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Abstract

Development of electrospun nanofibers that mimic the structural, mechanical and biochemical 

properties of natural extracellular matrices (ECMs) is a promising approach for tissue 

regeneration. Electrospun fibers of synthetic polymers partially mimic the topography of the ECM, 

however, their high stiffness, poor hydrophilicity and lack of in vivo-like biochemical cues is not 

optimal for epithelial cell self-organization and function. In search of a biomimetic scaffold for 

salivary gland tissue regeneration, we investigated the potential of elastin, an ECM protein, to 

generate elastin hybrid nanofibers that have favorable physical and biochemical properties for 

regeneration of the salivary glands. Elastin was introduced to our previously developed poly-

lactic-co-glycolic acid (PLGA) nanofiber scaffolds by two methods, blend electrospinning (EP-

blend) and covalent conjugation (EP-covalent). Both methods for elastin incorporation into the 

nanofibers improved the wettability of the scaffolds while only blend electrospinning of elastin-

PLGA nanofibers and not surface conjugation of elastin to PLGA fibers, conferred increased 

elasticity to the nanofibers measured by Young’s modulus. After two days, only the blend 

electrospun nanofiber scaffolds facilitated epithelial cell self-organization into cell clusters, 

assessed with nuclear area and nearest neighbor distance measurements, leading to the apicobasal 

polarization of salivary gland epithelial cells after six days, which is vital for cell function. This 

study suggests that elastin electrospun nanofiber scaffolds have potential application in 

regenerative therapies for salivary glands and other epithelial organs.
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1. Introduction

Loss of saliva termed salivary hypofunction due to salivary gland damage from head and 

neck radiation therapy, the autoimmune disease Sjögren’s syndrome, and other causes 

significantly affects the quality of patients’ lives by negatively impacting speaking, 

swallowing, digestion and oral health. Current treatments provide only short term 

symptomatic relief or carry a plethora of side effects, [1–3], creating interest in 

bioengineered salivary glands for restoration of salivary function. Salivary glands are 

composed of a hollow branched network of ducts terminating in acini that produce saliva. 

The ductal and acinar cells comprising the luminal surface are polarized tightly-organized 

epithelial cells [4]. Tight junction proteins, such as occludin and zonula occludin-1 (ZO-1), 

localize preferentially towards the apical (top) surface and play an important role in 

maintaining apicobasal polarization. Correct polarization and tight-junction clustered cell 

organization are vital for normal epithelial barrier function and regulation of proliferation 

[5–7], and disruption of polarity is one of the first steps during salivary gland tumorigenesis 

[8–10]. Promotion of apicobasal polarization of salivary epithelial cells is thus an important 

requirement for bioengineered scaffolds to restore salivary function.

One of the promising biomaterial-based approaches to regenerate the salivary epithelium is 

by mimicking the chemical, topographical, and the mechanical properties of the basement 

membranes and extracellular matrix (ECM). The basement membranes, a specialized form 

of the extracellular matrix (ECM), and the ECM are in close proximity to the polarized 

epithelial cells. They are fibrous sheets of proteins that provide mechanical support and 

chemical signals for tissue morphogenesis, among other functions. The topography, 

mechanical properties, and chemical composition of the basement membranes and ECM can 

activate cell signaling pathways to influence cellular behavior, including a myriad of effects 

on cellular shape, adhesion, migration, proliferation and differentiation [11].

Mechanically, the compliance of the extracellular environment of cells impacts their ability 

to undergo both developmental and regenerative processes [19]. To understand the 

contribution of compliance to morphogenesis and differentiation of developing 

submandibular salivary glands, we previously engineered artificial environments of differing 

compliance [20–22]. Embryonic salivary gland organ explants underwent morphogenesis 

and differentiation most similar to the in vivo processes in a compliant environment. To 
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facilitate tissue engineering-based regenerative medicine, we previously engineered PLGA 

nanofiber scaffolds to mirror the topography [23–24] and some chemical properties [14] of 

the basement membrane. However, the PLGA nanofiber scaffolds are orders of magnitude 

less compliant than adult salivary glands [20–21], suggesting the need for more compliant 

nanofiber scaffolds.

Chemically, the main components of the basement membrane are collagen IV, elastin, the 

laminin-nidogen complex and perlecan [11–12]. Several research groups have incorporated 

basement membrane components into scaffolds developed to biochemically mimic the native 

ECM of the glands and promising results were obtained [14–18]. Laminin [14–15], perlecan 

peptide [16–17], fibronectin and collagen [18] were utilized for salivary cell regeneration 

[14–18]. However, the potential utility for elastin in scaffolds to advance salivary gland 

tissue engineering strategies has not been examined.

Elastin serves both structural and biochemical roles. It is responsible for tissue compliance 

and it contains peptide sequences identified to induce differentiation, migration and 

proliferation [25–32]. It is responsible for the elasticity of the skin [29], lungs [27] and blood 

vessels [26]. In addition, several biochemical roles were attributed to elastin peptides 

including keratinocyte differentiation and chemotaxis [33], cell adhesion [28] and 

mesenchymal stem cell differentiation [34]. In vivo, elastin is abundant in the duct system of 

the rat submandibular salivary glands extending from the ECM into the basement membrane 

of the salivary epithelial cells [35–36]. It is thought to provide the needed elasticity for the 

gland to withstand the repeated tension-relaxation cycles associated with saliva flow and 

head and neck movement. Therefore, it has a role in defining the salivary cell shape and cell-

cell distance [35]. Additionally, several research groups have introduced elastin for tissue 

engineering applications, where it has demonstrated promising results for the regeneration of 

various tissues. Elastin promoted skin regeneration [37–39], in vivo-like organization of 

hepatocytes [40] and elasticity for blood vessel engineering [41–52].

In this study, we build upon our previous work by incorporating elastin into PLGA nanofiber 

scaffolds [53, 14, 23–24]. We hypothesize that elastin will 1) improve the compliance and 2) 

hydrophilicity of the scaffolds and 3) provide in vivo-like biochemical cues for cell 

organization. To distinguish between the elastic properties of the nanofibers and the 

chemical signals imparted by elastin, elastin was introduced to PLGA nanofibers by two 

methods: blend electrospinning and covalent conjugation. The contribution of elastin to the 

physical and mechanical properties of the PLGA nanofiber scaffolds in both configurations 

was characterized. Additionally, both types of elastin nanofiber scaffolds were assessed for 

their ability to support the proliferation, apical polarization, and epithelial morphology of the 

immortalized submandibular salivary epithelial cell line (SIMS).

