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Abstract 

Xerostomia and Sjӧgren’s Syndrome are conditions associated with loss in salivary volume that 

is needed to regulate the health of the oral cavity. Current therapies are limited to the 

introduction of artificial saliva and muscarinic receptor agonists, pilocarpine and cevimeline that 

induce saliva secretion from residual acinar cells. Regenerative tissue engineering provides a 

promising platform to solve this problem in the long term by helping rebuild the gland. The 

salivary tissue is a highly branched network of cells, which enables an increase in surface area 

without a major increase in glandular volume for high fluid output. Previously we developed a 

fibrin hydrogel (FH) decorated with laminin-111 peptides (L1p-FH) and supports three-

dimensional (3D) gland microstructures containing polarized acinar cells. Here we expand on 

these results and show that co-culture of gland cells with mesenchymal stem cells produces 

migrating branches of gland cells into the L1p-FH and we identify FGF7 as the principal 

morphogenetic signal responsible for branching. On the other hand, another FGF family member 

and know gland morphogen, FGF10 increased proliferation but did not promote migration and 

therefore, limited the number and length of branched structures grown into the gel. By 

controlling the mode of growth factor presentation and delivery, we can control the length and 

cellularity of branches as well as formation of new nodes/clusters within the hydrogel. Such 

spatial delivery of two or more morphogens may facilitate engineering of anatomically complex 

tissues/mini organs such as glands that can be used to address developmental questions or as 

platforms for drug discover 

v 



 

 

 

 

  

         

          

           

           

          

         

             

     

           

          

          

        

         

         

       

         

        

            

    

Introduction 

Xerostomia and Sjogren Syndrome 

Saliva is the viscous, clear, watery fluid secreted by the Parotid, Submandibular, Sublingual and 

other minor mucous glands in the mouth. It is majorly comprised of two types of secretions, namely 

the serous secretion that contains the carbohydrate hydrolyzing enzyme: Amylase, and a mucous 

secretion that is majorly comprised of a lubricating proteinatious aid known as mucin. The normal 

pH of saliva usually falls between 6.4 and 7.2 and also contains a sizeable chunk of potassium and 

bicarbonate ions that help regulate and maintain this pH. In addition to all these main functions 

and properties, saliva also plays an essential role in maintaining the oral environment as it contains 

many antimicrobial molecules like lysozyme, immunoglobulins, transferrin, lactoferrin and 

thiocyanate that help ward off infections while also facilitating palatability during the chewing of 

food. Saliva is also plays a role in the mechanical cleansing action and also in the remineralization 

of the oral mucosa. Normal salivary function is mediated by the muscarinic M3 receptor, 

stimulation of this receptor along with other efferent nerve signals mediated by acetylcholine 

increase salivary secretion and volume. Xerostomia, also known as dry mouth syndrome is a 

condition associated with a change in the composition of saliva, or reduced salivary flow due to 

the patient recently having undergone head and neck gamma-irradiation therapy. Acute 

Xerostomia caused from radiation is due to inflammation whereas late Xerostomia caused by 

fibrosis of the gland is permanent and can occur up to one year after the radiation treatment. 

Whereas Sjogren Syndrome is an autoimmune disease where the moisture producing glands in the 

body are affected and are unable to carry out their function. Both conditions in humans cause loss 
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in salivary volume that is needed to regulate the oral cavity health (pH, palatability, etc.) hence 

causing dryness of the mouth which leads to a decrease in the quality of life of the individual. It 

also leads to a decrease in the amount of alpha-amylase produced along with the saliva which helps 

in the digestion of the carbohydrates in the food by hydrolyzing the complex sugar molecules and 

breaking them down into simpler sugar molecules. Other complications associated with these 

conditions include a constant sore throat, burning sensations, difficulty in speaking and 

swallowing, hoarseness combined with a dry nasal passage. These ultimately effect directly the 

dental and overall psychological health of the individual. There are no long term solutions to these 

conditions and the treatment of Hyposalivation, the only current therapies include the muscarinic 

receptor agonists, pilocarpine and cevimeline that induce saliva secretion from residual acinar cells 

(Braga et al. 2009; Fox and Mandel 1992; Rhodus and Schuh 1991) and the introduction of 

artificial saliva. 

The Major Salivary Glands 

The human body comprises of three major salivary glands namely: 1) Parotid Gland, 2) 

Submandibular Gland and 3) Sublingual Glands of which the Parotid Gland is the largest in size 

as shown in figure 1, and accounts for 50% of the salivary volume when stimulated and 20% of 

the salivary volume when unstimulated. These glands are of ectodermal origin, specifically surface 

(non-neuronal) ectoderm from which most other superficial tissue like the skin, cornea and glands 

like the lacriminal glands and sweat glands also emerge from. These glands have a highly branched 

microstructure, the tubules forming these branches contain secretory cells hence they are classified 

as branched tubuloacinar glands. The secretory cells are of two types namely: the serous cells and 

2 



 

 

             

  

           

          

   

  

  

  

  

  

  

 

the mucous cells. Though mainly comprised of the serous cells, it is the mucous cells that are most 

active and hence major part of the saliva is mucous in nature. 

The Parotid Gland is wrapped around the mandible of the ramus, is superficial to the masseter 

muscle and pierces the buccinators muscle and secretes saliva through the parotid duct. The 

different structures that pass through the gland from the lateral to medial axis are: 

1) Facial Nerve 

2) Retromandibular Vein 

3) External Carotid Artery 

4) Superficial Temporal Artery 

5) Branches of the Auricular Nerve 

6) Maxillary Artery 
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Fig 1: The three major salivary glands in the human body. Image Source: Wiley Online Library. 

The Parotid gland sits in a capsule of its own dense connective tissue. The risorius is a small muscle 

that is embedded within this capsule. The gland also has many short striated ducts and long 

intercalated ducts. The intercalated ducts are lined with stratified cuboidal epithelial cells and have 

a larger lumen than that of the acinus. The striated ducts are made up of simple columnar 

epithelium having striations that represent the infolded basal cell membranes and mitochondria. 

The Submandibular gland rests beneath the floor of the mouth and contributes to approximately 

60% of the unstimulated salivary volume. It is divided into a superficial lobe and deep lobe that 

are separated by the mylohyoid muscle, the superficial lobe comprises most of the gland with the 

mylohyoid muscle running underneath it. The lobes contain smaller lobules which contain 

adenomeres, which are the secretory units of the gland. Each adenomere is comprised of one or 
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more acini. The acini of these adenomeres are either serous or mucous cells, but some of the 

mucous adenomeres may also be capped with a serous demilune. Secretions from this gland are 

delivered into the Wharton duct (the submandibular duct). The duct hooks around the posterior 

edge of the mylohyoid muscle and then proceeds onto the superior surface laterally. This duct is 

then crossed by the lingual nerve and ultimately drains into the sublingual caruncles on either side 

of the lingual frenulum along with the sublingual duct. The secretions of this gland are regulated 

directly by the parasympathetic nervous system and indirectly from the sympathetic nervous 

system. The parasympathetic innervation is provided by the superior salivatory nucleus via the 

chorda tympani, which is a branch of the facial nerve that becomes a part of the trigeminal nerve’s 

lingual nerve prior to synapsing on the submandibular ganglion. An increase in this 

parasympathetic activity leads to the secretion of saliva. The sympathetic innervation regulates 

secretions through the vasoconstriction of the arteries that supply the gland. An increase in this 

activity reduces the blood flow thereby decreasing the volume of the fluid in the salivary secretions 

that results in an enzyme rich mucous saliva. Hence an increase in this stimulation results in an 

increase in the salivary enzyme secretions. 

