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Abstract 

Many cells demonstrate variances in behavior due to their cell culture environment. To 

provide a mechanically-tunable, tissue-like environment, a 3D hydrogel for cell culture was 

formulated using collagen (Col) and hyaluronic acid (HA) to help provide a system for studying 

these dynamic cellular responses in a soft-tissue environment. A design of experiments was 

organized to study the effects of collagen concentration, HA fragment size, and Col: HA mass 

ratio on the hydrogel mechanical properties. Mechanical characterization of the gels was 

conducted using rheology and found that collagen concentration, but not HA content, directly 

modulated the hydrogel storage and loss modulus. The pore size of the hydrogels was also 

evaluated and found to trend directly with collagen concentration. 
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1. Introduction 

By definition, in vitro cellular studies aim to provide external, observable, and controlled 

conditions to better understand a function or behavior within an internal body. However, in vitro 

studies cannot provide a full understanding of cellular behavior due to the complexity of the in vivo 

conditions in which they are native. In vitro studies allow for a better understanding of biological 

systems such as the minutiae of gene regulation, cell secretions, and toxicology [1]. However, if the 

experimental conditions are not similar to the in vivo environment, false conclusions could be drawn. 

Thus, 3D cell culture provides a methodology for better understanding cellular behavior that 

normally occurs within a tissue environment. Part of the benefit of 3D cell culture is helping bridge 

the gap between traditional 2D in vitro studies and animal models [2]. Typically, for major studies, 

both in vitro and in vivo studies should be conducted alongside each other to verify whether the 

drawn conclusions are valid. Utilizing a well-designed 3D cell culture can help bolster confidence in 

cell culture studies and limit the necessity of additional in vivo animal studies. 

1.1 Cell Culture in 2D vs 3D 

In 2D cell culture, cell lines are traditionally grown on stiff substrates such as glass or polystyrene. 

These materials are typically characterized to have stiffnesses in the realm of GPa [3]. In comparison, 

tissue environments in the body can range from a few hundred Pa in soft tissues, such as hyaluronic 

acid (HA) and collagen, to a few hundred MPa for bone [4]. The in vivo conditions that many cell 

types grow in are dominated by tissues with moduli much lower than those of typical 2-D substrates 

[5]. Determining the mechanical conditions that cells grow in is imperative [6]. It has been shown in 

previous studies that many cells are influenced by their mechanical environment which may alter 

their chemical and biological behavior [7-9]. Thus, in this study, a soft-tissue-like hydrogel containing 

collagen and HA was formulated to provide a substrate for robust 3D cell culture and cellular 

behavior studies. This soft-tissue hydrogel was designed to mimic the mechanical and chemical 

environments within the extracellular matrix, in which cells are proliferated. However, the 

mechanical properties of the hydrogel must be understood prior to use as a cell culture substrate. 

1.2 Hydrogel Mechanics 

Since the stiffness of the extracellular matrix (ECM) is an important factor in cell culture, 

evaluating the structural properties of the hydrogel is critical. Biological hydrogels tend to be 

heterogenous, comprising of a scaffold of proteins and other biopolymers suspended in fluid [10]. 

These proteins such as collagen, hyaluronic acid, laminins, and proteoglycans are hydrophilic and 

often contain binding sites and signaling supports for the various cells in the matrix [11]. 

Mechanically, hydrogels are interesting materials to evaluate, as they are a dynamic mix of solid and 

liquid. While the polymer network acts as a backbone for the system, the fluid that is dispersed 

within the network is vital for providing additional support and energy dissipation. Some of the 

properties of interest for hydrogels are storage modulus, loss modulus, swelling, degradation, and 

mesh size [3]. Many hydrogels, especially with high fluid content and physical crosslinks, have high 

energy dissipation due to their relative softness and ability to deform [12]. One feature of hydrogels 

that is key for cell culture is the ability to modulate and evaluate pore size. In natural ECM 

environments, typically the pore size of the network is below the average cell diameter of 10 
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microns and is defined as nanoporous [13]. In such cases, the cells residing in the matrix must either 

rely on movement to deform enough to pass through the pores, such as with lamellipodial and 

lobopodial migration, or they can also secrete proteases to break down the matrix network [14]. 

For many hydrogels, the conditions which the gel is fabricated can influence the resulting porosity 

and pore size. Thus, it is important to consider the influences within the gelation environment and 

to identify the final porosity of the gels. 