2. Materials and methods

2.1. Synthesis of the nanofiber scaffolds

Soluble (hydrolyzed) elastin (ES12) was purchased from Elastin Products (Owensville, 

MO), poly(D-lactide-co-glycolide) (PLGA), (B6006-1) with a molecular weight of 95000 

Da and a lactic to glycolic acid ratio of 85:15 was purchased from Birmingham Polymers 
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(Pelham, AL), and the solvent used to dissolve both components, hexafluoroisopropanol 

(HFIP) (922661), was purchased from Sigma Aldrich (St. Louis, MO). For covalent 

conjugation of elastin on the surface of PLGA fibers, 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) (39391), N-hydroxysuccinimide (NHS) (130672), and 2-(N-

morpholino) ethanesulfonic acid (MES) solution (M1317) were from Sigma Aldrich. 

Sulphorhodamine B (SRB) was used to label the nanofibers for confocal imaging and was 

purchased from (Life Technologies, Grand Island NY). The electrospinning set up consists 

of a syringe pump (model # NE 300) that was purchased from New Era Pump Systems 

(Farmingdale, NY) and the high voltage supply (model # ES100) was purchased from 

Gamma High Voltage Research (Ormond beach, FL).

2.1.1 Preparation of Elastin-PLGA nanofibers by blend electrospinning (EP-
blend)—Equal weights of 8% w/w soluble elastin in HFIP (hydrolyzed elastin from bovine 

neck ligament) and of 8% w/w PLGA in HFIP were mixed together to yield a solution 

containing 4% elastin and 4% PLGA (w/w). Sodium chloride (1% w/w) was added to the 

solution before electrospinning to minimize beading. In addition, 2.5 μM Sulphorhodamine 

B (SRB) was added to the solution to label the fiber mats for confocal microscopy imaging. 

The solution was pumped through a 3-mL syringe, which was connected to an automated 

micro-syringe pump through polytetrafluoroethylene (PTFE) tubing to a (25 G) needle. The 

needle tip and the aluminum foil-coated collector ground were both connected to a high 

voltage source (14 kV). The voltage was applied to the needle tip and the collector ground 

while pumping the blend polymer solution at a rate of 6 μL/min and a distance between the 

needle tip and the collector ground of 15 cm. The nanofibers were formed and collected on 

the collector ground. For cell culture experiments, the fibers were electrospun on 13 mm 

glass coverslips sitting on the foil surface. The glass coverslips were covered with an 

adhesive layer of 3% (w/w) PLGA in HFIP solution that polymerized for 45 minutes before 

electrospinning to prevent the delamination of the fibers when soaked for extended periods 

of time.

2.1.2 Preparation of PLGA nanofibers (P)—PLGA nanofibers were prepared by 

electrospinning of 8% (w/w) PLGA in HFIP, as described previously [53, 14, 23–24], to 

generate nanofibers having a mean diameter of ~ 250 nm. Sodium chloride (1% w/w) was 

added to the solution before electrospinning to minimize beading and Sulphorhodamine B 

(SRB) (2.5 μM) was added to the solution to label the fiber mats for confocal microscopy.

EP-blend nanofibers were electrospun for 45 minutes at a rate of 6 μL/min, and P nanofibers 

were electrospun for 90 minutes at a rate of 3 μL/min to equalize the thickness of the mats 

for all characterization tests and cell culture experiments.

2.1.3 Covalent conjugation of elastin to PLGA nanofibers (EP-covalent)—The 

(EP-covalent) nanofibers were synthesized by covalent conjugation of elastin (hydrolyzed 

elastin from bovine neck ligament) on the surface of PLGA (P) nanofibers using EDC-NHS 

chemistry, as previously described in [14, 54] for conjugation of different proteins and 

peptides to polymeric nanofibers. Briefly, activation of the carboxylic acid groups of PLGA 

within electrospun PLGA nanofiber scaffolds was carried out by plasma treatment for 5 

minutes using Harrick plasma PDC-32G Plasma Cleaner (Boston Industries, Walpole, MA) 
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followed by soaking in a solution of 4 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC), 100 mM N-hydroxysuccinimide (NHS), 0.1 M 2-(N-morpholino) ethanesulfonic 

acid (MES) solution, pH = 5 for 1 h at room temperature. Scaffolds were then washed with 

1× PBS before incubating with a solution of elastin in 1× PBS (5 mg elastin/1mL PBS/

sample) overnight at 4°C and stored in 1× PBS at 4°C.

2.2. Characterization of the scaffolds

2.2.1. XPS—X-ray photoelectron spectroscopy (XPS) was used to confirm the inclusion of 

both PLGA and elastin in the scaffolds. XPS spectra were recorded using a Thermo 

Scientific Theta Probe™ system with a monochromatic Al Kα (1486.6 eV) x-rays of 400 μm 

spot size, energy step size of 1 eV, and pass energy of 100 eV.

2.2.2. FTIR—Fourier Transform Infrared spectroscopy (FTIR) was used to confirm the 

successful inclusion of elastin and PLGA in the scaffolds by the appearance of their specific 

absorbance peaks. FTIR spectra were recorded using a Bruker Tensor 27 FTIR spectrometer 

(Bruker Corporation, Billerica, MA, USA) in Attenuated Total Reflectance module (ATR) 

with a resolution of 4 cm−1 in the range between 400–4000 cm−1, and only the region of 

interest is shown. Bio-Rad software was used for spectral data analysis and plotting.

2.2.3. Determination of elastin content of scaffolds—To determine the total elastin 

content in each of the scaffold types, UV absorbance spectroscopy was used. Briefly, known 

weights of EP-blend and EP-covalent scaffolds were completely dissolved in 0.1 mL HFIP. 

After the nanofibers were completely dissolved, the volume was completed to 1 mL with 1X 

PBS. The absorbance of 0.1 mL of the supernatant was measured at 280 nm using a 

microplate reader (TECAN, Switzerland). Using a standard curve of elastin protein (y = 

5.9718x + 0.042, R2 = 0.9983), the elastin concentration and the total content were 

calculated. Four independent measurements were taken for each scaffold type.

