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ABSTRACT 

  Salivary glands are essential in maintaining oral cavity homeostasis.  This tissue 

can become impaired by chemotherapy/radiotherapy given to head and neck cancer patients, as 

well as systemic diseases. Once this gland is damaged, it has limited ability to regenerate, and so 

the need for potential biodegradable/biocompatible scaffolds to aid in the growth and repair is of 

great interest. This soft tissue is made up of multiple cell populations that contribute to the 

function of the gland.  Creating an environment that can recapitulate the one seen in vivo will 

promote the functionality of the engineered tissue. This research aims to investigate: (1) cell-

substrate interactions with salivary gland epithelial cells and nanofiber scaffolds, (2) cell-cell 

interactions via incorporation of a second native cell population to further enhance epithelial 

differentiation, mimicking the in vivo microenvironment and (3) the development of engineering 

a three-dimensional scaffold that will better facilitate the two interactions described above.  The 

hypothesis is that sponge scaffolds that mimic the mechanical properties and architecture of the 

tissue observed in vivo will provide a platform for future implantation and regeneration 

strategies. Bio-mimetically engineered scaffold systems for the growth of organs, such as the one 

described here, yield novel tools for studying organ development in applications for regenerative 

medicine. 
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CHAPTER 1: OVERVIEW 
 

1.0. Background and Significance  

 Millions of individuals suffer from chronic dry mouth or xerostomia, the result of 

salivary gland hypofunction (Mandel 1989). Xerostomia can have diverse underlying etiologies 

such as genetic disorders (i.e. Sjogren’s syndrome) or side effects due to 

radiotherapy/chemotherapy administered to patients with head and neck cancers (Slim & 

Thomas 2015),(Significance 2016).  Anti-inflammatory oral rinsing agents, lozenges and 

adhesive films are current management techniques used to improve quality of life but are not 

permanent fixes (Shih et al. 2002).  Like many organs, once this tissue is damaged, it loses its 

function and cannot be restored (Article 2011). Regenerative medicine approaches promise to 

provide new approaches to restore function to such patients. 

 There are three pairs of major salivary glands located around the jaw. The parotid glands 

are the largest, located in each cheek. The others are the submandibular, located in the back of 

the mouth, and the sublingual, located under the floor of the mouth (Fig. 1.).  Salivary glands are 

highly branched organs that produce and secrete saliva. Deeper into the morphology of the 

salivary gland; the gland is made up of 2 major parts, ducts and secretory elements.  Serous or 

mucous secretion is produced by acinar cells and the ductal cells modify the secretions by 

reabsorbing the salt content. Secretion is thought to be achieved by the contraction of 

surrounding cells called stellate myoepithelial cells (Patel & Hoffman 2013). The general flow of 

this fluid starts in the acinar lobules and then continue into the ductal system and finally into the 

oral cavity. The most important compound produced by salivary glands is saliva (Yoo et al. 

2014a). Saliva consists of water, mucin, ions, and proteins, including amylase. Saliva not only 
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functions by providing oral cavity homeostasis but it also aids in processes such as swallowing, 

digestion and speech.  

 

 

 Epithelial cells are made up of three surface domains: (1) basal surface domains 

connecting interactions with the extracellular matrix (ECM), (2) lateral domains that allow for 

cell-cell interactions via tight junctions (TJs) or adherens junctions (AJs) and (3) apical surface 

domains which are free of cell-cell interactions. These domains allow for directional transport of 

ions, waste products and nutrients. Once a cell-cell adhesion is formed, actin filaments will begin 

to polarize, then interact and polymerize with apically localized TJs proteins, such as occludin 

Fig. 1.1 Location of major salivary glands http://www.riversideonline.com/he 1 
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and ZO-1 (Fig. 1.2) (Hartsock & Nelson 2008).  Not only is the apicobasal polarity dependent on 

epithelial cell interactions with one another, but also with other neighboring cell populations and 

interaction with substrates on which they are situated. 

 The interactions of the epithelial cells with other surrounding cell populations are very 

important in the functionality of the tissue. Epithelial cells cannot secrete their own ECM 

therefore, a neighboring cell population, such as mesenchymal cells, are necessary (Chou et al. 

2016). In the native tissue, mesenchymal cells secrete ECM around the epithelium where 

epithelial cells will then secrete their own specialized matrix called the basement membrane 

(BM) (Larsen et al. 2006). This establishes a unique cell-type construct that is necessary for 

promoting mature functionality  

 

 

 

 

Fig. 1.2. Evolution of functional epithelial monolayer  
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2.0. Current regeneration strategies 

2.1 Importance of tissue engineering  

Tissue engineering has proven to be successful for many different tissues.  Tissue 

engineering is a method of harnessing biocompatible materials fabricated into scaffolds that will 

support the growth and regeneration of the tissue of interest. The salivary gland is composed of 

extremely dynamic cells, able to sense minute changes in the surrounding microenvironment. 

Fabrication of biocompatible scaffolds that mimics the microenvironment via chemical, physical, 

and mechanical stimuli is advantageous when simulating the in vivo environment. 

Tissue engineering is an emerging field that targets interdisciplinary backgrounds of 

engineering, biology and chemistry and the synthetic growth of functional, life-like tissue.  This 

effort is often set forth by reconstituting, in vitro, the microenvironment that a tissue experiences 

in vivo (Langer et al. 2008). The future goal of this field is to provide a renewable tissue source 

for transplantation (Aframian et al. 2000). Biomimetic scaffolds are designed to encourage 

functional growth and development of complex tissues through physiological mimicry (Chen et 

al. 2001). Like many glands, salivary glands are very sensitive to mechanical properties of the 

substrates they interact with (Peters et al. 2015). Some challenges of developing such a 

mechanically sensitive tissue involve fabricating a scaffold that can facilitate attachment and 

polarization of epithelial cells.  Despite active research in the field, the balance has not yet been 

found to produce a material that is durable enough to keep its structural integrity, and at the same 

time, with the degradation rate matching the timeframe, required for the native cell self-

organization into functional tissue. 

When determining scaffold designs, some requirements should depend on tissue-specific 

applications such as mass transport properties, mechanical properties and biological interactions 
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(Drury & Mooney 2003).  Some common scaffolding techniques used in tissue engineering are 

micro-particles (Oliveira 2011),electrospinning (Liu 2013; Xu et al. 2013), hydrogels 

(Khademhosseini & Langer 2007) and polymer sponges (Rodriguez 2013). These techniques 

harness the polymeric properties of materials to engineer mimetic substrates or suspensions for 

cell studies.  Micro-particles have been demonstrated for their potential in cell delivery strategies 

(Oliveira 2011).  Fabrication of nano-sized fibers through electrospinning forms 2D environments 

that yield high surface areas, mimicking the BM (basement membrane) of in vivo tissue (Rho et 

al. 2006; Jean-Gilles et al. 2012; Cantara et al. 2012). These methods have proven effective for 

many mechanically hard tissue engineering applications, such as heart (4.24 MPa)(Ravichandran 

et al. 2013) and bone (varying from 2-20 GPa). However, when moving towards softer tissues like 

salivary glands (0.5 kPa) (Peters et al. 2015), other techniques should be explored. Hydrogels 

establish a method for soft tissue generation/restoration as they provide swollen 3D environments 

that mimic the ECM of tissues and are processed under minimally harsh conditions (Zhu 2010).  

All of these techniques are capable of improving cell functionality however, they are all early in 

their development and further advancement needs to be achieved.  

3.0 2D Scaffolds- Nanofibers 

 Electrospinning yields nanostructures with high aspect ratios and readily modified 

surfaces that are highly amenable to tissue engineering applications (Fig. 1.3).   Typical 

polymers used for this are polymethylmethacrylate (PMMA), polyvinyl alcohol (PVA), 

polylactic acid (PLA) and polylactic-co-glycolic acid (PLGA). Varying solution properties and 

operating conditions such as voltage, solution flow rates, diameter of needle and distance of tip-
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collector plate are all ways to produce different morphologies of scaffolds(Huang et al. 2003).  

Temperature and humidity are also factors that heavily dictate surface topography.   

 

 

 

 

 

 

Fig. 1.3. Single Fluid electrospinning schematic 
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 Electrospinning nanofibers increase the surface area of the scaffold and allow for the 

organization of cells into a monolayer (Aframian et al. 2000) , (Chan et al. 2012). Nanofiber 

scaffolds promote apico-basal polarity of salivary epithelial cells, a critical cell property for 

functional secretion. Polyurethanes are a typical family of biocompatible polymers used for tissue 

engineering (Kayaman-apohan et al. 2013).  Poly-lactic-co-glycolic acid, PLGA, is a member of 

the polyurethane family used for both relatively soft and hard tissues (stiffness ~20MPa to 2.0GPa, 

varying with the fiber diameter)(Gentile et al. 2014),(Milleret et al. 2011). Multiple studies have 

documented these nanofibers being used for bone regeneration (Stachewicz et al. 2015), wound 

healing (Mahjour et al. 2015),(Said et al. 2012) and drug delivery (Yoo et al. 2009). PLGA has 

also been demonstrated for use in salivary gland regeneration in work performed by the Castracane 

and Larsen research groups. Cantara et al. demonstrated the use of functionalized PLGA 

nanofibers with laminin-111 in the promotion of apico-basal localization of tight junction protein, 

Z0-1 (Cantara et al. 2012). Soscia et al. demonstrated the use of hemispherical micro-array craters, 

through lithographical techniques, to change the topography and further increase the surface area 

of the PLGA nanofiber scaffolds. In doing so, they were able to induce subcellular organization, 

having increased monolayer cell heights as well as increased expression and apico-basal 

localization of the tight junction protein, occludin (Soscia et al. 2013).    
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4.0 3D Scaffolds- Sponges  

   Polymer sponges are three dimensional scaffolds that can be used to manipulate or aid in 

cell function/tissue growth and are constructed out of biocompatible/biodegradable materials 

(Chen et al. 2001). They also have the ability to mimic micro and nanoscale architecture of the 

tissue, possessing highly porous structures with high surface areas and interconnected geometries 

(Dhandayuthapani et al. 2011). One way to fabricate sponge scaffolds is through lyophilization. 

This process utilizes nontoxic water soluble solvents to dissolve polymeric compounds. In this 

process, polymers are dissolved in aqueous solutions and frozen down to ultra-low temperatures. 

Samples are then introduced to a high pressure/low temperature environment where the frozen 

aqueous solvent sublimes off the samples leaving behind a porous 3D polymer network (Fig. 1.4.).  

Some examples of biopolymers used to construct these matrices are, collagen (Arpornmaeklong 

et al. 2008), chitosan (Croisier & Jérôme 2013) and silk fibroin (Rnjak-kovacina et al. 2015). In 

addition, several synthetic polymers such as poly (glycolic acid) (PGA)(Aframian et al. 2000), 

Poly (capro-lactone) (PCL)(Kim & Park 2006) and poly (lactic-co-glycolic acid) (PLGA)(Gentile 

et al. 2014) have also been used. The use of biomaterials is essential in developing a 

physiologically relevant, 3-dimensional in vitro models of complex tissue systems. Sponge 

scaffolds have the potential to target soft tissue engineering applications because of their ability to 

form a robust network using mechanically soft polymer compositions (Bressan et al. 2011). Also, 

importantly, constructing polymer sponges allows the synthesis of softer scaffolds by using 

polymers that cannot be utilized in other scaffold fabrication techniques such as electrospinning. 
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5.0. Organization of dissertation 

 

 This dissertation is organized in four main parts. In CHAPTER 2, the synthesis of 

Poly(glycerol sebacate) (PGS) was performed and the characterization carried out. In CHAPTER 

3, 2D PGS/PLGA core shell nanofibers scaffolds were fabricated and their core/shell 

configuration was characterized. The development of a novel technique using Confocal Raman 

Spectroscopy (CRS) was used in order to detect specific chemical signatures of the core and 

shell components of a single nanofiber. Secondly in CHAPTER 3, an image processing platform, 

Bio-LIME (Bio-LabVIEW Image Matrix Evaluation), was developed to quantify scaffold 

efficacy for tissue engineering applications.  CHAPTER 4, In this chapter; heterotypic cell 

interactions were investigated to see if epithelial-mesenchymal co-cultures promoted more in 

vivo-like epithelial morphology on the PGS/PLGA core/shell nanofiber scaffolds.  It was 

determined through these experiments that scaffold mechanical properties and heterotypic cell 

interactions are important for epithelial salivary gland development. Also in this chapter, Bio-

Fig. 1.4. Sponge scaffold preparation 



10 

 

LIME was used to quantitatively compare epithelial morphology on PLGA and PGS/PLGA 

nanofiber scaffolds. Next in CHAPTER 5, a 3D sponge scaffold was developed utilizing the 

slightly modified synthetic component, PGScoPEG (Poly (glycerol sebacate)-co-Poly (ethylene 

glycol)) in order to adjust polymer solubility and fine tune mechanical and degradation 

properties as a secondary scaffold to be used in combination with an epithelial nanofiber scaffold 

to support mesenchymal cells in the connective tissue compartment.  Finally, the thesis will be 

concluded summarizing this project and future endeavors.   
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CHAPTER 2 

Potential synthetic polymer for salivary gland 

regeneration: Poly (Glycerol Sebacate) (PGS) 
 

1.0 Introduction 

 Poly (glycerol sebacate) PGS is a relatively inexpensive, colorless, transparent polyester 

that has been proposed for soft tissue engineering applications, as it is a strong elastomer 

(stiffness~ 0.056-1.5MPa) (Chen et al. 2013a). Applications include adipose (Frydrych et al. 

2015), vascular (Sambasivarao 2013), ocular (Redenti et al. 2009) and myocardial tissue (Chen et 

al. 2008); however, no systematic studies have been reported for application to salivary glands. 

With hydrolysable ester bonds, PGS has controlled linear surface degradation profile (Patel et al. 

2013) which allows it to rapidly degrade into glycerol and sebacic acid, which are naturally 

existing metabolites in the body (Jeffries et al. 2015). PGS prepolymer has a characteristic low 

molecular weight and low viscosity in many solvents. After thermal crosslinking, this polymer 

becomes insoluble in many organic solvents needed for electrospinning. What makes this synthetic 

polymer so unique is that its mechanical and degradation properties can be modulated, based on 

the molar ratios of glycerol and sebacic acid, as well as the additional thermal crosslinking step 

post polymerization (Rai et al. 2012).   

2.0 Synthesis and characterization of PGS pre-polymer 

 Poly (glycerol-sebacate) (PGS) was synthesized following previously used methods (Fig. 

2.1) (Wang et al. 2002).  Four different glycerol: sebacic acid molar ratios were polymerized, 

1:1, 0.5:1, 0.7:1 and 0.9:1 (Fig. 2.2.). As an example, in the polymerization using the 1:1 ratio, 

equimolar amounts of glycerol and sebacic acid were added to a flask where an overnight 
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esterification was carried out at 120 °C. The reaction pressure was slowly reduced to 50 mTorr 

and the reaction continued under vacuum for 24 hrs resulting in PGS pre-polymer. 

 It was determined early on that the 1:1 polymer could not be used for further 

characterization because it was unable to dissolve in any organic solvent. This ratio fully 

crosslinked with itself during the first step in the polymerization.  However, the 0.5:1 polymer was 

not able to crosslink to the extent needed (Fig. 2.2). Comparing the 0.7:1 and 0.9:1 polymer, it was 

determined that the 0.9:1 followed more of the literature observations seen in NMR and FT-IR 

spectrum, Figures 8 and 9, respectively.  

 

Fig. 2.1. Chemical illustration showing the synthesis of PGS polymer 

Fig. 2.2. Table showing the various polymers synthesized 
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2.1 NMR Characterization  

1H Nuclear Magnetic Resonance (NMR) spectroscopy is a characterization tool used to 

determine chemical structures of crystal and non-crystalline materials. A magnetic field is applied 

to the sample, where it will absorb and re-emit electromagnetic radiation. The sample properties 

are what depicts the strength of the field and the resonance frequency. From this, a spectrum is 

produced where the peaks are the specific proton environments the sample has. The band 

assignments to confirm 1H NMR of samples before thermal curing were analyzed using a 400 MHz 

Bruker NMR system. The pre-polymer samples were dissolved in CDCl3 and the spectra was 

recorded at 400 MHz. The peak assignments from the literature were used to reference the 

polymers we synthesized and are listed below (Patel et al. 2013).  Upon characterization by NMR, 

it was determined that 0.9:1 glycerol:sebacic acid contained all the same peaks compared to the 

literature value (Fig. 2.4).  The 0.7:1 PGS prepolymer showed reduced signal at 5.09 ppm 

compared to the literature value. The 6H multiplet at 3.50-3.85 ppm also was reduced in the 0.7:1 

showing some discrepancy in the chemical structure labeled 1 and 3 (Fig. 2.3). The 0.9:1 

prepolymer showed the same chemical shifts as described in the literature as well as similar 

integration. The sebacic acid methylene peaks were detected at 1.31, 161 and 2.34 ppm. The peaks 

at 4.05-4.35 ppm and 5.05-5.30 ppm are characteristic peaks for the glycerol units (Fig. 2.4). The 

ratio of methylene (-CH2) to hydroxyl (-OH) peaks, determined by integration, was 3.6; which in 

the literature it was shown to have a ratio of 3.57 (Patel et al. 2013).   
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Fig. 2.3. Measured NMR spectrum of 0.7:1 PGS prepolymer: 1H NMR (0.7:1 PGS) (400 

MHz, CDCl3) d/ppm: 1.31 (m, -CH2), 1.61 (d, -CH2CH2O(CO)-), 2.34 (m, -CH2O(CO)), 3.61-

3.82 (m, OHCH2CHO), 3.93 (m, -OCH2CHOH, 4.05-3.35 (m, -OCH2CHO, 5.11 (s, 

OHCH2CHO), 5.27 (s, -OCH2CHO) 
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Fig. 2.4. Measured NMR spectrum of 0.9:1 PGS prepolymer. 1H NMR (0.9:1 PGS) (400 

MHz, CDCl3) d/ppm: 1.31 (m, -CH2), 1.61 (d, -CH2CH2O(CO)-), 2.34 (m, -CH2O(CO)), 3.61-

3.82 (m, OHCH2CHO), 3.93 (m, -OCH2CHOH, 4.05-3.35 (m, -OCH2CHO, 5.11 (s, 

OHCH2CHO), 5.27 (s, -OCH2CHO) 
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2.2 FT-IR spectroscopy Characterization 

  Fourier Transform Infrared (FT-IR) spectroscopy is used to obtain an infrared spectrum of 

emission or absorption of a solid, liquid or gas. The FT-IR spectra was used to characterize the 

PGS prepolymer and PGS after curing at 120 °C for 15 hrs. The decrease in the area under the 

peak at 1350 cm-1(-COOH), 1100 cm-1 (-OH), and 3450 cm-1(-OH) indicates the hydroxyl peaks 

crosslinking.  The increase in the 1150 cm-1 signal after thermal crosslinking also confirms this 

process. The peak at 1164 cm-1 for the .7:1 prepolymer did not exhibit the intense signature band 

for ester linkages while the .9:1 composition did (Fig. 2.5).  Using the information obtained from 

NMR and FTIR, the .9:1 PGS polymer composition was used throughout this thesis. 

 

Fig. 2.5. Measured FT-IR spectra for (A) .7:1 prepolymer PGS and cured PGS (B) .9:1 

prepolymer PGS and cured PGS. alkane groups at 2930 and 2855 cm-1 ester band linkages 

at 1740 and 1164 cm-1 
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CHAPTER 3 

Core/Shell Nanofiber Characterization by Raman 

Scanning Microscopy 
 

Reprinted with permission from “Core/shell nanofiber characterization by Raman scanning 

microscopy. Sfakis, L., Sharikova, A., Tuschel, D., Costa, F. X., Larsen, M., Khmaladze, A., & 

Castracane, J. (2017).. Biomedical Optics Express, 8(2), 1025–1035. 

http://doi.org/10.1364/BOE.8.001025.”  