Another major property important to hydrogel characterization is the loss modulus and storage 

modulus. Hydrogels are generally classified as viscoelastic materials. As the term indicates, these 

materials possess properties that have both elastic (solid-like) and viscous (liquid-like) 

characteristics. Viscoelastic materials demonstrate a time-dependent behavior for many 

mechanical tests, similar to plastics [15]. Rheological testing can be utilized to evaluate these 

properties. The hydrogels respond uniquely to applied torque and the resulting strain can be 

evaluated to provide an understanding of the internal mechanics. Hydrogels are generally 

characterized as non-Newtonian where their viscosity is dependent on the shear rate [16]. 

1.3 Natural Hydrogels and Copolymers 

Within the last few decades, the understanding and applications for natural polymers have 

steadily increased, showing an important opportunity for naturally-derived sources and sustainable 

polymer blends. Biopolymers such as chitin, cellulose, alginate, and starch have been at the 

forefront of readily available polymer sources whilst offering a variety of potential uses [17]. While 

some of the polymers within these groups have applications when used on their own, many of these 

materials gain much more usability once they are co-polymerized with another compound [18]. For 

example, strides have been taken to blend polyvinyl alcohol (PVOH) with starch, gelatin, chitosan, 

and cellulose to provide a biodegradable, naturally-sourced material in the food packaging industry 

[19]. Similar blends have also found applications in the medical technology, cosmetics, 

pharmaceuticals, and thin-films [20, 21]. 

1.4 Collagen and the Effect of HA in Hydrogel Cell Culture 

For cell culture, natural protein-based polymers allow for mimicking the conditions within the 

ECM while providing a repeatable process for fabrication. Thus, to develop a robust and accurate 

cellular mechanical environment, collagen and HA were selected as key materials for this project. 

Collagen is ubiquitous in hydrogel cell culture and is easily sourced [22]. Collagen polymerizes easily 

in a controlled environment and provides a stable structure for both the hydrogel and the cells. 

Additionally, HA is a common glycosaminoglycan in many tissues, however it does not form 

polymeric chains unless synthetically crosslinked, e.g., with thiol groups to form disulfide 

crosslinkers [23]. The presence of HA has been shown to modulate the cellular activity of immune 

cells by eliciting an increased non-inflammatory response [24]. 

For 3D cell culture environments, utilizing non-crosslinked HA within a collagen network has been 

investigated previously. This study found that low molecular weight HA contributed to a slight 

increase the mechanical modulus of the hydrogel [25]. Additionally, the low molecular weight (MW) 

HA was found to influence the fibrillogenesis of the collagen due to having higher chain mobility 

than the higher MW HA [26]. Changes in rheological properties for varying final concentrations of 

HA have also been investigated, where the presence of HA in collagen slightly increased the storage 
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modulus of the gel; however, this was independent of the concentration of HA [27]. Interestingly, 

another study found the presence of high MW HA in collagen hydrogels decreased the aging 

mechanics of the gel, showing a greater decline in compressive modulus as compared to pure 

collagen hydrogels [28]. With respect to cell culture, HA has also been found to vary the behavior of 

certain immune cells depending on the MW of the HA present [24] However, the study did not 

investigate potential mechanical changes in the hydrogel based on HA fragment size of final 

concentration. Since cellular behavior is also modulated by the mechanical properties of the ECM, 

the correlation between cellular behavior and HA molecular weight may have been impeded by a 

limited scope of study. 

Taken together, the goal of this work is to investigate how the fragment size and mass ratio of 

HA within a collagen hydrogel affect the mechanical structure and properties of the gel for 

potential use in cell culture studies. An experimental setup to investigate the effect of HA (fragment 

size and mass ratio) on the hydrogel’s mechanical behavior will help us better understand the 

confounding mechanical and biomechanical effects of HA addition for future cellular behavior 

studies, providing a stronger basis to interpret those results. 

2. Materials and Methods 

2.1 Collagen-HA Hydrogel Fabrication 

Sterile 15 mL centrifuge tubes (Thermo Fisher Scientific, Waltham, MA) were set aside for each 

gel composition being formulated and labeled correspondingly. Table 1 details the three levels of 

collagen concentration tested (0.75 mg/mL, 1.5 mg/mL, and 2.25 mg/mL) as well as the mass ratios 

of collagen to hyaluronic acid (0, 0.5, 1, and 2). Additionally, the fragment size of the HA was varied 

at the corresponding levels: 20 kDa, 500 kDa, and 2,000 kDa, resulting in a total of 36 combinations 

for this experimental design. For the experimental runs, five replicates of each combination of 

factors and levels were formulated and tested. 