2.2.4. SEM—Scanning electron microscopy (SEM) imaging of the scaffolds was carried 

out using a Zeiss 1550 field emission scanning electron microscope (Leo Electron 

Microscopy Ltd., Cambridge, UK; Carl Zeiss, Jena, Germany), as described previously [24]. 

Briefly, the scaffolds were mounted on 1 cm2 stubs and coated with approximately 5 nm of 

gold-palladium to minimize sample charging. Images were captured using an in-lens 

detector, 1–5 kV acceleration voltage and a working distance of 2–6 mm. The microscope 

annotation software was used to apply scale bars, and ImageJ software was used to measure 

the fiber diameters from calibrated images. At least 4 scaffolds of each type were imaged 

and 200 nanofibers analyzed for average fiber diameter measurements.

2.2.5. AFM—PeakForce Quantitative Nanomechanical Mapping of nanofibrous scaffolds 

was performed on a Bruker BioScope Catalyst (Bruker) atomic force microscope (AFM) 

mounted on a Leica SP5 confocal microscope base (Leica Microsystems). Mechanical 

measurements were performed with silicon nitride cantilevers of nominal spring constant 5.4 

N/m that were functionalized with 12 um borosilicate glass particles (Novascan). The 

thermal tune method was used to determine the actual spring constant of the cantilever, and 

the radius of the probe was calibrated to match the modulus of the reference standard 

Foraida et al. Page 5

Acta Biomater. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(polydimethylsiloxane, 3.5 MPa, Bruker). Peak Force Setpoint was adjusted to achieve the 

same indentation on unknown samples as on the reference standard. Indentations of 200–500 

nm were used as determined by either analyzing the force curves for softer samples (Bruker 

Nanoscope Analysis v1.5) or the deformation maps for stiffer samples. The electrospun 

fibers for AFM measurements were prepared as described in section 2.1 (synthesis of the 

nanofiber scaffolds) without addition of SRB dye. All measurements were performed in air 

on dry scaffolds. A total of 32 measurements were recorded for elastin-PLGA-blend and 

PLGA samples, and a total of 8 measurements were recorded for elastin-PLGA-covalent and 

PLGA-EDC samples.

2.2.6. Contact angle measurements—The wettability of the nanofibrous scaffolds and 

glass substrates was measured using a CAM-PLUS contact angle meter (Cheminstruments, 

Fairfield, OH). A deionized water drop of 10 μL was placed on the scaffold from an 

automated syringe and the reading of the contact angle was recorded. Four samples of each 

scaffold type were measured and their mean was calculated.

2.3. Cell culture

Before cell culture experiments, nanofiber scaffolds and glass substrates were UV sterilized 

for 1 hour and then soaked in 1% v/v Penicillin/Streptomycin in 1× PBS overnight at 37°C 

to remove any remaining solvents and to eradicate bacterial contamination. SIMS cells, an 

immortalized mouse ductal submandibular epithelial cell line, [55] were cultured as 

previously reported [14, 23–24]. The cells were incubated to attach and grow on the 

scaffolds using 24 well plates in a humidified incubator at 37°C and 5% CO2.

2.4. Cell proliferation assay

A cell proliferation assay was performed similar to our previous report [14]. SIMS cells 

seeded at 50,000 cells/ml were allowed to attach to scaffolds and grown for 4, 24, 48 and 72 

hours. At the specified time interval, the scaffolds were transferred to a new 24-well plate to 

avoid counting cells growing on the plate rather than the scaffolds, washed with 1× PBS and 

collected using 0.25% trypsin-EDTA (Gibco). Cells were pelleted, re-suspended in 50 μL of 

culture media to which an equal volume 0.4% trypan blue solution (1450021, Bio Rad 

Hercules, California) was added, incubated for 5 minutes, and viable cells were counted 

using an automated cell counter (BioRad TC20 automated cell counter). The experiment was 

repeated three times.

2.5. Immunocytochemistry and confocal imaging

SIMS cells cultured on scaffolds were fixed using 1 mL of fresh 2% paraformaldehyde 

solution, 5% sucrose in 1× PBS for 20 minutes. Samples were washed with 0.5% Tween 20 

in 1× PBS (PBS-T), permeabilized for 15 minutes in 0.1% Triton X-100, and blocked with 

20% donkey serum in PBS-T for 2 hours. Primary antibodies to occludin (33-1500, Life 

Technologies) and ZO-1 (40-2200, Life Technologies) diluted 1:100 in a solution of 3% 

BSA in PBS-T were allowed to rock overnight at 4°C and washed four times with PBS-T. 

Secondary antibodies diluted 1:250 in 3% BSA in PBS-T were incubated for 2 hours at 

room temperature. Secondary antibody solutions included the nuclear stain 4′,6-

diamidino-2-phenylindole (DAPI) (D1306) and Alexafluor-488 phalloidin at a dilution of 
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(1:50) to stain filamentous actin (F-actin). Samples were washed 4 times with PBS-T and 

mounted using 1% p-phenylenediamine (PPD) (P6001, Sigma Aldrich) antifade solution in 

Fluor-gel mounting media (17985-10EMS, Hatfield, PA), on thin plastic coverslips and air 

dried overnight. The dried samples were sealed using clear nail polish and stored at −20 °C 

until imaging. The images as well as the Z-stacks of cells on different substrates were 

acquired using a Leica SP5 laser scanning confocal microscope (Leica Microsystems, 

Mannheim, Germany).

2.6. Nuclear area and nearest neighbor distance measurements

Confocal images (63× magnification) of DAPI-stained nuclei were analyzed using ImageJ 

software to obtain the average nuclear area as an indicator of cell spreading and the nucleus-

nucleus nearest neighbor distance (NND) as an indicator of how closely cells are associated. 

Image analysis for the nuclear area and for the nearest neighbor distance was performed as 

described previously [56]. Briefly, the scale bars of the images were inserted into the 

software using “set scale” function. The images were converted to 8-bit images then 

binarized using “make binary function” and they were segmented using the “watershed” 

function to eliminate any overlapping nuclei. The images were then treated with “analyze 

particle” function to obtain the nuclear area and to eliminate measuring any small pre-

apoptotic nuclei, the minimal nuclear area was set to 25 μm2. For the nearest neighbor 

distance measurements, the “NND” plugin was employed after the previous steps. At least 3 

images from each scaffold type were used to extract the nuclear area and NND between all 

the cells in each image.