 

1.0  Introduction:  

 

 Nanofibers are made of either synthetic, natural, or a combination of polymeric materials 

that provide environmental and physical cues supporting the growth and development of tissues 

(Liu 2013). Synthetic polymeric fiber scaffolds deliver a more controllable system than natural 

materials, both mechanically and chemically. Having the ability to fine-tune nanofiber properties 

is of great interest for tailoring a scaffold system to a specific application.  Electrospinning is a 

widely used method for producing micro- and nanofibrous scaffolds (Bhardwaj & Kundu 2010; 

Huang et al. 2003).  It involves dissolving a polymeric material in a solvent and subjecting it to an 

electric field. This strong electrostatic field induces a charge repulsion opposing the liquid 

droplets’ surface tension Haider et al. 2015). Once the surface tension of the liquid droplet is 

broken, the polymer-solvent solution is ejected from the formed Taylor cone to the collector plate, 

where fibers are shaped in a nonwoven mesh (Doshi & Reneker 1993).  There are many different 

forms of electrospinning, including single-fluid and dual-fluid electrospinning. However, dual-

fluid electrospinning is becoming more common due to its ability to enhance the functionality of 

resulting fiber scaffolds.  Dual-fluid electrospinning involves using a co-axial spinneret and two 

http://doi.org/10.1364/BOE.8.001025
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dissimilar polymer solutions, drawn independently through a capillary, to generate nanofibrous 

scaffolds.  Under certain conditions these fibers can form a core/shell configuration (Elahi et al. 

2013).   

 Core/Shell nanofibers offer improvements in several biological fields, such as drug 

delivery (Chourpa et al. 2005), tissue repair (Zhu et al. 2016), and tissue engineering (Ramakrishna 

et al. 2006). For tissue engineering, this method can lead to advances in biocompatibility, 

biodegradability, hydrophilicity and mechanical properties (Chen et al. 2010; Zhang et al. 2004). 

The positive effects of core/shell fiber configurations are experimentally recognized under various 

bioassays; however, synthesis is more complex than single-fluid electrospinning. Dual-fluid 

electrospinning is particularly sensitive to multiple environmental factors, including humidity and 

temperature, but also to solvent interactions and intermixing, that can lead to blending of  core/shell 

fiber materials (Ning Wanga 2011). Scaffold material characterization is also an underestimated 

challenge.  

 Typical characterization of the core/shell nanofiber structures has been accomplished by 

means of Transmission Electron Microscopy (TEM)(Chen et al. 2010; Zhang et al. 2004; Ning 

Wanga 2011; Pakravan et al. 2012; Zhang et al. 2005; Zhang et al. 2006; Nguyen et al. 2011), 

Scanning Electron Microscopy (SEM)(Xu et al. 2013; Wang et al. 2010) and Atomic Force 

Microscopy (AFM)(Chen et al. 2010). T.T.T. Nguyen et al. demonstrated core/shell 

characterization of poly (lactic acid) (PLA)/chitosan nanofibers using TEM. Their method was 

based on utilizing different densities of these materials, which lead to each material transmitting 

different amounts of electrons. PLA has a higher density than chitosan, which results in PLA 

having a darker appearance (Nguyen et al. 2011). Characterization of core/shell nanofibers has 

also been accomplished by SEM. B. Yu et al. produced poly (glycerol sebacate) (PGS)/ poly (L-
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lactic acid) (PLLA) core/shell nanofibers to fine-tune the mechanical properties of their tissue 

scaffold.  Characterization was performed by micro-sectioning in liquid nitrogen using a cryogenic 

microtome (Xu et al. 2013). Finally, AFM has also been used for characterizing core/shell 

nanofibers.  R. Chen et al. suggested the differences in surface topography with introduction of 

collagen as the shell, and thermoplastic poly urethane as the core. Using a height mode on the 

AFM, they were able to resolve the difference in surface roughness of the core/shell fibers, 

compared to a nanofiber blend of the two materials (Chen et al. 2010).   

 Although these methods of fiber characterization are well established in the literature, none 

of them reveal the actual spatial distribution of the chemical content within the nanofiber scaffolds. 

Knowing the percentage of each material located in the core and shell can provide an 

understanding of dual-fluid electrospinning and the morphology changes the fibers undergo with 

varying electrospinning parameters.  One characterization technique that can deliver this type of 

information for these composite fibers is Confocal Raman microscopy, which combines confocal 

imaging with Raman spectroscopy. Confocal microscopes, invented by Marvin Minsky, are known 

for clear image quality, 3D mapping capabilities, and elimination of the need for sample processing 

prior to imaging (Minsky 1957). Coupled with Raman Spectroscope, it allows the analysis of 

chemical composition of each pixel of a sample in the XY (lateral) and Z (depth) directions with 

resolution under 1μm. Confocal Raman microscopy has been used for a number of different 

imaging research applications, from carbon nanotubes (CNTs)(Hennrich et al. 2005) to label-free 

live cell imaging (Caspers et al. 2003; Klein et al. 2012), and even characterization of plant cell 

walls (Gierlinger et al. 2012; Gierlinger & Schwanninger 2010).  However, characterization of 

core/shell nanofibers has not yet been explored. In this study, PGS/PLGA core/shell nanofibers, 
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along with PLGA nanofibers as a control, were fabricated and characterized using Raman 

spectroscopic mapping to analyze their core/shell chemical structure and morphology.  

2.0 Experimental 

2.1 Materials 

 PLGA 85:15 was purchased from Durect LACTEL (Cupertino, CA), while 

Hexafluoroisopropanol (HFIP), Glycerol (reagent plus > 99% pure) and Sebacic acid (99% pure) 

were obtained from Sigma-Aldrich. 

 Poly (glycerol-sebacate) (PGS) was synthesized following previously used methods (Wang 

et al. 2002). In brief, polymerization took place using the 1:1 ratio; equimolar amounts of glycerol 

and sebacic acid were placed in a round bottom flask, where an overnight esterification was carried 

out at 120 °C. Reaction pressure was slowly reduced to 50 mTorr and the reaction continued under 

vacuum for 24 hours, resulting in PGS pre-polymer that was then used throughout this paper. 

 

2.2. Sample preparation 

 

2.2.2. PGS/PLGA nanofiber parameters 

 PGS/PLGA nanofibers were prepared using a core/shell coaxial spinneret. PGS pre-

polymer was dissolved in HFIP (16% w/w). The PLGA solution consisted of 1 % NaCl, 10µL 

SRB dye, and 85:15 PLGA dissolved in HFIP, making an 8% w/w solution (Soscia et al. 2013; 

Cantara et al. 2012; Sequeira et al. 2012; Sfakis, Kamaldinov, et al. 2016).  Two independent 

syringe pumps were used with the two polymeric solutions, connected to the co-axial spinneret by 

PTFE tubing.  The core and shell solution flow rates were varied for this study in order to obtain 
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a homogenous fiber mat and a non-homogenous fiber mat containing PGS-rich beads. The non-

homogenous fiber mat, containing what we hypothesized as PGS-rich beads, was obtained with 

flow rates of 9 µL/min and 1.5 µL/min for the PGS and PLGA solution, respectively (Fig. 3.1a). 

A homogenous PGS/PLGA fiber mat was obtained with flow rates of 1.5 µL/min and 1.5 µL/min 

for the PGS and PLGA solution, respectively (Fig. 3.1b). The two solutions did not come in contact 

until they met at the end of the needle tip, where a 12 kV voltage was applied. Samples were spun 

for 5 seconds on a glass microscope slide wrapped in aluminum foil to create single fibers for 

Raman analysis. Figure 3.2 shows the diagram of the electrospinning apparatus, and the expected 

internal structure of the PGS/PLGA fiber. Fiber diameters were calculated by averaging 100 

different fiber diameters calculated from several SEM images and Image J.  

 

Fig 3.1: Scanning electron microscope (SEM) images of fibers used for this study.  
PGS/PLGA fiber mat with varying flow rates of (a) 9 µl/min / 1.5 µl/min and (b) 1.5 µl/min / 1.5 

µl/min, respectively. (c) SEM image of PLGA nanofiber mat. Scale, 2µm. Average fiber 

diameters for figure 1a, 1b and 1c were 366 ± 150 nm, 245 ± 60 nm and 166 ± 37 nm, 

respectively. 

2.2.1. PLGA nanofiber parameters 

 Using a single-fluid electrospinning setup, 8% PLGA, 10µL SRB dye, and 1% NaCl (w/w) 

in HFIP were placed in a syringe pump at a flow rate of 3 µL/min (Fig. 3.1c). The voltage and the 

distance of the needle from the collector plate were 10 kV and 15 m respectively. All samples were 

electrospun on glass microscope slides wrapped in aluminum foil, and spun on for 5 seconds in 
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order to have single fibers for analysis. Fiber diameters were calculated from several SEM images 

and Image J by averaging 100 different fibers. 

2.2.2 SEM characterization  

 

 Both PLGA and PGS/PLGA samples were characterized using a Zeiss 1550 field emission 

scanning electron microscope (Leo Electron Microscopy Ltd., Cambridge, UK; Carl Zeiss, Jena, 

Germany). Several images were then analyzed using the Zeiss integrated software and ImageJ to 

analyze average fiber diameters. Average fiber diameters for figure 1a, 1b and 1c were 366 ± 150 

nm, 245 ± 60 nm and 166 ± 37 nm, respectively. 

2.3. Confocal Raman spectroscopy 

 

 Raman spectra of PGS and PLGA polymers were measured using LabRAM HR Evolution 

confocal scanning microscope (HORIBA) with Synapse detector. The excitation wavelength was 

473 nm. The diffraction grating of 300 gr/mm was employed together with 50× microscope 

objective and a confocal opening of 100 µm. Acquisition time was 5 s times 3 accumulations for 

all measurements. Spike filter based on multiple accumulations was engaged.  

 To obtain a pure PGS spectrum, a PGS polymer film was used, since PGS alone does not 

form a fiber structure. However, a PLGA nanofiber was used to obtain a pure PLGA spectrum, 

since PLGA film was unusable due to a strong fluorescent signature. 

 

 



23 

 

2.4. Confocal Raman mapping and SVD analysis 

 

 The spatial distribution measurement of the PGS/PLGA fibers (confocal Raman mapping) 

was performed using the same LabRAM HR Evolution system that was used for the collection of 

point spectra. The system settings were the same, except for the acquisition times (2 s times 2 

accumulations per point).  The confocal scanning was done either across or along the fiber. All 

spectra were subjected to the polynomial baseline correction routine in LabSpec software 

(HORIBA). After the baseline correction, the spectral mapping is saved as a table. The table 

consists of the first row being the wavenumber, its first column being the position of the point in 

which the spectrum was taken, and its entries with respective Raman intensity detected. This yields 

the hyperspectral image. Singular Value Decomposition (SVD) analysis allows identification of 

different chemical regions in the image, and therefore observing the organization of the fiber 

components. As previously described [31], our SVD based fiber mapping was done using Map 

Analyzer, an in-home SVD code written in LabVIEW.  

 

3. Results and Discussion 

3.1. Raman spectra of PLGA nanofibers and PGS films. 

 

 PGS/PLGA nanofibers were electro spun using a dual-fluid electrospinning setup (Fig. 

3.2a). To produce a core/shell fiber, two polymer solutions are independently drawn through a co-

axial spinneret capillary, which are then spun to generate nanofibers with a core of one material 

and the sheath of another. Figure 3.2b shows a schematic of the hypothesized fiber structure.  Since 

the two polymeric solutions were independently drawn through the electrospinning apparatus, 
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varying flow rates for the core and shell solutions were investigated in order to obtain a core/shell 

configuration.  Flow rates of 1.5/1.5 µl/min and 9/1.5 µl/min for the core and shell materials were 

examined. PLGA nanofibers were produced using a single fluid electrospinning apparatus as a 

control for all experiments. 

   

 

 

Fig 3.2. A diagram of the electrospinning apparatus with SEM image of the fiber mat (a), 

and the expected internal structure of the fibers, with laser spot from Raman scanning microscope 

shown to scale (b). 

  

 Prior to Raman imaging of the core/shell nanofibers, PLGA single fibers and PGS films 

were initially used to establish distinct differences in their spectral features. The 473 nm excitation 

resulted in strong Raman signal from both types of polymer. Of particular advantage was the 

availability of the CH part of the spectrum (around 3000 cm-1), where both PGS and PLGA 

components had distinct and prominent spectral features, as can be seen in Figure 3.3. The PGS 
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main peak was at 2911 cm-1, while PLGA peaked at 2947 cm-1. Both polymers had additional 

distinctive features in the 700 – 1700 cm-1 range, but at a much lower intensity (Fig. 3.3).  

3.2. 1D mapping of PLGA and PGS/PLGA nanofibers 

 

 After a distinction between the two polymeric components was identified, Raman spectra 

of PGS/PLGA nanofibers were collected. Fiber inhomogeneity was observed when 

electrospinning with higher core flow rates. It was hypothesized that these inconsistencies were 

due to unstable electrospinning parameters, producing PGS-rich droplets throughout the fiber 

strands (Fig. 3.1a). Spectral analysis began using this artifact, to investigate whether we can 

spatially resolve the two different compounds at the sub-micron scale (Fig. 3.4).  

  Figure 4a shows spectra of PLGA nanofiber and PGS film and Fig. 5.4b shows a 

zoomed in view of distinct polymer peaks. 50x optical image of PGS/PLGA nanofibers with 

bubble in the middle is shown in Fig. 3.4c. Raman mapping was decomposed into pure PGS and 

PLGA base components via the Classical Least-Squares (CLS) linear regression routine in 

LabSpec software (HORIBA), demonstrating that both polymers were present in the droplet 

spectrum, as expected (Fig. 3.4d). In other words, the Raman signal came from both the inner 

(PGS) and the outer (PLGA) parts of the droplet. It must be noted that the strength of Raman signal 

is a function of both the amount of material and its Raman cross-section. Therefore, the Raman 

peak intensity cannot be taken as a measure of the amount of a particular component without 

correcting for its cross-section first. For example, a stronger PLGA signal in Fig. 3.4b does not 

necessarily indicate that there is more PLGA material than PGS material in the excitation volume. 

. 
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Fig. 3.3.  XY Raman mapping of PLGA nanofiber and PGS film. 
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Fig. 3.4. Raman reference spectra: (a) Spectra of PLGA nanofiber and PGS film. Arrow 

indicates the greatest difference between the polymer spectra. Red and blue spectra are 

PLGA and PGS, respectively. (b) Zoomed in view of distinct polymer peaks. Chosen 

peaks for PLGA and PGS were 2947 cm-1 and 2911 cm-1 respectively. (c) 50x optical 

image of PGS/PLGA nanofibers with bubble in the middle. The red line shows where 

Raman imaging was performed (indicated with an arrow). Scale, 10µm. (d). Spectra 

obtained from core/shell PLGA/PGS nanofiber bubble structure, demonstrating that 

both polymers are present in the “bubble” spectrum, with peaks characteristic of PLGA 

(blue) and PGS (red) indicated with arrows. 
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Single PLGA nanofibers were produced to support characterization of PGS/PLGA nanofibers.  

PLGA nanofibers were analyzed using Raman mapping, both along and across a fiber. Figure 3.5a-

b shows a schematic of where the mapping occurred, as well as an optical image during spectral 

scanning.  This spectral mapping was taken along a single PLGA nanofiber. The CLS plot shows 

no trace of the PGS spectra (Fig. 3.5c). The gradual increase in the component contribution of 

PLGA is due to the scan slowly getting closer to the center of the fiber (which is slightly curved 

and not exactly aligned along the scan axis, as seen in Figure 3.5b). Figures 3.5d-e shows a spectral 

mapping experiment being taken across a single PLGA nanofiber.  As expected, no significant 

traces of the PGS component were observed while scanning across the nanofiber (Fig.35.5f).   
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Fig. 3.5.  Raman spectra from PLGA nanofiber. (a) Schematic of PLGA fiber cross-section. 

Raman mapping was performed along the dashed arrow. (b) Optical image showing sample 

surface mapping recorded parallel to the fiber (indicated with an arrow). Image taken with 50x 

objective. The red line indicates the location of Raman scan. Scale, 5 µm. (c) Lateral profile 

confocal Raman scan showing polymer component contribution through the nanofiber. PLGA 

(red) and PGS (blue). (d) Schematic of PLGA fiber cross-section. Dashed arrow indicates where 

Raman mapping was performed. (e) Optical image showing sample surface mapping recorded 

perpendicular to the fiber (indicated with an arrow). Image taken with 50x objective. The red line 

indicates the location of Raman scan. Scale, 5µm. (f) Confocal Raman scan across the fiber 

showing polymer component contribution through the nanofiber. PLGA (red) and PGS (blue). 
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 To confirm the core/shell structure of the PGS/PLGA nanofibers, spectroscopic Raman 

mapping across a fiber was performed on multiple samples. It was expected that the signal from 

the fiber center would be a mixture of PGS and PLGA spectral signatures, while at the fiber edges 

only the shell material PLGA would be present. The results are shown in Figure 3.6. These results 

are typical of 12 fibers characterized. Figure 3.6a shows a schematic of the Raman mapping 

occurring across the fiber. Figure 3.6b is the conventional microscope image of the PGS/PLGA 

fiber scan area, where the mapped line is shown in red. Figure 3.6c is the result of CLS fitting of 

the scan spectra, indicating that the distribution of the base components, PGS and PLGA, varied 

along the fiber cross-section. The peak of PGS component in the CLS plot signifies that there is 

more PGS in the center of the fiber than at the edges, therefore its relative contribution is higher. 

The reason for the non-zero PGS contribution at the edges of the scan is the large size of the laser 

beam spot, compared to the fiber thickness (see Fig. 3.2b). Even when the beam is positioned at 

the fiber edge, some part of the excitation volume still contains core material. To extract the fiber 

core and shell size information from these maps, SVD analysis was performed on the hyperspectral 

data (see section 3.3). Following a scan across a fiber, a scan along the PGS/PLGA nanofiber was 

performed. Figure 3.7a shows a schematic of the Raman mapping occurring along the fiber, and 

3.7b is an optical image of a single PGS/PLGA nanofiber, where the scanned points are given in 

red. The CLS fit of the scan (Fig. 3.7c) shows no significant variation in the distribution of the 

base components, PLGA and PGS, indicating that this fiber is uniform in the axial direction. 
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Fig. 3.6. Raman spectra from core/shell nanofiber cross section.  (a) Schematic of fiber cross-

section. Raman mapping was done perpendicular to nanofiber (indicated with a dashed arrow). 

(b) Optical image showing sample surface mapping recorded perpendicular to fiber (indicated 

with an arrow). Image taken with 50x objective. Scale, 5µm. (c) Confocal Raman scan across the 

fiber showing polymer component contribution through a nanofiber (only the part of the scan 

crossing the fiber is shown; the sum of PLGA and PGS components is normalized to 100%). 

PLGA (red) and PGS (blue). 

 

Fig. 3.7. Raman spectra from core/shell nanofiber lateral section. (a) Schematic of fiber 

cross-section. Raman mapping was parallel to nanofiber (indicated with a dashed arrow). (b) 

Optical image showing sample surface mapping parallel to a fiber (indicated with an arrow). 

Image taken with 50x objective. Scale, 10 µm. (c) Lateral profile confocal Raman scan showing 

polymer component contribution through a nanofiber (the sum of PLGA and PGS components is 

normalized to 100%). PLGA (red) and PGS (blue).  
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3.3. SVD Analysis 

 In order to process this hyperspectral data set, we applied Singular Value Decomposition 

(SVD) analysis to the line scans across the fiber. SVD is a well-known method of partitioning the 

spectra from a hyperspectral data set into distinct groups, based on the major contributing spectral 

line shapes (SVD components)(Khmaladze et al. 2014; Sfakis, Xavier, et al. 2016). The method 

works as follows: each spectrum collected from a line scan across the fiber is plotted as a single 

point on an SVD scatter plot (i.e. magnitude of one SVD component versus another). This two 

dimensional plot is a projection of multi-dimensional space on the basis of the two leading SVD 

components. Since the fiber contains two polymers, each of the two leading SVD components 

usually resembles the actual spectrum of either PLGA or PGS. The position of each point on the 

SVD scatter plot depends on whether the particular spectrum contains contributions from PLGA, 

PGS, or both. Therefore, the points naturally group together depending on their chemical 

composition, making it possible to classify image regions based on their chemical identity. Once 

the pixels have been assigned to groups (this is the only processing step that needs user input), the 

processing algorithm pseudo-colors the original image accordingly, to create a chemical map of 

the sample (Fig. 3.8). 

 



33 

 

 

Figure 3.8: Raman spectroscopic imaging of a nanofiber cross-section by Singular Value 

Decomposition (SVD): (a) SVD scatter plot, showing clear separation of core and shell spectra 

(b); 1-D hyperspectral Raman image of the structure of the fiber based on the SVD analysis. 