Table 1 The 3 factors and the corresponding levels of each used for the formulation of 

the collagen-HA co-gels. The experimental setup was executed using this combination 

of factors and levels. The mass ratio factor had 4 levels to allow for a pure collagen 

control for comparison. 

Collagen Concentration (mg/ml) HA Fragment Size (kDa) Col: HA Mass Ratio 

0.75 20 0 

1.5 500 0.5 

2.25 2,000 1 

  2 

To fabricate the gels, a similar procedure to previous work by Lai et al. was employed [29, 30]. 

10× PBS buffer (Corning Life Sciences, Corning, NY) was added to each sterile 15 mL centrifuge tube. 

The volume of the 10× PBS varied depending on the formulation to keep the final hydrogel volume 

constant. Additionally, 150 mL of non-phenol red RPMI cell culture media (Corning Life Sciences, 

Corning, NY) was added to the tubes. At this point, the predetermined amount of sodium 

hyaluronate (NaHy) (Lifecore Biomedical, Chaska, MN) for each composition was weighed and 
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added. To ensure adequate dissolution into the buffer and media, the tubes were stirred for at least 

30 seconds on a fixed-speed vortex mixer. The solution was then chilled to prevent gelation 

variabilities due to temperature differences. Next, refrigerated PureCol type-1 acid-solubilized 

bovine collagen (Advanced Biomatrix, Carlsbad, CA) was added to each vial with the appropriate 

volume for each composition. Lastly, 0.1 M sterile NaOH (Advanced Biomatrix, Carlsbad, CA) was 

added to each vial to neutralize the acidic solution and bring the pH between 7.2 and 7.4. The 

solutions were pipetted into 5 replicates within a 12-well plate system. The plate was placed into 

an incubator at 37°C and allowed to gel overnight. 

2.2 Hydrogel Rheology 

Rheology tests were performed on the gels using the Anton-Paar MCR 72 (Anton-Paar, Graz, AT) 

rheometer using a 25 mm diameter stainless steel parallel plate system. To prevent slippage during 

testing, 150 grit sandpaper was die cut and adhered to both parallel plate surfaces. A hydrogel 

sample was loaded onto the bottom, ensuring it extended the full diameter of the surface and the 

gap width was set at 5 mm. Of note, the compressive force and temperature could not be controlled 

using this rheometer model. Thus, the force was maintained using a constant height of 5 mm. Since 

this rheometer system was not equipped with a Peltier temperature control, the temperature of 

the samples was maintained and monitored via the temperature of the room which was kept at 

22°C ± 2°C. The hydrogels were consistent in shape and morphology, being cast in the same well 

plates. Thus, gap distance control also provided consistent compressive force control across all 

samples. An amplitude sweep was conducted from 0.01% to 100% strain at a frequency of 10 rad/s, 

which was used as the upper limit of frequency [6, 11]. The LVER was then determined at the 

inflection point of the decline in G’, which was an indication of the material having permanent 

deformations within the polymer matrix. 

Subsequently, the maximum strain before the end of the LVER was used for further analysis using 

a frequency sweep, varying from 1 rad/s to 10 rad/s, following previous published methodologies 

[6]. The resulting plot was averaged across the entire data range to find the corresponding G’ and 

G’’ for the gels. Statistical significance was found using Tukey’s test. Equation 1 provides the formula 

for finding the Honestly Significant Difference, the difference required for statistical significance. In 

the equation, σ denotes the mean standard deviation for each sample set, and N denotes the sample 

size of each group. 

𝐻𝑆𝐷 =
𝑀𝑒𝑎𝑛1 +𝑀𝑒𝑎𝑛2

√
1
2
∗ (
𝜎1+𝜎2
2

) ∗ (
1
𝑁1

+
1
𝑁2
)

(1)
 

2.3 Collagen Staining and Imaging 

For imaging, 5- (and-6)-Carboxytetramethylrhodamine Succinimidyl Ester (TAMRA-SE) (Thermo 

