of 
culture in different media 

Colonies were counted and classified by hand based on the colony 
types shown in Figure 7. Based on these counts, Methylcellulose-
Matrigel favors the growth of ringlike (putative ductal) colonies, 
COL favors the growth of a mix of ringlike and grapelike (putative 
endocrine) colonies, and RGD favors the growth of grapelike 
colonies. Data come from the average of 2 biological replicates 
(Methylcellulose-Matrigel) or 3 biological replicates (COL and 
RGD), each consisting of between 3-6 technical replicates per 
biological replicate. Raw cell count data is shown in supporting 
information Table ST2. 

Immunostaining of ringlike and grapelike colonies suggest ringlike colonies are ductal, 

and grapelike colonies are endocrine in nature 

 

To characterize the colony types, we used both whole-mount immunostaining and RT-

qPCR. By whole-mount immunostaining (Figure 9), ringlike colonies derived from both 

methylcellulose-Matrigel and COL appear to be ductal; in Figures 9A and D, the epithelial 

cell marker EpCAM stains strongly, but Chromogranin A, a pan-endocrine cell marker, 

does not (Figures 9B and E). In contrast, a grapelike colony observed in COL, while 

staining positive for EpCAM, is also strongly stained by Chromogranin A antibody 

(Figures 9G-I), meaning that this colony type consists, at least in part, of endocrine cells. 

Therefore, based on the evidence in Figure 8, we conclude that methylcellulose-Matrigel 

culture promotes the growth of ductal colonies, COL promotes the growth of a mixture of 

ductal and endocrine colonies, and RGD most strongly promotes the growth of endocrine 

colonies.  
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Figure 9: Ring and grapelike colonies stained for EpCAM and Chromogranin A 

The above micrographs present the staining of colonies originating from methylcellulose-Matrigel 
(micrographs A-C), and COL (micrographs D-I). In all images, DAPI is presented in blue, the ductal marker 
EpCAM is in green, and the endocrine marker Chromogranin A is in pink. Brightfield images with DAPI 
superimposed are shown in micrographs C, F, and I. The colony derived from methylcellulose-Matrigel 
displays a clear ringlike morphology (micrographs A and C). This colony is positively stained for the ductal 
marker EpCAM (micrograph A), but does not stain for Chromogranin A: the pink color surrounding the 
colony is due to methylcellulose-Matrigel material which was not washed out, and appears at background 
levels. Similarly, one colony derived from COL also shows a ringlike morphology (micrograph F) and is 
stained by EpCAM, but not by Chromogranin A (micrographs D and E). In contrast, a grapelike colony 
derived from COL stains very strongly for Chromogranin A (micrograph H), suggesting that this colony 
morphology is associated with an endocrine lineage 
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Characterization of grape, ring, and budding ring colonies by RT-qPCR reveals a 

population of endocrine progenitor cells 

In order to collect further evidence that links the morphology of observed colonies with 

specific cell types, we selected individual colonies of three major types, grapelike, budding 

ring, and ring colonies, and subjected them to RT-qPCR analysis. The results of this 

analysis are shown in Figures 10 and 11. All genes were normalized against the 

housekeeping gene B2MG, and the numerical value of the expression, presented on the Y-

axes, is given by: 

 

Where ΔCt is defined as: 

 

and Ct is the number of PCR cycles required for the fluorescent signal in RT-qPCR to 

exceed a defined threshold. The expression levels characteristic of grapelike, budding ring, 

and ring colonies are shown in red, black, and blue vertical bars, respectively. These data 

are shown below in figures 10 and 11. 
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Figure 10: Gene expression by colony type 

This figure presents the gene expression level of colonies selected  
4 days after the start of culture, organized by observed colony  
morphology. On all charts, a red bar represents data collected from a 
single grapelike colony, a black bar, data collected from a single  
budding ring colony, and a blue bar, data collected from a single ring  
colony. The data presented were derived from 7 grapes, 6 budding 
rings, and 15 ringlike colonies. The Y-axis of all charts represents the 
normalization of gene expression against the housekeeping gene 
B2MG, where expression is calculated as described in the main text. 
The analyzed genes consist of ductal markers (left column, CA-II, 
Ck7, Mucin, Krt19), endocrine progenitor markers (center column, 
Ngn3 and Glis3), a proliferation marker (center column, Ki67),  
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an apoptosis marker (center column, Puma), and endocrine markers  
(right column, Ucn3, Glucagon, Ins1, Ppγ). These data show ringlike 
colonies as principally ductal, and grapelike or budding ring colonies 
as primarily endocrine or endocrine progenitor cells.  

 

In these data, we note that the mature ductal markers carbonic anhydrase-2 (CA-II) (36) 

and cytokeratin-7 (Ck-7) (37) are strongly upregulated in ringlike colonies, relative to 

grapelike or budding rings. The ductal markers Mucin and keratin 19 (Krt19) are present in 

most of the colonies, but are more strongly expressed in ringlike colonies. In contrast, the 

endocrine progenitor marker Neurogenin3 (Ngn3), and Glis3, which also drives 

differentiation to endocrine cells (38), appear most strongly in grapelike colonies, or in 

budding rings, and are not as strongly expressed in ringlike colonies. The proliferation 

marker Ki67 is more highly expressed in ringlike colonies, though there is not much 

difference in the expression of the apoptosis marker Puma between colony types. The 

endocrine marker urocortin-3 (Ucn3) (39) is observed in grapelike and budding-ring 

colonies (seen in all except one of these colonies), whereas only 6 of the 15 observed ring 

colonies have this marker expressed. Glucagon is expressed in 5 of 7 grapelike colonies, 4 

of 6 budding rings, and only 6 of 15 rings. The markers Ins1 and Ppγ do not show as sharp 

a distinction between colony types. 

From this analysis, we conclude that the ringlike colonies are composed primarily of ductal 

cells, though some endocrine cells are probably also present. In contrast, budding ring and 

grapelike colonies contain endocrine cells, and no mature ductal cells. This is further 

supported by the fact that the proliferation marker Ki67 is most prominent in the ringlike 

compared to the grapelike colonies: while ductal cells are proliferative, endocrine and 

endocrine progenitor cells are usually not proliferative in normoglycemic, non-disease-state 

conditions (40-43). It is also encouraging to note that the apoptosis marker Puma is not 

expressed more strongly in RGD and COL than in methylcellulose-Matrigel. 

Of particular interest is the expression level of Ngn3, a marker for endocrine progenitor 

cells (44-46). The Ngn3 signal is particularly strong in grapelike and budding ring colonies, 

suggesting these colonies are enriched for this type of cell. This means our culture method 
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may be useful as a source of progenitor cells, enabling further study into how to direct 

their differentiation into islet cells of a specific lineage.  

However, there is reason for caution in interpreting these results. Of the ringlike colonies 

presented in Figure 10, rings 1, 2, and 12-15 are derived from COL or RGD, whereas rings 

3-11 are derived from methylcellulose-Matrigel. It is precisely those rings derived from 

COL or RGD which show low levels of expression of ductal markers, and high levels of 

expression of endocrine and endocrine progenitor markers. This may be the result of 

gathering not only the target colony, but also surrounding cells in COL and RGD by 

mistake. It may also be the case that colony morphologies do not correlate well with the 

cells found within each colony, though this interpretation is hard to reconcile with the 

observations of Figure 9. We speculate that ring colonies in COL and RGD may have 

populations of immature ductal cells, which would not necessarily display expression of 

CA-II or Ck7, but which do show low levels of Mucin and Krt19 expression. Clearly, more 

work is needed to understand what types of cells are found within each colony type. 

 

Single-colony RT-qPCR shows that gene expression patterns are altered by changing the 

material of origin 

 We considered the same dataset presented in Figure 10 from the perspective of the origin of  

each individual colony, gathering the results in Figure 11. The expression levels shown are 

calculated as previously described. The gene expression levels of colonies originating in 

COL are colored in red bars, those originating in methylcellulose-Matrigel are in black 

bars, and those originating in RGD are in blue bars. We find that colonies originating in 

COL or RGD have higher levels of endocrine and endocrine progenitor expression, and 

lower levels of ductal gene expression, than colonies originating in Methylcellulose-

Matrigel. The mature ductal markers CA-II (36) and Ck-7 are present in Methylcellulose-

Matrigel culture, but absent in RGD or Fong. In contrast, the endocrine markers urocortin-3 

(Ucn3) (39) and neurogenin-3 (Ngn3) are more upregulated in COL and RGD cultures. 
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This suggests RGD and COL promote the growth of endocrine and endocrine progenitor 

cells, whereas methylcellulose-Matrigel favors the growth of mature ductal cells. 

 
 
 
 

 
 
 

Figure 11: Gene expression by growth medium 

This figure presents the same data shown in Figure 10, organized by 
the medium of origin for the individual colonies. Red bars represent 
colonies picked out of COL, black bars represent colonies selected 
from methylcellulose-Matrigel, and blue bars represent colonies 
selected from RGD. Expression (Y-axis) is calculated as  
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previously described, normalized on the housekeeping gene B2MG.  
Generally, methylcellulose-Matrigel promotes growth of ductal cells, 
COL and RGD promote growth of endocrine or endocrine 
progenitor cells. 