Blue indicates core material, green indicates shell material, and black indicates no chemical 

signature of either polymer.  
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 Figure 1.8a shows the SVD scatter plot obtained from a core/shell fiber, where three 

distinct groups of spectra, which correspond to the core, shell, and image background, are visible. 

By examining the shapes of individual components, it was found that SVD components 1 and 2 

closely resembled PLGA and PGS spectra respectively. As expected, the signal from the center of 

the fiber included contributions from both the core and the shell, which lies above and below the 

core. Consequently, Figure 3.8a shows the contribution from both SVD components for the core 

area. The signal from the edges of the fiber shows contributions from PLGA only, and the signal 

from the points off the fiber has minute contributions of either SVD component. One should note 

that since this method automatically extracts the line shapes of SVD components, it does not 

require the knowledge of PLGA and PGS spectra. However, the SVD components 1 and 2 do not 

mimic the PLGA and PGS spectra exactly, which explains the slight angle between the axis of the 

plot and PLGA- and PGS-based spectral points in Figure 3.8a. 

 Once the spectra have been classified, the assigned groups are mapped back onto the one-

dimensional scan line (Fig. 3.8b) to identify regions of different chemical composition within the 

sample. Using this method, the thickness of PLGA shell/PGS core can be evaluated. It is 

impossible to resolve the features of the fiber directly due to the diffraction limit of the scanning 

laser spot size. Moreover, as the laser spot is scanned across the fiber, the signal from the shell 

region will be detectable when the laser spot is only partially overlapping with the fiber, i.e. the 

thicknesses of the regions will appear wider by the size of the laser spot (~500 nm) on each side 

of the fiber. However, it is possible to estimate the thickness of the core by knowing the distribution 

of core and shell regions from SVD, and overall thickness of the fiber from SEM measurements. 

Figure 3.8b shows that the diameter of the core is 50% of the thickness of the fiber (about 240 

nm), so it is approximately 120 nm. Furthermore, for this sample, the distribution of the core 
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material is shown to be slightly offset from the center of the fiber (Fig. 3.8b). This can be due to 

the core needle being offset in the dual-fluid electrospinning apparatus, or an experimental artifact, 

such as incorrect SVD mapping or the fiber moving during the scan.  Nonetheless, a distinct Raman 

signal signature was detected for the core component, and another Raman signal signature for the 

shell component.   

4. Conclusion 

 We have employed Raman spectroscopic mapping to study the structure of polymer 

nanofibers used for synthetic scaffolds in tissue engineering applications. We were able to confirm 

the core/shell structure of the PGS/PLGA nanofibers via direct observation of Raman signatures, 

associating each individual polymer and their distribution in the mixture with different spectra. 

We have also performed the detailed analysis of nanofiber structure by applying the SVD 

algorithm, which allowed the automated detection of core and shell distribution within the fiber.  
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CHAPTER 4 

Quantification of Confocal Images Using LabVIEW 

for Tissue Engineering Applications 
 

Reprinted with permission from “Quantification of Confocal Images Using LabVIEW for Tissue 

Engineering Applications. Sfakis, L., Kamaldinov, T., Larsen, M., Castracane, J., & Khmaladze, 

A. (2016). Tissue engineering. Part C, Methods, 22(11), 1028.”  

 

1.0 Introduction 

 In the field of tissue engineering (TE), many researchers are utilizing the properties of 

synthetic materials to trigger a response in the regeneration or development of damaged tissues 

(Chen et al. 2013b; Aframian et al. 2000; Stachewicz et al. 2015). Synthetic polymeric scaffolds 

are used in a “bottom-up” approach to initiate the formation of a healthy functional tissue in vitro 

that can later be used for transplantation.(Chen & Liu 2016) The creation of nano- and micro-scale 

environments as seen in vivo is difficult to achieve, and successful tissue formation is challenging 

to verify without proper characterization methods. Although there are many biological assays that 

can be used to establish scaffold performance, to be able to quantitatively evaluate cell structure 

and protein localization in 3D simultaneously would be invaluable.  

 Quantification of the spatial distribution of proteins in 3D requires optical microscopy. 

Other techniques that are useful for quantification of protein abundance, such as Western blot 

analysis, and mass spectrometry, cannot provide such information. Western blot uses SDS-PAGE 

gel electrophoresis to separate proteins by charge and labeled antibodies to detect specific proteins 

of interest (Yang & Mahmood 2012).  Mass spectrometry measures the amount and type of 

molecules in samples by the production of gas-phase ions with varying charge-to-mass ratios 
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(Gingras et al. 2005).  Although informative, both assays only distinguish the presence of selected 

proteins and not their spatial configuration within the tissues.  On the other hand, laser scanning 

confocal microscopy (LSCM) is frequently used to investigate how well the growing cell 

population in a tissue construct mimics the in vivo tissue environment. With LSCM, researchers 

are able to localize proteins within 3D samples using antibodies labeled with fluorescent markers 

to detect both their presence and their localization.  LSCM allows image acquisition of a volume 

of space amenable to rendering a 3D image but cannot be used to quantify the actual amount of 

fluorescence detected and how much the respective protein is localized without other supportive 

processing platforms.  

 Image processing is currently the methodology that is rapidly increasing in popularity in 

order to quantitatively interpret images obtained from LSCM. In particular, ImageJ and IMARIS 

are frequently used to analyze the dimensional stacks of images. ImageJ is a public domain image 

processing platform developed at the National Institute of Health (NIH) to perform a number of 

different forms of image processing (Bankhead 2014). Such processing parameters used for 

investigation include cellular counts, histograms of fluorescent intensity, cellular heights/widths 

and detection of protein interactions using channel overlays. Fluorescence signal distribution is 

converted into binary images that are analyzed for specific protein location.(Bankhead 2014; 

Gonzalez et al. 2007).  After this conversion is performed, the user is able to count cells in the 

image frame or manually trace images for protein localization, cell heights and widths. Soscia et. 

al. analyzed cell-cell junctions using confocal X-Z projection images and the ImageJ freehand 

tool. Lines were drawn across cell membranes at both the apical and basal ends; quantified data is 

produced for fluorescent pixels that fall in the same plane as the line (Soscia et al. 2013).   

However, this analysis is limited to 1D or 2D frames and freehand tools facilitate user bias and are 
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low throughput. Additionally, the segmentation of 3D information into only 2D image analysis 

loses critical information. IMARIS (Bit Plane) is a stand-alone software module that takes 

microscopy datasets and reconstructs them into 3D and 4D images. 4D images allow the review 

of information in moving 3D images with the 4th dimension being time. This platform is beneficial 

for visualization purposes, but is not ideal for providing detailed protein detection with respect to 

a synthetic scaffold’s topography.  A software platform with the capability to perform 3D data 

analysis of the fluorescence information gained by LSCM in a low bias and high-throughput 

manner is critical in many TE applications.  

 One needs to develop a custom-based software to accomplish protein localization in 3D 

samples. Some methods for morphology quantification have been demonstrated using 

MATLAB™.  Rytlewski et al. established computational quantification of 3D structures in fibrin-

based in vitro models.(Lewis et al. 2012)  In this study, they compiled confocal Z-stacks and 

assembled the information into 3D models for statistical analysis using MATLAB™ software. The 

morphology parameters include volume, vascular network length, number of networks, and degree 

of network branching.  Also, J.B. Xavier et al. created a MATLABTM based software toolbox 

capable of analyzing confocal images of biofilms and determining area profiles of microbial 

colonization, bio volume, colonization fraction, and average height of micro-colonies.(Xavier et 

al. 1991)  Kozlowski et al. also used MATLAB™ as a platform to obtain automated image analysis 

when calculating morphologies to describe the shape of immune cells of the brain, 

microglia.(Kozlowski & Weimer 2012)  

 Correlating the structure and functions of cells with various scaffolds to judge how well 

they perform against one another is a significant area of interest. One tissue of considerable 

importance in bioengineering applications are salivary glands. Salivary glands contain multiple 
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epithelial populations.(Yoo et al. 2014b)  Saliva is secreted by acinar cells, while ductal cells 

modify it and transport saliva to the mouth.(Sequeira et al. 2012)  Tight junctions are proteins 

present in these epithelial cell monolayers that aid in barrier functions and the direction of saliva 

secretion. When making a bio-inspired scaffold, it is important that these proteins organize in an 

apically localized fashion with respect to the formation of the epithelial cell monolayer.(Peters et 

al. 2015)  This would mean that after the cell monolayer is mature, tight junction proteins localize 

towards the apical membrane, forming barriers against small molecules passing between adjacent 

cells and participating in creation of a saliva flow gradient.(Cantara et al. 2012)   Physical material 

size has been shown to be very important when trying to develop a specific tissue of interest.(Wang 

et al. 2013) Studies have shown that material feature size heavily influences the morphological 

and functional development of cells.(Teixeira et al. 2003)    Nanofiber scaffolds have been 

engineered to resemble the basement membrane for growth of salivary gland cell lines. Jean-Gilles 

et al. and Sequiera et al. observed a more in vivo-like morphology of SIMS (Submandibular 

Immortalized Mouse Salivary gland epithelial) cells cultured on nano-sized fibers (~250 nm 

diameter) rather than micro-sized fiber mats.(Sequeira et al. 2012),(Jean-gilles et al. 2012), 

Cantara, et al. noted that PLGA nanofibers promote but are insufficient to support assembly of 

tight junctions in salivary gland cell lines.(Cantara et al. 2012) One known chemical requirement 

for epithelization is the basement membrane protein, laminin. This protein is critical in assembly 

and organization for polarized epithelial morphogenesis.(Manninen 2015)  Cantara et al. noted 

that laminin-conjugated PLGA nanofiber scaffolds more effectively promoted apical localization 

of tight junction proteins than did PLGA nanofibers; however, this difference was not quantified.  

The natural Extracellular Matrix is composed of fibrous proteins having diameters ranging from 

50 to 150 nm.(Bhattarai et al. 2005) Since previous studies did not investigate nanofiber scaffolds 
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having diameters in this range, further investigation of how cellular morphology changes at even 

smaller fiber diameters that better mimic the structure of basement membrane proteins, such as 

sub-100 nm fibers, was conducted. 

 In this study, a unique image processing platform amenable to the investigation of 

functional scaffolds for research in tissue engineering is described.  Bio-LabVIEW Image Matrix 

Evaluation (Bio-LIME) is automated and minimizes user bias. Confocal images of salivary gland 

cell lines grown on PLGA nanofiber scaffolds that were chemically conjugated to laminin and 

promote apical localization of tight junctions were compared with unconjugated PLGA nanofiber 

scaffolds as a proof of concept study for Bio-LIME. Additionally, confocal images of 250 nm vs 

sub-100 nm diameter PLGA nanofiber scaffolds were analyzed in Bio-LIME to assess whether 

sub-100 nm fibers provide an additional benefit to salivary epithelial cell apicobasal polarization.  

The information contained in confocal Z-stack fluorescent images, was processed into individual 

pixel quantities and transformed into quantitative data. Bio-LIME establishes a method for the full 

characterization of scaffold performance for many research applications in tissue engineering, with 

analysis ranging from cell heights/widths, cell count, protein localization, to scaffold thickness. 

2.0 Materials and Methods 

2.1 Materials 

 Poly lactic-co- glycolic acid (PLGA) with a lactic-to-glycolic acid ratio of 85:15 and a 

molecular weight of 95,000 Da was purchased from Durect LACTEL (Cupertino, CA). 

Hexafluoroisopropanol (HFIP) and laminin-111 (Cat No. L2020) was obtained from Sigma-

Aldrich. Dulbecco’s phosphate buffered saline (1xPBS), Dulbecco’s modified Eagle’s medium 

(DMEM), and fetal bovine serum (FBS) were obtained from Invitrogen. Sulforhodamine B (SRB) 

for fiber staining (Cat. No. S-1307) was purchased from Life Technologies (Grand Island, NY). 
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Vectabond Reagent was purchased from Vector Laboratories (Burlingame, California). Anti-E-

cadherin (Cat. No. 610182) was from BD Biosciences. DAPI, (for nulcei staining), and Alexafluor-

488-phalloidin (to stain F-actin) were purchased from Life Technologies. Rabbit anti-Zonula 

occludens-1 (ZO-1) was purchased from ThermoScientific (Cat No. 402200). 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) (Cat No. 39391), N-hydroxysuccinimide (NHS) (Cat 

No. 130672), and 2-(N-morpholino) ethanesulfonic acid (MES) solution (Cat No. M1317) were 

purchased from Sigma Aldrich. Alexa Fluor 647-AffiniPure F(ab')2 Fragment Donkey Anti-

Rabbit IgG secondary antibody (Cat No. 711606152) and donkey serum were from Jackson 

Immunoresearch (West Grove, PA). Fluor-Gel mounting media was acquired from EMS (Hatfield, 

PA), and p-phenylenediamine (PPD) (Cat. No. P6001) was from Sigma Aldrich. 

2.2 Cell maintenance 

  Submandibular immortalized mouse salivary gland ductal epithelial cells (SIMS)(Laoide 

et al. 1996) were cultured and expanded in tissue culture-treated plastic flasks with DMEM 

containing 10% FBS and 1% penicillin-streptomycin.  Cell cultures were incubated with 5% CO2 

at 37°C.  

2.3 Cell seeding 

 Prior to cell seeding, all scaffolds were UV sterilized for 1 hour. SIMS (Submandibular 

Immortalized Mouse Salivary gland epithelial) cells were trypsinized, centrifuged into a pellet and 

resuspended in fresh media (DMEM, 10% FBS, 1% penicillin-streptomycin). The cell solution 

was passed through a 70 µm cell strainer in order to further break up cell clumps. Cells were seeded 

on scaffolds at a concentration of 6.0x104 cells / mL and cultured for 6 days. 
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2.4 Preparation of nanofibers  

 The nanofibrous mats were fabricated by means of electrospinning on glass coverslips 

coated with Vectabond reagent, as reported previously.(Jean-gilles et al. 2012) Two batches of 

fibers were electrospun using 8% w/w and 2% w/w PLGA in HFIP (hexafluoroisopropanol) 

solvent, in order to yield 247 ± 39 nm fiber diameters (250 nm fibers) and 58 ± 39 nm fiber 

diameters (sub-100nm fibers), respectively (Fig. 1a-b).  1% w/w NaCl was added to each 

solution to enhance the conductivity of the solution. 8% PLGA solution was fed at a rate of 3 

µl/min into 25-gauge needle. A potential of 10 kV was applied between the needle and the 

grounded collector plate, which was 15 cm below the needle. The electrospinning parameters 

had to be reduced to electrospin 2% PLGA solution to yield the fibers of lower diameter. The 

potential was reduced to 6 kV, flow rate to 0.8 µl/min, and distance to 5 cm. Both types of fibers 

were spun at ambient temperature and the relative humidity of 30%. After electrospinning, the 

fiber mats were placed into a desiccating cabinet to remove the remaining solvent and preserve 

from fluctuating temperature and humidity within the lab. All PLGA solutions contained 1% 

SRB dye as a source of detection using confocal microscopy. Fiber scaffolds were analyzed 

using a scanning electron microscope (SEM) where images were collected and analyzed using 

Image J for average fiber diameters (Fig. 1c-d). Average fiber diameter and standard deviation 

reflects measurements taken from 100 different fibers from 3 separate electrospun samples.   
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2.5 Nanofiber modification 

 

 Laminin-111 conjugation was performed using EDC-NHS chemistry.(Cantara et al. 2012; 

Koh et al. 2008)  Scaffolds were placed in an activating solution for 1 hour at room temperature in 

order to activate the carboxyl groups on PLGA nanofibers.(Bai & Liu 2014) The activating 

solution consisted of 4 mM EDC, 100 mM NHS, and 10 mM MES buffer in DI water, as reported 

previously.(Cantara et al. 2012) Next, scaffolds were incubated in 10 mg/ml laminin-111 solution 

in cold 1x PBS (pH 7.4) at 4 °C overnight.  Samples were subsequently washed twice with 1xPBS. 

To confirm attachment of laminin-111, fiber scaffolds were immunostained with anti-laminin 

antibody (and secondary antibody, AlexaFluor-488 anti-rabbit) and observed with confocal 

microscopy (Leica TCS SP5) (Fig. 4.1e-f).  
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Figure 4.1: Diameter characterization and conjugation confirmation of scaffolds used in 

this study. (A) and (B) low magnification SEM images of 250 nm (247 ± 39 nm) and sub-100 

nm (58 ± 39 nm) diameter PLGA nanofibers, respectively. Scale, 1 μm. (C) and (D) high 

magnification SEM images of 250 nm and sub-100 nm diameter PLGA nanofibers, respectively.  

Scale, 100 nm. (E) Fluorescence microscopy of unmodified 250 nm diameter PLGA nanofibers. 

(F) Confocal X-Y images of laminin-111-modified (green) 250 nm diameter PLGA nanofibers. 

Scale, 20 μm. 
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2.6 Immunocytochemistry (ICC) 

 All samples for confocal microscopy were subject to ICC to detect cell nuclei, nanofibers, 

the tight junction protein, ZO-1, and actin. Samples, kept on ice for 20 min, were fixed in 4% PFA 

(paraformaldehyde) and 5% sucrose in 1xPBS. Samples were washed twice in 1xPBS-Tween 

(1xPBS-T), permeabilized for 15 min in 0.1% Triton X-100 and then blocked for 2 h in 1xPBS-T 

with 20% donkey serum. The primary antibody solution was incubated overnight at 4°C on a 

rocker and prepared as follows: a rabbit anti-ZO-1 (Cat No. 402200) was diluted 1:400 in a 1xPBS-

T-3% BSA solution. Samples were washed four times for 10 min with 1xPBS-T. The secondary 

antibody solution was rocked at room temperature for 2 h and prepared as follows: 1:200 DAPI 

(to detect nuclei), 1:250 Alexfluor647 donkey anti-rabbit (to detect ZO-1), and a 1:400 dilution of 

AlexFluor488-phalloidin (to detect actin) added to a 1xPBS-T-3% BSA solution. The samples 

were again washed four times for 10 minutes each, and mounted on glass slides using Fluor-gel 

mounting media with 1:100 p-phenylenediamine (PPD) anti-fade solution. Samples were sealed 

with clear nail polish and dried before imaging.   

2.7 Confocal microscopy 

 Laser Scanning Confocal Microscopy, LSCM, was performed using a Leica SP5 

microscope (Leica Microscope systems, Mannheim, Germany), and images were acquired with a 

63X oil-immersion objective and 512 x 512 image resolution. Z slices of 0.5µm in thickness were 

acquired for all samples. 3D reconstructions (shown in Figure 4.3 below) were constructed using 

IMARIS software (Bitplane).     
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2.8 Image processing using Bio-LIME 

 Each confocal stack was converted into a tagged image file format (.tiff) in the Leica 

software.  The .tiff images of all channels, including, DAPI, ZO-1, actin, and scaffold fluorescence 

(SRB), were loaded into Bio-LIME (Bio-LabVIEW Image Matrix Evaluation). All Z-stack images 

were saved in numerical order between channels: 0, 1, 2, and 3 respectively.  

2.9 Statistical analysis 

 One-way analysis of variance (ANOVA) followed by unpaired ttests were carried out to 

identify significant differences between data sets within each experiment in GraphPad Prism 6 

software. A value of p ≤ 0.05 was considered to be statistically significant. 

3.0 Results and Discussion 

 To illustrate the morphological differences between cells grown on various scaffolds and 

the importance of characterization by additional image processing, Poly (lactic-co-glycolic acid) 

(PLGA 85:15) nanofibers of sub-100 nm and 250 nm in diameter and laminin-111 surface-

functionalized 250 nm PLGA nanofibers were analyzed.  

 To identify statistical relevance from qualitative observations, a platform capable of 

interpreting a 3D environment is necessary. Taking a 2D snapshot of a 3D X-Z slice is not a precise 

way to understand an entire surrounding area. For example, sampling individual X-Z slices with 

each containing only 6-10 cells in a frame leads to a large source of error when there are ~300 cells 

in each 63x confocal Z-stack.  These 300 cells are also interacting with neighboring cells which 

makes it important to observe the complete volume of space.  Quantifying an entire 3D image 

allows for a more robust and substantiated conclusion. 
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 Bio-LIME was developed in order to quantify confocal images of tissue constructs. For 

proof of concept, typical images expected to be seen per channel were produced in Microsoft Paint 

(Fig. 4.2). Case 1 shows a scenario where the cell nucleus and protein fluorescence are detected 

above the absolute bottom of the engineered scaffold.  One can note that the protein fluorescence 

is detected in the most favorable spot, or localized apically.  Case 2 depicts an event where the cell 

nucleus and protein fluorescence, are again, detected above the scaffold base; however, the protein 

fluorescence is located laterally through the apical and basal ends with respect to the cell nucleus.  