2.7. Measurements of monolayer heights and infiltration depth

The XZ projections from confocal microscopy Z-stacks at magnification of 63× were 

acquired for cells cultured on scaffolds. Using the annotation software in the LasAF program 

and ImageJ software, the average cell monolayer height was quantified as described 

previously [24]. Briefly, the distance from the base of the nucleus (DAPI stain) 

corresponding to the basal side, to the stain of F-actin corresponding to the apical side was 

measured. At least 3 samples of each type were measured with 10 measurements each. In 

addition, in order to assess the cell-scaffold integration of the different substrates, the cell 

infiltration depth was measured. Using the confocal Z-stacks and the XZ projections, the 

infiltrated cell height (blue for nucleus and green for actin) embedded within the fibers (red) 

was measured in relation to the total cell height. The percentage infiltration depth was 

calculated as follows:

At least 3 samples of each scaffold were measured with 10 measurements each.
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2.8. Statistical analysis

Single-factor analysis of variance (ANOVA) with Bonferroni post-test was used to compare 

the means of different groups within each experiment. Degree of statistical significant 

difference was indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results

3.1. Confirmation of elastin incorporation into the nanofiber scaffolds

3.1.1 XPS—To generate PLGA nanofibers containing elastin in an attempt to increase their 

compliance and biomimetic characteristics, we incorporated elastin by blend 

electrospinning. As a control, we also incorporated elastin by chemical conjugation using 

EDC/NHS chemistry on the surface of PLGA nanofibers. Since XPS is a useful analytical 

method for both qualitative and quantitative atomic analysis of materials; we used it to 

confirm the presence of elastin in both the elastin-containing scaffolds, as compared to 

PLGA nanofibers. Figure 1 shows the XPS spectra of elastin-PLGA nanofiber scaffolds 

prepared by blend electrospinning (EP-blend) and covalent conjugation (EP-covalent). The 

appearance of carbon 1s (C1s) and oxygen 1s (O1s) peaks is attributed to the backbone of 

both elastin and PLGA. Most importantly, the appearance of the nitrogen 1s (N1s) peak 

around 400 eV range indicates the presence of elastin in both EP-blend and EP-covalent 

nanofibers; this peak is absent in the XPS spectrum of PLGA fibers. The XPS spectra of 

PLGA nanofibers are the closest to the typical C1s [57] and O1s [58] peaks of organic 

compounds; they are seen at 286 and 533 eV respectively. For EP-blend scaffolds, the C1s 

and O1s peaks shifted slightly to 282 and 528 eV, respectively, with the appearance of N1s 

peak at 396 eV. This shift may be attributed to non-covalent interactions between elastin and 

PLGA. As a protein, elastin contains electron-rich atoms such as oxygen and nitrogen. 

These atoms carry partial negative charge, and therefore may undergo electrostatic 

interactions with PLGA atoms. This is sensed by the atoms as abundance of electrons and 

manifested as electrostatic shift to lower binding energy [59–60]. On the other hand, In EP-

covalent scaffolds, C1s, O1s and N1s peaks appear shifted to higher binding energy, 304, 

548, and 417 eV, respectively. This can be explained by the fact that the covalent bond 

formed by EDC chemistry to conjugate elastin to PLGA changed the polarity and decreased 

the electron density around the nuclei which results in chemical shift to higher binding 

energy. Similar peak shifts as a result of covalent conjugation was seen elsewhere [61]. 

Detailed studies of the effects of electrostatic and chemical interactions on the XPS spectra 

is well-described in the literature [59–60].

3.1.2 FTIR—Qualitative FTIR analysis of the nanofiber scaffolds was carried out to: 1) 

confirm successful incorporation of both PLGA and elastin into the scaffolds and 2) verify 

that elastin did not undergo significant structural changes during incorporation into the 

scaffolds by electrospinning or covalent conjugation as indicated by the appearance of all its 

major peaks. As a protein, the FTIR spectra of elastin are dominated by the vibrational 

modes of amide bonds. Therefore, the suppression of native peaks or the appearance of new 

peaks may indicate disruption to the polypeptide/protein chain during scaffold synthesis 

[62–63]. Figure 2 shows the FTIR spectra of the hybrid elastin-PLGA nanofiber scaffolds in 

comparison to PLGA (P) and elastin powder (E). EP-blend and EP-covalent scaffolds 
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showed almost identical FTIR spectra, with the appearance of very prominent elastin-

specific peaks, as indicated by its similarity to the FTIR spectrum of elastin powder. The two 

elastin-containing scaffolds showed peaks around 1650 and 1540 cm−1, and they are 

attributed to N-C=O stretching vibrations of the primary and secondary amides in elastin, 

respectively [63]. This indicates that neither blend electrospinning nor covalent conjugation 

affected the main functional groups in elastin. All the nanofiber scaffolds showed 

characteristic PLGA peaks. The peak around 1753 cm−1 is attributed to C=O stretching 

vibration of the polymer backbone and the peaks around 1184, 1130, 1090 and 1050 cm−1 

are assigned to C-O-C stretching vibration [64]. Slight up and down shifts of the peaks are 

attributed to differences of the local environment of the bonds and possible interactions with 

neighboring atoms causing changes in bond polarity. FTIR analysis confirmed the presence 

of intact elastin peptides in both the blend electrospinning and chemically conjugated 

elastin-PLGA nanofiber scaffolds.

3.1.3. Elastin content in the scaffolds—To quantify the total elastin content in each of 

the scaffolds, UV absorbance spectroscopy was used. The total elastin concentration was 

found to be 0.5666 ± 0.036 and 0.5587 ± 0.041 mg elastin/1 mg nanofibers for EP-blend and 

EP-covalent scaffolds respectively.