 

Neurogenin 3 expression can also be observed by immunostaining 

Based on the results of RT-qPCR, we wanted to confirm the presence of expressed 

Neurogenin3 in COL or RGD colonies, and its absence in methylcellulose-Matrigel. For 

this purpose, we conducted whole-mount immunostaining (Figure 12), and found that some 

colonies in COL contain cells that stain positive for Neurogenin 3. In one COL-derived 

colony, a bright red patch is observed co-localized to a nucleus (Figure 12B), but no such 

staining is observed in another colony derived from COL which was handled and washed 

in the same way (Figure 12E), meaning that the red signal observed in Figure 12B is 

specific, rather than being caused by nonspecific interactions of the antibodies with the cell. 

A methylcellulose-Matrigel colony, however, displays a red ring surrounding the entirety 

of the ductal cyst, and this signal is poorly colocalized to the nuclei. This suggests 

Neurogenin staining was non-specific in this case, which may be the result of insufficient 

washing, the nature of the tissue surrounding the ductal cyst, or the addition of too high a 

concentration of antibody.  

It also appears to be the case that the colony derived from COL which is positive for 

Neurogenin3 was damaged by centrifugation, as its shape in the brightfield image is 

irregular (Figure 12C). Grapelike colonies in particular are somewhat fragile; we have 

observed that such colonies can fall apart when pipetted too vigorously. In order to improve 

the imaging and handle the cells delicately, we will next attempt to stain and wash the 

colonies of interest in a 2-micron mesh strainer, and remove wash and stain solutions by 

gravity. 
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Figure 12: Immunostaining shows Ngn3 positive cells in COL 

Whole-mount immunostaining micrographs are presented above for 
colonies grown in COL medium (A-F) and Methylcellulose-Matrigel 
(G-I). In all images, DAPI stains the nuclei in blue,  
EpCAM is represented in green, and Ngn3 is in red. The positive  
EpCAM staining in micrographs A, D, and G reveal epithelial tissue 
characteristic of ductal cells, which appear in all colonies surveyed 
(image 12G is identical to image 9A and is provided for 
comparison). In the Ngn3 channel (micrographs B, E, and H), there 
is strong colocalization of staining with a cell nucleus only in one of 
the COL colonies, in micrograph B. We believe this staining to be 
specific as no staining is observed in micrograph E, which comes 
from another colony subjected to the exact same staining and wash  
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conditions and imaged at the same time. In micrograph H,  
the staining is non-specific as the red signal does not colocalize to 
the nuclei, but rather appears as a general smudge around the 
entirety of the ring. Bright-field images of the colonies are shown in 
micrographs C, F, and I. The putative Ngn3+ cell occurs within a 
collapsed colony in micrograph C, suggesting that these colonies are 
fragile when centrifuged. In contrast, the ductal cells are found 
within intact ringlike colonies, as seen in micrographs F and I. 

Colony formation is dependent on a paracrine effect in defined, protein-based culture, but 

not in Methylcellulose-Matrigel culture 

To determine which cell types produced particular colony types, we conducted a culture 

experiment with populations of sorted cells. We used a transgenic strain of mice which had 

one copy of Ngn3 replaced by GFP, meaning that GFP expression was driven by an 

endogenous Ngn3 promoter. We used CD133 as a ductal and bipotent progenitor cell 

marker (47), and accordingly stained cells with an anti-CD133-biotin antibody and APC-

streptavidin secondary stain. DAPI was used as a stain to assess viability as it is mostly 

impermeant to live cells. Therefore, cells showing a high DAPI signal are assumed non-

viable and excluded from the sorted population (48, 49).  Approximately 45% of the cells 

were found to be viable. From this viable population, we sorted into four populations: P5 

(representing cells that were CD133+ Ngn3+), P6 (CD133+ Ngn3-), P7 (CD133 low, 

Ngn3-) and P8 (CD133- Ngn3-) as shown in Figure 13. These populations were then plated 

separately in RGD and COL at densities of 2500 cells/100 μL and 10,000 cells/100 μL, and 

in methylcellulose-Matrigel at a density of 2000 cells/100 μL. It is important to note that 

these populations were grown in separate wells, and were therefore isolated from each 

other.  
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Figure 13: Sorting of cells based on Ngn3 and CD133 

The above traces were collected on an Aria III flow cytometer 
during cell sorting. The cells used were derived from strain B6.129S-
Neurog3tm1(EGFP)Khk/Mmucd (Ngn-GFP), which substituted 
GFP for one copy of Neurogenin3 (Ngn3) in the mouse. Staining 
with DAPI was used to establish cell viability, and only those cells 
with low DAPI staining were accepted for further sorting as 
population P4 (leftmost panel). This population represented 
approximately 45% of all recorded events. Population P4 is further 
sorted into four populations based on APC and GFP signal intensity 
(center and right boxes). We interpret the GFP signal on the 
horizontal axis as showing which cells are Ngn3+. APC-streptavidin 
was used as a secondary stain for a primary anti-CD133-biotin 
antibody, meaning that the vertical axis represents staining for 
CD133. The cells were divided into 4 populations, P5 (CD133+, 
Ngn3+), P6 (CD133+, Ngn3-), P7 (CD133 low, Ngn3-) and P8 
(CD133- Ngn3-), representing approximately 3%, 3%, 9% and 18% 
of all observed events respectively. The complete flow cytometry 
data is presented in supporting information Figure S1. 

Each of these populations was initially put into COL and RGD culture at a plating density 

of 2500 cells/100 μL. We found that this density was insufficient to support colony 

formation, in either sorted or unsorted cultures (data not shown). When the number of cells 

was increased to 10,000 cells/100 μL, colonies could be observed after 2 or 3 days; 

however no colonies were observed in population P8 in either material, and no colonies 

were observed in RGD in population P6. After 4 days the observed colonies were manually 

counted; the results are shown in Figure 14. Notably, the colonies that are observed for 

CD133+/Ngn3+ and CD133 low/Ngn3- cells are strongly biased towards ringlike colonies 
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in RGD and COL, unlike in an unsorted population where more grapelike colonies are 

observed (compare Figure 8). The exception to this observation is population P6 in COL, 

where the majority of colonies are grapelike. It is important to note, however, that the 

grapelike colonies in this population were very small, sometimes consisting of only a few 

cells, in contrast to the larger grapelike colonies observed in unsorted populations. This 

suggests that the colonies in population P6 in COL are not healthy or particularly long-

lived, which is consistent with this population not surviving in RGD. 

 

 
 
 
 

Figure 14: Colony distributions in sorted populations 

A count of colonies by morphology is shown for colonies derived 
from populations P5-P7, and grown in materials RGD and COL. 
Population P8 is omitted as only single cells were observed in both 
materials, and population P6 in RGD is omitted as only single cells 
were observed in this condition. The colony distribution for 
unsorted populations is shown in Figure 8. Populations P5 and P7 
give rise to a higher percentage of ringlike colonies in comparison to  
unsorted populations, and there is no significant difference observed  
between RGD and COL culture. Ringlike colonies do appear to be 
more strongly favored when using population P7 as opposed to 
population P5, but this difference is less than 10%. 
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The growth of sorted populations in RGD and COL was also notable for the large 

number of single cells that were still observed after 4 days of culture. Indeed, fewer 

colonies overall were observed when using sorted populations as opposed to unsorted 

populations. We present these data in terms of the colony-forming efficiency, defined as:  

 

The colony-forming efficiency of each population in a given material is presented in Table 

1. In RGD and COL, the sorted populations P5 and P7 have colony-forming efficiencies 

between one-third and one-half of that characteristic of the unsorted population. This is 

particularly remarkable considering that unsorted populations consist of up to 55% non-

viable cells that should not form colonies. Also notable is that no similarly large decrease in 

colony-forming efficiency can be seen in methylcellulose-Matrigel culture, and in fact, 

sorting appears to slightly enhance colony-forming efficiency. This slight increase in the 

colony-forming efficiency of sorted populations is consistent with the removal of non-

viable cells.   

