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Abstract:  
 
Collagen I (Col I) and III (Col III) present in the cardiac tissue are homeostatically maintained in the ratio of 3:1 

to promote cardiac health. Increase in the relative amounts of Col I leads to an imbalance of Col I:III during 

cardiac-fibrosis, which has damaging effects on cardiac myocytes (CM). Substrate gels composed of Col I:III 

ratios of 9:1 and 3:1, were developed to represent fibrous- and normal-cardiac tissue, and used to study resultant 

changes in CM function. Second harmonic generation microscopy used to image Col I, displayed a decrease in 

acquired image intensity with an increase in the non-second harmonic Col III in 3:1 gels. SEM showed a fiber-

rich structure in the 3:1 gels with well-distributed pores unlike the 9:1 gels or the 1:0 controls. Rheological 

analysis showed a decrease in substrate stiffness with an increase of Col III, in comparison with other cases. CM 

cultured within 3:1 gels exhibited an elongated rod-like morphology with an average end-to-end length of 86 ± 

28.8 µm characteristic of healthy CM, accompanied by higher cell growth in comparison with other cases. Finite 

element analysis used to estimate the forces exerted on CM cultured in the 3:1 gels, showed that the forces were 

well dispersed, and not concentrated within the center of cells, in comparison with other cases. This study model 

can be adopted to simulate various biomechanical environments in which cells crosstalk with the Col-matrix in 

diseased pathologies to generate insights on strategies for prevention of fibrosis.  
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1. Introduction 

          Collagen has long been a biomaterial of interest in tissue engineering, as it is found within the extracellular 

matrix (ECM) in high amounts and its biocompatibility makes it well accepted by cells (Carrow et al. 2015; 

Glowacki and Mizuno 2008). Being a structural protein found within the ECM of connective tissue, multiple 

types exist with the most common being types I, II, III, IV, and V, allowing for distinct functions within each 

tissue. Type II collagen is attributed to being the main component of hyaline cartilage, however it is also the 

component of structures found within the eye. Types I, III, and V on the other hand, form macrostructures capable 

of providing tensile strength to areas of great stress such as that of bone, ligaments, and tendons.  

          In this study, we focus on Collagen types I and III and their role in the heart, where their fibrous nature 

provides the backbone for cardiac tissue, acting as a scaffold for CM. Col I and Col III both reside in the heart, 

with Col I being the more abundant of the two. A healthy myocardial ECM is comprised of 2-4% collagen 

(Talman and Ruskoaho 2016). Of this percentage, the typical cardiac muscle contains a 3:1 ratio of Col I and Col 

III (Jugdutt 2003), whereas a fibrotic cardiac muscle contains a ratio of 9:1 of Col I and III (Pauschinger et al. 

1998). The upregulation of Col I is often seen after myocardial infarction (MI) and is thought to be the cause of 

the stiffening of cardiac tissue by disrupting the normal ratio of 3:1 ratio of Col I and Col III (Brower et al. 2006; 

Yu et al. 2018; Pathak et al. 2001). During such an event, CMs in the left ventricle undergo a state of necrosis 

and cardiac fibroblasts (CF) are seen to be replaced by myofibroblasts (MF) (Fan et al. 2012). These MF are 

known to be the cause behind the significantly higher Col I concentrations leading to cardiac fibrosis, a scarring 

process that impacts cardiac structure and function overtime leading to heart failure (Weber and Díez 2016; 

Richardson et al. 2015; Chistiakov, Orekhov, and Bobryshev 2016). Thus, therapy directed at cardiac fibrosis 

could reduce the progression of heart failure and other related cardiac disorders.  

          Collagen gels are commonly used as 3D scaffolds that provide a similar environment to that found in the 

wound healing process of connective tissue (Frahs et al. 2018). Previous studies have focused on the effects of  

Col I on CF, CM and MF; however, the addition of Col III provides an ECM environment more characteristic of 

in vivo cardiac tissue.  
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          This study introduces a new model solely composed of Col I and Col III in which the structural and 

mechanical behavior of resident CM can be studied. Lower and upper limits were set to include the ratios of Col 

I and Col III in 3:1 and 9:1, as the progression of fibrosis due to change in ratios of Col I:III was tested. Previous 

studies that have attempted to fabricate such Collagen-rich models have included the use of additional ingredients 

such as that of chondroitin sulfate and potassium chloride whereas the model developed by us consists of Col I 

and III only to mimic ratios found in healthy and diseased heart wall (Stuart and Panitch 2009). Specific 

advantages conferred by the Col I and III model in this study include the ability to depict interactions among cells 

and ECM that may explain the progression of MI in cardiac tissue and lead to the development of clinical 

phenotypes. The resultant effects of different Col I:III ratios on CM can be compared by studying the cell behavior 

of CM in each gel of varying Col I and III concentrations. As stiffness of the ECM is known to govern cellular 

behavior, mimicking physiological changes that occur as a result of an imbalance in Col I and III leading to 

alteration of the ECM is an essential step in strategizing approaches for restoring CM function in the cardiac 

tissue (Asgari et al. 2017). In this study, variation in resultant gel structures due to inclusion of variable ratios of 