Case 3, is a non-ideal case where the protein fluorescence, due to noise within the samples, is 

located below the established bottom of the engineered scaffold. These cases were used as a 

starting point to see how well Bio-LIME detects binary images for “cell” count, scaffold thickness, 

cell widths/ heights and protein localization.   Case 1 would be a scenario where the percent 

localization of fluorescence expressed at the top 25% of the cell nucleus and above would be 100%, 

while in Case 2 the percent fluorescence detected at the top 25% and above would be 25%.  

Figure 4.2:  Calibration images produced in Microsoft paint to portray the possible scenarios of 

protein localization in cells grown on different scaffolds. X and Y axes refer to the number of 

pixels in frame and z stack number, respectively. (Case 1) protein is localized at the apical end 

with respect to cell fluorescence, (Case 2) Protein is laterally expressed throughout the cell with 

respect to DAPI fluorescence and (Case 3) is protein that is expressed throughout the samples, 

even passed the lower limit of the fiber mat. The absolute bottom of the fiber mat is represented 
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in the highlighted portion of the scaffold image (white), nanofiber mat (red), cell nucleus (blue) 

and tight junction protein, ZO-1 (cyan). 

 

 Confocal Z-stack images are collected and processed using all X-Z/Y-Z (Fig. 4.3a-b) 

projection data to measure actin height, nucleus height/width and protein localization (Fig. 4.3d). 

Bio-LIME begins by identifying the base of the scaffold. It measures the thickness of the scaffold 

by pixels and scores the lower most pixel portion of the scaffold as the absolute bottom of the 

overall volume of space. This feature allows the user to be able to vertically count pixels in every 

other channel based on the scaffold and the continuous path of fluorescence while moving through 

Z height stacks (Fig. 4.3c).  For these experiments, all cells were oriented above the scaffold base 

in a monolayer formation. Figure 4.4a shows a maximum projection X-Y image of the whole 

acquired confocal image. Figure 4.4b-c shows X-Z/Y-Z cross-sections for each channel (scaffold, 

nucleus and protein) with the addition of the highlighted scaffold base so that users can see where 

fluorescence for each channel is detected with respect to the bottom.    
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Figure 4.3. Overview of Bio-LIME capabilities for quantification of protein localization in 3D 

image datasets. (A) An example of an XY maximum projection image of cells seeded on a 

nanofiber scaffold. Nanofibers (red), ZO-1 (cyan), Cell nucleus (blue), actin cytoskeleton 

(green). (B) X-Z cross-section of a stack of X confocal images, immunostained as in A. (C) 

Schematic of how the program quantifies protein localization from confocal Z-stack images. (D) 

Bio-LIME final analysis, left to right: nucleus height and width, cell count, protein localization 

and average cell monolayer heights.3D reconstruction preformed using IMARIS software.  

    

 After the scaffold thickness and lower limits are established, users can analyze cell counts 

in the image frame by converting fluorescence into binary images based on the user-defined 

threshold value. This is done to remove the low intensity “noise” pixels (Fig. 4.5a). In thresholded 

images, the program looks for connected regions and counts them as individual cells. To block out 

any cell debris or cell clumps from being calculated incorrectly, a minimum and maximum cell 
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area needs to be established by the user. Using a histogram, the user is able to collect information 

on the average size of debris, single cells and cell clumps (Fig. 4.5b). Then, the regions with an 

area less than the established minimum can be discarded as debris and regions with the area above 

maximum are counted as multiple cells (Fig. 4.5c-d). To find the maximum and minimum cell 

area, one can display a histogram of the areas of connected regions and observe the peaks at the 

typical cell size, as well as double, triple, quadruple etc. sizes (the latter is due to two, three, four, 

etc. cells located close together, so they are represented by one connecting region).  

 

 

Figure 4.4. Schematic showing the (a) Maximum projection, X and Y axes are number of pixels 

per line and lines per frame, respectively. (b) Y-Z cross sections and (c) X-Z cross sections that 
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users can see for each channel while processing.  The base of the scaffold is detected and 

highlighted (dotted lines at the bottom with red arrows). X and Z axes refer to the number of 

pixels in frame and z stack number, respectively. This is the same for the Y-Z axes as well.   

 

 After all of the processing is done, Bio-LIME prompts the user with the cell count and 

average nucleus width. An example of a final data image is shown in Figure 4.5e where the 

resulting cell count was 13 nuclei in the frame. Conversion of pixel area into physical dimensions 

(microns) was performed using scalar information recorded during image capture.  Once the cell 

count and average nucleus widths are complete, nucleus height and actin height analysis can be 

performed.  This step is completed based on the already established scaffold base. To determine 

average monolayer heights, Bio-LIME finds the z-distance between the lower boundary of the 

nucleus and the upper boundary of the actin (Fig. 4.6a.). This function was incorporated because 

actin filaments tend to interact and redistribute apically with tight junction proteins in epithelial 

cell monolayers (Fanning et al. 1998).    Once the cell polarizes, the actin fluorescence is no longer 

distributed vertically from the bottom to the top of the cell but rather is enriched at the apical end 

of the cell. The protein distribution is determined by specifying a pixel offset based on the 

established nuclei heights (Fig. 4.6b). Due to the spatial resolution of fluorescence in the Z 

direction, an apical localization of protein was assumed to be represented by the protein expression 

within the top 25% of nuclei and above the average height of the nucleus channel.  The program 

then computes the total amount of pixels detected above and below the pixel offset in percentages. 

For the remainder of this paper pixels detected at or above the offset made at the top 25% of the 

average cell nuclei height will be designated as “apical”, and everything below that offset will be 

designated as “basolateral”.     
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Figure 4.5. Image cleanup process flow diagram, demonstrating how single nuclei are identified. 

Images were produced in Microsoft paint and processed through Bio-LIME. (A) Raw X-Y image 

before cleanup. (B) Histogram developed based on the distribution of pixel areas found in the 

entire raw image. X and Y axes are pixel area and amplitude, respectively. (C)  Debris cleaning 

step: based on the histogram the user can identify the objects that are smaller than a single 

nucleus. The user can input the minimum area and monitor the output. The output should 

resemble all objects that were greater than or equal to the minimum pixel area of a single 

nucleus. (D) Clump sorter step: using the histogram the user can see the distribution of all 

objects that are above a single nucleus pixel area. Once the maximum area is input into the 

program the user can observe the output. The output should be everything less than or equal to a 

size of a single nucleus. Red dotted circles indicate clumps that were sorted out into single cells. 

Debris cleaner and clump sorter are algorithms independent from one another, and can be done 

in any order.  (E) After maximum and minimum pixel areas are analyzed, a final data image with 

the cell count and cell width are given.  X and Y axes are number of pixels per line and lines per 

frame, respectively.  
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Figure 4.6. Diagram of X-Z slices shown in the program. (A) For analysis of average monolayer 

heights, sections are used by collecting information from the actin and nuclear stains.  The z-

distance between them is how Bio-LIME computes the average cell monolayer heights. The 

arrows indicate the distance in between the top most actin fluorescence and the bottom most 

nuclear fluorescence. (B) For detection of protein localization, the scaffold and nuclear stains are 

used.  The base of the scaffold is highlighted (dotted line, bottom) and the continuous vertical 

path of nuclear stain is collected as the nucleus height. The offset is found by taking the average 

nucleus height and creating a boundary (red) at the top 25% and above. All fluorescence in the 

protein channel above this boundary is defined as “apical” and fluorescence below is defined as 

“basolateral.”.  X and Y axes refer to the number of pixels in frame and z stack number, 

respectively. 

 Two applications required to determine scaffold performance were executed using Bio-

LIME. The first application was comparing 250 nm PLGA fibers with and without the addition of 

laminin-111 covalently conjugated to the fiber surface.  Laminin-111 is a protein found in the 

basement membrane of epithelial cells in vivo and is known for its role in polarizing tight junction 

proteins, including ZO-1 and occludin, as previously reported (Ogawa et al. 2013; Cantara et al. 

2012).  The second application is the investigation of cell morphology on 250 nm diameter fibers 

and a more physiologically relevant fiber diameter of sub-100 nm. Since previous work suggested 

that 250 nm PLGA nanofiber scaffolds promote salivary epithelial cells apicobasal 

polarity(Cantara et al. 2012), investigation of whether sub-100 nm fibers are more effective in 

promoting apicobasal polarity was performed. SIMS cells were cultured on the scaffolds for 6 days 
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and stained for nuclei, actin and ZO-1. Using confocal microscopy, Z-stack images were obtained 

and subsequently run through Bio-LIME. Samples with comparable cellular confluence levels 

were investigated further for cell morphology quantification.  

 When investigating the effect of cellular morphology with the addition of laminin-111 

conjugation to 250 nm diameter PLGA nanofibers, SIMS cells were seeded on nanofiber scaffolds 

and stained to detect nuclei, actin, and ZO-1. The nuclear counts were determined after going 

through the cleanup steps for debris and clumps (Fig. 4.5a). Taken from a n=3 set, PLGA scaffolds 

on average, had 453 ± 41 cells and PLGA + laminin scaffolds had, on average, 439 ± 57 cells. 

Figure 4.7a-b shows representative maximum projections and X-Z slices assembled from confocal 

images for both scaffold types. Cells on the laminin-conjugated scaffolds exhibited increased actin 

heights and slightly increased nuclear widths; 4.77 µm and 6.21 µm, respectively (Fig. 4.7c).  Cells 

grown on PLGA nanofiber scaffolds had average nuclear heights, widths and actin heights of 2.54 

µm, 4.42 µm, and 3.76 µm, respectively (Fig. 4.7c). Cells grown on the PLGA + laminin scaffolds 

also showed increased apical localization of tight junction protein ZO-1; 75.7 ± 4.54 % (Fig. 4.7d).  

The PLGA nanofiber control displayed only 43.9 ± 1.72 % of the total fluorescence at the apical 

end (Fig. 4.7d). These quantifications are consistent with previously published confocal image 

data.  
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Figure 4.7. Quantification of cell morphology and apicobasal polarization of cells grown on 

PLGA nanofiber scaffolds with or without conjugated laminin using Bio-LIME. Confocal 

maximum projection and X-Z slice of SIMS cells for 6 days on scaffolds. (A) PLGA scaffold, 

(B) PLGA + laminin scaffold. Scale bar, 10 μm.   Nanofibers (red), DAPI (blue), ZO-1 tight 

junction protein (cyan), (C) SIMS cell morphology, (D) Localization of tight junction protein, 

ZO-1, of SIMS cells cultured on PLGA scaffolds and PLGA + laminin scaffolds. NS: not 

significant, * p<0.05, **p<0.01, ***p<0.001; unpaired t test. 

 



56 

 

 When comparing SIMS cells grown on 250 nm PLGA scaffolds and sub-100 nm PLGA 

scaffolds, the average cell counts were 380 ± 37 and 363 ± 22, respectively.  Figures 2.8a-b show 

a representative maximum projection with a X-Z slice acquired from confocal images captured of 

cells grown on both scaffold types and labeled to detect nuclei, actin, and ZO-1 on labeled 

nanofibers. This analysis was acquired from a n=4 set for each.  For the 250 nm PLGA scaffolds, 

SIMS cell morphology for nucleus height, width, and actin height were 2.28 µm, 4.81 µm and 3.78 

µm, respectively (Fig. 4.8c).  For the sub-100 nm PLGA scaffolds, the SIMS cell morphology was 

2.12 µm, 5.25 µm, and 3.65 µm for nucleus height, width, and actin height (Fig. 4.8c). When 

determining the percent apical localization of the tight junction protein ZO-1, the 250 nm PLGA 

scaffold and sub-100 nm PLGA scaffolds showed 40.5 ± 3.31 % and 38.7 ± 4.42 %, respectively 

(Fig. 4.8d).  
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Figure 4.8. Comparison of cell morphology and apicobasal polarization of cells grown on 250 

nm vs sub-100 nm PLGA nanofiber scaffolds using Bio-LIME. Confocal maximum projection 

and X-Z slice of SIMS cells cultured for 6 days on scaffolds. (A) 250 nm PLGA scaffold, (B) 

sub-100 nm PLGA scaffold.  Scale bar, 10 μm. Nanofibers (red), DAPI (blue), ZO-1 tight 

junction protein (cyan). (C) SIMS cells morphology, (D) Protein localization analysis of cells 

cultured on 250 nm diameter PLGA scaffolds and sub-100 nm diameter PLGA scaffolds. NS: 

not significant, * p<0.05, **p<0.01, ***p<0.001; unpaired t test. 
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 The average cell monolayer height was determined using actin staining. This method was 

based on prior work, Soscia et al.(Soscia et al. 2013), where ImageJ and multiple X-Z projections 

were used to determine SIMS cell monolayer heights. The results obtained using the method 

described here is similar to the 4 µm monolayer heights of cells on PLGA scaffolds determined by 

Soscia et al (Soscia et al. 2013).  We report here that laminin-111-conjugated scaffolds showed 

increased localization of tight junction protein, ZO-1, compared to the control PLGA scaffolds, 

75% and 43% respectively. This quantification along with the visual identification of the ZO-1 

stain is consistent with prior qualitative findings that laminin promotes tight junction protein apical 

localization (Cantara et al. 2012) and demonstrates the functionality of Bio-LIME to provide 

quantitative comparisons between cells grown on different scaffolds (Fig. 4.7).  In the test case of 

the physical difference in fiber diameter, 250 nm vs. sub-100 nm, the fiber size seemed to have 

little effect on cell morphology and tight junction localization. This conclusion was inferred by the 

visual inspection of fluorescent microscopy and confirmed from the quantification of protein 

distribution in the scaffolds (Fig. 4.8).     

4.0 Conclusion 

 The ability to quantify protein localization in 3D from confocal images of tissue constructs 

was demonstrated through the use of an image processing platform developed from custom 

LabVIEW scripts. In the program’s initial phase, Bio-LIME has provided a platform for analyzing 

the development of single cell monolayers for scaffold performance investigation. The results 

obtained from Bio-LIME and reported here support previous work, namely that laminin-111-

conjugated PLGA nanofiber scaffolds promote cell polarity while providing a quantitative 

comparison of the entire sample in 3D. Additionally, Bio-LIME analysis suggested that sub-100 

nm nanofibers provide no significant benefit on cell height or apicobasal polarization in 
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comparison with 250 nm nanofibers in salivary epithelial cells.  The quantification of confocal 

images reported here allows the investigation of the performance of a scaffold used for tissue 

engineering by quantifying differences in cellular morphology and protein localization that are 

critical for evaluating scaffold efficacy in promoting tissue assembly.  Bio-LIME software not only 

reduces user bias but also allows quantification of confocal images in a high-throughput manner.      
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CHAPTER 5 

Heterotypic cell interactions affect immortalized 

epithelial salivary gland morphology on PGS/PLGA 

core/shell nanofibers 
 

1.0 Introduction: 

     Salivary hypofunction is a deleterious condition often resulting from the autoimmune disease, 

Sjögren’s syndrome, or as a side-effect in patients who receive radiation therapy for head and neck 

tumors, and other causes. As the salivary glands are highly branched organs that produce and 

secrete saliva to aid in digestion of food, lubrication, and oral cavity homeostasis, millions of 

individuals suffer from salivary gland hypofunction, leading to xerostomia and other issues that 

decrease quality of life. Current treatments for this disease are inadequate and cause unwanted side 

effects (Yoo et al. 2014a). Therefore, therapeutics are necessary that will restore function to 

damaged glands, as is the goal of regenerative medicine.  

     Nanofibers have been widely used in tissue engineering: they provide scaffolds with increased 

surface area allowing for the organization of cells into a monolayer and resemble the native ECM 

and basement membrane that are critical for gland development and regeneration (Aframian et al. 

2000; Chan et al. 2012; Nelson & Larsen 2015). Nanofiber scaffolds promote apico-basal polarity 

of salivary epithelial cells, a critical cell property for functional secretion. A common polymer 

used in engineering of relatively soft and hard tissues is Poly-lactic-co-glycolic acid, PLGA 

(stiffness~20MPa-2.0GPa) (Gentile et al. 2014; Milleret et al. 2011). PLGA nanofibers are 

currently in use for bone regeneration (Stachewicz et al. 2015), wound healing (Mahjour et al. 

2015; Said et al. 2012), and drug delivery (Yoo et al. 2009). PLGA has also been demonstrated by 
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our lab groups for use in salivary gland regeneration in vitro.  Cantara et al. demonstrated the use 

of functionalized PLGA nanofibers with laminin-111 in the promotion of apical localization of the 

tight junction protein, occludin (Cantara et al. 2012). Tight junctions are protein complexes that 

form junctions between epithelial cells that assemble towards the apical surface to control 

paracellular movement of ions and molecules between cells (Anderson & Van Itallie 2009). Soscia 

et al. used photolithographic techniques to demonstrate that hemispherical micropatterned arrays, 

that mimic the dimensions of salivary secretory acinar structures manipulate epithelial cell shape 

and  induce subcellular organization; cells in appropriately sized “craters” showed increased 

monolayer cell heights and expression and apical localization of the tight junction protein, 

occludin, relative to larger diameter craters or flat surfaces (Soscia et al. 2013).  Given these in 

vitro studies and the known fast resorption of PLGA in vivo, PLGA nanofiber scaffolds hold 

promise for application in salivary gland regenerative strategies.  

     In recent years, it has become increasingly clear that scaffold mechanical properties are critical 

for soft tissue engineering applications (Liu et al. 2014; Kharaziha et al. 2013; Sill & von Recum 

2008).  Tissues are known to have viscoelastic properties, namely properties of elastic solids and 

viscous liquids. Peters et al. summarized the importance of scaffold stiffness on salivary gland 

development by varying the mechanical properties of polyacrylamide gels (Peters et al. 2015). It 

was concluded that mechanical properties in the range of the tissue in vivo plays a large role in in 

vitro gland regeneration (Peters et al. 2015).  AFM was used to measure the bulk compliance 

properties of adult submandibular salivary glands, which was found to range from 1.66 ± 0.44 kPa 

to 3.05 ± 0.88 kPa (Mosier et al. 2014).  Despite the positive response of salivary epithelial cells 

to PLGA nanofibers, the low compliance of PLGA is likely to be less than ideal for promotion of 
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salivary gland regeneration. For salivary gland tissue engineering, nanofiber scaffolds have not 

been developed that are compliant enough to allow for cell self-organization. 

     Poly (glycerol sebacate) PGS has been proposed for soft tissue engineering applications, as it 

is a tough elastomer but more compliant than PLGA (stiffness~ 0.056-1.5MPa)(Chen et al. 2013a) 

with a controlled linear surface degradation profile (Patel et al. 2013). Applications include adipose 

(Frydrych et al. 2015), vascular (Sambasivarao 2013), ocular (Redenti et al. 2009) and myocardial 

tissue (Chen et al. 2008); however no studies have used PGS in salivary gland engineering.  PGS 

rapidly degrades into glycerol and sebacic acid, naturally existing metabolites in the body (Jeffries 

et al. 2015). Electrospinning the material before crosslinking, due to its characteristic low 

molecular weight and low viscosity in many solvents, makes it hard to get it into a fiber form. 

After thermal crosslinking, this polymer becomes insoluble in many organic solvents needed for 

electrospinning. A useful technique to overcome these challenges and integrate PGS with PLGA 

nanofiber scaffolds is to incorporate this softer polymeric material through a core/shell 

electrospinning technique. 

     Core/Shell electrospinning is the technique emerging in recent years to modify and enhance the 

functionality of nanofiber structures. Two dissimilar polymer solutions are independently drawn 

through a co-axial spinneret capillary which are then spun to generate nanofibers with a core of 

one material and the sheath of another (Elahi et al. 2013).  This method gives the versatility of 

incorporating two materials with different properties into one.  Core/Shell electrospinning is 

typically used to recover the electrospinning ability of polymers that are unable to form fibers 

themselves as well as improving the mechanical properties of the overall fiber system (Nguyen et 

al. 2011; Xu et al. 2013).  
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     Soft tissue organs are composed of multiple dynamic cell types that interact with their 

immediate microenvironment, being able to sense up to the length of a neighboring cell body away 

(Engler et al. 2004). In response to changes in the environmental stimulus, cellular functions are 

altered, such as; growth, differentiation, adhesion, and survival (Wells 2008).   Providing 

epithelium with a proper environmental stimulus can potentially recapitulate the in vivo 

environment and further improve in vitro epithelial development. Epithelial-mesenchymal 

interactions are known to be required for effective development (Nelson & Larsen 2015) and these 

interactions are increasingly understood to be important for regeneration (Yamaguchi et al. 2005; 

Liu et al. 2011).  The lack of testing of heterotypic cells within scaffolds in vitro is a contributor 

to the discrepancy between the results of in vitro and in vivo testing of scaffolds. 