There are other important differences observed between methylcellulose-Matrigel culture 

and protein-based culture. First, methylcellulose-Matrigel does support the growth of 

colonies at a plating cell density of 2500 cells/100 μL, in contrast to protein-based materials 

RGD and COL. Second, all four sorted populations, P5-P8, are capable of forming colonies 

in Methylcellulose-Matrigel. All four of these populations resulted in the same, ring colony 

type in methylcellulose-Matrigel. 
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 methylcellulose-Matrigel COL RGD 

P5 (CD133+/Ngn3+) 0.84% 0.39% 0.34% 

P6 (CD133+/Ngn3-) 0.65% 0.43% 0.00% 

P7 (CD133 low/Ngn3-) 1.03% 0.53% 0.31% 

P8 (CD133-/Ngn3-) 0.74% 0.00% 0.00% 

Unsorted 0.69% 0.99% 0.63% 

 

Table 1: Colony-forming efficiencies in sorted and unsorted 
populations, in methylcellulose-Matrigel, RGD, and COL 

These data provide an approximation as to how many seeded cells 
formed colonies in each material, with colony forming efficiency 
derived as (total number of colonies observed)/(total number of 
cells seeded). Of note, population P8 does not grow in COL or 
RGD, but has a slightly higher colony-forming efficiency than the 
unsorted population in methylcellulose-Matrigel. Similarly, 
population P6 does not form colonies in RGD, forms colonies at 
approximately half the rate of an unsorted population in COL, and 
forms colonies at the same rate as an unsorted population in 
methylcellulose-Matrigel. Colony-forming efficiency is slightly higher 
in the sorted populations in methylcellulose-Matrigel compared to 
the unsorted populations (except for population P6), which is 
consistent with the removal of non-viable cells via cell sorting.    

From these observations we can draw several conclusions. First, we suggest that a 

paracrine effect exists between populations P5, P6, P7, and P8, and that depriving the cells 

of this paracrine effect promotes the growth of ringlike colonies, and suppresses the growth 

of grapelike colonies. Second, this paracrine effect increases the colony forming efficiency 

in RGD and COL. Third, as colony-forming efficiency is not hampered in methylcellulose-

Matrigel, and the identities of the colonies do not change from population to population, if 

our observations are consistent with a paracrine effect, then the relevant paracrine factor or 

factors must either already be present in Matrigel, or the effects of these paracrine factors 

are overshadowed by other molecules also present in Matrigel. The presence of relevant 

paracrine factors also explains why sorted and unsorted populations of cells do not grow in 

COL or RGD at a plating density of 2500 cells/100 μL: at lower densities, there might not 

be a high-enough concentration of the relevant paracrine factors to allow for colony 

formation.   
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CONCLUSIONS AND FUTURE WORK 

We have demonstrated the culture of murine pancreatic cells in defined, protein-based 

media, and shown that colony morphology and cell type depend on which chemical cues 

are present in the matrix. We have further demonstrated the presence of a population of 

Neurogenin3 positive, putative endocrine progenitor cells, which could be used to further 

elucidate the process by which these cells differentiate to mature endocrine cells.    

We also have evidence which suggests that a paracrine effect may be occurring  between 

populations of CD133+/Ngn3+, CD133+/Ngn3-, CD133low/Ngn3-, and CD133-/Ngn3- 

cells. This paracrine effect, which is not observed in undefined methylcellulose-Matrigel 

culture, appears to promote the formation of colonies by individual cells, and to favor the 

growth of grapelike colonies, which we currently believe to be endocrine. These 

conclusions demonstrate the advantages of using a defined, protein-based medium.  

Future work 

To further explore the putative paracrine effect, we will conduct single-cell RNAseq and  

proteomic analysis on cells from each population, in order to determine which secreted 

proteins may explain the observed effect. We will also introduce cell populations into the 

protein culture pair-wise, to determine which populations need to interact in order to give 

rise to grapelike colonies, or to promote growth. Finally, if putative growth or signaling 

factors can be identified, we will supplement protein-based cultures with recombinant 

versions of those factors, in order to duplicate the paracrine effect, and confirm which 

factors are most relevant. 

While we have made a convincing case that the grapelike and budding ring colonies are 

likely endocrine in nature, the ringlike colonies derived from COL and RGD are still 

enigmatic, as while they are morphologically similar to ductal colonies found in 

methylcellulose-Matrigel, and while the immunostaining evidence presented in Figure 9 

suggests that they are endocrine rather than ductal, the RNA profiles obtained by RT-qPCR 

suggest that ringlike colonies derived from COL and RGD are more endocrine than ductal. 
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We will need to further evaluate these types of colonies in order to more conclusively 

determine what they are.  

While RT-qPCR appears to indicate that endocrine-like cells are favored in RGD and COL, 

it is imperative that we have better population-level statistics, in order to draw firmer 

conclusions about how the medium biases cell growth and differentiation. We would also 

like to be able to show if there is a clear difference in the population of cells grown in 

RGD, which has a fibronectin-like cue, compared with the population of cells grown in 

COL, which has a collagen IV cue. While the colony counts presented in Figure 8 do 

appear to show a difference in colony morphology when comparing RGD and COL, as 

previously stated, it is not clear what each of those colony types represent. The best 

experiment to obtain population-level statistics and thereby disambiguate this situation is 

single-cell RNAseq. To that end, we have been developing methods to extricate the 

colonies from the surrounding medium, and to digest them to single cells. Digestion with a 

combination of TryplE and Liberase results in single cells, however, the viability of these 

cells, as determined by Trypan Blue staining, is only about 30%, whereas single-cell 

RNAseq requires a viability closer to 70% in order to be effective. To solve this problem, 

we may need to begin our culture with a population of cells that has been sorted to remove 

the 55% of cells which are non-viable. We also still need to optimize the digestion time, 

and we are also considering the use of a dead-cell removal kit after digestion.  

If we cannot get sufficient viability for single-cell RNAseq, we may instead consider 

conducting analytical flow cytometry on populations extracted from the culture conditions. 

One potential difficulty with using flow cytometry is that antibodies to detect relevant 

marker proteins such as insulin have to penetrate the cell in order to be effective, meaning 

the cells have to be permeabilized before analysis. This, in turn, would make it difficult to 

use DAPI as a marker for whether the cells were alive or dead, as when cells are 

permeabilized, DAPI is able to enter all of them, regardless of whether the cells are alive or 

dead. If we do eventually use this route for characterization of the entire populations, we 

will have to determine which surface markers are most appropriate to target.   
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Finally, we will continue to optimize the immunostaining of COL and RGD, with gentler 

handling via use of a cell strainer, and changing the amount of time that the antibodies are 

allowed to be in contact with the cells of interest. This will allow us to isolate more 

grapelike colonies, and perhaps take more conclusive images.   
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SUPPORTING INFORMATION FOR CHAPTER 2 

Supporting Table ST1: protein sequences and molecular weights are shown above 

Protein Sequence Molecular Weight 
RGD MRGSSHHHHHHENLYFQGDL 

APQMLRELQETNAALQDVRE 

LLRQQVKEATFLKNTVMESD 

ASGGGSVDVPGAGVPGAGVP 

GEGVPGAGVPGAGVPGAGVP 

GAGVPGEGVPGAGVPGAGVP 

GAGVPGAGVPGEGVPGAGVP 

GAGLDVPGAGVPGAGVPGEG 

VPGAGVPGAGVPGAGVPGAG 

VPGEGVPGAGVPGAGVPGAG 

VPGAGVPGEGVPGAGVPGAG 

LDDRPELYAVTGRGDSPASS 

APIATSLDVPGAGVPGAGVP 

GEGVPGAGVPGAGVPGAGVP 

GAGVPGEGVPGAGVPGAGVP 

GAGVPGAGVPGEGVPGAGVP 

GAGLDVPGAGVPGAGVPGEG 

VPGAGVPGAGVPGAGVPGAG 

VPGEGVPGAGVPGAGVPGAG 

VPGAGVPGEGVPGAGVPGAG 

LDENLYFQGDLAPQMLRELQ 

ETNAALQDVRELLRQQVKEA 

TFLKNTVMESDASGGKLAS 

41,202 Da 

COL MRGSSHHHHHHENLYFQGDL 

APQMLRELQETNAALQDVRE 

LLRQQVKEATFLKNTVMESD 

ASGGGSVDVPGAGVPGAGVP 

GEGVPGAGVPGAGVPGAGVP 

GAGVPGEGVPGAGVPGAGVP 

GAGVPGAGVPGEGVPGAGVP 

GAGLDVPGAGVPGAGVPGEG 

VPGAGVPGAGVPGAGVPGAG 

VPGEGVPGAGVPGAGVPGAG 

VPGAGVPGEGVPGAGVPGAG 

LDDRPPPFLMLLKGSTRTSL 

DVPGAGVPGAGVPGEGVPGA 

GVPGAGVPGAGVPGAGVPGE 

GVPGAGVPGAGVPGAGVPGA 

GVPGEGVPGAGVPGAGLDVP 

GAGVPGAGVPGEGVPGAGVP 

GAGVPGAGVPGAGVPGEGVP 

GAGVPGAGVPGAGVPGAGVP 

GEGVPGAGVPGAGLDENLYF 

QGDLAPQMLRELQETNAALQ 

DVRELLRQQVKEATFLKNTV 

MESDASGGKLAS 

40,700 Da 
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Supporting Figure S1: Complete flow cytometry gating for sorting experiments.  