Col I:III was confirmed using scanning electron microscopy (SEM). Their viscoelastic properties were studied 

using rheological analysis and their differing composition was confirmed by second-harmonic generation (SHG) 

imaging and microscopy. Following the characterization of gels, their biocompatibility and effects on cellular 

morphology and function was studied with respect to the varying ratios of Col I:III in each gel on CM using phase 

contrast microscopy and a cell trace violet (CTV) proliferation assay. Finite element analysis (FEA) was used to 

obtain a simulated estimation of the force experienced by cells in the collagen gels with varying ratios of Col I:III.  

 

2. Methods 

2.1 Materials, Reagents and Kits 

          A 3D Collagen Culture Kit containing Collagen I solution, Medium 199, and Neutralization solution for 

the formation of collagen gels, was used following the manufacturers recommendations (Cat. No. ECM765,  
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MilliporeSigma, Burlington, MA). Purified Collagen Type III (Bovine, Cat. No. CC078) were obtained from 

ThermoFisher Scientific (Waltham, MA). For cell culture in the collagen gels, 1% Penicillin-Streptomycin and 

EmbryoMax L-Glutamine Solution (100X) were obtained from Millipore. Fetal Bovine Serum was obtained from 

Gibco (ThermoFisher Scientific). Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham with 15mM 

HEPES and sodium bicarbonate was obtained from ATCC (Manassas, VA), and 0.25% trypsin-EDTA was 

obtained from ThermoFisher Scientific. Cell Trace Violet (CTV), proliferation kit was obtained from Invitrogen 

(Carlsbad, CA). 4% paraformaldehyde was obtained from Sigma-Aldrich (St. Louis, MO). 

 

2.2 Preparation of Collagen gels  

          As 3D scaffolds have become predominantly used to explore the effects of materials on different cellular 

functions, we fabricated gels composed of varying Col I:III ratios. These include a 3:1 ratio similar to that found 

in healthy cardiac tissue and a 9:1 ratio representative of tissue afflicted with cardiac disease. A gel made of 100% 

Col I (Col I: III = 1:0) was also fabricated as a control for all in vitro experimental analysis (Joddar et al. 2016). 

The control gels made from Col I only, involved an acidic Col I solution to which the neutralization solution 

consisting of sodium hydroxide was added to cause a polymerization to the matrix within 15 - 30 minutes and 

lead to formation of gels (Z. Chen et al. 2011).  

          The Col I solution was formed by mixing bovine collagen I solution, 5X M199 medium with phenol red, 

FBS, and adjusting the pH with neutralization solution. The percentages for each constituent were as follows: 

70.2% bovine collagen III solution, 17.6% 5X M199 medium with phenol red, 10% FBS, and 2% neutralization 

solution (Table 1). Col III solution was formed by the addition of 0.8µL of 0.5M acetic acid for each µg of bovine 

collagen III powder and stirring it overnight at 4°C. Acetic acid was then added until the solution reached a 

1µg/µL concentration and 0.5M of sodium hydroxide is added accordingly, neutralizing the pH. The observed 

gel ratios were obtained by combining the appropriate amounts of each collagen solution into a homogeneous 

mixture followed by incubation at 37°C for an hour or until gelation was observed. All gels were prepared in the  
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2.3 Absorbance Assay  

          Gelation of 9:1 and 3:1 collagen solutions was confirmed through an absorbance assay being observed over 

time with a Molecular Devices VersaMax UV/Vis Plate Reader equipped with a VersaMax SoftMax® Pro 

Software (Molecular Devices, LLC. San Jose, CA). An absorbance assay was also performed on the 1:0 sample 

to acquire absorbance measurements confirming gelation in these standard or control samples. Transmittance of 

light through each collagen solution was measured over a period of 300 seconds at a wavelength of 562 nm 

(Blissett et al. 2009). Col I and III solutions were prepared (Table 1) and placed inside a 96-well plate with n=3. 

Mathematica 11ã  was used to analyze the data and obtain transmittance curves for each of the 9:1 and 3:1 gel 

ratios.  

 

2.4 Rheological analysis  

          Rheometric analysis was performed on the each of the collagen gels prepared as described earlier to 

determine the varying stiffness’s and rheological parameters in gels made with varying ratios of Col I:III 

(AnilKumar et al. 2019). A biopsy punch was used to cut out gel discs with dimensions of 8 mm diameter and 1 

mm thickness. Prior to the test, these gel discs were immersed in 1X PBS and allowed to swell to equilibrium. 