The distribution of elastin within the scaffolds in each type can be deduced from the 

synthesis method. The synthesis method is blend electrospinning for EP-bend and post-

electrospinning surface functionalization in EP-covalent nanofibers. Both techniques are 

well-established and described in in the literature [65–69]. Blend electrospinning, the 

synthesis method of EP-blend, produces uniform distribution of the components of the 

nanofibers [65–67], especially when they are miscible within the same solvent, as is the case 

in EP-blend. Therefore, elastin is evenly distributed throughout the bulk and on surface of 

the fibers. On the other hand, post-electrospinning surface functionalization of nanofibers, as 

in the case of EP-covalent nanofibers, produces accumulation of the functional moiety on 

the surface of the nanofibers only [68–69]. Therefore, in EP-covalent nanofibers, the body of 

the nanofiber mat is made of electrospun PLGA fibers. These nanofibers are then surface 

modified with elastin through covalent conjugation.

3.2. SEM characterization of the scaffolds

To characterize the diameter and morphology of the elastin-PLGA nanofiber scaffolds, 

scanning electron microscopy (SEM) was carried out. In order to account only for the 

mechanical and chemical effects of elastin and minimize any possible morphological effects 

of elastin, we chose the concentrations of PLGA and elastin to obtain a similar fiber 

diameter to our previous reports of 8% PLGA [14, 23–24, 53]. Therefore, we kept the total 

solid content constant at 8% w/w (4% elastin and 4% PLGA) for EP-blend fibers. This 

successfully resulted in close fiber diameters. Figure 3 shows the SEM images of elastin-

PLGA fibers (blend) and PLGA fibers. The mean fiber diameter was measured from SEM 

images and calculated to be 308 ± 130 and 250 ± 90 nm for elastin-PLGA-blend and PLGA 

fibers, respectively. However, despite the constant polymer content, EP-blend showed more 

tilts and bends than PLGA fibers. EP-covalent nanofibers are prepared as PLGA nanofibers 

followed by covalent conjugation of elastin by means of EDC chemistry. As expected and 
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shown in Figure 3, the diameter of the fibers is the same as for P scaffolds, with apparent 

fiber crosslinking induced by EDC chemistry. Surface-conjugated elastin is too small to be 

distinguished at this magnification.

3.3. Effect of elastin nanofiber modification on the scaffold stiffness

Given that elastin, as the functional component of elastic fibers, is largely responsible for the 

elasticity of ECM within many organs, it is expected that adding elastin to PLGA nanofibers 

will confer elasticity. To test this hypothesis, the average Young’s modulus of the nanofiber 

mats was measured, as shown in Figure 4A. Elastin as a blend electrospinning component of 

the nanofibers (EP-blend) significantly increased the compliance, or decreased the stiffness, 

of the scaffold when compared to PLGA nanofibers; Young’s modulus ~ 0.59 ± 0.356 MPa 

for EP-blend as compared to 4.29 ± 1.789 MPa for P. On the other hand, elastin as a surface 

modification (EP-covalent) had the opposite effect where it caused a significant increase in 

the mean scaffold stiffness and heterogeneity of the mechanical properties; Young’s modulus 

~ 20.72 ± 5.978 MPa. This can likely be attributed to the fact that the process of covalently 

conjugating elastin on the surface of PLGA fibers with EDC chemistry is known to crosslink 

nanofibers, thus increase the bulk stiffness of the material [71–72]. To confirm, the Young’s 

modulus of PLGA nanofibers treated with EDC chemistry without the addition of elastin 

was measured; Young’s modulus ~ 20.4 ± 8.6 MPa. As shown in Figure 4A, no significant 

difference was observed between PLGA fibers treated with EDC chemistry (P-EDC) and 

PLGA fibers conjugated with elastin using EDC chemistry (EP-covalent). Thus, the increase 

in the scaffold stiffness of elastin-PLGA scaffold prepared by covalent conjugation (EP-

covalent) can be attributed to EDC crosslinking effect rather than elastin. AFM 

measurements were performed in dry conditions, which is different from the cells’ wet 

environment. While it is expected that the mechanical properties of elastin may change in 

wet conditions, we expect that the values of elastic modulus in wet conditions may be lower 

than in air for all types of electrospun scaffolds that we fabricated, as reported elsewhere 

[73–74]; however, the trend is expected to be conserved [73–74].

Several reports have listed Young’s moduli for elastin in vivo, the values vary depending on 

the tissue and the degree of crosslinking. For example, the elastic modulus values of elastin 

in bovine neck ligaments are ~ 1.1 MPa [75], porcine carotid atrial vessels ~ 0.45 MPa, and 

porcine aorta ~ 0.81 Mpa [76]. As for the electrospun fibers containing elastin, their elastic 

modulus values vary: ~ 0.33 MPa for crosslinked α-elastin [77] and 0.77 MPa for 

electrospun blend of PLGA, gelatin and elastin [44]. While the exact stiffness value of the 

salivary gland ECM was not reported before, the adult salivary glands’ Young’s moduli are 

in the 1–4 kPa range [21]. Therefore, PLGA nanofibers and similar materials are stiffer than 

the in vivo tissue. Therefore, incorporation of elastin into the nanofibers themselves by blend 

electrospinning (EP-blend) thus decreased the Young’s modulus, meaning that the EP-blend 

nanofibers are more similar to the compliance of the natural tissue in vivo than either the 

PLGA nanofibers or the EP-covalent nanofibers [21], which should promote cellular self-

organization [78].
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3.4. Effect of elastin nanofiber modification on the wettability of the nanofiber scaffolds

Scaffold wettability is an important factor affecting the cell behavior, and hydrophilic 

surfaces have been found to be generally favorable for cell attachment [79–80]. To assess the 

effect of elastin functionalization on the wettability of the PLGA nanofiber scaffold, the 

water contact angle of the two elastin-containing scaffolds as compared to PLGA nanofibers 

and glass was measured, as shown in Figure 4B. The addition of elastin significantly 

increased the wettability of the nanofiber scaffolds whether it was introduced to the fiber mat 

by blend electrospinning or to the surface by covalent conjugation. The contact angle was 

significantly reduced from 110 ± 4.56° for PLGA to 42.17 ± 2.4° and 25 ± 5.25° for EP-

blend and EP-covalent, respectively. The improvement of wettability upon the introduction 

of elastin agrees with previous reports showing a contact angle value of elastin (cast film) ~ 

47° and when introduced to polytetrafluoroethylene (ePTFE) to make vascular grafts, it has 

a contact angle of 43° [81]. Also, human elastin-like polypeptides were reported to confer 

wettability to surfaces (contact angle ~ 24°) [82]. The wettability of the scaffolds increased 

most significantly following chemical conjugation of elastin onto the surface (EP-covalent), 

suggesting accumulation of more elastin on the scaffold surface as expected from the 

synthesis method (post-electrospinning surface modification).