 

The above figure presents the gating, and populations, of cells derived from mouse strain 

B6.129S-Neurog3tm1(EGFP)Khk/Mmucd (Ngn-GFP). The top-left panel shows sorting 

based on side-scatter area vs. forward-scatter area (SSC-A vs FSC-A). Events that have low 

amounts of both types of scattering are likely debris, and are excluded from the sorted 

population. The remaining population P1 is further sorted by comparing forward-scatter 
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width with forward-scatter area (FSC-W vs FSC-A) and side-scatter width with side-

scatter area (SSC-W vs SSC-A). This is done for the purpose of doublet exclusion as events 

that display a large peak width in relation to peak area do so because these events represent 

two cells that have passed through the laser while adjacent to each other. Gates P2 and P3 

are drawn in order to further sort only singlet events. After population P3 is accepted for 

further sorting, we gate for DAPI signal: as DAPI is impermeant to viable cells, we exclude 

those cells that display a high DAPI signal, and retain cells with a low DAPI signal as 

population P4. Population P4 is then sorted based on APC signal (related to staining with 

an anti-CD133 antibody) and EGFP signal, which relates to Ngn3 expression. We divide 

these cells into populations P5, P6, P7 and P8 as shown. The final image is a contour map 

of the sorted population. Statistics gathered for each population are shown below the charts.  
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Supporting Table ST2: raw colony counts used to construct pie charts in Figure 8.  
 
 
 
 



 

 

70 

Primer 
number  Function Gene Cat # 

1 house keeping  Actin-B (house keeping) Mm 00607939_s1 

2   B2 MG(house keeping) Mm 00437762_m1 

3   
Ppig (Cyclophilin G) (house 
keeping) Mm01328875_m1 

4   18S rRNA Mm04277571 

5   RPLPO Mm00725448 

6 acinar Amylase 2A (Tao) fluidigm Mm02342487_g1 

7   Carboxypeptidase A1 Mm 00465942_m1 

8   Elastase 1 Mm00712898_m1  

9   Ptf1a Mm 00479622_m1 

10 duct carbonic anhydrase 2(CA-II) Mm00501572_m1 

11   HNF1B Mm00447459_m1 

12   HNF6 Mm00839394_m1 

13   Keratin 19 (ck19, krt19) Mm00492980_m1 

14   Keratin 7(mCK7) Mm00466676_m1 

15   Mucin 1 Mm00449604_m1 

16   Sox9 Mm 00448840_m1 

17   Neurod1 Mm0180117_m1 

18 
Endocrine 
precursor Neurod2 Mm00440465_g1 

19   NgN3 Mm00437606_s1 

20   Nkx2.2 Mm 00839794_m1 

21   Nkx6.1 Mm 00454962_m1 

22   Pax4 Mm 01159036_m1 

23   Pdx1 Mm 00435565_m1 

24   ARX Mm00545903 

25   new ARX Mm01237524_m1  

26   Pax6 Mm00493081_m1 

27 endocrine GHRL (Ghrelin) Mm 00445450_m1 

28   Glucagon Mm 00801712_m1 

29   Insulin 1 (Tao) fluidigm Mm01259683_g1 

30   Insulin 2 Mm 00731595_gH 

31   PPY Mm 00435889_m1 

32   SST Mm 00436671_m1 

33   Urocortin 3 (Ucn3) Mm00453206_s1* 

34   Glis3 Mm01195845_m1 

35 proliferation Lgr5 Mm00438890_m1 

35   Myt1 Mm00456190_m1 
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37   Ki67 Mm01278617_m1 

38   cyclin D1 Mm00432359_m1 

39   CD133 Mm00477115_m1 

40   PUMA BBC3 Mm00519268 
 

Supporting Table ST3: TaqMan Probe List 

 

The table above reports the catalog numbers of all Applied Biosystems TaqMan probes 

obtained from ThermoFisher, and used in RT-qPCR. 
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C h a p t e r  I I I  

GENETICALLY PROGRAMMABLE BACTERIAL ASSEMBLY 

Authorship Note: This chapter is the result of a collaboration with Bradley R. Silverman, 

who will share first authorship on the forthcoming paper. BRS is responsible for Figure 1, 

and quantitative image analysis. MTK and BRS also wrote this chapter jointly.  

 

INTRODUCTION 

Bacteria and other microorganisms are often found living in complex, multispecies 

consortia in a wide variety of environments such as marine sediments (1), soils (2), 

biofilms (3), and the human gut (4). Living in a consortium affords important advantages 

for the member species, such as protection from toxins and antibiotics (5), cross-feeding 

relationships allowing more flexible utilization of nutrients (6, 7), and efficient division 

of labor (8). Recently, there has been a great deal of interest in the development of 

artificial consortia for the purposes of environmental remediation (9, 10), biofuel 

production (11), and construction of microbial fuel cells (12). By dividing metabolic 

tasks across multiple organisms, the genetic and metabolic stress placed on individual 

organisms can be minimized, leading to overall improved yields (13).  

Imposing spatial organization on a consortium, which minimizes the transport distance of 

relevant intermediates, is a method that could further increase yields. Spatial organization 

can also be used to protect sensitive members of the consortium from environmental 

insult. For example, pentachlorophenol (PCP) is commonly found in sites that also 

contain significant concentrations of mercury (14, 15). The concentration of mercury is 

often high enough to kill microorganisms tasked with remediation of PCP. To remedy 

this, Ismagilov and co-workers used extrusion to construct a consortium of Sphingobium 

chlorophenolicum to oxidize PCP, surrounded by a protective shell of Ralstonia 

metallidurans that reduces mercury ions and enables S. chlorophenolicum to remain 

viable (16). Other techniques for organization of bacterial consortia include inkjet 
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printing (17) and 3D printing (18). However, all of these methods require external 

apparatus rather than relying entirely on genetic controls, and are more difficult to scale. 

Genetic control of aggregation may be preferable, as expression of proteins that mediate 

aggregation can be triggered in situ using biochemical or optogenetic stimuli (19, 20), 

increasing the number of environments in which such aggregates could be used.  
 

One system for genetically-controlled bacterial assembly was reported by Fernandez and 

co-workers, whereby the expression of the Junβ and Fosβ leucine zippers fused to the C-

terminal region of the adhesin protein EhaA of Escherichia coli was shown to lead to 

bacterial aggregation (21). Recently, our group demonstrated the selective, orthogonal, 

and controlled assembly of micro-particles functionalized by covalently-attached self-

associating proteins (22). Here we combine the earlier work of Fernandez and co-workers 

with our own observations on particle assembly to direct assembly of Escherichia coli 

into aggregates of controlled size and morphology. Further, we demonstrate that 

genetically-controlled aggregation of bacterial cells can lead to the triggering of a 

quorum-sensing circuit at a population density that does not ordinarily support quorum 

sensing.  

RESULTS AND DISCUSSION 

Design of the bacterial aggregation system  

To prepare bacterial aggregates, we expressed two sets of self-associating proteins on the 

E. coli cell surface, building on the autodisplay system first reported by Maurer, Jose, and 

Mayer (23). Since its introduction, the autodisplay system has been used to display a 

wide variety of proteins, including hydrolases, esterases, enzyme inhibitors, and epitopes 

for vaccine development (24, 25). Here we used the autotransporter system to display two 

pairs of cross-associating proteins, SynZip17/18, and SpyTag/SpyCatcher (sequences 

supplied in the supporting information). The SynZip proteins were adapted from a library 

of leucine zipper proteins reported by the Keating laboratory (26). SynZip17 and 18 are 

reported to form anti-parallel coiled-coil dimers with high (< 10 nM) affinity and cross-
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association specificity. SpyTag and SpyCatcher were derived from the fibronectin-

binding protein FbaB of Staphylococcus pyogenes, as first reported by Howarth and 

coworkers (27, 28). After splitting the full-length protein into two polypeptide chains, 

Howarth and coworkers showed that the resulting SpyTag and SpyCatcher fragments 

undergo spontaneous coupling via formation of an isopeptide bond between lysine 

residue K31 in SpyCatcher and aspartic acid residue D117 in SpyTag. These proteins 

have been used to control protein topology (29), crosslink protein hydrogels (30), 

engineer novel protein vaccines (31), and cyclize enzymes for enhanced thermal stability 

(32).    

The expression constructs are shown in supporting information Figure S1.  In each 

construct, the target associative domain is fused to a 6xHis tag (for immunostaining) and 

inserted between a PelB secretion sequence and the autotransporter. The entire construct 

is placed under control of a T5-Lac or araBAD promoter, to enable induction by 

isopropyl- β-D-1-thiogalactopyranoside (IPTG) or L-arabinose, respectively. Plasmids 

bearing SynZip17, SynZip18, SpyTag, or SpyCatcher, and under control of the T5-Lac 

promoter on a pQE80 backbone, are referred to as pAT-17, pAT-18, pAT-ST. and pAT-

SC, respectively. The same protein constructs under control of an arabinose promoter on 

a pBAD33 backbone are referred to as pBAD-17, pBAD-18, pBAD-ST. and pBAD-SC.  

Expression plasmids were introduced into E. coli strain DH10B for aggregation 

experiments.  Cells were co-transformed with plasmids encoding mWasabi or mCherry to 

allow the aggregation process to be monitored by fluorescence confocal microscopy. 