The Sublingual gland is the smallest, most diffuse and the only major salivary gland that is 

unencapsulated. This gland supplies 3-5% of the total salivary volume and is drained by an average 

of 8-20 ducts of Ravinus that merges into the sublingual duct. This duct joins the submandibular 

duct at the sublingual caruncle. This gland is mainly comprised of mucous acini capped with serous 

demilunes with the major product being mucous in nature. The chorda tympani nerve (from the 

facial nerve via the submandibular ganglion) is the secretomotor and provides parasympathetic 

supply to this gland. 
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The Glandular Microstructure 

The average human adult expresses 20,000 protein coding genes out of which around 60% are 

expressed in regular adult human salivary glands, of which less than 100 genes are expressed 

specifically in the salivary glands. Saliva is the viscous, clear, watery fluid secreted by the parotid, 

submandibular, sublingual and other minor mucous glands in the mouth. Saliva plays an essential 

role in maintaining the oral environment as it contains many antimicrobial molecules like 

lysozyme, immunoglobulins, histatins, cystatins and lactoferrin that help to ward off infections 

while also facilitating palatability during the chewing of food (Oppenheim et al. 2007). Saliva also 

plays a role in the mechanical cleansing action and in the remineralization of the oral mucosa 

(Oppenheim et al. 2007). Normal salivary function is mediated by the muscarinic M3 receptor, 

stimulation of this receptor along with other efferent nerve signals mediated by acetylcholine 

increase salivary secretion and volume. 

The Parotid Gland along with the other major salivary glands in the human body primarily consist 

of two main secretory cell types namely: 1) the serous cells and 2) the mucous cells. The serous 

cells are the primary producers of the carbolytic enzyme alpha-amylase that helps in the hydrolysis 

of the starches amylose and amylopectin (hydrolyzes the alpha-1, 4 bonds) and hence starts the 

digestion process, it also helps produce the protein statherin that prevents calcium phosphate 

precipitation in saliva hence maintaining the high calcium and phosphate levels in the saliva and 

maintain its overall pH. Statherin also helps in the inhibition of the growth of certain anaerobic 

bacteria hence maintaining the integrity of the hydroxyapatite layer of teeth and preventing decay. 

The mucous cells produce the protein mucin that helps in facilitating the chewing process by 

lubricating and softening the comestibles as they travel along the esophagus. These acinar cells are 

6 



 

 

       

  

             

           

 

 

 

 

 

         

         

 

 

organized into a polarized open lumen structure that allows for the deposition of their cellular 

products and for it to flow out of the gland via excretory ducts as evidenced in figure 2. The other 

major cell type present in the glands is the myoepithelial cells that are wrapped around the luminal 

acinar cells. They help in the secretion of the saliva by compressing the acinar cells to secrete their 

products into the lumen of the acinus when stimulated. 

Fig 2: The Microstructure of the Major Salivary Glands. Image Source: Wikepedia. 

These cellular products are transported out of the acinar lumens via intercalated and striated ducts 

as shown in figure 3, both of which are lined with stratified cuboidal epithelial cells into a main 

excretory duct and then into the oral cavity to aid in digestion. 
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Fig 3: The cell phenotype of the Salivary Glands. Image Source: Wikipedia. 

The Role of the Mesenchyme during Organogenesis 

It is widely accepted in literature that the mesenchyme plays a key signaling role in the 

development of the embryonic salivary glands during the initial stages. It has been shown that the 

mesenchyme stimulates the oral epithelium at the mouse embryonic development stage E11.5 into 

forming the layer of thickened tissue which eventually becomes the salivary placode. This has 

shown to be initiated by transcription factors Foxc1, Sox9, Sox10, and Tfap2b (Tanaka et al. 2018). 

The placode further develops into the bud-like salivary rudiment at E12.5 as seen in figure 4, this 

rudiment begins the invagination process of the mesenchyme and also starts off the development 

of the salivary gland as seen in component 1 of figure 4. Later on at the mouse embryonic 

development stage E13.5 it has been shown that this bud-like salivary rudiment further develops 

in the mesenchyme and the formation of clefts in this structure begin to appear (Tanaka et al. 

2018). This has been attributed to the growth factors FGF-7 and FGF-10. In mouse models with 

these genes knocked out there is a general craniofacial and limb disfigurement along with 

lacriminal gland and salivary gland aplasia. Hence it is widely regarded that these two growth 

factors play a vital role in the growth, differentiation and branched architecture of each of the 

major salivary glands (Bellusci et al. 1997; Entesarian et al. 2007; Jaskoll et al. 2005).  
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Fig 4: A pictorial representation of the embryonic development of the mouse salivary gland 

during the different stages of embryonic development. Image Source: Wiley Online Library. 

The developing gland then goes through various progressive levels of differentiation which are 

known to be affected by the growth factors FGF-2, FGF-7, FGF-10 and the small molecule 

Retinoic Acid. These factors increase some salivary specific markers and suppress the regulation 

of some initial markers, for example Sox9 (a salivary gland initiation transcription factor) 

expression is downregulated by Retinoic Acid (Sekiya et al. 2001; Siegenthaler et al. 2009). After 

the initial budding stage of the salivary gland, transcription factors like Sox10 and achaete-scute 

family bHLH transcription factor 3 (ASCL-3) and Sox10 further help the maturation process. 

It is also known that as the salivary gland differentiates further the expression of mature markers 

of the salivary acinus start being expressed like, Aquaporins (Aqp3/5) (Aure et al. 2014; Hosoi 

2016; Lai et al. 2016; Larsen et al. 2009; Nakamura et al. 2013), Amylase (Amy1A/2A) (Ann et 

al. 1997; Schibler et al. 1982; Srinivasan et al. 2017), Mucin (Muc4/10)(Hauser and Hoffman 

2015; Liu et al. 1998), Statherin (Stath)(Isola et al. 2012), Prolactin Induced Protein (PIP) (Gallo 

et al. 2013; Maruyama et al. 2016), Mist1 (Hauser and Hoffman 2015), Muscarinic Receptors 

(M1r/2r/3r)(Shin et al. 2015; Ueda et al. 2011), Transmembrane Member 16a (TMEM16a) also 

known as Anoctamin (Ano1) (Catalan et al. 2015; Kondo et al. 2015), Na-K-Cl channel 

cotransporters (NKCC1/2) (Kondo et al. 2015; Park et al. 2015), Proline-rich proteins (PRPs) (Ann 
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et al. 1997), Parotid secretory protein (PSP) (Ann et al. 1997) and also Solute Carrier family 

members (SLC5A5) (Darrouzet et al. 2014) along with the expression of tight junction proteins in 

the acini like ZO-1(Baker 2016; McCall et al. 2013; Nam et al. 2017; Shin et al. 2016).  

Tissue Engineering of the Salivary Glands 

Previous research has shown that both freshly isolated clusters of the parotid gland (Baker et al. 

2010) derived from mice and the Par-C10 cell line derived from rat parotid gland (immortalized 

using simian virus 40) (Quissell et al. 1998) when grown on Growth Factor Reduced (GFR) 

Matrigel exhibit the formation of spheroids characterized by the presence of tight junctions and 

open lumens (McCall et al. 2013) as seen in figure 6(a). Now since Matrigel is derived from mouse 

tumors, it will most certainly cause metastasis when introduced in vivo in mice and give rise to 

immune reactions in humans. Hence it is necessary to develop an extracellular matrix system 

which would be able to mimic the function of the GFR Matrigel but without the tumorogenecity 

of it. Hence researchers in the past have used a fibrinogen mediated hydrogel to act as an 

extracellular matrix (McCall et al. 2013), but the problem they faced was that the cells did not 

form the spheroid clusters with tight junctions on them. Rather they formed a monolayer sheet of 

cells instead as seen in figure 6(b). Now this was a problem as explants of the salivary glands show 

that the glandular microstructure contain polarized acinar cells with an open lumen formation that 

allowed for the emptying of the cellular excretions (the saliva) into the ducts of the gland. Hence 

the formation of a sheet-like monolayer with no three-dimensional morphogenesis (which is 
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required for proper glandular function) is not acceptable. Hence the need arose to create a system 

which gives rise to these three dimensional microstructures. In previous studies it was noted that 

Matrigel is a laminin rich extracellular matrix, hence it was proposed that peptides derived from 

the laminin-111 chain that help in cell adhesion and migration by binding to the integrins on the 

cell surface might help in the formation of these salivary gland clusters. Namely, the peptides RGD 

and YIGSR (Maeda et al. 1994; Massia et al. 1993; Rebustini et al. 2007) were taken from the 

laminin-111 chain for exactly the above mentioned properties. The research done on these small 

peptide molecules conjugated to the fibrinogen yielded interesting results. The cells when grown 

on these peptide conjugated fibrin hydrogels were able to form spheroid clusters with tiny lumens 

and tight junctions as seen in figure 6(c) (Nam et al. 2016; Nam et al. 2017). 