     Here we generated PGS/PLGA nanofiber scaffolds by core/shell electrospinning and used them 

for in vitro co-culture of salivary epithelial and mesenchymal model cell lines to recapitulate 

epithelial-mesenchymal interactions in vitro that may facilitate tissue organization and 

regeneration. The fabrication of core/shell nanofiber structure scaffolds was used to fine tune the 

mechanical properties of PLGA nanofibers without modifying the chemical environment. We used 

PGS/PLGA core/shell nanofibers and epithelial/mesenchymal co-cultures in this study to 

determine if “softer” scaffolds and heterotypic cell culturing would affect the morphology and 

tight junction localization of salivary epithelial gland cells.     

2.0 Materials and Methods 

2.1 Materials 

PLGA 85:15 was purchased from Durect LACTEL (Cupertino, CA). Hexafluoroisopropanol 

(HFIP), Glycerol (reagent plus > 99% pure), and Sebacic acid (99% pure) were obtained from 
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Sigma-Aldrich. Cell Proliferation Kit 1 (MTT) was purchased from Sigma-Aldrich.  Dulbecco’s 

phosphate buffered saline (1xPBS), Dulbecco’s modified Eagle’s medium (DMEM), and fetal 

bovine serum (FBS) were obtained from Invitrogen. Sulforhodamine B (SRB) for fiber staining 

(Cat. No. S-1307) was purchased from Life Technologies (Grand Island, NY). Vectabond 

Reagent was purchased from Vector Laboratories (Burlingame, California). Cell proliferation kit 

1 (MTT) was purchased from Sigma Aldrich (11465007001 Roche). DAPI, (for nuclei staining), 

and Alexafluor-488-phalloidin (to stain F-actin) were purchased from Life Technologies. Rabbit 

anti-Zonula occludens-1 (ZO-1) was purchased from ThermoScientific (Cat No. 402200). Alexa 

Fluor 647-AffiniPure F(ab')2 Fragment Donkey Anti-Rabbit IgG secondary antibody (Cat No. 

711606152) and donkey serum were from Jackson Immunoresearch (West Grove, PA). Anti-

vimentin antibody (V2258) was purchased from Sigma Aldrich and Alexa Fluor 488 AffiniPure 

Donkey Anti-Mouse IgM, µchain specific (715545140) was purchased from Jackson Immuno 

Research. Fluor-Gel mounting media was acquired from EMS (Hatfield, PA), and p-

phenylenediamine (PPD) (Cat. No. P6001) was from Sigma Aldrich. 

2.2 Synthesis of Poly (glycerol sebacate) (PGS) 

     Poly (glycerol-sebacate) (PGS) was synthesized using previously developed methods (Wang et 

al. 2002).  A slight modification was performed where instead of adding equimolar amounts, a 

0.9:1 molar ratio of glycerol to sebacic acid was added to a round bottom flask where an overnight 

esterification was carried out at 120 °C. The reaction pressure was slowly reduced to 50mTorr and 

the reaction continued under vacuum for 24 hrs resulting in PGS pre-polymer that was then used 

throughout this study. The band assignments to confirm Nuclear magnetic resonance (1H NMR) 

of samples before thermal curing were analyzed using a 400 MHz. The pre-polymer samples were 
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dissolved in CDCl3 and the spectra was recorded at 400 MHz. The peak assignments are listed 

(Fig. 2.3).  

2.3 Nanofiber Fabrication 

2.3.1 Fabrication of nanofibrous PLGA scaffolds 

     Fabrication of PLGA nanofibers was done following previously used methods (Sequeira et al. 

2012; Soscia et al. 2013; Shraddha I. Cantara, David A. Soscia, Sharon Sequeira, Riffard Jean-

Gilles & Castracane 2013). Briefly, circular glass coverslips were pre-coated with Vectabond 

reagent to promote polymer adhesion. Immediately prior to electrospinning, coverslips were 

coated with an underlayer; approximately 60uL of 3% PLGA (w/w) dissolved in HFIP and dried 

at room temperature for 1 hr.  Using a single fluid electrospinning setup, 8% PLGA, 10 µL SRB 

dye and 1% salt (w/w) in HFIP was placed in a syringe pump at a flow rate of 3µL/min. The 

voltage and distance of the needle from the collector plate were, 10kV and 15m, respectively. All 

samples were spun for 45 minutes.   

2.3.2 Fabrication of nanofibrous PGS/PLGA scaffolds  

     Circular glass coverslips were pre-coated with Vectabond reagent to promote polymer 

adhesion. Immediately prior to electrospinning the coverslips were coated with an underlayer, as 

described for PLGA scaffolds. PGS/PLGA nanofibrous scaffolds with variable compositions were 

prepared using a core/shell spinneret. PGS prepolymer was dissolved in HFIP (16 wt%) and 

PLGA, 1% NaCl and 10µL SRB dye was dissolved in HFIP making an 8 wt% solution.  Two 

independent syringe pumps with variable flow rates were used with the two polymeric solutions 

and connected to the co-axial spinneret by PTFE tubing. The inner needle and outer needle of the 

co-axial spinneret were 25G (gauge) and 18G respectively (Fig. 1-A,B). The two solutions did not 
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come in contact until meeting at the end of the needle tip. The same high voltage power supply 

was connected to both capillaries and all samples were spun for 45minutes (Fig. 5.1-C).     

2.4 Nanofiber characterization 

2.4.1 Characterization of fiber morphology using Scanning Electron Microscopy 

(SEM) 

     The surface topographies and fiber diameters were characterized using scanning electron 

microscopy (SEM) images. Samples were sputter coated with a thin layer of gold/palladium and 

the images were analyzed using NIH Image J software to determine fiber diameters (n=100 fibers 

for each of the scaffolds).   

2.4.2 Material characterization  

    The hydrophobic/hydrophilic nature of the electrospun fibers was measured by contact angle 

water droplet measurements using CAM-PLUS Contact angle meter (ChemInstruments, Fairfield, 

Ohio). These measurements were repeated three times on each scaffold. 

     The mechanical properties of polymer fiber mats were measured with atomic force 

microscopy (AFM) (Bruker BioScope Catalyst). All measurements were taken in Peak Force 

QNM imaging mode. Polymer fiber mats were characterized using spherical borosilicate 

cantilevers with spring constants of 5.6 N/m, radius of 12 μm, and resonant frequency of 300 

kHz (RTESPA, Bruker). Spring constant and tip radius were calibrated on a PDMS reference 

sample having a known Young’s Modulus of 3.5 MPa.  Average Young’s modulus 

measurements of the fiber mats were taken from 3 separate samples from 4 different sections 
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each. All measurements were performed on dry samples.      

2.5 Cell Culture 

     All nanofiber samples before cell seeding were sterilized by a 2 hr UV treatment followed by 

incubation in 1xPBS and antibiotic, 1% penicillin/streptomycin, for 24 hr at 37 °C. Samples were 

then transferred to complete sterile media of the cell type to be incubated for another 24 hr at 37 

°C. For mono-culture experiments, submandibular immortalized mouse ductal salivary gland 

(SIMS)(Laoide et al. 1996) cells were seeded 6E4 cells/mL in 24-well plates containing 

nanofiber scaffolds.  For co-culture experiments, NIH3T3 fibroblasts(TODARO & GREEN 

1963) and SIMS cells were trypsinized separately and combined into a centrifuge tube at a 

concentration of 3E4 cells/mL each. They were mixed together and 1mL was added to each 24-

plate well containing nanofiber scaffolds.  SIMS and NIH3T3 fibroblast media preparation is 

DMEM (serum free) supplemented with final concentrations of 10% FBS and 1% 100X stock 

pen-strep. 

2.6 MTT Assay 

     Cell growth assays were done at different time points to compare PLGA and PGS/PLGA 

scaffolds using Cell proliferation kit 1 (MTT) with a sample set of 5 for each scaffold being tested. 

For both time points, 6E4 cell/mL were added to each 24-well plate with nanofiber scaffolds at the 

bottom. For the binding assay, cells were allowed to attach for 1 hr in the incubator. They were 

then washed with 1xPBS and placed into new 24-well plates. Fresh media (DMEM, 10% FBS, 1% 

pen/strep) was added and 100 uL of MTT reagent 1 was added.  After 4 hours of incubation, MTT 

reagent 2 was added and left to incubate overnight. 100 uL of each samples solution was added to 

a 96-well plate where it was read on a plate reader.  Relative absorbance was recorded at a 
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wavelength of 570 nm with a reference wavelength of 700 nm. The same steps were followed for 

the different time points however the first reagent was not added until 24 hours.  Wells containing 

only cell media were used as a baseline for absorbance measurements and were given the same 

amount of MTT reagents as the cell experiments.   

2.7 Immunocytochemistry and confocal microscopy 

     All samples for confocal microscopy were subject to ICC to detect cell nucleus, substrates, the 

tight junction protein (ZO-1) and actin. Samples, on ice for 20 min, were fixed in 4 % PFA and 5 

% sucrose in 1xPBS. Sample were washed twice in 1xPBS-Tween (1xPBS-T), permeabilized for 

15 min in 0.1 % Triton X-100 and then blocked for 2 hr in 1xPBS-T with 20 % donkey serum. The 

primary antibody solution was incubated overnight at 4°C on a rocker and prepared as follows; 

tight junction anti-rabbit (ZO-1) was added with a dilution of 1:400 in a 1xPBS-T-3 % BSA 

solution. Samples were washed four times/10min with 1XPBS-T. The secondary antibody solution 

was rocked at room temperature for 2 hr and prepared as follows, 1:200 DAPI, 1:250 AlexFluor647 

rabbit, and a 1:400 dilution of AlexFluor488-phalloidin added to a 1xPBS-T-3%BSA solution. 

The samples were again washed four times/10 minutes each and mounted on glass slides using 

Fluor-gel mounting media with 1:100 p-phenylenediamine (PPD) anti-fade solution. Samples were 

sealed with clear nail polish and dried before imaging.  Laser Scanning Confocal Microscopy, 

LSCM, was performed using a Leica SP5 microscope (Leica Microscope systems, Mannheim, 

Germany) and images were acquired at a magnification of 63x using an oil immersion objective 

and 512 x 512 image resolution. Z slices of 0.5 µm in thickness were acquired for all samples. 

Three-dimensional reconstruction images of confocal z-stacks were constructed using IMARIS 

software (Bitplane).   
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2.8 Statistical Analysis 

     Statistical analysis was carried out using an unpaired student’s t-test to compare the different 

data sets within each experiment in GraphPad Prism 6 software. A value of p ≤ 0.05 was considered 

to be statistically significant. 

2.9 Bio-LIME: Quantitative analysis for cell penetration depth, cell 

morphology and cell-cell junction protein localization measurements 

     Bio-LIME (Bio-Image Matrix Evaluation) was developed to quantify morphological features 

of cells cultured on scaffolds from z-stacks of confocal images (Sfakis, Kamaldinov, et al. 2016).  

All confocal channels were separately exported as .tiff images and processed through the program.  

Using the nanofiber channel to define the base of the scaffold, all the other channels were overlaid 

on this channel. Cell penetration depths were determined as follows; the average distance between 

the scaffold base and cell nucleus base was divided by the overall height of the scaffold and 

multiplied by 100. Nuclear heights and widths were analyzed by counting the continuous path of 

fluorescence in pixels of the DAPI channel (cell nuclei).  Average cell monolayer heights were 

determined using the top most actin fluorescence stain and the bottom-most DAPI fluorescence. 

The percent localization of ZO-1 protein was determined by setting an offset position at 25% and 

above the total height of the average nuclear height. This offset was established keeping in mind 

that fluorescence can be distorted slightly due to photo bleaching and poor microscope resolution 

in the z direction.  The protein below this offset is defined as the amount of basolateral fluorescence 

while protein observed above the top 25% is noted at apical protein localization.  Four confocal Z-

stacks were acquired on each scaffold and run through Bio-LIME for further characterization.         



70 

 

3.0 Results 

 

3.1 Development and characterization of PGS/PLGA core/shell 

nanofibers 

 
3.1.1 Electrospinning parameter optimization and SEM fiber morphology  

     PGS/PLGA Core/Shell nanofibers were electro spun using a co-axial needle (Fig 3.1A-B) to 

produce an optimized fiber mat similar to our previously published  250 ± 50 nm PLGA nanofibers 

(Jean-gilles et al. 2012) while still incorporating as much PGS pre-polymer in the fiber strands as 

possible. Optimization of PGS/PLGA core/shell fiber mats was performed by changing the 

electrospinning parameters: core flow rates (µL/min), shell flow rates (µL/min), voltage (kV) and 

distance (cm) for example, 1.5/1.5/11/15, respectively. The voltage was changed to maintain a 

stable Taylor cone during fabrication, given stability issues with higher flow rates for the core 

solution.  Characterization of fibers in which the parameters were varied was done by SEM.  The 

9/1.5/13/15 parameters showed an unstable Taylor cone and resulted in broken fibers with PGS-

rich beads (Fig. 5.2A).  As the amount of PGS to PLGA flow rates decreased, unstable Taylor 

cones were still seen while spinning. Broken non-uniform fiber mats were observed under SEM 

(Fig. 5.2B-E).  The fiber mat with the electrospinning parameters 1.5/1.5/11/15 showed a 

homogenous fiber morphology, and maintained a consistent stable Taylor cone during fabrication 

(Fig. 5.2F).  
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Fig. 5.1. Schematic showing core/shell electrospinning spinneret. (A) Side view of spinneret (B) 

Top-down of co-axial needles. Inner gauge size (orange) and outer gauge size (purple). (C) 

Electrospinning setup with SEM image of resulting core/shell nanofibers. Scale, 2 μm. 

 

Fig. 5.2. Optimization of Core/Shell Electrospinning. Configurations investigated were: Core 

Flow Rate (uL/min) / Shell Flow Rate (uL/min)/ Voltage (kV) / Distance (cm). SEM images of 

nanofibers formed under specific conditions: (A) 9/1.5/13/15, (B) 4.5/1.5/11/15, (C) 4/2/11/15, 

(D) 3/3/12.5/15, (E) 2.25/0.75/11/15, (F) 1.5/1.5/11/15. Configuration (F) showed uniform fiber 

mats that were comparable to PLGA fiber mats and was used throughout. Scale, 5 μm.  

 

     The optimized PGS/PLGA fiber mat using electrospinning parameters 1.5/1.5/11/15 was used 

throughout this study for further characterization. Comparing the PGS/PLGA fiber diameters to 

our original proposed PLGA nanofibers was performed taking 100 fiber diameters of 3 separate 



72 

 

fiber mats.  PGS/PLGA fiber mats showed slightly thicker fiber diameters than the PLGA 

nanofibers, 245 ± 61 nm and 190 ± 33 nm, respectively (Fig. 5.3). Although we previously 

determined that salivary epithelial cells assume more epithelial-like morphology on nanofibers 

having diameters in the 200-250 nm range rather than on microfibers (>1 um diameter)(Sequeira 

et al. 2012), the cells did not respond any differently to nanofibers in the 100 nm range(Sfakis, 

Kamaldinov, et al. 2016), and so this small difference in diameter between the PGS/PLGA and 

PLGA is unlikely to a significant effect on the cells. 

 

Fig. 5.3. Comparison of fiber diameters for PLGA and PGS/PLGA core-shell nanofibers. 

SEM images. PLGA and PGS/PLGA fibers mats have average diameters of 190 ± 33 nm and 

245 ± 61 nm, respectively, which was measured from SEM images. Scale, 600 nm.   

 

3.1.2 Physical properties of PGS/PLGA and PLGA fiber mats.  

   To determine the orientation of PGS and PLGA within the nanofibers, we developed a method 

to investigate this using Raman imaging (Sfakis L., Sharikova A., Tuschel D., Costa F., Larsen 

M., Khmaladze A., Castracane 2017). Through Confocal Raman Spectroscopy of single fiber 

strands, it was observed that the 1.5/1.5/11/15 core/shell electrospinning configuration obtained 

specific chemical composition signatures of PGS in the core and PLGA in the shell (Sfakis L., 

Sharikova A., Tuschel D., Costa F., Larsen M., Khmaladze A., Castracane 2017).  This study (not 
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shown here) confirmed that our fibers were not only homogenous but obtained the desired spatial 

morphology.  

   To further characterize the fiber properties, we examined the surface wetness and compliance of 

both fiber mats. The PGS/PLGA core/shell nanofibers have a water contact angle of 65 ± 5 

compared to PLGA 122 ± 4. Using AFM, a Young’s modulus of 1.3 ± 0.66 MPa and 4.8 ± 1.5 

MPa was measured for PGS/PLGA and PLGA fiber mats, respectively (Table 3.1).  

 

3.2 SIMS cell growth on PGS/PLGA nanofiber substrates 

 

     To determine if salivary epithelial cells grow differently on the PGS/PLGA Core/Shell 

nanofiber scaffolds than on the PLGA nanofiber scaffolds, SIMS salivary epithelial cells were 

grown on PGS/PLGA and PLGA nanofiber scaffolds. SIMS cell growth 1 hr and 1 day after culture 

on PGS/PLGA and PLGA nanofiber scaffolds is shown in Figure 5.4-A.  Higher absorbance values 

were measured in wells containing the PGS/PLGA scaffolds after 1 hr, suggesting that more cells 

had attached onto the PGS/PLGA nanofiber scaffolds rather than the PLGA scaffolds in that time 

period. Furthermore, it was determined that SIMS cells on the PGS/PLGA scaffold continued to 

outgrow cells grown on PLGA scaffolds, showing higher absorbance readings than cells grown on 

PLGA scaffolds. This observation suggested that PGS/PLGA scaffolds provide an advantage to 

SIMS cells relative to PLGA nanofiber scaffolds for both attachment and subsequent growth.         
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3.3 Effect of cell morphology on softer PGS/PLGA fiber mats  

3.3.1 SIMS cell morphology on PGS/PLGA vs PLGA nanofiber substrates 

     Since we previously demonstrated that unmodified PLGA nanofiber scaffolds promote partial 

apicobasal polarization of salivary epithelial cells (Shraddha I. Cantara, David A. Soscia, Sharon 

Sequeira, Riffard Jean-Gilles & Castracane 2013), we questioned whether PGS/PLGA 

nanofibers can also direct morphological changes. Confocal z-stack images were captured on 

different scaffolds containing SIMS cells in areas with comparable cell density (Fig. 5.4B-C). As 

identified visually in zoomed in XY images (Fig. 5.4D) and confirmed through Bio-LIME 

quantification, nuclear widths of cells cultured on both types of nanofibers was reduced relative 

to cells cultured on glass (Fig. 5.4E). SIMS average nuclei width on glass, PLGA, and 

PGS/PLGA scaffold were 5.4 µm, 4.4 µm and 4.5 µm, respectively. This is likely due to the 

increased surface area of the nanofiber scaffolds and the decreased spreading ability of the cells 

when they are introduced to the nanofibrous substrates that we previously reported (Sequeira et 

al. 2012). Confocal z-stack images, seen in zoomed in XZ images (Fig. 5.4D), qualitatively 

revealed that SIMS cell nuclei cultured on the softer PGS/PLGA scaffolds was taller than cell 

nuclei cultured either on PLGA nanofibers or glass alone. Since we previously reported a 

positive correlation between cell height and nuclear characteristics (Sfakis, Kamaldinov, et al. 

2016), we quantified nuclear morphology in cells grown on PGS/PLGA vs PLGA scaffolds. 

Additionally, the average nuclear height of cells increased for the cells grown on the PGS/PLGA 

nanofibers relative to glass but not so for the cells grown on the PLGA nanofiber scaffolds (Fig. 