An Anton-Paar MCR101 rheometer (Anton-Paar, Graz, Austria) with an 8-mm parallel plate geometry, was used 

to perform oscillatory shear stress rheometry at 1% strain and a frequency of 0.5-50 Hz. Frequency sweeps were 

done to determine the strain and frequency range within the viscoelastic range of the gels. The complex viscosity 

was measured at 1.99 Hz and the elastic and complex shear moduli were calculated using the generated values of 

storage and loss moduli, as was done earlier (Anil Kumar et al. 2019). 

 

2.5 Second Harmonic Generation (SHG) 

          3-Dimensional characterization of collagen samples were observed using a home-built SHG microscope 

(Acosta et al. 2014). The light source is a mode-locked femtosecond Ti:Sapphire laser (Maitai HP, wavelength  

690-1040 nm, 100 fs, 80 MHz, Newport, Santa Clara, California). The wavelength was set at 930 nm to generate 
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SHG signal at 465 nm. The blue detection channel has a bandpass filter (417-477 nm) to selectively detect this 

SHG signal. The laser power at the sample site was set at 20 mW with a half waveplate and a polarizing beam 

splitter. Solutions intended for forming gels of each Col I:III ratio were mixed (Table 1) and pipetted directly on 

glass slides, 75mm x 25mm. Next, this 100 µl pipetted solution placed onto the glass slides, was mounted with 

thin cover glasses (25mm x 25mm) and the samples placed in an incubator (37C, 1 h) to promote gelation of all 

samples. This technique allowed preparation of samples having an approximate thickness of ~100µm. Once 

gelation was confirmed by the visual detection of collagen fibrils in each sample using a bright field EVOS XL 

Core (ThermoFisher Scientific) microscope, they were subjected to SHG microscopy and images were acquired 

with a wavelength of 930nm being used to generate second harmonic oscillations within each collagen sample.  

All images were acquired with the same excitation power, and the intensities were directly comparable. Controls 

included 5X M199 medium with phenol red pipetted onto glass slides and imaged. Acquired images were 

processed using ImageJ (NIH) to convert the raw images (blue) into thresholded images (B&W) for calculation 

of collagen fiber lengths (X. Chen et al. 2012). 

 

2.6 Scanning Electron Microscopy (SEM) 

          Scanning Electron microscopy (SEM) was used for acquiring cross sectional images of lyophilized collagen 

gels in accordance with published works (Anil Kumar et al. 2018). Uniform sized gels were prepared, lyophilized, 

sputter coated (Gatan Model 682 Precision Etching Coating System, Pleasantown, CA, USA) and imaged under 

an accelerating voltage of 13 kV, using SEM (S-4800, Hitachi, Japan). Acquired images were further analyzed 

using ImageJ to estimate the average pore diameter for each sample analyzed.   

 

2.7 Cell culture in Collagen gels  

          AC16 Human CM cell lines (Millipore Sigma) were cultured in complete Growth Medium and passaged 

for in vitro stabilization prior to being used in experiments. The complete Growth Medium consisted of 

Dulbecco`s Modified Eagle`s Medium/Nutrient Mixture F-12 with 15mM HEPES and sodium bicarbonate, liquid 
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sterile-filtered, suitable for cell culture. To this, we added 12.5% Fetal Bovine Serum, 1% Penicillin-Streptomycin 

and 200mM L-Glutamine. The cells were cultured, passaged and stabilized for at least six passages before being 

used in experiments with medium being changed every 24 hr. At the end of every passage, normal and healthy 

cell morphology was confirmed using phase contrast image acquired using EVOS Imaging Systems displaying 

the morphology of healthy CM. These were then seeded atop each collagen sample post-gelation at a density of 

4 X 105 cells/mL within 48-well plates and were incubated for 72 hr (37°C, 5% CO2), after which were fixed 

using 100 µL of 4% paraformaldehyde (Sigma-Aldrich) in each well for 20 minutes. The samples were then 

washed with 1X Phosphate Buffered Saline (PBS) and analyzed using phase-contrast microscopy (ZEISS Axio 

Observer. A1 LSM 700, Germany) to elucidate the effects of varying Col I:III concentrations on CM. Images of 

cells in gels were acquired after 48 hr when the cells were accustomed to their respective collagen substrates.  