Fisher Scientific, Waltham, MA) was used to fluorescently stain the collagen fibrils within the 

hydrogel according to the procedure outlines by Sapudom et al. [31]. A 3% TAMRA-SE solution was 

prepared with dimethylformamide (DMF) (Millispore Sigma, Burlington, MA) and then aliquoted 

into 1.5 mL batches. To evaluate gel porosity based on collagen concentration and HA content, 

hydrogel samples were formulated at 0.75 mg/mL, 1.5 mg/mL, and 2.25 mg/mL collagen 
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concentration following the previously described procedure. Additionally, to evaluate any effect 

due to HA, medium collagen concentration gels were fabricated with 20 kDA, 500 kDa, and 2,000 

kDa HA fragment size. 10 μL of TAMRA-SE solution was added to each gel sample after gelation. The 

sample was then placed in an incubator at 37°C for one hour. The gels were then rinsed with 10× 

PBS at least 5 times by adding 300 mL of PBS to the top of each hydrogel diffusing for 15 minutes. 

The solution was pipetted off of the hydrogel and the process was repeated until the red TAMRA-

SE was no longer visible. 

Once fluorescently labeled, a Nikon Ti2 laser confocal microscope (Nikon, Tokyo, JP) was used to 

image the gels. All images were collected using laser confocal at a wavelength of 550 nm to excite 

Red Fluorescent Protein (RFP), used Galvano scanning with averaging of 16 at a maximum field of 

view, and a z-stack step size of 25 microns. Confocal images were collected at the bulk of the matrix 

to find the average pore size. Pore size analysis was conducted in Fiji and statistical significance was 

evaluated using a Tukey’s T-test in Excel. 

2.4 Pore Size Determination 

In order to quantify the pore size of the matrix, three replicate samples of each collagen 

composition were imaged using fluorescent microscopy and analyzed in Fiji using a method similar 

to other published works [32, 33]. The recorded images were first processed using thresholding. 

This process binarizes the image based on a lower limit of pixel intensity to distinguish fibrils that 

are on the same layer height. Thus, by limiting the matrix to higher intensities, a monolayer of fibrils 

within the same focal plane can be generated. After thresholding, five pores were chosen at random 

and measured using an oval drawing tool in Fiji (Figure 1). The oval was drawn to match the pore as 

best as possible, and the five areas were measured and the average for each composition was found. 

Statistical significance testing was run in Excel to investigate any differences in pore size due to 

collagen concentration. 

 

Figure 1 A) The raw image of a 0.75 mg/mL collagen sample with 20 kDa HA under 40× 

magnification prior to thresholding. B) The same image after thresholding with the pore 

area measurements being modeled by ovals in Fiji. The areas were collected on each 

replicate for each concentration and were averaged to find the mean pore size. 
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3. Results 

3.1 LVER Determination 

The first set of experiments identified the LVER for these hydrogels. Using a second derivative 

evaluation, as shown in the example amplitude sweep for a Col-HA gel in Figure 2, the sharpest 

decrease in G’ began just before 1% strain. Thus, the maximum strain rate before permanent 

deformation was estimated to be just below 1%, which is consistent with other studies [16, 27, 34]. 

However, due to the limitations of the mechanical bearing rheometer for high precision, low-strain 

testing, 1% strain was chosen to balance higher resolution data with being as close to the LVER as 

possible. 

 

Figure 2 An example amplitude sweep for the Col-HA co-gel system with a composition 

of 2.25 mg/mL, 20 KDa HA, and 1:1 mass ratio. While the storage modulus decreased 

slightly in the low strain ranges, an inflection point was identified at a frequency of 

approximately 1 rad/s, indicating a sharp decrease in storage modulus. 

This strain amplitude of 1% was used for the next phase of rheologic analysis. 10 data points were 

obtained by varying the angular frequency from 1 rad/s to 10 rad/s (example shown in Figure 3), 

and these values were averaged to obtain the G’ and G” of each sample. The results were then 

categorized based on the sample’s composition and the main effects plots were generated. 



Recent Progress in Materials 2024; 6(4), doi:10.21926/rpm.2404028 
 

Page 8/15 

 

Figure 3 Characteristic data for G’ and G’’ of a 1.5 mg/mL, 500 kDa, 1:1 mass ratio sample 

in the screening experimental run. The G’ was greater than the G’’, indicating a structural 

solid. A mean value of G’ and G’’ for each run was obtained by averaging all values across 

the range of frequencies. 