Procedures for forming bacterial aggregates  

Individual colonies chosen from LB plates were grown in LB medium supplemented with 

100 mg/L ampicillin or 35 mg/L of chloramphenicol overnight, then used to inoculate 

fresh cultures at a 100:1 ratio. When the optical density (OD600) reached 0.6-0.8, cultures 

were induced with 0.1 mM IPTG and allowed to express for 90 min. The induced cells 

were then mixed at 300 rpm in a shaking incubator at 37
o
C for an additional 90 min. 

Aliquots were spotted on glass cover-slips for confocal imaging. Depending on the 
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degree of protein surface expression and nature of the associative protein, we observed 

aggregates ranging from 10
3
 to 10

5 
µm

3 
in volume (see below). In some cases, aggregates 

were visible to the naked eye.  

Control of aggregate size by control of expression levels 

For many applications of bacterial clusters, the average size of the clusters is an 

important design parameter, and thus genetic control of the size of clusters is desirable. 

We hypothesized that the size of clusters is determined in part by the surface expression 

levels of the associative proteins expressed. To test this hypothesis, we chose to lower the 

expression of the associative proteins by weakening the ribosome-binding site (RBS), 

thereby maintaining inducible control of the aggregation, while enabling separate control 

of the expression levels of each associative protein.  

Starting from the arabinose-inducible constructs pBAD-ST and pBAD-SC, we 

engineered an RBS predicted to be significantly weaker than the wild-type (33). 

Expression levels were quantified by immunostaining and subsequent flow cytometry 

(Figure 1A). We found that use of the weaker RBS led to an approximately 4-fold 

decrease in the surface expression of both SpyTag and SpyCatcher. All combinations of 

the wild-type and lower-expressing RBS constructs were then expressed in aggregation 

experiments and imaged (Figure 1C-F). Automated image analysis found that aggregate 

size was well-correlated with the measured expression levels of the associative proteins 

(Figure 1B).   
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Figure 1: Expression levels control size of bacterial aggregates. 

A) Flow cytometry analysis enables quantification of protein 
expression levels; mutant RBS’s lead to an approximate 4-fold 
decrease in expression levels. By constructing a family of mutant 
ribosomal binding sites with weaker surface expression, it is possible 
to precisely control the size of the resulting aggregates, as quantified 
in panel B and as shown in micrographs C-F. Bacteria which 
surface-display SpyCatcher are shown in magenta, and bacteria 
which surface-express SpyTag are shown in green 

Dissociation of bacterial aggregates 

Two different principles, the physical association of SynZip leucine zippers, and the 

formation of covalent isopeptide bonds between SpyTag and SpyCatcher, drive cellular 

aggregation in the systems introduced here. We expected SynZip-mediated aggregation to 

be reversible in the presence of excess (soluble) competing protein, and the 

SpyTag/SpyCatcher aggregation to be irreversible. To test this hypothesis, SynZip 17 and 

SpyCatcher proteins were expressed recombinantly in E. coli and purified via Ni-NTA 

affinity chromatography using methods described in previous work (22). Aggregates 

mediated by the SynZip system were formed using the method described above, and then 

recombinant SynZip 17 was added to a final concentration of 0, 0.001, or 0.1 mg/mL in LB 
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medium. Three biological replicates were examined for each disaggregation condition. 

Representative micrographs and aggregate sizes (reported as volume-weighted averages) 

are shown in Figure 2. Titration of soluble SynZip17 into SynZip17/18 cultures decreased 

the size of the aggregates in a dose-dependent manner, consistent with the hypothesis that 

aggregated cells are bridged by specific biomolecular interactions.   

By contrast, when soluble SpyCatcher was added to aggregates mediated by 

SpyTag/SpyCatcher interactions, no significant changes in aggregate size were observed, 

even when 1 mg/mL of protein was added. This result suggests that the clusters mediated 

by SpyTag and SpyCatcher are held together by covalent bonds that cannot be disrupted by 

introduction of a competing protein. Clusters mediated by SpyTag and SpyCatcher are also 

substantially larger than those mediated by reversible SynZip interactions, as these clusters 

are more stable to shear-induced disruption (34).  
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Figure 2: Dissociation and non-dissociation of bacterial aggregates 
by the addition of competing recombinant protein 
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In panel (A), various concentrations of recombinantly-expressed  
SynZip17 were added to aggregates formed by expression of pAT-
17 and pAT-18 as-labelled. Cells expressing pAT-17 are shown in 
green and cells expressing pAT-18 are shown in magenta. When no 
soluble protein is added, the average aggregate (volume-weighted) 

volume is approximately 15000 μm2. With 0.1 mg/mL of SynZip17 
added, this size drops be-low 5000 cubic microns. Braces in the 
graph in (A) denote that the changes in aggregate size are statistically 
significant at the p<0.05 confidence interval by a one-tail Student’s 
t-test. In contrast, in panel (B), where cells expressing pAT-ST and 
pAT-SC are both shown in magenta, the addition of recombinant 
SpyCatcher does not result in a statistically-significant change in 

aggregate size. All scale bars are 100 μm in length.  

Formation of core-shell architectures.  

Many potential applications of bacterial aggregates require protection of a member of the 

consortium from environmental insult. We assembled mCherry-labeled cellular “cores” by 

SpyTag/SpyCatcher interaction. We then added mWasabi-labeled cells that either 

expressed SpyCatcher or contained an empty pQE80 plasmid. After 30 min incubation, we 

found that cells carrying the SpyCatcher plasmid formed distinct green shells around 

magenta cores. No core-shell structures were observed for control cultures (Figures 3A and 

3C). These structures were characterized by line profiles drawn through the centroid of 

aggregates. Core-shell aggregates increase in mWasabi fluorescence from the centroid to 

the exterior of the aggregate, while control samples exhibited no correlation between radial 

location and fluorescence (Figures 3B and 3D). Line profiles for individual core-shell 

clusters, and a 63x image of a core-shell structure, are shown in the supporting information 

(Figure S3). 
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Figure 3: Formation of aggregates with a core-shell architecture 

Cores of SpyTag and SpyCatcher surface-expressing bacteria, along 
with mCherry fluorescent marker, were made using our standard 
methods. Next, we added cells either expressing Spy-Catcher and 
mWasabi (micrograph A), or only mWasabi (micrograph C). When 
the DH-Green cells express pAT-SC, a green shell can be observed 
around the red core, as shown in micrograph A. However, DH-
Green cells that have a control pQE80 plasmid rather than pAT-SC 
do not form this green shell. This can be quantified by constructing 
a line profile from the center of the core out-ward, and averaging 
over all aggregates in the image. If a core-shell structure is observed, 
we expect points further away from the centroid to be less red, and 
more green, as shown in graph B. If there is no core-shell structure, 
there should be no correlation between distance from the centroid 
and pixel color, as seen in graph D. 
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Triggering quorum-sensing in clusters 

In order to demonstrate that aggregation may have physiological consequences, we 

investigated whether aggregation could be used to activate a quorum-sensing circuit. In 

particular, we chose to use the LuxI-LuxR quorum-sensing circuit derived from Vibrio 

harveyi, which has been extensively studied (35-37). The LuxR-LuxI system expresses a 

gene of interest when an activator protein, LuxR, binds to a small molecule signal, N-(3-

oxohexanoyl)-homoserine lactone (AHL), the concentration of which is correlated to the 

density of bacterial cells. We anticipated that by aggregating bacteria, we would artificially 

increase the local concentration of AHL, and so trigger a quorum sensing response.  

To allow co-transformation of quorum-sensing and aggregation plasmids, we 

chromosomally integrated mCherry under control of a T5 promoter in DH10B E. coli using 

the “Clonetegration” system described by Shearwin and coworkers (39). Our quorum-

sensing system was a modification of pLuxRI2, which was a generous gift of the laboratory 

of Frances Arnold (40). The quorum sensing circuit is shown in Figure 4. Briefly, the acyl-

homoserine-lactone synthetase LuxI along with LuxR were expressed under constitutive 

control. In order to obtain positive feedback, LuxI was also expressed under a pLuxI 

promoter, along with an mWasabi reporter gene. This circuit was co-transformed with the 

aggregation system. Initially, no difference could be observed in quorum-sensing response 

when comparing cells that were aggregated with cells that were grown without aggregation 

(data not shown). We attributed this to over-sensitivity of the quorum-sensing circuit. By 

introducing a mutation into the PluxI promoter, and using a weaker constitutive promoter to 

drive expression of the LuxI synthetase, we were able to tune the quorum sensing circuit 

such that cells in stationary phase did not demonstrate a quorum-sensing response unless 

additional exogenous AHL was added (see Supporting Information Figures S4 and S5).  
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Cells containing the modified quorum-sensing circuit were grown to mid-log phase 

(OD≈0.2), and this culture was then split into three. One of these cultures was induced with 

0.2% arabinose, the other was left uninduced, and the third had 2 mM AHL added as a 

positive control: this experimental scheme is outlined in Figure 4. After 1 H, aggregates 

formed in the induced culture, but not in the uninduced culture. Aliquots were taken of the 

induced and uninduced cultures 75 min after induction, and the results are shown in Figure 

5. 