3.5. Effect of elastin nanofiber modification on SIMS cell proliferation

Biochemically, elastin peptides were reported to modulate the proliferation of some cell 

types in different manners. For example, they suppressed the proliferation of keratinocytes 

[33] while they promoted the proliferation of smooth muscle cells [83] and fibroblasts [84–

85]. In addition, polarization of epithelial cells is usually inversely correlated with 

proliferation [86]. Therefore, the effect of elastin peptides on the proliferation of salivary 

gland ductal cells was tested. The immortalized mouse submandibular ductal cell line 

(SIMS) cells were cultured on the various nanofiber scaffolds or glass, and the cells were 

counted at multiple time intervals: 4, 24, 48 and 72 hours. Figure 5 shows the total count of 

cells cultured on the different scaffolds at different time points. Cells cultured on elastin-

containing scaffolds (EP-blend and EP-covalent) showed significantly less proliferation than 

cells cultured on PLGA nanofibers. This reduction in total cell count is attributed to 

reduction in cell proliferation rather than cell death, as the cell viability is high (≥ 90%) and 

not significantly different between the groups at all the time points (supplementary figure 1). 

Elastin incorporation reduced proliferation of mouse submandibular ductal cells, similar to 

keratinocytes [33].

3.6. Effect of elastin nanofiber modification on organization, morphology and clustering of 
SIMS cells

In order to assess the effect of elastin modification of the nanofiber scaffold on the cells’ 

organization and morphology, SIMS cells were cultured on all the various scaffolds and their 

organization after 48 hours of seeding was assessed. Confocal microscopy images, Figure 

6A, show that SIMS cells cultured on Elastin-PLGA fibers prepared by blend 

electrospinning (EP-blend) grew in closely-packed rounded cells showing obvious clustering 

and visibly smaller nuclear area indicative of minimal spreading with fewer stress actin 

fibers than cells grown on the other substrates.
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To quantify cell clustering, the nearest neighbor distance between adjacent nuclei and the 

mean nuclear area of cell nuclei for subconfluent SIMS cells cultured on the different 

substrates were measured. The mean nearest neighbor distance is an established statistical 

indicator of spatial distribution of subjects [87]. The smaller the distance, the more closely-

connected the cells are, which is epithelial-like and is necessary for the cells’ barrier 

function and directional flow of saliva [7]. Figure 6B shows the mean nearest neighbor 

distance for SIMS cells cultured on the different substrates. As shown, elastin as a blend 

electrospinning modification (EP-blend) promoted significantly more close-packing of the 

cells, as indicated by the smallest nearest neighbor distance among the groups, Figure 6B. 

Interestingly, elastin as a covalent modification on the surface (EP-covalent) had the 

opposite effect. As shown in Figure 6B, covalent modification of PLGA nanofibers with 

elastin on the surface (EP-covalent) disrupted the close-packing of SIMS as indicated by a 

significant increase in the mean nearest neighbor distance as compared to PLGA fibers (P). 

The nuclear morphology is closely-associated with the cell cytoskeletal morphology; thus, 

the nuclear area can be used as an indicator of the cellular area and cell spreading [88]. 

Figure 6C shows that elastin as a blend electrospinning component (EP-blend) resulted in 

significantly smaller nuclear area, indicating less spreading. On the other hand, EP-covalent 

showed an increase in the mean nuclear area when compared to PLGA fibers (P). 

Interestingly, cells cultured on EP-blend nanofibers, showed significant increase in cell-

scaffold integration, as cells were able to embed within the scaffold (55.8 ± 10.5 % of the 

cell height) as compared to 16.1± 4.6% and 18.3 ± 5.5% for EP-covalent and PLGA fibers, 

respectively, as shown in Figure 7C. Collectively, the cell organization, Figure 6A, the 

nearest neighbor distance measurements and the nuclear area measurements, Figures 6B and 

6C, of SIMS cultured on the different scaffolds indicate that elastin as a blend 

electrospinning component of the fibrous body of the scaffold (EP-blend) and not as a 

surface modification of PLGA fibers (EP-covalent) is of benefit for epithelial cell 

organization, Figure 6, and cell-scaffold integration, Figure 7C. These data are consistent 

with the increased compliance of the EP-covalent scaffolds facilitating cell self-organization.

3.7. Effect of elastin nanofiber modification on SIMS cell apical polarization

Given that apicobasal polarity is a requirement for functioning ductal cells, we questioned if 

elastin in the PLGA nanofiber scaffolds could promote apical polarization of SIMS salivary 

epithelial cells. In order to test this hypothesis, SIMS cells were cultured on the different 

substrates and performed immunocytochemistry to detect tight junction proteins, occludin 

and ZO-1 [5–6], together with filamentous β-actin using immunocytochemistry and confocal 

imaging. Actin forms cytoskeletal filaments that are progressively concentrated at the apical 

membrane with polarization and that is also useful as an indicator of monolayer cell heights, 

which increase with cell apicobasal polarization [89].

Elastin, either as a blend electrospinning component (EP-blend) or as a covalently-

conjugated motif (EP-covalent), promoted the apical localization of the three proteins, 

occludin, ZO-1, and F-actin. Figure 7A shows the XZ projections of the confocal 

microscopy Z-stacks taken for the cells grown on all the different substrates for 6 days, with 

the basal side of the cell in contact with the scaffold. Similar to our previous reports, [14], 

minimal ZO-1 polarization was detected for PLGA nanofibers without any noticeable apical 
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localization of actin and occludin, and all three proteins were laterally localized in cells 

grown on glass substrates. In agreement with this observation, a significant increase in the 

mean monolayer height of cells cultured on the elastin-containing scaffolds was observed 

with elastin as a blend electrospinning component showing the highest average monolayer 

height among the different substrates, as quantified in Figure 7B. Elastin, as a covalently 

conjugated surface molecule (EP-covalent), produced a slight increase in the average cell 

monolayer height as compared to PLGA. These data support the conclusion that elastin 

promotes apical polarization of submandibular duct epithelial cells through chemical 

signaling.