The effects of varying Col I and III concentrations on CM morphology while knowing the Young’s modulus of 

the substrate gels can be used to predict the forces applied by the substrate on the CM (del Álamo 2007). For this 

purpose, average cell diameter and end-to-end length were acquired for cells cultured in each Col I:III ratio to 

elucidate the effect an increase in Col I, compared with Col III, has on CM morphology. The extension of CM to 

a rod-like shape, is imperative for sarcomere contraction (Ribeiro et al. 2015). Additionally, retention of optimal 

cell diameter is attributed to the cell surface area: volume ratio, which may limit a cell’s ability to diffuse nutrients 

if the CM becomes too enlarged (Chang and Huang 2014). Thus, end-to-end length and diameter of cells were 

hence obtained through the use of ImageJ by following previous work, allowing for a comparison between CM 

parameters on varying Col I:III ratios (Anil Kumar et al. 2019).  The cellular aspect ratio was then obtained by 

dividing the average end-to-end length over the average cell diameter of each respective ratio (Col I:III), as shown 

by the formula: 

Cellular Aspect Ratio (unit less) =   
Average Cell End-to-End Length

Average Cell Diameter
         (1) 
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2.8 Cell Trace Violet (CTV) Assay  

          To estimate their proliferation in the collagen gels, encapsulated cells were pre-stained using CTV 

proliferation kit (Invitrogen, Carlsbad, CA, USA) and subjected to Flow Cytometry (FACS) analysis, as done 

earlier (Anil Kumar et. al 2019) following manufacturer’s protocols. The CTV dye was applied at 1:1000 dilution 

in this study, for pre-staining cells. These pre-stained cells were mixed with the solutions placed within 96 wells, 

cross-linked for gelation and cultured for 24 hr, and 72 hr respectively (37°C, 5% CO2). After 24- and 72-hr, cell-

gel samples were treated using Trypsin-EDTA (0.25%, phenol red) (ThermoFisher), after which the detached 

cells were carefully extracted and processed for flow cytometry (FACS). Extracted cells were fixed and processed 

further for FACS (Beckman Coulter Gallios Flow Cytometer, Brea, CA, USA) using excitation and emission 

wavelengths of 405 and 450 nm respectively. Positive controls included pre-stained cells grown on plastic petri 

dishes for 24 and 72 hrs, respectively. Negative controls included non-stained cells grown on plastic petri dishes 

for 24 and 72 hrs, respectively. Results were presented as the % of cells expressing the CTV dye after each 

characteristic sample run at 24 and 72 hrs, respectively. In addition, the extent of cell proliferation for each case 

was calculated using formula (2) below: 

 Extent of Proliferation =  % Cells Expressing CTV after 24 hr-% Cells Expressing CTV after 72 hr
% Cells Expressing CTV after 24 hr in 1:0 sample

  100    (2) 

 

2.9 Cell Morphology Analysis and Force Estimation  

         To simulate the applied force on each cell, Finite Element Analysis (FEA) was performed on CM from each 

sample using Fusion 360 (Autodesk, Inc. San Rafael, CA). CM thickness was estimated to be 20 µm by using the 

average CM thickness shown in a cross-sectional profile of the left and right ventricles in vivo (Tracy 2014).  A  

force of 1.12 x 10-6 N was obtained by multiplying the known diastolic stress applied in vivo, by the average area 

of a CM and was subsequently applied to each cell (Frisk et al. 2016). In order to accurately model the behavior  
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experienced by CM in their natural environment, the edges and bottom surface of all cells were locked in the x, 

y, and z direction, with the load being applied on the top surface. FEA was done on a static stress environment, 

with testing conditions being identical throughout each Col I:III ratio.  

 

2.10 Statistical Analysis  

          All samples were present in groups of three and all experiments were performed twice, unless otherwise 

mentioned. Data are represented as the Mean ± Standard Deviation. Microsoft Excel Student’s t-test was 

performed to determine if the averages of any two of the sample datasets compared showed significant difference 

in their values.  p-values less than 0.05 were considered statistically significant.  

 

3. Results 

3.1 Absorbance Assay 

          Gel formation of 3:1 and 9:1 collagen solutions was confirmed and quantified through absorbance assays 

(Fig. 1a, b). Both collagen ratios attained a transmittance of 40% after 300 s. These results confirmed gelation for 

both sets of gels containing 3:1 and 9:1 collagen solutions, in comparison with controls (Supplementary Fig. 1). 

Supplementary Fig. 1 depicts characteristic absorbance of all gels pre-and post-gelation confirming gelation of 

all samples. Although not depicted, we attempted to form Col I:III gels composed of 1:1 and 0:1 ratios. These 

however, did not undergo crosslinking and remained a solution after 300 s. 

 

3.2 Rheological Parameters 

          Gel discs formed from all groups exhibited clear elastic behavior (Figure 2a, b, c). The equilibrium of both 

storage and loss modulus was found between frequencies ranging from 0.5Hz to 50Hz, which corresponded to a 

linear viscoelastic region. Utilizing these behaviors, the storage and loss modulus were determined for gels of 

varying Col I:III ratios. Decreasing Col I fraction decreased both storage and loss modulus, indicating higher 

elasticity in gels with greater concentration of Col I (Figure 2d). Interestingly, decreasing Col I concentration  
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Fig. 1: Absorbance assay to confirm gelation for Collagen I:III mixtures. Shown are transmittance curves (left) 
depicting the rate of gelation, and corresponding images of formed gels in wells (right) confirming the solutions 

have undergone gelation, for (a) 9:1 ratio () and (b) 3:1 ratio () of Collagen I:III respectively. 
 

further decreased the complex viscosity, implying changes to the microstructure (Figure 2e) (Shayegan and Forde 

2013). 