 

Figure 4: Illustration of quorum-sensing circuit, and our ex-
perimental scheme 

In the quorum-sensing circuit (top), the activator protein LuxR and 
acyl homoserine lactone (AHL) synthetase LuxI are driven by a 
constitutive promoter. When a sufficient concentration of AHL is 
present, LuxR is activated, binds to the pLuxI promoter, and re-
cruits RNA polymerase, leading to expression of mWasabi as well as 
additional copies of LuxI, thus generating a positive-feedback loop). 
The E. coli strain has an integrated, constitutively-expressing 
mCherry cassette for confocal imaging. In our scheme, upon aggre-
gation, quorum sensing is activated, leading to the joint expression 
of mWasabi and mCherry (represented by pink cells). However, 
without induction of aggregation, the cells do not express mWasabi 
and express only mCherry. 
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Figure 5: Aggregation leads to more-rapid activation of a quorum-
sensing circuit 

In this figure we demonstrate the activation of a quorum-sensing 
circuit by aggregation. Micrographs A-C show a red signal indicative 
of the presence of a cell which is constitutively expressing mCherry 
(the DHred strain). Micrographs D-F show a signal indicative of the 
expression of mWasabi, whose expression is dependent upon the 
activation of a quorum-sensing circuit. The mWasabi signal has been 
false-colored blue for clarity. DHred cells containing either pBAD-
ST or pBAD-SC were grown for 2 hours, then the culture was split 
into 3 different conditions. One condition remained uninduced and 
was imaged 75 min later, which resulted in very little mWasabi signal 
(micrographs A and D). A second condition was induced with L-
arabinose, which led to aggregation and observable quorum sensing 
(micrographs B and E). The third condition consisted of adding 
2mM AHL to the cells as a positive control. Some quorum-sensing 
signal was observed after 75 minutes (micrographs C and F). All 
presented images represent a single section of a 3D confocal Z-stack 
at 20x magnification.  
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In this experiment, the mCherry signal from the cassette integrated in KY36 serves as a 

cell marker, and the mWasabi signal serves as a marker for the activation of a quorum 

sensing circuit. The mWasabi signal is false-colored blue for clarity. As shown in Figure 5, 

the aggregated sample appears to have more cells that are expressing mWasabi. To 

quantify this observation, we determined the Manders overlap coefficients (MOC) between 

red and blue signals, which represents the percentage of cells that have activated their 

quorum-sensing circuits. At 75 min after induction, we find the MOC of the induced, 

aggregated sample is 0.244, while the uninduced sample MOC is 0.022, as shown in Figure 

6. We interpret this to mean that in the aggregated case, approximately 24% of cells display 

quorum-sensing behavior, whereas in the uninduced case, only 2% of the cells are quorum-

sensing. This suggests a substantial increase in quorum sensing can be observed by 

aggregating cells. Interestingly, the addition of exogenous AHL resulted in a MOC of 

0.065, suggesting that aggregation resulted in a greater enhancement of quorum sensing 

than the addition of a large amount of exogenous inducer.  

 

Figure 6: Aggregation leads to more-rapid activation of a quorum-
sensing circuit 
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Approximately 2% of uninduced cells show a quorum-sensing  
response, whereas 24% of cells that have aggregated show a 
quorum-sensing response, a 12-fold difference that is statistically-
significant (p=0.003, using a one-tailed Student’s t-test). Notably, in 
these experiments only 6.5% of cells induced with 2mM AHL show 
a quorum-sensing response. 

CONCLUSIONS 

We have successfully demonstrated methods by which the size and architecture of bacterial 

aggregates can be controlled in a genetically-programmable manner. By choosing the 

appropriate associative protein, we can control the reversibility of aggregation; while by 

controlling the surface expression levels of the associative proteins we can control the 

resulting size of aggregates. We have further demonstrated the construction of a core-shell 

architecture which may be useful in protecting sensitive bacteria from environmental insult 

or for creating complex biocatalysts. This work therefore represents an important step 

towards recapitulating the complex structures exhibited by natural microbial consortia, as 

well as a method by which cellular behavior can be made dependent on aggregation state 

through the use of a quorum sensing circuit (41).  

Methods developed in this work may enable the production of structured whole-cell 

biocatalysts, whereby multi-step reactions may be performed in series in bacterial 

aggregates, enabling enhanced intermediate channeling between cells in a manner 

complementary to previous work for substrate channeling within cells (42, 43). Particularly 

where biosynthetic steps may be difficult or impossible to place in the same cell, 

performing these steps in aggregates will enable channeling between metabolic steps 

without dilution into the bulk solution phase. Triggering of quorum sensing may play an 

important role here, as in order to minimize off-target reactivity, enzyme expression can be 

efficiently linked to aggregation.  

We believe that the methods developed in this work are broadly applicable to other species 

of microbes and extendible to other types of protein-association domains. All that is 

required is an effective method of cell-surface display of the appropriate associative 

domain in the bacterial species of interest. In this manner, multi-species consortia of 
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microbes may be established. Finally, similar techniques have recently been used for 

programmable surface binding (19) and may similarly be used for immobilization into 

protein hydrogels to form artificial biofilms.. 

METHODS 

Bacterial strains 

All experiments were conducted in E. coli strain DH10B, obtained from Invitrogen 

(Carlsbad, CA). Aggregation experiments were initially conducted in DH10B. Aggregation 

for quorum sensing was conducted in E. coli strain KY36 which contained a 

chromosomally-integrated mCherry under control of a leaky LacI promoter.  

Other experimental details of cloning and protein expression are supplied in the supporting 

information. 

Image Acquisition and Analysis 

Microscopy images were taken on a Zeiss 800 LSM inverted confocal microscope (Carl 

Zeiss AG, Oberkochen, Germany).  

All image analysis was performed using custom Matlab scripts.  

Aggregate size analysis was performed similarly to what we described previously.(22) 

Briefly, confocal z-stacks were manually thresholded based on the intensity in each 

fluorescent channel. Pixels above the threshold were described as “bright.” Contiguous 

“bright” pixels (in 3D) were identified, and the observed volume of each aggregate was 

determined. The volume-weighted average volume of each aggregate was determined using 

the following equation: 
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where sums are taken over all of the aggregate volumes. This average represents the 

volume of the aggregate that the average bacterium would be found in, and is more 

appropriate than the number-weighted average, which is dominated by disassociated 

bacteria. 

Core-shell fluorescence profiles were created as described previously (22). Maximum 

intensity projections of the images were taken, and large aggregates were identified using 

thresholding. For each large aggregate, z-stacks with high levels of fluorescence were 

combined into a mean intensity projection. Then, starting at the centroid of the mean 

intensity projection, 100 radii representing equally spaced direction vectors were drawn to 

the edge of the aggregate, extracting the fluorescence intensities of each channel. 

Fluorescence intensities were scaled in each channel (with the maximum intensity in the 

aggregate being 1), and plotted along a radial axis where 0 represents the centroid and 1 

represents the edge of the aggregate. 

Manders overlap coefficients (MOCs) were calculated via the equations: 

 

 

where sums are taken over all pixels and Ri,Gi, and Bi are equal to 1 if the red, green, or 

blue channel respectively is “bright.” Thus Mred represents the proportion of red pixels that 

are also green, and Mblue represents the proportion of blue pixels that are also green. 

Thresholds were determined initially manually, but due to the strong dependence of MOCs 

on threshold values, were confirmed to be robust to changes (+/- 20%) in value. 

All image analysis code can be downloaded at https://tirrell-lab.caltech.edu/code 

Flow cytometry 
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Measurement of surface expression levels was done using direct immunocytochemistry 

and flow cytometry. Overnight cultures of autotransporters were diluted 100x, and were 

grown to an optical density of approximately 0.6 prior to induction with 0.1% L-Arabinose. 

Expression was allowed to proceed for 90 min, after which the culture was centrifuged and 

blocked for 30 min with agitation (3% BSA in PBS). Cells were then centrifuged and 

resuspended in staining solution (5 µg/mL Anti-His conjugated Alexa-Fluor 488 Antibody 

(HIS.H8 Thermofisher), 1% BSA in PBS). This solution was then agitated for 1 H, after 

which the cells were washed three times in PBS. Cells were strained through a 40 µm filter 

to remove aggregates and run on a MoFlo XDP cell sorter equipped with a 488 nm laser. 

Flow cytometry data were analyzed using EasyFlow (44). 

Quorum sensing 

N-(-ketocaproyl)-DL-homoserine lactone (synonymous with N-(3-oxohexanoyl)-

homoserine lactone) was purchased from MilliporeSigma (Milwaukee, WI) and used as 

received. 