3.2 Effect of Col Concentration, Col-HA Mass Ratio, and HA Fragment Size 

For each of the compositions, the five replicate samples were tested using the previously 

described frequency sweep parameters. The resulting data was averaged across the 1 rad/s to 10 

rad/s range to find a singular G’ and G” value for each sampling. The main effects plots for each 

grouping were then generated in Excel and analyzed using Tukey’s modified t-test to evaluate 

statistical significance. The results were compiled as shown in Figure 4. 
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Figure 4 The main effects plots for the hydrogel rheology experiments. (A) Collagen 

concentration: There was a statistically significant increase in G’ and G’’ with increasing 

collagen concentration. (B) HA fragment size: No significant trend was observed in G’ 

and G’’ with varying HA fragment size. (C) Col: HA mass ratio: No significant trend was 

observed in G’ and G’’ with varying mass ratios. (* indicates a p-value < 0.05, n = 60 for 

each grouping). 

The main effects plots show a distinct trend in G’ and G’’ with collagen concentration (Figure 5A). 

A statistically significant difference was observed between the 0.75 mg/mL and 2.25 mg/mL samples. 

A non-linear relationship was observed as there was a more distinct increase in G’ between the 0.75 

mg/mL and 1.5 mg/mL samples when compared to the 1.5 mg/mL and 2.25 mg/mL increase. No 

statistical differences in G’ and G” were observed with changes in HA fragment size (Figure 4B) or 

HA: Col mass ratio (Figure 4C). The final concentration of HA within the co-gels ranged between 

0.375 mg/mL and 4.5 mg/mL based on the selected mass ratio and collagen concentration in each 

sample. These HA concentrations are physiologically relevant as they fall well within the ranges 

found within human tissue [23]. However, no trend was found in G’ or G” with the increase in HA 

concentration. 
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Figure 5 A) The interaction plots between collagen concentration, HA fragment size, and 

mass ratio for G’. No statistically significant linear trends were observed for the 

interactions of the factors. B) The interaction plots between collagen concentration, HA 

fragment size, and mass ratio for G”. No statistically significant linear trends were 

observed for the interactions of the factors. Of note, the significant change in G’ and G” 

in the top row of the graph are influenced solely by the changes in collagen 

concentration. 

The interaction plots between the experimental factors were generated using Minitab and did 

not yield any significant trends. Given that collagen concentration was found to be the driving force 

behind the changes in G’ and G” from the main effects plots, it is unsurprising that no significant 

impact was found between collagen and HA. While a slight increase in G’ based on the interaction 

between HA fragment size and mass ratio was observed, this difference was not statistically 

significant. Broadening the range of these two factors could illustrate a fuller picture of the 

interaction. 

3.3 Collagen Gel Porosity 

Figure 6 shows the results of pore size with collagen concentration. The resulting pore sizes 

showed a distinct trend with collagen concentration. At low collagen concentrations, the pore sizes 

were large and decreased as concentration increased. The average pore size was found to be 

statistically significant between all pairs of collagen concentration samples. A larger decrease in pore 

size was observed when collagen concentration increased from 0.75 mg/mL to 1.5 mg/mL, 

compared 1.5 mg/mL to 2.25 mg/mL. Interestingly, this qualitative observation is similar to the 

magnitude of change in G’ and G” with increasing collagen concentration as seen in Figure 3A. 
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Figure 6 The pore size distribution for each collagen concentration. Each grouping had a 

sample size of 15 and was recorded from 3 separate images. A statistically significant 

difference was found between each concentration (* indicates a p-value < 0.05). 

4. Discussion 

Our rheology results showing an increase in G’ with collagen concentration are consistent with 

other published research on the viscoelastic properties of collagen gels [16]. Since collagen is the 

main structural component in these hydrogels, higher concentrations of collagen would result in a 

greater number of collagen fibrils in the network gels, in turn increasing the G’. This observation has 

been observed in previous research studies [35-37], and this was also evident in this work as well. 

Interestingly, the G” also showed an increase with greater collagen concentration. That viscoelastic 

properties vary with polymer molecular weights and chain lengths are well-documented [33, 38-40], 

however, little work has been conducted to correlate polymer concentration and G”. We 

hypothesize that the starting concentration of collagen solution alters the way the collagen 

polymerizes, hence changing the average molecular weight of the resulting hydrogels which affects 

its viscoelastic properties. Thus, the collagen solution that is left in the interstitial space of the 

hydrogel would increase the viscosity of the solution, increasing the G”. Testing this hypothesis will 

require further experimental characterization on the microstructure and properties of the 

polymerized collagen network. 

Importantly, there was no observed effect on G’ or G” due to HA fragment size or mass ratio. 