          From the rheological data, a semi-logarithmic function was established to estimate the amount of Col I and 

concurrently of Col III, based on the corresponding Young’s modulus of the collagen gel sample. The natural log 

of the average Young’s modulus for each ratio was taken and attributed to the amount of Col I present within the 

gel as displayed by Supplementary Figure 2a. Average values of the viscoelastic properties of each collagen gel 

showed a decrease as the concentration of Col I was reduced (Supplementary Figure 2b). This can be attributed 

to Col I fibers being thicker than those of Col III, as they provide great structural strength within the cardiac ECM 

(Jugdutt 2003). 
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Fig. 2: Rheology analysis of Collagen gels obtained from a disc shaped (8 mm) sample. (a) Representative 
curve of frequency independent behavior of 100% Collagen I gels. A large frequency range (0.01-1000 Hz) was 
only performed on 100% Collagen I in order to determine how large the constant region was for the parameters 
studied. These results helped establish the frequency range of 0.5 to 50 Hz for testing of the Col I: III, 9:1 and 

3:1 gels respectively. Equilibrium storage and loss modulus in the LVE range was found to be within 50 and 0.5 
Hz for Col I: III combined in the ratios of (b) 9:1, and (c) 3:1 collagen samples. 

(d) Quantification of storage and loss modulus of Collagen gels. Moduli were measured at 1.99 Hz for all 
samples. (e) Quantification of complex viscosity of Collagen gels. Viscosity was measured at 1.99 Hz for all 

samples. 
 

3.3 SHG Imaging 
 

          The non-linear optical method of SHG microscopy has recently emerged as a powerful non-destructive tool 

for visualizing the supramolecular assembly of collagen in tissues at a great level of precision and detail (X. Chen 

et al. 2012). Among the collagens, Col types I and II form aligned fibers and can be detected using SHG imaging 

(Campagnola 2011). In contrast, collagen types III and IV are not fibrillar and therefore do not produce sufficient 

SHG signals for imaging (Cox et al. 2003). Based on this knowledge, we hypothesized that images acquired from  

gels with varying Col I:III ratios would exhibit SHG signals with changing intensity as the amount of Col I varied 
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proportionately in characteristic samples. Results allowed a comparison of the acquired SHG images of self-

assembled proportionately in characteristic samples. Results allowed a comparison of the acquired SHG images 

of self-assembled collagen gels which showed a similar fiber alignment in all cases but a significantly different 

distribution in intensity (*p<0.05) as the amount of Col I decreased proportionately in gels having Col I:III of 1:0 

to 9:1 and in 3:1 (Fig. 3 a-f). In Fig. 3d, e, f, SHG images of self-assembled gels from Col I:III in the ratio of 1:0 

(p=0.024), 9:0 (p=0.006) and 3:1 (p=0.001) confirmed a similar fiber alignment in all cases yet varying image 

intensities in all samples (Figure 3g). The average fiber length of Col I acquired in each sample, 49 ± 6.43 m for 

the 1:0, 48.63 ± 7.99 m for the 9:1 and 48.63 ± 7.01 m for the 3:1 respectively were not statistically different 

when compared across different samples (Fig. 3g).  

 

Fig. 3: Second Harmonic Generation Imaging and Analysis. Shown in (a-c) are representative brightfield 
images of the Collagen gels acquired using a 10X objective. In (d), (e) and (f) montage of SHG imaging of 

collagen gels are shown. Scale bar denotes 50 µm in all images. 
(g) Average length ± SD of Col I for each sample is depicted (black bars) alongside average image intensity ± 
SD represented as a bar graphs (gray bars). Average intensity of Col I fibers significantly reduced in samples 

with proportionate increase of Col III. * indicates statistically significant data with p<0.05. 
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          These results confirmed the identify and constitution of the varying ratios of the Col I:III in the assembled 

gels. Comparative images acquired using brightfield imaging also qualitatively confirmed the same (Fig. 3a-c). 

Our SHG images were comparable to images of other self-assembled collagen gels reported in published studies 

(X. Chen et al. 2012). Phenol Red solution used as a control for this experiment provided a signal in the green 

channel, but not in the blue channel, indicating the presence of Phenol Red and its lack of SHG signals 

(Supplementary Figure 3).  