(a) (b)                    (c) 

Fig 5: Par-C10 cells respond differently to ECM components. Cross sectional slice of the 

confocal Z-stack of the Par-C10 cells grown on a) Matrigel (McCall et al.), b) Fibrin Hydrogel 

(McCall et al.), c) Fibrin Hydrogel + YIGSR + RGD (Nam et al.). Green: anti-ZO-1 Alexa 488 

antibody, Red: Actin Phalloidin 594, Blue: DAPI counterstained nuclei. White arrow represents 

lumen. 

Now in previous research conducted in our lab, we have shown that mouse submandibular clusters 

when grown on laminin-111 peptide conjugated fibrin hydrogels along with hair follicle 

mesenchymal stem cell conditioned media enhances multi-lumen formation in these cell clusters 
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(Maruyama et al. 2015). The research went on to show that these clusters demonstrated the correct 

localization of ZO-1 on the apical margin and basolateral expression of E-cadherin (Maruyama et 

al. 2015). Hence in this research we aim to further expand on the pertinent knowledge that secreted 

growth factors present in this hair follicle mesenchymal stem cell conditioned media provide 

paracrine morphogenetic cues to the salivary gland cell clusters for them to develop the intricate 

branched luminal structure that is the salivary gland. Hence for this study we aim to identify the 

stem cell soluble signals responsible for these morphogenetic changes. In previous work shown by 

researchers, it was found that certain growth factors promote morphogenetic changes in the 

ectodermal cell types. Namely growth factors such as Fibroblast Growth Factor-7 (FGF-7) and 

Fibroblast Growth Factor-10 (FGF-10) (Bellusci et al. 1997; Chatzeli et al. 2017; Chen et al. 2014; 

Entesarian et al. 2007; Igarashi et al. 1998; Jaskoll et al. 2005; Larsen et al. 2010; Makarenkova et 

al. 2009; Radek et al. 2009; Rebustini et al. 2007; Wells et al. 2013) have been shown to cause 

branching morphology and elongations in the branching morphology respectively on mouse 

submandibular tissue explants (Goetz and Mohammadi 2013). Hence in this study we aim to 

identify if these are indeed the growth factors produced by the hair follicle mesenchymal stem 

cells (hf-MSCs) and see their effect in the setup of a co-culture system of these cells and the ParC10 

cell line. After which we would knock out the coding areas of these growth factors from the hf-

MSCs using synthetically produced modified single guide RNA CRISPR and retry this co-culture 

setup to show that these growth factors are indeed causative to the morphogenetic effects. Finally, 

we intend on using these growth factors to see their effect directly on the salivary gland cell 

aggregates in isolation and in tandem, and also provide them in specific gradients and locations in 

the 3D hydrogel environment to mimic the developmental morphogenetic cues the salivary gland 

cells see to form these intricate branched network of cells. 
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Materials and Methods 

Cell Culture 

The hHF-MSC were obtained and cultured under conditions previously described (Liu et al. 2008; 

Liu et al. 2010), passages 6-12 wild type and 9-11 FGF-7 knockout cells were used in the 

experiments. The Par-C10 cells (Quissell et al. 1998) were cultured and prepared under conditions 

previously described (McCall et al. 2013), passages 40-60 were used in the experiments. Cells 

were then filtered through a 0.4-μm nylon mesh, and approximately 2,000 cells/well were plated 

on top of different extracellular matrices (prepared as described below) 

Substrate Preparation 

Lab-Tek #1 Borosilicate Coverglass System Glass Chambers (ThermoFisher Scientific Grand 

Island, NY) were pre-coated with 150 l growth factor reduced- Matrigel® (GFRMG; Corning 

Lifesciences Oneonta, NY): DMEM/F12 (2:1). The Fibrin Hydrogel was prepared by allowing 

Fibrinogen (2.5mg/ml) and Thrombin (2.5mg/ml)) to mix 120 l: 30 l respectively with 1.5 l of 

ACA (2mg/ml) in Tris buffered saline (TBS) with CaCl2 (2.5mM). The mixtures were allowed to 

gel in a 37 oC incubator in the glass chambers for 1 hour. 
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Co-Culture of the Par-C10 Cells with Mesenchymal Stem Cells 

The experimental setup had hHF-MSC being seeded in GFR-MG at densities of 100,000, 50,000, 

25,000, 10,000 and 0 cell/well (negative control). The cell laden mixture was allowed to gel in a 

37 oC incubator for 1 hour. After which the ParC10 cells were plated on top of the gel of each 

condition. The cells were grown with Par-C10 medium under 10% CO2. Sample morphology was 

evaluated by confocal microscopy after 3 days. 

Genome Editing of Mesenchymal Stem Cells using CRISPR sgRNA 

Modified single guide RNA was purchased from Synthego (Redwood City, CA) to target the gene 

that encodes the proteins FGF-7. The sgRNA was designed using the Synthego software to choose 

the guide with the lowest chance of off-target cuts. The sgRNA sequence that targets FGF-7 was 

5’-UGCACAAAUGGAUACUGACA-3’. Cas9 enzyme (TrueCut™ Cas9 Protein v2, 

ThermoFisher Scientific Grand Island, NY) and the sgRNA were allowed to complex at room 

temperature for 15-20 minutes in a 1:1 molar ratio to form the RNP complex. While the RNP 

complex was being formed, hHF-MSC (80K-250K cells per reaction) was trypsinized and washed 

4 times in PBS before the cells were resuspended to a final concentration of 10K – 25K per L in 

8 L buffer T provided in the Neon Transfection Kit from ThermoFisher Scientific. 

Components of the RNP Complex 

sgRNA 0.75ul 7.5uM 

TrueCut™ Cas9 Protein v2 1.25ul 7.5uM 

2ul Total 
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Table 1: CRISPR components for the RNP complex. 

The electroporation unit (Neon Electroporation Unit) was set up to 990V voltage, 40ms pulse 

duration and 1 pulse. The cells in buffer T (8 l) were then added to the RNP complex (2 l) to 

give a total reaction volume per condition of 10 l. After electroporation, cells were immediately 

transferred to a pre-warmed 6-well plate for further expansion. The knockout efficiency was 

determined by comparing the secreted protein levels of the knockout condition to the wild type 

hHF-MSC by a sandwich ELISA (Human FGF-7 Quantikine ELISA, R&D Systems Minneapolis, 

MN). 

Fig 6: The single guide RNA used to target the FGF-7 gene to knock it out from the genome. 

The Effect of FGF-7 and FGF-10 in Fibrin Hydrogels on the Par-C10 Cells 

The experimental setup had FGF-7 and/or FGF-10 being immobilized in the L1p-conjugated Fibrin 

Hydrogel (made similarly as above) at 50ng/ml. The gel was allowed to set at 37 degrees Celsius 

in an incubator for 1 hour. After which the ParC10 cells were plated on top of the gel of each 
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condition. The cells were grown with ParC10 medium under 10% CO2. Sample morphology was 

evaluated by confocal microscopy after 3 and 6 days. 