Since the HA does not polymerize or form a gel of its own, the HA molecules are presumed to remain 

within the solution, in the interstitial space of the collagen network. Our results suggest that, while 

the HA molecules can still interact with the collagen network, they do not add to the overall 

mechanical structure of the network. The lack of statistical difference in loss modulus with HA mass 

ratio suggests that, similar to the storage modulus, the viscous behavior of these Col-HA hydrogels 

is also dominated by the collagen network and the unpolymerized collagen remaining in solution. 
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Taken together, these results are especially important in interpreting changes in cellular behavior 

in Col-HA gels in studies such as those by Rayahin et al. [24]. Previous studies have changes in cellular 

behavior due to the presence of HA within the hydrogels, showing a modulated cell behavior to 

either pro-inflammatory or anti-inflammatory based on the HA molecular weight. However, these 

studies have wholistically neglected to investigate any mechanical changes within the hydrogel due 

to changes in HA additions. Thus, this work would indicate that there are no significant mechanical 

changes due to varying HA fragment size or concentration within the ranges tested in this work, 

indicating that the results observed in these previous studies are not confounded by mechanical 

changes in the system. 

Since the storage modulus and loss modulus of the hydrogel are directly linked to the collagen 

concentration, it is expected that the pore size would also be affected. With a greater collagen 

density, the number of fibrils present increases within the system and the amount of void space 

within the network decreases, hence decreasing the pore size. Thus, this result of larger pore size 

at low-concentration collagen and smaller pore size in high-concentration collagen matches with 

the previous result of increasing G’ and G” with increased collagen density [35, 36]. Few research 

investigating the effects of loss modulus on the porosity of hydrogels has been performed to date 

to corroborate our observed result of decreased porosity with increased loss modulus. We postulate 

that since the concentration of collagen within the pre-gelled solution affects the final fibril size and 

network density, the energy required to disperse fluid is increased due to a decrease in void volume. 

This decrease in interstitial space for the fluid, in tandem with a more densely structured collagen 

network, resists the dispersal of energy through fluid flow to increase G” accordingly. 

The pore size analysis that was conducted assumed that collagen provided the core physical 

structure of the hydrogel, as HA was not physically crosslinked. This assumption resulted in staining 

solely the collagen for fluorescent imaging. While this allowed for an understanding of how collagen 

concentration affected the pore structure, it limited the conclusions of how HA content affected 

pore size. The images collected were manually measured for pore size, as the images that were 

recorded displayed a variation in depth-of-field that did not allow for program-based pore 

calculations. The manual measurement followed a geometry estimation similar to previous works 

[32, 33]. Future work on this topic could focus on the direct pore size effects due to HA fragment 

size and concentration through additional staining of the HA. Imaging of these samples could 

continue to bolster that understanding of the structures present in the collagen-HA co-gel system. 

Overall, results from this collagen staining experiment showed that the pore sizes of the collagen 

matrices were smaller than the average size of typical cells. At the largest pore size (in the low-

concentration collagen), the voids had an average size of 360 μm2. By assuming that the pores could 

be modeled as circular, it was found that the average diameter of the largest pores was 10.7 square 

micrometers. This is notable because it is less than half the average diameter of a cell such as a 

macrophage (~21 μm) [41, 42]. While this would not completely inhibit cell movement due to their 

ability to digest the matrix with proteases, it is likely to reduce cell movement in other modes. 

Additional studies could be organized to track cell gene expression or activation that may be linked 

with either motility mode to determine if the macrophages are exhibiting any biological indication 

of motility. It remains a tenuous connection that the size of the pores may be limiting the freedom 

of movement of the macrophages in the collagen-HA hydrogel. 
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5. Conclusions 

Through the use of rheology, it was found that the G’ and G” of the hydrogel increased directly 

with collagen concentration but were not affected by either HA mass ratio or fragment size. This 

implies that the gel mechanical properties will not be altered due to the addition or variation of HA 

content even though the biochemical composition would be altered. As the collagen concentration 

increased, the density of the network of collagen fibrils also increased, providing more stability for 

the structure. This, in turn, increased the storage modulus of the hydrogels and decreased the 

average pore size. Ultimately, this project was an intertwining of the mechanical aspects of the 

collagen-HA hydrogel with the future potential of microbiological characterization for cell culture 

studies. The evidence that the HA size and mass ratio had no effect on either G’ or G’’ was novel 

information and critical to understanding the cellular trends in the future. It also aids in the ability 

to tune the properties of the gel as desired. 
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