 

3.4 Structural Analysis  

          Cross-sectional SEM images of gels with varying Col I:III revealed varying structural characteristics among 

the different gels, where the 3:1 ratio was observed to be highly organized and striated with homogeneous 

distribution of pores (Fig. 4c), while 1:0 and 9:1 lacked fibril organization associated with non-homogenously 

distributed pores (Fig. 4a, b). This difference in structural composition led to varying average pore diameters 

across each collagen ratio, with 1:0, 9:1 and 3:1 having an average pore diameter of 16.33±6.23 µm, 14.65±6.06 

µm, and 13.83±7.54 µm respectively (Fig. 4d), although the values were not significantly different. There is an 

accumulation of fibers at higher concentrations of Col I, which leave greater gaps in the scaffold structure (Asgari 

et al. 2017).  

 

3.5 Cell Proliferation 

          CM proliferation was estimated through flow cytometry (FACS) following pre-staining by Cell Trace 

Violet (CTV) with fluorescence dimming with each new generation of CM. After a 24hr period, 97.95%, 94.12%, 

and 95.05% CM that expressed the CTV dye were detected in the samples prepared from the 1:0, 9:1, and 3:1 

gels respectively (Fig.5 a–c) with the positive control expressing 98.58% CTV-stained CM. On the contrary the 

negative controls expressed only a negligible amount of 4.85%. After 72 hrs, 65.17%, 81.73%, and 89.44% of 

CTV-stained CM were detected in the samples prepared from the 1:0, 9:1, and 3:1 gels respectively. The extent 

of cell proliferation within the 1:0, 9:1, and 3:1 gels was calculated to be 8.6%, 12.6% and 30.5% for each of  
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these gels respectively, as shown on Figure 5d. The presence of multiple peaks is representative of successive 

generations of CM (Fig.5 a–c) (Anil Kumar et al. 2018; Severin and Ohnemus 1982). CM proliferation was seen 

to increase with the decrease of Col I, pointing to reduced cell division within the fibrous habitat of post-infarction 

myocardial tissue (Tseliou et al. 2014). 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Scanning Electron Microscopy (SEM) Imaging and Analysis. Shown in (a-c) are representative SEM 
images of the porosity of Collagen gels. Cross-sectional view of gels containing (a) 100% Collagen I, (b) 

Collagen I:III=9:1 and (c) Collagen I:III=3:1. Scale bar denotes 50 µm in all images. 
(d) Average ± SD of pore diameter for each gel represented as a bar graph. 

 
 

3.6 Resultant Cell Morphology and Force Estimation 

          The resultant morphology of the CM varied based on the characteristic gel, the cells were cultured. CM in 

Col I:III, 1:0 and 9:1 gels were shown to exhibit a change in morphology as they transformed from their normal 

rod-shape to a shorter morphology as seen in Figure 6a and b. In contrast, CM in 3:1 gels maintained their 

elongated rod-shaped morphology (Fig. 6c). CM were found to have proliferated in all samples, hence images 

were obtained from areas of relatively lower cell density to capture the characteristic morphology of each case. 

Cells cultured within 1:0 gels had an average length of 63.16±10.36 µm and measured 63.89±9.85 µm on 9:1 gels 

while those on 3:1 gels distinctively measured 86.01±28.83 µm (*p<0.05 compared to other cases) maintaining a  
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length closest to the known 100 µm end-to-end length for in vivo CM (Göktepe et al. 2010) (Fig. 6d). The 

relationship established between the average end-to-end length of CM and the Young’s modulus of each gel 

substrate is depicted in Figure 6d, where cell length was seen to decrease with the proportional increase in the 

substrate stiffness varied by the amount of Col I incorporated. Average cell diameter was also seen to vary across  

Fig. 5: Human cardiomyocytes cultured in Collagen gels and analyzed for Cell Trace Violet (CTV) expression 
through Flow Cytometry (FACS) analysis. Trends of cell proliferation are shown for gels with Collagen I: 

Collagen III at (a) 1:0,  (b) 9:1, and (c) 3:1 ratios after 24 hr of culture. 
(d) Shown are the % of cells expressing the CTV dye, obtained from different samples at respective time points. 

Samples included the Collagen gels and Controls. Positive Controls included cells that were treated with the 
CTV and Negative Controls included cells cultured without the addition of the CTV dye. Extent of proliferation 

was obtained by identifying the difference between both incubation periods for each respective ratio and 
normalizing the result over the 24 hr. time point for 1:0 or gels with a 100% Collagen I. The extent of 

proliferation was shown to increase with the decrease of Collagen I, indicating cardiomyocyte proliferation 
under a less-stiffer or compliant environment. 
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Fig. 6: Comparison of Cell Morphologies for Human AC16 Cardiomyocytes grown atop gels containing 
Collagen I:Collagen III as (a) 1:0, (b) 9:1, and (c) 3:1 after 48 hr of in vitro culture. 