4. Discussion

Engineered scaffolds to promote salivary gland regeneration hold great promise for long-

term treatment of salivary gland hypofunction. However, providing appropriate chemical, 

mechanical, and physical cues to direct salivary epithelial cell organization and function for 

regenerative medicine approaches has not yet been realized. Many current tissue engineering 

approaches use hydrogels, as they are compliant and permissive for cell self-organization, 

however, the closed structures formed do not readily provide an outlet for delivery of saliva 

to the mouth [90–94]. Therefore, a biocompatible scaffold that directs the growth of the 

salivary cells as an appropriately polarized monolayer is promising.

Since the low compliance, poor hydrophilicity and lack of biochemical cues associated with 

many biomaterials including nanofibers of synthetic polymers is not optimal for epithelial 

cell self-organization and function; however, in this study we investigated the utility of 

elastin to generate elastin-PLGA hybrid nanofibers that have more favorable elasticity, 

wettability and in vivo-like chemical structure. Elastin was introduced into our previously-

developed PLGA nanofiber scaffolds [14, 23–24, 53] using two methods, blend 

electrospinning and covalent conjugation on the surface. Adding elastin to the PLGA 

scaffolds using either of the methods significantly improved its wettability, which is vital for 

cell-scaffold interactions [79–80]. This improvement in hydrophilicity is expected and can 

be attributed to the abundance of hydrophilic amine and carboxylic acid groups in elastin 

peptides. The increase in scaffold wettability was more significant for EP-covalent 

nanofibers, suggesting accumulation of more elastin on the surface as expected from the 

synthesis method (post-electrospinning covalent conjugation) [68].

Elastin, in its fibrous form, is known to confer mechanical elasticity and stretch-ability to the 

elastic fibers of the ECM, blood vessels and skin in vivo [31]. Here, it was demonstrated that 

blend electrospinning of elastin into the scaffold significantly improved the PLGA nanofiber 

scaffold elasticity, as shown by the reduction of the average Young’s modulus from (4.29 

MPa) for PLGA fibers (P) to (0.59 MPa) for elastin-PLGA nanofibers prepared by blend 

electrospinning (EP-blend). However, covalent conjugation of elastin on the surface of 

PLGA fibers post electrospinning (EP-covalent) increased the mean scaffold stiffness to 

(20.72 MPa) as compared to PLGA nanofibers (P), which was confirmed to be due to the 

chemical treatment of the fiber mat with EDC-mediated crosslinking. Physical 

characterization of the scaffolds confirmed that morphologically, elastin, as a blended 

component of the fiber mat (EP-blend), showed slightly more flattened fibers with more 
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bends and curves than PLGA nanofibers, which may be a visual indicator of the elasticity of 

the EP-blend scaffolds.

The cellular response to the scaffolds was evaluated in terms of proliferation, apical 

polarization and organization. Apical polarization, controlled proliferation, and cell height 

are intimately-related epithelial characteristics. As epithelial cell height increases, it is 

typically accompanied with cell differentiation and with a reduction in cell proliferation 

[86]. In this study, we noted that apicobasal polarity, and cell monolayer heights are 

promoted by elastin addition to the nanofibers using either blend electrospinning or covalent 

conjugation (EP-blend and EP-covalent). Cell proliferation was coordinately reduced as a 

result of elastin modification of the scaffolds. Since polarization and suppression of 

proliferation were observed for elastin-modified scaffolds whether the stiffer scaffold (EP-

covalent, elastic modulus = 20.72 ± 5.978 MPa) or the softer scaffold (EP-blend, elastic 

modulus = 0.59 ± 0.356 MPa), while not observed for PLGA nanofibers (intermediate 

stiffness, elastic modulus = 4.29 ± 1.789 MPa), it is likely that that the biochemical nature of 

elastin peptides, rather than elastin’s mechanical effect, is a major contributing factor for 

apicobasal polarization and suppression of proliferation. Also, modulation of cell 

proliferation by either suppression [33] or induction [62–64], in response to elastin peptides 

was reported elsewhere [33, 77–79]. However, a definitive conclusion on the causative factor 

of these cellular responses cannot be made as other possible factors could not be excluded in 

this study.

Self-organization and close cell-cell contact are characteristics of epithelial cells in tissues 

and are important for tissue structure and function [23]. In this respect, we found that EP-

blend nanofibers promoted better epithelial organization than nanofibers with covalently 

conjugated elastin and the control substrates. These data imply that the elasticity of the 

scaffold, rather than its chemical structure, is causative in facilitating cell shape change and 

self-organization. In addition, the improved cellular infiltration into the blend elastin 

scaffold may also make the cells perceive the scaffold as a 3D environment which, in return, 

may support the observed cell self-organization.

5. Conclusions

Towards optimizing a scaffold for salivary gland regenerative medicine strategies, the 

potential of PLGA nanofiber modification with elastin, an ECM protein, using blend 

electrospinning and covalent conjugation, was investigated. This study demonstrated that the 

modification of PLGA nanofibers with elastin as a blend electrospinning component 

improved the overall characteristics of the nanofiber scaffolds which translated into desirable 

effects on salivary epithelial cells. Elastin incorporation by blend electrospinning improved 

the elasticity, wettability, and chemical nature of the nanofibers. This resulted in epithelial 

cell self-organization into clustered epithelial cells and less cell spreading. In addition, 

elastin promoted apical localization of occludin, ZO-1, and F-actin with an accompanying 

cell monolayer increase and proliferation decrease. The incorporation of elastin into PLGA 

nanofibers improved ability to culture salivary epithelial cells with more native epithelial 

characteristics without the requirement for chemical conjugation or micropatterning of the 

scaffold.
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Elastin-PLGA nanofiber scaffolds have a strong potential applicability in salivary gland 

tissue regeneration and in regeneration of other epithelial organs. Collectively, our 

observations indicate that PLGA-elastin nanofiber scaffolds prepared by blend 

electrospinning (EP-blend) can provide appropriate chemical and/or mechanical signaling to 

direct the self-organization of differentiated epithelial cell monolayers. The EP-blend 

nanofiber scaffolds may be additionally useful for delivery of regeneration-stimulating 

factors and/or cells in regenerative medicine approaches for restoration of saliva production 

in patients with chronic salivary hypofunction.
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Statement of significance