Characterization of quorum sensing in bulk samples was done on a VarioSkan LUX 

instrument (ThermoFisher, San Diego CA). Overnight cultures of pMTK1, pMTK2, and 

pMTK3 were grown in LB medium supplemented with 35 mg/L chloramphenicol. The 

overnight cultures were then used to inoculate 150 μL cultures at a ratio of 100:1 in flat-

bottomed, clear 96 well plates with a lid (BD Falcon, Corning Inc, Corning, NY). The 

cultures then had varying amounts of AHL added (0-2 mM), and the plate was incubated, 

with shaking, at 37 degrees for 18 H. OD600 as well as mWasabi fluorescence (ex. 485 em. 

515) was measured every 10 min. The results of this characterization are presented in the 

supporting information.  
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SUPPORTING INFORMATION FOR CHAPTER 3 

General 

Restriction enzymes, ligase, and Q5 DNA polymerase were purchased from New England 

Biolabs (Beverly, NJ). Nickel NTA was purchased from Qiagen (Hilden, Germany). DNA 

oligos and G-blocks were purchased from Integrated DNA Technologies (Coralville, IA).    

Cloning of plasmids for recombinant protein expression, protein surface display, and 

quorum sensing. 

Recombinant fusion proteins were produced by standard recombinant DNA technology.  

DH10b or Mach1 Escherichia coli were used for all cloning steps. 

Genes encoding soluble Z17 and SpyCatcher proteins along with elastin solubility/stability 

tags have been previously cloned by our group into modified pQE-80L plasmids (1). 

Plasmids kPY680 and kPY681, which constitutively express mWasabi and mCherry, 

respectively, were constructed using mWasabi-N1/pmCherry-N1 as the template. Primers 

were ordered to amplify mWasabi/mCherry as well as add NsiI-J23100 promoter-SpeI-

RBS-MRGS-6xHis to the 5’ end of mWasabi/mCherry, and to add HindIII to the 3’ end. 

This fragment was inserted into pBAD33 using endogenous NsiI and HindII sites. 

To make the surface-expression construct, the autotransporter domain downstream of the 

pelB leader sequence was removed from pHEA by PCR using a PhusionII polymerase 

(NEB) and the primers listed below. The primers added a XhoI and HindIII site to the 

autotransporter construct, which was then digested and inserted into a modified pQE-80L 

plasmid. Another G-block was ordered with EcoRI and XhoI sites that contained the T5 

promoter, pelB, a 6xHis tag, and the protein of interest (SpyTag, SpyCatcher, SynZip17, 

SynZip18). No restriction sites were ablated, and a schematic of the autotransporter cloning 

is shown below. 
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The autotransporter constructs were also placed under the araBAD promoter to enable 

orthogonal control of different aggregation systems. The autotransporter-associative 

domain fusions were shuttled into the MCS of pBAD33 using Gibson isothermal assembly. 

The RBS mutant constructs were obtained from the pBAD33-based aggregation constructs 

by site-directed mutagenesis.  

Plasmid pLuxRI2 was a generous gift from the lab of Prof. Frances Arnold. To make 

plasmid construct pMTK1, we first replaced the pLac/Ara1 promoter in that plasmid with a 

constitutive pJ23105 promoter, which is listed in the Registry of Standard Biological Parts. 

A DNA duplex containing the reverse complement of the pJ23105 promoter, and EcoRI 

and XhoI sites on the 5’ and 3’ ends respectively, was ordered from IDT and inserted into 

pLuxRI2 following digestion with EcoRI and XhoI. The second modification required was 

the insertion of the quorum sensing cassette consisting of mWasabi and an additional copy 

of LuxI synthetase under the control of the PluxI promoter, as well as a p15a origin. This 

cassette was supplied by a gBlock gene fragment ordered from IDT, and contained 

restriction sites for SacI and AvrII on the 5’ and 3’ ends respectively. Plasmid pLuxRI2 

was then digested with SacI and AvrII, allowing for the insertion of the gBlock fragment.  

Fluorescent proteins were chromosomally integrated using the pOSIP clonetegration 

system (2). Genes encoding mWasabi and mCherry under the control of the T5 promoter 

were PCR amplified and assembled into pOSIP-KO (Addgene).  Z-competent E. coli 

MegaX DH10B T1R cells were mixed with the unpurified assembly reaction and spread on 

2xYT agar plates supplemented with 35 mg/L kanamycin sulfate. 

Expression of soluble SynZip and SpyCatcher proteins 

Constructs were transformed into BL21 E. coli for expression.  Expression was performed 

in Terrific Broth (12 g/L casein, 24 g/L yeast extract, 0.4% w/v glycerol, 0.017 M 

monobasic potassium phosphate, 0.072 M dibasic potassium phosphate).  Cultures were 

induced at an optical density of 0.6-0.9 to a final concentration of 1 mM isopropyl β-D-1-
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thiogalactopyranoside (IPTG).  Expression was allowed to proceed for 5 H, after which 

cells were harvested by centrifugation.  For Z17 purification, cultures were resuspended in 

lysis buffer in denaturing lysis buffer (8 M urea, 0.1 M Na2HPO4, 10 mM imidazole; pH 

8.0), and lysed by sonication.  Lysates were cleared by centrifugation, and incubated with 

NiNTA. The resin was washed with lysis buffer, wash buffer (8 M urea, 0.1 M Na2HPO4, 

25 mM imidazole; pH 6.3).  Protein was eluted with elution buffer (8 M urea, 0.1 M 

Na2HPO4, 250 mM imidazole; pH 3.5).  Purity was confirmed with SDS-PAGE. Proteins 

were then extensively dialyzed against water and lyophilized for storage. 

SpyCatcher was purified under native conditions.  Cultures were resuspended in native 

lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 1 mg/mL lysozyme; pH 

8.0).  Cells were lysed by sonication, and cleared lysates were incubated with NiNTA. The 

resin was washed with native wash buffer (50 mM NaH2PO4, 300 mM NaCl, 25 mM 

imidazole; pH 8.0), and eluted with native elution buffer (50 mM NaH2PO4, 300 mM NaCl, 

250 mM imidazole; pH 8.0).  Purity was confirmed with SDS-PAGE, and purified 

SpyCatcher was dialyzed against water, and lyophilized. 
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Plasmid maps and protein sequences 

 

Figure S1: Schematic of aggregation plasmids 

Under the control of an araBAD promoter on a ColE1 plasmid, 
there is a signalling sequence pelB and a 6xHistidine tag upstream of 
protein of interest X, where X represents a self-associating protein 
domain. On the C-terminal end is the C-terminal domain of the 
adhesin protein EhaA of Escherichia coli. The entire ensemble is 
expressed as a translational fusion, and leads to the surface 
expression of the protein of interest. 

 

Figure S2: Schematic of quorum-sensing plasmid 

On a plasmid with a p15a origin (to ensure compatibility with the 
aggregation plasmid on a ColE1 backbone), we have a LuxR 
activator protein and LuxI AHL synthetase under the control of a 
pJ23105 constitutive promoter. The LuxR protein, in the presence 
of a sufficient concentration of AHL, binds to the pLuxI promoter 
driving expression of mWasabi and an additional copy of LuxI AHL 
synthetase. 
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Table S1: Plasmids used in this study  

 

Name Backbone/origin/promoter Purpose 

kPY680 pBAD33/p15a/pJ23100 Constitutive expression 

of mWasabi 

kPY681 pBAD33/p15a/pJ23100 Constitutive expression 

of mCherry 

pAT-17 pQE80/colE1/T5 IPTG-inducible 

expression of SynZip 17 

pAT-18 pQE80/colE1/T5 IPTG-inducible 

expression of SynZip 18 

pAT-ST pQE80/colE1/T5 IPTG-inducible 

expression of SpyTag 

pAT-SC pQE80/colE1/T5 IPTG-inducible 

expression of 

SpyCatcher 

pBAT-17 pQE60/colE1/araBAD Arabinose-inducible 

expression of SynZip 17 

and compatibility with 

pMTK1-3 

pBAT-18 pQE60/colE1/araBAD Arabinose-inducible 

expression of SynZip 18 

and compatibility with 

pMTK1-3 

pBAT-ST pQE60/colE1/araBAD Arabinose-inducible 

expression of SpyTag 

and compatibility with 

pMTK1-3 

pBAT-SC pQE60/colE1/araBAD Arabinose-inducible 

expression of 

SpyCatcher and 

compatibility with 

pMTK1-3 

pBAD-ST pBAD33/p15a/araBAD Arabinose-inducible 

expression of SpyTag 

pBAD-SC pBAD33/p15a/araBAD Arabinose-inducible 
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expression of 

SpyCatcher 

pMTK1 pHTSUB-105/p15a/luxI “wild-type” quorum 

sensing 

pMTK2 pHTSUB-105/p15a/luxI Less-sensitive quorum 

sensing plasmid. 

pMTK3 pHTSUB-105/p15a/luxI Less-sensitive quorum 

sensing plasmid. 