5.4F). SIMS average nuclear heights when cultured on glass, PLGA and PGS/PLGA were 2.5 

µm, 2.5 µm and 3.4 µm, respectively. A similar correlation for actin heights was observed on the 

various scaffolds showing heights of 3.4 µm, 3.5 µm and 4.5 µm for glass, PLGA and 
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PGS/PLGA scaffold respectively (Fig. 5.4G). This data reveals that PGS/PLGA nanofibers 

modulate epithelial cell morphology more significantly than do PLGA nanofibers. 

Fig. 5.4. Softer PGS/PLGA scaffolds affect SIMS cell morphology. (A) MTT assay showing SIMS 

cells on PLGA and PGS/PLGA nanofiber scaffolds. Data are means ± SD (n=5) * p<0.05 unpaired 

t-test. (B) Maximum projection images of SIMS cell morphology following culture on Glass, 

PLGA or PGS/PLGA scaffolds (red) for 7 days. ICC: actin (phalloidin, green), DAPI (blue). Scale 

bar, 30 μm. (C) Quantification of cell numbers on PLGA and PGS/PLGA scaffolds from confocal 

Z-stacks with BioLIME. (D) Zoomed in single XY and XZ images of nuclei stained with DAPI 

for cells cultured on the three substrates for 7 days. Scale bar, 2 μm. Bio-LIME cell morphology 

Quantification of: (E) average nuclear width (F) average nuclear height, (G) average monolayer 

height. Data are means ± SD (n=4) NS: not significant, * p<0.05, **p<0.01, ***p<0.001. 
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3.3.2 Epithelial-mesenchymal cell self-organization and penetration into scaffolds  

  Since the PLGA nanofibers are a surface through which cells have difficulty penetrating (Soscia 

et al. 2013; Shraddha I. Cantara, David A. Soscia, Sharon Sequeira, Riffard Jean-Gilles & 

Castracane 2013), we examined the epithelial cell interactions with the softer PGS/PLGA 

scaffolds. The SIMS cell location in the nanofiber scaffold changed on the PGS/PLGA scaffolds 

when compared to the PLGA fiber mat.  As expected, cells cultured on PLGA scaffolds seemed 

to lay on top of the nanofiber scaffold (Fig 5.5A-B). The cross-sectional inspection of the 3D XZ 

fiber mat surfaces showed deeper cell penetration within the PGS/PLGA nanofiber scaffold. 

Quantification of cell penetration depth revealed a significant difference between cell penetration 

depth on PLGA and PGS/PLGA scaffolds. The mean depth was 5.3 ± 1.9 % and 33.5 ± 12.4 %, 

for PLGA and PGS/PLGA, respectively (Fig. 5.5C), confirming an enhanced ability of the 

epithelial cells to penetrate the PGS/PLGA nanofibers relative to the PLGA nanofiber scaffolds.   

Fig. 5.5. PGS/PLGA nanofibers promote cell penetration into scaffolds. (A-B) SIMS cells 

were cultured on PLGA or PGS/PLGA scaffolds (red) for 7 days and stained for DAPI (blue). 

IMARIS 3D reconstructions of Z-stacks suggest cell penetration into PGS/PLGA nanofiber mats. 
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Scale bars, 50 µm and 10 µm for (A) and (B), respectively. (C) Quantification of cell nuclei 

penetration into PLGA and PGS/PLGA nanofiber scaffolds. Data are means ± SD (n=4). 

***p<0.001 unpaired students t test 

 

3.3.3 SIMS cell arrangement and morphology with mesenchymal cell interactions 

     Given the enhanced ability of epithelial cells to penetrate the PGS/PLGA scaffold, we 

questioned if the mesenchymal cells could facilitate the self-organization of epithelial cells on 

PGS/PLGA scaffolds. To examine epithelial morphology in the presence or absence of 

mesenchymal cells, SIMS epithelial cells were mixed (1:1 ratio) with NIH3T3 cells and co-

cultured on PGS/PLGA vs PLGA scaffolds in comparison with PLGA SIMS monocultures for 7 

days. Immunocytochemistry was performed to detect cells with DAPI staining (blue), 

mesenchyme cells with vimentin (green), and cellular actin with phalloidin (cyan). Confocal Z-

stacks of SIMS/3T3 co-cultures were captured for cells on each scaffold after 7 days in culture 

(Fig. 5.6A). The first difference that was identified was an accumulation of mesenchymal cells 

surrounding epithelial cells on both substrates (Fig. 5.6A). Z-stack top-down images were used to 

display this phenomenon; however, for the quantitative analysis of epithelial cell morphology, z-

stack images containing only epithelial cells in the frame were analyzed.  Image processing using 

Bio-LIME was used to quantify epithelial morphology differences in the same way as described 

in the monoculture systems. Cell counts of each confocal image indicated that there was a trend 

towards more epithelial cells on PGS/PLGA scaffolds than on PLGA scaffolds at this time-point 

(Fig. 5.6B).  

    Since Neelam et al. previously observed nucleus shape mimicking the changes in cell monolayer 

shape (Neelam et al. 2016),  nuclear properties of epithelial cells in co-cultures and monocultures 

were observed in high magnification XY and XZ slices. A slight decrease in average nuclear width 
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was seen in co-cultured epithelial cells when cultured on glass and PLGA scaffolds, 5.4 μm and 

4.9 μm, respectively (Fig. 5.6D).   Quantification of nuclear heights showed that they remained 

unchanged between glass and PLGA nanofiber scaffolds in the presence of NIH3T3 cells, 2.2 µm 

and 2.1 µm, respectively (Fig. 5.6E). It was qualitatively observed that SIMS nuclear heights 

increased on the PGS/PLGA surfaces (Fig. 5.6C). It was also observed that co-cultured epithelium 

on the PGS/PLGA showed increased nuclear and monolayer heights, 3.0 μm and 4.1 μm, compared 

to co-cultured epithelium on PLGA scaffolds, 2.1 μm and 3.0 μm, respectively (Fig. 5.6E-F). 

Epithelial monolayer heights were unchanged between glass and PLGA nanofiber scaffolds in the 

presence of mesenchymal cells (Fig. 5.6F), but the epithelial cell height increased in co-culture 

with mesenchyme cells (Fig. 5.6E) but not more so than in monoculture (Fig. 5.5D). This data 

indicates that the contribution of mesenchymal cells to epithelial height and nuclear organization 

is similar to the differences between PGS/PLGA and PGS scaffolds in the absence of mesenchyme.   
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Fig. 5.6. PGS/PLGA core/shell scaffolds promote enhanced epithelial self-organization. 
SIMS epithelial cells were grown in co-cultures with mesenchymal NIH 3T3 cells. (A) 

Maximum projection confocal images. Nanofibers (Red), Nucleus (blue), actin cytoskeleton 

(cyan) and mesenchymal marker, vimentin (green). Scale, 30 μm. (B) Quantification of cell 

counts for SIMS cells on PLGA and PGS/PLGA scaffolds from confocal images. (C) Single XY 

and XZ zoomed in images of SIMS cell nuclei stained with DAPI when co-cultured with 3T3 

cells on the three substrates for 7 days. Scale bar, 2 μm. Bio-LIME cell morphology 

quantification of: (D) average nuclear widths, (E) average nuclear heights, (F) average 

monolayer heights. Data are means ± SD (n=4) NS: not significant, * p<0.05, **p<0.01, 

***p<0.001. 

 

3.4 Cell-cell tight junction localization of SIMS in mono- and co-culture systems 

    Given the enhanced self-organization of epithelial cells on PGS/PLGA scaffolds vs PLGA 

scaffolds, we questioned if the apicobasal polarity of the epithelial cells was increased in cells 

grown on the PGS/PLGA scaffolds. Confocal z-stack images were collected of SIMS cells alone 

and in the presence of NIH3T3 cells; staining of the scaffolds (red), DAPI (blue), ZO-1 tight 
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junction protein and vimentin (green) was done (Fig. 5.7A.). Localization of tight junction protein, 

ZO-1, was qualitatively observed in XZ slices and further quantified using Bio-LIME for both 

SIMS cell monoculture and co-culture (Fig. 5.7B-C). The percent apical localization was 

quantified by taking each sample’s average SIMS cell nuclear height and establishing an offset 

that would be the top 25% and above. This was considered to be apical localization while all 

fluorescence below this value per sample was deemed basolateral protein expression. Z-stack 

images with comparable cell density were further analyzed for protein localization. Figure 3.7B 

shows X-Z cross sections of epithelial cells in monoculture and co-culture assays. It was suggested 

visually that cells cultured on the PGS/PLGA scaffold showed higher degrees of apical localization 

of tight junction protein ZO-1 while on PLGA scaffold cells showed a very continuous basolateral 

ZO-1 presence (Fig. 5.7B).  

     Quantification using Bio-LIME showed the SIMS cells cultured on the more compliant 

scaffolds, PGS/PLGA, displayed increased ZO-1 fluorescence towards the apical cell border when 

compared to cells grown on the PLGA nanofiber scaffolds (Fig. 5.7C). In co-cultures, increased 

apical localization of ZO-1 was more significant than in the monoculture systems, showing a  

p value of < 0.01 (Fig. 5.7C). However, when comparing the data sets of monoculture vs. co-

culture no significant change of ZO-1 localization was observed between the PLGA scaffolds. This 

analysis indicates that epithelial apicobasal polarization is increased in cells grown on PGS/PLGA 

scaffolds relative to cells grown on PLGA and that the presence of mesenchymal cells further 

polarizes the epithelial cells.   
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Fig. 5.7. PGS/PLGA scaffolds and co-culture promote apical polarization of epithelial cells. 

(A) SIMS cells were cultured alone or co-cultured with NIH 3T3 cells on PLGA or PGS/PLGA 

scaffolds (red) for 7 days and stained for DAPI (blue) and immunostained for vimentin (green) 

and ZO-1 (cyan), and confocal stacks were collected (the XY maximum projections are shown). 

Scale, 30 µm. (B) XZ slice of cells cultured on PLGA and PGS/PLGA nanofiber scaffolds. 

Nanofibers (red), DAPI (blue), ZO-1 tight junction protein (cyan). (C) Quantification of the 

average % apical localization of tight junction protein, ZO-1, in SIMS cells on each scaffold is 

shown with and without cultured NIH 3T3 cells. Data are means ± SD (n=4) NS: not significant, 

* p<0.05, **p<0.01. 

 

4.0 Discussion 

     The ability of cells to self-organize is a critical requirement for tissue regeneration. Although 

they are able to deliver topological and chemical signals to cells, PLGA-based nanofiber scaffolds 

allow relatively little cell self-organization.  Salivary epithelial cells cultured on PGS/PLGA fiber 

mats penetrated through the mat rather than just laying on top, as seen on PLGA scaffolds. This 

observation of cells integrating themselves in the more elastic fiber mat suggests that cells would 

be able to organize and remodel their surrounding environment. In fact, the salivary epithelial cells 
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responded to the PGS/PLGA, scaffolds yielding more in vivo-like morphology and tight junction 

proteins localized towards the apical end of cell monolayers.  Incorporating PGS into PLGA 

nanofiber scaffolds yields a minor increase in the compliance of the scaffolds and also increases 

the hydrophilic nature of the scaffold which is known to aid in cell attachment. The cell growth 

results showed SIMS cell adhesion to be significantly higher on the PGS/PLGA scaffolds 

compared to PLGA scaffolds in a short-term measurement. Increased hydrophilicity can be due to 

the interaction that PLGA and PGS have with one another resulting in increased surface roughness 

and pores within the fiber.  The increased hydrophilicity of scaffolds has been shown to enhance 

the overall absorption and diffusion of culture medium which in turn allows for cells both to 

penetrate and to attach (Frydrych et al. 2015). The increased elasticity and/or the hydrophilic nature 

of the PGS/PLGA scaffolds may contribute to the increased ability of cells to penetrate the fiber 

mat and grow within it relative to PLGA nanofibers.  

     Co-culturing epithelial cells with mesenchymal cells revealed that the epithelial cell 

organization was the most in vivo like when cultured on the PGS/PLGA scaffolds that allow the 

most cell organization and penetration into the scaffold. SIMS cells continued to show increased 

cell monolayer heights and decreased nuclear widths on the PGS/PLGA scaffold. In our study, 

significant increases in tight junction marker localization were observed on PGS/PLGA scaffolds 

when the epithelial cells interacted with the mesenchymal cell population and less so without them. 

These results suggest the importance of epithelial-mesenchymal cell interaction in the early stages 

of in vitro tissue formation which may translate to more effective tissue assembly in vivo for future 

regenerative therapies.   

5.0 Conclusions 

     The incorporation of PGS into PLGA nanofiber scaffolds using a core/shell technique 
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affected the morphology and apical polarization of tight junction protein, ZO-1, of salivary 

epithelial cells. We demonstrated increased cell binding of salivary epithelial cells on the 

PGS/PLGA nanofibers compared to PLGA nanofibers. Increased nucleus and cell monolayer 

heights of epithelial cells grown on PGS/PLGA scaffolds were enhanced by co-culture with 

mesenchymal cells. Increased apical polarization of the tight junction protein, ZO-1, was also 

achieved with the PGS/PLGA nanofibers relative to the PLGA nanofibers, which was further 

enhanced by co-culture with 3T3 mesenchymal cells. Results showed the importance of the 

dynamic interactions that epithelial cells have with neighboring mesenchymal cells in tissue 

formation in vitro. Scaffolds that facilitate heterotypic cell-cell interactions for the growth of 

organs offer potential benefits for regenerative medicine therapies.    
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CHAPTER 6 

Implantable sponge scaffold using natural/synthetic 

polymers for salivary regeneration 
 

Abstract 

 Salivary glands are essential in maintaining oral cavity homeostasis. Salivary function 

can become impaired by radiotherapy administered to head and neck cancer patients, and in 

specific systemic diseases. This damage can impair gland homeostasis and regeneration, creating 

interest in biodegradable/biocompatible scaffolds to promote salivary gland repair and 

regeneration. We developed a sponge-like scaffold to mimic the physical nano- and micro-

architecture as well as the mechanical properties of the salivary gland mesenchymal tissue by 

combining and optimizing the ratios of one synthetic and two natural biodegradable polymers: 

collagen, chitosan and Poly(glycerol sebacate-co-PEG). This highly porous engineered 3D 

environment was designed to promote epithelial function by creating an interface between the 

mesenchyme and the epithelium to mimic gland structure and promote gland function and 

homeostasis. Scaffold testing included investigation of pore size, temporal fluid uptake, porosity 

and enzymatic degradation to optimize the temporal degradation of the scaffolds for application 

in vivo. Cell lines were used to optimize cell seeding, survival and penetration into the scaffolds. 

The scaffolds were tested for successful mesenchymal cell loading and morphology in 

monoculture and co-culture environments. Lastly, primary mesenchyme were seeded on 

scaffolds to investigate cell seeding and survival. Engineering of a complex scaffold 

environment that can incorporate both epithelial and mesenchymal cell types and recapitulate the 

interactions of these cell types found in vivo will aid in future engineering of functional salivary 

gland regeneration. 

 

 

Introduction 

 Salivary glands are highly branched tissues that produce saliva and aid in oral cavity 

homeostasis. In a diseased state, due to radiation or systemic diseases, this organ lacks proper 

saliva flow; resulting in irreversible loss of function. Treatments to ease patient quality of life, 

such as lozenges and oral rinsing agents are available however, improvement of gland 
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functionality has not yet been met. Providing a method to support gland regeneration can be 

produced through tissue engineering practices.   

 Tissue engineering is an emerging field that targets interdisciplinary backgrounds of 

engineering, biology and chemistry and the synthetic growth of functional, life-like tissue.  This 

effort is often set forth by reconstituting in vitro the microenvironment that a tissue experiences 

in vivo (Langer et al. 2008). Biomimetic scaffolds namely hydrogels and sponges are designed to 

encourage functional growth and development of complex tissues through physiological mimicry 

(Chen et al. 2001). Like many glands, salivary glands are very sensitive to mechanical properties 

of the substrates they interact with (Peters et al. 2015). Some challenges of developing such a 

mechanically sensitive tissue involve fabricating a scaffold that can facilitate attachment and 

differentiation of multiple cell types, i.e epithelial, mesenchymal and endothelial.  Despite active 

research in the field, the balance has not yet been found to produce a material that is durable 

enough to keep its structural integrity, and at the same time, with the degradation rate matching 

the timeframe, required for the native cell self-organization into tissue. 

 Hydrogels and sponges are classes of biomaterials that contrast based on their internal 

structure, having unique differences in terms of chemical, physical and biological properties 

(Zhang et al. 2013). The differences between them are defined as follows; sponges are defined 

by morphology while hydrogels are defined by hydrophilicity. Sponge scaffolds are growing in 

interest for use in tissue engineering because of their free-standing, porous, interconnected 

geometries (Zhang et al. 2013). In previous studies, sponge scaffolds have been fabricated with 

all natural polymers (such as collagen (Arpornmaeklong et al. 2008), chitosan (Croisier & 

Jérôme 2013) or silk (Sionkowska & Płanecka 2013)), all synthetic polymers (such as PLGA or 

PLLA (Chen et al. 2001)) or a blend of the two.  When deciding which biomaterials to utilize in 
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tissue engineering it is important to understand what is required to enable regeneration, these 

criteria include (1) facilitation of nutrient exchange; (2) mechanical properties matching that of 

the in vivo tissue; (3) adequate structural support for implantation after multiple days of in vitro 

culture; and (4) permission of mesenchymal penetration, integration and guidance while resulting 

in simultaneous scaffold degradation.  

 Poly (glycerol sebacate) (PGS) is a biocompatible/biodegradable synthetic compound 

with impressive mechanical elastic properties (Xu et al. 2013). It has been used in nanofibers, 

scaffolds, and patches, primarily in heart (Padera et al. 2015; Ravichandran et al. 2013), lung (Xu 

et al. 2013), and bone applications(Rai et al. 2012). However, this compound is insoluble in 

aqueous solutions, making it challenging to incorporate with other hydrophilic scaffold material, 

e.g., collagen, chitosan, silk.  PGS has been modified to become water soluble by 

copolymerization with poly (ethylene glycol) (PEG) (Patel et al. 2013). Here, we utilize the 

prepolymer PGS-co-PEG in a blended sponge scaffold with natural polymers, collagen and 

chitosan to fine tune the elastic and degradative properties.  We engineered these soft/elastomeric 

three-dimensional scaffolds and characterized them using 50/50 collagen/chitosan scaffolds as a 

control to demonstrate their efficacy in salivary gland regeneration.   

.   

2.0 Materials and Methods 

2.1.1 Materials 

 Collagen, chitosan, glycerol, sebacic acid and poly(ethylene glycol) (PEG) were 

purchased from Sigma Aldrich.  Crosslinking agents EDC (1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide) and NHS (N-Hydroxysuccinimide) were purchased from 
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Sigma Aldrich. DMEM (Dulbecco’s Modified Eagle’s Medium) and FBS (Fetal Bovine Serum) 

were purchased from Fischer Scientific.  DAPI, (for nuclei staining), and Alexafluor-488-

phalloidin (to stain F-actin) were purchased from Life Technologies. Alexa Fluor 647-AffiniPure 

F(ab')2 fragment donkey anti-rabbit IgG secondary antibody (Cat No. 711606152) and donkey 

serum were from Jackson Immunoresearch (West Grove, PA). Anti-vimentin antibody (V2258) 

was purchased from Sigma Aldrich and Alexa Fluor 488 AffiniPure donkey anti-mouse IgM, 

µchain specific (715545140) was purchased from Jackson Immuno Research.   

2.1.2 Synthesis of Poly(glycerol sebacate-co-PEG) (PGScoPEG) 

 Synthesis of PGScoPEG was performed by adapting the two-step poly condensation 

reaction previously reported by Patel et. al.(Patel et al. 2013) Two different poly(ethylene glycol) 

polymers were polymerized with PGS in order to investigate the difference in chain lengths. The 

first step of the reaction occurs between sebacic acid and 60 mole % of polyethylene glycol 

(1500 Mw or 10,000 Mw PEG) under stirring conditions at 120 °C for 4 h and then under 

vacuum of 50 mTorr for another 12 h. In the second reaction, a specific amount of glycerol was 

added and mixed thoroughly under nitrogen at 120 °C for 4 hr and then reduced pressure for 12 

h. Polymer samples of PGS,  PGScoPEG 1500 Mw and PGScoPEG 10k were placed in their 

own centrifuge tube and 1mL of deionized water was added to check polymer water solubility 

(Fig 1a). Polymers containing PEG components dissolved in the water while the PGS did not. 

Both PGScoPEG pre-polymers were collected and used throughout this study.   