Cloning for Human FGF10 

The cDNA sequence containing vector was purchased from DNASU (pDONR201-FGF10 Tempe, 

AZ) and the primers that included the thrombin cutting site and fibrin binding domain were ordered 

from ThermoFisher Scientific. The nucleotide sequence for the primers are listed, forward: 5’-

ATATGGATCCCTGGTGCCGCGCGGCAGCGGCGGCGGCAGCAACCAGGAACAGGTGA 

GCCCGGGCGGCGGCAGCTGGAAATGGATACTGACACATTGTGCC-3’, reverse: 5’-

ATATCTCGAGGCCGCCCTATGAGTGTACCACCATTGGAAGAAA-3’. 

Sequence/Vector Base Pairs 

FGF10 624 

pet82a 5369 

Forward_BamH1_thrcutsite_GGGS_NQEQ_GGGS 99 

Reverse_Xho1 43 

Table 2: Figures showing the size of the various sequences and the expression vector. 

The sequence was ligated into the pET28a expression vector (Addgene Watertown, MA) 

downstream of the histidine tag, which is downstream of the T7 promoter and is regulatable 

through an IPTG inducible system. The vector also contains a kanamycin resistance gene for 

selection of successful clones. 

The Touchdown PCR Method 

Forward 20ul Forward Primer (100uM) 

+ + 20ul of Reverse Primer (100uM) 

Reverse + 60ul of Water 
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Primer Mix 100ul Total Primer Mix 

FGF10 with DMSO FGF10 without DMSO 

2ul of FGF10 gene 2ul of FGF10 gene 

+ 2.5ul of Forward + Reverse Primer 

Mix 

+ 2.5ul of Forward + Reverse Primer 

Mix 

+ 25ul of Phusion Master Mix + 25ul of Phusion Master Mix 

+ 1ul of DMSO 

+ 19.5ul of Water + 20.5ul of Water 

50ul Total 50ul Total 

Table 3: PCR components and their quantities. 

The FGF10 gene was PCR amplified with DMSO (due to high GC content in gene sequence). The 

amplification process was done by the touchdown PCR protocol with annealing temperature at 72 

oC to 52 oC (each cycle differing by 2 oC). The amplified FGF10 gene was isolated by running 

through a 1% agarose gel for 25 minutes at 100V. After which the FGF10 gene was cut out and 

then extracted from the agarose gel. The purified FGF10 gene was ligated to the pET28a vector 

via the BamHI and XhoI restriction sites with T4 ligase (New England BioLabs Ipswich, MA). 

The ligation products were then heat treated at 65 oC for 5 mins to inactivate the DNA ligase 

enzyme. The ligated product was transformed into the BL21 strain of E. coli by heat shock at 42 

oC for 40-45 seconds followed by immediate incubation in ice for 2 minutes. The bacteria was then 

allowed to recover in S.O.C medium for an hour in a 37 oC shaker incubator (250 rpm). The 

bacteria was then plated in kanamycin-containing agar plates and allowed to grow for 16 hours at 

37 oC. The colonies were expanded in 3ml cultures of LB Broth with 0.05mg/ml kanamycin for 

16 hours, which was followed by a mini plasmid preparation (NucleoSpin® Plasmid Bethlehem, 

PA) so as to isolate the plasmid of interest. Successful cloning was verified by a digestion check 

of the cloned vector with the restriction enzymes BamH1 and Xho1. A band at 750 base pairs on 

the agarose gel indicated a positive identity of the clone. The resultant colonies were screened for 
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the level of protein production. Fourteen colonies were picked and grown in LB with kanamycin 

and then induced with IPTG overnight at 22 oC. The samples were spun down and lysed. A SDS 

PAGE gel was run to identify the highest protein producing colony, which was then stored at -80 

oC with 10% glycerol. 

Production of the recombinant FGF10 fusion protein 

The bacterial stock was expanded overnight in two 3ml start cultures at 37 oC. The expanded 3ml 

cultures were transferred to a beveled flask with 25g in 1L LB broth, 10ml kanamycin (5mg/ml) 

and 20ml of 50x Component A (0.05%Glucose and 0.5% Glycerol) and allowed to grow at 37 oC. 

After reaching an O.D. of 0.6 - 0.8, the bacteria was induced with 100ul of 1M IPTG and switched 

to a 22 oC shaker incubator overnight. The culture was then spun down and lysed with a lysis buffer 

containing 50mM Tris, 500mM NaCl (pH = 7.4) and lysozyme from chicken egg (Sigma-Aldrich 

St Louis, MO) along with 1% Triton 100x. The samples were then sonicated to complete the cell 

lysis and destroy the DNA. The samples were then spun down at 50,000 G to remove the cell 

debris. Supernatant was collected and filtered using a 0.45 m filter before being passed through 

a Histrap column (GE Healthcare Life Sciences Pittsburgh, PA). The purified FGF-10 was eluted 

using 500mM imidazol and further dialyzed to physiological pH and osmolarity. This also served 

to remove excess imidazol used for elution of FGF-10 from the Histrap column. Purified FGF-10 

was later sterilized by passing through a 0.22 uM filter before using for experimental cell culture 

work. Concentration of the purified protein was quantified by a sandwich ELISA kit (Human FGF-
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10 ELISA Kit, LifeSpan BioSciences Seattle, WA) and then stored with 0.1% BSA as a carrier 

protein at -80 oC. Its functionality was tested via a proliferation assay conducted on the Par-C10 

cells. 

Solution Components 

Equilibration Buffer 50mM Tris, 500mM NaCl, 10mM 

imidazol 

Prewash Buffer 50mM Tris, 1M NaCl, 10mM imidazol 

Wash Buffer 50mM Tris, 500mM NaCl, 50mM 

imidazol 

Elution Buffer 50mM Tris, 500mM NaCl, 500mM 

imidazol 

Final Dialysis Buffer 50mM Tris, 500mM NaCl, 1mM EDTA 

Table 4: The different buffers components used for protein production. 

Growth Factor Release from the Fibrin Hydrogel 

The growth factors (FGF-7/ FGF-10) were embedded in the L1p-conjugated Fibrin Hydrogel at 

50ng/ml. The NQEQVSP-FGF-10 was conjugated with the help of Factor XIII (4PEU/ml) to the 

L1p-conjugated Fibrin Hydrogel at 50ng/ml. One hundred microliters of the gel as allowed to 

polymerize at 37 oC for 1 hour before 200l of DMEM/F12 containing 1%BSA was added to the 

gel. 200l of media was collected and replenished in full at 30 minutes, 1 hour, 2 hours, 3 hours, 

4 hours, 5 hours, 6 hours, 9 hours, 12 hours, 24 hours time points. Sandwich ELISAs were 
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performed for the two growth factors using the same kits mentioned above. The cumulative release 

per hour of the growth factors was plotted against time.  

Directed Morphogenesis 

The experimental setup had NQEQVSP-FGF-10 being conjugated with the help of Factor XIII 

(4PEU/ml) in the L1p-conjugated Fibrin Hydrogel (made similarly as above) at 50ng/ml. Whereas 

FGF-7 was either delivered to the experimental setup through the medium or by the means of a 

lower L1p-conjugated gel at levels of 50ng/ml to create a morphogenetic gradient for the cells to 

respond to. The gel was allowed to set at 37 degrees Celsius in an incubator for 1 hour. After which 

the ParC10 cells were plated on top of the gel of each condition. The cells were grown with ParC10 

medium under 10% CO2. Sample morphology was evaluated by confocal microscopy after 6 days 

in culture. 