 

 

 

   

Table S2: Protein Sequences 

Protein: Sequence 

Z17 (soluble) MRGSHHHHHHGSVDGSGSGSGSGSGANEKEELKSKK

AELRNRIEQLKQKREQLKQKIANLRKEIEAYKGSGSG

SGSGSGALDVPGAGVPGAGVPGEGVPGAGVPGAGVP

GAGVPGAGVPGEGVPGAGVPGAGVPGAGVPGAGVP

GEGVPGAGVPGAGLDVPGAGVPGAGVPGEGVPGAG

VPGAGVPGAGVPGAGVPGEGVPGAGVPGAGVPGAG

VPGAGVPGEGVPGAGVPGAGLEHHHHHHKLC 

 

SpyCatcher (soluble) MRGSHHHHHHGSVDGSGSGSGSGSGAAMVDTLSGLS

SEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATME

LRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPD

GYEVATAITFTVNEQGQVTVNGKATKGDAHIDGSGS

GSGSGSGALDVPGAGVPGAGVPGEGVPGAGVPGAGV

PGAGVPGAGVPGEGVPGAGVPGAGVPGAGVPGAGV

PGEGVPGAGVPGAGLDVPGAGVPGAGVPGEGVPGAG

VPGAGVPGAGVPGAGVPGEGVPGAGVPGAGVPGAG

VPGAGVPGEGVPGAGVPGAGLEHHHHHHKLC 

 

SpyCatcher-

Autotransporter 

MKYLLPTAAAGLLLLAAQPAMAMRGSHHHHHHGSV

DGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRD

EDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYP

GKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKA

TKGDAHIDLETPTPGPDLNVDNDLRPEAGSYIANLAA

ANTMFTTRLHERLGNTYYTDMVTGEQKQTTMWMRH

EGGHNKWRDGSGQLKTQSNRYVLQLGGDVAQWSQ

NGSDRWHVGVMAGYGNSDSKTISSRTGYRAKASVN
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GYSTGLYATWYADDESRNGAYLDSWAQYSWFDNTV

KGDDLQSESYKSKGFTASLEAGYKHKLAEFNGSQGT

RNEWYVQPQAQVTWMGVKADKHRESNGTLVHSNG

DGNVQTRLGVKTWLKSHHKMDDGKSREFQPFVEVN

WLHNSKDFSTSMDGVSVTQDGARNIAEIKTGVEGQL

NANLNVWGNVGVQVADRGYNDTSAMVGIKWQF 

SpyTag-Autotransporter MKYLLPTAAAGLLLLAAQPAMAMRGSHHHHHHGSV

DAHIVMVDAYKPTKLDVPGAGVPGAGVPGEGVPGA

GVPGAGVPGAGVPGAGVPGEGVPGAGVPGAGVPGA

GVPGAGVPGEGVPGAGVPGAGLDVPGAGVPGAGVP

GEGVPGAGVPGAGVPGAGVPGAGVPGEGVPGAGVP

GAGVPGAGVPGAGVPGEGVPGAGVPGAGLETPTPGP

DLNVDNDLRPEAGSYIANLAAANTMFTTRLHERLGN

TYYTDMVTGEQKQTTMWMRHEGGHNKWRDGSGQL

KTQSNRYVLQLGGDVAQWSQNGSDRWHVGVMAGY

GNSDSKTISSRTGYRAKASVNGYSTGLYATWYADDE

SRNGAYLDSWAQYSWFDNTVKGDDLQSESYKSKGFT

ASLEAGYKHKLAEFNGSQGTRNEWYVQPQAQVTWM

GVKADKHRESNGTLVHSNGDGNVQTRLGVKTWLKS

HHKMDDGKSREFQPFVEVNWLHNSKDFSTSMDGVS

VTQDGARNIAEIKTGVEGQLNANLNVWGNVGVQVA

DRGYNDTSAMVGIKWQF 

Z17-Autotransporter MKYLLPTAAAGLLLLAAQPAMAMRGSHHHHHHGSV

DGSGSGSGSGSGSNEKEELKSKKAELRNRIEQLKQKR

EQLKQKIANLRKEIEAYKGSGSGSGSGSGSLETPTPGP

DLNVDNDLRPEAGSYIANLAAANTMFTTRLHERLGN

TYYTDMVTGEQKQTTMWMRHEGGHNKWRDGSGQL

KTQSNRYVLQLGGDVAQWSQNGSDRWHVGVMAGY

GNSDSKTISSRTGYRAKASVNGYSTGLYATWYADDE

SRNGAYLDSWAQYSWFDNTVKGDDLQSESYKSKGFT

ASLEAGYKHKLAEFNGSQGTRNEWYVQPQAQVTWM

GVKADKHRESNGTLVHSNGDGNVQTRLGVKTWLKS

HHKMDDGKSREFQPFVEVNWLHNSKDFSTSMDGVS

VTQDGARNIAEIKTGVEGQLNANLNVWGNVGVQVA

DRGYNDTSAMVGIKWQF 

Z18-Autotransporter MKYLLPTAAAGLLLLAAQPAMAMRGSHHHHHHGSV

DGSGSGSGSGSGSSIAATLENDLARLENENARLEKDIA

NLERDLAKLEREEAYFGSGSGSGSGSGSLETPTPGPDL

NVDNDLRPEAGSYIANLAAANTMFTTRLHERLGNTY

YTDMVTGEQKQTTMWMRHEGGHNKWRDGSGQLKT

QSNRYVLQLGGDVAQWSQNGSDRWHVGVMAGYGN

SDSKTISSRTGYRAKASVNGYSTGLYATWYADDESR

NGAYLDSWAQYSWFDNTVKGDDLQSESYKSKGFTA

SLEAGYKHKLAEFNGSQGTRNEWYVQPQAQVTWMG
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VKADKHRESNGTLVHSNGDGNVQTRLGVKTWLKSH

HKMDDGKSREFQPFVEVNWLHNSKDFSTSMDGVSVT

QDGARNIAEIKTGVEGQLNANLNVWGNVGVQVADR

GYNDTSAMVGIKWQF 

 

Individual core-shell images 

 

Figure S3: Individual line plots of core-shell structure 

In this figure we illustrate the line profiles generated for individual 
clusters A, B, and C (as outlined in boxes in main image, and line 
profiles in the right-hand panel). In micrograph D, we also show an 
individual core-shell structure taken at 63x magnification. 
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Confirmation of quorum sensing activity of pMTK1 

 

Figure S4: Characterization of "wild-type" and mutant quorum-
sensing constructs. 

We determined that the wild-type quorum-sensing construct gave a 
strong fluorescent signal at an OD of approximately 0.4. As the 
quorum sensing circuit was already quite sensitive to a low 
population of cells, we were concerned that aggregation would not 
make a significant difference in the speed of its activation. We 
decided to systematically reduce the sensitivity of the quorum-
sensing circuit to AHL, using point mutations identified in Antunes 
et al. In particular, mutations to the quorum-sensing promoter (Lux 
box) C5A and C16A were made, measured, and noted to effectively 
abolish quorum-sensing response even at high ODs (see Red and 
Green traces). Fluorescence and OD600 were measured on a plate 
reader, with readings taken every 10 min.  
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Figure S5: Acyl homoserine lactone (AHL) response of the Mut16 
variety of the quorum-sensing construct 

Having established in Figure S3 that quorum sensing is nearly 
abolished in the Mut16 variety of our quorum-sensing circuit, we 
wanted to confirm that the addition of a large concentration of AHL 
would lead to a fluorescent response. Adding 2mM AHL leads to a 
10-fold increase in fluorescence, and therefore the system is still 
responsive to large quantities of AHL. 
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If you can keep your head when all about you    

    Are losing theirs and blaming it on you,    

If you can trust yourself when all men doubt you, 

    But make allowance for their doubting too;    

If you can wait and not be tired by waiting, 

    Or being lied about, don’t deal in lies, 

Or being hated, don’t give way to hating, 

    And yet don’t look too good, nor talk too wise: 

 

If you can dream—and not make dreams your master;    

    If you can think—and not make thoughts your aim;    

If you can meet with Triumph and Disaster 

    And treat those two impostors just the same;    

If you can bear to hear the truth you’ve spoken 

    Twisted by knaves to make a trap for fools, 

Or watch the things you gave your life to, broken, 

    And stoop and build ’em up with worn-out tools: 

 

If you can make one heap of all your winnings 

    And risk it on one turn of pitch-and-toss, 

And lose, and start again at your beginnings 

    And never breathe a word about your loss; 

If you can force your heart and nerve and sinew 

    To serve your turn long after they are gone,    

And so hold on when there is nothing in you 

    Except the Will which says to them: ‘Hold on!’ 

 

If you can talk with crowds and keep your virtue,    

    Or walk with Kings—nor lose the common touch, 

If neither foes nor loving friends can hurt you, 

    If all men count with you, but none too much; 

If you can fill the unforgiving minute 

    With sixty seconds’ worth of distance run,    

Yours is the Earth and everything that’s in it,    

    And—which is more—you’ll be a Man, my son! 

 

— Rudyard Kipling, “If” (1910) 
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