2.2 Sponge fabrication 

 Porous scaffolds based on various polymer mixtures were prepared using a freeze-drying 

process. All polymers used for sponge fabrication were made using 1% (w/v) starting 
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concentrations. Collagen was dissolved in 0.05 M acetic acid, chitosan was dissolved in 0.5 M 

acetic acid and PGScoPEG was dissolved in deionized water. Collagen was allowed to swell 

overnight at 4 °C and then homogenized for 15 min on ice using an overhead homogenizer. Three 

mixed scaffold compositions with varying compositions (v/v) were made, namely 40% 

Collagen,40% Chitosan, and 20% PGScoPEG (404020 Co/Ch/PGScoPEG); 25% Collagen, 25% 

Chitosan, and 50% PGScoPEG (252550 Co/Ch/PGScoPEG); and 10% Collagen, 10% Chitosan, 

and 80% PGScoPEG (101080 Col/Ch/PGScoPEG); and 50% Collagen, 50% Chitosan (5050 

Co/Ch) as a control.  These blended solutions were mixed and centrifuged at 1200 RPM for 10 

min to remove air bubbles.  Polymer suspensions were then poured into 96-well cell culture 

plates, frozen at -80 °C overnight and freeze dried at -83 °C for 24hrs (Freeze Zone, Labconco).   

 Freeze dried scaffolds were crosslinked to increase their degradation resistance and 

strength using previously described methods (Martínez et al. 2015). In brief, scaffolds were 

crosslinked using a 96% ethanol solution and EDC/NHS chemistry.  EDC (33mM) and 6mM 

NHS were mixed in ethanol and then placed in 96 well plates containing scaffolds. The 

EDC/NHS solution was allowed to rock at room temperature for 1 h.  After the crosslinking 

process was completed subsequent wash steps of 96% and 70% ethanol for 20 min in each 

solution followed by washing with sterile distilled water were performed.  The samples were 

then refrozen and re-lyophilized using the same freeze-drying protocol as before.   

2.3 Scaffold Morphology: Pore size and diffusion 

 Scaffold pore size was analyzed by scanning electron microscopy (SEM). Before imaging 

samples were cut through the thickness of the scaffold and the cross-section was mounted on 

SEM stubs and sputter coated with gold/platinum for 2 min. The samples were observed on a 
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LEO SEM operating at 5 kV. The average pore size was obtained by measuring the maximum 

diameter of at least 30 pores randomly chosen in 3 different samples.     

 Scaffold porosity was obtained using a previously used method (Sionkowska & Płanecka 

2013; Li et al. 2012). Samples with a known mass were immersed in the non-swelling, non-

solubilizing liquid, hexane, for 1 h.  After 1 h the samples were weighed again and the porosity 

was obtained from the equation below.   

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑊𝑠−𝑊𝑑

(
𝜌

𝑉
)

 ………………………………………………………………….............. (1) 

Ws corresponds to the weight of the wet scaffold that was submerged in hexane, Wd is the weight 

of the dry scaffold, ρ is the density of hexane and V is the dimensions of the sponge scaffolds.  

 The diffusivity potential of the various scaffolds was estimated using a Bradford assay 

and BSA as a model protein (Huebsch et al. 2010; Chaudhuri et al. 2014). Scaffolds were soaked 

in 1 mg/mL BSA for 24 hours; they were then placed in a 24-well plate with fresh 1xPBS. At 

different time points (0, 15, 30, 60, 120 and 240 min) the media was sampled and Coomassie 

blue dye was used to determine the absorbance. Protein concentration was calculated using a 

BSA standard curve. Via the equation below, one can determine the relative effective diffusivity 

of each sponge scaffold (Chaudhuri et al. 2014).  

𝐶𝑚𝑒𝑑𝑖𝑎 = 𝐶𝑚𝑎𝑡𝑟𝑖𝑥
𝐴𝑚𝑎𝑡𝑟𝑖𝑥

𝑉𝑏𝑎𝑡ℎ
 2√

𝐷𝑚𝑎𝑡𝑟𝑖𝑥 𝜏

𝜋
…………………………………………………… (2) 

A is the surface area of the sponge scaffolds, Cmatrix is the concentration of BSA in the sponge 

scaffolds (1mg/mL), and Cmedia is the concentration of protein found in the liquid medium. Dmatrix 

is found at the different time points, τ, using the above equation (Huebsch et al. 2010).  Some 
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assumptions were made to define the surface area (Amatrix) of the porous cylindrical matrix. In 

order to find the number of pores within our scaffold the equation below was used. 

𝑉ℎ𝑒𝑥𝑎𝑛𝑒𝑠

𝑉𝑎𝑣𝑔 𝑝𝑜𝑟𝑒 𝑠𝑖𝑧𝑒
= 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠  …………………………………………………………..(3) 

Vhexanes was determined by applying the results from the porosity experiment explained in 

equation (1).  Vhexanes was solved by taking the weight of hexane in the scaffolds and dividing 

that by the density of hexanes, which yields the total volume of hexane that was trapped in the 

porous network. Next, assuming that all pores within the scaffolds are spherical, the average pore 

size was collected by SEM cross sections and this was used to determine the average pore size 

volume for each of the scaffolds.  The equation below was used to determine the overall Amatrix 

for the scaffolds.   

𝑆𝐴 𝑝𝑜𝑟𝑒𝑠 𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠 = 𝐴𝑚𝑎𝑡𝑟𝑖𝑥 …………………………………………………(4) 

SApores was defined using the equation 4πr2, since the pores are assumed to be spherical. The 

surface area of the solid cylinder were calculated and observed to be orders of magnitude lower 

than the surface area the porous cylindrical scaffold, so it can be neglected in the equation.  

Amatrix was then used in equation (2) to determine the diffusion of BSA through our sponge 

scaffolds.   

2.4 Mechanical compression  

 To determine mechanical properties of sponges, sponges were first soaked for 30 minutes 

in 1XPBS to ensure that they were all in a static swollen state. Next, sponges were loaded under 

a platen for compression testing in a bath of 1XPBS. The diameter of sponges was measured 

using a digital caliper for samples prior to testing. The compression testing was performed using 
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a Mach-1 V500cs micromechanical system (Biomomentum, Laval, QC), equipped with a 70.0 N 

load-cell (3.5mN resolution). To test, each specimen was place in the center of a chamber filled 

with 1XPBS to remain hydrated throughout testing, and the initial height was determined using 

the “find-contact” mode, until a 0.5gF load was detected. Each sample was then subjected to 

unconfined compression at a constant rate of 0.60 mm/min. The resulting force-displacement 

data was converted to stress-strain using the previously measured specimen geometries. Elastic 

modulus was determined by taking the slope of the stress-strain curve over a defined linear 

range, approximately 1-4% strain (Fig. 6.1).

 

 

2.5 Swelling study 

 

 Sponge samples with various compositions (n=3) were measured for their swelling 

capacity in 1XPBS (Martínez et al. 2015). Dry sponges were first weighed (Wd) and then placed 

in equal volumes of 1XPBS (500 µL). At various time points (t= 15 min, 30 min, 45 min, 60 

Fig. 6.1 Representative stress-strain curve for a sponge undergoing unconfined 

compression. 
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min, and 20 h) the scaffolds were removed, blotted with a Kimwipe to wipe away excess liquid 

and weighed (Ws).  The equation below was used to determine percent swelling of the various 

scaffolds.  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑊𝑠−𝑊𝑑

𝑊𝑑
……………………………………………………………………… (5) 

2.6 In vitro collagenase and lysozyme degradation tests  

 

  Three degradation tests were performed on the 7 different scaffolds types in the 

presence of collagenase, lysozyme and 1XPBS. The swollen weight of the scaffolds after 

soaking in 1XPBS for 15min was recorded, Wb.  For the collagenase experiment, the samples 

were immersed in 500 µL 1xPBS containing 100 µg/mL of collagenase while, in the case of 

lysozyme, the samples were immersed in 500 µL 1XPBS containing 2 mg/mL of lysozyme. All 

samples were incubated for up to 28 days at 37 ° C. Scaffold degradation solutions were sampled 

and Pierce BCA Protein Assay (Thermo Scientific) was used to quantify protein concentration. 

Briefly, 25 µL of the solution containing the degraded scaffolds was added to 200 µL of the 

working reagent in a 96-well plate. The plate was incubated at 37 °C for 30 min, cooled to room 

temperature and read on a plate reader at an absorbance of 562 nm. Scaffold degradation was 

recorded for each scaffold in triplicates after 2 h, 4 h, 1 day, 4 days, 7 days, 14 days and 28 days. 

Any solution drawn from the wells were replenished with fresh solution to continue the 

experiment for the extended time points. Protein concentration, Pc, found in the unknown media 

was determined using a BSA standard curve (from 0 to 2 mg/mL).   To determine % scaffold 

degradation the equations below were used.   
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𝑊𝑎 = 𝑊𝑏 − (𝑃𝑐 𝑥 
0.5

1000
)……………………………………………………………………… (6) 

% 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝑊𝑏−𝑊𝑎

𝑊𝑏
𝑥 100 ………………………………………………… (7) 

 Equation (6) defines the weight of the scaffold, Wa, after the time point recorded based on 

the concentration found in the degradation solution and the initial weight of the swollen scaffold. 

By calculating the theoretical weight of the scaffold after the different degradation time points, 

equation (7) can be used to determine the percent degradation of the various scaffolds.   

2.7. Cell culture 

2.7.1 Cell line and maintenance  

  Submandibular immortalized mouse salivary gland ductal epithelial cells (SIMS)(Laoide 

et al. 1996) and NIH 3T3 cells  were separately cultured and expanded in tissue culture-treated 

plastic flasks with DMEM containing 10% FBS and 1% penicillin-streptomycin. E16 Primary 

mesenchyme and epithelium were taken straight from the gland and supplemented with DMEM 

F12 containing 10 % FBS and 1 % penicillin-streptomycin (pen/strep). Cell cultures were 

incubated with 5 % CO2 at 37°C.   

2.7.2 Cell culture and seeding on polymer sponges.  

Prior to cell seeding, all scaffolds were sterilized in 1% 1XPBS pen/strep. SIMS 

(Submandibular Immortalized Mouse Salivary gland epithelial) cells were trypsinized, 

centrifuged into a pellet and resuspended in fresh media (DMEM, 10% FBS, 1% penicillin-

streptomycin). The cell solution was passed through a 70 µm cell strainer to further break up cell 

clumps. Cells were seeded on scaffolds at a concentration of 1.5E4 cells / 50 µL and allowed to 

bind to scaffolds for 2 h where media was then replaced to fill the 96-well plate. Cells were 

cultured for different time points depending on the experiment being performed. The same 
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protocol (from above) was used for seeding of NIH 3T3 cells, E16 primary epithelium and 

mesenchyme. For co-culture experiments both epithelia and mesenchyme were mixed together at 

equal concentrations of 7.5E3 cells/ 50 µL in a centrifuge tube and then placed on scaffolds 

using the same seeding process described for the monoculture experiment.   

2.7.3 Cell proliferation (WST-1 Assay)  

 Cell viability assays (WST-1) were performed on various sponge scaffolds for 

comparison. All scaffolds were soaked in 1% 1xPBS pen/step for 24 h prior to cell seeding. Cells 

were seeded at a concentration of 1.5E4 cells/50 µL and allowed to attach for 2 h until media 

was topped off to a final volume of 200 µL. At different time points, sponge scaffolds were 

placed into new wells where 100 µL of fresh media was added. WST-1 reagent was added (10 

µL) and left to incubate at 37 °C for 2 h. Approximately 80 µL of each experimental well was 

added into a new 96-well plate and then recorded on the plate reader at an absorbance of 440 nm 

with a reference at 650 nm.  All sponge scaffolds were recorded in triplicate for up to 14 days in 

culture. All cell types (NIH 3T3, SIMS and Primary mesenchyme) used in this viability assay 

followed the same protocol as stated above. 

2.8 Immunocytochemistry and Confocal microscopy 

 All samples for confocal microscopy were subject to immunocytochemistry to detect cell 

nuclei, sponge scaffolds, junction protein, ECAD (E-Cadherin) and cytoskeleton proteins, actin 

and vimentin. Samples were kept on ice for 15 min and fixed with 4% paraformaldehyde and 5% 

sucrose in 1xPBS. Samples were washed twice in 1xPBS- .05% Tween (1XPBS-T), 

permeabilized for 15 min in 0.1 % Triton X-100 and then blocked with 20 % donkey serum in 

1xPBS-T for 2 h.  The primary antibody solution was incubated overnight at 4 °C and consisted 
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of 1xPBS-T with 3% BSA (Bovine serum albumin) and the following proteins: a mouse anti-

ECAD (1:400 dilution), rabbit anti-collagen I and mouse anti-vimentin (V2258, 1:800 dilution). 

Samples were washed 4x/10min with 1xPBS-T and prepared for secondary antibodies. The 

secondary antibody solution was rocked at room temperature for 2 h and prepared as follows: 

1:200 DAPI, 1:250 AlexFluor488 mouse, 1:250 AlexFluor647 µchain specific and 5% donkey 

serum in a 1xPBS-T-3% BSA solution. Samples were again washed with 1xPBS-T 4x/10min and 

mounted on glass slides using Fluor-gel mounting media.  

 Laser Scanning Confocal Microscopy, LSCM, was performed using a Leica SP5 

microscope (Leica Microscope Systems; Mannheim, Germany) and images were acquired at a 

magnification of 40x using an oil immersion objective and 512 x 512 image resolution. Vertical 

(z-plane) slices of 1.0 μm thickness were acquired for all samples. Three-dimensional 

reconstruction images of confocal z-stacks were constructed using IMARIS software (Bitplane). 

2.9 Mesenchymal cell loading depth 

 Mesenchymal cells, both immortalized NIH 3T3 and E16 primary cells, were 

investigated for their cell loading potential after day 7 in culture. This was quantified by taking 

the information from confocal X-Z projections and measuring the length between the top most 

and the bottom most cells detected within the scaffolds. This difference was measured and 

divided against the overall length of the scaffold and multiplied by 100 to get the percentage. 

Four different sections in four separate confocal images were taken for each sponge variation. 

2.10 Statistical Analysis 

 Statistical analysis was carried out using an unpaired student’s t-test to compare the 

different data sets within each experiment in GraphPad Prism 6 software. A value of p ≤ 0.05 

was considered to be statistically significant. 



96 

 

3.0 Results 

3.1 Synthesis and characterization of PGScoPEG monomer 

 

 PGScoPEG polymer was polymerized following the polycondensation reaction described 

in previous studies with a minor modification to the PEG used (Patel et al. 2013) (Fig. 6.1A). 

Two different PEG molecular weights, 1500 and 10k, were investigated for their potential 

differences in scaffold physical properties. Upon completion of the reaction, portions of the 

polymer as well as PGS as a control were used for FTIR characterization. A strong peak at 1730 

cm
 
-1 indicated the presence of ester bonds found in PGS in the copolymer network (Fig. 6.2B).  

It was observed that switching to higher molecular weight PEG (PEG10k) coincided with a 

decrease in the peak at 1730 cm-1, suggesting the decreased presence of the PGS compound in 

the network (Fig. 6.2B).  Another peak used to confirm successful polymerization was the 

hydroxyl peak at 3500 cm-1.  As PEG1500 was incorporated into to the polymer, this peak was 

reduced of as well as even further reduction as the PEG10k is bound (Fig. 6.2C).  The three 

polymers were then placed in 1mL of deionized water to test their solubility. Within minutes, it 

was observed that the PGScoPEG polymers dissolved, while the PGS prepolymer did not. This 

confirmed the change in the hydrophilic nature of the copolymers (Fig. 6.2D).  Both the 

PGScoPEG1500 and PGScoPEG10k prepolymers were used in the rest of this study.  
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3.2 Morphology of PGScoPEG incorporated scaffolds  

 

 Sponge scaffolds were fabricated via a freeze-drying technique using different 

compositions of the three polymers, collagen, chitosan and PGScoPEG1500 or PGScoPEG10k 

with 50/50 collagen/chitsosan scaffolds used as a control (Table 6.1).  These biomaterials were 

chosen to fabricate scaffolds with large surface/volume ratios to accommodate for the integration 

of ECM secreting cells, mesenchyme. The interior morphology of the all the sponges were 

highly interconnected porous structures with varying porosity, shown via SEM (Fig. 6.3).  All 

scaffolds showed comparable pore sizes, scaffolds containing PGScoPEG 1500 exhibited pore 

Fig. 6.2. Synthesis and characterization of PGS-co-PEG pre-polymer: (A) Reaction scheme, (B) 

FTIR spectra of PGS and two PGS-co-PEG prepolymers, using a 1500 Mw and 10k Mw PEG. 

Strong peak at 1730cm-1 indicates ester bonds found in PGS component. (C) Zoomed in spectra 

showing a decrease in hydroxyl peaks at 3500cm-1  as the PEG component increased. (D) Solubility 

of pre-polymers upon introduction of PEG components.  Red arrows indicate solid polymer. 
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sizes of 86 ± 29, 42 ± 22, and 70 ± 34 for 40/40/20, 25/25/50 and 10/10/18 scaffolds, 

respectively (Table 6.1). Scaffolds containing PGScoPEG 10k exhibited pore sizes of 53 ± 25, 

54 ± 22, and 45 ± 20 for 40/40/20, 25/25/50 and 10/10/18 scaffolds, respectively (table 6.1). 

 

TABLE 6.1 

 

 

 

 

 

Fig. 6.3. SEM micrographs of various scaffolds used in this study, Scale 100 µm and 10 µm 
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3.3 Compression properties of PGScoPEG incorporated scaffolds 

 Hydrated sponge scaffolds were evaluated for compression modulus using a platen 

system which records peak load (N) and Elastic modulus (Pa). Modulus was extrapolated using 

the slope of the stress vs. stain curve at a linear region between 1-4% strain. This range was 

chosen following protocol found in the literature for sponge scaffold compression testing 

(Sionkowska & Płanecka 2013). Figure 6.4 shows the compression modulus of each hydrated 

scaffold type.  It was observed that as the percent synthetic component increased in the scaffold, 

so did the compression modulus. When comparing the scaffold against the 50/50 

Collagen/Chitosan control a significant increase in modulus was observed with the 252550 

PGScoPEG10k scaffold (p < 0.05) and significantly higher reported modulus for the 101080 

PGScoPEG1500 (p < 0.01) and 101080 PGScoPEG10k (p < 0.001). Overall, the synthetic 

incorporated sponges ranged from approximately 500-900 Pa, increasing as the synthetic 

component increased in the matrix. The elastic modulus of embryonic mouse day 13 and adult 

Fig. 6.4. Young’s modulus for compression of various hydrated scaffolds in 1xPBS. Data are means ± SD (n=4) 

NS: not significant, * p<0.05, **p<0.01, ***p<0.001. 

 



100 

 

mouse submandibular salivary glands in the literature are at similar low values, ranging from 

130-310 Pa and 1060-3050 Pa, respectively (Mosier et al. 2014).  

3.4 Hydration and diffusion properties of PGScoPEG incorporated scaffolds 

 

 Results from scaffold 1XPBS-absorption are displayed in figure 6.5A.  In general, all 

scaffolds showed a large capacity for 1xPBS uptake. Fluid uptake of all the sponges showed no 

significant differences when compared to the 50/50 collagen/chitosan control (Fig. 6.5A).  It was 

also observed that all scaffolds had taken up the maximum amount of liquid within 15 minutes, 

where they would then remain constant after 24 hours.   

 Diffusivity potential of engineered biomaterials is an important property to consider 

when trying to make a scaffold that will allow for cell integration and survival. Mass transport 

and nutrient perfusion are major limitations of engineered scaffolds and will determine how 

viable the overall construct will be over an extended time period (Dew et al. 2015). When 

constructing a 3D environment, it is important to understand what diffusion rate is required for 

the application. For our system we demonstrated the diffusion potential of each scaffold by 

defining the diffusion of BSA through the scaffolds. BSA, Bovine Serum Albumin is a protein, 

4nm in size, and based on its release from our sponges into a water bath at different time points 

we were able to estimate the rates at which they diffuse. The self-diffusion of BSA through a 

pure aqueous solution has been shown to be 6.07E-11 m2/s (Fardet et al. 1998).  Data 

demonstrates release of BSA, although showing little statistical significance, varied based on the 

sponge scaffold compositions. When plotted with respect to the elastic moduli of the scaffolds, a 

trend of increasing release rate with increasing stiffness was observed (Fig. 6.5B). All the 

scaffolds compared showed BSA diffusion on the order of 10-14-10-13 which are approximately 3 
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orders of magnitude lower than that of the self-diffusion of BSA through water. Some 

observations that should continue to be investigated are how the BSA molecules are interacting 

with the internal porous matrix and if they are adsorbing onto the protein matrix. This interaction 

can greatly affect the diffusion and slow it down. Tortuosity, or the chaotic nature, of the internal 

porous structure can be determined however more diffusion experiments utilizing different sized 

particles should be done so a comparative observation can be made.  