Immunocytochemistry for Confocal Microscopy 

The cells were fixed with 4% Paraformaldehyde in Phosphate Buffered Saline (PBS) for 20 

minutes at room temperature after which they were permeabilized using 0.1% Triton-100x in PBS 

for 10 minutes at room temperature. The cells were then blocked with 5% goat serum in PBS for 

2 hours at room temperature.  After which primary antibody diluted in blocking buffer was added 

{1:200 rabbit anti ZO-1 (61-7300, ThermoFisher Scientific), 1:400 mouse anti TMEM16A (ab 

190721, Abcam Cambridge, MA), or 1:200 rabbit anti Ki67 (MA5-14520, ThermoFisher 

Scientific)} and incubated overnight at 4 oC on a rocker. Samples were then washed 5 times with 

PBS and then secondary antibody diluted in blocking buffer {1:200 Alexa FluorTM 488/568/647 
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goat anti rabbit/rabbit/mouse (A32731/ A-11011/ A32728, ThermoFisher Scientific), 

respectively} was added and incubated for 2 hours at room temperature on a rocker. Alexa FluorTM 

Phalloidin 488/594 (A12379 / A12381 ThermoFisher Scientific) was diluted 1:200 in PBS 

containing 1% BSA and incubated for 2 hours at room temperature on a rocker. The sample was 

counterstained with Hoechst-33342 dye (1:2000 in PBS, H1399, ThermoFisher Scientific) or TO-

PROTM-3 iodide (1:1000 in PBS, T3605, ThermoFisher Scientific) for 5 and 30 minutes, 

respectively. Confocal images were taken by Zeiss LSM 510 confocal microscope. 

Rheological Measurements 

The Fibrin Hydrogel was prepared by allowing Fibrinogen (2.5mg/ml) and Thrombin (2.5/ 12.5/ 

25/ 50/ 100/ 150/ 175/ 200 units/ml)) to mix 120 l: 30 l respectively with 1.5 l of ACA 

(2mg/ml) in Tris buffered saline (TBS) with CaCl2 (2.5mM). The mixtures were allowed to gel at 

37 oC on the instrument plate for 30 minutes or for 1 day in a 37 oC incubator and then transferred 

to the instrument plate before the analysis of its mechanical properties. Measurements we carried 

out on the Texas Instruments ARES-G2 rheometer. 

RESULTS: Chapter 1 

Human mesenchymal stem cells induce branching networks Par-C10 cells on GFR-MG 

In our previous work (Maruyama et al. 2015), we showed that soluble signals from the human hair 

follicle derived mesenchymal stem cells (hHF-MSC) enhanced multi-lumen formation in 

submandibular gland (SMG) cell clusters. These results prompted us to hypothesize that co-culture 

of gland cells with hHF-MSC may promote gland morphogenesis in vitro. To generate a gradient 

of diffusible factors secreted by hHF-MSC, we embedded hHF-MSC in Growth Factor Reduced 
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MatrigelTM (GFR-MG) at the indicated cell densities and Par-C10 cells were plated on top of 

matrigel at 2,000 cells per cm (Makarenkova et al. 2009) (Fig. 1). After 3 days, in the absence of 

hHF-MSC, the Par-C10 cells formed spheroid-like clusters (Fig. 1A), in agreement with our 

previous work. 

Fig 7: hHF-MSC increase branching morphogenesis of Par-C10 cells. (A-E) Co-culture of Par-

C10 cells (2,000 cells/cm2) seeded on GFR-Matrigel with hHF-MSC at the indicated cell number 

per well. (F) Co-culture of Par-C10 cells (2,000 cells/cm2) with FGF-7 KO hHF-MSC (105 

cells/well). Scale Bar = 1,000µm. 
. 

Interestingly, the presence of hHF-MSC led to migration and proliferation of gland cells forming 

a branching network, which showed increased branch length with increasing hHF-MSC cell 

density, as seen in the phase (Fig. 7B-E) and confocal images (Fig. 8A). 
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Fig 8: (a) Par-C10 branching morphogenesis increases with the number of hHF-MSC in the 

GFR-MG. Co-culture of Par-C10 cells (2,000 cells/cm2) seeded on GFR-Matrigel with hHF-

MSC at the indicated cell number (cells/well) for 3 days.  Samples were stained for Actin 

Phalloidin (red) and nuclei were counterstained with To-Pro-III iodide (blue). Column A: The 

top view of a self-assembled Par-C10 spheroid. Column B: The 3D rendering of the Par-C10 

spheroid. Column C: The middle section of the confocal image of the Par-C10 spheroid. Scale 

bar = 200 m for both the conditions. Column D: A 3D rendering showing the depth map of the 

Par-C10 spheroid. Blue indicates the top of the network/ spheroid and red indicates the bottom. 

Scale bar = 100µm for 105 hHF-MSC per well; 90µm for the 104 hHF-MSC per well. Yellow 

arrows indicate Par-C10 network/ spheroid; white arrows indicate hHF-MSC. Panel images are 

all rendered from confocal images. (b) Diminished FGF7 secretion by hHF-MSC leads to loss of 

Par-C10 branching networks. Co-culture of Par-C10 cells (2,000 cells/cm2) seeded on GFR-

Matrigel with FGF-7 KO hHF-MSC at 105 cell number (cells/well) for 3 days.  Samples were 

stained with Actin Phalloidin (red) and nuclei were counterstained with To-Pro-III iodide (blue). 

Column A: The top view of a self-assembled Par-C10 spheroid. Column B: The 3D rendering of 

the Par-C10 spheroid. Column C: The middle section of the confocal image of the Par-C10 

spheroid. Scale bar = 200 m for both the conditions. Column D: A 3D rendering showing the 

depth map of the Par-C10 spheroid. Blue indicates the top of the spheroid and red indicates the 

bottom. Scale bar = 60µm. Yellow arrows indicate Par-C10 spheroid; white arrows indicate 

hHF-MSC. Panel images are all rendered from confocal images. Column E: Quantification of 

FGF-7 secreted by the wild type hHF-MSC and FGF-7 KO hHF-MSC per 105 cells per day, p< 

1.93E-06 using t-Test: Two-sample assuming unequal variances. 
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FGF-7 secreted by hHF-MSC is necessary for formation of Par-C10 branching networks 

Interestingly, RT-PCR and ELISA showed that the Fibroblast Growth Factor 7 (FGF-7), a known 

gland morphogen (Bellusci et al. 1997; Goetz and Mohammadi 2013; Makarenkova et al. 2009), 

was secreted at high levels by hHF-MSC (Fig. 8B), suggesting that it may be at least one of the 

morphogens that lead to branching of gland cells on matrigel. To evaluate this hypothesis, we 

knocked-out (KO) the FGF-7 gene in hHF-MSC using the CRISPR-Cas9 sgRNA (Fig. 8B). 

Indeed, FGF7 KO hHF-MSC failed to support branching morphogenesis of Par-C10 cells on GFR-

MatrigelTM, even at the highest cell density (Fig. 7F), indicating that FGF7 secreted by hHF-MSC 

was necessary for development of Par-C10 branching.  

Differential effects of FGF7 vs. FGF10 on gland morphogenesis 

In our previous work, we showed that fibrin hydrogels (FH) failed to induce acinar structures of 

Par-C10 cells, except when decorated with two laminin-111 peptides (L1p), namely RGD and 

YIGSR (the laminin peptide containing-fibrin hydrogel was denoted as L1p-FH). In the presence 

of these two peptides, the cells formed organized cell clusters with small lumens, similar to GFR 

matrigel. Here we employed this system to evaluate the effect of FGF7 in gland morphogenesis. 