Average end-to-end length of the cells was measured (d) for each case and the data represented as bar graphs 
show the Average Length ± SD of cells in each gel. Cells exhibited a characteristic rod like shape with the 

decrease of Collagen I content in the gels, indicating a healthy and functional cardiomyocyte morphology. * 
indicates statistically significant data with p<0.05. (e) Cellular Aspect Ratio vs Elastic Modulus of Collagen 

gels. Increase in the aspect ratio was evidenced with a decrease in the amount of Collagen I, and proportionate 
increase of Collagen III. 

 

samples with measurements of 20.5±4.23 µm, 22.52±3.7 µm, and 23.59±6.91 µm for Col I:III in ratios of 1:0, 

9:1, and 3:1 respectively. Thus, cell morphology and parameters were altered due to a change in the Young’s 

modulus, as a rise in the amount of Col I leads to an increase in CM diameter and a shorter end-to-end average 

cell length. This led to varying cellular aspect ratios for the 1:0, 9:1, and 3:1 cases, with values of 3.3±1.2, 2.9±0.8, 

and 4.0±1.9 being calculated respectively (Fig. 6e). A higher Young’s modulus, characteristic of a stiffer 

environment within the cardiac muscle, can therefore be attributed to the subsequent Col I build up following 

fibrosis bringing about a loss of contractility (Harvey and Leinwand 2011; Richardson et al. 2015; Talman and 

Ruskoaho 2016; Lindsey et al. 2015). The resulting loss in the contractile ability of the cardiac tissue in such 

circumstances could be a possible outcome of decreased end-to-end cell lengths imparting a rounded morphology  
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to the CM, in contrast to their elongated nature, which is characteristic of healthy CM. This may lead to decoupling 

of the electrically conductive CM with their counterparts (Kohl and Gourdie 2014). Controls as shown in 

Supplementary Fig. 4, depicted a normal elongated cell morphology when cultured atop plastic tissue culture 

wells. Cell force analysis revealed applied stress to be centralized for cells cultured within Col I:III gels in the 

ratio of 1:0 and 9:1 (Fig. 7a, b), but equally dispersed for 3:1 samples (Fig. 7c). For the 1:0 and the 9:1 gels, 

resultant tensile forces within the cells showed an unequal distribution of forces with an increase of maximum 

stress applied towards the center (Fig. 7a, b).  

Fig. 7: Cell force analysis of cardiomyocytes atop Col I:III ratio (a)1:0, (b) 9:1, and (c)3:1. Maximum stress is 
seen to be applied to cells cultured in the 1:0 and the 9:1 gels, but not the 3:1 gels where the forces on the cells 

appear homogenously distributed. 
 

          The increase of central tensile forces in cells in the 9:1 gels is similar to the 1:0 ratio, where the lack of 

cellular elements of compression caused an increase of traction forces onto the gel's surface (Ingber 2003). An 

overall less elongated cell morphology in Col I:III, 1:0 and 9:1 samples can be attributed to a disruption of the  
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regular alignment of microtubules within the cells’ cytoskeleton. Due to the absence of this element, traction 

forces applied by cells onto the gels’ surface increases, as microtubules have been found to sustain compression  

forces within the cell, stabilizing both cell shape and cell-surface tensile forces (Ingber 2003). Tensile forces 

within cells cultured in 3:1 gels were found to be well distributed, in contrast (Fig. 7c). Conserved cell morphology 

of CM allows for an element of compression within the cytoskeleton of the cells, preventing them from exhibiting 

traction forces upon the surface of the collagen gel in accordance with the tensegrity model (Ingber 2003).  A 

clear distinction was seen in cells cultured atop 3:1 gels compared to other cases, with normal cell morphology 

being conserved, as the presence of aligned microtubules provides an element of compression, which counteracts 

tension forces intrinsic to the cytoskeleton of cells.  

 

4. Discussion 

          This study incorporated combinations of Col I and III within a gel scaffold to bring about an understanding 

of fibrillogenesis within the heart as a result of an unbalance in homeostatic Col I and III concentrations. 

Confirmation of gelation was hence required, with an absorbance assay to demonstrate fibril formation over time 

for the Col I:III gels containing 9:1 and 3:1 ratios of Col I and III respectively. A reduction in transmittance 

indicated the formation of fibrils and an increase in their density, as less light was allowed to penetrate through 

the solidifying opaque gels. Over a 5-minute time frame, 9:1 and 3:1 Col I:III gels demonstrated a drop in 

transmittance presenting evidence of conclusion of the process of gelation. The curves were similar to that found 

in previous work, with collagen gels undergoing turbidity assays measuring absorbance, a measurement whose 

relationship with transmittance is defined as 𝐴 = 𝑙𝑜𝑔 (
1

𝑇
) in accordance with the Beer-Lambert Law (Li et al. 

2009; Lewis 2016). 