 

Fig. 6.5. (A) Various sponge scaffolds immersed in 1xPBS for fixed time points to determine the 

equilibrium swelling ratio. (B) BSA diffusion in various sponge scaffolds. Data set from n=3. 

  

 Porosity of the scaffolds was determined by using a non-swelling solvent. Hexanes was 

used because it is a solvent that will not swell or dissolve the polymer components. Porosity can 

be calculated based on the geometry and weight of the scaffolds before and after being 

submerged in the solvent.  Data were collected and all scaffolds were normalized to the 50/50 

Co/Ch control (Fig. 6.6A). The porosity decreased as the synthetic component increased in the 
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scaffolds. Figure 6.6B plots the diffusion of BSA with respect to porosity. This relationship 

showed that as the porosity increased the BSA diffusion for the various scaffolds decreased.  

Consequently, this observation cannot solely be based on porosity and interactions of BSA with 

the sponge matrix still needs to be investigated. Based on graph (Fig. 6.6B) we can also see a 

trend where with decreasing synthetic component in the system we have reduced diffusion of 

BSA. This suggests that these natural polymer containing sponges are not as inert as we think 

and diffusion cannot solely be based on exclusion and obstruction effects but rather possibly 

BSA adsorption effects with the protein matrix as well. Lastly, elastic modulus and porosity can 

be correlated for disordered porous materials (Jones et al. 2009), a plot of elastic moduli vs. 

porosity displays a similar trend to that of figure 6.6B, as the porosity increases the elastic 

modulus also decreases (Fig. 6.6C). These two relationships were also seen in the work done by 

A.C. Jones et al.(Jones et al. 2009).     

 

Fig.  6.6. (A) Porosity of various sponge scaffolds. Relationship between porosity and (B) BSA 

diffusion, (C) Elastic modulus.    
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3.5 In vitro enzymatic degradation of PGScoPEG incorporated scaffolds 

 When designing any synthetically derived scaffold, one of the main considerations to 

account for is degradation.  Scaffolds should degrade at a pace at which the cells that inhabit 

them can remodel and replace the existing matrix. Scaffolds that degrade too quickly will pose 

problems during the implantation process, while scaffolds that degrade too slowly will inhibit 

cell integration and differentiation. In this study, the Pierce BCA assay was used to quantify the 

amount of protein cumulatively released from the various sponge scaffold compositions at 

different time points. Liquid media used for this degradation assay were 1x PBS, collagenase 

solution and lysozyme solution. Collagenase is an enzyme that easily degrades collagen while 

lysozyme is an enzyme that degrades chitosan.  Concentrations of 100 µg/mL and 2 mg/mL of 

collagenase and lysozyme was used for the collagenase and lysozyme solutions, respectively.  

After 30min of soaking, swollen scaffolds were weighed and placed in the respective solutions. 

At different time points, approximately 10 μL of the liquid was sampled and the BCA analysis 

was performed. Scaffolds soaked in 1x PBS showed very slight degradation, yielding a 

maximum of 3% degradation by day 28 (Fig. 6.7A). In comparison, all samples degraded at the 

same rate day to day, showing little to no significance between them. When scaffolds were 

exposed to the collagenase solution a more significant difference was observed, when comparing 

the samples to the control 50/50 Collagen/Chitosan scaffold (Fig. 6.7B). A 2-fold increase in 

degradation was seen when comparing sample degradation in collagenase solution to 1xPBS. 

Degradation properties of samples in lysozyme solution showed the highest percent degradation 

compared to the other two degradation solutions (Fig. 6.7). This elevated rate of degradation can 

be attributed to the high concentration of lysozyme However, up to day 3, more samples showed 

significant differences compared with the control scaffold. After day 7, all samples started to 
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yield similar degradation profiles except for the scaffolds with composition 10/10/80 (Fig. 6.7C).  

One trend that is seen throughout the three degradation experiments is that as the presence of the 

synthetic component is increased, the rate of degradation of the scaffolds is also increased (Fig. 

6.7).  This trend could be due to the minimal carboxylic active groups on the synthetic 

component and the ability to only allow crosslinking on one side of the compound while 

collagen and chitosan have multiple amine and carboxylic groups available for crosslinking.  As 

the synthetic component in the scaffold increases a decrease in the available sites for crosslinking 

in the overall matrix, which in turn yields a higher degradation rate.  

 

Fig.  6.7. 28-day time course of percent protein released by scaffolds in (A) 1xPBS, (B) 100 

μg/mL of collagenase and (C) 2 mg/mL of lysozyme solution. Data are means ± SD (n=3) NS: 

not significant, * p<0.05, **p<0.01, ***p<0.001. 
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3.6 Cell proliferation and viability assays 

 The WST-1 assay was used to determine the proliferative nature of cells cultured on the 

various scaffolds. Figure 6.8 shows the WST-1 results of NIH 3T3, primary mesenchyme and 

SIMS independently cultured on the sponge scaffolds. Figure 6.8A contains absorbance values of 

NIH 3T3 cells cultured on scaffolds up to 14 days. At all-time points, the scaffolds containing 

the synthetic component show higher proliferation rates than the control 50/50 

Collagen/Chitosan scaffold. This suggests that the addition of the synthetic component does not 

inhibit the growth and proliferation of NIH 3T3 cells. Figure 6.8B shows the absorbance values 

for SIMS cells grown on sponge scaffolds.  Again, the same effect is observed for cells grown on 

the scaffolds containing the synthetic component, which yielded higher growth and viability over 

the day 7 period than the control scaffold.  Figure 6.8C shows the absorbance values of primary 

mesenchyme cells grown on scaffolds up to 14 days.  The growth throughout day 14 on the 

collagen/chitosan scaffolds consistently remained low while all scaffolds containing the synthetic 

component slowly increased with time.  Primary mesenchyme grown on plastic were recorded 

for their cell growth and viability as an additional control to ensure that cells were proliferating 

with no added variables at a consistent rate.  Similar growth and proliferation trends for primary 

and immortalized mesenchyme were seen throughout the different time points. These results 

suggest that immortalized NIH 3T3 cells are a good cell model for further investigation of 

sponge scaffold performance. 
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Fig. 6.8. Cell viability using WST-1 assay of (A) NIH 3T3, (B) SIMS and (C) Primary 

mesenchyme on various scaffolds up to 14 days. Data are means ± SD (n=3) NS: not significant, 

* p<0.05, **p<0.01, ***p<0.001. 
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 3.7 In vitro immunocytochemistry studies 

3.7.1 Mesenchymal cell-scaffold matrix loading 

 

 Scaffolds were seeded with NIH3T3 cells and primary mesenchyme cells independently 

to visualize cell spreading, survival and loading potential within the scaffolds. NIH 3T3 cells 

were cultured and stained after day 7.  Through immunocytochemistry and confocal microscopy, 

we observed that the NIH 3T3 cells could penetrate the scaffold pores and grow at different 

depths inside the scaffold while still remaining viable (Fig. 6.9). Cell survival is suggested by the 

mesenchymal-specific cytoskeletal stain, vimentin. Another important factor is morphology, 

other than the 40/40/20 PGScoPEG 1500, typical cell spreading and characteristic cytoskeletal 

elongation was observed on all scaffolds. It was visually detected that the 10/10/80 scaffolds had 

better cell loading than the other PGScoPEG containing scaffolds (Fig. 6.9). 

 

Fig. 6.9 NIH 3T3 cells penetrate and survive in sponges containing PGScoPEG. Cells were 

seeded on scaffolds and cultured for 7 days. They were then fixed and stained with DAPI and for 
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vimentin. Confocal XY max projections were used to look at cell morphology and XZ projection 

images were used to see if cells were growing on different z-planes.  Scale: 50 μm 

  

  Primary mesenchyme taken from the submandibular mouse salivary gland were seeded 

on the various sponge scaffolds for 7 days and stained for vimentin and nuclei. A similar trend of 

cell loading was observed on scaffolds containing higher amounts of the synthetic component, 

PGScoPEG (Fig. 6.10.). Poor cell survival and spreading was seen on the 40/40/20 PGScoPEG 

1500 scaffold. Similar trends of cell spreading was observed on scaffolds with increased 

PGScoPEG component, 10/10/80 (Fig. 6.10). Cell survival visually seen on the scaffolds was 

also observed in the WST-1 assay recorded above.  

 

Fig. 6.10. Primary mesenchyme penetrate and survive in sponges containing PGScoPEG. 

Cells were seeded on scaffolds and cultures for 7 days. They were then fixed and stain for DAPI 

and vimentin. Confocal XY max projections were used to look at cell morphology and XZ 

projection images were used to see if cells were growing on different z-planes.  Scale,50 μm 
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3.7.2 Epithelial-mesenchymal cell-matrix integration 

 

 Immortalized epithelial salivary gland cells (SIMS) were co-cultured with NIH 3T3 cells 

and observed on the confocal microscope after day 7 and day 14 of culture (Fig. 6.11).  Figure 

6.12 shows the X-Z projections of 40/40/20, 25/25/50 and 10/10/80 Co/Ch/PGScoPEG 1500 

scaffolds. All scaffolds facilitated epithelial/mesenchymal integration. Figure 6.13 displays the 

cell integration X-Z projections for 40/40/20, 25/25/50 and 10/10/80 Co/Ch/PGScoPEG 10k 

scaffolds. Mesenchyme showed characteristic cell spreading and survival, as shown with the 

cytoskeletal marker, vimentin.  Arrows in figures 12 and 13 indicate mesenchymal cells growing 

in the interior of the scaffold under the epithelial monolayers. 

 

Fig. 6.11. Confocal XY max projections of co-cultures (SIMS and NIH 3T3) after day 7 and day 

14 in culture.   
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Fig. 6.12. X-Z projections of Co/Ch/PGScoPEG 1500 sponge scaffolds to determine cell 

integration after 7 days in culture.  
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Fig. 6.13. X-Z projections of Co/Ch/PGScoPEG 1500 sponge scaffolds to determine cell 

integration after 7 days in culture.   

 

4.0 Conclusion 

 3D porous scaffolds prove advantageous in tissue engineering for their ability to facilitate 

cellular self organization. In this chapter, we consider the incorporation of the synthetic 

compound, PGScoPEG, in 3D porous sponge scaffolds for its potential in, but not limited to, 

salivary gland regeneration. This is the first time this synthetic compound has been blended with 

natural polymers to be used for 3D porous scaffolds. Integration of this material into already 

heavily studied sponges, 50/50 Collagen/Chitosan, has allowed us to fine-tune our 3D constructs 

to target our tissue of interest.  In-depth characterization illustrates promising mechanical, 
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degradative, and diffusivity properties along with scaffold matrix-cell integration, 

biocompatibility and cell spreading on these composite scaffolds.   
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CHAPTER 7: Summary and Future directions 
 

1.0 Summary 

 This dissertation sought out to develop a scaffold system that can be used for salivary 

gland regeneration. Through use of nanofibers we could determine that mimicking the 

mechanical properties of the in vivo tissue is of high importance for epithelial morphology and 

differentiation. Through cell-cell interactions of epithelium and mesenchyme we could show the 

improvement of epithelial differentiation even further on our “softer” nanofiber scaffolds. 

However, a new scaffold system was needed to better facilitate these two exchanges.  Figure 7.1 

shows a mechanical breakdown chart of where our nanofiber scaffold systems were and how 

they relate to the mechanical properties of the salivary gland tissue. Understanding the 

mechanics and topography of substrates are important for tissue constructs. It has been shown 

that subtle changes in mechanical properties and substrate topography substantially influences 

the mechanics and morphology of epithelial monolayers (Rother et al. 2015). In the literature, 3D 

scaffold systems such as, hydrogels are promising for the development of the tissues however, 

hydrogels hold poor diffusion and pore size (< 5 µm) properties making it hard to incorporate a 

migration model. Sponge scaffolds have shown to be useful for application in hard tissues such 

as bone, having pore sizes larger than 5µm.  There free-standing design and large pore sizes 

provide a scaffold necessary for cell infiltration and potential remodeling by the cells further in 

development.   
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 A range of sponges were investigated with the end goal of obtaining a 3D structure that 

can facilitate cell infiltration and viability. Figure 7.2 displays a table showing the overall 

conclusions of each of the scaffolds and how they performed under each characterization 

technique.  It was concluded that the best scaffold systems to continue further evaluation was the 

40/40/20 and 10/10/80 composite sponge scaffolds. The studies shown cannot conclude whether 

the 1500 Mw or 10k Mw PEG is best moving forward. 

Fig. 7.1. Mechanical breakdown chart showing stiffness of tissues found in the body and 

polymers used in tissue engineering.  
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Fig. 7.2. Chart showing conclusions of how all the scaffold performed at each characterization 

method. 40/40/20 and 10/10/80 showed the highest overall performance and should be evaluated 

further.   
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2.0. Further examination in vitro of primary epithelium and mesenchyme 

in 3D sponge scaffolds 

 For future studies, functional analysis of primary epithelial cells cultured together with 

primary mesenchyme cells within the 3D sponge scaffolds should be evaluated.  For analysis of 

epithelial polarization, epithelial targeted markers for confocal microscopy, such as E-cadherin, 

ZO-1, and occludin should be examined together with AQP5 and secreted products, PSP (proacinar 

marker) and SABPA (acinar marker).  It was shown on PGS/PLGA core/shell nanofibers that 

primary epithelium not in the environment to facilitate them will undergo Epithelial-mesenchymal 

transition (EMT) (Fig. 7.3). This was observed via staining of E-cadherin (epithelial specific 

marker) and vimentin (mesenchymal marker). In monoculture experiments E-Cadherin expression 

after 4 days in culture is lost and epithelial cells become a more migratory phenotype, as shown in 

figure 7.3 with the increase in vimentin staining. However, expression of E-cadherin can be 

maintained in culture for a short period of time with the help of mesenchyme (NIH 3T3). As we 

looked into other important epithelial markers, such as AQP5, expression of this marker decreased 

over time in culture.  AQP5, aquaporin 5, is a water channel protein that plays an important role 

in saliva production. It was shown by Zeinab et al. that primary mesenchyme were able to maintain 

both e-cadherin and AQP5 expression past 7 days in culture. This experiment was not done on 

engineered scaffolds so further analysis of how the sponge scaffolds can provide a more in vivo-

like environment for these co-cultures should be considered.    
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 Another possible avenue to explore would be to test these scaffolds for primary cell growth 

and development via dynamic culture. Introducing a flow system to ensure direct flow and transfer 

of nutrients would be a next step towards in vivo analysis.  A study where a chemoattractant on 

one end of the scaffold would better demonstrate that the cells can not only live in the scaffold 

past a certain time point but also are also able to move freely within it.    

 

 

 

 

 

Fig. 7.3. Primary epithelium (+/-) NIH 3T3 cells stained after 4 days in culture on PGS/PLGA 

core/shell nanofibers. 
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3.0.  Examination of 3D sponge scaffolds in vivo using the resected 

salivary gland model 

 Engineering sponge scaffolds allowed us to utilize a vast interconnected 3D polymer 

network without the additional stability of any substrates that cannot be implanted in vivo, such as 

glass and PDMS.  The resected salivary gland model was developed by the Larsen lab based on 

prior models and is a method where half the mouse submandibular salivary gland is cut and a 

scaffold can be implanted in the remaining void (Fig. 7.4).  A preliminary 7-day study was 

performed using a 20/60/20 Collagen/Chitosan/Silk sponge scaffold and it was shown that there is 

potential for cells to penetrate the sponge scaffold (Fig. 7.4). In this study one issue that we 

experienced was the gland dimensions were much smaller than the scaffolds made. Sponge 

scaffolds are currently made in 96-well plates and we needed a plate with smaller dimensions. 

With the help of Matt Strohmayer, we 3D printed a well plate with the exact dimension of the 

resected portion of the gland (Fig. 7.5). This plate should be considered for the next steps of in 

vivo testing. The feasibility of the scaffold promoting regeneration should be considered further in 

a study where the scaffolds are placed in the mouse and allowed to stay for up to 14-28 days.  At 

various time points, the investigation of cell migration should be performed via sectioning and 

staining.  
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Fig. 7.4. Resected gland model and sectioned stain of cells migrating into sponge scaffold after 7 

days in vivo. 
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Fig. 7.5.  In vivo resection model with desired scaffold dimensions and 3D printed well plate. 



121 

 

4.0. Optimization of sponge scaffolds for their potential in bio-

conjugation chemistries for vasculature recruitment 

 Salivary glands are made up of many different cell types, all working in a compact space 

with large internal surface area (Nelson & Larsen 2015).  The proposal of this 3D sponge 

scaffold was to be able to facilitate a network where all cell types can develop and function in an 

environment that matches the mechanical properties of the tissue of interest. With the addition of  

the synthetic component, PGS-co-PEG, we were able to fine tune the mechanical and 

degradation properties of the scaffold. Another avenue where synthetic polymers can provide an 

advantage is the ability to conjugate additional proteins on the surface pre or post scaffold 

fabrication. We have shown the scaffolds’ ability to provide epithelial and mesenchymal cell 

attachment and survival for as long as 14 days but what about proper differentiation of the tissue 

past these time periods? Further analysis may conclude that additional protein and growth factor 

deliverables at the initial stages of development may be needed such as, laminin, nitogen, 

perlecan or fibronectin or other growth modulatory molecules. One way to do this is to modify 

the synthetic portion of the scaffold, PGS-co-PEG, into having the functionality of two reactive 

functional group rather than one.  A homobifunctional linker is a compound with two reactive 

functional groups. A linker in mind would be PSA-co-PEG, Poly (sebacic acid-co-PEG), which 

is the intermediate compound in the reaction of PGS-co-PEG. Preliminary data showed 

comparable mechanical and swelling properties to its other counterpart so using this modified 

version do additional chemistries can be advantageous.  

 Another thought is can this scaffold support prevascularization? Prevascularization is a 

process where micro-vessel and capillaries form within an implantable scaffold before 

implantation (Tian & George 2011). These vessels can be formed by angiogenesis which is 
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where new blood vessels form from pre-existing vessels. This method is more supportive than 

recruitment of blood vessels in vivo post implantation because of the day to week time scale that 

it can take to invade into the center of the engineered tissue (Tian & George 2011). Scaffolds can 

incorporate covalently linked VEGF loaded nanoparticles via the  PSA-co-PEG component. The 

nanoparticles can have a slow sustained release of VEGF to support angiogenesis in vitro. A 

gradient of loaded VEGF nanoparticles can be included in the scaffolds to provide a directional 

orientation of where the vasculature will inhabit with respect to the other cell types (Fig. 7.6). 

Preliminary data showed the development of a gradient based scaffold using a layer-freezing 

technique. For proof of concept two dyes were incorporated independently in the sponge scaffold 

solutions, SRB and courmarin-6. A sponge scaffold solution with SRB dye was placed in a 24-

well plate and allowed to freeze for 5 hours. This was following by a sponge solution with 

courmarin-6 dye placed on top and frozen for 5 hours.  The sample was freeze dried and then a 

Z-stack was imaged on the confocal to see if the independent layers were intact with one another 

as well as independent, with little mixing.  Data showed a distinction between the two layers 

(Fig. 7.7) and introduced a new method to apply for a gradient of growth factors in the future.   

 

Fig. 7.6. Schematic showing scaffold design for angiogenic peptide gradient 
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Fig. 7.7. Sponge scaffolds were prepared using 50:25:25 collagen:silk:chitosan ratios. 

SCAFFOLD A: The first sponge solution had sulforhodamine-B dye incorporated in it. 

This solution as frozen at -80 C overnight. The second layer sponge solution contained 

coumarin-6 dye and was added on top of the first layer and frozen overnight. SCAFFOLD 

B: Sponge solutions were combined and frozen at -80 C overnight.  Sponge solutions were 

freeze dried for 16 hours and imaged on the confocal microscope using a 40x oil objective.  

The figure shows the difference between fluorescence using the layering method and just 

blending the solutions together.   
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