Indeed, after 3 days in culture, the Par-C10 cells displayed spheroid-like structures on L1p-FH 

containing FGF7 (Fig. 9, top panel). We also tested FGF-10 (KGF-2), a closely related family 

member of FGF-7, which binds to FGFR2-IIIb and found that FGF10 also increased spheroid 

formation and that the size of the spheroids was larger than those under FGF7 (Fig. 9, bottom 

panel). However, no branching was observed at this time, even in the presence of either of these 

GF. 
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Fig 9: FGF-10 promotes larger Par-C10 spheroids than FGF-7. Par-C10 cells were cultured on 

L1p-FH containing FGF-7, FGF-10 or both (50ng/ml each) for 6 days. Samples were stained for 

ZO-1 (green) and actin phalloidin (red); nuclei were counterstained with To-Pro-III iodide 

(blue). Column A: The top view of the self-assembled Par-C10 spheroid. Column B: The 3D 

rendering of the Par-C10 spheroid. Column C: The middle section of the confocal image of the 

Par-C10 spheroid. Scale bar = 200m. Column D: 3D rendering showing the depth map of the 

Par-C10 spheroid grown for 6 days with red indicating the top of the spheroid and blue 

indicating the bottom. Scale bar = 140m for FGF-7; 60m for FGF-10; and 70m for FGF-7 + 

FGF-10 treatments. Panel images were all rendered from confocal images. 

Interestingly, longer exposure to FGF7 or FGF10 induced significant morphogenetic changes (Fig. 

10). Specifically, in the presence of FGF-7, the cells formed a highly branched interconnected 

network that had multiple branches and nodal points that showed considerable penetration into the 

gel. On the other hand, FGF-10 induced a network with fewer but thicker branches, which 

contained more cells, indicating higher cell proliferation. However, the branches did not penetrate 

to the same extent as FGF7-treated cells, indicating that FGF10 did not support migration to the 

same extent as FGF7. 
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Fig 10: Morphogen delivery through the hydrogel promotes Par-C10 cell migration and 

branching. Par-C10 cells were cultured on L1p-FH containing FGF-7, FGF-10 or both (50ng/ml 

each) for 6 days. Samples were stained for ZO-1 (green) and actin phalloidin (red); nuclei were 

counterstained with To-Pro-III iodide (blue). Column A: The top view of the self-assembled Par-

C10 spheroid. Column B: The 3D rendering of the Par-C10 spheroid. Column C: The middle 

section of the confocal image of the Par-C10 spheroid. Scale bar = 200m. Column D: 3D 

rendering showing the depth map of the Par-C10 spheroid grown for 6 days with red indicating 

the top of the spheroid and blue indicating the bottom. Scale bar = 140m for FGF-7; 60m for 

FGF-10; and 70m for FGF-7 + FGF-10 treatments. Panel images were all rendered from 

confocal images. 

Measurements of node diameters showed that node size increased by approximately 2-fold in the 

presence of FGF-10 as compared to FGF-7, suggesting increased proliferation of cells in each node 

(Fig. 11A). Addition of FGF-7 and FGF-10 did not affect the node size, indicating no further effect 

on cell proliferation (Fig. 11A). The average length of branches was similar across all three 

conditions (Fig. 11B), but the average length of each branch per node was 2-fold higher in the 

presence of FGF-7, with no further change by the addition of FGF-10 (Fig. 11C), suggesting that 

FGF-7 might promote faster migration. Indeed, the total number of nodes per network was higher 

in the presence of FGF-7 as compared to FGF-10 (Fig. 11D). These results suggest that FGF-10 
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promoted proliferation, while FGF-7 supported migration and penetration of Par-C10 cells into the 

three-dimensional hydrogels. 

Fig 11: Quantification of branched networks. Par-C10 cells were cultured on L1p-FH containing 

FGF-7, FGF-10 or both (50ng/ml each) for 6 days. (A) The average diameter of the nodes at the 

indicated treatments (* denotes p<2x10-4). (B) Average length of branches. (C) Average length 

of the branches per node (* denotes p<3.8x10-4). (D) Average number of branches under each 

condition (*: p<4.4x10-3). (E) Average branch thickness (*: p<3.9x10-13). (A-D) Statistics done 

using one-way Anova followed by a Bonferroni post-hoc text, significance calculated using t-

Test: Two-Sample Assuming Unequal Variances between the groups. (E) Statistics done using t-

Test: Two-Sample Assuming Unequal Variances. 

Engineering FH for differential mode of FGF7 and FGF10 stimulation 

Diffusion of FGF-7 from within the gel to the cells on the top surface generates a concentration 

gradient that promotes migration into the gel. However, sustained 3D cell migration and branching 

may require proliferation of the migrating cells, which could be achieved by a second morphogen 

such as FGF10, when immobilized into the hydrogel. We hypothesized that diffusible FGF-7 may 

promote directional migration, while FGF10 conjugated into L1p-FH may promote proliferation 

of the migrating cells, thereby sustaining migration and branching. 
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Fig 12: Cloning for pFGF-10. (A) FGF-10 Gene amplified from a FGF-10 plasmid. (B) The 
vector and insert used for cloning. (C) The clones that have the pFGF-10 gene in them. (D) The 

vector map of the pFGF10-Pet28a. 

To this end, we engineered a fusion protein of FGF-10 (Fig 12) with the Factor XIII recognition 

sequence, NQEQVSP (denoted as NQEQ-FGF-10) which results in a higher molecular weight 

protein (wild type: 19.5KDa v/s recombinant: 24.5KDa) (Fig. 13a). In the presence of active FXIII, 

the fusion protein can be enzymatically conjugated into the FH during polymerization, as we 

demonstrated previously (Geer et al. 2005; Liang and Andreadis 2011; Yuan et al. 2016). On the 

other hand, FGF-7 lacking the peptide sequence is free to diffuse in the hydrogel (Fig. 13b). 
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Fig 13: Production of the fusion protein pFGF10 (peptide-FGF-10) containing the fibrin binding 

domain (A) Western blot showing the difference in molecular weight of the wild type FGF-10 

versus pFGF-10 before the thrombin cleavage of the 6x His-tag. (B) Release of conjugated 

pFGF-10 and unconjugated FGF-7, FGF-10 over time from fibrin hydrogels. *: p<1.92x10-10 

using one-way Anova followed by a Bonferroni post-hoc test. Statistical significance was 

calculated using t-Test: two-sample assuming unequal variances between the groups. (C) 

Biological activity of native FGF-10 and pFGF-10 on Par-C10 cells. The proliferation curve of 

the Par-C10 cells grown under the influence of standard wild type FGF-10 or pFGF-10 for 3 

days. No statistical significance between the two groups (*: p>0.05) using t-Test: two-sample 

assuming unequal variances between the groups. 

Indeed, NQEQ-FGF-10 alone increased proliferation but did not induce much branching and 

migration into the L1p-FH Fig. 14, top panel). However, by setting up a two-layer L1p-FH gel, 

where NQEQ-FGF-10 was conjugated in the top layer, while FGF-7 was embedded (no 

conjugation) in the lower layer. This was done to avoid the quick diffusion of the FGF-7 to the 

media and maintain the concentration gradient, thereby controlling migration into the gel (Fig. 14, 

bottom panel). The addition of FGF-7 into the lower L1p-FH layer induced migration and 

branching deep into the hydrogel, with migration paths as long as 140 m from the surface. 

Interestingly, the branches of the network were thicker (Fig 11e) as compared to FGF-7 alone, 

mostly due to higher cell proliferation induced by the conjugated NQEQ-FGF-10. 
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Fig 14: Spatially controlled delivery of morphogens affects branching and node formation. FGF-

10 at 50ng/ml was conjugated to L1p-FH. In some samples FGF-7 was delivered at 50ng/ml 

through the medium or via a second L1p-FH that placed under the first one. After 6 days, 

samples were stained for ZO-1 (green), Actin Phalloidin (red), TMEM16A (pink) and nuclei 

were counterstained with Hoechst (blue). Column A: The top view of the self-assembled Par-

C10 spheroid. Column B: The 3D rendering of the Par-C10 spheroid. Column C: The middle 

section of the confocal image of the Par-C10 spheroid. Scale bar = 200m. Column D: 3D 

rendering showing the depth map of the Par-C10 spheroid grown for 6 days with red indicating 

the top of the spheroid and blue indicating the bottom. Panel images were all rendered from 

confocal images. Scale bar = 60µm for conjugated FGF-10; 80µm for conjugated FGF-10 + 

FGF-7 in the medium above; and 140µm for conjugated FGF-10 + diffusible FGF-7 from lower 

gel. 