Regenerating the salivary glands by mimicking the extracellular matrix (ECM) is a 

promising approach for long term treatment of salivary gland damage. Despite their 

topographic similarity to the ECM, electrospun fibers of synthetic polymers lack the 

biochemical complexity, elasticity and hydrophilicity of the ECM. Elastin is an ECM 

protein abundant in the salivary glands and responsible for tissue elasticity. Although it’s 

widely used for tissue regeneration of other organs, little is known about its utility in 

regenerating the salivary tissue. This study describes the use of elastin to improve the 

elasticity, hydrophilicity and biochemical complexity of synthetic nanofibers and its 

potential in directing in vivo-like organization of epithelial salivary cells which helps the 

design of efficient salivary gland regeneration scaffolds.
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Figure 1. 
Confirmation of elastin inclusion in the nanofiber scaffolds using the XPS spectra of the 

nanofiber scaffolds. The appearance of the N1s peak around 400 eV in EP-blend and EP-

covalent nanofibers and its absence in PLGA indicates the presence of elastin. EP-blend, 

elastin-PLGA-blend nanofibers; EP-covalent, elastin-PLGA-covalent nanofibers; P, PLGA 

nanofibers.
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Figure 2. 
FTIR characterization of the nanofiber scaffolds. The appearance of peaks between 1530 and 

1660 cm−1 corresponding to N-C=O stretching vibrations of primary and secondary amide 

bonds in elastin confirms the presence of elastin in the nanofiber scaffolds and indicates the 

preservation of elastin peptides after inclusion into the nanofibers. E, elastin powder; EP-

blend, elastin-PLGA-blend nanofibers; EP-covalent, elastin-PLGA-covalent nanofibers; P, 

PLGA nanofibers.

Foraida et al. Page 22

Acta Biomater. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
SEM characterization of the nanofiber scaffolds. A, B- EP-blend, C, D- EP-covalent and E, 

F- P nanofibers. Unlike PLGA nanofibers, EP-blend nanofibers include curved fibers.
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Figure 4. 
Elastin improves the mechanical compliance and hydrophilicity of the nanofiber scaffolds. 

A- AFM mechanical characterization of the nanofiber scaffolds. Elastin functionalization by 

blend electrospinning conferred elasticity to the nanofiber scaffolds. EP-blend nanofibers 

show the smallest Young’s modulus at 0.59 ± 0.356 MPa as compared to 20.72 ± 5.978 MPa 

for EP-covalent, 4.29 ± 1.789 MPa for P and 20.4 ± 8.6 MPa for P-EDC. EP-blend, EP-

covalent and P are significantly different from each other, while P-EDC and EP-covalent are 

not significantly different. B- Elastin functionalization and inclusion in the electrospun 

fibers by either blend electrospinning (EP-blend) or covalent conjugation (EP-covalent) 

significantly increases the wettability of the nanofiber scaffolds as indicated by the decrease 

in contact angle measurements. Contact angle measurement results are presented as mean ± 

SD; 42 ± 2.36°, 25 ± 5.25°, 110 ± 4.56°, 25.25 ± 4.1° for EP-blend, EP-covalent, P and 

glass, respectively. ANOVA with Bonferroni’s post-test; *p < 0.05, **p < 0.01, ***p < 

0.001. P-EDC, PLGA fibers treated with EDC chemistry only without adding elastin.
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Figure 5. 
Effect of elastin inclusion in nanofibers on SIMS cell proliferation. SIMS cells were seeded 

on the scaffolds indicated and allowed to grow for up to 72 hours. Viable cells were counted 

every 24 hours. After 24 hrs, cells grown on elastin-containing nanofibers generally show 

reduced cell numbers as compared to cells grown on PLGA nanofibers. Total cell number 

graphs indicate that reduction in proliferation appeared as early as 24 hours for EP-covalent 

and at 48 hours for EP-blend. This effect was more prominent for EP-blend, especially at 72 

hours. Results shown are presented as mean ± SEM. Single-factor ANOVA with 

Bonferroni’s post-test. *p < 0.05, **p < 0.01, ***p <0.001.
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Figure 6. 
Elastin as blend electrospinning component supports epithelial cell clustering organization. 

A- Representative XY confocal images of SIMS cells grown on the different scaffolds for 48 

hours showing the clustered cell appearance of SIMS grown on EP-blend as compared to the 

other scaffolds. Stress fibers are most prominent for SIMS grown on glass (arrow) and least 

prominent for EP-blend. DAPI (blue), nuclei; F-Actin, green. Scale bar, 50 μm. B- 

Quantification of cell clustering using nearest neighbor distance (NND) measurements. EP-

blend shows the smallest distance, meaning the most clustering. C- Quantification of cell 
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spreading using average nuclear area measurements. EP-blend shows the smallest nuclear 

area indicating most clustering. Mean ± SD. Single factor ANOVA with Bonferroni’s post-

test; *p < 0.05, *** p < 0.001.
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Figure 7. 
Apicobasal epithelial cell polarization in response to elastin. Tight junction proteins and 

actin localization in SIMS cells cultured on different substrates, 6-days post-seeding. A- 

Representative XZ confocal projections show that elastin-modified nanofibers (EP-blend and 

EP-covalent) show the most apical (above the nucleus) polarization of occludin, ZO-1, and 

actin. Scale bar, 10 μm. Occludin (cyan); ZO-1 (green, second column); Actin (green, third 

column); DAPI (blue), nuclei; nanofibers (red). B- Average monolayer height of SIMS 

grown on the different substrates. Cells grown on elastin-modified scaffolds show 

significantly higher average monolayer heights than cells grown on PLGA nanofibers or 

glass. This is very noticeable for EP-blend nanofibers. Mean ±SD. C- Integration of SIMS 
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cells within the nanofiber scaffolds characterized by % cell infiltration depth. The infiltration 

depth is defined as the cell height embedded within the nanofiber scaffold divided by the 

total cell height. EP-blend nanofibers promote increased cell infiltration. Mean ± SD. 

ANOVA with Bonferroni’s post-test; *p < 0.05, ***p < 0.001.
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