          Characterization of 1:0, 9:1, and 3:1 gel samples through rheology was performed to estimate the average 

Young’s modulus and complex viscosity, and hence understand how increased concentrations of Col I can impact 

CM. A significant reduction in the mechanical properties of these gels with the decrease in proportion of Col I  
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was observed. Subsequent deposition of thicker Col I fibers on the infarcted cardiac tissue, corresponding to the 

9:1 gel sample, may thus cause it to stiffen and lose its contractile ability resulting in cardiac arrests over time.  

          In this study, for the very first time SHG imaging was used to detect and confirm collagen fibril formation 

in self-assembled gels using varying ratios of Col I:III, and distinguish between these gels based on the results 

obtained. The primary advantage of SHG over other imaging techniques is the ability to directly visualize protein 

assemblies without relying on inferences from using of exogenous labels, and further, to extract more structural 

information via polarization and directional resolved methods (Lacomb et al. 2009). Furthermore, this technique 

is non-destructive and will be of added advantage when these unique compositions of Col I:III are adopted 

towards 3D printing of Collagen based scaffolds for tissue engineering.  

          For each gel ratio in question, a relationship between average pore diameter and Col I concentration was 

established, with the pore diameter of each sample increasing along with their respective Col I composition. Such 

connections can be attributed to the density of the fibers, which are, as demonstrated by rheology, of wider range 

in samples of greater Col I ratio. This increase of fiber diameter results in a smaller number of fibers required to 

achieve a stabilized gel structure, generating a greater amount of spacing between fibers, and consequently, an 

increased porosity (Asgari 2017).  

          The CTV assay suggested greater cell proliferation in a 3:1 environment as compared to those of 9:1 and 

1:0 of Col I:III. Such implication is justified, as a 3:1 ratio of Col I:III is found in healthy cardiac tissue, while 

overproduction of collagen in the 9:1 case, is characteristic of cardiac muscle tissue post myocardial infarction 

(Jugdutt 2003; Pauschinger et al. 1998). This finding illustrates the impact fibrillogenesis has on the heart, with 

CM being placed under strain as the surrounding ECM becomes increasingly fibrous (Pandey et al. 2018). 

Cell morphology studied following the culture of cells in each collagen gel, revealed a change in shape, which 

may indirectly correlate with the acute damage to CM brought about by a myocardial infarction. Typical CM 

structure can be described as a long, rectangular rod, which allows for the smooth contraction of the myocardium 

(Jian et al. 2016). In contrast, fibrotic myocardium contains round and condensed CM that increase the difficulty 

of cardiac contraction (Guo et al. 2018). This alteration of morphology after a myocardial infarction complicates  
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contraction of the heart and facilitates the occurrence of relapsing episodes, as a fibrotic left ventricle becomes a 

weak spot that is unable to withstand the same load as previously capable.   

          Shear forces applied by CM onto their respective collagen ratios, indicated traction forces involving 1:0 

and 9:1 samples were focused towards the center, while those in 3:1 were equally distributed within each cell. 

The assertive distinction between shear forces can be attributed to the tensegrity model discussed by Ingber et al., 

in which he states cell geometry of unhealthy cells sees a decrease in microtubules throughout the cytoskeleton 

(Ingber 2003). Such macrofilaments are responsible for sustaining compression throughout the cell, balancing 

internal tension throughout the cell and allowing for healthy cell morphology. Balanced internal forces within 

cells then prevent traction forces from being applied onto the culturing surface, allowing for a homogenous 

distribution of shear stress.  

 

5. Conclusion 

          A newly developed collagen gel system composed of Col I and III was engineered to mimic conditions of 

the cardiac muscle characteristic of a healthy and a diseased state. Physical properties of each collagen gel sample 

were analyzed with the purpose of understanding how variation of Col I quantities alter gel morphology. Along 

with these morphological changes, CM shape was assessed for each collagen I:III ratio to establish knowledge of 

the geometric reaction CM undergo when exposed to post-myocardial infarction conditions, with respect to a Col 

I rich ECM. Cellular force analysis was a necessary technique that illustrated the resultant stress on the CM within 

the collagen gel samples in question in a quantitative manner. Overall, our results demonstrate the effects of 

increased amounts of Col I on CM and their ECM, highlighting the importance of studying the physiological 

changes of the heart after a myocardial infarction, as this change in ECM and cell morphology facilitates 

reoccurrences and leads to lasting complications. By applying tools of engineering to create such a usable 

biological model, this study will ultimately, lead to the development of a validated living model of a healthy 

cardiac tissue unit that can support improved fundamental understanding of pathological conditions. This model 

is versatile and can be adopted by others working with cell types including epithelial or endothelial cells, to  
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understand their cross talk and role in complex tissue behavior, such as in lung- (Gabasa et al. 2017) and vascular-

fibrosis (Huveneers, Daemen, and Hordijk 2015). 
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