Interestingly, proliferation was not restricted to the migrating tip of the branch, but was observed 

throughout the branch with a slight decrease in the middle sections, as evidenced by Ki67 positivity 

(Fig 15). In contrast, when FGF-7 was added in the media (no spatial gradient), branching was 

restricted to the surface of the L1p-FH, with little or no penetration into the hydrogel (Fig 14, 

middle panel). These results show that the direction and branching of gland cells into the hydrogel 

can be controlled by a combination of two morphogens; a diffusible one controlling migration and 

a spatially immobilized one controlling proliferation. 
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Fig 15: Proliferation is sustained throughout the migrating branches. FGF-10 at 50ng/ml was 

conjugated to the L1p-FH and FGF-7 was delivered at 50ng/ml through a lower L1p-FH. After 6 

days, samples were stained for Actin Phalloidin (green), Ki67 (red), and nuclei were 

counterstained with To-Pro-III iodide (blue). Column A: The top view of the branch of the self-

assembled Par-C10 spheroid. Column B: The 3D rendering of the Par-C10 spheroid. Column C: 

A 3D rendering showing the depth map of the Par-C10 spheroid with red indicating the top of 

the spheroid and blue indicating the bottom. Scale bar = 200m. Panel images are all rendered 

from confocal images. Column D: Quantification of the intensity of Ki67-positive nuclei 

normalized to intensity of the total nuclei in the three different section of the branch. *: 

p<2.37x10-3 using one-way Anova followed by a Bonferroni post-hoc test, significance 

calculated using t-Test: two-sample assuming unequal variances between the groups. 

RESULTS: Chapter 2 

Elastic modulus and Viscous modulus of Fibrin Hydrogel is dependent on gelation time and 

thrombin concentration 

The elastic modulus and viscous modulus of a gel corresponds to its mechanical strength and 

ability to maintain its structural integrity under normal strain (Leonidakis et al. 2017; Rowe et al. 

2007). With this in mind we postulated that changes in the composition of the gels and the gelation 

time affect the fibrin hydrogels mechanical properties (Rowe et al. 2007). Here we tested different 

concentrations (U/ml) of the gel cross-linker: Thrombin on fibrinogen (2.5mg/ml) and compared 

its mechanical properties with those of the L1p-FH. Indeed, we found that as we increase the 

concentration of thrombin in the gel and allow a 30 minute gelation time, its elastic modulus 
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increases till the 100U/ml mark and then decreases till 200U/ml (Fig 16). However if we allow for 

a longer gelation time (1 day) to complete the cross-linking, we see a continuous uniform increase 

in elastic modulus of the gel with increase in thrombin concentrations (Fig 16). 

Fig 16: The Fibrin Hydrogel with the Laminin-111 peptides show higher elastic strength. The 
elastic moduli of fibrin hydrogels with various units of Thrombin used to form it compared to 

that of Matrigel and the L1p-FH. Gelation time: 30mins and 1 day respectively. 
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The viscous modulus for a gelation time of 30 minutes does not follow a similar trend as it 

increases till 50U/ml of thrombin and then starts to decrease till 200U/ml to reach a viscous 

modulus that closely resembles a gel with 2.5U/ml of thrombin (Fig 17). However for a gelation 

time of 1 day, the viscous modulus follows a similar trend to that of the elastic modulus as it 

increases uniformly with an increase in thrombin concentration (Fig 17). Interestingly we also note 

that at this gelation time the gel with 200U/ml of thrombin closely resembles the elastic modulus 

of the L1p-FH (Fig 16). However the viscous modulus of the 200U/ml thrombin gel is 50% greater 

than that of the L1p-FH (Fig 17). It is this close resemblance in mechanical properties that we 

conclude were sufficient for the cells to adhere and form clusters rather than a 2D sheet on the 

surface of the gel with 200U/ml of thrombin even without the presence of the laminin-111 peptides 

(Fig 12). 
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Fig 17: The Fibrin Hydrogel with the Laminin-111 peptides show higher viscous modulus than 
normal Fibrin Hydrogel (2.5U Thrombin). The elastic moduli of fibrin hydrogels with various 
units of Thrombin used to form it compared to that of Matrigel and the L1p-FH. Gelation time: 

30mins and 1 day respectively. 
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Mechanical properties of the Fibrin Hydrogel dictate the cluster formation ability of Par-

C10 cells 

The formation of the fibrin hydrogel and its mechanical properties are highly dependent on the 

thrombin concentration and gelation time as seen above. However it is interesting to note that the 

effects of these changes in mechanical properties on the Par-C10 cells show manifestations only 

on crossing a certain threshold as seen in the gel with 200U/ml of thrombin (Fig 18, top panel). 

Below this threshold the cells behave consistently, forming 2D sheets rather than 3D clusters even 

though the mechanical properties change with the various thrombin concentrations present in the 

gel. The increase in thrombin concentration is known to increase the degree of cross-linking in the 

gel (Rowe et al. 2007). The clusters formed in the 200U/ml of thrombin gel exhibit formation of 

tight junctions evidenced by the Zo-1 staining and also have a similar cluster size to that formed 

on the L1p-FH (Fig 18 top panel).The effect of these gels on salivary epithelial cell cluster 

formation along with the fact that both these gels exhibit near identical mechanical properties lead 

us to the conclusion that both these gels have a similar degree of cross-linking along with similar 

pore sizes. 
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Fig 18: The Fibrin Hydrogel formed under the 200U/ml of Thrombin promote Par-C10 cell 
aggregation. 

The thrombin concentration in the gel affects solute diffusion and the void fraction of the 

Fibrin Hydrogel 

The degree of cross-linking in the gel affects the diffusion of the growth factors immobilized in it. 

Higher cross-linking would result in the formation of more obstructions in the random walk path 

taken by growth factor by reducing the pore sizes in the gel. Hence by modelling the diffusible 
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globular growth factor FGF-7 on the well-studied globular polysaccharide dextran we were able 

to compute the diffusion coefficient of the growth factor in a free solvent (PBS at 37 oC) via the 

diffusion v/s molecular weight curve of dextran, to be approximately 131.162 m2/s. Knowing this 

we were able to now compute the hydrophobic radius of the growth factor via the Einstein-Stokes 

equation:                              (Mercier and Slater 2001) 

Where KB is the Boltzmann constant, T is the temperature in Kelvin,  is the dynamic viscosity of 

the solvent and rs is the hydrophobic radius of the solute. Now, to compute the diffusion coefficient 

in the hydrogel we again used the Einstein-Stokes equation with the dynamic viscosities of the gel 

input from the relation of dynamic viscosity of the gel to the strain (Fig 13). The diffusion 

coefficient of the growth factor was theoretically approximated to be 99.252 m2/s for the fibrin 

hydrogel with 2.5U of thrombin and 59.136 m2/s for the L1p-FH. Furthermore, to calculate the 

void fraction in the gels we used the Ogston-Morris-Rodbard-Chrambach (OMRC) model, giving us 

the equation:                    (Swartz and Fleury 2007) 

Where D is the diffusion of the solute in the hydrogel, Do is the diffusion of the solute in a free solvent, rs 

is the hydrophobic radius of the solute, rf is the pore radius of the hydrogel fibers and  is the 

volume fraction of the fibers. The volume fraction of the fibers in the hydrogel was computed to 

be approximately 8.085x10-02 for the fibrin hydrogel with 2.5U of thrombin and 63.456x10-02 for 

the L1p-FH. This gives further credence to the fact that the L1p-FH is cross-linked to a higher extent 

to that of the fibrin hydrogel with 2.5U of thrombin, even though they are exposed to the same 

amounts of thrombin, or the peptides in the L1p-FH manage to create equivalent obstructions in the 

gel to mimic the diffusion through a higher cross-linked gel. 
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Fig 19: The Fibrin Hydrogel with the Laminin-111 peptides show higher dynamic viscosity. The 
dynamic viscosity of fibrin hydrogels with various units of Thrombin used to form it compared 

to that of Matrigel and the L1p-FH. Gelation time: 30mins and 1 day respectively. 

38 



 

 

 

      

        

         

            

       

         

        

            

        

         

   

    

 

  

        

           

          

          

     

        

         

           

Discussion 

In our previous work we showed that Laminin-111 peptide conjugated fibrin hydrogel (L1p-FH) is 

suitable for in-vivo applications to promote salivary tissue regeneration as evidenced by formation 

of acinar gland organoids that were both structurally and functionally akin to native salivary gland 

(Nam et al. 2017). These results were promising as the L1p-FH scaffold promoted gland cell 

aggregation as well as lumen formation with expression of mature gland markers, including 

amylase (Nam et al. 2016). However, these organoids lacked the structural organization and 

branched morphology of salivary gland tissue. This phenotype is seen in many organs of epithelial 

origins and plays a crucial role in enhancing tissue function by enhancing the tissue surface area. 

The branching structure also leads to the development of specialized cellular compartments, each 

with its own unique function, such as the saliva producing acinar cells; the intercalated and striated 

ductal cells that are responsible for saliva transport and hypotonicity; and lastly the myoepithelial 

cells that aid in saliva secretion from the acini (Baker 2010). 

In this study we showed that a co-culture system of the Par-C10 cells with the hHF-MSC resulted 

in a highly branched three-dimensional (3D) network of cells that increased in complexity with 

increased mesenchymal cell number, leading us to believe that soluble signals in the form of 

growth factors from the hHF-MSC might have given rise to the branched network. It is widely 

accepted that during embryogenesis there is dynamic signaling interplay between the mesenchyme 

and epithelium, which is mediated by soluble and ECM-immobilized factors. These 

morphogenetic factors include FGF7 and FGF10, which are secreted by the mesenchyme and act 

through FGFR2-IIIb on the epithelium, resulting in the highly branched architecture of the gland 

(Igarashi et al. 1998; Jaskoll et al. 2005; Rebustini et al. 2007). In vivo salivary gland branching is 
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first seen in the developing mouse embryo at E13.5-14.5 at the pseudoglandular stage (Tucker 

2007) and is attributed to the Sox9+ distal progenitors that proliferate and form branches under the 

influence of FGF-10 (Chatzeli et al. 2017; Chen et al. 2014). Interestingly, Sox9 expression in the 

submandibular gland epithelium was shown to be regulated by FGF-7 (Lombaert and Hoffman 

2010), prompting us to examine the influence of both FGFR2-IIIb ligands in the formation of 

branched gland cell networks in vitro (Igarashi et al. 1998; Jaskoll et al. 2005). 

Indeed, hHF-MSC expressed high levels of FGF-7 and FGF7 gene knock out using gRNA 

CRISPR/Cas9 (Brazelton et al. 2015; Cui et al. 2018) led to dramatic loss of hHFMSC-mediated 

Par-C10 branching networks. This result clearly demonstrated that FGFR2-IIIb signaling is 

essential for gland cell migration and development of branching networks in a 3D environment. 

This prompted us to test the effect of FGF7 and FGF10 on Par-C10 migration and formation of 

branching structures, when provided through the 3D hydrogel. Exposure to FGF-7 induced 

formation of branches that invaginated the gel to a higher extent i.e. longer branches, as compared 

to exposure to FGF-10. In contrast, incorporation of FGF-10 in L1p-FH increased the node size 

and the number of branches initiating from them, albeit the length of these branches (or the 

penetration distance) was shorter. This is an intriguing result as both growth factors bind to the 

same receptor, yet they produce different cellular responses, both of which are essential during 

embryogenesis as they determine the size and pattern of different organs (Bellusci et al. 1997; 

Igarashi et al. 1998; Wells et al. 2013). The differential effects may be due to differences in the 

binding site or the binding kinetics of each growth factor to a cofactor e.g. heparin or receptor, 

FGFR2-IIIb (Makarenkova et al. 2009). Indeed, mutations to the heparin binding domain of FGF-

10 led to similar lacrimal gland branching as FGF-7 (Makarenkova et al. 2009), suggesting that 
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the strength of binding to heparin may affect receptor binding and subsequent pathway activation. 

Interestingly, when these growth factors were delivered together, both the length and size of 

branches increased, suggesting that downstream signaling pathways may be acting synergistically. 

The differential affinity of FGF7 vs. FGF10 for heparin was shown to produce differential 

gradients that determine where branching or elongation occurs, thereby affecting gland 

morphogenesis (Makarenkova et al. 2009). To mimic such developmental gradients, we provided 

FGF7 as a diffusible factor from a lower layer of FH and conjugated FGF10 into the FH - via the 

factor XIII domain that was fused to the FGF10 sequence – to mimic its higher affinity for ECM. 

Diffusion of FGF7 through the hydrogel to the surface where it bound to the cells generated a 

gradient that caused migration of multicellular branches. As cells moved into the gel, they came 

in contact with immobilized FGF10, which increased proliferation, generating new nodes 

reminiscent of acinar structures. As cells continued to migrate, new branches emerged from the 

nodes extending the network. Interestingly, cells did not move as individual cells but as a group 

maintaining their ZO-1 junctions, suggesting that the combination of FGF7/FGF10 did not disrupt 

cell-cell interactions. Immobilizing FGF10 generated thicker branches containing proliferating 

cells, possibly as a result of sustained signaling through FGFR2-IIIb. However, these structures 

still lacked lumen forming capability. Formation of such hollow structures may require conditions 

that activate programmed cell death possibly following the attenuation of the 

proliferation/branching signals (Teshima et al. 2016; Wells and Patel 2010). 

In summary, we demonstrate that by controlling the gradients of two morphogens, FGF7 and 

FGF10, we can influence gland cell migration and organization into branched networks of varying 

41 



 

 

 

         

        

         

        

  

 

 

 

           

          

         

        

          

          

            

          

        

 

  

 

 

 

branch length and thickness. The diffusible FGF7 may provide quick cell activation and initiation 

of migration into the hydrogel; while the immobilized FGF10 is accessed only when cells migrate 

into the gel and may help to sustain this migration by promoting proliferation. In places, the 

proliferation signals dominated shifting the balance toward formation of cell spheroids that became 

nodes, from which more cells branched out in the direction of increased morphogen concentration, 

more likely of FGF7. 

Conclusion 

We were able to identify the key growth factors from the mesenchyme that are responsible for the 

branching morphology along their key effects individually and in tandem, with FGF-7 being more 

pro-branch formation and FGF-10 being more pro-node forming. We were also able to show that 

both these growth factors though binding to the same receptor can act synergistically and do not 

compete with each other. We also engineered the growth factors so as to provide them spatially 

and hence form morphogenetic gradients to control the direction of the branching structures. Hence 

by doing so we were able to go from a disordered system to a controlled system to recapture the 

branched morphology of the salivary glands. In conclusion, the spatial delivery mechanism of two 

(or more) morphogens may provide insight into engineering geometrically complicated 

tissues/mini organs like glands to study tissue development and function or employ them as more 

realistic and physiologically relevant platforms for drug testing and discovery. 
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